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CONFERENCE PROGRAMME

Registration and scientific sessions will take place in the grounds
of the law school of the University, avenue Leon Duguit.

SUNDAY 20 JULY
16.00 - 21.00 Registration
19.00 - 21.00 Get-together and buffet in the Confe-

rence Hall
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MONDAY 21 JULY

09.00 - 09.20 Official lecome

SESSION A -THEORY AND DYNAMICS

09-20 - 10.00 Al Dynamical bottlenecks and tunneling path for
chemical reactions.
D.G. Truhlar

10.00 - 10.20 A2 Study of the H + H2 (V = 1) reaction and its
isotopic analogs.
V.B. Rozenshtein, Y.M. Gershenzon,
A.V. Ivanov, S.D. Ilin, S.I. Kucheryavii and
S.Y. Umanskii

10.20- 10.40 A3 Reduced dimensionality rate constant calcu-
lations for 0(3 P) + H2 (D2 , HD) -* OH (OD)
+ H(D) : comparison between theory and
experiment.
A.F. Wagner, T.H. Dunning, Jr. and
J.M. Bowman

10.40-1120 Coffee

11.20 - 11.40 A4 Reactions on attractive potential energy
surfaces : connections between rate and
potential parameters.
J. Troe

11 .40 - 12.00 A5 A theoretical prediction of rate coefficients
for reactions involving intermediate complex
formation.
J.A. Miller, C.F. Melius and N.J. Brown

12.00-1220 A6 The dynamics of the reactions of O(ID 2 )
with hydrogen-containing halocarbons.
P.M. Aker, B. Niefer, J.J. Sloan and
H. Heydtmann.



MONDAY 21 JULY

12.20 - 12.40 A7 LIF measurements on product state distribu-
tions in radical-radical reactions.
B.J. Orr, I.W.M. Smith and R.P. Tuckett

13.00 Lunch

SESSION B - MOLECULAR BEAMS.

14.30-15.10 B1 Reactivity of Van der Waals complexes.
C. Jouvet, M.C. Duval, W.H. Breckenridge,
B. Soep

15.10 - 15.30 B2 The dynamics of reactive collisions of atomic
carbon.
G. Dorthe, M. Costes, C. Naulin, Ph. Caubet,
C. Vaucamps and G. Nouchi

15.30 - 15.50 B3 Molecular beam study of the radical group
effect in the K + RI -* KI + R(R = CH 3,
C2 Hs, nC 3 H7 ) reactive collisions.
V. Saez Rabanos, F.J. Aoiz, V.J. Herrero,
E. Verdasco and A. Gonzalez Urena

15.50 - 16.10 B4 Laser induced fluorescence study of reactions
of Ca with CH3 1 and CF3 1 in the molecular
beam-gas apparatus.
Guo-zhong He, Jue Wang, R.S. Tse and
Nan-quan Lou

16.10- 16-40 Coffee

16.40 - 17.00 B5 Energy and angular momentum disposal in
chemiluminescent electronically excited
atomic reactions.
K. Johnson, A. Kvaran, J.P. Simons and
P.A. Smith
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MONDAY 21 JULY

17.00 - 17.40 B6 Topological study on three and four atom
indirect exchange reactions. Application to
the processes C(-P) + NO(X 2 17) and C(3 P)
+ N2 O(X1 ;*).
M.T. Rayez, P. Halvick, B. Duguay and
J.C. Rayez

17.40 -18.00 B7 Dynamical processes of detachment i n
Cl-/H 2.-
M. Barat, J.C. Brenot, M. Durup:Eerguson,
J. Fayeton, J.C. Houver and J.B. Ozenne

19.00 Reception at City Hall.



TUESDAY 22 JULY

SESSION C-ATMOSPHERIC REACTIONS

09.00 -09.40 C1 Some current problems in atmospheric trace
gas chemistry, the role of chemical kinetics.
R.A. Cox

09.40 - 10.00 C2 Absolute rate constants for the gas-phase
reaction of NO3 radicals with reduced sulfur
compounds.
T.J. Wallington, R. Atkinson, A.M. Winer and
J.N. Pitts

10.00 - 1020 C3 Thermal stability of peroxynitrates.
A. Reimer and F. Zabel

10.20 - 10.40 C4 The sticking of gas molecules to water
surfaces.
J. Gardner, L. Sharfman, Y.G. Adewuyi
P. Davidovits, M.S. Zahniser, D.R. Worsnop
and C.E. Kolb

10.40- 11.20 Coffee

11.20 - 11.40 C5 Discharge flow determination of the rate
constants for the reactions OH + SO2
+ He and HOSO 2 + 02.
D. Martin, J.L. Jourdain and G. Le Bras

11.40 - 12.00 C6 High resolution Fourier transform spectro-
scopy of gas phase radicals and reaction
products.
J.B. Burkholder, P.D. Hammer and C.J. Howard

12.00- 12.20 C7 Kinetics and mechanism of atmospheric CS2
oxidation.
A.R. Ravishankara, E.R. Lovejoy, N.S. Wang,
C.J. Howard, P.H. Whine, J.M. Nicovich and
A.J. Hynes



TUESDAY 22 JULY

12.20 - 12.40 C8 Examination of the temperature dependence
for the reaction of OH radicals with hetero-
cyclic aromatics (imidazole, furan, pyrole
and thiophene) and the unimolecular decay
of the adducts imidazole-OH and thiophene-
OH.
F. Witte and C. Zetzsch

13.00 Lunch

SESSION D - UNIMOLECULAR REACTIONS-

14.30-15.10 D1 The chemical dynamics of highly vibra-
tionally excited molecules.
F.F. Crim

15.10 - 15.30 D2 Mode selectivity in reactions induced by
vibrational overtone excitation.
J.E. Baggot, D.W. Law, P.D. Lightfoot and
I.M. Mills

15.30 - 15.50 D3 Analytic solution of relaxation in a system
with exponential transition probabilities.
W. Forst and Guo-Ying Xu

15.50 - 16.10 D4 Mode specificity in intramolecular vibra-
tional relaxation and unimolecular reactions
a semi-classical analysis.
V. Aquilanti, S. Cavalli and G. Grossi

16.10- 16.50 Coffee

16.50 - 17.10 D5 The "a priori" calculation of collisional
energy transfer in highly vibrationnally
excited molecules.
K.F. Lim and R.G. Gilbert
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TUESDAY 22 JULY

17.10 - 17.30 D6 Multiphoton ionization studies on collisional
energy transfer and unimolecular reactions of
excited benzene derivatives.
H.G. L6hmannsr6ben, K. Luther and K. Reihs

17.30 - 17.50 D7 Is propylene oxide cation radical behaving
non-ergodically in its dissociation reactions ?
C. Lifshitz T. Peres, N. Ohmichi, I. Pri-Bar
and L. Radom

17.50 - 18.10 D8 Energy selected ion chemistry by photo-
electron photoion coincidence and laser
induced dissociation.
T. Baer, L. Bunn, S. Olesik and J.C. Morrow

18.30 Dinner

19.20 -20.10 F. KAUFMAN Memorial Conference by
D.M. Golden.

SESSION E - POSTER SESSIONS

20.10 - 21.00 Odd numbers.

21.00 -21.50 Even numbers.

El Direct versus indirect microscopic mechanisms in the Li +HF reaction
an isotopic and orientational study.
J.M. Alvarino, F.J. Basterrechea and A. Lagana

E2 A trajectory surface-hopping study of Cl-+ H2 reactive collisions.
M. Sizun, E.A. Gislason and G. Parlant

E3 Quasiclassical trajectory study of X + H2 type reactions on realistic
potential energy surfaces.
B. Laszlo, G. Lendvay and T. Birces

E4 Dynamics of Collision-Induced Dissociation.
J.E. Dove, M.E. Mandy, N. Sathyamurthy and T. Joseph

.1



TUESDAY 22 JULY

E5 A dynamical investigation of the Li + HCI reaction.
A. Lagana, E. Garcia, J.M. Alvarino and P. Palmieri

E6 Theoretical study of the O(3P) + CS2 gas phase reaction. Potential
energy hypersurface.
R. Sayos, M. Gonzalez, J. Bof ill and A. Aguilar

E7 Molecular beams studies of atom-molecule interactions : the adiabatic
route from scattering information to anisotropic potentials.
V. Aquilanti, L. Beneventi, G. Grossi and F. Vecchiocattivi

E8 Reactive collision of 0 + H2 produced with excited states in a crossed
beam experiment.
A. Lebdhot, J. Marx, F. Aguillon and R. Campargue

E9 Rotational excitation of the MgCI reaction product in the harpooning
Mg (1S) +CI2 reaction.
B. Bourguignon, M.A. Gargoura, J. McCombie, J. Rostas and G. Taieb.

El0 A (21+) production by 193 nm photolysis of nitrous acid.
D. Solgadi, F. Lahmani, E.Hontzopoulos and C. Fotakis

Ell U.V. photoexcitation of rovibrationally excited NO.
J. Deson, C. Lalo, F. Lempereur, J. Masanet and J. Tardieu de Maleissye

E12 193 nm photolysis of ammonia : The intermediate in the 2-photon
formation of NH(A 311).
R.D. Kenner, F. Rohrer, R. Browarzik, A. Kaes and F. Stuhl

E13 Photodissociation of molecular beams of chlorinated benzene
derivatives.
T. Ichimura, Y. Mori, H. Shinohara and N. Nishi

E14 Single- and two-photon dissociation of CCIF 2 NO in the visible.
J.A. Dyet, M.R.S. McCoustra and J. Pfab

E15 HgBr(B -- X) fluorescence emission induced by KrF laser multiphoton
dissociation of HgBr 2 .
P. Papagiannakopoulos and D. Zevgolis

E16 Picosecond laser fluorescence study of the collisionless photodisso-
ciation of nitrocompounds at 266 nm.
J.C. Mialocq and J.C. Stephenson

E17 Product Vibrational State Distributions in the Photodissociation of
Iodine - Rare Gas Clusters.
J.M. Philippoz, H. Van den Bergh and R. Monot

E18 Vibrational and electronic collisional relaxation of C2 (d3Hg, v') and
(C1 "g, v') states.
P. Bartolomd, M. Castillejo, J.M. Figuera and M. Martin



TUESDAY 22 JULY

E19 The collisional quenching of Ca(4s3d( l D2 )) by H2 and D2.

D. Husain and G. Roberts
E20 Collisional Electronic Quenching of OH(A 2 E) radical.

A. Vegiri, S.C. Farantos, P. Papagiannakopoulos and C. Fotakis
E21 Collisional quenching of OH(A 2 Z +, v' = 0) by NH 3 from 250-1400K.

J.B. Jeffries, R.A. Copeland and D.R. Crosley
E22 Formation of XeCI(B 2 Z 1 /2) and XeI(B 2 Z 1/2) by reaction of electro-

nically excited ICI with Xe.
J.P.T. Wilkinson, E.A. Kerr, R.J. Donovan, D. Shaw and I. Munro

E23 Quenching of NO 3 (2 E') by N2 : a potential photochemical source of
N2 0.
K.G. Pettrich, F. Ewig and R.Zellner

E24 The electron swarm method as a tool to investigate the three-body
electron attachment processes.
1. Szamrej, I. Chrzascik and M. Forys

E25 The role of Van der Waals dimers in the electron capture processes.
I. Szamrej, I. Chrzascik and M. Forys

E26 Reactions of ion-pair states of Cl2 ,
E. Hontzopoulos and C. Fotakis

E27 The association reactions of NO + with NO and N2 in N2 carrier gas.
R.R. Burke and I.McLaren

E28 Hot atoms in ionosphere.
I.K. Larin and V.L. Talrose

E29 The Chemistry of Sodium in the Mesosphere : Absolute Rates of the
Reactions Na + 03 - NaO + 02 and NaO + 0- Na (2pJ. 2 S1 / 2 ) +02.
J.M.C. Plane, D. Husain and P. Marshall.

E30 Parameters of Activation Barriers for Hydrogen Atom Transfer
Reactions from Curved Arrhenius Plots.
H. Furue and P.D. Pacey

E31 Mass spectrometric determination of rate constants and mechanism of
atomic fluorine reactions in gas phase.
N.I. Butkovskaya, E.S. Vasiliyev, I.I. Morozov and V.L. Talrose

E32 Kinetic study by mass spectrometry of the reaction of hydrogen atoms
with isobutane in the range 295-407 K.
J.P. Sawerysyn, C. Lafage, B. Meriaux and A. Tighezza

E33 Kinetics of some gas phase muonium addition reactions between 155
and 500 K.
D.M. Garner, M. Senba, I.D. Reid, D.G. Fleming, DJ. Arseneau,
R.J. Mikula and L.Lee



TUESDAY 22 JULY

E34 Rate constant measurements for the reactions of ground state atomic
oxygen with tetramethylethylene, 299 K < T 4 1005 K, and isobutene,
296 K <T < 1019 K.
J.F. Smalley, R.B. Klemm and F.L. Nesbitt

E35 A discharge flow-mass spectrometry study of the rates of the reactions
of diacetylene with atomic oxygen and atomic chlorine.
M. Mitchell, J. Brunning, W. Payne and L. Stief

E36 Reaction of O( 3 P) +SilH4 in the gas phase.
0. Horie, P. Potzinger and B. Reimann

E37 Rate constant for the reaction of O( 3 P) with 1-butene
300 < T <900 K.
R.B. Klemm, F.L. Nesbitt and J.F. Smalley

E38 Direct measurements of the reactions NH 2 + H2 'NH 3 +H at tempe-
ratures from 670 to 1000 K.
W. Hack and P. Rouveirolles

E39 Laser studies of gallium atom reaction kinetics,
S.A. Mitchell, P.A. Hackett, D.M. Rayner and M. Cantin

E40 Reaction kinetics of gas-phase boron atoms and boron monoxide with
oxygen.
R.C. Oldenborg and L. Baughcum

E41 Pulsed laser photolysis study of the 0 +CIO reaction.
J.M. Nicovich, P.H. Wine and A.R. Ravishankara

E42 The kinetics of CIO decay and spectroscopy of species formed.
R.A. Cox, J.M. Davies and G.D. Hayman

E43 Kinetic study of the reactions of N2 05 with OH, HO 2 , Cl and CIO.
A. Mellouki, G. Poulet and G. Le Bras

E44 The reactivity of the nitrate radical with alkynes and some other
molecules.
C. Canosa-Mas, SJ. Smith, S. Toby and R.P. Wayne

E45 The gas phase reaction of ethyl radicals with NO 2 .
I. Shanahan

E46 Kinetic measurements on the NO + NO 2 = N 2 0 3 reaction using a
pulsed photolysis - IR laser absorption technique.
I.W.M. Smith and G. Yarwood

E47 Temperature and pressure dependence of the rate constant for the
association reaction CF 3 +02 +M-*CF 3 0 2 +M.
F. Caralp, A.M. Dognon and R. Lesclaux

E48 CX 3 -02 Bond Dissociation Energies
L. Batt and P. Stewart,



TUESDAY 22 JULY

E49 Dissociation energy of C-O bond in the CF30 2 radical.
V.I. Vedeneev, M.Y. Goldenberg and M.A. Teitelboim

E50 Relative rate studies for reactions of silylene.
C.D. Eley, H.M. Frey, M.C.A. Rowe, R. Walsh and I.M. Watts

E51 Detection of radicals in the photo-oxidation of aldehydes.
G.K. Moortgat, J.P. Burrows, G.S. Tyndall, W. Schneider, R.A. Cox,
B. Veyret and K. McAdam

E52 Optical detection of OH( 2 1 *) radicals during oxidation of ethylene in
a jet-stirred reactor.
A. Chakir, F. Gaillard, P. Dagaut, M. Cathonnet, J.C. Boettner and
H. James

E53 Probe sampling and ESR detection of labile species for kinetics studies
in flames.
J.F. Pauwels, M. Carlier and L.R. Sochet

E54 Two-photon laser-excited fluorescence study of H and 0 atoms
temperature-dependent quenching and laser photolysis for combustion
applications.
U. Meier, K. Kohse-H6inghaus and Th. Just

E55 An expert system for gas phase reaction mechanisms.
P.B. Ayscough, D.L. Baulch and S.J. Chinnick

E56 Simulation of the three P-T explosion limits in the H2 - 02 system
including detailed chemistry and multi-species transport.
U. Maas and J. Warnatz

E57 Study of reaction mechanisms by sensitivity analysis.
T.Turanyi, T. Bdrces and S. Vajda

E58 Implementation of the rapid equilibrium approximation on a computer
for kinetics in complex systems.
R.A. Alberty

E59 The selfreaction of CH2OH - radicals and the CH3OH - CL - CL2
system.
H.H. Grotheer, G. Riekert and Th. Just

E60 The role of decomposition reactions in flames.
J. Vandooren, B. Walravens and PJ. Van Tiggelen

E61 Pyrolysis of cyclohexane/n-decane/steam mixtures at ca. 810 0 C.
F. Billaud and E. Freund

E62 High temperature pyrolysis of toluene at very low initial concentrations.
M. Braun-Unkhoff and P. Frank



TUESDAY 22 JULY

E63 Kinetic study and modelling of propene hydrogenation-hydrogenolysis
in pyrex vessels at about 5000C.
J.M. Beral, C. Richard and R. Martin

E64 Kinetics of the hydrogenation of propylene at 950 K.
D. Perrin and M.H. Back

E65 The chain NF2 reactions.
Y.R. Bedjanian, Y.M. Gershenzon, O.P. Kishkovitch and V.B. Rozenshtein



WEDNESDAY 23 JULY

SESSION F - EXCITED STATES; - ,

09.00 - 09.40 F1 Transient gain-versus-absorption laser probing
of spin-orbit states, kinetics and dynamics.
S.R. Leone

09.40 - 10.00 F2 Energy partitioning in the electronically
excited NO formed by the photolysis of the
NO dimer.
0. Kajimoto, K. Honma, Y. Achiba,
K. Shobatake and K. Kimura

10.00 - 1020 F3 The Raman spectrum of predissociating H2 S.

K. Kleinermanns and R. Suntz

1020 - 11.00 Coffee

11.00 - 11 20 F4 Vibrational and rotational distributions of the
CO product of H + CO(v = 0, J 5 0) with hot
hydrogen atoms.
P.L. Houston

11.20-11.40 F5 Energy disposal in 0(' D) + NH3 -* NH2 +OH
reaction.
S.G. Cheskis, A.A. logansen, P.V. Kulakov
A.A. Titov and O.M. Sarkisov

11.40 - 12.00 F6 Formation and reactions of electronically
excited HCI.
M.A. Brown, P.C. Cartwright, RJ. Donovan,
P.R.R. Langridge-Smith, K.P. Lawley

12.00 - 12.20 F7 ArF-laser photolysis of hydrazoic acid
formation and kinetics of NH(CI11).
F. Rohrer and F. Stuhl

12.30 Lunch

.. ....



WEDNESDAY 23 JULY

13.45 Excursions (departure from university).

20.00 Banquet



THURSDAY 24 JULY

SESSION G: BIMOLECULAR REACTIONS

09.00 - 09.40 G1 Recent advances in free radical kinetics of
oxygenated hydrocarbon species.
R. Zellner

09.40 - 10.00 G2 Structure-reactivity relationships in the reac-
tion series OH + RCHO.
S T. Bdrces and F. Marta

10.00 - 10.20 G3 On gas phase kinetics probed by a diode
laser.
R.J. Balla and L. Pasternack

10.20 - 10.40 G4 Kinetic microwave spectroscopy of reaction
intermediates : atomic oxygen reactions with
oJefins,
S. Koda, S. Tsuchiya, Y. Endo, C. Yamada
and E. Hirota

10.40- 11.20 Coffee

11.20- 11.40 G5 Kinetics of the CH3 + D reaction :an ano-
malous isotope effect.
M. Brouard and MJ. Pilling

11.40- 12.00 G6 The reaction O.* + CH4 - H2 COOH + + H.
E.E. Ferguson

12.00- 12.20 G7 Kinetics of ion molecule reactions at very
low temperature : the cresu technique.
C. Rebrion, J.B Marquette, B.R. Rowe and
G. Dupeyrat

12.20 - 12.40 G8 Neutral reactions on ions.
A.A.Viggiano, C.A. Deakyne and J,F. Paulson

13.00 Lunch

-- tf



THURSDAY 24 JULY

SESSION H - HIGH TEMPERATURE REACTIONS,

14.30 - 15.10 H1 Integration of theory and experiment in high-
temperature chemical kinetics.
D. Gutman

15.10- 15.30 H2 The mechanism of the reaction C2 H5 + 02

C2 H4 + HO 2 .
R.R. Baldwin, K. McAdam and R.W. Walker

15.30 - 15.50 H3 Hydroxyl-radical reactions with unsaturated
hydrocarbons : effects of deuterium substi-
tution.
F.P. Tully, A.T. Droege and J.E.M. Goldsmith

15.50- 16.10 H4 OH + olefin reaction rates at high tempe-
ratures.
G.P. Smith

16.10- 16.50 Coffee

16.50 - 17.10 H5 The ketenyl yield of the elementary reaction
of ethyne with atomic hydrogen at
T = 280 - 550 K.
J. Peeters, M. Schaekers and C. Vinckier

17.10 - 17.30 H6 The reaction of CH radicals with H2 from
372 to 675 K.
S. Zabarnick, J.W. Fleming and M.C. Lin

17.30 - 17.50 H7 A direct study of the reaction CH2 (X3 B)
+ C2 H4 in the temperature range
296 K < T< 728 K.
T. B6hland and F. Temps
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THURSDAY 24 JULY

17.50 - 18.10 H8 Kinetics and thermodynamics of the reaction
H + NH3 * NH2 + H2 by the flash photo-
lysis-shock tube technique.
J.W. Sutherland and J.V. Michael

18.30 Dinner

SESSION I - POSTER SESSIONS

20.00 - 20.50 Odd numbers.

20.50 - 21.40 Even numbers.

I1 Reaction of atomic hydrogen with monosubstituted halomethanes.
A MNDO analysis of the importance of the different channels.
M. Gonzalez, R. Sayos, J. Bof ill and M. Alberti

12 Experimental determination of the energy distribution in photode-
composition. Diazirines and diazocompounds.
M.J. Avila, J.M. Figuera, J. Medina and J.C. Rodriguez

13 A study of energy transfer processes at the collision of a polyatomic
molecule with an inert gas atom by the method of classical trajectories.
V.I. Vedeneev, M.Y. Goldenberg, A.A. Levitsky, L.S. Polak and
S.Y. Umansky

14 Transition-state theory calculations for reactions of OH with
haloalkanes. II. Haloethanes.
N. Cohen

15 Theoretical studies of hydrogen atom addition to carbon monoxide
and the thermal dissociation of the formyl radical.
A.F. Wagner and L.B. Harding

16 Resonant electronic excitation in electron-0 2 collision.
D. Teillet-Billy, L. Malegat and J.P. Gauyacq

17 Van der Weals, charge transfer and "mixed" states of molecular
complexes formed in supersonic jets.
M. Castella, A. Trainer and F. Piuzzi



THURSDAY 24 JULY

18 Electronic structure of mercury-argon complexes.
0. Benoist d'Azy, W.H. Breckenridge, M.C. Duval, C. Jouvet and

B. Soep
19 Reactions of metastable rare gas atoms with N2 0 ; chemiluminescence

of RgG* ; Rg = Xe, Kr, Ar.
A. Kvaran, A. Luoviksson, W.S. Hartree and J.P. Simons

110 A lifetime study on the second maximum of predissociation of the
iodine B3 11 (0 ") state.U
F. Castano, E. Martinez and M.T. Martinez

Ill Measurement of rotational energy transfer rates for HD(v = 1) in
collisions with thermal HD.
D.W. Chandler and R.L. Farrow

112 Laser induced fluorescence of SiH 2 A'B, - X1 A1 in the supersonic
free jet.
K. Obi and S. Mayama

113 High temperature collisional energy transfer in highly vibrationally
excited molecules. II. Isotope effects in iso-propyl bromide systems.
T.C. Brown, K.D. King and R.G. Gilbert

114 Unimolecular reactions following single uv-photon and multi ir-photon
excitation.
B. Abel, B. Herzog, H. Hippler and J. Troe

115 Laser pyrolysis of dimethylnitramine and dimethylnitrosamine.
S.E. Nigenda, A.C. Gonzalez, D.F. McMillen and D.M. Golden

116 I R laser-induced decomposition of oxetanes and alkanols.

K.A. Holbrook, G.A. Oldershaw, CJ. Shaw and P.E. Dyer
117 Use of Doppler broadening by the 254 nm Hg absorption line to

monitor v-r, t energy transfer in vibrationally excited gases.
W. Braun, M.D. Scheer, R.J. Cvetanovic and V. Kaufman

118 Analysis of multiple decompositions in chemically activated reactions.
P.R. Westmoreland, J.B. Howard and J.P. Longwell

119 Wavelength dependent isomerization of allyl isocyanide.

J. Segall and R.N. Zare
120 A study of the effect of excess energy on the collisional deactivation of

highly vibrationally excited 7-ethylcycloheptatriene.
Gui-Yung Chung and R.W. Carr, Jr

4



THURSDAY 24 JULY

121 A simple FTIR instrument for emission studies.
P. Biggs, F.J. Holdsworth, G. Marston and R.P. Wayne

122 Multiphoton ionization as a kinetic probe.
H.H. Nelson and B.R. Weiner

123 Intracavity detection applied to reaction rate measurements.
J.E. Allen, Jr. and W.D. Brobst

124 On the errors of arrhenius parameters and estimated rate constant
values.
K. Hdberger, S. Kemdny and T. Vidoczy

125 The National Bureau of Standards chemical kinetics data base.
J.T. Herron and R.J. Cvetanovic

126 Spectroscopy of HO2 and CH30 2 radicals and kinetics of their mutual
reaction.
K. McAdam, H. Forges and B. Veyret

127 The kinetics of hydroxyl radical reactions with alkanes studied under
atmospheric conditions.
S.J. Harris and J.A. Kerr

128 Rate constant and mechanism of the reaction OH + HCOOH.
G.S. Jolly, D.J. McKenney, DL. Singleton, G. Paraskevopoulos and
A.R. Bossard

129 The reactions of hydroxyl radicals with aromatic compounds.
D.L. Baulch, I.M. Campbell and SM. Saunders

130 Measurement of the rate constant of the reaction OH +H 2S -*products
in the range 243 - 473 K by discharge flow laser induced fluorescence.
P. Devolder, C. Lafage and L.R. Sochet

131 Reactions of OH radicals with reduced sulphur compounds.
I. Barnes, V. Bastian and K.H. Becker

132 Reactions of hydroxyl radicals with sulphur containing compounds.
P. Pagsberg, O.J. Nielsen, J. Treacy, L. Nelson and H. Sidebottom

133 Rate constants for the reactions of OD with DNO 3 and NO2 .
A.R. Bossard, D.L. Singleton and G. Paraskevopoulos

134 The kinetics of the reactions of the hydroxyl radical with molecular
chlorine and bromine.
R.B. Boodaghians, I.W. Hall and R.P. Wayne
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135 Reactions of OH radicals with acetates and glycols.
D. Hartmann, D. Rhisa, A. Gddra and R. Zellner

136 Kinetics of the reactions of SH with NO2 and 02.
R.A. Stachnik and M.J. Molina

137 Laser-induced fluorescence studies of the CH3S radical.
G. Black and L.E. Jusinski

138 Oxidation of the H2S by the atmosphere components.
V.P. Bulatov, M.Z. Kozliner and O.M. Sarkisov

139 Relaxation and reactions of NCO (X2 IT).
CJ. Astbury, G. Hancock and K.G. McKendrick

140 Kinetic measurements of the NCO radical reaction with ethane over
an extended temperature range.
R.A. Perry

141 Direct rate studies of HCO radical reactions.
J.E. Baggott. H.M. Frey, P.D. Lighfoot and R. Walsh

142 Reactions of CH(X 2 II ) radicals with selected species at low pressure.
K.H. Becker, P. Wiesen and K.D. Bayes

143 The temperature and pressure dependence of the reaction : CH3 + 02

+M- CH30 2 +M.
M. Keiffer, M.J. Pilling and M.J.C. Smith

144 Kinetics of the reactions of polyatomic free radicals with molecular
chlorine.
R.S. Timonen, JJ. Russell and D. Gutman

145 On the methyl radical-initiated thermal reaction of 2,3-dimethyl-
butene-2.
T. Kortvdlyesi and L. Seres

146 Rate constants for some hydrocarbon radical combinations.
L. Seres and A. Nacse

147 Kinetics of the chlorination of C2 H5 Br and the competitive bromi-
nation of C2 Hs CI, CH3 CHCI 2, C2 Hs Br, and CH3CHBr 2 .
E. Tschuikow-Roux, D.R. Salomon, F. Faraji and K. Miyokawa

148 The chemistry of triplet vinylidene radicals : reaction with molecular
oxygen.
A. Fahr and A.H. Laufer
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149 On the kinetics and thermochemistry of cyanoacetylene and the
ethynyl radical.
J.B. Halpern and G.E. Miller

150 The radical-radical NF 2 reactions.
Y.R. Bedjanian, Y.M. Gershenzon, O.P. Kishkovitch and
V.S. Rozenshtein

151 Formation of molecular hydrogen by the thermal decomposition of
n-dialkylperoxides in oxygen.
K.A. Sahetchian, A. Heiss, R. Rigny and J. Tardieu de Maleissye

152 Reaction mechanisms for decomposition of energetic materials.
C.F. Melius and J.S. Binkley

153 The pressure dependent decomposition of the trifluoromethoxy radical.
L. Batt, M. MacKay, .A.B. Reid and P. Stewart

154 Synthesis and Pyrolysis of Perfluoroazo -2- propane.
K.V. Scherer Jr., L. Batt and P. Stewart

155 Experimental and theoretical study of the ethyl radical unimolecular
dissociation.

Y. Simon, J.F. Foucaut and G. Scacchi
156 The photochemical and thermal decomposition of some simple a

- dicarbonyl compounds in the gas phase.
R.A. Back

157 UV-laser induced decomposition of 1,2-dichloropropane.
M. Schneider, R. Weller and J. Wolfrum

158 The thermal decomposition of unsymmetrical dimethylhydrazine.
K. Brezinsky, F.L. Dryer, D. Schmitt and D. Lourme

159 Oxidation of formaldehyde at low oxygen concentration.
M. Vanpee, K. Sahetchian, V. Viossat and J. Chamboux

160 Pseudoflame front for methane in a lean methane air mixture.
M. Vanpee

161 Dilute hydrocarbon oxidation in the presence of the CO/H 2 0/0 2
reaction between 960 - 1250 K at 1 atm.
R.A. Yetter and F.L. Dryer

162 Kinetic and chemical study of the gas-phase oxidation of isobutane and
propane.
B. Vogin, G. Scacchi and F. Baronnet
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163 A simplified chemical kinetic reaction mechanism for propane oxidation.
A.Y. Abdalla, J.C. Boettner, M. Cathonnet, P. Dagaut and F. Gaillard

164 Gas-phase oxidation of benzene and derivatives ; formation and further
conversion of phenols.
R. Louw and P. Mulder

165 High-temperature propane oxidation.
R.I. Moshkina, S.S. Polyak and L.B. Romanovich

166 The initial stage of methane oxidation at high pressures.
V.I. Vedeneev, M.Y. Goldenberg, N.I. Gorban', M.A. Teitelboim
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09.00 - 09.40 POLANYI Memorial Conference : Bond disso-
ciation energies : a continuing story.
S.W. Benson

SESSION J - COMPLEX REACTIONS

09.40 - 10.00 J1 Kinetics of the halogen catalysed elimination
of HCI from 1, 1, 1-trichloroethane.
A.S. Rodgers and J. Perus

10.00 - 10.20 J2 Computer programs and data bases for the
kinetics of gas phase reactions.
G.M. Cbme, G. Scacchi, Ch. Muller,
P.M. Marquaire and P. Azay

10.20- 10.40 J3 The thermal decomposition of n-hexane.
F.E. Imbert and R.M. Marshall

10.40 - 11.20 Coffee

11.20- 11.40 J4 Chain kinetics in igniting hydrocarbon-air
mixtures studied by transient OH fluorescence
following photolytic perturbation.
C. Morley and L.J. Kirsh

11.40 -12.00 J5 Modeling nitric oxide formation in combustion.
A. Miller

12.00 - 12.20 J6 Modelling of the gas phase free radical
chemistry of the plasma etching process:
CF4 and CF3/0 2 mixtures.
I.C. Plumb and K.R. Ryan

12.20 - 12.40 J7 Reaction of CF3 radicals on SiO 2 and Si
surfaces between 300 - 600 K.
R. Robertson, M.J. Rossi and D.M. Golden
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12A0 Concluding remarks.

13.00 Lunch

End of conference.
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DYNAMICAL BOTTLENECKS AND TUNNELING

PATHS FOR CHEMICAL REACTIONS

Donald G. Truhlar
Department of Chemistry. University of Minnesota.

Minneapolis, Minnesota 55455 U.S.A.

I will present the concepts involved in variational

transition state theory and multidimensional semiclassical

tunneling calculations. Emphasis will be placed on

vibrationally adiabatic potential curves, free energy of

activation profiles, and a least-action varational principle

for the analytic continuation of classical mechanics to

tunneling regimes. The concepts will be illustrated by

applications to deterine dynamical bottlenecks and tunneling

probabilities for microcanonical. thermal, and state-selected

reaction rates.

This work is supported In part by the United States

Department of Energy. Office of Basic Energy Sciences.
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Study of the H + H val ) reaction and its isotopic analogs.

Rozenshtein V.B., Gershenzon Yu.N., Ivanov A.V., Il'in S.D.,

Kuoheryavii S.I., Umanskii S.Ya

Institute of Chemical Physics, Moscow 117977, USSR

The goal of the present study is to determine the rate cons-

tants of different channels of the reactions of vibrationally exci-

ted hydrogen molecules with hydrogen atoms and its isotopic analogs.

The rate constants of following processes have been measured ( ki

in cm3/molecule s ) :

1. H +H2( v 0 1 ) 2(v k I= H510 - 1 lexp(-1450/T),
H + H2 (v-0) , k 1 u 255-300 K

2. D + H2 ( v-1 -- DH( v-1 )+ H , k 2 .1K10-1Oex

254-367 K

3. D + H2( v1 ) -- -DH( v-0 ) + H , k 3 1.0.10 10exp(-15501T),
254-367 K

4. D + H2 ( v.1 ) -- >D + H2 ( v.O ) , k 4 4 2.7.10- 13 , 254 - 300 K

5. H + D2 ( v,1 ) --.- HD( v-1 ) + D , k , 4,8.10 1 0 exl(-3325/T),298-306335/fl

6. H + D v- ) ---. HD( v,0 ) + D , k6 - 13. 1 0 -1Oexp(-2125/T),

298- 7 K

7. H + D2 ( v=1 ) -- + D2 ( v.O ) , k7 - -.10- 1 exp(-2125/T),
298-367 K

r- D2 ( v.0 ) +D
8. D + D2 ( v1 D2 (,, ) + D k 8 _.0 10 - 13, 300 KD +V2 ( v=O )

The experiments were carried out in a flow-tube apparatus.

Atoms were produced in microwave discharge. Vibrationally excited H2

and D2 molecules were generated in quartz furnace or in microwave

discharge. The H- and D- concentrations were measured by EPR method.

The thermometric method was used to measure the concentrations of

H2 (v,1) and D2(v.1) molecules.

4.



A2

There were the experimental conditions the V-V exchange between

HD(val) molecules and H2(vwO) or D2 (v=O) molecules proceeded or was
abxent.This gave us an opportunity to find the rates of different
channela of the reactions studled.

The results obtaned are in a good agreement with the results of

the recent theoretical studies.

J
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Reduced Dimensionality Rate Constant Calculations for
O(3 p) + H2 (D2 ,HD) -+ OH(OD) + H(D):

Comparison between Theory and Experiment

A. F. Wagner, T. H. Dunning, Jr. and J. M. Bowman
Argonne National Laboratory

Argonne, IL 60439
USA

Exact quantum dynamics and quasiclassical trajectory dynamics calculations
on an ab initio and a semiempirical LEPS collinear effective potential energy
surface are presented. The surfaces adiabatically incorporate the bending
degree of freedom. All hydrogenic isotopic combinations of the O( 3 p) + H2
reaction are examined. The results display the effects of skew angle and
adiabatic barriers. The collinear dynamics studies are incorporated with
reduced dimensionality techniques into transition state theory to produce
fully dimensional rate constants for comparison to experiment. The results
for the ab initio surface are in near quantitative agreement with available
experimental results. The results for the semiempirical surface are less
satisfactory. In particular, even though the two potential energy surfaces
have almost exactly the same barrier to reaction, the experimental isotope
effects alone (ie., ratios of rate constants) clearly distinguish between
these two surfaces. These calculations can also be compared favorably with

variational transition state theory rate constant calculations by Truhlar and
Garrett.

Consultant. Permanent address: Emory University, Atlanta, GA., 30322, USA
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Reactions on Attractive Potential Energy Surfaces:

Connections between Rate and Potential Parameters.

J. Troe

Institut fUr Physikalische Chemie der Universit~t G6ttingen,

TammannstraBe 6, D-3400 Gbttingen, Germany

Simple short-range/long-range switching models of attrac-

tive potential energy surfaces are implemented in the

statistical adiabatic channel model. By explicit determi-

nation of channel eigenvalues, state-resolved channel

threshold energies are determined and investigated with

respect to their dependence on the potential parameters.

The treatment is applied to thermal ion-molecule capture

processes over very wide temperature ranges (I - 1000 K),

to elementary thermal bimolecular reactions with redisso-

ciation of the collision complex (0 + OH0=O 2 + H and

other examples), to thermal radical and ion recombination

processes at high pressures, and to state-resolved simple

bond fission reactions of excited neutral and ionic mole-

cules. With known short-range and long-range potential

data, the model becomes free from further adjustable para-

meters. In a series of thermal reactions, the comparison

with experimental results indicates excellent agreement

over very wide temperature ranges.

f
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A THEORETICAL PREDICTION OF
RATE COEFFICIENTS FOR REACTIONS

INVOLVING INTERMEDIATE COMPLEX FORMATION*

James A. Nillartand Carl F. Hellus. Combustion aesearch Facility, Sandia
National Laboratories, Livermore, CA 94550
and
Nancy J. Brown, Applied Science Division, Lawrence Berkeley Laboratory,
Berkeley, CA 94720

The emphasis in this york is on the prediction of rate coefficients
and branching ratios for chemical reactions that occur over one or more
potential yells. Such reactions are complicated by a number of factors.
One factor is that the complex formed initially from the reactants may
isoserize any number of times and each isomer may dissociate into several
different product channels. In the first two projects discussed here,

we use the strong-coupling (or RKW ) approximation to treat two such
reactions important in the nitrogen chemistry of flame. In the third
project, we use quasi-classical trajectory methods to elucidate the
apparent violation of the strong-coupling approximation in the reaction

0 + ON --o 0 + B. This latter reaction, viewed from the reverse
direction, Is the single most Important reaction in combustion

k
1) O + BCH "-

4
NCO + 8 (a)

k

•-
4 

N - CO (b)

Using BAC-KP4 potential surface parameters, we have treated this reaction
with several statistical-theoretical methods:

(a) Canonical theory, CT
(b) Canonical theory with Vigner tunneling correction, CT-V

(c) Kicrocanonical theory, pCT (conserves energy)
(d) Hicrocanonical/J - conservative theory, wiJf (conserves

energy and angular momentum)
(e) Hicrocanonical/J - conservative theory with

one-dimensional tunneling, pJT-T.

At the high end of the temperature range investigated (500 K to 2500 K),
the experimental results available are predicted accurately by even the
crudest theoretical treatment (canonical theory). At lover temperatures,
the theoretical predictions, at all levels of approximation, using the
basic BAC-NP4 parameters are too low. However, adjustments to the BAC-MP4
energy barriers within their anticipated error limits lead to satisfactory
agreement with experiment over the entire temperature range. At high

temperature, both k and k are independent of the level of approximation
of the statistical theory.b At low temperature, the total rate
coefficient, k m k , k , is also relatively independent of the level of
approximation.' Hovver,bat low T the branching ratio k /(k # k ) strongly
depends on energy and angular momentum conservation and on tunneling. Bach
successive refinement in the theory produces larger values of k

mm J
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2) 02,1CH -4 a" 11 (a)
k
-4 MICO * (b)k
-4 gm + CO (c)

Ve have treated these reactions using CT, uJT, and WJT-T with BAC-HP4
potential parameters. As shovn in Pig. 1, our prediction for
k - k + k * k Is in excellent agreement with the high-temperature
flame tesulls. le find that k Is the dominant part of k at high
temperature, whereas k is dominant at lov temperature k Is never more
than 10 percent of the total. Inergy and angular omentuA conservation
have no offect on either k or k ; however. tunneling has a very large
effect on k at the low en of tA temperature range Investigated (500 K to 250
As Indicatel by Fig. 1. the Importance of this reaction in flame chemistry is
limited to conditions where the abstraction reaction

On + am -014 .10 (d)

is nearly equilibrated.

3) 0O+ OR"-+P 02 # .

Ve have compared quai-classical trajectory calculations of this
rate coefficient (Helium-glint potential) with experiment ad with the
variational transition-state theory calculations of Rai and Truhlar
using the son potential. The most important result of this study is
that all the discrepancy vith experiment of the VTST predictions is
made up by the trajectories. Host of the difference is due to
recrossing effects, apparently violating the strong-coupling (IH)
assumption. Figure 2 shows the comparisons.

t Author to whom correspondence sliouJd be addressed.
W Iork supported by the U.s. Department of Energy, Office

of Basic Energy Sciences, Iilvis-1n of (:hemlci] Sciences.
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The Dynamics of the Reactions of O(D2) with
Hydrogen-Containing Iialocarbons

P.M. Aker, B. Niefer and J.J. Sloan
National Research Council of Canada

100 Sussex Drive, Ottawa, Ontario, Canada KIA OR6

and

H. Heydtmann
Institut f. Physikalische Chemie

J.W. Goethe-Universitat
D-6000 Frankfurt/Main, West Germany

We have used an implementation of time-resolved Fourier transform
spectroscopy, recently developed in this laboratory, to study tie dynamics of
U.V. laser-initiated reactions of 0(lD ) with several small hydrogen-containing
freons. The reagent atoms are prepares in the ID electronic state with a
narrow translational energy distribution by the 248 nm laser photofragmentation
of ozone. State- and time-resolved observations of the products are made via
low-pressure Fourier transform infrared emission spectroscopy. The instrument
used for this is a slightly-modified commercial Fourier transform spectrometer
to which a timing computer has been added. This timing computer monitors the
operation of the computer in the commercial instrument and synchronizes the
initiation of the reaction with the operation of the interferometer. As a
result, the high-resolution infrared spectra of the reaction products are
measured at a known time after the creation of the O(ID2) reagent. The
time-dependences of the energy distributions give both the initial product
energy distributions and the way these change due to gas phase energy transfer
processes. This permits the considerable (throughput and mltiplex) advantages
of the Fourier transform technique to be used in kinetics and dynamics
measurements.

Presently, the accuracy of the time-resolved measurement is limited
to about i5 microseconds. The spectral resolution is limited to about 0.02
cm-1 . The experiments are carried out in the millitorr pressure range so that
the collision time approximately matches the minimum time-resolution. In most
experiments, the products can be observed before vibrational deactivation
occurs and in selected cases, before rotational deactivation as well. Energy
transfer information can also be obtained using this technique. By increasing
the pressure in the reaction chamber and by delaying the observation time, the
number of gas phase collisions involving the products can be increased in a
known, controllable way. Thus observations of the distributions can be made at
known times during their deactivation and the way in which their shapes change
during deactivation can be observed directly. Using a master equation or other
suitable procedure, this information can be used to obtain detailed energy
transfer rate constants.

This technique has previously been applied to the measurement of
energy partitioning in the reactions of O(ID2) with several small molecules.
The first study was the reaction with 112' Iere, the product O( 211,v',J') was

| im l~mm m i
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observed at a minimum time corresponding to about 10 gas kinetic collisions
after its formation. Although the oH deactivation probability in collisions
with ozone is very high, this measurement provided the initial vibrational
distribution for the reaction. The rotational distribution had been
thermalized before observation, however. The observed vibrational
distribution, P(v'-1:2:3:4) - 0.29:O.32:O.25:O.13, is slightly inverted,
suggesting specific, rather than statistical energy partitioning. These
results, combined with dynamical calculations and laser-induced fluorescence
measurements of the rotational distributions made in other laboratories,
provide a complete picture of the reaction dynamics. The very high rotational
excitation observed in the laser induced fluorescence experiments suggests an
insertion mechanism which forms highly-excited HOH. The inverted vibrational
distribution dictates that this intermediate exists for only one or two
vibrational periods before decomposing into OH and H. Thus, although this

reaction is an insertion, it has the same time scale as a direct abstraction in
which products are formed in a single O11H collision without the formation of
the 1O1l intermediate.

The work to be discussed in this Symposium involves reactions of
O(D2) with small hydrogen-containing halocarbons. These are all very fast and

are typical of many similar reactions which make a substantial contribution to
the chemistry of the ozone layer through the HO and CIO cycles. The initial
measurements include the reactions with CHCI3 , HF3 and 8HF Cl. These systems
are more complicated than the triatomic case as they have the possibility for
multiple reaction channels forming chemically different products. In addition,

the vibrational deactivation rates in collisions with the unused halocarbon
reagents are high and there is the possibility for fast secondary reactions
among the radical products of the primary reaction. All of these factors
complicate the interpretation of the long-time behaviour observed in these
systems. In the work to be discussed, we have observed two primary reaction
branches - one a direct abstraction forming OH and one an addition-elimination
in which the primary product is a hydrogen halide. Work in other laboratories
has suggested that there is also a channel in which the halogen oxide is formed
directly, but this process would not be observable in our experiment.

In the CHC1 3 reaction, the branching ratios indicate that the direct
hydrogen abstraction channel and the addition-elimination (forming HCI) have
comparable importance. The dynamics of the two channels, however, are not the
same. The initial distribution of the HCI is very "cold" - the vibrational
populations decrease rapidly with increasing vibrational level. This indicates
that the interaction time for this process is long and a statistical amount of
the large reaction exoergicity (650 kJ/mole) is retained by the COC12 fragment.
CO is also observed as an initial product of this reaction, suggesting that the
energized COCI decomposes into CO and either 2 Cl or Cl2 . The OH vibrational

distribution ti more excited than that of the HCI, indicating that it is likely
formed in a simple, direct abstraction process. A secondary reaction, forming
HCI with strong vibrational excitation, is observed at later times in this

system. The identity of the latter reaction is presently unknown.

Results of experiments of the CHF3 reaction are broadly similar to
these, but differ in some details. In this case, no OH Is observed within the
signal to noise of the present data. Since the infrared transition
probabilities of OH are extremely weak, however, the abstraction reaction may
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still be occurring. No CO is observed in this reaction and since this product
should be observable, its absence suggests that the energetic COF 2 does not
decompose as readily as COCl2. Although the initial 11F vibrational excitation
is low, it has substantial rotational excitation, indicating that the HF
elimination involves the transfer of the H atom from an extended C-H
configuration so that an orbiting motion about the F atom is created. The
results of the CHF2C1 experiments are similar in many ways to the CHF
observations. In this case as well, HF is formed with low vibrations?, but
high rotational excitation. H is produced in substantially less than the
statistically-expected amount, however, and the initial data contain no
evidence for the I-abstraction channel or for any detectable secondary reaction
within the time-frame available to the experiment.
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LIF Measurements on Product State Distributions in Radical-Radical Reactions

Brian J. Orr, Ian W.M. Smith, Richard P. Tuckett

Department of Chemistry, University of Birmingham,

P.O. Box 363, Birmingham BIS 2TT, U.K.

Collisions between free radicals (species with one or more unpaired electron)

are likely to proceed via a transition collision complex, since the formation

of a new chemical bond can lead to a deep minimum on one of the potential

energy surfaces which correlate with the reaction products. Such reactions

have no activation energy, and measurementt of the rovibrational product state

distribution can indicate the role, if any, played in the dynamics by the

formation of the complex. Measurements of this kind are rare, and we are

using laser-induced fluorescence (LIF) to probe the product state distribution

from a number of such reactions, especially those producing NO X 'N. We

expect to report detailed vibrational, rotational, spin-orbit, and A-doublet

distributions for the products of the following exothermic reactions:

AH
° 
kJ/ol

H(
2
S) + NO, (X'Ai) - OH(X'f) + NO(XH) -123.6

O('P) + NO,(X'AI) - 0,(X'EU) + NO(X'f) -193.0

N('S) + OH(Xfl) H(S) + NO(Xn) -203.7

The reactions are carried out in a low pressure chamber under near collision-

free or arrested relaxation conditions, so that we try to observe the initial

product state distributions prior to relaxation occurring.

The H + NO, reaction Is exothermic enough to populate up to OH v"=3

and NO v"=5. We have probed both fragments by single photon LIP via the

OH AMIE - X'fl (308 nm) and NO AIE
+ 

- X'I (226 nm) band systems. This reaction

has been studied by other groups (e.g. 1,2,31, but they have all only probed

-6
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the OH distribution. This is the first published observation of the No

distribution by LIF. our initial results can be summarised as follows:

a) The Oil is produced rotationally and vibrationally hot.

b) The OH X'fl A-doublets are unequally populated, with the V1 levels

(from which P,R branches originate, preferentially populated

over the n-~ levels (from which Q branches originate).

c) The NO is produced vibrationally cold with Population (v~1)/

Population(v 0) <0.02.

d) We have not yet attained a low enougjh pressure to prevent

rotational relaxation of No, so NO(v~o) shows a thermal ised

rotational distribution.
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REACTIVITY OF VAN DER WAALS COMPLEXES

C. Jouvet, M. C. Duval, W. H. Breckenridge, U. Soep

Laboratoire do Photophysique Mol6culalre

ALt. 213 - Universiti do Parls-Sud

91405 - ORSAY Cedex - F-rance.

We have developped a method which Initiates selectively a photochemical

reaction. We prepare the reactants within a van der Weals complex which Is then

lifted Into the reactive surface by tunable selective laser excitation. These reaction

conditions similar to a photodlssociation at the low temperatures of supersonic free

Jets, are experimentally simple and provide the least averaging over the various

collision parameters.

This technique applied to the complex H9, V12 has revealed an orbitatly

selective reaction. The reaction pathways within the exclled complex ( 3 PI ) region

depend upon the orientation of the 6p mercury orbital perpendicular or parallel to the

Hlg - 1-12 Internuclear axis.

The reaction Is shown to proceed directly when the 6p orbital Is oriented

perpendicular to the Internuclear axis by an Insertion mechanism through the

hydrogen band exactly as could be foresighted. On the contrary, the reaction Is

Indirect for a non perpendicular orientation of the Hg 6p orbital.

f-urthermore the method prepares the reactants with very low angular

momentum thus reducing the averaging over the final distributions. The rotational

distribution of the 1-gH fragment glves us some Insight Into the transition state region

of the reaction.
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THE DYNAMICS OF REACTIVE COLLISIONS OF ATOMIC CARBON

G. Dorthea, M. Costesa, C. Naulina , Ph. Caubeta, C. Vaucampsb and G. Nouchib

a - Laboratoire de Photophysique et Photochimie Moldculaire

b - Centre de Physique Mol~culaire Optique et Hertzienne

Universitf de Bordeaux I - 33405 Talence Cedex - France.

Many reactions of atomic carbon are very exoergic, presumably exhibi-

ting pathways with no or very small activation barriers and leading to electro-

nically excited products. These reactions could be of interest for electronic

transitions chemical lasers, interstellar chemistry and combustion.

In flow experiments at 300 K the reactions with N20, NO2, S02, OCS

and H2S have been shown to give electronic chemiluminescence from CM, NO, SO

and CS. The chemiluminescences from C + N20 and C + SO2 appear interesting for

an electronic transition chemical laser. Rate constants for these reactions at

300 K will be given.

The study of the dynamics of such reactions has been undertaken in

crossed pulsed supersonic molecular beams. Atomic carbon is generated by

graphite vaporisation with an excimer laser. Products are probed by laser

induced fluorescence with a pulsed dye laser. Collision energies are ranging
from 0.05 eV to 0.3 eV. The C + NO - CH + 0 reaction has no activation barrier

since CN signal remains inchanged when increasing collision energy. Conversely

the C + N20 4 CN + NO reaction has an activation barrier < 0.08 eV since CN

signal begins to be detected at a collision energy of 0.08 eV and increases

sharply when increasing collision energy. CN vibrational distribution
decreases smoothly from v" = 0 to v" = 4 with a sharp cut-off at v" = 5 for
the C + NO reaction. CN produced from C + N20 - CN + NO exhibits a vibra-

tional popular inversion with a maximum population at v" = 4. The study of

the dynamics of other reactions is in progress.

4
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MOLECULAR BEAM STUDY OF THE RADICAL GROUP EFFECT IN THE K +

RI KI + R(R=CH 3 ' C2H5. nC 3 H 7 ) REACTIVE COLLISIONS(*)

V. Siez Rfbanos, F.J. Aoiz. V.J. Herrero, E. Verdasco and A.

Gonzflez UreAa.

Departamento de Quimica Fisica. Facultad de Quimica. Univer-

sidad Complutense, Madrid-28040, SPAIN.

() Support of this work by the Comision Asesora of Spain

(grant 963/81) is gratefully acknowledged.
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ABSTRACT

Differential reaction cross-section for the K + RI

K7 + R(R CH3 , C 2 H5, C 3 H7 ) systems have been measL:JI as a

function of the collision energy by using our molecular beam

apparatus. The analysis of the center-of-mass angular and

recoil velocity distribution of the products indicated: (a)

a backward peak character as correspond to a direct, rebound

mechanism (b) that the average translational energy of the

products <E > increases approximately linearly with

(increasing)collision energy, <E , as follows <ET>/KJ.mol-

a <E T>/KJ.mol-1 + b where (ab) are (0.65, 66.5), (0.56,

58.4) and (0.28, 30.3) for the methyl, ethyl and propyl

iodide reactions respectively. Whereas in the methyl and

ethyl reactions the fraction of the available energy that

appears in translation, f T' is about 0.65-0.55 in the propyl

case it reduces to ca. 0.3.

A comparison with photofragmentation studies for the alkyl

iodides, RI, has shown a similar dynamics involving a

"quasi-diatomic" C-I excitation followed by recoil of a

"soft" radical. An information theoretical analysis of the

products' recoil velocity distribution revealed that the

(direct) dynamics involving the rupture of the same C-I bond

can recover the experimental differential reaction

cross-sections providing that the statistical contribution,

associated with the degrees of freeedom of the different

radical groups, is properly increased. In particular the

enhancement of the energy disposal for the propyl reaction

could be associated to the presence of the symmetric C-C-C

bending motion.

rf
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LASER INDUCED FLUORESCENCE STUDY OF REACTIONS OF Ca WITH C131 AND

CF3I IN THE MOLECULAR BEAN.-GAS APPARATUS

Guo-zhong He, Jue Wang, R. S. To, and Nan-quan Lou
Dalian Institute of Chemical Physics, Academia Sinica, P.R. China

One of the major topics in molecular dynamics is to study the distribution

of available energy to internal state of the nascent reaction products by the

molecular bean techniques as Well as the later induced fluorescence method.

In this paper ve present a beam-gas experiment on the exothermic reactions
Ca + CH3 1 ... CaI + CH3  (a)

and

Ca + CF I - "CaI + CF3  (b)

for which the vibrational populations of nascent product Cal are probed by

means of LIF. The beam-gas apparatus employed is shown schematically in Fig.1.

A calcium beam effuses from an orifice(O.8 am) on the top of a cylindrical

crucible, heated to 1050 k by thermal radiation from a sleeved graphite

electrical resistant heating tube, and passes through a slit (2.5 mm) into
the scattering chamber, which is filled with CH3I (or CF31) at pressures

of (1-20)X16-5 torr. The pulsed laser beam from a YAG:ND laser pumped tunable

dye laser (Quanta Ray, DCR-1 and PDL) intersects the Ca beam perpenticularly

in the center of the scattering chamber. The dye laser is scanned in wave-

length to generate an excitation spectrum of the Cal product using the

C2T-X2 Z band system. Tile linewidth of the dye laser beam is about 0.2 A.

The fluorescence is viewed by a photomultiplier (R943). A PAR model 162,165

boxcar integrator is used to amplify and average the fluorescence signals.

The output of the boxcar drives a stripchart recorder.

Laser excitation of the A 3/2X 2 1 +Cal band system in the region 6375-

6395 1 is used to determine the internal state distribution of the reaction

product. Fig.2 shows the variation of total fluorescence intensity with
excitation wavelength for the Cal AV-O sequence of the CatCH I and Ca+CFI

reactions. In the Cal A / 2-X2  bend system, heads are formed In the

and P21 branches at almost the same frequency and value of J,
Q2+P21  (2Bm- Beff) P, (B ft+28")

JQ2 1 - B of- and in the P branch at J- 2 -

ahead 2(B - ) 2 head 20off- U )

For the (0,0) band of the A2"r / 2X transition J q2d 2.3/2 head 21 and
P

3heid _104.

,' l~ il []l • ml ~ n I[] •ill nn4
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The presence of the heads of the (0,0),(1,1),(2,2),(3,3),(4,4) bands

for reaction (a) and the (8,8),(9,9),(10,10),(11,11) bands for reaction (b)

indicated that the substantial rotational excitation of the product Cal

occured.

Computer simulation of the observed LIP spectra revealed that the

average vibrational energy of the Cal for reaction (a) was about 10% of

the total available energy , and that or the reaction (b), about 40%. The

relative vibrational state distribution of Cal formed in the reactions(a)

and (b) ere shown in Fig.3. For reaction (a), the vibrational distribution

of Cal was produced preferentially around V-2, while for reaction(b) the

peak shifted to V-10.

A comparison is made of the fraction of the total energy going into

vibrational energy ,4f% =Ev(CaI)/Etot, for four reactions. The results are

shown in the following table:

CH 3r C 3  (1)

Ba 41% 69% (from reference 
1 )

Ca 19% 40%
For the series of reactions M+ CH3I (CF3I) with M+CaBa, there is an

increasing f ) as the atomic mass of the alkaline earth metal atomV

increase.

Surprisal analysis of the vibrational population suggests that the

vibrational excitation of radical CH3 (CF3 ) must be taken into account

for reaction mechanism analysis.

DIPR model is used to calculate the (fv )of these two reactions.V

Comparisons with other reactions, such as K+CHJI (CF 3 I) and Ba+CH 3
(CF31), are given and some similar features are pointed out.

Reference

(1)G.P. Smith, J.C. Whitehead,and R.N. Zare, J.C.P. 67,1912 (1977)1

P.J.Dagdigian, H.W.Cruse and R.N. Zare, C.P. 15,249(1976)

'Visiting scientist from Dept. of Chemistry, University of Hong Kong
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Energy and Angular Momentum Disposal in Chemlluminescent Electronically

Excited Atomic Reactiotis

Keith Johnson, Agust Kvaran*, John P Slmons and Peter A Smith

Chemistry Department, The University, Nottingham NG7 2RD, England

+ Science Institute, The University of Iceland, 107 Reykjavik, Iceland

In addition to their intrinsic interest in the field of u.v./visible

laser systems, the chemiluminescent reactions of electronically excited

atoms have many features attractive to the student of molecular reaction

dynamics. Translational energy utilisation can be probed through

measurements of the intensity of the chemiluminescence excited by

collision of superthermal reagent beams; internal energy Jisposal and

product branching ratios can be determined from the analysis of resolved

chemiluminescence spectra under both static and molecular beam conditions;

differential cross-sections can be obtained through measurements of the

depletion of elastically scattered reagent beams at large scattering

angles; the influence of molecular spatial or electronic orbital

alignment prior to collision can be probed by polarised laser excitation

techniques; the collisional energy dependence of product rotational

alignment and angular momentum disposal can be obtained through

measurements of the chemiluminescence polarisation excited under molecular

beam conditions; resolution of the chemiluminesence spectrum may reveal

the dependence of the alignment on the product vibrational state. Many

more measurements are possible when the excited atom is itself

fluorescent. The chemiluminescent interaction of electronically excited

rare gas atoms Rg(npi(n~l)s) provides an ideal system for dynamical

m ==-==,e.=.l.=
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studies which exploit this wide variety of techniques. Resembling in

some ways the 'harpoon' chemistry of' the alkali imetal atoms [I1 their

dynamics are both complicated and enriched by the electronic excitation;

excitation transfer channels can now compete with the alternative atom

transfer reactions.

XeX(B, C, Dl X (I)

e.g. Xe( 3Pj) + X2  C X= Cl, Br, I

Xe + (X, (D'(2g) ... ) (II)

Unravelling tire dynamics of such systems requires a careful and systematic

analysis of the intensities of the overlapping bound-ofree oscillatory

spectral continua, their polarisations arid thuir dependence on the

collision energy. Interpretation of the experimental data should address

the degree to which purely kinematic rather than dynamical factors govern

the observed behaviour, the degree to which the competing physical

channels (II) may influence the dynamics of the reactive channel3 (I) and

an assessment of which observables are most sensitive to particular

features of the potential energy surfaces. The chemiluminescence

polarisation for example, reflects the degree of' product rotational

alignment which in turn reflects the partitioning of angular momentum

between orbital and internal motion: this, in its turn, may be sensitive

to the repulsive release of potential energy in the exit channel, to the

preferred collision geometry at the head of the exit channel and/or to the

duration of the collision.

The lecture will review recent experimental studiesof the reaction

dynamics in the kinematically constrained systems

Xe(3p ) + HX - XeX(B, C) + H, X = Cl, Br, 1 (1i1)

and in the unconstrained systems (1) and (I1)[2]. These will be compared

with the analogous alkali metal atom reactions to see how far the analogy
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is realistic, and measured against the predictions of a hierarchy of

'minimum detail' theoretical models. These include a purely kinematic

model ('physics-free') (3], the DIPR model (exit repulsion and collision

geometry) (4], a phase space model [5] (purely statistical) and a

constrained phaue space model ('conservation laws plus').

[] D W Setser, T D Dreiling, H C Brashears, Jr. & J H Kolts, Far.

Discussion Chem. Soc. (1979) 67 255

(2] K Johnson, J P Simons, P A Smith, C Washington and A Kvaran, Mol.

Phys., (1986) 57 255.

K Johnson, R Pease, J P Simons, P A Smith and A Kvaran, Faraday

Trans. Che,,. Soc. (1986), in press.

(3] 1 R Elsum and R G Gordon, J.Chem.Phys., (1982) 76 3009.

(4] D R Herschbach, Faraday Discussion Chem.Soc. (1973) 55 116

M 0 Prisant, C T Rettner and R N Zare, J.Chem.Phys. (1984) 81 2699

[5] D A Case and D R FIerschbach, J.Chem.Phys., (1976) 64 4212



B6

Topological study on three and four atom indirect
exchange reactions. Application to the processes

COP) + NO(X 2 n) and C(3P) + N2 0(X IX+)

M.T. Rayez, P. Halvick, B. Duguay and IL C. Rayez
Laboratoire de Physicochimie Theorique

Universite de Bordeaux I - 33405 Talence Ceder

Since the work of Polanyi and coworkers, it is now admitted that
the location of the barrier, the inner repulsive wall and the relative values
of the masses of the atoms play an important role on the nascent energetic
distribution on the products of a three atom exchange reaction.

Due to the difficulty of the theoretical approach joined to the lack
of experimental dynamical studies, few analogous investigations have been
undertaken in the case of reactive processes involving three and four
atoms and exhibiting at least one well along the route from the reactants to
the products i.e. indirect processes. A recent paper of M. K. Osborn and I.
W. M. Smith iChem. Phys. 91. 13, 1984) reports a quasi classical trajectory
(.C.T.) study of vibrational energy transfer in inelastic collisions on
potential energy surfaces (P.E.S.) possessing potential minima.

In order to analyze the role played by different topological factors
on the products energetic distribution of a reactional process, we present a
Q.C.T. study based on three and four atom model analytical potentials
describing the reactions A + BC -- ) AB + C and A 4 BCD -- AB + CD Imasses:
A - 12, B- 14, C- 16inBC, C- l4andD- 16 amuinBCD)

In the case of a three atom reaction, ID and 3D approaches have
been performed, but in the case of a four atom reaction, only a ID study
has been undertaken owing to the difficulties we encountered for the
elaboration of realistic 3D analytical potentials.

The 3-atom analytical models are built by the mixing of a L.E.P.S
function and a polynomial expression containing quadratic, cubic and
quartic terms which describes the well. The L.EPS. function simulates the
asymptotic behaviours of the system.

The 4-atom analytical models are constructed on the same scheme
but the polynomial expression must obey several requirements : i0- the

4-
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representation of the stable BCD system alone by an ad hoc well, ii)- the
simulation of the four atom well which lies on the reaction route and iii)-
the continuous passage from the first well to the second as long as the A
atom approaches the BCD molecule.

These models are flexible enough to allow the change almost
independently of their topological features. Therefore, we have modifyed
the energetic difference between products and reagents, the location of the
well, its concavities and its depth. In fact, the location of the well and its
curvatures at the minimum (quadratic, cubic and quartic forces constants)
are kept linked by an empirical relation which has been well established
on real molecules. The ID-QCT calculations are performed with the initial
conditions : relative translational energy T - 0.1 eV, zero point vibrational
levels for BC and BCD.

Among the different topological parameters investigated at the I D
level (3 and 4-atom cases), we show that the anisotropy of the intermediate
well and its location are the important factors which govern the nascent
distribution of the energy of the reaction on the products, the others.
playing a minor role. Hence, a mapping of the percentage of the average
vibrational energy of the newly formed diatomic molecules versus the
location of the well - that is to say the curvatures at the minimum - can be
easily elaborated. As long as the intermediate well becomes more and more
elongated in the products direction, it appears an increase of the energy
channeled on the vibration of the diatomic molecule formed. A
consequence of this fact is the reduction of the number of reactive
outcomes since the transfer of momentum in the direction of the products
is less and less efficient.

The 3-atom - 3D investigation (rotational level Jec - 0) does not
change drastically the previous conclusion. In fact, we observed that the
complex keeps a small bent shape associated with a less deep well than the
linear structure. This change leads to a greater anisotropy of the well and
consequently, favours an increase of the vibrational excitation of the AB
molecule.

Ab-initio determination of the fondamental sheet potential energy
implied in the reaction C(3P) NO(X 2E- ) -- , CN(X 2 +) O(3P) (exoergicity -
-1.35 eV) shows an intermediate well of 4.2 eV depth (with respect to
reactants energy), related to a linear structure CNO (equilibrium distances:
rCN - 1.22A and rNO - 1.23A) of principal force constants respectively

equal to kcN - 18 mdyne/A and kNo - 15 mdyne/A. QCT calculations on an

analytical surface possessing these features lead to vibrational population
of CN(X 2 E +) which does not exhibit any inversion and which is in

.4
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satisfying agreement with supersonic pulsed crossed beams experiments
Semi-empirical determination of lowest energy sheet of potential

energy associated with the process C(3 p) * N2 (X I - ) -- > CN(X 2 1-+) .

NO(X 21I) reveals the existence of a well of 4.65 eV depth corresponding to
a structure CNNO of principal force constants equal to kCN - 17.6 mdyne/A,

kNN - 12.8 mdyne/A and kNO - 19.2 mdyne/A. QCT calculations performed

on an analytical representation of the potential energy surface leads to an
inversion of the vibrational population of CN(X 2 E-+ around v" - 2
which is only in fair agreement with experiments (the maximum is located
around v" - 4). Several arguments can be raised to explain this difference.

.4
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DYNAMICAL PROCESSES OF DETACHMENT IN Cl-/H 2

M. Barat, J.C. Brenot, M. Durup-Ferguson*, J. Fayeton, J.C. Houver and

J.B. Ozenne

L.C.A.M., Bdtiment 351, Universitg de Paria-Sud, 91405 Orsay
L. P.C. R. , Bdtiment 350

The various channels inhanced by kinetic energy of Cf- ion in Cl- on H2

collision produce two independentely detectable species : a fast neutral

HCl or Cl and an ionized particle H- or e-. A coincident detection of the

two detectable products allows an unambiguous analysis of the various

competing channels.

In this crossel beam experiment a multicoincident detection is used fig. (1)

which has been previously settled in LCAW)This technique directly gives

complete time and spatially resolved product distributions. At a given

collision energy the ultimate result of the data processing gives the

relative probability of each channel as a function of the CM deflection

angle of the fast neutrals and of the amount of kinetic energy transferred

to internal energy of the products. The contour map of each competing

channel can be drawn fig. (2).

The main conclusions for the CI-H 2 system are the following : the two

reactive channels giving CIH * H- and CIH + H + e- proceed through the same

reactive path on the potentiel surface they are both severely peaked at the

same x angle, lhe reactive detachment occurs when the trajectory would lead

to HCI vibrational excitation above v=3 a transition through a temporary

HCI-...H occurs which immediatly autodetaches giving HCI + e- + H.
(2 )

The generality of this competition process between reaction and reactive

detachment has been checked on other halogene'/H 2 systens, In I-/H2 the

transitory IH-H does not detach therefore the reactive detachment Is not

observed. In Br7/H2 the reactive detachment proceeds from the reaction path

for vibrational excitation of BrH of v 2- in agreement with the position

of the surfaces crossing BrH H- - HBr" H.At collision energy lower 10 eV

the reactive detachment is the most important detachment process at higher

collision energy other detachmient processes compute : one involving vibrational

excitation of H2 but not yet fully understood. An other one proceeding through

a spectator mecanism by which just one H atom is involved in the collisional
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process the other one staying at rest. The Cl atom is backward scattered

and H2 molecule dissociates.

An other process still more strange where the H2 vibration is frozen.

The H2 molecule reacts like an He atom of masse 2 which can be

accompanied with an excitation of Cl which in this case is back scattered.

References

(1) J.C. Brenot, J.A. Fayeton, J.C. Houver, Rev. Sci.Instr. 51, 1623 (1980)

(2) M. Barat, J.C. Brenot, J.A. Fayeton, J.C. Houver. J.B. Ozenne, R.S. Berry

and M. Durup Ferguson, Chem.Phys. 97, 165 (1985)
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Some Current Problems in Atmospheric Ozone Chemistry - Role of

Chemical Kinetics

R.A. Cox

Combustion Centre, Harwell Laboratory, Didcot, Oxon, U.K., OXIi ORA.

Atmospheric ozone is produced and removed by a complex series of

elementary gas-phase photochemical and chemical reactions involving Ox,

lIOx, NOx, ClO x and hydrocarbon species. Concern ahout changes in the

balance and distribution of ozone as a result of mans activities has led

to an intense research effort to study the kinetics and mechanisms of the

reactions controlling atmospheric ozone.

At the present time there is a good knowledge of the basic processes

involved in ozone chemistry in the stratosphere and the troposphere and

the kinetics of most of the key reactions are well defined. There are a

number of difficulties in the theoretical descriptions of observed ozone

behaviour which may be due to uncertainties in the chemistry. Examples

are the failure to predict present day ozone in the photochemically

controlled region Thove 35km altitude and the large reductions in the

ozone column in the Antarctic Spring which has been observed in recent

years.

In the troposphere there Is growing evidence that ozone and other

trace gases have changed appreciably from pre-industrial concentrations,

due to chemical reactions involving man-made pollutants. Quantitative

investigation of the mechanisms by which these changes may occur requires

a sound laboratory kinetics data base.
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ABSOLUTE RATE CDMSTAMTS FOR THE GAS-FiASE REACTION OF
NO3 RADICALS WITH EDUCED SULFUR COMPOUNDS

Timothy J. Wallington, Roger Atkinson, Arthur M. Winer and James N. Pitts,
Jr., Statewide Air Pollution Research Center University of California,

Riverside, California 92521, U.S.A.

In-situ long pathlength spectroscopic studies have shown that the NO3

radical is a common constituent of continental nighttime atmospheres Ill.

with mixing ratios of 10-100 parts-per-trillion being routinely observed at

several arid/semi-desert locations in California [21. Laboratory kinetic

studies have shown that the NO3 radical reacts rapidly with the more highly

alkyl-substituted alkenes (including the monoterpenes), hydroxy-substituted

aromatics and dimethyl sulfide, and that these reactions can be important

as nighttime tropospheric loss processes for the NO3 radical and/or these

organic compounds [3]. Until very recently (4,5], however, the available

kinetic data were all obtained from relative rate studies carried out at

room temperature and atmospheric pressure of air.

In order to allow the determination of absolute NO3 radical reaction

rate constants, we have constructed and utilized a flash photolysis-visible

absorption apparatus, and report here recently obtained rate constant data

for a series of reduced sulfur compounds over the temperature range 270-

350 K.

NO3 radicals were generated by the flash photolysis of F2-11NO 3 mix-

tures in helium, nitrogen or argon diluent

F2 + hv + 2 F

F + HN0 3 * 11F + NO3

and monitored by long pathlength visible absorption at 662 nm.
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Absolute rate constants have been determined for the reduced sulfur

compounds a1!7 3. CII3SSCH3 and C13S| over the temperature and pressure

ranges 280-350 K and 50-400 torr total pressure, respectively. These reac-

tions are all at the high pressure limit, and the rate constants obtained

are given in Table 1. In addition, upper limit rate constants were obtain-

ed at 298 K for the reactions of the NO3 radical with H2 S and SO2 , and

these data are also given in Table I.

Table I. Absolute Rate Constants for the Gas-Phase Reaction of the NO3
Radical With 0I 3 Si , CH3 SCH3 , CH3SSC13 SO2 and 112S

1013 x k (cm
3 
molecule

- 1 
s-I)

a

Reactant 280 K 298 K 350 K

013511 (8.0 1 1.4) (8.1 : 0.6) (5.4 i 0.7)

C1I3 SCH 3  (8.8 t 1.2) (8.1 t 1.3) (7.7 * 0.7)

CHI35SCII 3  (5.3 * 0.8) (4.9 * 0.8) (4.3 * 0.6)

So 2  -0.004

112S -0.3

aIndicated errors represent two standard deviations.

Least squares analyses of these data yield the Arrhentus expressions

k(CH 3Sal3) (4.71 26 x iO-13 e(170 * 130)/T cm
3 molecole-t s-1

2 6 . 10-13 e(600 t 400)/T cm
3 
molecule-I s-1k(CH3SS0i3 ) - ("0+_0.7#

k(CH 3SII) - (1.9 1 0.3) x IO- 13 e
( 2 9 0 

t 50)/T cm
3 

gnolectile-' s-1

4
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where the error limits given are two least squatres standard deviations.

These rate constants will be compared with the available literature data,

and the atmospheric implications discussed.

References

1. K. Atkinson, A. H. Winer and J. N. Pitts, Jr., Atmos. Environ., 20,
331 (1986) and references therein.

2. U. F. Platt, A. M. Winer, H. W. Biermann, R. Atkinson and J. N. Pitt$.
Jr., Environ. Sci. Technol., 1%, 365 (1984).
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4. A. R. Ravishankara and R. L. Mauldin, 111, J. Phys. Chem., 89, 3144
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5. J. P. Burrows, G. S. Tyndall, W. Schneider and G. K. Noortgat,
presented at the 17th Int. Symp. Free Radicals, Snow Mountain Ranch,
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Thermal Stability of Peroxynitrates

A. Reimer and F. Zabel

Bergische Universit~t - GH Wuppertal, Physikalische Chemie

Fachbereich 9, 56 Wuppertal 1, West Germany

Within the last ten years evidence has increased that, in the at-

mosphere, a large part of NOx and of peroxy radicals may be tied

up in peroxynitrates. For example, acetyl peroxynitrate (PAN)

seems to be an ubiquitous compound in the troposphere, with a

background mixing ratio of 50 - 100 pptv [I]. Other peroxynitrates

(including peroxynitric acid, HOONO2 ) have not been detected yet

in field experiments, but their existence in higher altitudes is

suggested from the results of laboratory experiments (e.g. [2-4]).

The importance of peroxynitrates for the chemistry of the

atmosphere will largely depend on the rate constants of reactions
(1) ROO + NO2 - ROONO 2

(2) ROONO 2 -3o ROO + NO2
(3) ROO + NO 31 RO + NO2
(4) ROONO 2 + oil -:o products

(5) ROONO 2 +hv )-- products

and on the products of reactions (4) and (5). In this work, react-

ion (2) has been investigated for R = CH3 , CH 3CO, CC1 3, and CCI 2F
in a temperature controlled 420 1 reaction chamber from Duran

glass which is surrounded by 20 photolysis lamps. The reaction

chamber has a buildt-in White mirror system for long-path absorpt-

ion measurements which is coupled to a Fourier-transform infrared

spectrometer (NICOLET 7199). Experimental conditions include tem-

peratures between -20 and +50 °C and total pressures between 10

and 800 mbar. N2 and 02 were used as buffer gases. The peroxynitr-

ates were prepared in situ by photolysis of the following gas

mixtures: azomethane/N 2 /02 /NO2 (for CH 3OONO2 ), CI 2 /CH 3CtHO/O 2 /N 2/

NO2 (PAN), C1 2 /CIICl 3/0 2 /N2 /NO2 (CC13 OONO 2 , C1 2 /CiICI 2F/O 2 /N 2/NO 2

(CCI2FOONO 2 ). The initially established equilibrium between react-

ions (1) and (2) was disturbed by addition of large amounts ( O.3

mbar) of NO, giving rise to reaction (3). Using high [NO]/[N0 2]
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ratios, the effective first order decay rate constant of ROON02 1

as measured by IR absorption, was equal to k 2.
Rate constants k2thus obtained are strongly temperature and

pressure dependent. They are presented in figures 1 and 2 for

-15 ~ 272.2K

2 4 265.6K

03

n O -25 IN 58. 90K.

31. K 2531

-3
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Fig. 2 Thermal decomp.ositon~ of metYl Peroxynitrate

CH OOO 2andC113 CO)O N 2 Prsetvl.Ec pon rpeetsa

least ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~309 4 niiulmesrmns hert aaweeeaue

acorin o hemdiie Kseltramet f nm-2.0r eat



C3

ions as proposed by Troe [5]. Fitting the experimental data points

to the 3-parameter-equation

ko/km log Fc
log (k/k00 ) = log 1 + kolkO + log (kolk" 2

1 +L NC (FC)]

Nc (Fc )  0.75 - 1.27 log Fc,

with the F values held fixed at their theoretical strong colli-C

sion values [2], the following parameters were obtained:

CH 3OONO 2-DC[3 00 + NO2

F = 0.47

ko/[N 2] = 8.5 x 10
- 4 x exp(-20.5 kcal-mol- /RT) cm3molecule- s

- 1

kc*= 2.3 x 1016 x exp(-21.4 kcal.mol- /RT) s
-

k 2/k N2 1.2 ± 0.2
0 o

&Ho,298 (21.9 ± 0.8) kcal/mol (using literature data on k1 )

C113 C(O)OONO2 -CH 3 C(O)OO + NO 2:

F = 0.27

ko/ N 2] = 6.3 x 10- 2 x exp(-25.4 kcal-mol- /RT)

koo = 2.2 x 1016 x exp(-26.7 kcal-mol- /RT)

k 0 2/kN2 = 0.9 ± 0.2

Experiments on the thermal decomposition of CCI 3OONO 2 and

CCI 2 FOONO 2 are still in progress.

When these results are combined with literature data it may

be estimated that in the upper troposphere mole fractions of the

same order of magnitude (10 - 100 ppt) are present for the

different reactive nitrogen species (NO+N02 ), HOONO2 , CH 3 OONO 2,

and CH 3C(O)OONO2 . Similarly, the halomethyl peroxynitrates possib-

ly represent reservoirs for reactive halogen and NOx in the

stratosphere.
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Abstract for the 9th International Symposium on Gas Kinetics,
Bordeaux, France, July 20-25, 1986

THE STICKING OF GAS MOLECULES TO WATER SURFACES

James Gardner, Lyn Sharfman, Yusuf G. Adewuyi and Paul d ,its,
Boston College, Department of Chemistry, Chestnut Hill, MA 02167
U.S.A.

Mark S. Zahniser, Douglas R. Worsnop and Charles E. Kolb
Aerodyne Research, Inc. 45 Manning Road, Billerica, MA 01821
U.S.A.

Many important atmospheric reactions occur inside the water

droplets of clouds and mists. These processes begin with the

precursor gas molecules such as SO2 or NO 2, for example, hitting

the surface of the droplet and crossing into the interior. The

probability that a molecule striking the surface, sticks to it and

enters the droplet is called the sticking or accommodation

coefficient. This is the key parameter linking gas phase to

liquid phase chemistry and it often governs the kinetics of

heterogeneous reactions in the atmosphere. An experimental

technique has been developed to measure these accommodation

coefficients. The apparatus is.shown schematically in figure 1.

A controllable stream of mono-dispersed droplets is produced by a

vibrating nozzle jet. The droplets enter a flow system containing

the atmospheric trace species. The droplets are turned on and off

while the density of the species is monitored spectroscopically.

The details of the flow system, temperature control and droplet

switching are not shown. The reacting gas can be introduced at

three different points in the flow tube. In this way the length

of the interaction region can be varied. S02 was the first gas
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accomodation coefficient measurements, for several other gases ot

atmospheric interest will be presented.

A kinetic model has been developed which predicts the size of

the accommodation coefficients. In this model it is assumed that

a molecule which hits the water surface will enter the interior if

during its residence time on the surface a hole in the liquid

sufficiently large to accommodate the molecule appears at the

surface site. The predictions and implications of this model will

be discussed.
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DISCHARGE FLDV DETERHINATION OF THE RATE CONSTANTS FOR THE REACTIONS

O1 + SO, + He AND HOSO, + 0 .

D. MARTIN, J.L. JOURDAIN and G. LE BRAS.

(Centre de Recherches sur la Chimie de la combustion et des Hautes

Tempiratures - C.N.R.S 45071 ORLEANS cedex 2 - FRANCE.)

The main atmospheric oxidation steps of S02 : SO2 + Oil + H

lOS02 f m (I) and HOSO2 + 02 -a 1102 + SO.3 (2) have been studied at

room temperature using the discharge flow - EPR - mass spectrometric

method. The rate constants of these reactions were determined by E1PR

monitoring of the Oil decay in the presence of excess S02, successively

in the absence and presence of 02 . 1102 produced in reaction (2) was

converted into OH by NO addition either together with the reactants

S02 and 02 or separately, just upstream of the EPR cavity. Heteroge-

neous processes were minimized by coating the wall of the reactor with

halocarbon wax.

The reaction SO2 + OH + M -= - HOS0 2 + M (1) was studied in the

absence of 02 at pressures ranging from I to 6.4 Torr of helium, with
partial pressures of SO2 in the range 0.01 - 0.15 Torr. Both graphical

and mathematical treatments of the data led to the following values of

the rate constants for reaction (I) with respectively SO2 and fie as

the third body :

i1i2 = (1.33 + 0.40) x i030 cm6 molecule -2 s-

= (8.1 + 0.2) x 10 - 32 x lHel + (2.4 + 0.4) x 1O- 1 5 cm 3molecule - ! s- 1

The third order rate constant obtained with SO2 as the third body

and the apparent second order rate constant determined with fie as the

third body are in good agreement with the data of LEU II1. This

experimental expression of k!l compares well with recent theoretical

calculations of WINE et al 121 wich indicate that the reaction would
he in the fall off regime In the pressure range considered (1 - 6.4

Torr).
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The rate constant for the reaction HOSO 2 + 02 - HO2 + SO 3 (2)

was measured from a computer fitting of the OH decay curves obtained

in the absence and presence of 0, and NO. In a first series of experi-

ments where NO was added separately, just upstream of the EPR cavity,

the possible HOSO 2 + NO reaction was negligible. However a first order

reaction rate of 50 s- 1 had to be considered for HOSO 2 to fit the data

obtained over the entire range of 02 concentrations used (3.5 x 1014 -

1.5 x 1015). This additional sink of HOSO 2 could be a wall reaction.

An example of experimental data is given in the figure below (the

solid lines represent the experimental decay curves of OH and the

dashed lines the calculated ones).

ioH . ,al (C,
3

) io1. 4 Sol,

S * o., ISO,'.._i 1O m

O A 15

In a second series of experiments where NO and 02 were flowed

together, an upper limit of 5 x IO
3 was determined for the HOSO2 +

NO reaction.

From the series of experiments, the following value was obtained

for e

= (3.5 1) x IO
1 3  

cm
3 

molecule
- I 

s

This value is in good agreement with the flash photolysis measurement
of MAROITAN 131 (k 2 = (4 4_ 2) x 10 - 1 3 ) also obtained from a computer

simulation of his experimental data. The agreement is also good with a

o k

k? =(3-5+ 1 x 1-13cm3 oleule- s-
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further discharge flow determination of HOWARD 141 (k2 = (4.4 + 0.9) x

1O- 13) where HO2 and HOSO 2 were respectively detected by LMR and

chemical ionization.

The present value of k2 confirms the STOCKWELL and CALVERT 151
hypothesis concerning the occurrence of reactions (1) and (2) in the

atmosphere and the subsequent HOx conservation in the gas phase oxida-

tion of SO2 in the atmosphere.

References

I- M.T. LEU: J. Phys. Chem., (1982), 86, 4558.

2- P.11. WINE, R.J. THOMPSON, A.R. RAVTSIIANKARA, D.H. SEMMES, C.A.

GUMP, A TORABt, and J.H. NICOVICII : 1. Phys. Chem., (1984), 88,
20Q5.

.- J.J. MARGITAN : J. Phys. Chem., (1984), 88, 3314.

4- C.J. HOWARD : Communication at the seventeenth symposium on free

radicals, Granby, Colorado, USA, August 18-23 1985.

5- W.R. STOCKWELL and J.G. CALVERT : Atm. Env., (1983), 17, 2231.

.4



C6

HIGH RESOLUTION FOURIER TRANSFORM SPECTROSCOPY OF GAS

PHASE RADICALS AND REACTION PRODUCTS

James U. Burkholder, Philip D. lamer, and Carleton J. Howard

National Oceanic and Atmospheric Administration
Aeronomy Laboratory, R/2/AL2
Boulder, Colorado 80303
U.S.A.

and

C.I.R.E.S., University of Colorado
Boulder, Colorado 80309
U.S.A.

Recent results using a high resolution Fourier transform spectrometer opti-
cally coupled to a fast flow multipass absorption cell for the spectroscopic
study of gas phase radicals and reaction products will be presented.

High sensitivity infrared and microwave spectroscopic techniques are viable
methods for monitoring transient species in both laboratory and field studies.
For these techniques to be successful detailed spectroscopic information of the
transient species is required. In the past high resolution infrared spectra of
transient species have been recorded using LHR, diode laser, and difference
laser techniques. To date high resolution Fourier transform spectroscopy (FTS)
has been used to study relatively stable species. In this report FTS high reso-
lution infrared absorption spectra of H02, DO2' FO, CLO, SO, CS and several
other short lived radicals will be presented.

The implication of these results to atmospheric chemistry will be
discussed.

f
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KINETICS AND MECHANISM OF ATMOSPHERIC CS2 OXIDATION

A.R. Ravishankara, E.R. Lovejoy, N.S. Wang, and C.J. Howard

NOAA, ERL, R/E/AL2

Boulder, CO 80303, USA

and

P.H. Wine, J.M. Nicovich, and A.J. Hynes

Georgia Tech Research Institute

Atlanta, GA 30332, USA

Oxidation of CS2 in the earth's atmosphere Is believed to yield COS and

SO Previous work had indicated that the reaction of Oil with CS2 was too

slow for it to be important. Recently we have obtained evidence to show

that OH adds very rapidly to CS2 to form CS2 OH adduct which in the presence

of 02 undergoes further reactions. In the absence of 02 (or other

reactants) the CS2 OH adduct thermally decomposes to give back OH and CS2 .

Using 248 nm pulsed laser photolysis of H202 to produce OH followed by

pulsed laser induced fluorescence detection of OH. we have directly observed

the equilibrium,

kl k

CS2 + OH + M CS2 OH + M; X (1)
k+ 1 2

CH. CS2 - C I-lt n ZC *,1

Figure 1. Temporal Profile

- of OH in the presence or

1.84 x 1016 CS2 cm, 43

torr N2  and 3.5 x 10 H 20
cm3 at 262K.
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Figure I shows a temporal profile of OH following H202 photolyuls in CS ..

Using such temporal profiles, the equilibrium constant K has been miasured

as a function of temperature in the range 259-318K. Figure 2 shows a plot

Figure 2. Temperature

dependence of the

/ equilibrium constant.

/

"J'a jig j4 3. jig so 3's 3o "

of log kp v I/T. From the blope of this plot the heat of reaction I is

calculated to be - (12.4 1 0.5) kcal/mole and the heat of formation of CS2011

at 298K calculated to be 25.0 kcal/mole. In addition, using the same

experimental method as above, the rate coefficient for the reaction,

CS 0 + 02 + Products (2)

has also been measured. The absolute rate coefficients for the reaction or

OH with CS2 In N2 /02 mixtures have been measured as a function of total

pressure, composition, and temperature and they are listed in Table I.

Lastly, experiments are underway to Identify and quantify the products of

reaction (2) using an LMHR spectrometer coupled to a discharge flow system.

When completed, this work will map out the course of CS2 oxidation In the

atmosphere. It already has shown that OH Indeed initiates CS. oxidation In
2

the troposphere.

Work performed at NOAA was supported by NOAA as a part of the National

Acid Precipitation Assessment Program. Work performed at Georgia Tech was

funded by the National Science Foundation.
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Table 1. The rate coefficients for the reaction of OH with CS2

under various conditions of composition and Temperature.

Total Pressure
(a)Temp, Pressure, of O2,  [OH]o, [CS 2 ], k' k,

K torr torr 10 cm-3 1015cm -3 103 a
-  cM3 molecule- s

-

251 690 14 4 0-2 0.07-6 -3xi0
-12

253 690 345 12 0-9 0.03-68 (5.94±0.16)xI0
- 12

251 690 145 3 0-10 0.06-68 (5.8610.74)xI0
- 12

253 280 140 16 0-12 0.5-51 (3.46±0.10)xI0
- 12

253 680 680 6 0-9 0.2-63 (5.80±0.20410
- 12

253 140 140 9 0-17 0.3-43 (2.27±0.12)10
- 12

261 689 144 20 0-7 0.47--42 (4.16±0.39)xl0
- Il

270 690 145 7 0-7.7 0.05-31 (3.61O.15)x10
-12

287 690 145 12 0-17 0.24-32 (1.68i0.22)x10
- 12

296 685 143 3 0-25 0.08-37 (1.50±0.09)x10
- 12

295 700 1.4 2 0-0.9 0.03-27 (2.56±0.18)Wi0
- 14

295 690 14 2 0-12 0.06-2.5 (1.97±0.03)x0
-1 3

295 280 140 17 0-12 0.47-17 (0.96±0.04)x10
- 12

295 690 345 23 0-16 0.45-35 (2.06±0.10)xi0
- 12

295 700 147 4 0-15 0.1-23 (1.51±0.09)x0
- 12

295 690 0 3 0-60 0.06-0.09 (5±3)10- 16

295 140 140 20 0-17 0.4-13 (6.80±0.30)xI013

295 690 145 13 0-8.3 0.3-23 (2.63±0.19)x50
-13

303 688 144 1-3 0-20 0.08-20 (9.3±0.9)x10
-13

303 683 143 9-50 0-40 0.13-40 (9.90±0.20)xio13

328 686 144 5 0-27 0.13-8.4 (3.40±0.I0)xI0 - 13

348 688 144 5 0-56 0.07-7.3 (1.48iO.O8)x10- l

a. k- k x [CS 2) 4 kd; and kd Is the first order loss rate of O In the

absence of CS2.
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EXAMINATION OF VfE TEMPERATURE DEPENDENCE FOR THE R.EACTION OF OH RADICALS

WITH HETEROCYCLIC AROMATICS (IMIDAZOLE, FURAN, PYRROLE AND THIOPHENE) AND

THE UNIMOLECULAR DECAY OF THE ADDUCTS IMIDAZOLE-OH AND THIOPHENE-OH

fxanZ Witte and Cornelius Zetzsch

Fraunhofer Institut Air Toxikologle und Aerosol fors, hung
Nikolal Fuchs ftr. 1, D-2000 Hannover 61

In the reaction or OH radicals with aromatic compounds an addition of

OH and a subsequent unimolecular decay of the aromatic-OH adduct back to

the reactants is assumed to be the main reaction path 1
. We have been able

to evaluate the temperature dependence of this equilibrium reaction or OH

with benzene and some benzene-d- ivatives 2 ,3 . Since only a few Investi-

gations have been performed on the reaction of OH with aromatic heterocyc-

lic compounds -
, we tried to get some more information about the mecha-

nism for the reaction of OH with imidazole, pyrrole, furan and thiophene.

We use a flash photolysis-resonance fluorescence apparatus to inves-

tigate the temperature dependence of' these reactions between room tempe-

rature and 471 K. All experiments have been performed at a total pressure

of 133 mbar with argon as inert gas using a water concentration of

1.6" 10 5cm- .4. A low flash energy of 2 J has been applied to avoid photoly-

sis of the reactants. The initial OH-concentration can be estimated to be

2"10 10 cm" 3 and the detection limit of OH to be 007m-&.

In the presence of furan single exponential decays of OH are observed.

Blexponential decays of OH are obtained in the presence of thlophene (442

K < T < 471 K) and imidazole (353 K < T < 425 K). Nonexponential decays of

OH are observed in the presence of pyrrole within the whole temperature

region, and only the Initial slope of the decays was considered In the

evaluation.

..
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Figure 2: Arrhenius plots of the rate

constants for the unimolecular decay of

f/Y the adducts ImIdazole-OH (0) and thio-

;O-.K- phene-OH (1) back to the reactants.
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Figure 1: Arrhentus plots of the addition of OH to heterocyclic

compounds pyrrole, Imidazole, furan and thiophene.

Figure 1 shows Arrhenius plots of the rate constants for the primary

reaction of' OH with the reactants. All reactions show negative activation

energies indicating an electrophilic addition of OH to the heterocyclic

aromatics. The biexponential decays of OH observed in the presence of

thiophene and imidazole confirm this assumption.

The evaluation of the ratio of the amplitudes of the biexponential

decay curves yield equilibrium constants and hence rate constants for the

unimolecular decay of the heterocyclic-OH adduct leading hack to the

reactants. The corresponding Arrhenius plots are shown in figure 2. tUsinp

both activation energies it is possible t.o derive the bond dissociation

energies of these adducts forming back OH. These energies (AH + 26G
) 

can

be determined to be (7r+7) kJ/mol for imidazole and (92+14) kJ/mol for

thiophene.
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eact ion Arrhenius exnression

pyrrole + O1N5O. 510 Iexp(+(h90_+120)K/T) cm3 s - 1

furan + OH (1.4±O.r,)10
- 11exp(+(38

0 l O)K/T) cm s - 1

imidazole + OH (1.710. )10-1
2 exp(+(Qifl+0)K/T) cm s

- 1

thlophene + OH (2.9+0.) -' 2 -1xoCl OO+O)X/T) cma

Imidazole-OH -> imildazole + OH 5"O
9 exp(-(70OO700)K/T) s

- 1

thionhene-OH - thionhene + OH .5101Oexo(-(10)O3+bOO)K/T) s
- 1
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The Chemical Dynamics of Highly Vibrationally Excited Molecules

F. Fleming Crim

Department of Chemistry
University of Wisconsin

Madison, Wisconsin
USA

The combination of direct excitation of overtone vibrations
with time resolved spectroscopic detection is a means of probing
the spectroscopy. kinetics, and dynamics of highly vibrationally
excited molecules in great detail.

Spectroscopic studies, in both room temperature samples and
free Jets, monitor the products of a vibrational overtone
initiated unimolecular reaction as a function of excitation
wavelength. The resulting vibrational overtone predissociation
spectra help reveal the nature of the prepared state and the types
of interactions that are likely to be responsible for the
structure in the spectrum. Measurements on both bound and
predissoclative states of molecules cooled in a supersonic
expansion are particularly informative in this regard.

Kinetic measurements directly determine the rate of a
vibrational overtone initiated unimolecular reaction of a fairly
complex molecule (tetramethyldloxetane) that Is cooled in a free
jet expansion. The small initial thermal energy content of the
molecules permits a particularly straightforward comparison with
theory.

Dynamics studies use laser induced fluorescence detection to
probe the individual quantum state populations of the OH fragments

from the vibrational overtone induced reaction of hydrogen
peroxide. Comparing the measured populations with theoretical
predictions shows a clear distinction between different models
that is most apparent near the threshold energy for the reaction.
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Mode Selectivity in Reactions Induced by Vibrational Overtone Excitation

J.E. Baggott, D.W. Law, P.D. Lightfoot and I.M. Hills

Department of Chemistry, The University, Whiteknights, P.O. Box 224,

Reading RC6 2AD, U.K.

I. Introduction

Unimolecular reactions induced by direct one-photon excitation of

stretching overtones of X-H bonds (X - C or 0) have been studied

extensively in recent years in attempts to observe mode-selective

photochemistry. I The basis for the suggestion2 that such states might

not satisfy the requirements of rapid statistical energy redistribution,

a fundamental assumption of RRKM theory, comes from the interpretation of

overtone spectra in terms of the local mode model. In this model, the

overtone transitions and intensities are analysed according to a diatomic

morse oscillator formalism implying localisation of excitation energy

within selected bonds.

However, the problem of 'contamination' remains, i.e. it is unclear in

many cases to what extent the local mode might be mixed with other

molecular vibrations. Such mixing may be thought to provide channels for
3

ultrafast relaxation from some initially prepared pure local mode state

or to simply prevent the preparation of such a state. Such contamination

might explain why statistical (RRKH) behaviour has been observed in many

of the reactions studied, although the senp4-ivity of some overtone

excitation experiments to subtle deviation rom statistical behaviour

is open to question.
4

Recent spectroscopic studies by Quack and co-workers3 have revealed the

presence of 'near-universal' stretch-bend Fermi resonances in molecules

containing isolated C-H bonds. This is exactly the kind of interaction

which may lead to contamination of local mode states and consequent

rapid energy redistribution and we have, therefore, studied the C-H

stretch fundamental and overtone spectra of cyclobutene in order to

determine if such resonances arise in polyatomic molecules with

syunetrically equivalent C-H bonds. Cyclobutene was chosen as an example

of one of the few molecules which undergo unimolecular reaction following
5

overtone excitation in the visible region.

4
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2. Experimental
-1

Infrared spectra of gas phase cyclobutene below 900 cm were taken on

a Nicolet 7199 FTIR system using Si/quartz and Ge/KBr beamsplitters and

Hg-Cd-Te and In-As detectors. Overtone spectra in the near infrared

and visible regions were measured using intracavity laser photoacoustic

techniques as described previously.
6

3. Results and Discussion

A portion of the infrared spectrum of gas phase cyclobutene in the

region of the C-H stretch fundamentals is shown in fig. I. We have

analysed these bands in terms of separable effective vibrational

Hamiltonians for the olefinic and methylenic C-H bond systems, using

both a local mode and normal mode basis.7 Our modelling studies reveal

that the olefinic C-H stretch fundamental of A, symmetry is in Fermi

resonance with 2v3, where v3 is the ring C-C stretch. Similarly, the

methylenic C-H stretch fundamental of AI symmetry is in Fermi resonance

with both 2v4 and 2v16, where V4 and v16 are the in-phase and out-of-

phase combinations of the >CH2 group scissor vibrations, and the stretch

fundamental of B2 symmetry is in Fermi resonance with the v4 + V16

combination.

Using our model vibrational Hamiltonians, we are able to predict that

these resonances are of little consequence in the region of the v=4-6

C-H stretch overtones which lie above the threshold to unimolecular

reaction. However, for the methylenic C-H we do observe additional

splitting at v-5 (see fig. 2) which we have analysed in terms of a Fermi

resonance with ring C-C stretch vibrations using an approximate model

Hamiltonian.

With evolution operator techniques we can use our model vibrational

Hamiltonians to determine the timescale of the decay of probability of

an initially prepared pure local mode. For the methylenic C-H bond

at v-5 the presence of Fermi resonant ring C-C stretch vibrations causes

decay of the initial state with a lifetime of ca. 0.12 ps, destroying

rapidly any selectivity obtained. These results contrast with the

olefinic C-H bond which, according to our modelling calculations, behaves

as an 'almost' pure local mode. Further details of our calculations will

be presented and the implications for mode-selective photochemistry

discussed.
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ANALYTIC SOLUTION OF RELAXATION IN A SYSTEM WITH EXPONENTIAL TRANSITION

PROBABILITIES

Wendell Forst* and Guo-Ying Xu, Department of Chemistry and CRAM,

Laval University, Quebec, Canada GIK 7P4

Several years ago
l 
we have obtained an analytic solution for what we

call the exponential model Model B in the form of an infinite series expansion

for c(xt), the fractional population, per unit energy, of molecules having

energy x at time t (see eqs. 7-13 in ref. 1c). The number of terms which ef-

fectively contribute to the c(x,t) series increases from one (the first term)

at equilibrium (t-->-) to infinity at time zero (t->O). Since it is obviously

impractical to generate an Infinite, or even very large, number of terms, the

analytic solution suffers from the disadvantage that c(x,t) cannot be obtained

in its infinite series expansion form at very short times. The purpose of this

work is to show that the problem can be solved by an alternative approach which

leads to simple and tractable expressions.

Let q(x.y) be the per-collision probability of the transition x <-- y,

and suppose that at t = 0 the energy distribution of the molecule of interest

is a delta function at y - yo. Thus c(y,O) = 6(y - yo). The first collision

results therefore in the energy distribution c(x,n-1) - q(x,y o ) where the num-

ber of collisions (n) now replaces time (n = wt. where W - collision

frequency). This distribution of final energies becomes the initial distribu-

tion of initial energies for the next collision, and so on; thus the energy

distribution after n collisions is

c(x,n) f fc(y.n-l) q(xy) dy (1)
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For this kind of approach to be reasonably tractable, it is necessary to take

the exponential transition probability in the simple formla.2

q(x.y) C exp(-(y - x)IaI x < y

) C exp(-(x - y)/0) x > y (2)

where a measures the strength of the coupling to the heat bath. C - /(a + 0)

and 0 - akT/(a + kT). Substituting (2) into (I) yields, after some lengthy but

straightforward manipulation, the result that the energy distribution after the

n-th collision is

c(x.n) - (n) Cn exp{-(y o - X)/az, x ( yo

{ P(n) Cn exp(-(x - yo)/0], x > yo

where P(n) is a polynomial of degree n-I given by

P(n) 1n [n-2+k zn-k (4)

P kn) ck-

with C2  - aO/(a+O) and z - (x - y6) or (y. - x) for x>y o and x<y o ,

respectively. Fig. I shows a plot of c(x.n) of eq. (3) for n - 1.2.3,4.5 and

10, assuming y- 5000 cm-l. 1 - 250 cm"1.

Various bulk averages can be now easily calculated, in particular the

decay,afterollisions, of average energy and its square:

<<y>> - yo - n(a + 0) (6)
<<y2>> _ y2 + 2nYo(O - a) + n(02 + 02) + n2(a - 0)2 (7)

Figs. 2 and 3 show <<y>> and <(y2>) of eqs. (6) and (7) as the continuous line,

while the dotted line represents result obtained from the more accurate series

solution. It can be seen that eqs. (6) and (7) give the correct result for the

first 500 collisions or so. i.e. until the energy has decayed to less than

1/10th of its initial value.

From eqs. (6) and (7) the mean square deviation of average energy is,

after n collisions
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0
2 

- <<y
2
>> + <<y>>2= n(a

2 
+ 02) (8)

which may be used to construct a gaussian approximation to c(x,n):

c(x.n) rz (& /'i) - exp(-(y - <<y>>) 2/2 o2] (9)

with <<y>> and 02 from eqs. (6) and (8). respectively. This is shown in Fig. 4

which shows the population distribution after 91 collisions for an initial

delta function distribution at 20,000 cmi (left) and 30,000 cm-1  (right)

calculated from eq. (9) (continuous line) and compared with the more exact

series solution (dotted line).

The analytic formula of eq. (3) for c(xn) gives an accurate repre-

sentation of the initial decay of the population distribution for a delta func-

tion distribution initially, and thus is useful as an adjunct to the more ac-

curate series solution at later times. Similar comments apply to any bulk

average obtained from c(x,n). The gaussian approximation (eq.9) cannot be used

very close to t - 0 since c(x,n) is asymmetric on account of detailed balance

(cf. Fig. 1), but as soon as energy has decayed such that the entire contribu-

tion to c(x,n) comes from the down-part (x<y), c(x,n) becomes symmetric (see

also Fig. 1). and can be usefully and simply approximated by the gaussian.

* Present sddress:D~partement de Chimie Physique des RAactions, 1 rue

Grandville, 54042 Nancy Cedex, France.
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MODE SPECIFICITY IN INTRAMOLECULAR VIBRATIONAL IELAXATION AND

UNIMOLECULAR REACTIONS: A SEMICLASSICAL ANALYSIS

V. Aguilanti, S. Cavalli and G. Groasi

Dipartlmento di Chimica dell'Universita'

06100 Perugia, Italy

Advances In experimental techniques (In partickilar, laseL

and molecular beams, are promoting developments irk the s5tudy Uf

intramolecular vibrational relaxation and unimolecular

decompositioni, thus making it posible to test the st.atistical

assumptions which underlie the current theories. An Important

goal also for practical purposes is to succeed In obtaining

substantial deviations from statistical behavior, thus opening

the experimental possibility for greater selectivity for the

elementary processes of chemical kinetics and photochemistry.

An analysis of the specificity of unimolecular

decompositions and of intramolecular vibrational celaxation cin

be developed by starting with simple models for coupled

oscillators, for which different modes (and transitions between

them) have been well characterized in this laboratory. The

asymptotic techniques introduced, which are essentia]ly

semiclassical in nature, include: the introduction of a reactic.n

radius as an adiabatic variable, the construction of adiabatic

curves along which the system evolves in the zero approximatior,

the evaluation of nonadiabatic coupling terj.i, responsible ot

transitions between curves. The present irive.,tiqation celates

resonance lifetimes and unimolecular dissociation rates:

reference problems are studied, for the inclusion of the

nonadiabatic couplings which are responsible of the

intramolecular redistribution of energy. Suich a redistribution is

localized to take place at orthogonal trajectories in the

potential energy surface (ridges). Computational examples are

presented.



D5

The a priori calculation of collisional energy transfer

in highly vibrationally excited molecules.

Kieran F. Lim and Robert 0. Gilbert

Department of Theoretical Chemistry, University of Sydney,

N.S.W. 2006, Australia.

Information on collisional energy transfer between a highly vibrstional]y

excited molecule and a bath gas is important in the study of unimolecular and

termolecular reactions. One wishes to find P(9,9') (the probability that a

molecule with initial Internal energy Ri=g', will have a final energy Ei=R,

after collision with another molecule) or its first moment (<A K>, the

average energy transferred per collision).

An a priori calculation of P(B,E') has been carried out, based on the

"biased random walk" model1 . The mathematical derivation and all technical

details for this model are given in Ref. 1, but can be simiarised as follows.

The biased random walk model assumes that, during a collision, energy

exchange between the internal degrees of freedom (of the excited molecule)

and the other degrees of freedom is essentially random but for certain

constraints. This implies that the time evolution of the internal energy

distribution (of an ensemble of molecules) would be governed by a

Smoluchowski equation. The required P(9,9') will be the value of the

internal energy distribution at the end of the collision, subject to the

constraint that the energy distribution before the collision is a delta

function centred on 9'. Two important constraints on the internal energy

must be considered. First, the activation and deactivation rates are related

by detailed balance: the Smoluchowski equation must contain a term which

arises from this microscopic reversibity. Second, total energy (of the two

body system) must be conserved: this places a boundary condition on the

4
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Smoluchowski equation.

The Smoluchowski equation can be solved with these constraints, yielding

a specific form for P(E,E') for a given impact energy of the bath gas. This

form of P(E,E') is then averaged over a Boltzmann distribution of impact

energies to yield the final expression for P(K,E'). This final expression is

in terms of a single quantity, s 2=Detc. where De is an "energy diffusion

coefficient" and tc is the average duration of a collision. The value of 2

can be obtained from classical trajectory simulations by assuming that for

any one trajectory, a generalised Langevin equation can be used to described

the flow of energy in and out of the molecule. The overall energy transfer,

<A E>, or the downward average energy transfer, <A Edown>, can then be easily

calculated from P(E,E').

The assumptions given above permit P(E,E') to be evaluated a priori from

only a small number (say, 10-50) trajectories. This use of a dynamical

assumption to give a vast reduction in the number of trajectories is

completely analogous to fundamental assumptions in the molecular dynamics

simulation of transport properties in liquids, where the linear response

formulation yields transport coefficients from only a small sample of phase

space. The only difference between this method and our treatment for

collisional energy trinsfer in gases is that our linear response hypothesis

is made in "energy space".

Calculations for the deactivation of excited azulene by various monatomic

bath gases, employing realistic inter- and intra-molecular potentials show

good agreement with the experimental results of Rossi et ai.2 and Rippler et

al.3 This suggests that the extended model may be reliably and economically

used to calculate appropiate energy transfer quantities.

Moreover, a number of general trends seen in experimental results can be

rationalised with the model.
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Table 1:

Average downward energy transfer values4 for the deactivation

of azulene by three bath gases at 300 K. (All quantities in cm-1 .)

This work Rippler et a].
3  Rossi et &1.2

< R > 17 500 17 500 17 500
30 644 30 644 30 644

He 160 225 190 184 117 190

Ne 295 353 330 332 185 279

Ar 218 344 354 360 250 366

1) R. G. Gilbert, J. Chem. Phys., 80, 5501 (1984);

K. F. Lin and R. G. Gilbert, J. Chem. Phys., in press (1986).

2) N.J. Rossi, J.R.Pladziewicz and J.R. Barker, J. Che. Phys., 78, 6695

(1983).

3) H. Rippler, L. Lindemann and J. Troe, J. Chem. Phys., 83, 3906 (1985).

4) "Experimental" average downward energy transfers have been calculated

from published data by an exponential P(l,B').
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MULTIPHOTON IONIZATION STUDIES ON COLLISIONAL ENERGY

TRANSFER AND UNIMOLECULAR REACTIONS OF EXCITED

BENZENE DERIVATIVES.

H. G. Ldhmannsrdben , K. Luther, and K. Reihs

Institut fUr Physikalische Chemie der Universit~t G6ttingen,

Tammannstra8e 6, D-3400 Gdttingen, FRG

+) Institut fUr Physikalische und Theoretische Chemie der

Universit~t Braunschweig, Hans-Sommer-Strafe 12,

D-3300 Braunschweig, FRG

Intramolecular reaction steps and energy transfer in colli-

sions of highly excited molecules are observed by time-

resolved resonant MPI.

Vibrationally highly excited molecules are prepared mono-

energetically via laser excitation followed by a fast intra-

molecular step like an internal conversion or a dissociation.

A detection scheme of selective ionization by kinetic control

(SIKC) allows to follow the time evolution of the molecular

population in a narrow section on the vibrational energy

scale during the course of collisional deactivation. Thus

information is gained on the average energy removal per

collision and on changes in time of the energy distribution

in the relaxing molecular manifold. Specific rate constants,

k(E), of intramclecular reaction steps like intersystem

crosiings from vibrationally highly excited states are

meastred in direct pump and probe experiments.

Receit results from our studies on anilin, benzene, and

alky]ated benzenes will be presented.
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IS PROPYLENE OXIDE CATION RADICAL

BEHAVING NON-ERGODICALLY IN ITS DISSOCIATION REACTIONS?

C. Llfshltz , T. Peres*, N. Ohmichi*, I. Pri-Bar** and L. Radom***

*Department of Physical Chemistry

The Hebrew University of Jerusalem, Jerusalem, Israel

**Radlochemlstry Department

Nuclear Research Centre - Negev, Beer Sheva, Israel

***Research School of Chemistry

The Australian National University, Canberra, Australia

Intramolecular energy redistribution In polyatomlc molecules Is a

topic of great current Interest In chemical kinetics and dynamics. In-

tramolecular energy redistribution In polyatomlc cations has been re-

viewed recently. 1 It has been demonstrated that Isomerization can lead

to nonrandom dissociation paths by channeling vibrational energy Into a

limited number of degrees of freedom.

We have studied the unlmolecular dissociation reaction of propylene

oxide cation-radical to acetyl cation plus methyl radical. We have em-

ployed carbon-13 labelling, tandem mass spectrometry techniques and ab

initio calculations. Propylene oxide cation radical Isomerizes to the

methoxyethylidene radical cation, CH3-C-O-CH 3t, which may either disso-

ciate directly In a reaction possessing a high reverse activation ener-

gy or In turn Isomerize to acetone radical-cation, having an Internal

energy of %51 kcal/mol, In large excess of the critical energy for dis-

sociation (see Figure I).

The main question which we have addressed Is, - if acetone ion Is

Inleed an Intermediate, - Is the newly formed methyl lost preferential-

ly to the preexisting methyl. This would mean non-ergodic dissociation

following Isomerizatlon -as has been observed previously for the enol
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ion of acetone. In order to answer this question, we have measured the

relative abundances for losses of 
13CH3 versus 

12CH3 from CH3 CH-10XH2

as well as kinetic energy releases for these reactions and have calcu-

lated transition state energies along the potential energy profile. The

possible roles of excited electronic states and Isomeric ion structures

such as CH30C
+ have also been explored.

1 C. Lifshitz, J. Phys. Chem. 87, 2304 (1983).
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Energy Selected Io Chemistry by Photoelectron Photoiom Coincidence and
Lamer Induced Dissociation

Tomas Baer, Thomas L. Bunn, Susan Olesik, and J.C. Morrow
Chemistry Department

University of North Carolina
Chapel Bill, NC 27514

ABSTRACT
Ions can be energy selected in photoionization experiments by

detecting ions in coincidence with energy selected electrons. The
electrons serve not only to identify the ions of interest, but also provide
a start signal for measuring the ion time of flight (TOF). The ion TOF in
turn yields information about the mass, and more interestingly, about the
dissociation rate and kinetic energy released in the dissociation process.
The derived microcanonical decay rate, k(E), can be easily compared to that
predicted from the statistical theory of unimolecular decay (RRK or QET).

Recent applications to be discussed inclule the dissociation of
halogen atom loss from the4 dihsloenzjne ions. The measured rates, shown
in Figure 1, are in the 10 to 10 s range. However, extrapolation of
these rates to the dissociation onset indicate that the ion lifetimes at
the onset are in excess of 10 sec. The calculated rates of dissociation in
conjunction with other thermochemical information are used to obtain C-X
bond dissociation energies, which are listed in the Table. It is evident
that the C-X bond energies in the mono- and di-halobenzenes are similar.
However, the C-H bond energies are different.

TOTAL ION ENERGY Wor)14D 14.5 15.0
I . ." " , " . I . I

10 CIN TAIt+ 0 I. r9 C-6 sad C-1 sed Iserg le is

CGII6. e oo (kcel/eol)

t ooe C-5 C-cl c-,

40 C6 s 33E0 3.35 ,V c1. 15"3 -

0 /E.3.3.5 c. 5 1 1 7.1.8 IV cGNSCI* a.72 7-.64

0 • Pots ct,
4  

- - 5A.5
W o Mesa

. I I * I * I .. 2 1 ,

4.4 4A 4.8 5.0 &2 14 &6 58
P-€CH4¢CI1 INTERNAL ENERGY (ev)

fit. 1. Neasured dlssociation rates and
IM calculatloue (solid line).
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Previous photoelectron photoion coincidence (PEPICO) studits of
isomeric systems have demonstrated that some of these ions isomerize to the

lowest energy structure prior to dissociation. This is concluded on the
basis of the similarity of the dissociation rate of the various isomers,
even though they have different apparent activation energies. The heights
of these barriers is not known, however. A new technique for probing such
barriers has been developed by combining the energy selection capibility of
PEPICO with laser induced dissociation. Figure 2 shove the

-12WM Pup veipa Fig. 2. Diagram of the photoelectron-
."or photolon coincidence photo-

TTPEICO-PDS. Taken from"" Can ad L Delay Reference 5.

experimental set-up. Ions are prepared in the usual PEPICO manner, by
photoionization using a vacuum UV cv light source and energy selected by
collecting only zero energy electrons. Although ions are formed in a
distribution of internal energy states, pulsing the laser only when a zero
energy electron has been detected, insures that ions of a specific internal
energy are photodissociated. Both the internal energy of the ion as well
as the laser wavelength can be varied thereby making this a very versatile
technique for the study of ion spectroscopy and dynamics.

The initial investigations have included the photodissociation of
nitrobenzene ions (see Figure 3) and C4H6 ions. In the latter study,
butadiene, 1-butyne, and 2-butyne ions have been photodissocisted, and the
results used in order to probe the ion structure as a function of the ion
internal energy. Butadiene and butyne ions can be easily distinguished
because the former ion has several accessible dissociative excited states
that can be reached with the laser photon, where as the butyne ions have
large energy gaps between the ground and excited states. However, when the
butyne ions are prepared with sufficient internal energy to cause them to
isomerize to the butadiene structure, they can be photodisacciated. This
onset for photodissociation is shown in Figure 4. This determination makes
possible the construction of the energy diagram shown in Figare 5. Hot
surprising is the fact that the barriers for I- and 2-butyne ions are the
same, because the reaction involves just H atom transfer steps.

4
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DIRECT VERSUS INDIRECT MICROSCOPIC MECHANISMS IN THIE

Li+HF REACTION: AN ISOTOPIC AND ORIENTATIONAL STUDY

J.M. Alvarifio, Departamento de Quimica Fisica, Facultad de

Quimica, Universidad de Salamanca, 37008 Salamanca, Spain,

F.J. Basterrechea, Departamento de Quimica Fisica, Facultad

de Ciencias, Universidad del Pais Vasco, Bilbao. Spain, and

A. LaganA, Dipartimento di Chimica dell' UniversitA, Perugia,

Italy.

Introduction

In a previous paper /I: J.M. Alvariflo et al., J. Mol.

Structure, 120, 187 (1985)/ we have reported a peculiar effect

of the incoming atom orientation for the reaction Li±HF(v=>JO)

LiF+H. By running batches of quasiclassical trajectories on the

CSCM potential energy surface /S. Carter and J.N. Murrell,

Molec. Phys., 41, 567 (1980)/ at different collision energies

we found, in fact, that reactive attacks onto the HF target

preferentially occur via approaches from the 11 sidu in spite of

the fact that the product molecule is LiF. Such an indirect

mechanism was tentatively interpreted in paper I in terms of

the vibrational excitation to be pumped into the HF ground

state molecule in order to allow the overcoming of the late

barrier. 1his mechanism should be influenced by changes in the

mass of the F partner in HF, and so we extended the investiga-

tion to the Li XF(v, J=O) systems with X-Mu, 1 , 3H and 1H, v-C,

1 and 2, and collision energy of 15 kcal mol . the dynamical

study was carried out by running batches of 200 trajectories

in three dimensions starting from a given value of the approach-

ing angle * ( * called o in paper I is the angle incluced between

Li and F distances from the centre of mass of IHF and centered

A
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on it).

Results and discussion

A study of the angu.ar dependence of the total cross

section led us to suspect that the nature of the indirect

mechanism is not exclusively related (as suggested in paper I)

to the amount of vibrational energy pumped into the target

molecule, but it has to do with some other quantity depending

on the mass of the F partner. Therefore in order to assess in

more detail the nature of the indirect reactive mechanism, we

have studied the evolution of the trajectory by following step

by step the variation of the internuclear distances during the

integration of the motion equations.

The most important finding of the present study was

evidentiated in this way. In fact, by looking at the Li+MuF sys-

tem starting from v=O and attack by the Mu side ( 0=180 degree),

it was put in evidence that during the central part of the col-

lision the MuF molecule can easily rotate so as to end up in a

geometry with $ about 90 degree. In fact, at the beginning of

the collision r(LiF) equals r(LiMu)+r(MuF) indicating that the

initial collinear configuration is kept up. However, when

r(LiMu) decreases to about 2 A the MuF molecule rotates up to

about 0=140 degree. Then, after being reflected back to 0<90

degree it ends up with an orientation of about 90 degree at which

the curves r(LiMu) and (r 2(LiF)+r 2(MuF))i cross, and Mu can be

more easily expelled into the exit channel. This explains the

high reactivity of this system: the very small mass of Mu leads

to a very small reduced mass and, consequently, moment of iner-

tia of MuF which in turn facilitates the rotation of the mole-

cule up to the perpendicular configuration. For this geometry

the barrier height is minimal and slightly above the vibratio-

nal energy content of v O, so that it can be overcome. Therefore

4f
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at least for the Mu case, it can be concluded that an energy

transfer from translational to the more effective (from the

point of view of reaction) vibrational motion, as we specula

ted in paper I, is not the leading mechanism for reaction.

The role of T-V transfer is, eventually, to supply an amount

of energy of few kcal mol-1 needed to reactants for having,

at the saddle point, enough velocity paralell to the exit chan

nel to end into it.

An extensive graphical research of this kind undertaken for

all isotopomers, vibrational energy and angles of attack leads

us to the following conclusions. The unexpected reactivity at

the X end (as compared to the one at the F end) of XF when X=Mu

or 1H and v=O is essentially due to potential (dynamical) induced

rotation of XF which brings the system into a perpendicular confi

guration where the vibrational energy defect is minimal and reac-

tion can thus take place. The strong angular forces operating in

this system are able to induce a considerable rotation of MuF or
1HF on Li attacks by the light end of the molecules, but the ro-

tation is only modest when the heavy (F) end is attacked. On the

other hand, rotation of the heavier molecules ( 3HF, 1OHF) is very

difficult and reactivity in these cases is only appreciable when

no rotation (v=2) or little rotation (v=l) is necessary.



E2

A TRAJECTORY SURFACE-HOPPING STUDY OF Cl . H2 REACTIVE COLLISIONS

Muriel SIZUN *Eric A. GISLASON and 0Wrrd PARLANT

* Laboratoire de Collisions Atomiques et Mol6culaires. BAt 351.

*** Laboratoire de R~sonance Electronique et Ionique.Bft 350.

Universit6 Paris-Sud 91405 Orsay Cedex France

w Department of Chemistry.University of Illinois at Chicago.Chicago

Illinois 60680,USA

The collision of Cl + H2 produces different accessible channels indicated

in table 1. Experiments on this system were conducted recently by Barat et

al(l) in the relative energy range of 5.6 to 12 eV. They observe all the

various channels, except those involving the Cl ion. Relative cross

sections are measured and normalized to the total cross-section measurements

of Huq (2). The most remarkable feature of the experiment concerns the R and

RD channels : products HCl were strongly peaked in the coo frame near 50-60

deg. by constrast the HCl vibrational distributions were quite different in

the two channels.

In our theoretical approach we want to obtain a semi-quantitative

interpretation of the experimental results and a better understanding of the

reaction dynamics. The first step is to construct potential energy surfaces

(p.e.s.) for the C1H2 system. So the DIN (Diatomics -in Molecules) method is

used in the zero-overlap approximation to obtain the two lowest p.e.s. of

the system. The atomic basis set is restricted to the ground state of each

neutral atom or atomic ion. The diabatic curves are introduced in the DIN

matrix for all the diatomic fragments, neutral(HCl IE.,In. H2 
1 ) or

negative resonance ion (HCI- 2f.the two H 2Ewith their coupling and the

two HCl- 2E* with their coupling given by the formula of Olson) . From the

DIM matrix (5x5) it is possible to extract the adiabatic p.e.s, of ClH 2or

the diabetic p.e.s. which are more useful to carry out trajectory

calculations : on figure I are represented the diabetic p.e.s correlated to

the configuration Cl. H * H (a) and the lowest of the four p.e.s.

correlated to Cl +(H-H) (b). in the colinear geometry. The dashed curve

shows the seam between the surfaces. For the neutral CIH2 surface which is

needed to describe detachment products, the LEPS surface of Persky (3) is

used. The seam between the neutral surface and each diabatic ionic surface
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is indicated on figure I by the dotted line.

The set of 3 surfaces is used to calculate the reaction dynamics with the

''classical trajectory surface-hopping method''. The calculations are

performed as usual except when a trajectory on either ionic surface reaches

a crossing with the neutral surface. In this case, we do not allow it to

continue on the ionic surface, rather we assume that the electron is

immediatly ejected, and consequently the trajectory remains on the neutral

surface until the collision ends.

• b
U. *H-H-cI

6. 1 4

z ,.111 I7- d") , .  -  '

5.

1. 2. 3. .. 5. 6. 7. a.

* 4 2. 4. 4.

H-CL(A) I f

S I 
4

8. H-H-Cl C .

% U IN A1

(degrees) .6 It

3. ! 4

________Internal Energy (ev)

1.3. 4. . 6'. 7. B.

H-cit(

figure 1 figure 2
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In this way the various detachment products such as 11Cl + H + e are

obtained. Our procedure assumes that all electrons are ejected with zero

energy. This agrees reasonably well with the experimental values (1) which

lie in the range -0.2 k 0.2 eV.

Five different sets or trajectories were run at Erel 9.7eV. The

preexponentiel factor In the coupling between the 2 p.e.s. and the position

in energy of the neutral surface relative to the ionic p.e.s. are treated as

variable parameters. In each case the sum of all of the cross-sections is of

the order of 2 A2 . The small overall reactivity is due to the fact that all

product channels are endothermic by at least 2.9 eV. Our best result are

obtained when the neutral surface Is raised by 0.2 eV.

AH eV ath exp (A2 )

HC1 + H- R 2.91 o.46 0.3

C1 + If + H- CT 7.34 o.04 0.0

Cl + H + H D 4.49 0.07

HC + H *e- RD 3.66 0.96 0.3

C1 + H2 + e SD 3.60 0.26 0.3

C1 + H + H + e DD 8.09 0.04 0.06

The overall agreement between these values and the experiments of Barat et

al(l) and Huq et al (2) is fairly good. The angular and energy distributions

for the six product channels were determined for each of the 5 sets of

calculations. It was found that the shape of a particular distribution was

rather insensitive to the particular choice of potential parameters used in

the calculation. All of the computed differential cross-sections agree well

with experiments as do most of the internal energy distributions (See figure

2). The one exception is P(Eint) for the R channel which peaks at a much

higher energy than the experimental distribution. Our calculations indicate

that the dynamical model which appear to work the best to explain the R and

RD channels results is the elastic stripping model.

(1) 4. BaratJ.C. BrenotJ.A.Fayeton.J.C. Houver.J.B.Ozenne. R.S. Berry,and

M. Durup-Perguson. Chem. Phys. 97.165.(1985).

(2) M.S. Huq,D.S. Fraedrich,L.D. Doverspike.R.L. Champion and V.A. Esaulov.

J.Chem.Phys. 76,4952.(1982).

(3) A. Persky ,J.Chem.Phys. 66.2932.(1977).
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QUASICLASSICAL TRAJECTORY STUDY OF X+112 TYPE REACTIONS ON

REALISTIC POTENTIAL ENERGY SURFACES

B.L~szl6, G.Lendvay and T.B~rces

Central Research Institute for Chemistry,

Hungarian Academy of Sciences, Budapest, Hungary.

The recently proposed BSBL (Bond-Strenqth-Bond-Lenqth)

method II proved to be successful in the estimation of

rate coefficients and Arrhenius parameters for A+BC---AB+C

type atom transfer reactions. The treatment defines a mini-

mum energy path ( MEP ) as

exp(-20 ABXAB) + exp(-2BcXBC) 

where Xij = Rij - R is the extension of the bond and 0ij
i] i

is the appropriate Morse parameter. The potential energy
along the MEP is obtained in terms of variable a= exp(-28AXAB)

by

0 0AC / 13AS 0AC/BC
V(a) = VBC + (l-a)VBC + aVAB + AAC a (1-a)

where the energies for AB and BC are given by the Morse functions

VAB V 0a-2a 
1 1 2  and VBC = VBC [(a)-2(1 a) 1,

respectively and A AC is a constant in the endgroup contri-

bution term.

In this work we extended the BSBL treatment and made

it suitable for the calculation of collinear potential energy

surfaces (PES). Potential profiles perpendicular to the MEP

were calculated from a Morse-type function in which the 0

parameter was taken as

£= aOAB + (1-a)DBC
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The PES obtained by the described procedure has a triple-

valued region which is normally of little importance at

energies considered in trajectory calculations made for

thermal rate coefficient determinations. In cases where

this is not so, the deficiency can be mitigated by inter-

polation over the triple-valued region.

PES calculation and trajectory study was carried

out for the series of X+H 2 (X=F,Cl,Br,I) reactions. As the

PES is given in terms of variables a and 6 (where 6 is

the least linear distance from the M1EP in the XAB - X BC

plane) and no explicite formulas exist for these variables

beyond the MEP, the derivatives aV3X AB and aV/Bc were

stored in a tabulation. Actual values for the forces were

obtained from the data of the table by quadratic inter-

polation. In the trajectory calculation, the energy was

conserved to 0.01%.

State-to all one dimensional rate coefficients were

obtained for a vibrational level v from

VklT(T) = (2r1kT)- /2 JOexp(-Erel/kT) Vp(ErelldWrel
1D relre

where E re I is the collisional energy. As an illustration

we present one dimensional Arrhenius parameters for v = 0,

together with some PES characteristics in the Table below:

Reaction V /kJ mol- 1  Rix1/A°  R1H /A°  EA/kJ mol- 1 log

F+HH 13.59 1.40 0.77 11.46 4.89

cl+Hll 38.17 1.38 1.03 14.30 4.80

Br+1itI 92.10 1.45 1.26 68.43 4.39
non-reactive

1+filr 168.40 1.63 1.46 trajectories only
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Three-dimensional rate coefficients were obtained by

a method [21 called "collinear QCT transmission coefficient

correction to TST". In this method, dynamical information

is introduced into TST through a collinear transmission

coefficient calculated as the ratio of one dimensional QCT

and TST rate coefficients:

V r (T) vk QCT (T v TST (

lD ID (T) / kID (T)

Finally, the method which actually corresponds to a

dynamical treatment for the collinear motion and a statisti-

cal treatment for all other degrees of freedom yields the

corrected state-to-all TST rate coefficient:

Vk(T) = VrI(T) vkTST (T)

Equilibrium rate coefficients were obtained by Boltzmann

averaging of state-to-all rate coefficients.

Kinetic results calculated and non-Arrhenius behavior

observed for the hydrogen atom transfer reactions X+11 2 will

be discussed.

[11 T.B~rces and J.Dombi, Int.J.Chem.Kinet., 12, 123 (1980).

[21 J.M.Bowman et al., J.Chem. Phys., 75, 141 (1981).
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Dynamics of Collision-Induced Dissociation

John E. Dove and M. E. Mandy

Department of Chemistry, University of Toronto,

Toronto, Ontario, Canada M5S IAI

and

N. Sathyamurthy and T. Joseph

Department of Chemistry

Indian Institute of Technology,

Kanpur 208 016, India

Quasiclassical trajectory studies have been made of collision-

induced dissociation in the atom-diatom systems H + H2 , He + H2, and

He + H 2+ over a wide range of initial translational, rotational, and

vibrational energies. The dependence of the dynamics of the

dissociation process on the initial energy distribution and on the

interaction potential is examined. While there are substantial

differences in the behavior of these three systems, in general

collinear approach is disadvantageous for dissociation. A substantial

contribution to the dissociation process comes from low impact

parameter broadside collisions.
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A I N&AKICAL INVESTIGATION OF TIlE Li + lCI REACTION

a a b C
A. Lagana', E. Garcia, J.H. Alvariho, P. Palmieri

a
Dipartimento di Chimica, Universita' di Perugia (I)

b Departamento de Quimica Fisica, Universidad de Salamanca (E)

cIstituto di Chimica Fisica e Spettroscopia, Utniversita' di Bologna (I)

Crossed molecular beams measuraments of reactive cross sections and

product distributions for the reaction

Li i liCI -- LiCI H i

have been reported in the Iiterature./1/ vor this reaction, a DIM

potential energy surface has beei suggested by Zeiri and Shapiro/2/.

This I'ES has a coilinear transition state located in the entrance

channel 11.3 kcal/mol above the reactants' asymptote. Collinear

quantum calculations have shown that the barrier of the I11M I'ES is too

large for allowing a rationalization of both the low threshold energy

and the large reactive cross section obtained from the experiment and

that the collinearity of its transition state is in contrast with the

experimental product distribution/3/.

For these reasons, we decided to perform all accirate qiantmill

calculation of the potential energy of the Li IICI system/4/. At each

value of the approaching angle(O) considered (0 is defined as the LiCill

angle) the potential energy was calculated for a matrix of 50 points.

Additional values were calculated for geometries ,lose to that of tile
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transition state.

As anticipated in ref./4/, in order to render the calculated

potential energy values suitable for scattering calculations, we fitted

the computed ab initio points using a Bond Order(BO) functional

form/S/. A large fraction (80%) of the fitted points deviate less than

lkcal/mol from the modified ab initio values. Larger deviations occur

in the repulsive part of the 101 surface which are of scarce relevance

for dynamics. The overall rms deviation is 2.5kcal/mol. On tie

interpolated surface it is possible to localize the transition state

and to single out its geometry. For our system it corresponds to =5,30

and to LiCi and HC. internuclear distances of 2.30A and 1.55A

respectively.

As already mentioned, experimental data of the Li 4 Nld reaction for

reactants in the ground vibrational state and at a temperature of about

60K, show that the LiCI product is mainly scattered sideways in the

forward hemisphere with respect to tile i;:.,cing Li atom/I/. The

strongly bent geometry of the transition state given by our

calculations is in agreement with these data Also its almost half-way

location along the minimum energy path agrees with the non-negligible

translational energy dependence of the reactivity upon collision

energy. On the contrary, the height of the transition state of the BOI

surface is of 11.43kcal/mol (similar to the one of the ZS PES) and

therefore still inadequate to explain experimental reactivity in terms

I
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of classical trajectories.

Therefore, we decided to modify the height of the transition state

to a value approximately corresponding to the lowest total energy at

which the experiment gives reaction and to fit to the modified points a

new HO surface. On this surface we have performed trajectory

calculations. Our results show that, although the threshold energy

slightly high, the dependence of the reactive cross section upon the

collision energy is reasonable.

REFERENCES

1/ C.Hl. Becker, P. Casavecchia, P.W. Tiedemann, J.J. Valentini

and Y.T. Lee - J. Chem. Phys. 73,2633( 1980)

2/ M. Shapiro, and Y.J. Zeiri - I. Chem. I'hys. 70,i2h4( 179)

3/ L. Ciccarelli, E. tarcia, and A. Lagana , Chem. Phy s.

Letters 120,75(1985)

4/ E. arcia, A. Laganal, and A. Palmieri , Chem. P'hys. Letters

(in press)

S/ E. Garcia, and A.Lagana' - iol. Phys. 50,629(1985)
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TiIECIRETICiL STUDY OF THE~ 0( 3P) + Cs2 GnS PlLdSE RFACTIO11. POTEN-

TIAL. El d;RGY H YPERS1TRPACE.
a) a) b) it)

nari6n Sa"6s,fliquel nonzilez,josep Bof ill ;1nd Antonio Aguilar

a) DepartTement de Qufmica Ffsica.

b) ')cn, rtarfient deo OQxfmica Crq-inica-.

Facultilt do COufidc , tUniversit~it do flarcolona.

,,vda. Dji penal 647,08028 HarcelIona, SPAIIU.

11 -- tr fc~t

The plas-phaise reaction 0( 3P) + CS 2 constitutes an ii rt int

step in the mechisnism of CS 2 /0 2 cheinicil lasers/1/. This reac-

tion has i.e-en widelv stidied exo)riwentally, but not so theorc-

tical] y. Thuee rrivi Lien ch nnels have i clientified for thir

1)-4 CS (,- le) + So (;, 3 L + 21-31 lKeel/moi
3 1+ 1 + 3

0O( P) + CS 011 2 )-+ OCS (,' Z) + S( P) +54 [-cal/mol

3)4S2 (X Tg) + CO)(X t ) + 83 I'ca1/mol
with channel (1) being the most imiort -nt one~O5)

In several cros:;ed iiolecular be-.ms exoeriments wadle until

now, followinq only tme main channel, a strong fonrward scatte-

rinry in ilrorcts .75%)' has booen found and a stripping moccha-

niorn has been concluded for collisional energies ragqingI 3.2-

9.2 Izcal/mol. In addition, a considerable large fraction of thec,

reaction energly is disposed into vibrittional t-26*5) and rotitio-

nal (%-401,) energies of CS and So prodtcts/3,4/.

Scant attention has hecn (liven to theoretical inter -retation

of three reaction ch.nnels.Only collinear trajectories/3,5/ on

several 1,1-. T-like hyper!surf aces and a ChNDO/l study/6/ on the

lowest singlet r-otential cnerc,' h'n'ersiirface(PEHl) have boo n p)!Er

formed about this interesting system.

in order to r-ition,-alize this bull, of information, we hrave

carried out an c; tonsive stludv of the qround trimlet PElI by

mons of the l41J'VO/3 mIlj ,;ieJm:,jrical. method.. In the search of

triansition states (TS 's) anid intermediates along minimum 0-nercl

reaction paths (lMEP's),conimecting reactants and -roducts on the:

OCS 2 lowest trillet pyji, it was found that all planar structu-

res beloncged to theo 3A r which correlated adia.atically reac-
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tants with products frow all thre channels (unner Cs nyimatry).

Several intermediates,wells on the PEI[, and TS connecting them

each other have been located. These intermnediates are connected

with reactants and products along IERP's without significant

TS's(Larriers of potential arising only from endorgicitius). It

was oibserved that when an incoming o-xyyen atom approaches to CS 2

molecule, firstly a cis or tr ,ns planar OSCS intermedi-te was

formed which can dissociate to CS + SO or evolve to another in-

termediates which originate the products of reaction channels

(2) and (3). These intermediates allow to e-:,,lain better the vi-

britional and rotational energy distributions into CS and SO

'roducts with regard to a simple 11URP(only with a TS between roe:c

tants and iroducts).

On the other hand, the short lifeti,,e.s estimated by the RRK

model for the possible collision complexes are even comipatible

with the strijping mechanism of channel (1). Furthermore, theL:c

hort lifetives and the difficult O-migration to the carbon atom

across sinuous IIERP's which originates products of channels (2)

and (3), s,em to indicate that channel (I) will have a greater

e xtent, as can be een e-cerirantally. In fact, channel(l) only

imtlies one new bond formation and one bond breaking, while chan

nels(2) and (3) involve many more new bond formations and brea-

kings.

A dynamical study/7/ however, would be necessary in order

to account quantitatively for the differ,.nt branching ratios of

these three channels and other interestinig dynawical features.

i.eferences

/l/ I.Trtica and Z.Dabarogi6,Appl.Phys.I]37(1985)07.

/2/ I.R.Slagle,J.R.Gilbcrt and D.Gutman,J.Chien.Phys.61(1974)'104.

/3/ I.W.Smith,Discuss.Faraday Soc.44(1967) 1 94.

/4/ P.A.Gorry,C.V.11owikov and R.Grice,Mol.Phys.37(197)329.

/5/ |i.Eluersma and G.Schatz,Chem. Phys.54(1901)201.

/6/ L.Carlscn,J.Coiput.Chem.3(1982)23.

/7/ R.Say6s,I-.Gonz~lez and A.Aguilar, In progress.

[ r 4
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MOIECUL.AR BEAMS STUDIES OF AToM-MOLECULE INTERACTIONS: TWE

ADIABATIC ROUTE FROM SCATTERING INFORMATION TO ANISOTROPTC

POTENTI ALS

V. Aquilantti, L. Beneventi, 0. Grossi and F. Vecchiocattivi

Dipartimento di Chimica dell'Universita'

06I00 Perugia, Italy

Detailed experimenftal information is being accumulated in

our laboratory on scattering ptoperties of atoms by diatomic

molecules. This infuinatlion, which includes absolute inteqra1

cross sections for acattering of atomic beams with magnetic

analysis, and differential cross sections by crossed atomic arid

molecular beams, requires an accurate theoretical inversion

scheme for the extraction of properties of the interaction

potentials. A technique developed for this purpose is presented:

it Is based on the construction of adiabatic states which

describe the systems in their evolution from a given molecular

rotational state to the inner interaction Legion where the role

of potential anisotropy is strongest; nonadiabatic coipling terms

are also computed and their localization in terms of features of

the potential energy surface is assessed. When coupling is

introduced, the technique is essentially exact and tends to the

Infinite Order Sudden Approximation when the latter is valid, but

allows to very simply go beyond when the rotational structure of

the target is Important. In particular, it is possible by this

technique to take Into account the effect on the glory structure

due to the rotational temperature of the molecule: such an

effect, which has been well documented by experiments in this

laboratory, cannot be dealt with by a simpler approach such as

the IOS.
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REACTIVE COLLISION OF 0 e H2 PROUCED

WITH EXCITED STATES IN A CROSSED BEAN EXPERIMENT

A. Lebdht, 3. Marx, F. Aguillon, and R. Campargue

Laboratoire des Jets Moldculaires

Ddpartement de Physico-Chimie

Centre d'Etudes Nucldaires de Saclay, 91191 Cif-sur-Yvette, France

The investigation of chemically reacting systems, with excited slate

channels, is of fundamental interest in the dynamics of molecular colli-

sions1 . In this work, the small triatomic system 0 + H2 is investigated in

the following channels which are important in the combustion of hydrogen and

also in the upper atmosphere chemistry:

0(3p) + H2(XIlE, v) + 0H(X 2 l, v') + H (1)

0(10D) + H2(X1lr, v) +OH(X 21 v') + H (2)

+ OH(A
2E',,v') + H (3)

Reaction (2) is exothermic 2, while the other reactions are possible only if

a minimum amount of energy is available in the entrance channel because of a

small activation barrier for reaction (1), or an endo-ergicity1 which is for

instance 2.2 eV for reaction (3) produced with H2 (v = 0). The missing

energy can be obtained by vibrationally exciting H2 at least up to v = 1 for

reaction (1) yielding OH with only rovibrational excitation and up to v = 5

for reaction (3) yielding OH with electronic excitation.

The reactive scattering experiment is performed by crossing 0 and H2

molecular beams skimmed from free jet zones of silence 3. The dissociation

of 02 is produced by radiofrequency discharge (22 MHz) in the reservoir of a

quartz nozzle, with an efficiency of about 50 or 9U%, in He or Ar seeded

mixtures, respectively4 ,5. Thus, the atomic oxygen beam is generated with
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at least two electronic states O(1D,3P).

Reaction (2) is produced selectively thanks to the barrier encountered

for reaction (1). The internal energy distribution of the OH emitted in the

direction of the 0 beam axis, is probed by the time-of-flight technique with

a good vibrational resolution. The results (Fig. 1) derived from the TOF

spectra, show that the OH(X 2 T, v') product are vibrationally excited up to

v, = 4t with minimum populations on v' = 1 or 2.

Also, reaction (3) is produced when H2 is excited vibrationally up to

v > 5, by means of a low energy electron beam (< 100 eV) operated coaxially

to the H2 molecular beam. Thus, the vibrational levels of the ground state

"2(XIF , v') are populated by radiative decay from sinqlet electronic states

excited by electron impact 6 . In these conditions, reaction (3) is observed

by analyzing the spontaneous fluorescence signal emitted from OH(A 2 r+) in

the reactive collision zone. The experimental results are compared to a cal-

culated statistical distribution (Fig. 2) taking into account the predicted

populations of the vibrational levels of H2 and only the spin s = + I of OH.

Due to the difficulty of producing 0 (1D) alone, reaction (1) has not

yet been observed in this experiment.

References

1. G. Durand and X. Chapuisat, Chem. Phys. 96, 381 (1985)

2. R.3. Buss, P. Casavecchis, T. Hirooka, S.J. Sibener, and Y.T. Lee, Chem.

Phys. Lett. 82, 386 (1981)

3. R. Camparque, 3. Phys. Chem. 88, 4466 (1984)

4. 5.J. Sibener, R.J. Buss, C.Y. Ng, and Y.T. Lee, Rev. Sci. Instrum. 51,
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J. Marx, A. Lebdhot, J.C. Lemonnier, D. Marette, R. Campargue, Xth Int.

Symp. on Molecular Reams, Rook of Abstracts, p. 10, Cannes (1985)
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6. 3. Marx, A. Lebhhnt, md R. Camparque, 3. Physique (Paris) 46,1667 (1985)
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F19.1- Tyjpical velocity spectrum derived from TOF measurements. in the axis
of the 0 beam. for OH- obtained in reaction (2) With RN-v.). The arrows
show the theoretical velocities corresponding toa the vibrational levels
vl- o to I. of 0Ixx2fl). Also the velocity of tX4D) is indicated (4).

(0-01 bond heads

Flg.2-Fluorescence spectrum of the (0-0) band for the A 2
CZ. X2Fl transition

of OH- obtained in reaction (3), compaved to a theoretical spectrum
(dash~ed line) derived from a statistica) model with only the ~ispin
component of ONi-.
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ROTATIONAL EXCITATION OF THE MgCI REACTION PRODUCT

IN THE HARPOONING Mg (IS) + C12 REACTION.

Bernard BOURGUIGNON, Mohammed-All GARGOURA, June McCOMBIE,

Jo6Uie ROSTAS and Guy TAIEB gI

Laboratolre de Photophyslque Mol6culalre du C. N. R. S.

UnlverslI6 do Paris-Sud, batimenl 213, 91405 Orsay-C~dex, F-rance.

Harpooning reactions of alkali and alkaline-earth atoms with halogens are

known to lead to high vibrational excitation of the reaction product. In the reactions

that were experimentally studied, electron jump from the M metal atom to the X2
molecule occurs at "large' Internuclear distance, with respect to the equilibrium

distance bondlength of the MX molecule. The dynamics of these reactions was

extensively studied In the case of the alkali: although the reaction product may be

electronically excited In the alkaline-earth case, experimental data (MX ro-
vibrational excitation) show that the reaction dynamics Is similar for alkali and

alkaline-earth '. The X2 - Ion Is formed by the vertical X2 + e- -, X2 - transition, on
the repulsive part of the X2 - potential curve. The strong electric field 0f the M+ Ion

causes fast dissociation of X2 -, where X- takes most of the kinetic energy. The

MX bond Is formed by electrostatic attraction of the M+ and X- Ions, which allows
the X- kinetic energy to be transfered Into MX vibrational exciltalion 2.

We present here a LIF study of the Mg ( 1 ) + Cl 2 system. The A211 -

X2 i + (Av-0) bands of nascent MgCI were recorded at 0. 2 cm- I resolution In a

beam gas apparatus, at Cl2 scattering gas pressure of 5 10- 4 Torr. The

experimental spectrum was compared with simulated spectra, assuming a
Boltzmann rotational population distribution. We have obtained a rotational

temperature as high as 6000 t 2000 K (56 % of the exothermicity AE of the
reaction). Spectrum congestion precludes more detailed analysis 0f the rotationnal

population at the present resolution. The MgCI vibrational population distribution Is
not Boltzmann, and the vlhratlonnal axcltallon Is only 0. 13 eV (14 % the

exothermlcity of the reaction). Therefore the energy disposal of the Mg (I S) + Ct

Laboralolre assocld 6 I'Unlversll* do Paris-Sud

and: U. E. R. Claude Bernard, UnlverslI6 do Rennes I, 35043 RENNES-CEDEX



E9

system contrasts strongly wtihthat of previously reported systems in which the

reaction proceeds through the harpooning mechanism. For example. in the Ca

(IS) + C12 system. 70 % of the exothermlcily goes Into CaCi vibration and 10 %
(2000 K) in CaCi rotation

?p 

6 -5 * IIII-LiVor the Mg (OS)
r4 Cl 2 system, the distance

at which the electron Jump

occurs was estimated to

be 2. 7 A. which Is close

to the MgCI equilibrium

______ bondiength (2.20 A. The
corresponding distances

for Ca + Ci2 are 3. 7 and
c"k.,MO 2.44 A, respectively.

Consequently, the MgCt
vibration is restrained In

3742 3752 3762 3772 ),d the reaction Intermediale.

Figure I The energy is released

through dissociation of the

MgCI2 or CaCI 2 Intermediate along the CI-Cl- bond, providing a large Impulse on

the CI- ion, This is illustrated on figure 2, where the diabetic Ionic potential

energy surface (PES) Is represented in Caw geometry. Entrance on the surface

occurs at point 2 for the

,..c(I C/ */v Ca + C12 system. It is

-2 clear that the reaction

exoergiclty Is preferentially
6 -2,5 channelled Into CaCI vi -

3 bratlon, In order to attain

4 -3.5 the equilibrium CaCI bond-

2, 1- 4.5 length (figure 3a). The

- '-6.6 Mg + Cl 2 system enters on
2 

-66
0 2 4 a to the surface at point 3 and

0 (Cl-CI(A)

Figure 2 goes directly Into the exit

channel. There is no

possibility ol luriher stabilization of the MgCI molucule along the 'lMg-cI
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coordinate, and the evolution ot the system looks like a dissociation ol MgCI 2

along the P'CI-.C coordinate, where the affect on the RMgCI distance Is no greater

than the diflerence between the bondlenglh In

the diatomic and the trlatomic molecules. In

7., a simple mechanical picture where MgCl Is

r Cconsidered as a rigid rod, the CI- Ion

Impulse results in rotational excitation ol

Ca" MgCI, equal to (mMg / mMgCI) AE % 40 %

AE (figure b).

In conclusion, the harpooning me-
chanlsm provides an explanation for the

change from vibrational to rotational excita-

lion of the reaction product trom Ca to Mg.
ci
k "-The key lactor to determine whether rotation

cl- or vibration Is most excited Is the electron
lump distance. A more detailed analysis of
the (0-0) rotational population, based on

'- higher resolution spectra, Is In progress.

Reactions of other halogen molecules with Mg
Figure 3 are also being Investigated.
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A (2 ) PRODUCTION BY 193 nm PHOTOLYSIS OF NITROUS ACID

U. SOLGALI, I-. LAHMANI

Laboratoire do Photophysique Mol~cuialre

bAt. 213 - Unlverslt6 do Paris-Sud

91405 - ORSAY Cedox - France

L. HONTZOPOULOS, C. VOTAKIS

Research Center of Crete

H-i RAKLION, (Greece).

The vibrational and rotational state distributions of the OHl excited A2 L*

fragment produced by photodlssoclation of nitrous acid (HONO) excited at 193 nm

have been Investigated. The fluorescence spectrum of the OH A2 L+ Iragment shows

Ihat Ihe v = 0, 1, 2 levels are formed and the relative population has been found to

be 1/0. 13/0. 017. The OH A2 1: (v ' = 0) fragment exhibits a non boltzmann rotational

distribution peaking at N' = 12 and levels up to N' - 20 are populated.

From the linear Intensity dependence of the OH A- signal and It lime

evolution, a single photon dissociation process of HONO seems to be the most

probable mechanism and the results show that the most of the excess energy

available In the reaction (-3000 cm - 1
) Is channelled Into the Internal degrees of

freedom of the OH A fragment. Population of rotational levels above the limit imposed

by energy conservation may result from the excitation of parent HONO molecule which

possesses substantial thermal energy.
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U.V. Photoexcitation of rovibrationally excited NO.

J. DESON, C. LALO, F. LEMIPEREUR, 3. MASANET, J. TARDIEU de MALEISSYE.

C.N.R.S UA 40870 - Laboratoire de Chimle GCn~rale -

Unlversit6 P. et M. Curie - Tour 55 - 4 Place Jussieu

75005 PARIS - FRANCE

Absorption cross sections in the U.V. range of small molecules can be

increased by modifying the rovibratlonal excitation of Initial state.

In the experiment reported here, gaz heating by a C.W. CO2 laser allows the

Boltzmann energy distribution in rovibrational levels of the ground state

to be shaded toward higher levels.

Electronic transitions from these high rovibrational levels of the ground

state molecule to excited states (dissociative or no) can then be more

readily induced by U.V. absorption of the radiation at 193 rm from an ARt

laser. The formation of these excited states and of excited photofragments

can be observed through their emissions in the visible or near U.V.

The experimental set up allowing this double laser excitation I.R.- U.V.

is described and some results are presented concerning the photoeycitatlon)

at 193 rim of rotationally excited 140.

Experimental.

The I.R. excitation Is done with a continuous wave multimode CO2 laser

(Cilas 260) which is grating tunable between 9 and ii pm wich a maximin

output power of 160 watts at 10,6 pm.

"c ." ". citatinn Is done with an excimer laser Sopra delivering pulses

of 140 m at 193 nm (ArF) and 25 ns width at 2 Iz. Both radiations are

driven Into a stainlessteel cell fitted with CINa and MgF2 windows :

Auminescences in visible and near U.V. are observed using quartz optics.

rime resolved spectral analysis Is carried out by a Commodore CBM 4032

computer monitoring lasers triggering, monchromator Jobin et Yvon scanning

and photocounting system.
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U.V. aosorption of rotationally excited.

The spectroscopic analysis of the NO fluorescence induced by laser

excitation at 193 r shows that rotational levels of three excited

electronic states are strongly mixed (1). It appears that at this wavelength

the preparation of NO (A, v' = 3) can be performed quasi resonantly from

high rotational levels of the NO (X, v = 0, J" = 50,5).

At room temperature the population of rotationally excited NO with 3" 50,5

is about 10
6 

times smaller than J" = 28,5 with an energy gap between

NO (X, v" = 0) 3" = 28,5 and 3 ' 
= 50,5 close to 3000 cm

-l .

Gas heating by an I.R. laser excitation should allow to moify the Boltzmar

energy distribution to the benefit of these higher rovibrationnal levels.

NO is riot an absorber of the CO2 laser radiation. But this one up!i crrsd1 i

the P20 line at 10,595 pm is absorbed by SF6 which acts as a photosensitiser

(2) in irradiated -,-NO mixtures. Equimolecular mixtures of SF6 -N0 nave

been irradiated at 0,7 bar total pressures by tha two laser eams ; a)

important increase of the signal corresponding to the emission from

NO(B,v'z 7) has been observed. Moreover a spectroscopic analysis shoms that

this emission is red shifted. An energy gap close to 600 cm
-
I has been

evaluated.More SF6 must be added to the gaseous mixtures in order to

qsat anhigher anergy gdp.
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193 nm PHOTOLYSIS OF AMMONIA:

THE INTERMEDIATE IN THE 2-PHOTCN FORMATION CF NH(A 31)

R. D. Kenner, F. Rohrer, R. Browarzik, A. Kaes and F. Stuhl

Physikalisdhe Chemie I, Ruhr-Universlt~t Bochum

D-4630 Bochum 1, Federal Republic of Germny

Recent results from this laboratory1 have shown that the mechanism for

production of NH(A 3 TT) in the 193 nm photolysis of ammonia is secondary

photolysis of an intermediate species.

Nil 3 + hv(193) -i intermnediate + products 1

intermediate + hV(193) -+ NH(A 3rT) + products 2

It was shown at that time that the intermediate species had a lifetime

greater than 10 ps. Consideration of the known photochemistry of

ammonia (taking into account the energy restriction in reaction 2)

indicates that this intermediate species must be either NH2 (A) or

internally excited N12 (X). It was previously shown2 that both these

species are produced in the 193 nm photolysis of NH3 .

We have measured lifetimes for the intermediates in the photolyses of

Nil 3 and ND3 using two ArF (193 nm) excimer lasers in pump-probe

experiments. The measured quenching rate constants for each of the

parent molecules and for several added gases are shown in columns 2 and

3 of Table I. Note the close similarity of the results for both the

protonated and deuterated species. In addition, we have obtained the

zero pressure lifetime. by extrapolation of plots of the reciprocal

lifetime as a function of the argon pressure at constant concentration

of the parent molecules. The derived values are 250 and 600 ps for the

protonated and deuterated species respectively. Both these values have

been corrected for diffusion and quenching by the residual concentration

of the parent molecules.
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TABLE I: Summary of Measured Quenching Rate Constants

Quenching gas Intermediates from NH2 (A)l ND2 (A)l NH2 (A)s
NIl3  ND3

Nil3  110 --- 190 --- 500 a

ND3  115 180 --

Ar 4 4 6 5 100

H2  10 14 14 30 90

02 7 6 12

N2  12 --- 7 ......

He 2 --- 3 30

All values are given in units of 10- 12 cm3 s- I.

Entries marked --- were not measured.
avalue from reference 2.

Since the NH2 (A) formed in the first photolysis step fluoresces,

its kinetic properties can be easily measured and directly compared with

those reported above. As has been shown previously 2 , this fluorescence

shows a ,multi-exponential decay. We have investigated the species

monitored by the faster decaying component of the NH2 (A-X) emission

(labled NH2 (A)s in Table I) and find that it shows very different

quenching behaviour than the corresponding intermediate (compare columns

6 and 2 of Table 1). This "short-lived" ccmponent of the NH2 (A-X)

fluorescence has been attributed to emission from "pure" NH2 (A) levels2 .

Based on our results these levels cannot be the intermediate species in

reactions I and 2 above.

On the other hand, for both NH3 and ND3 , the species characterized by

the "long-lived" component of the fluorescence (labled N112 (A)l and

ND2 (A)1 respectively in Table I) does appear kinetically similar to the

intermediate (compare columns 2 and 3 to 4 and 5 in Table I). The

differences in the measured results are, however, outside the combined

experimental uncertainties. To study this long-lived component of the

NH2 (A-X) fluorescence further we have recorded emission spectra using a

I
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delayed gate (10-160 tis) to minimize the contribution from the fast

decaying component. In the case or NH3 , the delayed spectrum seens to
be dominated by emission from the NH2 (A) (O,b 2 ,0)Z states with V2 = 5

and 3 (N2 1 1 lies outside the sensitivity rang of our photomulti-

plier). The "long-lived" component of the N12 (A-X) fluorescence has

been attributed to emission from levels or NH2 (A) which are weakly
coupled to high levels of the ground state 2. If this is true, the
emission would be a monitor for a particular set of states in the

ensemble of energetic ground state NH2 molecules formed in the first

photolysis step. The NH(A-X) fluorescence produced in the second

photolysis step could be a monitor for a somewhat different set of these
states. In view of the similarity observed in these experiments between

the kinetic properties of the "long-lived" component or the NH2 (A-X)

emission and those of the intermediate species, we propose that the

intermediate species in the production of NH(A 3 Tr) in the 193 nm
photolysis of NH3 are highly excited levels of the NH2 (X) state (with a

similar conclusion for ND3 ).

1. R. D. Kenner, F. Rohrer and F. Stuhl, Chem. Phys. Lett. 116 374

(1985).

2. V. M. Donnelly, A. P. Baronavski and J. R. McDonald, Chem. Phys. 143
271 (1979); ibid. 143 283 (1979).
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PHOTODISSOCIATION OF MOLECULAR BEAMS OF
CHLORINATED BENZENE DERIVATIVES

Teijiro ICHIMURA, Yuji MORI,
Hisanori SHINOHARA * and Nobuyuki NISHI*

Depa rtment of Chemistry, Tokyo Institute of Technology,
9hokayama, Meguro-ku, Tokyo 152, Japan
Institute for Molecular Science,

Myodaiji, Okazaki 444, Japan

Molecular beams of chlorobenzenel ) , isomers of o-, m-, and p-

chlorotoluenel ) , dichlorobenzenes 2 ) and pentafluorochlorobenzene 3 ) were

photodissociated using an excimer laser at 193 or 248 nm to measure the

time-of-flight distributions of fragments (Cl, m/e=35) to investigate

the primary processes and the photodissociation dynamics.

A supersonic molecular beam is irradiated by 193 nm ArF or 248 rnm

KrF excimer laser pulses ( 50000 shots) at a frequency of §5 Hz. The

time-of-f light(TOF) spectrum is generated by synchronously gating a

multichannel '-caler with the laser firing pulse and detecting

photofragments by a quadrupole mass filter(Q-mass) as a function of time

after the laser pulse. The Q-mass, operating at unit mass resolution,

is separated from the reaction chamber and pumped differentially by a

turbo molecular pump and an ion pump. The 7OF spectrum is then converted

to a center-of-mass total translational energy distribution(P(ET)) by

using a suitable Jaoobian factor after subtracting the drift time in the

0-mass tube. The flight path was 16 cm and the time resolution was I us.

Low energy fragments than 3 kcal/mol seems to be distorted since the

detector axis is perpendicular to the molecular beam axis.

For example, fig. 1 shows the 'IOF signal of Cl at m/e = 35 for the

photolysis of p-ClC6 H4 CI molecular beams at 193 nm. The total

translational energy distribution, PIET), of photofragments in fig. 2

has tiree peaks at about 3, 13 and 30 kcal/mol. The energy difference
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between each two peaks of distributions is far beyond the spin-orbit

splitting between C1(2 P3 /2 ) and Cl*( 2 P1 / 2 ), about 2.5 kcal/mol.

Thus, the fragment translational energy distributions should be assigned

to the difference in dissociation processes.

The broad distribution with the peak ET value of %3 kcal/mol in

fig. 2 can be represented by a Maxwell-Boltzmann function (P(ET)

ET1/2exp(-ET/kT)) and higher energy distributions may be explained by a

Gaussian function(P(t) a t3 ( 1
2 /t 2 . c)1/2 exp[-(t-t 0 ) 2 /A]) . Here the

apparatus shape factor and the width originated in the narrow

vibrational distribution around the central state 0 were considered.

The fast photofragment energy distribution(Er _ 30 Kcal/mol) may be

compared to those of photodissociation of the C-Cl bond in alkyl

chlorides, which are excited into the continuum of a repulsive state by

the (0*, n) transition and immediately undergo direct photodissociation.

The ET value of about 30 kcal/mol observed for chlorobenzene and

chlorotoluenes may be explained by a similar mechanism. This fast

fragment was not observed for pentafluorochlorobenzene. This is due to

the effect of fluorination to reduce the kinetic energy of fragments.

Two other lower energy components in P(E T ) observed in fig. 2

should indicate the occurrence of slow dissociation process in the

photolysis of p-dichlorobenzene at 193 rm. The broad distribution with

peak Er value of 13 kcal/mol in fig. 2 cannot be represented by a

Maxwell-Boltzmann distribution. Accordingly the most probable exit state

to give the slower photofragments may be the highly vibrationally

excited triplet state, presumably the ( R*, w ) transition, generated by a

fast intersystem crossing from the initial excited singlet state.

The distribution with the smallest peak ET value of around

'F
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3 kcal/mol in fig. 2 may be represented by a Maxwell-Boltzmann

distribution. The photodecomposition process to give the statistical

distribution should occur after thermal randomization of the excess

energy. Thus the dissociation process seems to occur from vibrationally

excited So state to give vibrationally hot chlorophenyl radicals.

Some results obtained in this work are summarized in Table 1.

1-3) T. Ichimura, Y. Mori, H. Shinohara and N. Nishi, Chem. Phys. Lett.
122, 51 and 55 (1985), and 125, 263 (19861

Fig. 1 -0jC L0vEQ". Fig. 2 -OCLI.MeZn

z ! \ \ '

IC 200 300 4w0 500 ' \

TIME AFTER LASER PULSE I I ,/ .2 )' .

0 10 20 30 1.0 50
TOTAL TRAlNLAION& OE I k..L .- '

Parent Dv(C-C) v Most probable Probability
mo~lecule n (kcal/mo)Ma/m clmo) exit state

C6115 -CI 97 52 5.0 SO*- S3 (1* ' 7 ) 0.39

16 T* - S3 (r*, it) 0.34

30 S(G*, n) 0.27

p-al3- 97 52 4.0 SO*4- $3(w* , f 0.15
C6 H4

-C1 16 T* 1 3 (Tit) 0.62

31 S(o*, n) 0.23

p-Cl- 97 52 5.0 S* - S3 (,r*, ) 0.33
C6 114 C1 15 T* S3 (n*, i ) 0.41

27 S(o*, n) 0.26

C6F5-Cl 97 52 6.5 SO* S2 (1*, 7 ) 0.86

15 T* S 2 (7*,IT) 0.14

C6115 -C. 97 19 3.8 SO* 4 S IT(*, ) 0.64
(248 n Ex.) 11 T* S1 (i*, t 0.36

nm
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SINGLE- AND TWO-PHOTON DISSOCIATION OF CCIF 2NO IN THE VISIBLE

J.A. Dyet, N.R.S. HcCoustra and J. Pfab

Department of Chemistry, Heriot-Watt University,

Edinburgh, EH14 4AS, Scotland.

The electronic spectroscopy, photophysics and photodissociation

dynamics of chlorodifluoronitrosomethane(CCIF 2NO) in the 550-710 nm

region have been studied both at 300K and in a nozzle-cooled jet.

Fluorescence excitation spectra of the A(IA") + i(A')(n,w*)

transition have been rec( ded in the 670 to 710 nm region and

partially assigned to obtain information on the geometry changes

and potential functions associated with the transition. From

time resolved measurements of jet-cooled CCIF 2 NO we have obtained

the non-radiative decay rates of most well defined vibronic levels

active in the fluorescence excitation spectrum.

Detailed information on the electronic, vibrational and

rotational population distributions of the nascent NO ground state

fragment has been obtained using pulsed dye laser photolysis and

delayed two-photon LIF probing of NO. Photolysis at 300K in the

range 560 to 690 nm produces predominantly NO(v-0). The

proportion of nascent NO(v-I) is negligible but increases towards

short wavelength where a competing two-photon dissociation becomes

important leading to a non-linear increase of the NO yield with

photolysis pulse power. The rotational population distributions of

the nascent NO conform well to a statistical model.

State-selective photolysis of jet-cooled CCIF 2NO has been

performed at a number of narrow features in the fluorescence

i4
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excitation spectrum of the cold parent. Fig. I shows a two-photon

LIF spectrum of NO(v-0) from the state-selective photolysis of

cold CCIF 2NO at 646.6 nm as an example. Competition between

molecular fluorescence and photodissociation occurs from the

electronic origin at 14,187 cm- 1 up to roughly 15,000 cm- where

fluorescence becomes weak due to rapid dissociation. An

uncorrected NO photofragment yield spectrum is displayed in Fig. 2.

Such spectra have been obtained by monitoring the production of

NO(v-O) by two-photon LIF with a fixed probe wavelength while

scanning the photolysis laser through the absorption of the cold

parent.

The variation of the delay between the dissociation and probe

laser pulses provided the appearance times of the NO fragment for

several vibronic levels of the A-state including the origin of

the system. No pronounced state-specific effects have been observed

indicating that CF2CINO undergoes relatively slow predissociation with

energy randomisation preceding the separation of the fragments.

f
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HgBr(B- X) FLUORESCENCE EMISSION INDUCED BY KFF LASER

MULTIPHOTON DISSOCIATION OF HgBr 2

.fPpnag|annekooWLo and D. Zevgolis**

Research Center of Crete, Institute of Electronic

Structure and Laser, and University of Crete,

Heraklion, Crete, Greece

The UV multiphoton excitation and dissociation of small molecules in

the gas phase with an excimer laser has been an adequate technique for

generation of electronically excited free radicals Ill. In this work we

studied the KrF laser (248 nm) multiphoton excitation and dissociation of

HgBr 2 vapors, and the resulting fluorescence emission of electronically

excited HgBr radicals. This strong emission in the green, corresponds to

the 02£ _. X2 transition of HgBr radicals, and provides a good chance of

achieving laser action at 502 nm, with great propagation in air and sea

water.

The photolysis experiments of HgBr 2 vapors performed with a KrF

excimer laser and with a setup described previously 121. For an unfocused

laser beam with intensity 1 -30 MW/cm 2 and a HgBr 2 vapor pressure about

0. 1 torr strong fluorescence emission was observed in the visible region

460-502 nm 131. Figure I. This emission band presents discrete vibrational

structure and was identified as the 12E _X2E transition of HgBr radicals

Its vibrational analysis showed good resolution for the v=0 -. v" 17-22

* Also Department of Chemistry, University of Crete

*Also Ieftartment of Physics. University oi Crete.
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transitions, and the obtained molecular constants are in good agreement

with the literature. Furthermore, the fluorescence intensity at 502 nm

(v'O v"= 22 transition) was found to depend on the laser intensity, with

a power law dependence two. This indicates that the fluorescing HgBr

radical has been formed by a two-photon excitation process of the parent

HgBr 2 molecule.

The KrF laser photodissociation of HgBr 2 molecules proceeds via two

different channels. In the first channel the HgBr 2 molecules are excited by

a single KrF photon absorption to a 1nu state, which correlates with a

repulsive state of Hglr, and therefore undergo atomization,

HgBr 2 (X h HgBr 2 (l 11u ) - Hg( 1S) + 26r( 2 p)

In the second channel the HgBr 2 molecules are excited to a higher

electronic state with the absorption of a second KrF photon and

subsequently are decomposed to electronically excited Hg~r(B2E) radicals

and Br(2 p) atoms

HgBr 2 (XIE.) h HgBr 2 ** - HgBr(B 2 ) + Br( 2 p)

Therefore, the formation of electronically excited Hg~r radicals takes

place via the latter mechanism of two-photon excitation.

For higher laser Intensities 300 MW/cm 2 , the HgBr(B . X) emission

disappears and strong Hg emission lines are observed. Those lines

correspond to the transitions (63D - 63P) (73PF 2- 73S,) and (73S1 .63p)

of excited Hg atoms
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The observed erission band B - X of Hgbr has been found to increase

with the addition of an inert gas, with different efficiency depending on

the nature of the gas. The obtained order of efficiency was N2 , Ar, Xe and

Ne
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Figure 1: Emission band B2z -X2 E of HgBr from the KrF laser photolysis of
HgBfr2 vapor and 675 torr of Ar; cel) temperature is 1O0T.
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PICOSECOND LASER FLUORESCENCE STUDY OF THE COLLISIONLESS PHOTODISSOCIATION OF

NITROCONPOUNDS AT 266 Yes.

Jean-Claude MIALOCQ (CEA - CEN/SACLAY, IRDI/DESICP/DPC/SC0 UA 331 CNRS

91191 GIF sur YVETTE Cidex, France) and John C. STEPHENSON (National Bureau
of Standards. Molecular Spectroscopy Division, Gaithersburg, MD) 20899, USA)

The picosecond UV photodissociation of nitroalkanes (R-NO 2) and dimethyl-
nitramine (DMNA) is investigated by observing excited NO * fluorescence and
by laser induced fluorescence (LIF) probing of ground te NO fragments.

After photolysis by picosecond laser pulses at 266 nm. effciegra monophotonic
collision-free photodissociation of R-NO 2 (R - CH3. CH1, n-CH, and i-C H7 )
or DMNA occurs within 6 ps, in good agreement with calculated Rk4 lifetimes
by considering that these electronically excited molecules undergo internal
conversion to high vibrational levels of the ground electronic state followed
by a statistical unimolecular vibrational predissociation.

Formation of excited NO2 * from DMNA is monophotonic ; for nitromethane
the excited NO * formation is much less efficient and increases faster than

linearly with Increasing energy in the UV pulse.

NEXPERIMENTAL

53"2 0 C The laser was an active-passive mode-

I locked Nd
3 +

-YAG oscillator-amplifier

system which delivered a 30 aiJ (1064 iv.)

single pulse at 10 Hz. The frequency

aF F doubled 532 nm probe pulse was 31 ps
W duration (FWM) as monitored by a streak

camera. After frequency doubling the
green pulse, the 266 nm pump was separated
from the optically delayed 532 nm probe

pulse. The two pulses were then collinearly

recombined as in the experiment of
fig. 1 - Experimental Setup Goldberg et al (I). The areas of the green

13 and UV laser beams were estimated to be
2.7 x I

- 
cm' and 3 x 10-cm' respectively. Maximum energies of 200 PJ (UV)

and 1.0 oiJ (green) were fairly constant from pulse to pulse. The zero time delay
between the pump and the probe pulses was determined by probing with 532 nm pulses
the photobleaching of rhodamine 6C caused by the 266 run pulses. RNO2 or DMNA
contained in a Tee shaped 4 cm diameter glass cell equipped with three fused silica
windows were excited at 266 nm and the NO2 ground stage fragment was probed by
laser induced fluorescence (LIF) using the delayed 532 nm pulse. The fluorescence

emitted in the observed 2 ma long interaction region was collected, spatially
and spectrally (A > 580 nm) filtered to discriminate against scattered laser
light and analyzed with a photomultiplier. The signal was averaged with a boxcar
averager-integrator, the 50 ns gate being scanned over the NO2 e decay curve in
100 - 1000 seconds according to the nitrocompound investigated. NO2 diluted in
argon was used as an actinometer. No LIP was observed when this mixture was

excited at 266 nm above the NO2 dissociation limit (398 nm). Under 532 tim
excitation, the initial NO2 * fluorescence was proportional to the gas pressure
and to the laser energy. The Stern-Volmer plot of the NO2* decay rate constant
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versus the pressure is a straight line. The estimation of the NO2 quantum yields
is based on the courageous hypothesis that the 532 nm absorption cross section

of NO2 is the same for thermal and photoproduct NO2.

RESULTS AND DISCUSSION

0.12 torr CH NO The fluorescence signal
3 2 from N02* formed by 266 nm

S266 photolysis of CH3 NO2
(tD -300ps) 532 nafolloed by

LIF probing of the ground
stage N02 photoproduct is

266+532shown in Figure 2. There

is a 266-only component of
the fluorescence which is

about 5 Z of the value
caused by the 532 nmSLr Fof NO 2 2] .

L -10 FiS

Fi.2- Plot of the NO2* fluorescence intensity
as a function of time.

The picosecond kinetics of the NO2 formation follows closely that of the
R-6G photobleaching observed with the same pump and probe pulses (figure ))
showing that the photodiseociation occurs within 

6
ps. This i consistent with

our RRIO lifetimes for CH)NO 2 (0.21 ps) and ilkW (4 ps) calculated from lit.eattire

Arrhenius A factors and Vibrational frequencies 12].
The fluorescence signal from NO * formed by 266 nm phitolysis of DMNA and

532 nm probing is shown in Figure 4 23].
The quantum yields of ground stage NO2 and excited NO,* formation are

gathered in table. 1 223].

NO2  NO 5

CH3NO 2  
0.17 1 0.11 < 0 - 73

DONA 0.13 < 0 ' 0.95 0.02 < # < 0 1

Table 1 - Quantum yields of NO and NO * formation in

the photolysis of CH3 NO2 

2
ud DMNA at 266 nim.

.4
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-&DI I '' I I l l 1 I

/ 3x10U Rh6G- ps 5

.12 1mmWv

0g.. :! I ! I I  I  I

Q4 I
i I 2A W IF C H 3 N O :3

(CH3 )2NNo 2

10- 185 mtorrs

2Fi. - LIF signal as a function
Lf -I -r-T 1 of time after pump and probe

excitation of DMNA using
50 juJ (266 tim) and 350 pi (532 h)

C4 energies.'(psi

. 3 Photobleaching kinetics
of a R-6G solution at

532 nul. NO2 * LIF formation

kinetics (lower curve).

In dimethylnitramine, efficient monophotonic NO,* formation is due to the
greater available energy after the N-NO2 bond breaking (D(N-NO?) - 44.1 kcal/mole,
O(C-NO2) - 58.5 kcal/ole). In the RN02 under Study, the efficiency of ground
stage NO2 formation does not depend on the nature of the alkyl group.
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Abstract;

The photodissociation of 12M van der Waals clusters is studied at several

wavelenghts above the B state dissociation limit with H = lie, Ne, Ar, Kr and

Xe. The 12 product vibrational state distributions are obtained by measuring

the dispersed B X fluorescence and analysing the resulting spectra. Excita-

tion above the B state dissociation limit leads to significantly different

reaction dynamics compared to excitation of the bound levels of the B state

studied previously. Among others the recoil energies of the 12 and M fragments

are much larger, and the distributions of rovibrational states in the 12

product are much wider in the present experiments. For the five rare gases

studied, the photodissociation of 12Ae leads to the smallest amount of r Istiva

translational energy in the products, in contradiction with recent q.asi-

classical trajectory calculations. The fragment recoil energy does not very;

strongly with the excitation wavelength.

I
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VIBRATIONAL AND ELECTRONIC COLLISIONAL RELAXATION OF

C 2(d31 q, v3 ) AND (Cl1 g, v') STATES

P. Bartolom6, M. Castillejo, J.M. Figuera and M. Martin, Inte

de Quimica Fisica "Rocasolano", CSIC, Serrano 119, 28006 Ma-

drid, Spain.

The collisional processes of the two 1,3IT states ofq

the diatomic carbon molecule, are studied for Xe, N2 and 02 as

collision partners.

The U111 and d3 II fragments are produced in the ArFg g

laser multiphoton dissociation of vynil chloride or vynil bro-

mide (1) and their fluorescence spectra are recorded in the

presence of different pressures of the above collisional ga-

ses.

In the presence of N2 , population transfer from the

higher to the lower vibrational levels is observed to compete

with rotational relaxation within each vibrational state.

For Xe as the collision partner, a rate constant in

reasonable agreement with previously measured values (2), is

obtained for the electronic relaxation of the d311 state,g

this value being moderately dependent upon the vibrational

quantum number.

More than twice faster rate constant is measured for

the electronic quenching hy 02, with no measurable dependence

on vibrational excitation. Faster rate constants (about 1.5

times faster) are obtained for electronic relaxation of the

4
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observed levels of the ClII state, and the fastest relaxationg

rate is obtained for Xe, which quenches the C 11 state atq

nearly every collision.
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The collisional quenching of Ca(4s3d(ID 2)) by H2 and D2.

by David Husain and Gareth Roberts,

Department of Physical Chemistry,
University of Cambridge,
Lensfield Road,
Cambridge, CB2 lEP,

England.

The collisional behaviour of the low-lying, optically metastable states of the alkaline earth metal

atoms, Mg, Ca and Sr (nsnp(3pj)) in the gas phase, has received considerable attention during

recent years from both a theoretical and experimental point of view. Characterisation of the rate

of removal of these atomic states by H2 and D2 in particular, is of special interest for both

quantitative and qualitative description of the appropriate potential hypersurfaces involving the

triatomic species MH2 and MD 2, as such systems are clearly most amenable to theoretical
investigation. In our laboratory, we have recently determined the temperature dependence of these

removal processes for Ca(4 3pj) and Sr(53Pj) [1,21, following the earlier studies of Breckenridge

and co-workers on Mg(3 3Pj) + H2, D2 [3,41, and have employed the results to differentiate

between the competing r6les of physical energy transfer and chemical reaction. Simandiras and

handy have carried out ab initio calculations of the potential hypersurface for the Ca(4 3Pj) + H2

reaction 151, and have concluded that the activation energy is not significantly higher (< 5 kJ
mor') than the reaction endoergicity. in support of our earlier kinetic observations.

In this paper, we report an investigation of the collisional removal of Ca(4s3d(0D 2)) , 2.709 eV

above the ground state [61, by H2 and D2 over the temperature range 750 - 1100 K. Ca(41 D2)

atoms were generated in a slow-flow system by direct optical excitation at ) - 457.5 nm via the

weak electric-quadrupole allowed transition Ca(4s3d(lD 2)) +- Ca(4s2(IS0 )) using a pulsed dye-

laser. The subsequent time-resolved emission at this resonance wavelength was optically isolated

and monitored photoelectrically with boxcar integration.

The pseudo first-order decay coefficient representing overall removal of Ca(41 D2) by all

processes may be written:

k' - XAnm + Wlle + k 121H21 (i)

with an analogous expression for D2. The terms on the right hand side of equation (i) represent

removal by spontaneous emission, diffusion and collisional quenching respectively. At a given

temperature and pressure of helium buffer gas equation (i) becomes:

k' - K + kH21H21 (ii)

where K is fixed for a series of decay measurements in which 11121 or 1D21 is varied at a given

temperature and constant total pressure. Absolute second-order rate constants for the collisional

removal of Ca(41D 2) atoms by 112 and D2, as determined from equation (ii), are accurately
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described by the following Aryhenius expressions:

- (5 + ) x 10-10.exp(-14.4 + 1.3 M mr - ') cm 3 molecule- i s 1

RT

and,

kD - (3.9 + 0.4) x 10-10. exp(-22.2 + 0.8 kj morl 1) cm 3 molecule-1 s"1

RT

The activation energies so derived can be considered within the framework of chemical removal

to yield electronic and vibrational ground state Call and CaD plus H(D)(2S1/2):

AH/kJ morl-I 16.71

Ca(4 1D2) + H2 -* CaH(X 2 -+. v"-O) + H >6.7

Ca(4 1D2) + D2 - CaD(X2L+ , v"-O) + D > 12.3

Thus the present results are seen to be consistent with the hypothesis that removal of the

metastable atomic state by both isotopic species is dominated by a chemical pathway in which
there is a small energy barrier over and above the reaction endoergicities yielding the ground state

diatomic hydride or deuteride. These measurements do not permit isolation of any quenching

pathway, however minor, involving removal of Ca(4 1 D2) by physical energy transfer. Finally in

this context, it is of interest to note that oUr earlier study of the quenching of Ca(4 3Pj) by H2

and D2 yielded activation energies for total removal which were also found to be in close

agreement with the appropriate reaction endoergicities I 1.

The Arrhenius pre-exponential factors also support a model based upon chemical removal of

the metastable state, as seen from symmetry arguments employing the weak spin-orbit coupling

approximation. We have previously observed that the pre-exponential factors for Ca(4 3Pj) + 12.
D2 are in reasonable agreement with calculated collision numbers, in accord with a direct

correlation between Ca(4 3Pj) + H2(D2) and CaH(DXX 2E,) + H1(D) via a surface of 3A'

symmetry Ill. Hence the significandy lower pre-exponential factors determined for the Ca(4 11D2 )

+ H2, D2 reactions may be presumed to reflect the occurrance of non-adiabatic transitions on the
chemical pathways connecting the reactanta with ground state products.
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Collisional Electronic Quenching of OI1(A
2 E+) Radical

A. Vegiri*, S.C. Farantos*, P. Papagiannakopoulos , and

C. Fotakis*.

Research Center of Crete, institute of Electronic Structure

and Laser,

Iraklion, Crete, Greece.

Abstract

Recent kinetic studies of OII(A2E + ) colliding with CO,

H2 0 and N have shown the dependence of the decay efficiencies
2

on the rotational quantum mumber N of the diatom j. In
order to understand the quenching and energy transfer mechanisms

of these systems we carry out quantum chemistry calculations[2].

The potential energy surfaces for the ground and excited

states of Oil with Ile and CO are constructed. The potentials

of He + OHI(X 2n, A2 E) are found to be repulsive but with

interesting topology. Interaction potential of Oil with CO

are under investigation.

1. P. Papagiannakopoulos and C. Fotakis, J. Phys. Chem.

89, 3431, 1985.

2. S.C. Farantos, lol. Phys. 54, 835, 1985.

* Also Physics Department, University of Crete,
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COLLISIONAL QUENCHIMI OF 0I(A
2
E£
+ 

v'O) BY Nil3 FROI1 250-1400K

Jay B. Jeffries, Richard A. Copeland, and David R. Crosley
SRI International, tenlo Park, CA 94025

The rate constant for collisional removal of the v'-O level of the A2£
+

excited state of the Ol radical by NH3 is measured over the temperature range

250-1400 K. The variation of this rate with colltder temperature provides

more insight into the mechanism than does just the magnitude of the rate at a

single temperature. When long range attractive forces are important, the

cross section decreases as the relative translational energy increases. When

such a cross section is averaged over a thermal distribution of velocities, it

will decrease with increasing temperature. We examine the temperature

dependence of quenching rate constants, ko, for OV colliding with PH3 , a

quencher with a permanent dipole moment which generates a large dipole-dipole

attractive term in the interaction potential. The temperature dependenre

observed is consistent with a quenching mechanism dominated by long range

attractive forces.

Two different experimental apparatus were used to cover the range 250 to

1400 K. Between 840 and 1425 K the laser pyrolysis/laser fluorescence (LP/LF)

technique
1 

is used, and at 255 and 300 K the experiments are performed in a

fast flow reactor.
2 

The LP/LF technique uses a pulsed CO2 laser to irradiate

a slowly flowing mixture of bath gas (N2 or CF4 ), infrared absorber (SF6 ),

radical precursor (11202) , and quencher (NH3 ). Some of the IR energy is

absorbed by the SF6 and collisional energy transfer heats the entire irradi-

ated volume to a temperature determined by the CO2 laser pulse energy and the

ratio of infrared absorber to bath gas. The low pressure flow reactor
2 
uses

Ar buffer gas; a mictowave discharge in the flow reactor generates hydrogen

atoms from the H2 impurity present in the Ar, and OH is produced from H +

NO2. In both apparatus, laser-induced fluorescence is used to measure a rota-

tional temperature of the Oil.

At room temperature the magnitude of the electronic quenching of

OH(A
2
E+,v'-O) varies with rotational level In the A-state. Observed by

PcDermid and Laudenslager
3

for quenching by N2 and 02, this phenomenon has
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measured for a more extensive set of rotational levels and collision partners

to include NIl3 .
4  

That Investigation
4 

showed that kO decreases as the rota-

tional quantum number N' is increased; this produces a variation of the

observed quenching rate for different rotational population distrlhutions In

the A-state. In both our high and low temperature apparatus, there Is suffi-

cient bath gas to produce, by collisional transfer, a thermal rotational popu-

lation distribution in the excited A
2
1+ state. Neither Ar or CF4 is an effi-

cient quencher of the electronic state, but each is an effective collision

partner for rotational relaxation of the molecules from the single rotational

level initially excited into a thermal population distribution. The flow

measurements are done in 8 Torr of Ar and the LP/LF measurements made between

15 and 40 Torr of CF4 /SF6 mixture. Both model calculations and diagnostic

experiments varify that the quenching rates are obtained for a thermal distri-

bution of rotational level populations of the A2E+ state as well as a thermal

distribution of collislon velocities.

To measure the quenching rate, light from a pulsed, frequency-doubled dye

laser excites the OH molecules to a specific rotational level in the A2t
+ ,

v'O state. Following excitation we monitor the temporal evolution of the

total fluorescence. By examining the pressure dependence of the fluorescence

decay, we obtain the quenching rate constant and the thermally averaged cross

section, OQskQ/<v>, where <v> is the average relative collision velocttv. The

eleven measurements (a) of the thermally averaged cross section between 255

and 1425 K are plotted versus temperature in Fig. 1. Two important results

are evident from the data. First, the quenching cross section, thermally

averaged over the rotational level distribution and collision velocity,

decreases roughly a factor of two between 300 and 900 K. Second there is no

observable change in the value of aQ between 850 and 1400 K.

The temperature dependence of OQ contains two distinct contributions.

First, oQ may depend on relative collision velocity. The attractive inter-

actions are modeled
5 

by a multipole expansion; the dashed line In Fig. t is

the temperature dependence of o as calculated by this model. Second, because

OQ decreases as N' increases, a rotationally averaged OQ will decrease as the

temperature increases because the population in the excited A2E
+ 

state shifts

toward higher N'. With the assumption that the variation of quenching cross

section with rotational level is independent of temperature, we use the data

f
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from Ref. 4 to calculate this effect. The dotted line in Fig. I shows the

variation In On predicted from only the rotational level dependence.

The solid line in Fig. 1 is the prediction of OQ from the combination of

the rotational level dependence and the attractive forces model. The calcula-

tion predicts a slightly greater temperature variation than we observed over

the entire temperature range studied. In the high temperature region (850-

1400 K), the measured aQ remains constant while the model predicts a 20%

decrease. Nonetheless, the comparison between model and measured o repre-

sents surprisingly good agreement for such a simple model. The data indicate

that the quenching mechanism is dominated by attractive forces in the tempera-

ture range 250-1400 K.

This work was supported by the Division of Basic Energy Sciences of the
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Figure 1. Temperature depen- OH(A2V+ NH 3

dence of the cross section for 120

quenching of (A2 E+, v'-O) O1 by
NH3. Solid symbols are the pre-
sent LP/LF (o) and flow reactor
(9) measurements. The open .
squares are the previous LP/LF
results (Ref. 5) and the open
circle, the rotationally and
thermally averaged value as com 4

puted from the state-specific
cross sections (Ref. 4). The

lines are calculated values, all 01
normalized to the experimental 0 1000 I50
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Formation of XeCl(B 2 £1 /2 ) and XeI(B
2 EI/ 2 ) by Reaction

of Electronically Excited ICI with Xe

J.P.T. Wilkinson, E.A. Kerr and R.J. Donovan

Department of Chemistry, University of Edinburgh,

West Mains Road, Edinburgh EH9 3Jj

D. Shaw and I. Munro

SERC Daresbury Laboratory, Daresbury, Warrington WA4 4AD

Abstract

The ion-pair states of the halogens present an interesting

challenge to the spectroscopist. They are difficult to observe

using conventional techniques due to both unfavourable Franck-

Condon factors front the ground state to low vibrational levels

and also because the Franck-Condon accessible regions are

dominated by strong transitions to Rydberg states. However, as

these Rydberg states are often strongly predissoclated they are

not observed in fluorescence and thus by observing fluorescence

excitation spectra the ion-pair states can often be studied in

the absence of overlapping transitions to Rydberg states [1).

We present in Figure I the fluorescence excitation spectrum

for ICI in the 150-190 nm region recorded using synchrotron

radiation. Fluorescence from the first optically accessible

ion-pair state of ICI is excited in the 170-190 nm region. When

fluorescence excited in this region is dispersed we obtain a

spectrum with the characteristic oscillatory continuum structure,
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typical of the emission from higher vibrational levels of

ion-pair states [21. Between 160 nm and 170 nm in the

fluorescence excitation spectrum we see a second, highly

structured, fluorescence system which is probably the result of

the interaction between a Rydberg state and an Ion-pair state.

As well as direct fluorescence excitation spectra, we have

also recorded action spectra for both XeCl(B 2 Z 1/2) and

XeI(B 2Z1/ 2 ) formation using synchrotron radiation to excite IC1

in the presence of excess xenon, see Figure 2. We find that the

formation of XeCl(B 2 E1 /2 ), which is thermodynamically feasible

for A < 200 nm [3), occurs throughout both the 160-170 nm and

170-190 nm systems whereas XeI(B 2 E1/ 2 ) is formed only when the

160-170 nm system is excited.

Further work on both the ICi fluorescence excitation spectra

and the XeI(B2E 1 /2 ) and XeCl(B
2 I/2 ) action spectra will he

reported at the conference.

III E. Kerr, M. MacDonald, R.J. Donovan, J.P.T. Wilkinson, D.

Shaw and 1. Munro, J.Photochem., 31, 149, 1985.

(21 M. MacDonald, J.P.T. Wilkinson, C. Fotakis, M. Martin and

R.J. Donovan, Chem. Phys. Letts., 99, 250, 1983.

[3) G. Herzberg and K.P. Huber, Constants of Diatomic Molecules,

Van Nostrand Reinhold, New York, 1979.
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QUENCHING OF N3 -) BY N A POTENTIAL

PHOTOCHEMICAL SOURCE OF N 20.

K.G. Pettrich, F. Ewig and R. ZeLlner

Institut fUr Physikalische Chemie, Universitdt

Gbttlngen, 34oo Gdttingen, FRG

The origin of atmospheric N20 is almost exclusively at the

earth's surface. rn-sita photochemical sources in the boposphere

and stratosphere are presently unknown. However, recent evidence

obtained in our laboratory suggests that a significant-source

of NP may arise from the reaction.

(1) NO3 *(A 2 E') Nz (X g- +) --.)N2(X 1  ++ No2 2A( )

where the 2E'-state of NO 3 is produced upon excitation of NO 3

(X 2A') by solar radiation at wavelength between 620-700 nm.

Reaction (1) is exothermic by 134 kJ/mol and spin as well as

orbital symmetry allowed. However, it will be in strong

competition with the simple energy transfer reaction which is

usually assumed to dominate collisional electronic quenching.

Direct measurements of the N20 yield are in progress and their

result will be presented at the meeting.
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THE ELECTRON SWARM METHOD AS A TOOL TO INVESTIGATE

THE THREE-BODY ELECTRON ATTACHMENT PROCESSES

I.Szamrel. I.Chrz cik and M.Foryd

Chemistry Department. Agricultural and Teachers University.

08-110 Siedlce, POLAND

In the recent years a large body of evidence has been

collected which demonstrates the importance of the three-body

processes in the electron capture in the gas phase. The elec-

tron swarm method has been widely used to investigate elec-

tron attachment. However up to date was scarcely applied to

the important class of the three body processes especially

those where the two molecules of the electron scavenger take

a part in the reaction1 1 . This contribution was aimed to deve-

lop the approach which enables one to measure rate constants

for such processes which occur at thermal energies.

The swarm chamber has been built basing on the experience

of authors from Chriatophorou's laboratory and the technicul

details are essentially similar.

Carbon dioxide was used as a diluent gas with wide range

of the thermal equilibrium region. To resolve the drift velo-

city /W/ problem in the presence of higher concentrations of

scavengers /M/ the reaction of electron capture by SF6 was

applied.

First, the keSF 6 3.1x1O - 7 cm 3molec. s" 1 was measured

in CO2 to be constant over the 0.3-0.9 V.Torr 1 .5 "1 of E/P

using W from ref.l. Then an electron attachment coefficient

/o(/ for SF 6 was measured in different M-CO2 mixtures and W

was determined as W - k/ot. The results are bhown in Fig.1.
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3 Fig.i The influence of the

.scavengers concentration on

S 2 the drift velocity in CO2 at

in E/P- 0.5 V-Torr'l.cm" 1 .

I 10 "CH3Br
N 3

-
S-6 -4 -2 *-_H~s

log [M]/[c0 ] 2

It is seen that W changes strongly at lowest concentrations of

admixtures and then is practically constant over the two-four-

fold changes in pressure used in further experiment. Also the

changes are not very specific owing to similar polarity of the

admixtures.

[11CI] /10- 16Molec-cm3/

3; Fig.2.Three-body rate
3 is

2 2 a constants for HBr and HCI
2 2

0 a vs. scavenger concentrat-E 
aO

°  
ions at E/P- 0.5

04 1 aN0 " PCO a 30 Tort
2

* - Pc02 a 750 Torr

[H8r] /10" 15 Molec-cm 3 /

Next the- values have been measured for C13 Br, H 2S, HBr and

HCI. The k values were calculoted using W shown in Fig.1. The

example results are given in Fig.2. As In the case of SF6 the

k values were constant over the whole range of used E/P which

means that the investigated reactions are the thermal ones.

As It Is known from our 2 / and Armstrong's3 / works by gammn

. .
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radlolysla method compounds enlisted above tend to accept

thermal electrons In more then two-body reactions. Thus, the

proper orders were determined by changing consecutively pressu-

res of the participant gases. The results in Table 1 show that

exept CH 3Br all the processes are of the third order with CO2

or H2S acting as the third body. This suggested that neutral

van der Waals molecules can possibly be involved in the reac-

tion.

Table 1. The rate constants for the electron capture reactions.

k/cm 6.molecule- 3.s /
Reaction

this work literature

- + CH Or 6.5x10-1 2  1.0x10 9  a/ ,7XlO-1 2

3.6x10-
1 2 4c/

o" + 2H2 5 5.0x10
"O 3  1.9±1.0xjo

3 2 e/

- + HBr + CO2  1.0x10
"3s

e" + HCI + CO 2  2.2x10
3 2

m two body rate constant
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THE ROLE OF VAN DER WAALS DINERS IN THE ELECTRON

CAPTURE PROCESSES

I.Szamral, I.Chrzo6cik and M.Foryd

Chemistry Department. Agricultural and Teachers University,

08-110 Sledlce. POLAND

The gamma radiolysis of the low pressure hydrogen

sulphide-methyl bromide mixtures has been used as a method to

investigate the three-body electron capture processes in the

gas phase. Xenon has been chosen as a diluent gas as its abil-

ity to stabilize negative ions In a three-particles encounter

is known to be very low while the equilibrium constant for for-

mation of VdW dimers is comparable with that for molecular con-

stituent.

The concentration of the final product, methane, was measu-

red gas-chromatografically. A strong dependence of the rate of

formation of negative Lona on the xenon and hydrogen sulphide

total pressure has been observed.

On this basis the follnwing set of reactions has been

proposed.

128 * H2 _ (H2S)2 /1/

CH 3Br + H 2S - (CH3 Br.H 2 S) /2/

CH3 Br + X9 (CHBr-Xa) /3/

a'* (H 2 S)2  -- - C 2s) /4/

*" + (CH 3 r.IiS2)5 (C"3 Br.H 2S)_W /5/

a- + (CH~r'XO) (CH3 Br'Xe)-* /6/



E25

a- (CH3 Br.H 2S)'" + M - Products /7/

a- *(CH 3 8r.Xe) -  + M Products /8/

where M is the total concentration of the molecular compo-

nents. The rate constants for the formation of the double

negative ions have been calculated. They are equal to

(4!2)x10 
1 1 c0 3 molecule-

1 .s 1 for (H2 S)_ and (6!3)x10
2 8

cm6 .molecule 3 .s and (804)xlO cm6 .molecule .5s" for

(CH 3Br-H 2S) and (CH3 Br-Xe)-.molecules. respectively.

Three-body kinetics of electron capture by H2S at low

hydrogen sulphide pressures shows that reaction (4) gives

the stable (H2 S)- dimer ion. which does not decompose as any

such process should lead to hydrogen production, which was

not observed. It is rather striking behaviour as it is un-

likely to other known dimer ions. The observed kinetics

excludes also the electron transfer from (H2S); or (HnSm)"

to CH 3 Br as it would lead to CH4 production and, in consequ-

enaes. independence of G(CH4 ) on CH 3Br concentration In the

CH 3Br-H 2S mixture.

The dependence of the rate of CH4 production on the

([H2S ] + (Xel)term leads to the conclusion that VdW (CH3Br. Xe)

and (CH3 8r.H2S) molecules are responsible for the CH 4 produc-

tion in electrun capture processes by CH3 Br. Otherwise the

unlikely supposition should have been made that the effecti-

veness of Xe and H2 S in stabilizing the excited dimer ion is

nearly equal. If the first statement Is true. the used method
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appears to be a new one to distinguish between Bloch-Brad-

bury and VdW molecules ways of formation of dimer negative

Ions in the case when stabilizing efficiency of the species

differs strongly while the aqUillibrium constants are simi-

lar.
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Reactions of Ion-pair states of C1 2

E. Hlontzopouloa
| and C. Fotakis

t

Institute of Electronic Structure and Laser

Research Center of Crete

P.O. Box 1527, Iraklio, Crete, Greece

Chemiluminescent rea'ctions between the DOI ) ion-pair state

of molecular halogens and noble gas atoms have recently

received great attention (1,21. Fluorescence from this

state and intramolecular energy transfer leading eventually

to the pop ulation of the lowest ion-pair state D'(3 g ) are
2g

competitive to reaction and have been studied in some

detail. The reactivity of the D' state of Br 2 has also been

studied [31. In the present work ion-pair states of Cl 2

having a 'gerade" parity are populated directly and

selectively in a two-photon excitation process from the

ground state, by means of a narrow-band tunable KrF laser.

Evidence for relaxation processes and chemiluminescent

reactions, which are observed in the presence of Ar, Kr and

Xe will be presented and compared to those obtained in

single photon excitation for the D(12 ) halogen state.U

Reaction rates are found to be fast, corresponding to a

magnitude of several times the hard sphere collision cross

sections. This will be interpreted on the basis of a

harpooning mechanism. Finally, data will be presented for

the reaction of Ion-pair states of C12 with various

hydrocarbons.

_ .. . . . . . . . .. . . .. . . ... _ ____ 4
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The association reactions of NO* with NO and N 2 in N2 carrier gas

Rudolf R. Burke' and fan MCLaren ° , LPCE, CNRS, 45071 Orleans Cedex 2
now at PMI, USMG & UA 844 du CNRS, CNS-CNET, BP 98, 38243 MEYLAN CEDEX
now at Department of Chemistry, Howard University, Washington, D.C.20059

The LPCE supersonic flowing afterglow permits the study of

association reactions between 120 and 180 K, and from 0.4 to 0.8 mmHg. For

five temperatures and three pressures, the loss rate of NO* :- dNOt /dt -

kl[NOtiwas measured as a function of NO addition. The pseudo-first-orde,

rate constant is a linear function of INOI with a positive intercept : 0 -

kiN2 + k2 NOINO1. The slope k2 NO yields information on the NO' + NO -

NO+(NO) association and the intercept kiN2 on the NO +  + N 2 -,

NO (N 2 )association (the NO+(N 2 ) cluster is scavenged by the NO+(N2) + NO
NO (NO) + N 2 switch). The energy transfer mechanism (ETM) for association

reactions predicts k2 NO - k3 No[N2I, but the experimental results give k2 NO

IN2 12 8. If third-order is imposed on the data, one obtains k3 NO -
4 x 10-27 (150/T) 8 . 3 molecule - 2 ctn 6 s- 1. Extrapolation to 300 K yields tlia

value reported by Kebarle.

The intercept kiN2 is independent of IN21, whereas the ETM predicts

kNO - kNOIN212 . Furthermore, kiN2 - 6 x 103 s- 1 is iadepctndeniof
temperature. The mechanism proposed to account for the experimental dat4

consists of chemical activation (ca) NO + + N 2 - NO+(N 2 )', and radiative

stabilisation (is) NO+(N2)0 - NO+(N 2 ) + hv in competition with efficient
collisional dissociation (cd) NO+(N 2 )* + N 2 -. NO+ + 2N 2 . Applying the

quasi-stationary-state approximation, one obtains kiN2 krskca/kcd, atid

kiN2 - krsif kca - kcd. This mechanism implies a slow unimolecular
decomposition (ud) NO (N 2 )* - NO + + N 2 with kud << 107 5-1 .
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HOT ATOMS II IOWOSPHERE

I.K.Larin and V.L.Talrose

Institute of Chemical Physics of the Academy of
Sciences of the USSR, Moscow, USSR

Mechanisms and processes of hot atoms formation in

ionosphere and their possible effect on chemical composition of

ionosphere are discussed. The following processes are considered

to be the sources of hot atoms: photodissociation, dissociative

recombination and precipitation of energetic ions of 11+ and 0+

in high-latitudinal and medium-latitudinal ionosphere.

Ir particular it is shown that under conditions of magnetic

storm flows of hot oxygen atoms formed as a result of a charge

transfer of energetic 0+ ions on oxygen atoms, may increase

nitrogen oxide content in upper ionosphere of high latidudes by

3-4 orders as compared with undisturbed conditions.

Possible effect of the processes with hot atoms participation

on ionic composition and total content of charged particles in

ionosphere are analyzed.
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The Chemistry of Sodium in the Mesosphere: Absolute Rates of the

Reactions Na + 03 - > NaO + 02 and NaO + 0 -> Na ( 2Pj, 2
SI / 2 ) + 02

by

J.M.C. Plane, Rosenstiel School of Marine and Atmospheric Science, University

of Miami, 4600 Rickenbacker Causeway, Miami, FL 33149-1098, U.S.A.

D. Ilusain, Department of Physical Chemistry, University of Cambridge,

Lensfield Rd., Cambridge, CB2 IEP, U.K.

P. Marshall, Department of Chemical Engineering and Envirunmental Engineering,

Rensselaer Polytechnic Institute, Troy, NY 12180, U.S.A.

The reactions

Na -0 2  -> aO + 02  kI

0+gNa (32 /) + 0 2  k2a

0 + NaO-

b Na (32 P) + 02  k2b

have long been recognized as important in governing the distribution of atomic

sodium in the 90km region above the earth's atmosphere, as well as the

component of the air-glow emission due to the Na D-line ( X.. 589nm), and

D-line emission in meteoric trails.

Wie present determination of k, and k2 using two different and novel

experimental techniques. Reaction I was investigated by time-resolved atomic

absorption spectroscopy of Na atoms at \ - 589 n., following the pulsed

photolysis of Nal, in an excess of 03 that was monitored simultaneously by

.,!
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Bteady absorption of the lHg line at 253.7 nm. We obtain a value for kI =

+4 -10 3 -1 -1
(4 _2

) 
X 10 cm molecule a at T - 500 K.

The absolute rate constant, k2 , was determined by time-resolved atomic

chemiluminescence at X = 589nm, following reaction 2(b) as a spectroscopic

marker for reaction (2), overall, subsequent to the pulsed photochemical

generation of 0(2 3p ) in the presence of excess NaO.

A flow of a known concentration of NaO was created by mixing together a

flow of N 20 with an excess of Na vapour entrained in a carrier gas from a

heat-pipe oven. The overall rate constant was estimated to be

k2 (. .)XI-10 3 -Is-I
= (3.7 + 0.9) X 10 cm molecule a at T - 573 K,

An upper limit of 0.01 to the branching ratio of reaction (2) was also

obtained, which is a rough estimate but may indicate that mechanisms other

than reaction (2) are responsible for the observed D-line night-glow emission.

4
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Parameters of Activation Barriers for Hydrogen Atom Transfer Reactions from

Curved Arrhenius Plots

H. Furue and P. D. Pacey

Chemistry Department, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4J3

Experimental data on the temperature dependence of the rates of gas phase,

hydrogen atom transfer reactions have been reviewed and assembled.

The following expression, incorporating a factor, K, for tunneling through

an Eckart barrier of effective height Ee and thickness, ASl/2, at half height,

was fitted by least squares methods to the data for each reaction. Here A, Ee

and AS11 2 were

k = KATn exp(-Ee/RT)

adjustable parameters; n was fixed to match the temperature dependence

contributed by other degrees of freedom. For four reactions of CH3 with organic

molecules, values of AS112 were found to be consistently between 0.05 and 0.06 nm.

For reactions of D, 0, F, Cl and CH3 with H2, fitted values of A agreed

within two standard deviations (%20%) with values calculated from ab initio

potential energy surfaces using transition state theory (TST). Similar

agreement (2 to 5 kJ mol "I ) was obtained for effective barrier heights.

It is concluded that TST with a tunnel factor can be applied to such

reactions and that curved Arrhenius plots can provide information about the

barrier to reaction.

a
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MASS SPECTROMETRIC DUTERMINATIOH OF RATE CONSTANTS AND

MECHANISM OF ATOMIC FLUORINE REACTIONS IN GAS PHASE

N.I.Butkovskaya, E.S.Vasiliyev, I.I.Morozov, V.L.Talrose

Institute of Chemical Physics of the Academy of Sciences
of the USSR, Moscow, USSR

Reactions of fluorine atoms have been studied in the

reactor with a diffusion cloud in flow. Reagents and reaction

products, including atoms and free radicals, are directed, as

a modulated molecular beam, to a focused electric or magnetic

field in which particles with magnetic or dipole moments are

focused onto an inlet hole of an ion source of a mass spectro-

meter. In such a way identification of free radicals is

accomplished. It is for the first time that fluorine atoms

have been identified by double-charged ions. Rate constants

of a series of halogen-containing molecules with fluorine

atoms have been determined at a pressure of inert gas of

several torr and a room temperature.

Chemical activity of an atomic fluorine is so high that

it reacts with glass and quartz walls of the reactor, yielding

SiF 4 and 02 into a gas phase. To eliminate this effect a

discharge tube made of synthetic sapphire has been used. In

most of the experiments fluorine atoms have been detected

by the line Me 19.
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KINETIC STUDY BY NASIj SPECTROMETRY OIF THlE RLACTION OF IIYDRlX',iN ATOMS VutFl

ISOBUTANE IN THlE RANGE 295-407 K.

by J.. AWI~lak1, C. LAFAGE, B. MERIAUX, A. TliGi!-bZZA

Univebite des Sciences et Tehriqus de Lille, Floridre.- Artois

Laboatoire de Citietique et Chimie de la Coiebustiori. UA 67RS8'/

5)')b~ VILLENEUVE WJASCQ ce.dex (France)

If the treaction of hydrogen atoms with alkdmec ha- been laiS,.1y

investigatud, only few studies have been devoted to the reacton of hydrogeen

atorne with juobutane. The rate constanit for this teaction h-~ b-ni e-sertiaily

wej~uru~j by mini oct methods involving the addition of isobutanoi to a reac tinlg

ii, 0) tiysteri (1, 2) or inveStigating tiie Ldielylsis Of ibubtan [i opy lene

lhe pieaeit paper describe, d s tudy uaing adihrg flow sy~tern

coupled to a 1uidrupule miss ap- i oriuetey in order to madke a dIL--ii

measur eieit of the rate :onstant by monitoiIng the decay tit 11 atomsi with t ire,

and to propoac a me':hdnismt froem the analysis of reaction pr-odu~ts.

E XPER IMENT AL

All experiments were carried out using a conventlonnal dibcharge--ilow

systean coupled to a modulated molecular beamo-mass -:pec;tiretici saimplime,

technique (4) A pyrex tube (2.4 cm internal dianreter and bO cm length) w.,

used as: isothermal fast flow reac-tor. It was thetmostatted by an oil Jacket

making constant to t 2K the temperature along the heated zone.

hlydro!gen aloms; were produc-ed by a 245 MEz mli iowave discharge in) H.

highly diluted lit Ile in a side tube Ifhe fli flow pa-uaed a iqbuib nitrogen trap

to freetia-ec tt wate-r.



E32

All -surfaces. exposed to H atoms were coated with arthophosphoric acid

in order to reduce heterogeneous recombinations. Kass spectrometric calibration

of 11 atom,, was determined by the measurement of the extent of tile IL, - t~o - H

-unv-'t ,in irkd/or by titration with NO-.

1--obutane (putrity 99.95%) was introduced into the reactor through an

injector terminated by d multiltole sphere. The inject-Jr could be moved along

tHie axis of the flow reactor, var ying the reaction time which was calculite-d

lroi thte mbeasured flow r ates using the assumption of plug flow.

the temperatur of tile Fases was measured by ineans a chromel-alutfiel

thermoc oupl, mounted ir the tip of the moveable injector. Flow rates of

difiutett loactants were meusured by calibrated m,.s- flow .Daktollers Tile

II - -~ut u-ii the f low I rho was esue upstream by a apa., i tUnA, rrnl:,tor

I he I in.3ar now veic.r t-j it, tite reactor was eet at 2brt.)ti, ati" t

RESUI.TATS AND DISCUSSION

Ii- rac-tilort kA t-/, hydrogen atom-s and i ctlltun ie ha~ noun

irrve-tigat-d under pseudo -first, or-der conditions with iklY. - u i --~lIover

the t. -mpt.ur tre range oLit -4Y K, At 295 ± 2L. the jritial .:otrcenttt.In )It

)I atomils ran;,ted from 1, 3.-lU to t.25. 101 atom-s/cm ,while the Initial

con-mittation of i-Cd ranged from 1,50 to 3.10''0 molecules/cm . Tire

ratio R~(-~l,.(l- was varied between 16 and 2665. Results obtained at

room temperature (flg.i1 show ari increase of the overall rate -onstant k tor

the lower values of thle ratio R. For R higher titan about 80. it tends to a

constant value equal to 2,2 1 0,4.10 - cm Imoiecule.s at 295 t 2K. Such a

behavior of it as a function of the ratio (-Cil.) H..indicates the

occurett.e-ins -m o ast sqecotdar y reacion of H atom with produtiS of the iitial

and lot i!-;,rrndjt y atepin tl-ffU. i k., I.-t?. A mechaniLsm iz proposUeJ to itter pr et

.te I. ire tiott if alta iyze I' .e ,r-L os oti - h -ompuer - rtttuIt rtt o t '31 he
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value~. of the rate conl-3111it ut U" 1 t0-
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Kinetics of Some Gas Phase Muonium Addition Reactions

Between 155 and 500K

D.M. Garner, M. Senba, I.D. Reid, D.G. Fleming, D.J. Arseneau,
R.J. Mikula, and L. Lee, TRIUMF and the Department of Chemistry,
4004 Wesbrook Mall, Vancouver, B. C. CANADA, V6T 2A3.

It is well established that the chemical behaviour of

muonium (Mu), the neutral atom consisting of an electron bound to

a positive muon, is that of a light isotope of hydrogen with an

atomic mass of only 0.114 amu. We report here the bimolecular

rate constants for Mu addition to ethylene, fully deuterated

ethylene, propene, actylene, propyne, allene, acetone vapour,

carbon monoxide and sulfur dioxide from about 500K to 155K (or

the temperature of limiting vapour pressure of the reagent in

some cases). All measurements were carried out above the high

pressure limit in nitrogen moderator, typically at 800 torr. No

pressure dependence was detected in the rate constants at

moderator pressures from 500 - 1500 torr.

The data presented in the figures are the results of

preliminary analysis, except for the ethylene and ethylene-D4

data which have undergone final data analysis. Final data

analysis will have the effect of reducing the error bars in most

cases. The lines are not fits, but are simply sketched in to

guide the eye. Data for the Mu addition reactions with benzene

and 2,3-dimethyl butadiene from an earlier study (Garner,

Roduner, et al., unpublished) are included in the figures for

comparison.

The dominant features of the data are:
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1. Strong Arrhenius plot curvature in the unsaturated

hydrocarbon reactions, interpreted as evidence for strong

quantum tunnelling in the Mu reactions.

2. The lack of any strong secondary isotope effect in the

ethylene versus fully deuterated ethylene data, consistent

with the experimental data of Sugawara et al. for the

analogous H atom addition reactions. However, a slight

secondary isotope effect appears to be indicated with the

ethylene-D4 rate constants greater than those for ethylene at

high temperature probably due to the difference in

vibrational partition functions; conversely, at low

temperature addition to ethylene-D4 is slower than ethylene

possibly due to the suppression of quantum tunnelling due an

increase in reduced mass.

3. Almost perfect overlap over the whole temperature range for

the rate constants for Mu addition to the isomers propyne and

allene despite the naive expectation the the allene reaction

would be faster due to the availability of an extra addition

site and £ntropy considerations.

4. A negative activation energy in the CO reaction and in the

low temperature acetone and S02 reactions.

5. A strong break in the S02 and acetone data, possibly

indicative of a two component branching ratio indicative of

Mu addition to 0 versus Mu addition to C or S.

We expect to present the results of the final data analysis at

the conference.
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Rate Constant Measurement$ for the Reactions of Ground State
Atomic Oxygen with Tetramethylethylene, 299KIT1I005K, and

Isobutene, 296KT<OgK

by

J. F. Smalley, R. Bruce Klen and Fred L. Nesbitt
brookhaven National Laboratory
Upton, le York 11973 (USA)

The title reactions were studied by the method of flash photolysis-resonance

fluorescence. For each reaction, the photolytic source of O(3P) atoms was 02

between room temperature and -500K while NO was the photolytic source of these

atoms at higher temperatures.

In previous studies of the reaction of O(3p) atoms with

tetramethylethylene(THE) between room temperature and -500K,
1
'
2  

the rate

constant was shown to decrease with increasing temperature. The results of the

present study confirm this behavior. However, at the higher temperatures

attained in the present study, the rate constants for this reaction first became

constant between about 550 and 770K and they then began to increase at the

highest temperatures (see the figure labeled THE). The curve in this figure is a

,it of the bimolecular rate constant (k(THE)) data to the following sum of

exponementials expression:

k(THE) - (1.83+0.01 x 10-11 cm
3
-moleculel-s-l)exp (4.3440.02 x 10

2
K/T)+

(1.7140.24 x 10-
1
0 c0

3
-solecule'l-a'l)exp (-2.0540.08 x I0

3
K/T) (1)

It is apparent from this figure that eq. I is an excellent representation of this

data.

Similarly, the rate constants for the reaction of 0(3p) atoms with isobutene

also decrease with increasing temperature for T(500K and increase with increasing

temperature for T>SOOK (see the figure labeled ISOBUTENE). The following sum of

exponentials expression (see the curve in this figure) also provides an excellent
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fit of the blmolecular rate constant data for lsobutenet

k(lsobutene) - (1.2040.01 x 10- 11 cm3-moIeculesl-s'l)exp (1.25+0.01 x 102K/T)

+ (8.09+1.13 x 10-10 cm3-molecule-l-asl)exp (-3.7240.O0 x 103K/T)(2)

The present rate data for the title reactions vill be compared to the

results of previous studies. Possible reasons for the anomolous behavior of the

rate conutants for these reactions will be discussed.

1. Davis, D. D.; Hula, R. 9,1 Herrong J. T. J. Chem. Phys. 1972. 59 628.

2. Singleton, D. L.; Furuyama, S.; Cvetanovic1 , R. J.; Irvin, R. S. J. Chem.
Phys. 1975, 63, 1003.

This work was supported by the Division of Chemical Sciences, U.S. Department of
Energy, Washington, DC, under contract No. ACO2-76Ci00016.
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A DISCHARGE FLOW-MASS SPECTROMETRY STUDY

OF THE RATES OF THE REACTIONS OF

DIACETYLENE WITH ATOMIC OXYGEN AND ATOMIC CHLORINE

H. Mitchell, J. Brunning, W. Payne and L. Stief

ASTROCHEMISTRY BRANCH, LABORATORY FOR EXTRATERRESTRIAL PHYSICS

NASA/GODDARD SPACE FLIGHT CENTER, GREENBELT, MD 20771, USA

The reactions of diacetylene (C4 H2 ) with atomic species are

of interest for several reasons. Comparison of rate data for

this molecule with the more extensive data for acetylene (C2H 2)

may contribute to our understanding of the factors which control

the kinetics of the addition of atoms to the carbon-carbon triple

bond. The reactions of H and 0 (3P) with C4H2 are important for

models of the atmosphere of Titan, a satellite of the planet

Jupiter, and for their roles in the combustion of acetylene.

The rate constants for the reactions 0( 3 P) + C4H2 (1) and C1

+ C4 H2 (2) have been determined at 298 K using a discharge flow
1

system with collision-free sampling to a mass spectrometer. The

total pressure in the flow tube was approximately 1 Torr (He) and

the flow velocity was typically 2000 cm3 s - . The rate constants

were determined by monitoring the decay of C4 H2 in excess 0(3 P)

or Cl. The experiments were carried out under pseudo first-order

conditions; the ratio EO] to (C4 H2 ] varied from 10 to 75 while

m -- I I (I l mmmmmm • 4
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that for (C13 to CC 4H2] ranged from 2 to 15. Small corrections

were made to allow for depletion of the atomic species during the

course of the reaction and for axial diffusion of C4 H2 in the He

carrier gas. The result for 0( 3P) + C4 H2 is kI = (1.49 ± 0.17) x

10 -12 cm 3 -1 (1 a). This is in good agreement with our

previous result based on the decay of 0(0P) in a flash

photolysis-resonance fluorescence experiment. 2 It is also in good

agreement with the results of Niki and Weinstock,3 but not with

the results of Homann et al 4 and Homann and Wellmann5 which are

respectively 50% and 80% larger.

The result for Cl + C4H2 is k2 = (4.90 + 0.92) x 10 -II cm3

-1
s (1 ). This study represents the first determination of k2

and the result will be compared with our results for the,

analogous C1 + C2H2 reaction.
6  Similar comparisons will also be

made for the reactions of 0 (3 P), H and OH with 2H2 and

The role of the reactions of C4H2 with atomic species in the

photochemistry or aeronomy of the atmosphere of Titan will be

briefly discussed.

References

1. J. Brunning and L. J. Stief, J. Chem. Phys., 84, 4371 (1986).

2. M. B. Mitchell, D. F. Nava and L. J. Stief, J. Chem. Phys.

(submitted, 1986).
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Reaction of 0( P) + Sill 4 in the Gas Phase

0. Ioriea, P. Potzinger, and B. Reimann

Mtax-Planck-Institut fur Strahlenchemie, D-4330 M0lheim/Ruhr, F.R.G.

a Present address: Max-Planck-lnstitut filr Chemic, D-6500 Mainz, F.R.G.

Two kinetic studies 1,2 have been published so far for reaction (1).

Sill4 + O( P) - products (1)

However, the nature of the elementary step remains unclear.

In a recent publication we have shown that the reaction of

(CI13 ) 3 Sill with O(P) proceeds via II abstraction with
-12 3 -1Ik (298 k) = (2.6 - 0.3) x 10- cm s . Smaller rate constants

have been measured for reaction (1), namely 4.8 x 10- 
13cms - 1

(ref.) and 3.3 x 10- 1 3 cm 3s -1 (ref.2), although the Si-l bond

dissociation energies in silane and trimethylsilane are very

similar4 . This suggests either that different primary processes

are operating in both cases or that If abstraction by 0 atoms is

not a direct process. A matrix isolation study5 revealed that

insertion of 0 into the Si-I bond of Sill 4 is an important primary

step under these conditions.

Using a discharge flow system coupled to a mass spectrometric

detection system3 , absolute rate constants for reaction (1) were

measured and stable reaction products determined. With

1010 >> (Sill 4 ] 0 or [SiD4 ] o (at least 70 fold excess), the silane
decay was exponential, yielding

-13 3 -1k (O+Sill4 ) = (2.1 - 0.4) x 10- cm ,

k (O+SiD 4 ) = (7.4 0 (.4) x 10- 14cm3s -



E36

112, Si 2Il6 , and 1120 were detected as stable reaction products.

When the silane concentration was raised such that

00o/[Sill4)0 S 50, the system became increasingly complex.
Non-exponential silane decays and 0 atom consumptions of up to

20 atoms per Sill4 molecule were observed.

In static experiments using mercury sensitized N2 0 photolysis

as a source of atomic oxygen the same products as in the flow

system were found. 112 formation could be completely suppressed

upon adding NO.

Of the three most likely primary processes

0 + Sill 4  Off + Sill 3  (la)

- 11 0 + Sill 2  (lb)

- IlSiOll + If2  (Ic)

(1c) can be dismissed owing to the fact that 112 formation is

apparently a secondary reaction. A detailed analysis shows that

most experimental results can be explained by (1a); the Si 2If6

yield suggests that step (1h) contributes a maximum of 15% to

the overall reaction.

The large isotope effect and the fact that the rate constant de-

creases from (CII3 )3Sill to Sill4 both suggest that (la) is not a

direct abstraction reaction but proceeds rather via a complex,

(Si1l401, that subsequently decomposes into Ofl + Sill3, to a minor

extent into 1120 + Sill2 , and back to 0 + Sill 4 .

References

1) Atkinson, R. ; Pitts, Jr., J.N.;
Int. J. Chem. Kinet. 1978, 10, 1151

2) Mkrian, T.G.; Sarkissian, E.N.; Arutyunian, S.A.;
Arm. Khim. Zh. 1981, 34, 3

3) lfoffmeyer, 11.; Horie, 0.; Potzinger, P.; Reimann, B.;
J. Phys. Chem. 1985, 89, 3261

4) Walsh, R.;
Acc. Chem. Res. 1981, 14, 246

5) Withnall , R.; Andrews, L.;
1. Phlys. (Cheo. , 1 19R5, 119, 326
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Rate Constant for the Reaction of O(3p) with I-Butene;
300<T< 900K

by

R. Bruce Klemm, Fred L. Nesbitt and John F. Smalley

Brookhaven National Laboratory
Upton, New York 11973 (USA)

The kinetics of the elementary reaction of ground state atomic oxygen with

1-butene, 0(3p) + 1-C4H8 --- products, (I)

was studied using both the discharge flow-resonance fluorescence (DF-RF) method

and the flash photolysis-resonance fluorescence (FP-RF) method. The FP-RF

investigation was quite extensive and covered the entire temperature range from

298K to 875K. The photolytic source of 0(
3
p)atoma in the FP-RF experiments was

02 at temperatures between ambient and -5OOK; at tempertures above 500K, NO

was utilized.' DF-RF experiments were performed at only two temperatures, 294K

and 453K. In the range of temperature overlap, the DF-RF results are in

reasonably good agreement with those from the FP-RF study although they are

consistently lower by about 10-20Z.

This study has attained the highest temperature to date for measuring the

rate constant, kl(T), for reaction (1). The previous observation that kl(T)

increases very gradually with temperature and displays definiLe non-Arrhenius

behavior was confirmed in the present study as. is shown in the figure. The

combined data from eight FP-RF sets and two DF-RF sets were fitted to a sum of

exponentials expression to yield:

kl(T) - (l.3140.07)xIO-llexp(-359420/T)

+ (5.98_O.29)xO
1
"l0exp(-361843/T),

where the units are cm3 molecules
-
Is and the exponential term Is in degrees

Kelvin. This expression is represented in the figure as a solid line. It is

-- w rlm m m mmm m m m ( mmm4
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noted that the highest temperature point, at 942K, to above the extrapolation

of this expression. This result remains uncertain even though the operating

parameters of flash energy, prelixture flow rate, total pressure and isobutene

concentration were all varied extensively. Finally, over the common

temperature range (298-821K), the agreement of the present results with those

reported by Perry
2 

is remarkable.

The present kinetic data for reaction (1) are thoroughly compared with

previous results and the temperature dependeuce of kl(T) is contrasted to the

rate constant for the reaction of O(3p) with ethylene.

References

1. H. H. Grotheer, F. L. Nesbitt and R. B. Klemm, J. Phys. Chem. 90, 2512

(1986).

2. R. A. Perry, private communication.

This work was supported by the Division of Chemical Sciences, U.S. Department

of Energy, Washington, DC, under contract No. ACO2-76CH00016.
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Direct Measurements of the Reactions NH,+H, * NH,+H

at Temperatures from 670 to 1000 K

W. Hack and P. Rouveirolles

Max-Planck-Institut fUr Str6mungsforschung

Bunsenstr. 10, D-3400 Gbttingen / West Germany

The Nit, radical reactions and the H atom reactions at high temperatures

are both of theoretical and applied interest in the chemistry of ammonia

combustion. ) The knowledge of the Arrhenius parameters of the reaction

'Nl,2 + 11-2 NHl++11 (+ )

and the reverse reaction

H + Ni, -H N + H. (-1)

enables a direct determination of the H,N-H bond energy in Ni,

The rates of the reaction (1) and (-) were measured independently in a

discharge flow system. k,(T) and k-,(T) were obtained in the temperature

range 673ST/KS1003 at a pressure of p-4mbar . The main carrier gas

was Helium. The surface of the quartz reactor was heated via two coaxial

silver cylinders. The NH, radicals were produced in the fast reaction

F+NH, - NH,+HF , where the H atoms were obtained in a discharge of H,/He

mixture. Pseudo-first order conditions rHjO >>NH,]0 and [NH 0>>IH) 0
were applied; the INH.] radical profiles were measured with laser-induced

fluorescence and the IH atom profiles were followed by Lyman a-absorption.

Gases with highest commercially available purity were used, where F,

and H, were further purified by liquid N. and/or without NaP traps, re-

spectively.

The first-order rate constants were obtained from the slopes t(ln[NH,/

(NH, 0)/At and A In[lI/(H 0o t , respectively. The heterogeneous react-

ions (kw(N11,), kW(H)) , which determine the NH, and H1 depletion in the

absence of reactant, were followed independently for all experimental con-

dit ions.
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At the experimental conditions (6"106I HJ 0 /[NHJ 0 15-103 ) and

(2.6oO1:
5
[NH3 o /jH] 522*103) the stoichiometric factors were found to be

close to unity, although NH3 and H. were present in the system from the

NH2  and H atom source, respectively.

The measurements for reaction (1) were done at 13 different temperatures.

The temperature dependence of the rate constant obeyed an Arrhenius behavi-

our. The Arrhenius parameters:

ki(T) - 3.6.1012 exp(-(38±3) k moI-F/RT) cm
2 

mol
-
1 s

-
'

were deduced from least squares treatments of the bimolecular rate constants,

obtained from the plots of the first order rate constants against the reac-

tant concentrations for each temperature, corrected with the stoichiometric

factors.

The rate of reaction (-1) was measured at 7 different temperatures in

the temperature range 673 T/K lO03 . The following Arrhenius expression:

k_l(T) - 8.1+10's exp(-(60.9±4) kJ mol-'/RT) cm' mol
-1 

s-1

was obtained with the procedure, described above. No curvature was observed

in the Arrhenius plot k_ (T) versus I/T .

The Arrhenius expressions k (T) and k (T) , obtained in this study,

are in fair agreement with earlier determinations by DEHISSY and LESCLAUX
-

and MICIAEL et al.,
3) 

respectively.

The bond energy D(82N-H) has been determined either from the mea-

sured activation energies E and EA-, via:

Al*(Tmean) - EA - EA-i - DT (H-H) - DT (HN-H)
1mean mean

where AH&(T mean) is the enthalpy of the reaction at a mean temperature

Tmean , and DT(H-H) and DT(H2N-H) are the dissociation energies at

that temperature, or via the equilibrium constant K (T):P

-RT In K p(T) = AiH*(T - TAS*(T) - DT(H-H)-DT(HN-1)

Both methods give as a result:

D2 9 8K(HS-11) - 455 kJ mol
-
1
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and the enthalpy of formation of NH2

AllifNH, (298K) = 192 kJ t-o'-

The bond dissociation energy D298K(H1,N-H) lies at the limit Of the data,

reported in the literature and supports the recommendation of BENSON.

1) R. Lesclaux: Reviews of Chemical Intermediates, 5,.347 (1984).

2) M. Demissy and R. Lesclaux: J.Am.Chem.Soc., 102, 2897 (1980).

3) J.V. Michael, J.W. Sutherland, and R.B. Klemm: J.Phys.Chem. 90, 497

(1986).

4) S.W. Bencon: "Thermochemical Kinetics" 2
nd 

Ed. A. IWiley-Interscience

Publication, 1976.
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Laser Studies of Gallium Atom Reaction Kinetics. S.A. Mitchell,

P.A. Hackett, D.M. Rayner, and M. Cantin. Laser Chemistry Group,

Division of Chemistry, National Research Council Canada, 100 Sussex

Drive, Ottawa, Ontario KIA OR6 Canada

Ground state Ga(4p' 2p11 2) atoms are produced by visible

multiphoton dissociation of trimethylgallium and monitored by resonance

fluorescence excitation in a pump and probe arrangement. The time

dependence of the Ga concentration is observed by scanning the delay

time between the pump and probe dye laser pulses. Reactions with CF3 X

(X = F, Cl, Br, 1), SF6, C2F4, N20, 22 , C2H,, I-C4H 8 (1-butene), and

Ga(CH 3 )3 are studied under pseudo first-order conditions in a gas cell

at room temperature. In most but not all cases an equilibrium is

preserved between ground state Ga(4 2p1,2) and metastable Ga(4 2P3/ 2 )

(excitation energy 826 cm-1 ) atoms. Abstraction and association

reactions are observed and characterized with respect to Ar buffer gas

pressure dependence.

For several of the association reactions an equilibration is

observed between free Ga atoms and Ga atoms bound in complexes with the

reactant molecules. A simple kinetic analysis is used to evaluate

equilibrium constants from series of Ga decay traces at different

pressures of reactant. From these equilibrium constants and estimated

partition functions, approximate gallium atom binding energies

(kcal.mol - 1) are obtained for C2H (9W2), I-CH 8 (9±2), and Ga(CH 3 )3

(14±2). Bimolecular and termolecular rate constants will be reported

and discussed in relation to reaction products and mechanisms.
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REACTION KINETICS OF GAS-PHASE BORON ATOMS AND BORON MONOXIDE WITH OXYGEN

Richard C. Oldenborg and Steven L. Baughcum. Chemistry Division, Los Alamos
National Laboratory, Los Alamos, NM 87545

The volatile boron-containIng compound, BC1 3 , is photolyzed In a

multiple-photon process using a rare gas-halide excimer laser operating at

193 nm (ArF) to provide an essentially instantaneous source of boron atoms.

The boron atoms are produced in a reactive environment containing a known

concentration of 02 in an excess of argon diluent and at a controlled tempera-

ture (298 to 1300 K). The rate of oxidation of the atomic boron to BO,

a + 0-2 k> BO +O (I

and the subsequent oxidation of BO,

BO + 0 - > 802 + 0 (2)

are studied by examining the temporal histories of the boron-containing spe-

cies (B, BO, and B02) using laser-induced fluorescence (LIF) and chemilumi-

nescent techniques.

The depletion of B atoms under our experimental conditions is due primar-

ily to two reactions, namely Reaction (I) with 02 and the reaction with

undissociated BCI:, precursor molecules,

k
B + BCI3 --I> BCl - 3CI 2 .(3)
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The rate constant ki is obtained from the slope of plots of the B atom decay

rate v3 02 pressure and has been measured over the 298-1180 K range. No

change in this rate constant is observed with variation in the Ar diluent

pressure from 2.5 to 200 torr. The rate constant is large over the entire

temperature range, and increases slightly at elevated temperatures. The data

have been fit to both an Arrhenius expression and a Tn-type function. The

results are, respectively,

k I(T) - (1.19 t 0.04) x 10
-10 

exp(-158 ± 13/T) cm
3 

molecule
-
I s

-
I

and

k (T) - (1.00 ± 0.02) x 10
10 

(T/1000)
0
.
29 0

.
02 

cm
3 
molecule- a5

1

Neither form Is obviously a better representation of the data. The

temperature dependence of this rate constant is consistent with the results of

FontiJn, Felder, and Houghton tor the analogous Al * 02 reaction.

By studying the depletion of the atomic B in the absence of 02 as a func-

tion of BCI 3 concentration, we obtain a room-temperature rate constant

k3 (298 K) - (8.5 ± 0.9) x 10
- 1
i cm

3 
molecule

-1 
s-

1 . 
To our knowledge, no

previous measurements or this rate constant exist.

The depletion of BO under our experimental conditions appears to be

entirely due to the reaction with 02. In contrast to the B removal data, a

matic change in this rate constant is observed with changes In diluent

pressure. The rate constant increases rapidly with Ar pressure at low pres-

sures, but is essentially Independent of diluent pressure above 25 torr. The

limiting value at high pressures is (2.4 ± 0.2) x 10
- 1 

cm
3 
molecule

- 
s
-1 .

This pressure dependence iS clearly inconsistent with the simple direct atom-

transfer reaction mechanism between BO and 02. Rather, it suggests that this

Thispressuredependence_14_clearlyInconsistentwiththesimple_________ t
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This pressure dependence Is clearly inconsistent with the simple direct atom-

transfer reaction mechanism between 80 and 02. Rather, it suggests that this

is not a simple elementary reaction and may involve a stable intermediate. Our

SCF/Cl molecular orbital calculations show that an OB02 intermediate complex

has a potential energy relative to reactants of -57 keal/mole. This suggests

a reaction mechanism analogous to that proposed for the OH + CO reaction,

where collisions can stabilize the energized HOCO* intermediate making the

overall rate constant pressure dependent. Expanding Reaction (2) in this way

yields,

.a>

804+0 c- 0130'--- B0 4,02 d 2 2

2

The pressure dependent data are well fit by this expanded model, and the re-

sulting fit parameters imply that the stabilized 0802 is the primary product

of the 60 reaction with 02 at all Ar pressures employed in our experiments

(2.5-250 torr).

The temperature dependence of the BO removal rate constant by 02 at high

diluent pressures (Ar a 8 x I017 molecules/cc) has also been investigated in

the 298-1180 K range. The rate constant shows non-Arrhentus behavior and

decreases with increasing temperature, which Is consistent with a termolecular

reaction to form a 0802 product. The data is best fit by a T-n - type func-

tion with a small activation barrier in the entrance channel,

k 2 (T) - (1.7 ± 0.4) x 10- 1(7l100)-2"230O5exp(-7T6 t 288/T) cm3molecule-I a- .
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PULSED LASER PHOTOLYSIS STUDY OF THE O.CIO REACTION

J. M. Nicovich, P. H. Wine and Ai_. AAxiibnAjka*,
Molecular Sciences Branch, Georgia Tech Research Institute,
Georgia Institute of Technology, Atlanta, GA 30332

*Present address: Aeronomy Laboratory, MOAA-R/E/AL2,
325 Broadway. Boulder, CO 80303

Recently. we reported on the development of a pulsed laser

photolysis technique for studying the kinetics of radical-

radical reactions at pressures up to one atmosphere and

application of the technique to the 0 + H02 reaction [A. R.

Ravishankara, P. H. Wine, and J. H. Nicovich, J. Chem. Phys. LA,

6629 (1983)]. We have employed an extension of the same

approach to investigate the temperature and pressure dependence
of kj•

0 + CIO'-"-Cl * 02 
(1)

A C1 2 /0 3 mixture was photolyzed at 351 am (XeF laser) to produce

Cl atoms in excess over 03. After allowing sufficient time for

reaction (2) to LLALf 03 to CIO, a small fraction (typically

3%) of the CIO was photolyzed at 266 nm to produce O(3P). The

decay of O(3p) in the presence of (a known concentration of) CIO

was followed by time resolved resonance fluorescence

spectroscopy. Two important aspects of the experimental

approach are 1) small spatial non-uniformities in the 351 nm

laser beam have no effect on the CIO concentration (as long as

Cl atoms are in excess) and 2) the O(3p) signal strength

immediately after the 266 nm laser fires can be related to the

CIO concentration.

Our results are summarized in Table I. Reported rate

constants were obtained from the slopes of plots of pseudo-first

order O( 3P) decay rate (ki ) versus CIO concentration. Each

reported rate constant determination involved the measurement of

5-8 O(3p) temporal profiles. Within experimental uncertainty.

exponential O(3p) decays and linear dependencies of k' on [CIO)

w ere observed under all experimental conditions although, as

discussed below, small systematic deviations from exponential

.4
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behavior and linear k' versus (CIO) behavior were expected, and

were accounted for in the data analysis.

The "uncorrected" rate constants in Table I were cbtained

using measured pseudo-first order rate constants and CIO

concentrations determined from the relationship

(ClOl - 03Jo(i-x) (2)

where x is the fraction of CIO photolyzed by the 266 nm laser

and (0310 is the ozone concentration before the XeF laser fired.

To obtain the "corrected" rate constants in Table I, k' values

were corrected for slight deviations from strict pseudo-first

order behavior (these corrections seldom exceeded I) and CIo

concentrations were corrected for loss of CIO during the time

period between CIO formation and the 266 nm laser pulse. CIO

loss was observed to be second order and, therefore, due to the

CO + CIO reaction. CIO removal was investigated by monitoring

the dependence of fluorescence signal intensity and k' on the

time delay between the two lasers. For P C 50 Torr and T>,

298K, very little CIO loss occurred on the time scale of our

experiments. However, at lower temperatures and higher

pressures CIO removal became much more rapid and rather large

corrections to the CIO concentration obtained from equation (2)

were required.

Our results show that k1 is independent of pressure but

increases with decreasing temperature. A weighted linear least

squares analysis of the In k l versus li/T data gives the

Arrbenius expression kl(T) - (J.61+0.33)xlO-1 1 exp[(255+60)/T

cm3molecule-1s -a. This expression gives a value of 3.79x10-
1 1 cm 3 molecule-ls-1 for kl(298K), in good agreement with the four

recent discharge flow studies. However, our results suggest

that, at stratospheric temperatures, chlorine catalyzed ozone

destruction may be somewbat more efficient than previously

thought.

This work was supported by The Fluorocarbon Program Panel of

the Chemical Manufacturers Association.
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TABLE 1: Summary of kideterminationl.(

Temperature Pressure k XlOl' (uncorrtctd) k x10'
1
l(correcjedj

(ic) (Torr) ~cc molecule a 1) cc molecule a)

231 25 4.64+0.16 4.99+0.17

238 25 4.25+0.43 4.4740.43

252 200 3.10+0.22 3.72+0.24

255 25 4.15+0.20 4.42.0.20
255 200 3.25;0.20 3.76+0.28

257 25 3.86+0.15 4.10+0.11
257 25 4.30+0.15 4.4770.19

275 25 3.9440.17 4.10+0.16

298 15 3.73-+0.28 3.79+0.27
298 15 4.17+0.10 4.3170.12
298 25 3.55+0.21 3.61+0.21
298 25 3.4770.25 3.59+0.25

298 25 3.51;D.14 3.62+0.13
298 25 3.87+0.36 3.93+0.36
298 25 3.89;0.15 4.07+;0.17
298 50 3.9170.23 4.06+;0.24
298 50 3.62+0.15 3.907+0.11
298 s0 3.70+0.12 3.89+T0.14
298 50 3.53+.19 3.74+01
298 50 3.76+0.16 3.97+0.14
298 100 3.73;0.68 3.95+0.67
298 200 3.39+0.27 3.62+0.24
298 200 3.39+0.28 3.62+0.31
298 200 3.55+0.12 3.72-+0.13
298 500 3.18-0.16 3.8070.12

338 25 3.16+0.60 3.26+0.12

359 200 2.99+0.14 3.09+0.15

360 25 2.89+0.13 2.96+0.12

367 25 3.35+0.13 3.44.0.13

(a) 1rrrors are 2r ad represent precision only.
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"The kinetics of C1O decay and spectroscopy of species formed."

R.A.Co:, J.M.Davies and G.D.Hayman
Environmental and Medical Sciences Division,
A.E.R.E. Harwell,
O::on.,OX1l ORA.
England.

The role of CIO in the catalysis of O decomposition in the
stratosphere has been recognised since 1974 and the rate constants
for the reactions involved in the ClOx catalytic cycle have been
determined with good precision. In the present day stratosphere,
the catalytic efficiency of the C10x cycle has been reduced due to
the coupling with the NOx chemistry. In a possible future 'high
chlorine scenario', the concentration of chlorine containing
species will be higher and many reactions of minor significance now
may become important.

Despite the wealth of data available on the reactions of
CIO, there is considerable uncertainty in the rate constants for
its bimolecular and termolecular self-reactions (1-4). This program
was undertaken to remove some of the uncertainty.

CIO + CID ---- > Cl. + O ...... (1)

.... > Cl + CIO0 ...... (2)

....> Cl + OCIO ...... (3)

- -> CIO, ...... (4,-4)

The kinetic experiments were performed by using a molecular
modulation technique. CIO was produced by photolysis of Cl. in
mixtures either with 0= or with Ox and N=. Total pressures from
2 to 760 torr were used at given temperatures in the range 268 to
738 K. The formation and decay of the CIO radical were followed
by monitoring its ultraviolet absorption at 277.2 nm, corresponding
to the 11-0 vibrational band of the A-X electronic transition.

On photolysis of Cl, CID was produced and reached a steady
state concentration when its production and decay rates were equal.
When the photolysis ceased, the CID radicals decayed, but at a
slower rate. In both* cases, the decays were second order with
respect to CIO. In the "light-on' phase of the modulation cycle,
there was a high concentration oF Cl atoms present which scavenged
CIO. very efficiently through reaction (5). When the photolysis

CI:O + Cl ---- > CI.O + ClOD ...... (5)

stopped, the Cl atom concentration dropped rapidly so that the back
thermal decomposition reaction (-4) of the dimer became significant
leading to a slower net removal of CID.
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The observed bimolecular rate constants for the decay of CIO
were plotted as a function of pressure at a fi;:ed temperature as
shown in figure I. At low total pressures, the plots are linear.
Due to the complication introduced by reaction (-4) in the
'light-off' period, the analysis concentrated on the rate constants
governing the rise to and establishment of the steady state. The
temperature dependences of the slope and intercept obtained from
'light-on' decays yielded the following e;:pressions.

l: o = (2.1 )::10 - ' e,::P[( 312±215)/T] cml molecule
-

0 s-1

= (1.4 )xlO
-  

e}:p[(-l644±4"0)/T] cjni molecule
-
I s

-
1

The slope of the plots of the observed rate constant versus
the total pressure can be tentatively assigned to the termolecular
rate constant, 1:.. The zero pressure intercept is the sum of the
rate constants for the effective bimolecular reactions removing
Cl 0.

Complementary to the kinetic ex:periments, spectroscopic
studies were undertaken in an attempt to record the ultraviolet
absorption spectrum of Cl20=.

The apparatu1s used in the kinetic experiments was modified
to allow mi:;tures to flow through the reaction vessel. Ultraviolet
absorption spectra were recorded using a diode array camera which
allowed intensities in the wavelength range from 220 to 300 nm to
be sampled simultaneously. Three systems were chosen for study.

(1) CI. /0z(0=)/N=

(2) ClO/CI= /N=

(3) OC0O/NZ

In each case, the differences in absorption with and without
photolysis were obtained. After correction for the characteristic
absorptions due to Om, OCI0 etc and the C10 produced by photolysis,
a residual absorption was seen in all three systems (Figure 2).
The absorption, which became stronger as the temperature was
reduced, is similar to CIOO, but is shifted some 10 nm to the blue.
The most conclusive evidence for assigning the spectrum to Cl0=
was the dependence of the absorption on the square of the [CIO].
In the three systems used, the Cl atom concentration was kept low
by the presence of an efficient scavenger (0, CI=U. or OC0).
This allowed the equilibrium between CIO and CI=O. to become
established and for high concentrations of the dimer to be produced
in contrast to the kinetic experiments.

Current and future work will concentrate on quantifying the
absorption spectrum to obtain cross-sections for the dimer in this

wavelength region.
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KINETIC STUDY OF THE REACTIONS OF N20 5

WITH OH, HO2, Cl and CIO

A. Mellouki, G. Poulet and G. Le Bras

Centre de Recherches sur la Chimie de la Combustion

et des Hautes Temperatures

C.N.R.S.

45071 Orleans Cedex 2 - France

Recently, N20 5 has been detected in the stratosphere (I) at concentrations

fully consistent with model predictions (2). If the thermal dissociation of N20 5

is the main tropospheric fate of N2 05 in day -time, in the stratosphere where
the N20 5 photolysis is an important process, the reactions of free radicalswithN 205

could al.o play a role. Speculative calculations (3) have shown that, except for

the CI+ N205 reaction, the other title reactions could contribute to NO x chemistry if
their rate constants were higher than 10-13 cm 3 molecule - ' s-l .

The present study was performed using the discharge-flow method. N2O5,pre-

pared from the reaction of NO with 03 (4) was used in high excess (up to 4 x i-, 15
molecules cm - 3) over the free radical concentrations. All measurements were done in

helium carrier at room temperature and at low pressure (between 0.8 and 2.6
Torr) in a halocarbon wax coated reactor Free radicals were detected by E.P.R..
NO2, resulting from the slow decomposition of N2 05 (I to 10% of N 20 5), was

also calibrated by E.P.R. after conversion into NO via the addition of exccss

O atoms. HNO 3, which was an unavoidable contaminant in N205 (3 to 7% of

N20 5) was analyzed by mass spectrometry. The side reactions of NO2 and HNOjwith
the free radicals were taken into account in the data analysis. And independent
experiments were done under the same conditions to re-measure the rate constants

for the reactions of NO 2 with the four free radicals, generally leading to a good

agreement with previous literature data (Table I).
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TABLE I i SUtMMARYe OF THE SECOND-OlfEM RlATEi CONSTANTS

FORt N0 2 REACTIONS IN HELIUM AT 29MK

RecinN, of P it
Roacteoneril (Tot,) (Coro Molecule -l S-1

01 .NO 2 -*.. IlNO) 0i 0.2 (6.4 ! 1.4) to- 14

1) 1.34P Il.2420.11) RI-

Is 1.99 (1.)q! 0. 15) to- I

I ) 2.6 (1. 70! 0. 20) X to- 1

H0 2 - MO2 -p "NOo, 13 2.0 (a)

CI. .NO --- CN~j 17 2.10 to. 101) 4

CIO. .N02 --- O.CINO) 10 1.10 my:7 1.0)3t 10-15

(a)a The rate curia..g was o.btaineed Iroxn computer so~neIldlo~nOfl the dataa

(due to floor oneerence o1 lte ruttlo,beteiw te..at. 1o HOj I a.nd agreed with

floor low presOte honit of ref. (7:.11:1.9) tot1 (one
3 

noleule I at 2.Ielorr

en ohne..

Reaction OH + N70

The apparent first order rate constant for the reaction of OH (produced

from the reaction H # NO 2 -- I OHl # NO) with N2 05 ranged from 48 to 123 S-1

at 2.44 Torr. After corrections for the interfering reactions (wall loss of OH,

OH * NO2 * He reaction and OH * HN03 reaction) and considering both random

errors ard experimental uncertainties, the upper limit of the rate constant for

this reaction was :5 x 10- 1 5cm 3 molectle s-.

*Reaction H0 2 .,N201

1102 radicals were produced from the chemical source Cl # CH3 OH o.02 and

""ere analyzed alter conversion inito OII through the addition of excess NO upstream

were found negligible leading to the upper limit for the rate constant I x 10-15

cm 3 molecule-' I 1

Reaction C1 . N20j

The apparent decays observed for the Cl atoms, producred by inicrowave

discharge in C12, were mainly due to the side reaction (A 4 NO 2 + He. The appro-
priatecorrection for ech rnteastrtiwenlet led to tile tipper linsit (Or the rate constant:

5 x to- 15 cm 3 molecule- I s- 1.
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Reaction CIO+N705:

CIO radicals were produced from the reaction CI +OCIO -*.2 CIO, with

an excess of 0CIO. In this case, the corrections clue to secondary chemistry were

negligible and the upper limit obtained for the rate constant was 6 x 10-1 6cm3

molecule-! s-I.

All the data are summarized in Table I.

TABLE II ; SUMMARY OF THE UPPER LIMITS Or TIlE RATE
CONSTANTS FOR N2 0 REACTIONS AT 293K.

~H N*of k
Ieaction calkole N'of Cm) mol. Is'i)

IHNOj. NOj -27.)
OH.N 205 6 <. 10-13

IIN04 . N0 2  -19.1

HNO 4 - NO 3  -2.9 10-I5

IINO0.NO2.0 2 -29.6

CI 1N205 -. CINO3 .NO2 -18.5 20 <) X io-I

CIO.N 20)  -.-.CINO 3.NO3  -4.4 19 (6. 10
"l
6

The present kinetic results indicate a very low reactivity of N205 'ith

free radicals. That confirms the result of a previous study of O N 20 5 reaction

(6) for which an upper limit of the rate constant was also given : 3 x 10-16cm3 mo-

lecule-I s-I.

Finally, these reactions -with the pathways indicated in Table II- cannot

be significant stratospheric sources of HNO 3, HNO 4 arid CINO 3 and, more generally,
the reactions of N205 with free radicals c-an be disregarded in atmiospheric dcemistry.

- References -

(I) G.C. TOON, C.B. FARMER and R.H. NORTON, Nature, 319, 570, 1986.
(2) N.S. SOLOMON and R. R. GARCIA, J. Geophys. Res., 88, 5229, 1983.
(3) N.D. SZE, private communication.
(4) J. A. DAVIDSON, A. A. VIGGIANO. C. J. HOWARD, I. DOTAN, F. S. FEHSEIN

FELD, D. L. ALBRITON and E. E. FERGUSON,. 3. Chem. Phys., 68, 2085, 1978.
(5) C. 3. HOWARD, 3. Chem. 11hys., 67, 5258, 1977.
(6) E. W. KAISER and S. M. JAPAR, Chem. Phys. Lett., 54, 265, 1978.
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The Reactivity of the Nitrate Radical with Alkynes and some other

Molecules

C. Canons-Mas, 3.J. Smith, S. Toby and R.P. Wayne

Physical Chemistry Laboratory, Oxford University, U.K.

Recent observations on the abundances of alkynes in the atmosphere

(1) has stimulated renewed interest in the Interactions of theme species

with atmospherically reactive intermediates (2). We report for the first

time the rate constants for the reactions at 295 + 2 K of the nitrate

radical (NO03) with acetylene, propyne. 1-butyne, 2-butyne, 1-pentyne and

1-hexyne. In addition, rates were measured of the reactions of NO3 with

NOV 02 802' C2 4 , 1,3-butadiene and i-methyl propane (Isobutene). An

absolute method for determining the rate constants was used.

Nitrate radicals were formed in a flow system by the reaction

F + HMO 3 + HP + NO Molecular fluorine diluted with helium was passed

through a microwave discharge and into a streas of nitric acid vapour In

a He carrier. The NO3 concentration was measured by absorption of

A 662 + 2.1 no light using a four-pass White cell, the system being

calibrated by titration with NO. In most cases NO3 reactions were studied

under pseudo-first order conditions. For the fastest reactions, however,
the NO3 and reactant concentrations were sometimes comparable and the data

were then treated assuming second order kinetics with 1:1 NO3/reactant

computer simulation was used to investigate the influence of possible

secondary reactions which could affect the stotchiometry.

We measured k(N03 + NO2 + M + N 205 + U) in the range 1-8 torr (He

diluent) and good agreement with literature values (5) was obtained. No

4
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direct measurements of NO3 decay along the 1 a long reaction tube were

made in the absence of added co-reactant but computer simulation showed

that any such lose could not have been important, as has previously been

noted (3). In the presence of reactants, plots of pseudo first order

constants vs reactant concentration sometimes gave small positive inter-

cepts (typically It, 0.4 
- I

) which may have resulted from the reaction of

NO3 with adsorbed reactant.

No detectable loss of NO3 in the presence of SO2 or 02 was found

-17 3 -1I -lI
which enables us to put an upper limit of 1 x 10 cm molecule a on

the rate constants for these reactions, thus Justifying the use of added

02 in some experiments as a check for possible radical chain reactions.

Rate constants are tabulated In Table 1. Comparisons between runs where

reactant was used pure, was diluted with helium or was diluted with oxygen

showed no significant differences.

In the cases of 2,butyne.l,3-butmdiene and Isobutene, where [NO 3] >

[reactant], second order kinetic plots were curved. This curvature could

be accounted for by additional consumption of NO3 according to the

sequence:

NO 3 + X - Y + Z

NO3 + y - Products
-4 3 -1 -

where k2 - (1-10) x 10 cm smolecule a . These values of k2 are

close to those expected when the intermediate Y R NO2, and this is in

accord with the postulation of opoxides and NO2 elimination when NO3

reacts with unsaturated hydrocarbons (9).

Comparisons between the rate constants for NO3 with alkynes and

alkenes and those for the corresponding reactions with Oi1, O(3 P) and 03

are made and discussed. In addition, the relationship of k(NO3 + alkynes)
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and ionigation energies will be given.

Work is being continued on these systems in order to determine the

temperature dependences of the rate coefficients.

Table I. Rate Constants for Reactions of NO3 at 295 + 2 X

Reactant x 1016 tm
3 

molecule
- 
1 Total pressure

Literature values This work a range, Torr

(ref.)

acetylene - 0.6 + 0.3 0.6 - 6

propyne - 6.2 + 1.0 2 - 7

1-butyne - 6.81 + 0.35 3 - 5

2-butyne - 670 + 150 1.5 - 10

1-pentyne - 11.6 + 1.3 1 - 2

1-hexyne - 16.4 + 2.9 2

sulfur dioxide < 4 (4) e 0.1 1 - 3

oxygen - 4 0.1 1.7 - 5

ethylene 1.1 (6,7); 10.9 (8) 8.8 + 1.1 2 - 12

2-methyl propene 3100 (6,7); 3300 (3) 3400 + 700 2 - 5

1,3-butadiene - 2200 + 600 2 - 4

a error limits are + 20
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The gas phase reaction of ethyl radicals with NO,.

SHANAHAN, I.

School of Chemical Sciences,

National Institute for Higher Education,

Clasnevin, Dublin 9, Ireland.

The gas phase reaction of ethyl radicals with NO2 was studied at ambient temperature

(298 1 3 K). Ethyl radicals were produced by the photolysis of ethyl bromide

in the wavelength range 220 - 400 nm. The major reaction products were

nitroethane and acetaldehyde, but a careful search indicated that ethyl nitrite and

formaldehyde were not products of the reaction. Thie results are interpreted in

terms of a mechanism involving the production of nitroethane and ethoxy radicals:

C2H*" + N02 ± C2HSN0 2, +M > C2115NO2  (1)

C2Hs" + NOZ -> C2HsO. + NO (2)

followed by a complex reaction of C2HsO* to form acetaldehyde:

C2HO- > Acetaldehyde (3)

The experimental evidence is consistent with the involvement of bromine atoms in

the decomposition of the ethoxy radicals, and it is proposed that CH3CHO is

produced as a result of process 4a and / or 4b:

> CH 3CHO + HBr (4a)

C2H50" + 8r.

> CH3CHOBr (4b)

The importance of heterogeneous processes on the production of acetaldehyde will

also be discussed. The relative importance of the two addition routes of C2H5.

radicals to N02 was determined over a wide pressure range, providing an estimate

of the high-pressure limiting value of therate constant ratio, ku/ka.
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Kinetic Measurements on the NO + NO = N.O, Reaction using a Pulsed

Photolysis - ZR Laser Absorption Technique

Ian W.M. Smith and Gregory Yarwood

Department of Chemistry, University of Birmingham,

P.O. Box 363, Birmingham BI5 2TT, U.K.

Kinetic measurements using time-resolved spectroscopic observations in the

infrared are comparatively rare. They are especially useful if the ultra-

violet transitions of the transient species are broad dissociative continu.

particularly if overlap between such continua occur. Resonance detection

methods are then impossible and standard absorption techniques are insensitive

and may be difficult to interpret. On the other hand, a]' molecular species

possess relatively narrow, characteristic infrared bands. Using a cw laser

as a background source, small absorptions in infrared bands can be measured

and the sensitivity is fairly independent of total pressure.

In this paper, we shall report the measurement of rate constants for the

system:

ki

NO + NO, (+M) . _?1,0, ',iN) (1)
k-1

at 210 K and total pressures (M = He,Ar,CF4) from 50 Tort to several atmospheres.

Besides demonstrating the potential of tb. pulsed photolysis - infrared

absorption technique, this investigation is the first in a series designed to

study the kinetics of association-dissociation in weakly bound systems. The

main components of the apparatus are (i) a conventional, low temperature,

flash photolysis reaction cell, and (ii) a line-selective cw CO laser operating

at ca 100 K. Mixtures are prepared containing ca 50 rTorr NO,, 4.5-10 Torr NO,

4
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and diluent gas. The laser is usually operated on the P11,10 (14) line which
1,2

is coincident with a Q branch of the vI (NO stretch) mode in N.O3. Pulsed

photolysis (200 J flash, FWHM ^- 5 ps) perturbs the equilibrium represented by

equation (1) to the left and relaxation to equilibrium is observed by

monitoring the transmitted intensity (it) of the laser line using a room

temperature InSb detector.

The single-shot traces of It against time are well-matched by single

exponentials with the first-order constant corresponding to ki(NOI(M) + k 1 [M =

kilNOI[MI 1 + (ki/k[NO])1. The term in brackets can be calculated from the

known equilibrium constant, K = (k1 /k-l), with alluwance being made for the

small rise in gas temperature as a result of the photodissociation of NO,.

Preliminary analysis of the results yields the following third-order rate

constants (T = 210 K).

k; (M4=He) = (2.0 ± 0.5) x 10
-11 cm6 molecule- s- 4

kj (M=Ar) = (2.4 ± 0.8) x I0-_, cm
6 molecule-' s-'

k: (M=CF,) = (4 ± 1) x 10
-11 cm

6 molecule
-' s- 1

At the meeting wu shall report (i) the results of measurements at total

pressures greater than one atmosphere, in order to examine the transition Into

the fall-off region, and (ii) c,.niarisons of the observed rate constants with

those estimated using the methods developed by Troe.
3
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Temperature and pressure dependence of the rate constant for

the association reaction CF3 + 02 + M - CF302 + M

F. CARALP, A.M. DOGNON and R. LESCLAUX

Laboratoire de Photophysique Photochimie Mol6culaire - UA CNRS N*348

UniversitL de Bordeaux I - 33405 TALENCE CEDEX (France)

The association reaction of methyl and halamethyl radicals

with oxygen are important steps in the oxidation processes occuring

in the atmosphere. However the only experimental kinetic data

available are limited to room temperature (see for instance : 1il

for CH3 radicalfZI for CF3 and CC]3 radical, [3]for CFCI2 radical).

In the case of the CH3 radicals, calculations of the fall-off

parameters as a function of temperature are presented in Di.

In the scope of the study of the chlorofluoromethane

oxidation, we reporte a detailed investigation of the reaction

CF3 + 02 + M - CF302 + M in the pressure and temperature range

1-12 torr and 233-473 K respectively. Measurements have been

performed using pulsed laser photolysis and time resolved mass

spectrometry.

The reaction was found to be in its fall-off region over

our range of experimental conditions. The principal goal of this

study was the determination of the temperature dependence of the

fall-off parameters.

The experimental results have been modelled using the

equation proposed by TROE and coworkers. The three parameters

k0 . k , Fc have been determined by fitting this equation to our

experimental data taking into account that the relative values

of these parameters have the constraints imposed by the following

equations :

ko = kc x Sc (1)
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where ksc is the low pressure limiting strong collision rate0
coefficient and Oc the collision efficiency

F= Fwc x F sc (2)
c c c

where Fwc and F sc are the strong and weak collision factorsc c
respectively

FWc = O'14 (3)c c

c <AE>(4
- = (4)

IB 1/2 FE RT

where <AE> is the average energy removed by collision and F-

a coefficient which accounts for the energy dependence of ti~e

density of states.

k sc and F sc have been calculated from the values of
0 c

molecular parameters of CF302 (AH 298  -147 kcal mole - [51
and vibrational frequencies E6]) using the expression developped

by TROE.

This analysis has led to a fairly good consistency between

the present and previous experimental results, the theoretical

approach and the molecular parameters used in the calculations.

The expression obtained for the temperature dependence of ko

with N2 as buffer gas is :
ko = (1.9 ± 0.2) x i-29 (T/298)(-4.7 ± 0.4) a6 molecule-2 s

-I

The rate expression proposed for k®

k = (9 ± 2) x 10-
12 (T/298)

(0 t 1)cm
3 molecule

-1 s- 1

is consistent with the calculated expression

FC = exp-(T/395)

and preceeding values reported at room temperature.

A
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CX3 -2 Bond Dissociation Energies

by

L. Batt and P. Stewart, University of Aberdeen,

Aberdeen AB9 2UE, Scotland.

The experimentally observed pressure dependence for the reaction

CX3 + 02 + M - CX302 + M, where X = II or halogen, was modelled using a

full-scale RRICM program. This involved the reverse unimolecular

decomposition reaction and the employment of the principle of microscopic

reversibility.

An excellent fit with experiment was obtained in each case, giving

the CX3 -02 bond dissociation energies below

-l
D(CX 3 -02)Kcal mol1 29.9 21.6 24.8 35.6

CX3  Of3 CCI3 CFCI2  CF3

4
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DISSOCIATION I NEOY OF C-O BOND IN THN CP302 RADICAL

Vedeneev V.I., Goldenberg.I.Ya., Teitelbom N.A.

The role of halogenated peroxide radicals in the oxidation of

halogenated hydrocarbons, specifically freons, Is as important as

that of alkyl peroxide radicals In the oxidation of hydrocarbons.

Therefore, thermochemical and kinetic data on these radicals are of

considerable interest.
by

In the present work,' comparing new experimental data on the

pressure dependence of the reaction rate constant for

C1 3 + 0 2 (+ %) PO300 (+ X)

with calculations performed in accordance with the RRKM theory, the

C - 0 bond dissociation energy in the C 3 00 radical has been deter-

mined: D (CF - 0) - 143 kJ/mole. This value differs substantially

from D (CF3 - 02) - 204 kJ/mole, obtained by the additivtty method,

and, on the whole, is in agreement with the value of D (CP3 - 02) =

134 kJ/mole, previously calculated by us based on comparing the

calculations performed in accordance with the RRKI theory and the

kinetic data then available.*

The value of C - 0 bond disnocition en ry In the CFO3 0 rn-

dical, obtained in the prosent work, and the refe,.ence datq on the

enthalpy of focmation CF,, 0, CF3 0, and CF3 OOCF3 make it po. siblh

to acrivc- Rt the following thermochemicel qunntities:

HBo(C302) • -609 kJ/molel Hi,298(C 3 02 ) - -615 kJ/mole;

D298 (CP30 - 0) - 209 kJ/molet D298 (CP3 - OOCF 3) 3 423 kJ/mo
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RELATIVE RATE STUDIES FOR REACTIONS OF SILYLENE

by C.D. Eley, H.1. Frey, M.C.A. Rowe, R. Walsh and I.4. Watts

Department of Chemistry, University of Reading, Whiteknights,
P.O. Box 224, Reading RG6 2AD, England

ABSTRACT

The photochemical decomposition of gaseous phenylsilane has been

investigated at 206 rm at 298 K (and also 373 K). The formation of

benzene and phenyldisilane, with and without added oxygen, supports

the following mechanism

CH~iH hvC6H SiH3 C6 H6 + SiH 2

SiH2 C HsSiH3 - C6 H5Si2H5

Experiments with added methylsilane give two new products, methyldisilane

and phenylmethyldisilane, thus further demonstrating SiH 2 trapping via

SiH 2 + CH3SiH 3  -> CH3Si2H5

and also indicating the presence of phenylsilylene, C6H5SiH as an

intermediate which is trapped via

C6H5Sil + CH3 SiH 3  --- C6H 5  2SiH2SiH 2CH3

This supports earlier evidence I for a second primary process

C6H5Si 3  hv C6 HSiH + H2

Photolysis in the presence of added substrate gases yields rate constants

for the reaction of SiH 2 with these species relative to reaction with

phenylsilane. These may be put on an absolute basis by use of recently
2measured absolute rate constants for Sil 2 by Inoue and Suzuki using LIF

detection, as shown in the Table.

Puather investigation of the reaction of SiH 2 with H2 supports the pressure

dependent process

SiR 2 + H2(+M) - 5iH 4 (+M)

RRM modelling with weak collisional deactivation (Ar,<AE>down' 200 cm- I)

leads to a value of k- - 1.9 x 1I012 cm3 molecule- I a-  (within a factor

of 2). This is consistent with recent direct measurements.by Jasinski.3

f
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Taken in conjunction with the reverse decomposition rate constant and

measured thermodynamic properties this leads to

A f (Sin 2) - 65.3 t 1.5 kcal mol- I  (at 298 K)

The presentation will include discussion of the significance of this

value in the light of previous measurements and theoretical calculations.

References

I. J.E. geggott, N.M. Prey. P.D. Lightfoot and R. Walsh, Cham. Phys.
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Table Rate constants for reaction of Sin 2 (IA ) at 298 K.

Reactant 1012 k/cm3 molecule -
j 1 - 1  Ref.

Sil 4  11D ± 20 2

St2H6 570 ± 20 2

C6HsSin3  110 t 16 this work

MeSiH 3  132 t 35 b this work

Me3 Sin 52 t 9 this work

C2H4  97 ± 12 a 2

C2H2  99 ± 16 this work

HeC=Ce 110 ± 27 this work

02 1.2 t 0.2 this work

a. Reference value. b. Relative rates measured at 373 K.
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DETECTION OF RADICALS IN THE PHOTO-OXIDATION OF ALDEHYDES

G.K. HOORTGAT, J.P. BURROWS, O.S. TYNDALL, W. SCHNEIDER

B.A. COX* , B. VEYRET** and K. McADAM*e

lax-Planck-Inst. fUr Chemie, Air Chemistry Dept. D-6500 Mainz

' AERE Harwell, U.K., 00 Universitd de Bordeaux I, F-Talence

A novel apparatus has been built at the MPI to study the be-

haviour of reactants, products and intermediates (radicals)

during and after photolysis. The apparatus consists of a "dou-

ble multi-path" spectrometer, combining both ir- and uv-ab-

sorption spectrometry with additional capability of modulated

photolysis for transient detection. Photolysis experiments

were performed in a 46 liter quartz cell equipped with two in-

dependent sets of White-optic mirrors, one being used in con-

nection with the Bomem FTIR-spectrometer, the other for uv-

visible absorption measurements. Uv-absorption-time profiles

are fed into a signal averager and processed by an Apple

micro-computer. A schematic diagram is shown in Figure 1.

Absorption-time profiles at selected wavelengths in the 210-

275 nm region were recorded In the modulated photolysis of

HCHO- and CH3 CHO-air mixtures. Transient absorptions showed a

characteristic rise and fall during the alternating photolysis

and dark periods.

In the HCHO-air system, HO2 radicals are produced in the

primary photo-oxidation: HCHO + hv,02 -v 2 HO2 + CO. However,

the observed transient absorption (see Figure 2) contained an



E51

additional superimposed broad band spectrum with a maximum

near 240 nm which was assigned to the OOCH 2 (OH) radical formed

by the reaction of HO2 with HCHO:

H02 + HCHO OOCH 2 (OH) (R02)

Additional experiments were done in Bordeaux by flash-photo-

lysing up to 20 torr of HCHO and observing the formation of

the radicals after the flash using optical obsorption at dif-

ferent wavelengths. A value of the equilibrium constant K was

obtained: K = 4 x 10- 17 cm3 molecule-1 at 305 nm. The absorp-

tion cross section at 250 nm was estimated to be near 5 + I x

10-18 cm2 .molecule-1 . A spectrum of the OOCH2 (OH) radical ob-

tained at Bordeaux (black dots) is shown in Figure 3, together

with the uv absorption spectra of H02 and CH30 2 .

Measurements of absorption-time profiles at 250 nm and 220

nm during modulated photolysis of CH 3 CHO-air mixtures were ma-

de using photolysis periods of 6s. Initial CH 3 CHO-photo-oxida-

tion products are CH 302 and H02 radicals:

CH3 CHO + hv,02 ---wH02 + CH3 02 .

At lower concentrations (0.1 Torr CH3 CHO in 700 Torr Air)

absorption at 250 nm was expected to be dominated by CH3 02 ra-

dicals, whereas that at 220 nm was expected to contain compo-

nents due to H02 and CH302 . Kinetic analysis of the data as-

sisted by computer simulation, using several combinations of

absorption cross sections of CH3 02 (best fit = 3.2 x 10- 18

cm2 .molec.-1 ) resulted in a value k 3.7 x 10-12 cm 3 .mole-

cule.-1 .s-1 for the reaction

H02 + CH3 02 --.-.CH300H + 02

4
A ... . .
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in excellent agreement with the results obtained from recent

computer simulations of the photo-oxidation endproducts by

FTIR-analysis.

At higher concentrations, near 10 torr CH 3 CHO, the transient

spectrum (see Figure 4) contained an additional component,

which was attributed to the acetylperoxy radical, CH 3COO 2 .

This radical is formed by a chain mechanism initiated by the

CH30 radical reacting with CH3CHO. The formation of acetic

acid in the gas phase oxidation of CH3 CHO is believed to occur

from the addition reaction of HO 2 to CH3 CHO to form the

CH3 CH(OH)0 2 radical. A complete mechanism of the CH3 CHO photo-

oxidation will be presented.
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OP'TI(,Ai I)El'f(:TION (i oil( tI li HADI(AI.S

DURING OXIDATION OF ETHYLENE IN A JET-STIRRED REACTOR

A. CHAKIR, F. (;AILLARD, P. DAGAUT, M. CATHONNET, J.C. BOETTNER, H. JAMES

C.N.R.S., Centre de Recherc -s sur la Chimie de [a Combustion

et des Hautes Temp~ratures, 45071 Orl ans-Cedex, France.

The recent development in the digital computers and numerical

techniques makes possible to model the kinetics of hydrocarbon oxidation.

The models have to be validated through comparison with experimental re-

suIts at wide ranges of operating conditions. The availability of power-

ful diagnostic techniques would allow to get these required experimental

results.

The data we obtained in the past were from plug-flow and jet-stir-

red reactors. These reactors are suitable for studying the slow oxida-

tion of hydrocarbons In the intermediate temperature range (900-1200 K)

and pressures up to I lpa. Up to now, kinetic models have been established

for ethylene (1,2) and propane oxidation (3), and only validated through

comparisons with experimental results for the molecular species concen-

trations.

In order to obtain more detailed information on the oxidation pro-

cess, a new jet-stirred reactor, similar to that used previously (4),

was built with quartz windows to allow optical access and detection of

some radiative species produced during the reaction. To minimize the quen-

ching due to collisional deexcitation, the experimental rig was designed

to be operated at subatmospheric pressures.

Fluorescence light is collected, focused on the entrance slit of

a monochromator Jobin-Yvon lRS 2 and detected by a photomultipiler EMI

6256 S connected to a photon counter EGG Instruments.

In the visible range, the existence of a strong continuum prevents

the observation of characteristic bands of carbon containing excited spe-

cies. However, in the near UI.V., it has been possible to observe a signi-

ficant emission whose maximum occurs at 308.9 nm, due to electronically



152
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0.005 fiPa and 0.02 fiPa, in a wide range of equivalence ratios (0.4(poc. 2 )

these experimental conditions allowaing a good mixing of the reactor.

Gas samples were collected by a quartz sampling probe for analysis.

by gas phase chromatography, during the same time of optical measurements.

An example of concentration profiles of main molecular compounds is given

on figure 2. together with profile of emission intensity at 308,9 nom.

The ethylene oxidation at pressures above atmosphere was modelled

by a comprehensive detailed kinetic mechanism (5). The same mechanism

is used to reproduce the experimental results at sub-atmospheric pressu-

res, after changing some rate coefficients. This is necessary to account

for pressure dependant rate constants. A sensitivity analysis is carried

Out to define these reactions.

This work is in progress and satisfactory comparisons are being

obtained between experiments and computations for concentrations of mole-

cular compounds. On the basis of this agreement, computed profiles for

radical species could be used to explain the origin of OW4 2e) formation

in the mechanism:

- firstly, the kinetic model is investigated to Select the exolenerge-

tic processes able to generate these excited species I. i.e.t

CH + NO02  NfCO +ON* NCO 0 2 -4. CO 2 *0H ON* ..

- then, owing to the assumption that emission results from a balance

between the production of ORi( Z) and their collisional deexcitat ion, com-

parison between the product of computed concentrations of the above reac-

tant species and the level of fluorescence experimentally measuted might

ledd to determine the part played by each process towards generation of

these excited radicals.
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PROBE SAIPLING AND ESE DIITCTION OF LABILB SPEC'Hi

FOR KIiETICS bTUDIES I FLAMES.

J.F. PAUVEIS - 1. CARLIER - L.R. S(ECHHT

Laboratoire de Cinatique et Chimie doa Co mbustian.

UA CIRS 876. Unlveraitd des S;cences et Techniques de Lille.

59655 Villeneuve d*Ascq Cedex. France.

The analysis of microttructure of flames Is an Important method to

study the kinetics of elementary reactions at high temperature. Recently we

have prop4eed a new development of Vettenbezg and Fitbtrum method to

detect labile species by BSR ib flames ( I. 0, 0i, Cl, Hr. &, SO l ). The

species extracted by a sampling probe are detected at a low pressure of

3.10 -  
Torr after a residence time close to 3.5 as. In order to take lnto

account the possible destruction of the species within the probe before ESR

detection, the pressure inside the probe was changed and the quantitative

measurement of the mole fraction X of the species in the flame was obtained

by an extrapolation method to zero pressure.

To support the validity of this extrapolation a modelling of the main

reactions occuring in the sampling probe ( Off + Off -- > 1120 + 0 . h, k 1.08

lO'
2
cmumol-'s-l),( 0 + 01 --) H + 02 *k2 = 1.98 10cmmol-'s-) with

wall destruction of H, 0 and OH has been achieved in the case of an undoped

flame. Although the contribution of homogeneous reactions may be relatively

important, the results of modelling Justify the validity of the linear

extrapolation to zero pressure of Log X = f(p), for the determination of the

mole fraction of the species in the flame. Examples are provided for the

application to the analysis of flame structure.

- 41
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TWO-PHOTON LASER-EXCITED FLUORESCENCE STUDY OF H AND 0 ATOMS:

TEMPERATURE-DEPENDENT QUENCHING AND LASER PHOTOLYSIS FOR

COMBUSTION APPLICATIONS

U. Meier, K. Kohse-Hoinghaus, Th. Just

DFVLR - Institut fUr Physikalische Chemie der Verbrennung

Stuttgart, West Germany

The understanding of the behaviour of complicated kinetic

systems like flames requires the knowledge of number densi-

ties of the reacting species and temperature. It is there-

fore important to obtain experimental data on absolute con-

centrations of atoms in a combustion environment.

Relative concentration profiles of hydrogen and oxygen atoms

in a flame can be measured by laser-induced two-photon ex-

citation followed by fluorescence detection.

To derive absolute number densities from such fluorescence

measurements, we demonstrate a calibration method using the

detection of known concentrations of H and 0 atoms produced

in a discharge-flow reactor.

when this calibration technique is applied to flame condi-

tions, the large influence of fluorescence quenching has to

be taken into account. The fact that fluorescence signals in

a flame are strongly affected by quenching is illustrated in

fig. 1. Time-resolved fluorescence signals of H atoms in

a low pressure H2 -02 - flame are compared to those re-

sulting from a discharge-flow reactor at about 2 mbar.
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Fig. 1 Time - resolved H atom fluorescence signals;

curve a from discharge-flow reactor at 2 mbar,
curve b from H2/02 - flame at 95 mbar

The reduction of fluorescence intensity from a certain atom

concentration due to quenching is taken into account by cal-

culation of an "effective local quenching rate" under flame

conditions. This rate is, in turn, derived from measurements

of individual quenching rate constants for different flame-

relevant collision partners in the discharge-flow system.

Table 1 shows some examples for quenching of the r=3 - level

of H atoms which was excited by two-photon - absorption in

our experiments. Similar measurements were performed for 0

atoms.

For H2 , 02 and H20 we also investigated the temperature de-

pendence of the quenching rate constant. No noticeable tem-

perature dependence was found within a range from 300 to

650 K. This result, together with the very high rate con-

stants for most collision partners at room temperature sug-

gests that long-range interactions are responsible for the
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energy transfer during the collision process.

Table 1.

Quenching rate constants for the n=3 state of H atoms

collision kQ (cm3/s) collision kQ (cm3/s)
partner partner

He no effect * H20 (1.1 t .1).10 -8

Ar (4.6 ± .5)-10-10 CO2  (3.9 ± .2).10-9

02 (2.6 ± .1).10- 9  CH4  (3.5 t .2}.10 -9

H2  (2.2 ± .1).10 -9  C2H2  (5.6 ± .0-10-9

* within the pressure range 0.5 to 10 mbar

Two-photon excitation of atomic species requires very high

laser intensities. Therefore, care must be taken to avoid

production of additional atoms by laser photolysis of po-

tential precursor molecules. Since this effect may have an

influence on absolute concentration measurements, we studied

the production of H and 0 atoms from the parent molecules 02,

H2, H20, and OH. The experiments led to the result that laser

photolysis can be neglected at the wavelengths and power

levels we usually employed for H and 0 detection; however, it

may become a problem at sufficiently high intensities.

Based on the results on quenching and laser photolysis, ex-

periments are currently under way in which absolute H atom

concentrations as well as spatial concentration profiles are

measured for various H2-02 - low-pressure - flames. This

procedure should basically also be applicable to hydro-

carbon flames.

- - - --- - - --- A
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P.B.Ayscough, D.L.Baulch and S.J.Chinnick

Department of Physical Chemistry, University of Leeds, U.K.

Two objectives of modelling complex chemical systems are

(i) to simulate an experimental or industrial process. (ii) to gain

an understanding of the kinetics involved. For (i) it is often sufficient

to involve a simple model with a small number of empirical parameters.

The model may be conveniently derived by considering a small number of

elementary reaction steps in a pseudo-mechanism. The rate parameters may

then be fitted to experimental observations, but the fitted valves have no

fundamental significance.

In order to gain a proper understanding of a complex chemical system,

it is usually necessary to construct an extensive mechanism from a

systematic evaluation of all possible steps to a given order of complexity.

The rate parameters for each step must be found or estimated and the

mechanism translated into a set of differential equations for numerical

integration.

The predicted time-concentration profiles may be compared with

experiment, and further information may be obtained from a sensitivity

analysis, allowing the mechanism to be refined. However, for a

mechanism of 200 steps involving 50 species there are - 10000 Ist order

sensitivity co-efficients to interpret.

The development of computer environments for use in Artificial

Intelligence has enabled an alternative approach to be explored. Using

the programming language PROLOG, a computer-representation for chemical

species has been derived which closely parallels simple chemical notation.

It is possible to manipulate these data-structures so as to 'mirror' the

rupture and formation of chemical bonds. In this manner, the following

classes of (free-radical) reactions have been 'coded'



Reaction Type

Decopposition, Molecular Elimination, Radical Decomposition,

Abstraction, Addition, Isomerisation, Radical Conversion, Olefin Conversion,

Recombination, Disproportionation.

In its crudest form, the computer can thus be used as a systematic

generator of reaction steps in the usual process of modelling. However,

it is possible to constrain the reaction generator by defining sets of

rules representing chemical knowledge or intuition. This then constitutes

an EXPERT SYSTEM.

The phases in which reactions are generated and expert-rules are

invoked is illustrated in the following diagram :

EVALUATE reactants

STOP 
n

PERFORM selected eaction-

ELIMINATE minor pathways

EVALUATE products

Each distinct phase of the process is described below i

'.4
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EVALUATE For a previously unencountezed spucies (i.e. a reactant

or new product), the program finds the set of all reaction-types for which

the species is a valid reactant. All feasible combinations with existing

species for each reaction-type are stored (implicitly) for later

consideration. Some 'embryo' reactions may be discarded at this stage

using rules of the type

"Ignore ABSTRACTIONS involving a radical X if the estimated rate

of decomposition of X is considerably faster than the maximum rate

of abstraction by X. "

SELECT - The order in which reactions are 'performed' can have a

considerable effect upon the efficiency of the EXPERT SYSTEM. Rules are

defined to give priority to the faster steps e.g ;

"Decompose radicals as soon as they are generated."

"Delay termination steps until after propagation steps."

PERFORM - Once an embryo reaction has been selected, all possible

products of the reaction step are generated.

ELIMINATE - For reactions with more than one possible pathway, the

rate of each reaction is estimated and compared. Slow paths are not

included in the mechanism e.g.

"Decomposition via C-H fission is discarded in favour of C-C fission"

An EXPERT SYSTEM for the pyrolysis of small hydrocarbons has been

constructed in this manner. The program has been tested by considering

ethane and propane at low pressures at around 700K since a body of good

experimental data is available for these systems. On entering the

structural formula for ethane, the program generated a pyrolysis mechanism

involving 18 species in 44 elementary steps, without recourse to any

numerical integration or sensitivity analysis. Approximately 400 reactions

were considered. Similarly for propane, the program selected 140 steps

involving 53 species after consideration of over 3000 possible reactions.

The mechanisms produced by the EXPERT SYSTEM are comparable to, and usually

form a superset of, those derived empirically in the literature.
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SIMULATION OF THE THREE P-T EXPLOSION LIMITS IN TUr H;_!O2 SYSTEM

INCLUDING DETAILED CHEMISTRY AND MULTI-SPECIES TRAN3PORT

U.Maas, J.Warnatz

Physikalisch-Chemisches Institut und Sonderforschungsbereich 123,

Universit~t Heidelberg

Im Neuenheimer Feld 294, 6900 Heidelberg, W.Germany

Since the detection of P-T explosion limits In hydroqen-oixygen

mixtures in the thirtieth and fourtieth, many efforts have been

made to explain this phenomenon quantitatively. But all of

these attempts had to include some serious restrictions like

truncation of the reaction mechanism, quasi-steady state

assumptions, or reduction to zero-dimensional systems etc.

The present status of knowledge on reaction kinetics in the

hydrogen-oxygen system and recently developed methods for the

solution of time-dependent one-dimensional partial difforential

equation systems now allow the simulation of all of these

explosion limits, using a common detailed reaction mechanism

(consisting of 37 elementary reactions /1/), a multi-species

transport model /2/, and realistic surface chemistry basing on

surface collision numbers and experimentally determined surface

destruction efficiencies /3/. None of the restrictions

mentioned above has to be applied. Solution of the partial

differential equation system is done by spatial discretization

by finite differences, leading to an ordinary differential/

algebraic equation system, which is solved numerically using the

computer codes DASSL /4/ or LIMEX /5/.

Calculated P-T explosion limits in the hydrogen-oxygen system at

various conditions are presented in Fig.1. As can be seen,
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these values are in quite good agreement with the experimental

results. Sensitivity analysis identifies the rate-limiting

processes and shows areas which should be object of further

research.
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Fig.I: Calculated and experimental ignition limits for 2:1 mixtu-

res of hydrogen and oxygen

a) spherical reaction vessel, 7.4 cm diameter;

----calculated, surface destruction efficiency ~' 10'2

1-1

g=10'4

mO experimental, thinly XCl coated vessel /6/;
0o I , heavily KCl coated vessel /6/;

0 K Cl coated vessel /7/;

0 clean Pyrex vessel /7/;
r B2 0j coated vessel /8/;

b) first explosion limit in a cylindrical silica reaction

vessel, 1.8 cm diameter;

-calculated, a, - 10-i ;
It temperature dependent ,see /10,11/;

*experimental /9/.



E57

STUDY OF REACTION MECHANISMS BY SENSITIVITY ANALYSIS

T.TurAnyi and T.Bdrces

Central Research Institute for Chemistry,

Hungarian Academy of Sciences, Budapest, Hungary

S.Vajda

Laboratory for Chemical Cybernetics

L.Eotvbs University, Budapest, Hungary

The kinetics of homogeneous chemical processes can be

described by a system of ordinary differential equations:

i = f(y,k)

where k is the vector of rate coefficients, y desiqnates the

vector of concentrations and i is its derivative with respect

of time. The dependence of the model's predictions on the k

parameters is usually given by the sensitivity coefficients

defined as 3yi/Dk.. These sensitivity coefficients show how

the solution of the system of kinetic differential equations

changes as a result of variation of the parameters. The sensi-

tivity coefficients are given by the response of the system at

time t2 on the change of parameter at time tI . The lower inteq-

ration time limit in the solution of the system of kinetic

differential equations and in that of the system of sensitivity

equations is normally taken to be the same. The sensitivity

matrix of a complex chemical reaction for time t2 is not only

a function of the rate parameters and species concentrations at

t2 but depends on the pre-history of the system, i.e. it depends

on the concentration trajectory connecting t2 with tI.

A sensitivity matrix which depends only on the values

of kinetic parameters and on the actual concentration of the
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reactive species appears to be more suitable for the analysis

of the reaction mechanisms. We introduce a function of the type

m j YL (U_ - (-0)2

in order to represent the effect of kinetic parameters on tile

rate of reaction, where a = In k, while yi(a O ) and .i(a ) are

the rates of formation of species i calculated with the initial

(ao) and with the chanqed (a) vectors of the kinetic parameters.

Tile 3f/3k is considered as a sensitivity matrix (desiqnated

F matrix) with elements aiven by

af I J

k. k.

where R. and k. are the rates and rate coefficients, respec-) I

tively, of reaction j and v i is the stoichiometric coeffi-

cient of species i in reaction j.

The F matrix can be obtained very simply. Principal

component analysis of the matrix supplies information on the

importance and on the interactions of the elementary reactions

of the mechanism. The relation of the F matrix to the conven-

tional sensitivity matrix shall be discussed.

Two complex reaction mechanisms are analysed. These

are: pyrolysis of propane and oxidation of formaldehyde. Both

the F matrix and the conventional sensitivity matrix have been

constructed and orders of importance for the elementary steps

have been derived by using the method of principal component

analysis. A study of the F matrices correspondinq to various
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phases of the reaction (i.e. to various reaction times) supply

information on the actual order of importance of the elementary

steps and on the interactions of elementary reactions. Consi-

dering all results obtained for different phases of the reac-

tion, a simplified mechanism is derived (mechanism reduction)

which proves to be practically equivalent to the original

one.

1. S.Vajda, P.Valk6 and T.Tur~nyi, Int.J.Chem, Kinet. 17,

55-81 (1985).

2. S.Vajda and T.Turinyi, J.Phys.Chem. 90, 1664-1670 (1986).



E58

Implementation of the Rapid Equilibrium Approximation on a Computer for

Kinetics in Complex Systems

Robert A. Alberty
Department of Chemistry

Massachusetts Institute of Technology
Cambridge, Massachusetts, USA

When a complicated organic system approaches equilibrium, most of the

reactions may remain very close to equilibrium while some slow reaction comes

to equilibrium and eventually determines the composition of the system. An

example is the conversion of methanol to gasoline using a zeolite catalyst at

700 K(l). For simpler reactions, the rapid equilibrium approximation may be

used to derive the rate equation, but for the methanol conversion thousands

of species and reactions are Involved and so calculations must be implemented

on a computer. Since many species of alkanes, alkenes, and alkylbenzenes are

produced, equilibrium calculations can be greatly simplified by use of

thermodynamic properties of isomer groups(2 )• The standard Gibbs energy of

formation of an isomer group afG*(l) is given by

AfG(I) = -RTIn [ exp(-AfGt/RT (1)

where AfGi is the standard Gibbs energy of formation of Isomer I.

The concept of Isomer groups can be extended to whole homologous series

by fixing the ethylene partial pressure so that the ratios of successive

isomer groups become a function of only temperature. The Gibbs energy of

formation of the alkylbenzene isomer groups at fixed partial pressure of

ethylene as given by

AfG*([,Cnl12n-6) - AfG*(I,Cnil2n_6) - ((n- 6 )I2 )(AfGC 2H4 + RT In PC2 H 4) (2)
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The standard Gibbs energy of formation of the homologous series is given by

&fG*(HSG) = -RT Iln[6 exp[-AfG*(I.CnH2n_6)/RT (3)

and the equilibrium mole fractions of successive Isomer groups are given by

-AfG*(ICnH2n.6)/RT
YCnH2n_ 6  e .fG*(I,CnH 2n_6)/RT (4)

The concept of the Gibbs energy of formation of a homologous series nay

be used to calculate the composition at various stages in the conversion of

methanol to gasoline. In this reaction alkenes are formed rather quickly and

polymerize to an equilibrium distribution of molar masses. This mixture is

converted more slowly to a 1:3 mixture of alkylbenzenes and alkanes that

eventually, according to thermodynamics, will yield C6H6 + 3CH4. At

intermediate times the stoichiometry can be represented by

CH3 OH = H20 + X CNH+2N-6+  3 CMH 4 +2 + lfXl CQ2Q (5)

where X is the extent of conversion (0 to 1) to alkanes and alkylbenzenes.

In this equation the molecular formulas represent average compositions for

the alkane, alkylbenzene, and alkene homologous series groups. Experimental

data can be represented quite well by assuming that C6H6 and CH4 are

alkylated to equilibrium at each value of X by the ethylene that is present.

Equilibrium compositions can be computed at a series of values of PC A

starting with the high values that occur early in the conversion to

essentially zero when the composition Is represented by C6H16 + 3CH 4 . The

equilibrium composition at any stage in the conversion depends on the

pressure. At a given PC2H4 the equilibrium mole fraction of ethylene is

a
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calculated using an analog of-Eq. 4. The partial pressure of the alkene

homologous series group calculated from

PCQH2Q = PC2H4/YC2H4  (6)

is subtracted from the total pressure of the hydrocarbons to obtain the sum

of the partial pressures of the alkane and alkylbenzene homologous series

groups. Each value of PC2H4 corresponds with a certain extent of conversion

X and a certain time. For a first order conversion

x = (ekt _1) /ekt (7)

The Benson-group method has been used to estimate chemical thermodynamic

properties of organic substances at high temperatures when data is lacking.

These calculations show that within a homologous series, the chemical

thermodynamic properties of isomer groups become linear functions of carbon

number as the carbon number increases. Since AfG*(l) is a linear function

of carbon number after the first several members of a homologous series.

analytic functions can he derived for N, M, Q, YCNH2N_6' YCMH214+ 2 , and

YCQ H2Q"
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H.H.Grotheer, G.Riekert, and Th. Just

THE SELFREACTION OF CH 2OH - RADICALS AND

THE CH 3 OH - CL - CL 2 SYSTEM

The CH2 OH selfreaction was investigated due to its

potential importance particularly in the modelling of rich

methanol flames. We used the mass spectrometer discharge

flow technique with the fast reaction Cl + CH 3OH -- ->

CH 2OH + HCI as a radical source ( All measurements at

ambient temperature ). In that case besides the radicals

there is always an excess of methanol in the reactive flow,

together with Cl2 surviving the discharge. Therefore, for

the measurement of the concentration dependent selfreaction

of CH2 OH radicals, we had to account for the medhanism:

CH 3OH + C1 ---- > CH2 OH + HCI 41)

CH 2OH + Cl ----- > CH 2 0 + HCI (2)

CH 2OH + Cl 2  2---- > CH2CIOH + C1 3)

CH2 OH + CH2OH + M --- > C2 H6 02 + M (4)

CH 2OH + CH2OH ----- > CH20 + CH3OH (5)

CH 2OH + wall (---- > 6)

This complication cannot be circumvented since there

is no other CH2 OH source available.

kI is up to now the only known rate coefficient in that

mechanism. It has been measured by flash photolysis techni-

ques /l/. We obtained in our flow tube for kI the values

of ( 6.2 ± 0.9). 10 -11 cm 3 s-i in an excess of methanol

and of ( 5.6 t 1.2). 10 11 cm 3 s-1 in an excess of chlorine

atoms. The absolute chlorine concentrations were determined

by titration with Br 2 as well as by their reaction with

C2 H6 /2/.
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Reaction (2) was investigated by measuring the CH 2OH yields

as a function of [Cl] and [CH 3OH] for a very short fixed

residence time which was determined separately. Computed

-yields could be fitted to the measured data by using

1.2 = 2 - 1010 cm3 s-

Also the reaction of CH2OH radicals with molecular chlorine

is of some importance in our system. Due to the presence

of Cl2 surviving the discharge, reaction (3) cannot be

measured under pseudo first order conditions in an excess

of CH2OH. On the other hand, in an excess of Cl2 , the

CH2OH decays are interfered by CH2OH reformation via

reaction (1). Therefore, we chose conditions for the chain

(3) + (1) under which reaction (1) is fast compared to re-

action (3), i.e. [CH 3OH] >> [C1 2 ] >> [CH 2OH]. k3 was deduced

from the measured Cl and HCl profiles, respectively,
-11 23 -l1to be k 3 = 1.5- 10 cm s

Reactions (4) to (6) were measured in a concentration range

of 5. 1011 cm-3  < [CH 2OH] < 10. 1012 cm-3 at pressures

ranging between 0.3 mbar and 20 mbar. The measured decays

are of mixed order, with a strong wall loss rate of k6

20 s-I to 40 s- 1 depending on the coating (usually Teflon)

and the reactor diameter (19,29 and 40 mmrespectively).

The initial radical concentrations were determined

by an absolute detection of the produced form-

aldehyde while scavenging the radicals at the end of the

flow tube via the fast reaction CH2OH + 02 /3/.

Particularly at low concentrations ( about 11012 cm
- 3

this method yielded results in good accord with the

initial Cl concentration. Under our conditions the self-

reaction (reaction 4) is in its fall off regime. By

fitting our data with the expression

L!
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ko [M]

k 0 C M ] ( 1 + ( l o g 0 ..... 1

k(M) = - 0.6 k

k0 [M]
1+~

k

we get for reaction 4:

ko4 = (2.2 tO.8) 10-27 cm6 s-1 and

k4 = (2.4 ±0.6) 10-11 cm3 S - 1 .

These data are similar to current data on CH3 re-

combination /4/.

We could not find a significant contribution from the

disproportionation channel, i.e. reaction (5).

4References
/l/ Michael J.V., Nava D.F.,Payne W.A., and Stief L.J.,

J. Chem. Phys. 70, 3652 (1979)

/2/ Ray G.W., Keyser L.F., and Watson R.T.

J. Phys. Chem. 84, 1674 (1980)

/3/ H.H.Grotheer, G.Riekert, U.Meier, and Th.Just
Ber. Bunsenges. Phys. Chem. 89, 187 (1985)

/4/ M.T. MacPherson, M.J. Pilling and M.J.C. Smith
Chem.Phys.Lett. 94, 430 (1983)

I4



E60

THE ROLE OF DECOMPOSITION REACTIONS IN FLAMES

by J. VANDOOREN, B. WALRAVENS and P.J. VAN TIGGELEN

LA8ORATOIRE VE PHYSICO-CHIMIE PE LA COIBUSTION

UNIVERSITE CATHOLIQUE DE LOUVAIN

B-1348 LOUVAIH-la-HEUVE BELGIUM

The overall stoichiometric chemical equation corresponding to the

combustion process for a fuel with a formula C XHyzNW (noncyclic compounds)

can be written as follows

CxHYOzNw (X 4 02 - xCO2 +  H2o  .+ !i2 (1)

Such an overall reaction corresponds to a variation of the total number of

particles An. It can refer to molecules or moles. An is the difference

between the number of mole (or molecules) of products and reactants. It

will be dependent on the values of y, z and w. Three cases can be consi-

dered according the value of y + 2 z + 2 w :

An is positive if y + 2z + 2w > 4

An is zero if y + 2z + 2w = 4 (2)

An is negative if y + 2z + 2w < 4

- Most of the usual fuels will burn with an increase of the total number of

particles (An > 0) for instance

C 2H6  + 3.5 02 * 2C0 2  + 3H 2O An = 0.5

CH3ONl + 1.5 02 CO2  + 2H20 An = 0.5

NH3  + 0.75 02 0.5 N2 + 1.5 H20 An = 0.5

- Other fuels as CH4 , CH20, C2H4 should burn without change of the total

number of particles (An = 0), if the overall stoichiometric equation (I)

is valid

CH4  + 202 + CO2  42H20 An = 0

C2 H4 + 302 2CO 2 + 2H 20 An = O

CH20 + 02 - CO2  + H20 An = 0

However, even when An = 0, the number of particles in the burnt gases is

usually larger than those in fresh gases, since species like CO. OH, H,

0 are always occurring in the burnt gases.
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- Nevertheless, some fuels as H2, CO, HCN, C2 H2, as well as polyacetylenic

compounds will burn with a decrease of the total number of particles

(An < 0).

According to these considerations, it comes out that the majority

of fuels burns with an increase of the total number of particles. It means

that decomposition reactions must occur and a combustion mechanism has to

include this kind of elementary processes besides the usual bimolecular and

termolecular reactions.

The analysis of the flame structure, i.e. the measurement of profiles of

concentration (Ni ) of the individual species (i), and of the temperature

profile ,may provide informations on the decomposition processes. However,

since for flames diffusion processes are quite important, one has to con-

sider the mole fluxes (Fi) of the individual species, instead. They are
related to each other by Fi = Ni (v + Vi ) when v stands for flow velocity

and Vi for the local diffusion velocity of species i. Moreover, the total

number of particles and the number of chemical bonds are connected directly.

The flux of chemical bond (Fb) can be estimated at any point throughout the

flame by the expression Fb = E biF i where bi is the number of bonds in the

species i characterized by a mole flux F . If we assume that the total

number of particles doesn't vary (An = 0), the number of chemical bonds

will remain also constant throughout the flame. On the contrary, any vari-

ation of Fb will lead to a gradient of the total number of bonds nd will

correspond to a gradient of the total number of particles. Such gradients

have to be ascribed to the occurrence of both termolecular and decomposi-

tion reactions

dFb
- = R - R = R (3)
dz t d b

where z is the distance, Rt the reaction rate of recombination, Rd the rate

of decomposition and Rb the net reaction rate varying the total chemical
bond in the system across the flame front. When Rb > 0, the recombination

processes dominate. The reaction rate of decomposition, especially in the

Imain reaction zone of low pressure flames, is fastcr thn t1,,2 n-action rate

of recombination.

So, to a first approximation, we get Rb F - Rd.
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Using this approach, the rate of decomposition has been determined

in flames burning in CH4/02 , CH3OH/02 , H2/N20, CH2 0 2 mixtures.(1
-4)

1. For instance for H2/N20 flames, the elementary process

N20 + M -, N2 + 0 + M (r.1) is unquestionnably the unique decomposition

reaction. Thus, one can write - Rb = k1 [N201 [14),and deduce therefore

the value of k1. One obtains the following expression for

k = 1.3 1015 exp (-28500/T) cm3 mol-I s"I which agrees fairly well with

those measured in shock tubes. (5

2. A similar analysis in formaldehyde flames leads to ascribe the main

decomposition path ot the reaction CHO + M * CO + H + M (r.2) with

k2 = 2.5 1015 exp (-9300/T) cm3 mol-1 s"1.

In conclusion, the analysis of the flame allows to deduce rate

constants for decomposition reactions and to estimate their incidence in

the combustion mechanism.

We acknowledge financial support of F.R.F.C. Contract 2.9003.82 (Belgium)
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PYROLYSIS OF CYCLOHEXANE / N-DECANE / STEAM MIXTURES

AT CA. 810°C

F. BILLAUD* and E. FREUND**

* Odpartement de Chimie-Physique des R6actions, UA no 328 CNRS,

INPL-ENSIC, 1, rue Grandville 54042 NANCY Cedex

** Dipartement de Physique et Analyse, Institut Francals du

Pitrole, 1 et 4, avenue de Bols Prdau, BP 311,

92506 RUEIL-MALMAISON Cedex

The present work is a part of a more general research project

aiming at understanding the reaction mechanism of the production of light

olefins from naphthenic feedstocks. Such feedstocks are currently of great

commercial interest because catalytic hydrogenation processes are under

active consideration as a means of upgrading olefin feedstocks of high

aromatic content ; such hydrogenation tends to saturate the aromatic

molecules originally present without ring rupture yielding a high

proportion of alicyclic compounds in the upgraded feedstock that is

eventually pyrolysed.

The model reactant chosen for the present study, cyclohexane,

stands for unsubstituted cycloalkanes within the naphtha boiling range.

From another practical point of view, C6 cyclanes and especially

cyclohexane are important elements in Industrial and fuel mixtures. A

better knowledge of the elementary steps and of the resulting closed

sequences is thus of importance for the understanding of hydrocarbon

cracking and combustion.

The naphthenes have not received nearly so much attention from

the investigators of pyrolytic decomposition as the paraffins. At most, the

S
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few papers found in the literature concern the pure reactants and never

mixtures of naphthenes with alkanes ; some investigations were also

performed in a shock tube by W. TSANG.

As a result of these limited experimental investigations the mechanism of

decomposition of cyclanes has not been well established and published data

are not sufficient to predict the distribution of the primary products even

in the case of one of the simplest compounds, cyclohexane.

The apparatus and the analytical procedures have been described

previously [BILLAUD (1983) (1984)] for the pyrolysis of a mixture of

n-alkanes chiefly C12-C18 at 1053 K.

N-decane pyrolysis [BILLAUD (1984)] is the reference reaction and the

pyrolysis of the mixture n-decane-cyclohexane is compared to it.

We describe the primary decomposition of cyclohexane by three

closed sequences which lead to the following primary stoichiometries

cyclohexane = 3 C2 H4  (1)

(C6H12 )

cyclohexane = H2 + C2H4  + 1,3 C4H6  (2)

(C6H12 )

cyclohexane = H2 + c C6 H10  (3)

(C6H12 )

If we consider the yields of cyclohexene and benzene as a

function of residence time, it appears that cyclohexene deshydrogenates

easily into benzene and, even at very low conversions, primary

stoichiometric equation (3) can be replaced by the secondary stoichiometric

equation (3') : C6H12 = 3 H2 + C6H6.

In order to determine the distribution of the primary

stoichiometries from the yields versus residence time, we define the

selectivities in the various decomposition products. As a definition, we

. . ..... .. . .... .......... . .. .... ... .... . ..... .. .- - .
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call selectivity of the reactant A into a product B, SA(B). the ratio

number of moles of product B

SA(B) = number of moles of A transformed

In order to confirm the primary mechanism of decomposition of

cyclohexane in the presence of n-decane, we have made the following

assumptions : the margin of selectivity for each product obtained in the

pyrolysis of n-decane and in the pyrolysis of mixtures cyclohexane-n-decane

is essentially due to the decomposition of cyclohexane (Hypothesis of

non-interaction). Then the selectivities in C3H6, CH4, 1-C4 H8 and other

products of decomposition of n-decane are the same in the presence or in

the absence of cyclohexane ; therefore these products are not due to

cyclohexane decomposition. On the other hand, the selectivities in C2H4,

H2, 1,3 C4H6 , and cyclohexene depend on the conversion of n-decane and we

can determine for the lowest conversion of 66 % the distribution of the

three above-mentioned stoichiometries, respectively 41, 43 and 16 %. H2 is

representative of reactions (2) and (3), C2H4 of reactions (1) and (2) and

cyclohexene of reaction (2).

The presence of cyclohexane in a feedstock of pyrolysis is

therefore not noxious towards its conversion. Cyclohexane produces C2H4,

1,3 C4 H6 and H2 in large yields. In a similar way, cyclohexane leads to

cyclohexene which can give a secondary deshydrogenation into benzene, which

is a valuable molecule, leading to an increase of octane number in gasoline

(nevertheless, its toxicity might be a drawback) and above all is largely

used as an intermediate in the chemical chemistry.
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uigh Temperature Pyrolysis of Toluene at Very Lowd Initial Concentrations

M. Braun-Unkhoff and P. Frank

DFiVLR Inst. t. Phys, Cheaje der Verbrennung, Stuttgart, V. Germany

The thermal decomposition of toluene to benzyl radicals and H-atoms has been

investigated behind reflected shock waves. The results reported here are from

a series o- investigations on aromatics carried out using a shock tube in

conjunction with atomic resonance absorption spectrometry (ARAS) in the

temperature range of 1400 to 1800 K and at total pressures between 1.5 and

7.8 bar. The test gas mixtures consisted of argon with relative concen-

trations of 2 to 30 ppm toluene which were permanently controlled by a

chemical analytical method (Ac/c 5.5 ppm). Due to the very low initial con-

centrations of toluene it was possible to conduct the experiments under

conditions where the influence of subsequent reactions is considerably

reduced. The high sensitivity of the ARAS-technique allowed to monitor

absorption signals of H-atoms with absolute concentrations of 1012 to 2

W013 atoms cA -3

Due to the low Initial concentration of toluene it was possible to evaluate

the rate coefficient k, for the initiation reaction Ri: C7 a . C7H7 + H

directly from the H-atom formation rate: kW(dIHJ/dt It= 0 ' C7H8|0
"i . 

The

evaluated values for kI showed within the limits of experimental scatter no

dependence upon the total pressure in the investigated range. Therefore we

4-
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conclude that the reaction proceeds in the "upper part" of the fall-off

regime, not far from the high pressure limit.

A least square analysis of all measured points gives rise to kl= 5.1 x 1015

exp(-45990/T) s
" 

in the temperature range of 1400 to 1700 K.

The k1-values following from recent measurements of hueller-Narkgraf and

Troe /I/ are in very good accord with our derived expression. The values

derived by Rao and Skinner /2/ from D-atom measurements are about a factor

of 2 smaller, but if we take corrections for isotopic effects into account,

then sufficient agreement with the present values is obtained.

In the later stages of the reaction time either a maximum (at p5 = 1- 2

X1O
-5 

Mol cm
-3 
) or an only moderate increase (at p5

= 
5 - 6.7 x 10

.5 
mol

cm
" 3

) of the H-atom concentration was observed. For both cases a preliminary

interpretation of the experimental profiles was possible with the following

additional reactions:

R2: C7H 8 + H - C7H7 + H2 k2 =I.2x10
15
exp(-7520/T)

R3: C7H7 - C5H5 + C2 2  k3= 2 - 5 x kI

R4: C5sH5 + Ar - CsH 4 + H + Ar k4= 5-10 ki1

Besides this, a second decomposition path of toluene involving cleaving of

the C-C bond between the phenyl and methyl group has been discussed /3 /.

By restricting our efforts on modelling the experimental profiles only in

the early stages of the reaction period, it is possible to derive k-values

for the reaction Ra: C7H8  C6H5 + CH3 with a crude reaction scheme con-

sisting of reaction R2 and the phenyl decomposition reaction:

.?
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Rla: C7 118  -0 C6 H5 + CH 3  kla/k 1 = 100 for T=1460 K and 4 for T=1650 K

R5: C6115  C 2H 2 + C4113  k5  3 - 5 x k,

R6: C4H 3 + Ar C0 2 + H + Ar k6  107_108 cm3 ool- I s-1

The methyl association reaction CH3 + Cll 3 - C2H5  + H, with k = 1.4 x 10 13

1-1exp (-5660/T) cm
3 

mol - s for T VI700 K /4/, has no influence under the

experimental conditions. The evaluated Arrhenius expression for k a exhibits

a very small value for the energy of activation (Ea 2 10 kcal / mol ), which

is in severe contrast to theoretical and experimental /1,5/ findings.

Together with the results of Troe et al. /1/ , who measured the decrease in

the toluene concentration during the reaction time, we consider our findings

as evidence against an important contribution of an unimolecular process

involving cleavage of the C-C bond of the side chain to the overall disso-

ciation reaction rate of toluene.

/1/ W. Nueller-Markgraf and J. Troe, to be published in the 21th. Symposium

(Int.) on Combustion,(1986)

/2/ V.S. Rao and G.B. Skinner, J. Phys. Chem., 88 4362 (1984)

/3/ K.H. Pamidimukkala and R.D. Kern, Int. Conf. on Chemical Kinetics. NBS,

Gaithersburg, MD, poster session (1985)

/4/ P. Frank, M. Braun-Unkhoff, and Th. Just, to be published

/5/ D.L.Astholz, J.Durant, and J.Troe, Symp. (Int.) on Combustion,1,885
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KINETIC STUDY AND MODELLING OF PROPENE HYDROGENATION-

HYDROGENOLYSIS IN PYREX VESSELS AT ABOUT 5OO*C

by J.H. BERAL, C. RICHARD and R. MARTIN

Universitg de Nancy I, BP 239

54506 VANDOEUVRE LES NANCY, France

The thermal decomposition of propene at about 500*C yields a large va-

riety of primary products : H2, CH4, C2H4, C2H6, C3H4, C3H8, C4H8 , t,3-C 4H6,

C5H8 , methylcyclopentane, methyl-3-cyclopentene,... When mixed with molecu-

lar hydrogen, propene gives rise to hydrogenation-hydrogenolysis stoichiome-

tries

H2 + C3H 6  C C3H 8

H2 + C3H6 - CH4 + C2H 4

which add to the properly so-called decomposition stoichiometries. Thus, mo-

lecular hydrogen causes a selective orientation of the reaction and tends to

convert propene into methane, ethylene and propine. This trend is greatly de-

pendent on the nature of the wall reactor. For instance, the initial yields

of methane * ethylene + propane in absence and presence of molecular hydro-

gen (190 Z at 520'C) are respectively 57 and 80 in a pyrex reactor, 62 and

92 in a stainless-steel reactor, in percent of the total products.

The formation rates of several products have been studied at low extent

of reaction, in Pyrex vessels. The experimental results are interpreted in

terms of a free-radical chain mechanism, the processes of which are mostly

homogeneous. From the rates of allene production, it is shown that the main

initiation and termination steps in presence and in absence of hydrogen are

2 C3H6  -> products (i)

2 C3H5. -> products (t)

and one computes for process (1)
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C3H > H. + C3H4  (I)

14 -I -Ik = 10 exp(-51500/RT) s (RT in cal.mol

For the production rates of methylcyclopentane, methylcyclopentene and pen-

tadiene-1,4 , we write the following primary processes

3

C3H5 . + B2 36_ l. + C3H 64

C3 H5 " + C3116  5> (I)

CH +CH (III)

C3H 5. + C3H 6 <

9 10 >
10 9

(or I or Ill) + C3 116  - ' ( I + C3H6

(or I or 111) + C 3 If6< > .. I C 1 4 

* (or I or 111) + H 2  '- > K I H.

1 1 1 2 > C H 3 . ' + U ,

Rate constants for processes (3) (5) (9) (10) and (12) have been evaluated.

It is shown that process (10) is almost as difficult as the unimolecular

deshydrogenations of (1) (III) and- (Y and that methylcyclopentene rate

is second order in propene at 518*C (process II).

From this point, the kinetic scheme is completed in order to account

for the production of methane, propane and ethylene, in presence and absence

of hydrogen. Any r. free-radical (H., CH3., i C3If7., n C3H7.  ) gives

rise to competitive processes :

r. + C3H6  - > rH + C3H 5 .

r. + C314 > rC3H 6 .

r. + H2 > rH + H.

r. H. + m

A detailed modelling of the reaction is achieved by adjusting to the experi-
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mental values the initial formation rates computed for methane, ethylene

and propane in presence and in absence of hydrogen and in the q.s.s. and

long chain approximations. An analysis of sensitivity makes it possible to

isolate the determining steps and to evaluate their rate constants. A set

of rate constants is obtained which is consistent with all the experimen-

tal data and with the thermochemistry or the rare values of the literature

().

() C. COLLONGUES, C. RICHARD and R. MARTIN, Int. J. Chem. Kinet. 15, 5

(1983).



E64

KINETICS OF THE HYDROGENATION OF PROPYLENE AT 950 K

D. Perrin, Universite de Nancy, Nancy, France

and

M.H. Back, Chemistry Department, University of Ottawa, Ottawa, Canada

Rate constants for atomic and radical reactions involved in hydrocarbon

pyrolyses have, for the most part, been measured at temperatures below

about 700 K, yet these values are often required to describe reactions

occurring in the neighbourhood of 1000 K. Clearly, measurements of

these rate constants in the region of temperature where they will be

used would be valuable.

For this purpose the kinetics of the hydrogenation of propylene was

studied in the temperature range 900 - 950 K where the reaction occurs

through formation and disappearance of n- and iso-propyl radicals. The

reaction system was similar to that described in the study of the hydro-

genation of ethylene at 1150 K (1) Mixtures of hydrogen with small

quantities of propylene, 30 - 120 ppm, were admitted to a quartz reaction

vessel of approximately 200 cm3 and the reaction was followed by measure-

ment of the disappearance of the reactant and the appearance of the

products, methane, ethylene, ethane and propane. Acetylene was produced

only in trace amounts.

In the presence of the large excess of hydrogen, the reaction is initiated

by the hydrogen atoms present in thermal equilibrium with hydrogen

molecules. Contrary to the situation in the previous studies at 1150 K,

the establishment of the equilibrium concentration of hydrogen atoms at

950 K was not fast compared to the other radical reactions occurring in

the system, and the assumption of constant concentration of hydrogen atoms

throughout the course of the reaction was not valid. Under these conditions

the measurement of absolute values for rate constants becomes uncertain and

the system is better suited to the extraction of the relative values.

Analysis of the results was based on the mechanism given on the following

page. A steady-state solution of these equations gave a series of

equations for the rate of disappearance of propylene and appearance of

products in terms of the concentration of hydrogen atoms. To obtain

equations independent of the hydrogen atom concentration, the rates of

formation of the products were expressed in terms of the rate of

disappearance of propylene, according to equations A, B, C and D.
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H 2  211 0i(-i

H + C -C3 H7  (2)(-2)

H + C3 H6 : n-C 3H7  (2')(-2')

i-Cit + H2 C HS + H (3)(-3)
3 7 +2 38

n-C3 H + H C3HS + H (3'(-3')

3 7 2 33n-C3H 7  C 2i4 + CH 3  (4)

CH3 + H 2 C 4 + H (5)
C3i +i:C3H +112 (6)(-6)

C2 H4 + H Z C2 HS (7)(-7)

Cit 4-1 :CH H1 8(S
2 5 + 2 2 6 +

C3 H8 -t C2 H5 + CH3  (10)

C21H6 "2CH 3  (II)

" C3 H81 RCH 4  ' C3H 8
(A) R CH4 --RC + pI f2]C3H3V3 - ±+ R -C 3-6RC 6C

4B RC 116  I [C 3 i) ] K C 2 H CH RC

K 7 K8 [H2 ]C2H 4 -EC2 H 6]P3 C316 " RC 36

c)n3H a ' 1\ H2H % K~z K "C3H 2 C " C H1

RcR

( /7+K[H 2]KC2H43-- [C 2 HH6C C3 RC216

(C) RC - -1l . R )JC J + P R " K
38 23 263 C 3H6C

3 6 , C H 6  C312

b3  b6  b7
withbP P PIh i3 + b- 2 = b3 + b5 ; 3 b 3 + b5

k~gH}  +3 k 2

and b3  k k 3  21 + k k2 , +
3 *k_2' + k 3rH 2] 2 k_ 2 1 + k 3'[H 2]Tk 4

k4
b5 - k2 , , k_2 , + k4 * k3.[11 2]

k 4 k 7

b 6 - k b -k_ 7"k_2 # + k4  + k3 ,[H 2] 7 8 k 7  + k 8 121

___ .
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The equations were analyzed using rates and concentrations of reactants

and products measured during the reaction of up to 90% of the propylene.

PI and P2 were obtained from equation C, P3 from equations B and D.

Equation A was not useful because the yields of methane and loss of

propylene were too close. Values were calculated over the pressure

range 135 - 300 Torr and the temperature range 906 - 956 K.

The ratios of the rate constants for H-transfer from propane to H-

addition to propylene may be expressed in terms of the coefficients

Pl. P2 and P3 as follows:

(E) k 3  P I _I_ Y
k 21 I-P IF K2K3(H2]

where the fraction y may be shown, under the present conditions to be

close to one.

()k -3' P 2

(F)k

Using the value for k2, given by Allara and Shaw (2)

9.9- 2900/0 -I -1I
k2- = 10. (R = 1.987 cal deg mol I

the following values were obtained:

k3 - 10 10.36±.27-(7300±1200)/B (M g- i)

k-3,- 10 107±.
90-(10800±3800)/e ( -Is-I)

Values of k-3 and k-3 , are in good agreement with expressions

recommended by Allara and Shaw. Nevertheless the measurements of the

relative values are possibly more useful in the application to thermal

reactions of hydrocarbons in this temperature region.

I. J.-R. Cao and N.H. Back, Can. J. Chem., 60 3039 (1982).

2. D.L. Allara and R. Shaw, 3. Phys. Chem. Ret. Data, 9, 523 (1980).

-- - - ... --
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Bedjanian Yu.R., Gershenzon Yu.N., Kishkovitch O.P.

Rosenahtein V. B.

Institute of Chamical PbysicsMosoow 117977, USSR

The study was carried out by means of EPR/LMR spectrometer

combined with a flow-tube system fI]o
Reaction NP2 -. 11202. Recently we found that in the reaction NF2 + H02.

-3o-OH + P + PRO a nonactive radical HO 2 interacting with a stable ra-

dical NP2 ( at 300 K and -10 Torr ) gave two chemically active par-

ticles OH and F. This fact brought us to discover the branch chain

reaction NP 2 + H202. Its mechanism at 300 K and 10 Torr is

(0) H2 0 2 + NP2 - NF2 H o 1102 k = 1.5.10-17cm
3 s- 1

(1) HO2 + NIP2 --5-P + OH + PRO k a 2.4- 10- 1 2 cm3 s - 1

(2) P + 11202 1- 0 IO2 + HP k = .,O10-11cm 3 s "1

(3) OH + H202 -- # H02'+ H20 k = 1.7-10- 12 cm3 s- 1

(4) H02 + all -- )p termination k - 12.m
1

(5) OH + NP2 - P PO + HP k - 1.5.10-11CM3s
- 1

(6) HO2  1102 - 1202 + 02 k - 1.65,10- 12=3-1

The rate constants of reactions (1),(4-6) we measured separately.

This mechanism discribes very good the chain concentration limits

and kinetic curves for NF 2 and HO2 .

Reaction N2 4 .± H202A2 The reaction was studied under the following

conditions: p - 13 Torr, [u 2 P 4 ] - (1.0-20).101 4 cm " 3 , [IH20 2 1

= 5.1015 cm-3, In this case the limiting stage is the decomposition

of N2 F4 and therefore the stationary regime is reached during 1 s.

High concentrations of the intermediate active spieces NP 2 and HO2

are conserved during at least several seconds.

Reaction MP. H2. This reaction was investigated under the conditi-

ons: p ,,= 12 ToT (f 2 ,/f[He]- 1 ). T - (500 - 850) K, [NP2'-

one: a 1 TorrL--2
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-(0.5 - 5).1014cM3. The specific kinetic features of the branch

chain reactions were observed: the induction period, the ignition

limit etc. The kinetic data were treated basing on the simplified

scheme t

(0) NP 2 + H2 -- ,- P2H + H

(1) H + NP 2 -- ,' NP + HP

(2) NP + NF 2 -- 3 + N2

(3) P + H2 --- >H + HP

(4) NP --- termination

and preliminary value 2.10- 10 exp(-3000/T) cm3 s- 1 for k2 was ob-

tained.

Reference. i.Gershenzon Yu.L, Ilin S.D., Kishkovitch O.P.,

Lebedev Ya.S., Valkhasian R.T., Romenshtein V.B., Trubnikov G.R.

Doklady Akad.Nauk SSSR, 1980,v.255.10 3, p.620 - 622.

....- -- ..... ..
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Abstract

Transient gain-versus-absorption laser probing of

spin-orbit states, kinetics and dynamics

Stephen R. Leonet

Joint Institute for Laboratory Astrophysics
National Bureau of Standards and University of Colorado

and Uepartment of Chemistry and Biochemistry
University of Colorado

Boulder, Colorado 80309-0440

A tunable F-center laser at 2710 nm and a diode laser at 1315 nm are

used to probe spin-orbit populations of Br and I atoms, respectively, by

time-resolved gain-versus-absorption techniques. Highly accurate quantum

yields are obtained for pulsed laser photolysis of various compounds by

measuring the early time gain or absorption signal relative to the final

absorption amplitude when all of the excited atoms are quenched. Inherent

in the method is an intrinsic normalization which eliminates many variables

that usually contribute to the error in the determination. Thus the yields

are insensitive to the pressure of the gas, the absorption coefficient, the

tuning ot the probe laser, and the power of the photolysis laser. Yields

from molecules such as Br2 , [Or, C"31, and C3F71 are considered in detail.

tStaft Member, Quantum Physics Uivision, National Bureau of Standards.
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In the case of Br2 , the continuum yields arising from hot bands are in-

vestigated as a function of temperature to fit the shape of the upper

repulsive states. The high resolution of the probe lasers allows Ooppler

velocity effects to be explored. In addition, the differing reactivittes

of dr( 2 P11 2 ) and Or*(
2P3/2 ) are studied. For Br + 18r, the ground state

aton is 4U times more reactive than the total rate of quenching plus reac-

tion of the excited state.

These laser probe techniques and infrared fluorescence methods

are used to investigate the process of collisional release in Br2. In

this process, Br2 molecules are excited with a narrowed laser to single

vibration-rotation levels in the B31 u+ state at energies between 1-5 kT

below dissociation. Collisional release is monitored and determined on an

absolute scale by measuring the Br* yield and the total quenching rates.

The results show substantial dissociation upwards in energy, even for ener-

gies 3-b kT below dissociation. Results for several collision partners,

including He, Ar, Kr and Br2 show that all these molecules, regardless of

their strength of interaction with the Br2 (B) state, have essentially equal

efficiencies of collisional release when compared to the quenching rate of

the partner. These results will be discussed in terms of simple models.
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Energy Partitioning in the Electronically Excited NO

Formed by the Photolysis of the NO Dimer

0. Kajimoto, K. Honma, Y. Achiba*, K. Shobatake* and K. Kimura*

Department of Pure and Applied Sciences, College of Arts and

Sciences, the University of Tokyo, Komaba, Meguroku Tokyo 135

Japan

*Institute of Molecular Sciences, Myodaiji, Okazaki, Aichi 444

Japan

Nitric Oxide dimers, produced by a supersonic expansion

of NO/He mixture, were photolyzed at several wavelengths between

193 and 218 nm. The emission appearing upon irradiation were

identified as the r and 0 bands of NO monomer, indicating the

formation of electronically excited NO in its A and B states,

respectively.

(NO)2 -> NO + NO*(A,B)

The laser power dependences of the emission intensity and the

NO+ ion current further revealed the mechanism of the (NO)2

photolysis as shown in Fig. 1.

The change of the emission spectra in the J' band region

with varing photolysis wavelength is shown in Fig 2. By the

photolysis at 217.8 nm only the the emission from v'=O level

of the A state was observed whereas, at 193 nm, v'=3 for the A

state and v'=5 for the B state are found to be present. On
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the basis of the energetics, this observation suggests that

the binding energy of the (NO)2 should lie between 350 and 700
-l

cm . The computer simulation of the observed spectra has been

performed in order to derive the electronic, vibrational and

rotational energy distributions in the electronically excited

fragments (Fig. 3). The distributions obtained for the four

photolysis wavelengths are given in Fig. 4. The vibrational

distribution shows no population inversion except for the B

state in the 193 nm photolysis. The total amount of the B

state is greater than that of the A state. The rotational

temperature for v'=0 of the A state at 193 nm was also

evaluated to be 1500 K from the emission spectra of higher

resolution.

The above mentioned features in energy partitioning will

be discussed in terms of the modified phase space theory and

the crossings between various potential surfaces during the

photofragmentation.
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Fig. 1 A schematic representation 2--0---0-----------
of the mechanism of the photo-
lysis of the NO d~mer Fig. 2 The emission spectra

observed by the photolysis
of (NO)2 at several wave-
lengths.
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Fig. 3 The simulation of the Fig. 4 The electronic and
observed spectrum. vibrational energy partitioninq.

0: A state, 4: B state.
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The Raman Spectrum of Predissociating H2 S

K. Kleinermanns, R. Suntz

Universit~t Heidelberg, Institut fUr Physikalische Chemie,

Im Neuenheimer Feld 253, D-6900 Heidelberg,

Federal Republic of Germany, Tel.: 06221/562508

Emission spectroscopy of photodissociating molecules provides

interesting insights into the shorttime dynamics of bond ruptures

/1,2/. We report here a resolved H2 S photoemission spectrum after

excitation at 193 nm, although its electronic spectrum in this

wavelength region is diffuse. The electronic spectrum of H2S

between 250 and 170 nm is nearly continuous probably due to

predissociation X( A1 ) I B1  A2 /3/.

The lifetime of H2 S excited at 193 nm H2S 193-M H(2S) + SH(X27)

is guessed from photofragmentation measurements to be 10- 1 4 s

/3/, hence the re-emission efficiency is very small (10- 6). A

sensitive apparatus is necessary to observe such weak emission.

Optimized light baffles consisting of Al/MgF 2 coated highly

reflective scimmers as used in molecular beam experiments sup-

press the scattered light from the 500 mJ excimer laser pulse at

193 nm almost two orders of magnitude better than traditional

baffles. The light further outside from the laser beam center is

mirrored into the exit baffle system instead of being reflected

back into the view region of the photomultiplier /4/. The H2 S is

flowed through the cell at 0.2 mbar pressure. The sidearms and

the fluorescence window are purged with helium to prevent exces-
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sive absorption of the pump beam and re-absorption of the Raman

light.

A typical Raman spectrum of H 2S excited at 193,4 nm is dominated

by the fundamentals, overtones and combinations of the bending

and stretch vibrations. Up to five quanta in the bend and 6

quanta in the stretch are seen in the wavelength region 193 -

320 nm. The spectral resolution of the monochromator is 0.6 nm,

while the excimer laser bandwidth is - 0.5 nm FWIIM. This spectral

resolution has to be improved further to distinguish between

excitation of the symmetric and antisymmetric stretch (E(100) =

2622 cm- I = 203,7 nm and I(001) = 2684 cm- I = 204,0 nm). The

intensities of the stretching mode overtones initially decrease

in the progression, but regain intensity in combination with the

bending mode v2 further alono in th progression. The strong

activity in the stretch and be Jes indicates that the corres-

ponding normal coordinates are initially, i.e. in the Franck-

Condon region, considerably displaced on the upper surface.

Further experiments are directed to improve the spectral reso-

lution of the measurements and to measure the spectrum up to the

energy limit at 502 nm (with 3.91 eV as H 2 S-dissociation energy).

/1/ D. Imre, J. L. Kinsey, A. Sinka, J. Krenos, J. Phys. Chem.

88, 3956 (1984)

/2/ E. A. Rohlfing, J. J. Valentin, Chem. Phys. Lett. 114, 282

(1985

/3/ G. N. A. van Veen, K. A. Mohamed, T. Baller, A. E. De Vries,

Chem. Phys. 74, 261 (1983)

/4/ J.E. Butler, Appl. Optics 21, 3617 (1982)

f
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Vibrational and Rotational Distributions of the CO
Product of H + CO(v=O,3=O) with Hot

Hydrogen Atoms

Paul L. Houston
Department of Chemistry

Cornell University
Ithaca, NY 14853

U. S. A.

H 2S is dissociated at excimer laser wavelengths in an pulsed
nozzle beam containing CO. The H atoms produced by the dissocia-
tion make 1-2 collisions with the cold CO and excite it vibra-
tionally and rotationally. CO products are then probed by vacuum
ultraviolet laser induced fluorescence using a tunable VUV source
made by four-wave mixing in Mg vapor. Because of the photolysis
conditions for the HS, the initial translational energy is
well-specified, and because of the expansion, nearly all of the
CO is initially in v=O, J=0. The final product distribution can
be completely determined; vibrational and rotational distri-
butions will be reported and compared to results predicted by
trajectory calculations on an ab initio surface.



ENERGY DISPOSAL IN O( D ) + NH --> NH + Oil
3 2

REACTION.

S.G.Cheskis, A.A.Iogansen, P.V.Kulakov, A.A.Titov,

and O.M.Sarkisov.

The NH and OH(v) radicals kinetics were directly moni-
2

tored by LIF-technique after lager photolysis of ozone in

0 :NH :Ar gas system. Room-temperature rate constant for
3 3

the reaction
1

0( D ) + NH --- Nil + OH Z H=-40 kcal/mole (I)
3 2 -10 3 -1 -1

was measured to be (3.3 t 1.)-lO cm molecule s by

studying the ground state NH accumulation profiles.
2

A kinetic approach was employed for investigation of

nascent vibrational energy distribution of N|{ and O|
2

in -the reaction (1). This approach consists in the

standard kinetic measurements of collisional quenching of

vibrationally excited products and subsequent restoration

of their initial distributions on the basis of this kinetic

data.

The detailed initial OH(v)-distribution was determined:

P(v=O):P(v=i):P(v=2):P(v=3) = 0.2 : 0.32 : 0.33 : 0.15.

The fraction of NH formed in reaction (1) in the
2

vibrationally excited states was found to be (58+8) %.

Comparison of the obtained data with the previously

reported results shows that kinetic approach is a powerfull

means of the vibrational energy distribution mAurements.

The interaction rate constants of the vibrationally

excited Ni and OH radicals with ozone and ammonia
2

was also obtained.
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FORMATION AND REACTIONS OF ELECTRONICALLY EXCITED HCl

M.A. Brown, P.C. Cartwright, R.J. Donovan,

P.R.R. Langridge-Smith, K.P. Lawley

Department of Chemistry, University of Edinburgh,
West Mains Road, Edinburgh EH9 3JJ (U.K.)

The reactions of electronically excited xenon atoms (Xe 3p2  O)
with ground state hydrogen chloride leading to XeCl exciplex chemilt1~mnescence
have been well studied (1,2]. However, little work has been done on the
complimentary reaction, namely that of electronically excited HCl with the
ground state noble gas atom. Selective excitation of HC1 is difficult
because of the highly energetic nature of the electronic states involved.
From previous high resolution V.U.V. absorption spectroscopic studies [3]
and recent ab initlo CI calculations [4], it is also clear that these high
lying excited state potentials are complex, being dominated by considerable
mixing between the valence o - a* "Ion-pair" state and "Rydberg" states of
the same symmetry (5]. Recently Zinnerer et al [6] have reported single
photon excitation of HCI using tunable V.U.V. synchrotron radiation. Our
approach has been to use laser multiphoton excitation, with tunable U.V.
radiation in the region 230-240 nm, produced by optical non-linear frequency
doubling and mixing techniques.

Figure 1(a) shows a (241] multlphoton ionisation spectrum of HC) for
two typical vibronic levels near 10.5 eV. One vibronic level being v' = 11
of the "Ion-pair" state and the other, the v' = 0 level of a "Rydberg"-like
state that is strongly vibronically coupled to the "Ion-pair" state (5].
Dispersed fluorescence spectra following excitation at the Q(3) feature of
each vibronic band are shown in Figure l(b). Fluorescence to the vibrational
continuum and highly excited vibrational levels of the ground state is
observed. The appearance of XeCl exciplex (B2E+ - X2 E+) chemiluminescence is
seen (Figure I(c)) following excitation of HCI in the presence of Xe (10 torr).
The XeCl exciplex action spectrum (monitored at 308 nm) follows that of the
HCI MPI spectrum, showing that electronically excited HCl is responsible
for the reactive channel. This and additional results involving reactions
with both other electronic states of HCI and different rare gases will be
further discussed.

References

(1) K. Johnson, J.P. Simons, P.A. Smith, C. Washington and A. Kvaran,
Mol. Phys., 57 (1986), 255.

(2) M. de Vries, G.W. Tyndall, C.L. Cobb and R.M. Martin, J. Chem. Phys.,
84 (1986), 3753.

(3) A.E. Douglas and F.R. Greening, Can. J. Phys., 57 (1979), 1650.

(4) M. Betterdorff, S.D. Peyerimhoff and R.J. Buenker, Chem. Phys.,
66 (1982), 261.

(5) M.A. Brown, P.C. Cartwright, R.J. Donovan, P.R.R. Langridge-Smith, and
K.P. Lawley, unpublished results.

(6) G. Zinmerer, "Kinetics of Excited States Produced by Synchrotron
Radiation" in Photophysics and Photochemistry above 6 eV. Ed. F. Lahmani.
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Figure 1(a) [2+1] MPI spectrum of electronically excited Ii.
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Figure 1(b) Dispersed fluorescence spectra of electronically excLited lCI.
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ArF-Laser Photolysis of Hydrazoic Acid:
Formation and Kinetics of NH(clit)

F. Rohrer and F. Stuhl
Physikalische Chemie I, Ruhr-Universit~tt Bochum, D-4360 Bochum 1,

Federal Republic of Germany

Long Abstract

Recently we have observed the generation of four different ex-
cited NH(atA, b'2, c 1 , A 311) states in the ArF-laser photolysis
of HN?. Since kinetic data on the quenching of NH(cit ) is
scarce ) and details of the quenching mechanisms of excited small
molecules are not well understood we have used this photolysis
system to investigate its kinetics in the presence of a number of
added gases.

In these experiments, gaseous HN 3 at pressures ranging from 0.013
to 13 Pa was Irradiated by the unfocussed ArF-laser beam (30

mJIcm- 2 ; 15 ns; 193.3 nm). Excited NH(c) radicals were detected
by emissions from their NH(c -, a and b)-transitions. The NH(c,
v'=O and 1, j) radicals were produced with a rotational distri-
bution close to that corresponding to Trot=8 0 0 K. About 10% of
the available energy appears as rotation and -1% as vibration.
The quantum yield for the production of NH(c) was estimated to be

0.0005 assuming no ground state NH(X) is formed.

Lifetimes of the NH(c) fluorescence were determined using a time
constant of 30 ns. The zero pressure lifetimes of v'-O and 1 were

measured to be 470 # 15 and 65 + 20 ns, respectively. The value
for v=0 is taken to represent the radiative lifetime while that
for v=1 is shortened by predissociation.

Rotational relaxation was observed to be very efficient. In the

presence of Ar, for example, the addition of 6600 Pa was suffi-
cient to generate a rotational distribution corresponding to room
temperature within 50 ns. Quenching cross sections were deter-
mined in the presence of Ar, hence, to tender a completely re-
laxed rotational distribution (Trot300 K). This way, the mea-

sured quenching cross sections represent a weighted average over
the collisionally coupled, rotational states at room temperature.



Table I . Cross sections/10-16 cm- 2 for the quenching of several
excited hydrides

Gas rsaI(c)a) NH~(A)b) C1IAc)

He 1 0.0004 !50.0046 <0.0007 a) this work
Ar :0.001 _0.011 <0.005 b) Ref. 2
Kr 2.58 2 .4 4 a,d) c) Ref. 3 for N'=0-7
Xe 32.9 6.0 1 5 .6 a,d) d) for the rotational
SF6  0.032 0 .0 2 6 a~d) distribution given
N2  1.64 : 0.0061 6.7-2.5 in Ref. 4
H2  8.01 4.4 11.6-6.5
02 7.63 11.0-5.9
CO 41.8 6.4 49.6-27.6

02 24.2 4.3 21-10.5
NO 71.6 17 47.7-30
002  27.4 0.97 69-20.9
H2 0 88.9 92.9-73.9
N2 0 58.0 70.7-28.2

0-14 27.3 8.0 34.4-26.3

Fig. 1. Fluorescence

intensities of NH(c)
NH(c4a) NH(A-X) a and NH(A) in (a) thea absence and (b) the

presence of 02. Pres-
sures: 0.27 Pa HN 3
and 53.2 Pa 02.

- 0,0) 

b

(0,0)

h j ( -(.2.2)

325 335 345 nm
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The values obtained are listed in Table I together with those
previously reported on the quenching of NH(A 3 ) 2 ) and OH(A 2 j) 3 ) .
Similarities and differences in Table I will be discussed in
terms of attractive forces and calculated potential curves.

The quenching of the unrelaxed original rotational distribution
(in the absence of Ar) was observed to be slightly less efficient

for several added gases. This trend was found to be reversed for

the addition of 02 and NO. For these quenchers, the removal rate
for NH(c) can be correlated with the growth rate observed for the
NH(A) fluorescence. Fig. I shows the resulting overall fluores-
cence intensity changes during a time intervall 1 jus after the
laser shot. While the intensity of the NH(c--- a) fluorescence
significantly decreases by the efficient quenching by 02, the

intensity of the NH(A) increases in spite of some quenching by
the added 02. Figure 1 additionally shows that NH(A) is formed
also as a primary product. The relative quantum yields for the
primary production of NH(c) and NH(A) and the appropriate quen-
ching constants were taken into account to calculate the effi-
ciency of the collision induced intersystem crossing to be close
to one for both 02 and NO.

For the addition of 02, Fig. 1 clearly demonstrates the enhance-
ment of NH(A) in v=2 and I (besides v=O). We propose O 2 (a16) in

the vibrational states v=O, 2, and 4 to be formed in the reaction

02 + NH(c). For this set of products, total spin is conserved and
near resonances exist being slightly endothermic.

The authors acknowledge financial support by the Deutsche For-
schungsgemeinschaft (SFB 42).
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RECENT ADVANCES IN FREE RADICAL KINETICS OF OXYGENATED IIYDRO-

CARBON SPECIES

Reinhard Zellner

Institut fitr Physikalische Chemie, Universitat Gttingen,

Tammannstrae 6, 3400 Gdttingen

The kinetics of oxygenated hydrocarbon radicals are a

central element of hydrocarbon oxidation at both low and high

temperatures. Among the large variety of such radicals a few&

of them are accessible to isolated generation and direct time

resolved detection using presently available laser techniques.

In this presentation recent results obtained for the kinetics

and energetics of reactions involving such radicals will be

reviewed.

Methoxy (CH30) and methylperoxy (C1302 ) are the simplest

oxygenated hydrocarbon radicals that appear in methane

oxidation. From their chemical behaviour they may be con-

sidered as the hydrocarbon analogues of Oi and HO2 , re-

spectively. The kinetics of their reactions therefore deserves

special attention both in view of the absolute rate coeffi-

cients as well as their theoretical interpretations. As an

example for which there is thorough comparative information

available for the corresponding reactions of 11Ox we will pre-

sent recent results obtained for reactions of CH 30x with 0

atoms and NO. Although the hydrocarbon system has in general

more than one product channel, it will be shown that the gross

features of the kinetics can well be represented by assuming

the reactions to occur via bound intermediates.

Unlike Oil, oxy-radicals of the hydrocarbon system also re-

act with 02* As a representative example we will first pre-

sent recent results for CH 30 + 02, for which we have measured

k(T) and the yield of C112 0. Both quantities indicate that the

reaction is more complex than simple II atom abstraction.

.
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Possible alternatives will be discussed. A mechanism of still

larger complexity is observed for the reaction of vinoxy

(CH2CIIO) with 02. Here the primary process is probably the

addition of 02 to the carbon radical center. This is re-

flected by the pressure dependence of the overall rate co-

efficient and its negative activation energy. However, the

formation of "bimolecular" products, including OH and CH2 0,

is also observed. These probably result from the unimolecular

break-up of the 1,4-H atom-shifted vinoxy-O 2 adduct. A

potential diagram accounting for these observations will be

presented.

Reactions of OH radicals with aromatics at low temper-

atures are assumed to form the corresponding adducts. For

OH + benzene we have recently succeeded to directly monitor
the formation of hydroxy-cyclohexadienyl (HCIID) by long-path

UV-laser absorption. The same technique has also been used

to study reactions of HCHD in isolation. Results will be
presented for direct investigations of the thermal stability

of HCHD and for its reactions with NO, NO2, and 02. The con-
sequences of these results for the low temperature oxidation

of benzene will be discussed.
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STPRUCTUI.L'-I(L'ACTiV ITY #ELATIONtii I'S IN THE REACTION SERIES

Off + RCIHO

S.D6bd, T.Brces and F.MArta

Central Research Institute for Cehmistry,

Hungarian Academy of Sciences, Budapest, Hungary

The kinetics of Oil radical reactions

oil + RCiiO - products (1)

has been investigaLed in an isothermal fast flow reactor.

The Off radicals are generated in the reaction of H-atoms with

excess NO2 and the decay of Oil is monitored by resonance

fluorescence technique. The reaction temperature has been

varied in a wide range usinq oil thermostating jacket and

electric heating.

Rate coefficients and Arrhenius parameters have been

determined for reaction (1) for R groups R = C113 , CCI3 ,CF 3 .

Reactivities and activation energies follow a trend

expected on the basis of the strengths of the formyl C - If

bonds. Comparison of experimental kinetic data with esti-

mations based on semiempirical schemes indicate, however,

that the correlation with bond energies is only qualitative.

Polarity effect appear to play some role in these reactions.
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The Arrhenius activation energies were found to be

small and to change with temnerature. Reasons of deviations

from the Arrhenius low are discussed and experimental tem-

perature dependences of the rate coefficients are compared

with theoretical results.
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CN GAS PIIASE KINETICS PROBED BY A DIODE LASER

R Jeffrev Ialia and Louise Pasternack, Chemistry Division, Naval Research Laboratory.

Washington, D.C. 20375-5000.

The room temperature kinetics of CN with I, D2 and CH4 have been studied using a

diode laser as a probe for both CN disappearance and HCN appearance. CN is produced

by ArF excimer laser (193 nm) photolysis of cyanogen. The P(7) v=0 -> u=l absorption

of CN (X 2E*) at 2015.2 cm-' is monitored as it decays following photolysis under

pseudo-first-order conditions. We also measure the rise of ItCN by monitoring the Vs

vibration near 3311 cm-'. Buffer gases are added to ensure vibrational and rotational

equilibration. A typical time resolved scan of the CN absorption is shown in Figure I.

Absolute rate constants for CN+I-H2, CN+D,, and CN+Ct 4 have been measured and are

shown in Table I.

Table I: Reaction rates of CN

Reaction Rate constant (cms-1) (+2a) Pressure Range (Torr)

CN+I11 (2.5810.28) x 10- 14  10-100

CN+D 2  (7.15±0.86) x 10-16 10-200

CN+CH 4  (7.82+0.86) x 10-13 1-10

.8



G3

"rhese rates are constant over the pressure range shown in Table I. A typical plot of

the CN+D2 pseudo- first-order reaction rate vs D2 pressure is shown in Figure 2. The

reaction of CN+1 2 has been studied using ab initio calculations by flair and Dunning'

and Wagner and lBair.2 In cooperation with the NRL Laboratory for Computational

Physics, we have extended these calculations to the CN+D 2 reaction in order to

determine the predicted kinetic isotope effect. The predicted value of k(lII)/k(D2) is

3.5, in excellent agreement with our experimental results.

We have also measured the integrated line strength for the P(7) u=-O -> u=-I CN(X 2E*)

absorption. These experiments are performed under tow pressure conditions to ensure

only Doppler broadening. A value of S=(I.5 + 0.5) x l0 - 11 cm2 molecule"1 cm- 1 is

measured.

REFERENCES:

I R.A. Bair and T.H. Dunning, Jr., J. Chem. Phys., 2, 2280-2294 (1985).

2 A.F. Wagner and R.A. Bair, Int. J. of Chen. Kinetics, to be published.
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Figure I. Time resolved scan of CN absorption, In this scan, P(CN) 2  0.12 Torr,
P(D2) 2.5 Torr, and total pressure 98 Torr.
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Figure 2. A plot of the pseudo-first-order reaction rate constant, kI, versus reactant

pressure for the reaction of CN+Da. The slope corresponds to a second-order rate
constant of 7.8 x 10 IS cm3 s-1. The intercept reflects CN removal by diffusion and
reaction with the precursor.
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Kinetic Microwave Spectroscopy of Reaction Intermediates:

Atomic Oxygen Reactions with Olefins

Seiichiro KODA*, Soji TSUCHIYA*, Yasuki ENDO, Chikashi YAMADA

and Eiji HIROTA

Institute for Molecular Science, Okazaki 444, JAPAN

Department of Reaction Chemistry, Faculty of Engineering,
,*University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, JAPAN
Department of Pure and Applied Sciences, College of Arts and
Sciences, University of Tokyo, Komaba, Meguro-ku, Tokyo 153,
JAPAN

A microwave spectroscopic method has been developed for

kinetic studies of elementary reactions, in which reaction

intermediates such as free radicals with lifetimes as short as 1

ms are directly analysed in situ condition. This method was

applied to clarifying the primary mechanism of the atomic oxygen

O13P) reactions with ethylene and tetrafluoroethylene.

Recent studies I ) on the reaction of O(3P) with ethylene have

shown that both of channel (a) to yield vinoxy + H and channel

(b) to yield CH 3 + HCO play important roles. But the pressure-

dependency of the branching ratio has not been fully

investigated. A low-pressure experiment is invaluable in order

to clarify whether channel (b) is induced by intermolecular

collisions or not. Microwave kinetic spectroscopy can pursue the

reaction progress at a low pressure such as 0.1 Torr or less by

observing the spectra of transient species as well as products in

real time.

The reaction was initiated by pulsed irradiation of the
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253.7 nm mercury resonant line onto an N20/ethylene mixture

containing a trace amount of mercury vapor. A quartz tube of I m

in length and 9 cm in inner diameter was used as a

reaction/absorption cell, which was surrounded by 15 germicidal

lamps of 30 W each. The light pulse was chosen to be typically

of 4 ms duration. Sample gases were passed over a mercury

reservoir to be saturated with mercury vapor and were then passed

through the cell. The time evolution of vinoxy, HCO and 112 CO

during and after the light pulse was pursued in terms of the

absorption of the 170,17-160,16(342311.5 MHz), 40 ,4 -30 ,3(J=4.5-

3.5, F=5-4, 346708.5 MHz), and 51,5-41 ,4(351768.6 MHz)

transition, respectively. The effective absorption coefficients

were estimated on the basis of the dipole moment and the measured

line-width at the cell pressure.

Both vinoxy and HCO were found to be formed right after the

onset of the light pulse. After some kinetical treatments, the

branching ratio was determined to be 0.410.1 and 0.5±0.1 for (a)

and (b), respectively, at the pressure of 30 mTorr. In the

presence of additional argon up to 300 mTorr, the bran~hing ratio

remained almost the same within experimental uncertainty. Taking

into account the previous studies i ) altogether, the ratio seems

to be almost insensitive to the pressure over the wide range from

30 mTorr to 760 Torr. Moreover, the present pressure of 30 mTorr

corresponds to the collision frequency of about 3x105 51

assuming a hard-sphere collision cross section, and a collision

complex of 0 and ethylene, if exists, is unlikely to survive as

long as 3x10 - 6 s. Therefore, channel (b) is not collisionally

induced, but may take place through an intramolecular path. An
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intramolecular conversion between the potential surfaces leading

to channel's (a) and (b) may easily proceed if these two surfaces

come close each other at some reaction coordinates.

In the reaction of O( 3 p) with tetrafluoroethylene, the

production of 3 CF 2 was established on the basis of its

phosphorescent emission, 2 ) but its quantum yield is not

determined. Though we have not yet succeeded in detecting 3 CF 2

with the present microwave spectroscopic method, the time

evolution of the ground state 1 CF 2 was pursued in terms of the

absorption of the 141,14-130,13 transition at 343135.4 MHz. It

was strongly suggested that the 1 CF 2 was mostly produced via

quenching of the primarily produced 3Cp 2 . The reaction of 0 with

tetrafluoroethylene is thus considered to proceed on a triplet

reaction surface.

References

I) J. F. Smalley, F. L. Nesbett, and R. B. Klemm, J. Phys. Chem.

90, 491 (1986), and lit. cited therein.

2) S. Koda, J. Phys. Chem. 83, 2065 (1979).
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Kinetics of the CH 3 + D reaction an anomalous

isotope effect

i. Brouard and N.J. Pilling

Physical Chemistry Laboratory. South Parks Road.

Oxford, Oli 3OZ. U.K.

We recently developed a laser flash photolysis technique for

measuring stom plus radical reactions, in which the atom is monitored by

time-resolved resonance fluorescence and the radical by time-resolved

absorption spectroscopy . The technique has been applied to the C113 + 11

reaction,

CI3  + H _ _) ) 4  (I)

over the temperature and pressure ranges 300 ( T/1 j 600;

25 -( P/Torr ( 600 (Fig. 1)2. Under these conditions the reaction is

well into the fall-off regime and. whilst k7 may be obtained by

extrapolation using, for example, the Troe factorization technique, the

uncertainty in k7 is significant but difficult to assess.

Over the past few years, considerable theoretical effort has been

devoted to reaction (1) and. In particular, to the calculation of k1.

Precise experimental date sre required for comparison with thes

calculations. We have investigated the reaction between ClH3 and D:

k kc C112 + It

CI! 3  +1 i t C113D t (2)

kb k C Hl3 D

a
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usIng the technique employed for reaction (1) . Because of zero point

energy differences k )) kb  and the overall rate constant for

deuterium atom loss, k2. should be close to ks. The determination of ka

should enable the limiting high pressure rate constant for reaction (1).

k7. to be evaluated by simple correction for mass differences.

As expected, k2 was found to be independent of preasure over the

range 50 j P/Torr j 600 and it is also independent of temperature over

the range 289 j T/K j 401 with a mean value of (1.75 + 0.045) x 10- 10

cm
3  

molecule-' a-'. The corresponding value for k7 is

(2.47 + 0.06) x 10-10 cm3 molecule -1 s - 1 
and Fig. 2 shows an attempt to

fit the 300 K fall-off data for k1 wi'h this high pressure limit. The

data are clearly incompatible with such a value. Fig. 2 also shows a

fit to the data with k - 4.7 x 10 - 1 0 
cm

3 
molecule

-1 s - 1 . 
which is much

more satisfactory. It appears from these experimental date that the

limiting high pressure rate constant for reaction (1) may not be

evaluated from k2 by a simple transition state calculation.

References

1. i. Brouard, H.T. Macpherson, N.J. Pilling, 3.11. Tulloch and A.P.

Williamson, Chem. Phys. Letters, 1985, 113, 413.

2. N. Brouard. H.T. Macpherson and 11.J. Pilling. in preparation.

3. See, for example. R.I. Duchovic and V.L. Raae, 3. Chem. Phys..

1985, 8.. 3448; J.P. LeBlanc and P.D. Pacey J. Chem. Phys..

1985,13. 4511; C.]. Cobos and J. Troe, Chem. Phys. Letters. 1985.
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G6 The Reaction 02 + CH4 . H2COOH + H

Eldon E. Ferguson

Aeronomy Laboratory

National Oceanic and Atmospheric Administration

Boulder, Colorado 80303

There have been a number of studies of the reaction between 02 and

CH4 during the past 20 years. Reoent studies at Colorado University have

established the product ion to be methylene hydroperoxy cation, In con-

trast to published reports that it is protonated formic acid. The H 2COOH

product Ion undergoes H transfer from alkanes larger than ethane and other

hydrocarbons. It transfers the OH group to CS2 and many other neutrals

and it proton transfers to H20, NH3 and other neutrals or large proton

affinity. The Ion follows all three of these reaction paths with CH 3C(O)H

and C2 H C(O)H. The ion does not exchange H atoms with D20. This chemistry

is completely different than that of the very much more stable protonated

formic acid In HC(OH) . The value of Hf(H 2COOH
+
) Is found to be2

-1
185 ± 3 kcal mol

The reaction rate constant has been measured
2 
over the temperature

range 20-560K and as a function of relative kinetic energy from 0.01 eV to

2 eV.
3
'
4 

The reaction rate constant has been determined for the five

CHnD 4n isotopes.
5

From this wealth of experimental data it has been possible to deduce

the reaction mechanism In great detail. the reaction proceeds over a

double potential minimum surface. A reversible electrostatically bound

complex (well depth 9 kcal mol-
I
) with a lifetime - 10

-
10 see at 300K is

4
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formed initially. On - 0.5% of the collisions (at 300K) an irreversible
-1

hydride ton transfer occurs over an 8 ± 1 kcal mol barrier, yielding the

stable (but highly excited) ion H COOH . The electrostatic well-depth and
3

the barrier height are deduced from recent measurements of Bihringer and

Arnold.
6

Following the irreversible H transfer from CH4 to 0 2 to produce
+

H3COOH, an H atom is rapidly ejected from carbon to yield the final
+ -

product H 2COOH + IH. The overall reaction is 22 t 3 kcal mol- exothermic.

The product ion is stable against exothermic (by 49 kcal mol- ) decom-
+ -

position into HCO + 210 or the even more exothermic (by 74 keal mol- I )

decomposition into H3 0 + CO. A barrier of 23 ± 5 kcal mol- exists for

decomposition into HCO + H 20. This leads to a proton bonding energy of

- 162 keal mel - I for H 2COOH + . We believe the neutral products of proton

transfer are CO + H 20. A simple proton transfer leaving H2COO would be

very endothermic.

The reaction rate constant increases almost linearly with number of H

atoms going from CD4 to CH4 due to the H1/D isotope effect of 3 for H-/D-

transfer in the rate-controlling hydride ion transfer step. The product

ion composition, however, is almost statistical (or random) due to the

fortuitously off-setting H/D isotope effect in the ejection rate in the

final step. Eleven measured isotopic parameters (including internal

isotopic distributions for CHD202 + and CH DO + ) are explained with the two
2 2 2 2

isotopic parameters, one of which is a theoretically determined parameter.

The reaction rate constant dependence on temperature is well fit by a

statistical theoretical model.
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KINETICS OF ION MOLECULE REACTIONS AT VERY LOW

TEMPERATURE: THE CRESU TECHNIQUE

C. Rebrion, J.8. larquette, BR. Rowe, G. Dupeyrat

Laboratoire d'Abrothermique du C.N.R.S.

4ter, route des Gardes, 92190 Meudon (France)

I - INTRODUCTION

A detailed understanding of the formation of complex molecules in

dense interstellar clouds requires a good knowledge of ion-molecule

reaction kinetics at extremely low temperatures (in the range 10-100K).

From a fundamental point of view, very low levels are involved in the

reaction at such temperatures, leading to a more tractable theoretical

problem. Also, this could allow the determination of the rotational state

influence on the reactivity. When the formation of an excited complex is

involved, its lifetime is considerably enhanced at the lowest temperatures

yielding large effects on the kinetics.

The CRESU technique that we have developped in our laboratory is able

to measure rate coefficients with condensable species under true thermal

conditions in the range 8-160K. Detailed descriptions of the technique are

published elsewhere /1-3/. The low temperature is obtained by the

isentropic expansion of a buffer gas, containing both ion parent and neutral

reactant gases, through a suitably contoured Loyal nozzle. Ions are created

close downstream from the nozzle exit by an eiectron beam. Primary and

product ions are monitored by means of a moveable quadrupole mass

spectrometer associated with a particlE counting system.

2 -RESULTS

In case of fast reactions all theories assume that they are dominated

by long-range intermolecular forces /41. For non-polar molecules the

Langevin ion-induced-dipole theory predicts no variation in the rate
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coefficient with temperature for these molecules quadrupole moments or

anisotropy of polarizability yield additional terms in the interaction

potential, which may cause variations of the kinetics with temperature. In

the case of polar molecules various theories (ADO, AADO /4/, ACCSA /5/)

predict an increase of the rate coefficient at the lowest temperatures

Three sets of experimental data have been obtained concerning fast

reactions of He* , N+ and C+ ions occuring with non-polar or slightly polar

molecules (02. CH4 , CO) /6/, with very polar molecules (H20, NH3) /7/ and

with non-polar molecules presenting very large quadrupole moments (C6F6 ,

C6 1-112 ).

It follows from these experiments that, within the stated

experimental uncertalnity (t 30%), there is no significant change in the

reaction rate coefficient for neutrals with important anisotropic

polarizabilitles or very large quadrupole moments. In contrast the rate

coefficients largely Increase at the lowest temperatures for polar

molecules. This is qualitatively in agreement with ADO theory. For some

reactions (C+ , N+ + H2 0) there is a very good agreement with the ACCSA

theory (D.C. Clary, private communication).

Several other reactions have been studied using our technique

association reactions of N2
+ with N2 and 02+ with 02 leading respectively

to N4
+ and 0* /21 and slow reactions at room temperature like

N2
+ + Orr002* + N2 and 0D* + CH4 -- > CH 302" + H /I/. In this case the

large Increase of the rate coefficient towards the lowest temperatures can

be seer as a result of the much longer reaction complex lifetime at very low

temperatures.

For 02+ + CHII n Dn, 0 s n s 4 a joint research by various groups

including our low temperature measurements has led to a very detailed

understanding of this reaction /10/.

The reaction of N+ with H2 and D2 Is a striking exception to the geneial
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behavior. The rate coefficient dramatically decreases from 300K to 8K This

has been interpreted as a very slight endothermicity /10/.

3 - CONCLUSIONS

The CRESU measurements yield new insights on ion-molecule reaction

kinetics. Our present program includes the study of the influence of

rotational states on the reactivity using deuterated neutrals to vary the

rotational states populations.
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Neutral Reactions on Ions

A.A. Vigiano. C.A. Deakyne and J.F. Paulson

AFGL/LID, Hanscom AFB 01731-5000

Several years ago Rowe et al.1 observed for the first time an interesting set of reactions in

which a neutral clustered to an alkali ion reacts with another neutral. In these reactions, the alkali ion acts

mainly as a bystander providing a large electric field in which the reaction can take place. Rowe et al.1

found that the reaction (1),

(1) N2 0 5 + NO - 3 NO 2 ,

proceeds at a rate at least 9 orders of magnitude faster when the N2 0 5 is clustered to a Li+ ion than does

the purely neutral reaction. Several reasons can be suggested for the origin of this rate enhancement: (I)
the kinetic energy gained during the acceleration in the ion-dipole or ion-induced dipole field is sufficient

to overcome the activation energy barrier; (2) the electric field alters the potential energy surface; (3) the

lifetime of the complex is enhanced.

In the present work we studied experimentally several systems for which the rate enhancement

is seen. We tried to pick systems that would help to distinguish between the various mechanisms for the

enhancement. Molecular orbital calculations on the energies and structures of the cluster ions were also

performed to aid in understanding the rate enhancement.

The measurements were done in a variable temperature flowing afterglow. The alkali ions

were made by heating rhenium filaments coated with a mixture of alkali nitrate, A12 0 3 and Si02. This

resulted in good pure signals of the alkali ion of interest after several hours of use. Clustering was

enhanced by adding a diaphragm (5 mn hole diameter) between the ion source region and the flow tube.

The pressure in the ion source region was on the order of 10 torr and the flow tube pressure was

approximately 0.5 toff. The neutral to be clustered to the alkali ion was added downstream of the
filament and upstream of the diaphragm. In order to get the best signal of the cluster ion of interest

without interference from other ions, the temperature, pressure and buffer gas were varied. Three

buffers were used; fie, Ar and N 2 .

The preliminary rate constants measured in this study are given in Table 1. These rate

constants are all considerably larger than those for the corresponding neutral reactions 2 . The largest

enhancement is seen for the -eaction of Li+(N0 2 ) + CO, whose rate is augmented by 30 orders of

magnitude over that for the gas phase reaction of NO 2 and COI The other rate enhancements are not so

dramatic as this, but all are at least four orders of magnitude larger in the presence of the alkali ion.

The reaction of NO 2 with CO has a gas phase activation energy 2 of 28 kcal mol" . The

energy gained during collision of CO with a Li+ (radius=0.6A) ion due to the ion-induced dipole

interaction is 108 kcal mol" 1 . Thus, the kinetic energy gained during the collision is sufficient to

overcome the activation barrier in this case. In the case of Na+ (radius=0.95A), the energy gained from

the ion-induced dipole force is only 17 kcal mol"1, which is not sufficient to overcome the barrier. To

4
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this one must add the ion-dipole term. The latter is harder to estimate due to the fact that the dipole is

rotating. For a locked dipole the energy gained is 9 kcal mol-1. Therefore, the energy gained during the

collision is at most 26 kcal mol" 1.This is not quite sufficent to overcome the activation barrier, yet the

rate is still enormously enhanced.

We have performed molecular orbital calculations on Li+(NO2). The equilibrium geometry

shows that one of the N-O bond lengths has increased compared to its value in NO2, indicating that the

bond strength has decreased. A similar effect can be expected for Na+(N0 2 ). This decrease in bond

strength may well translate into a decrease in the activation energy barrier. The latter decrease may be

sufficiently large for the kinetic energy gained dn:ring the collision to overcome the reduced activation

barrier. The fact that the rate is slower in the presence of Na+ than Li+ supports the above suggestion.

Decreasing rate constants with increasing size of the alkali ion have also been seen by Rowe et al.I The

activation barriers (for the neutral reaction) for the reactions studied with 0 as the reactant neutral are

also smaller than the energy gained during a collision of 0 with Na+. We conclude from this that the

major reason for the rate enhancement may be the kinetic energy gained during the collision, although it

is not the only effect

Unfortunately, it has been impossible to study reactions of 0 with neutrals clustered to K+ ,
which would give furthur insight into the reaction mechanism. The reaction,

(2) KX + 0 -+ K+ + X(O)"

where the negative ion has a mass of either 246±2 or 79amu, produces 20 times more K+ than is seen

before 0 is added. The unknown neutral KX is emitted from the K filament. The rate constant for
reaction 2 is 1-4 x 10-10 cm 3 s 1 .

The products in the reaction of Li+(NO2 ) with CO deserve furthur attention. In He and Ar

buffers the major product is Li+(CO), with a small amount of Li+(CO2) formed. In a N 2 buffer, the

only product is Li+(CO2). The most likely explanation for this is that the Li+(CO2) product is formed in

an excited state (electronic or vibrational), since the reaction is exothermic by 54 kcal mol1 (neglecting

the difference in cluster bond strengths). The excited LU+(CO 2) is quenched in a N2 buffer but not in the

atomic buffers3 . In the atomic buffers the CO2 can then be switched out of the cluster by CO, even

though the switching reaction of the ground state ions would be endothermic.

It is also interesting to note that for the reaction of H2 S with 0 the product is different

depending upon whether one or two H,S ligands are attached to the alkali metal ion. When two are
attached, an association to form H 2SO occurs; and when only one is attached, reaction to form 1SO and

If occurs.

In conclusion, we have studied a number of reactions that proceed faster in the presence of an

inert alkali ion. The enhancement is enormous, being on the order of 1030 for the most dramatic case.

The main reason for the enhancement appears to be that the kinetic energy gained during collision is

sufficient to overcome the neutral activation barrier. This appears to be a neccessary but not sufficient

condition for the rate enhancement to occur. Secondary causes, such as bond weakening in the presence

of the alkali ion also appear to play a role.

.5
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Table 1. Rates of Ion Enhanced Reactions

Reaction Rate Constant Temp(K) Rate

(cm+ 3 s1 1 Enhancemenc

Li+(NO2 ) + CO -* LJ+ (CO2 ) + NOa 7(-12)b 213-294 1030

Na+(NO 2 ) + CO -+ Na (CO2 ) + NO 1(-12) 213-289 1029

Li+(NO 2) + H2 -4 products <1(-14) 219 -

Li+(HBr) + O -+ Li+ + HBrO 2(-10) 178-219 105

-4 Li+ + Br + OH-+

Li+(HBr)2 + O - U + + HBO + HBr 2(-10) 178 105

Na (0Br) + O -a Na + + + HBrO 1(-10) 219 2x10 4

-4 Na+ + Br + OH
U+(H 2 S) + 0 - Li+(HSO) + Ha 2(-10) 219 5x10 4

-a Li+ + H2 SO
Li+(H 2 S) 2 + 0 -. Li+(H 2 SO) + H2 Sa 2(-10) 219 5x ,04

- Li+ + H2 SO + 112 S

Na+(tl 2 S) + 0- Na+(HSO) + Ha 1(-10) 178-219 1.5x105

- Na+ + H2 SO

Na+(112 S) 2 + 0 - Na+(H 2 SO) + H 2 Sa 2(-10) 178 3x10 5

- Na+ + H2 SO + H2 S

Li+(N 2
) + 0 -+ Li+ + N2 + 0 2  5(-13) 219 1j25

a. for detailed information on the products see text. b. 7(-12) means 7x10 - 12 . c. the rate constant in

the presence of the alkali ion divided by the rate constant for the corresponding neutral reaction at the

coldest temperature fisted.
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INTEGRATION OF THEORY AND EXPERIMENT IN HIGII-TEMPERATURE

CHEMICAL KINETICS

David Gutman

Department of Chemistry, Illinois Institute of Technology

Chicago, Illinois 60616, U.S.A.

The technical difficulties associated with most experimen-

tal investigations of free-radical reactions at high tempera-

tures usually impose significant restrictions on the range of

conditions which can be covered and the degree of detail which

can be obtained. Interpretation of results, particularly

extrapolating laboratory findings far outside of the range of

experimental conditions covered, requires rot only a clear

conceptual picture of the reaction dynamics but also quantita-

tive information on the reaction energetics as well as proper-

ties of reactants and products along the reaction coordinate.

Today modern theoretical studies of chemical reactions are

providing this kind of basic information on larger and larger

systems. Through close cooperation between theoretical and

experimental programs, knowledge on elementary reactions is

being merged to develop more insightful and more comprehensive

understandings of many free-radical reactions. In addition

this cooperation is providing guidance for planning future

theoretical and experimental studies of free-radical reactions

in those directions where these efforts will be mutually

supportive.

Examples of this kind of cooperation and the results it

is producing will be presented. Particular emphasis will be

placed on recent investigations of the following reactions:

C2 115 + 02 , C1 3 + C'13 , 11 + 1ICO, and hICO + M.
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The Hechanism of the Reaction C2 H + 02 -='C 2114 + 102-

by Roy R. Baldwin, Kevin NcAdam, and Raymond W. Walker.

Chemistry Department, Hull University, Hull, N. Humberside,

HU6 7RX, England.

There is considerable interest in the mechanism of the reaction of

C 2H5 radicals with 02, which at low temperatures gives mainly C2H502 but

at higher temperatures ( >300C) gives C 2H 4 + HO 2 . Gutman et al have

suggested that C H is formed in the scheme24

2Oit5  CH* C H HO
C225 2H502 - C 2H 4 H 2 4  + 2

Although their experimental results are supported by one experimental

study at Hull, another suggests that their mechanistic interpretation

requires modification.

1. The relative yields of C 2H4 and C2H 6 from the oxidation of C2 HCHO

have been measured over the temperature range 320-500"C. In the early

stages of reaction, these products are formed solely In reactions (1) and

(2).

C2HS + 02 ) C2H4  + HO2 (1)

C2H5  + C2H5 QIO.- C2H6  + C2t 5CO (2)

The initial values of the relative rate of formation are given by

equation (i)

d(C2 H4 )/dC 2H6] - k1[02 /k2[C2H5CHO] i)

which gives an excellent interpretation of the results over a wide range

of mixture composition. Accurate values of k /k2 are obtained, from

which Arrhenlus plots give Z2-1t = 38 ± 2 kJ mol I and A2 /AI - 20.0 ± 4.5.

Use of literature values for E2 and A2 gives El . (- 8 1 5) k mol-  and

A - (1.58 t 0.7) x I07 dm3 molt-s8- , which provide strong evidence that
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C2 H4 is not formed by a direct himolecular process involving simple

H atom transfer.

2. The decomposition of tetramethylbutane in the presence of 02 has been

used as a source of 1102 radicals to study the competition between reactions

(3) and (4).

HO2  + C2-H 4- C2114O + OH (3)

1102  + C3H 6 C---- 6CH0 + Ol (4)

Measurement of the relative yields of ethylene oxide and propene oxide,

and use of (4) as the reference reaction give A3 - 109.45 ± 0.35

dm
3 

mol
-
l s

- 1 
and E3 = 71.6 ± 5 kJ moi

1
- between 400 and 500*C.

The formation of ethylene oxide is likely to take place in two

stages b

HO2  + CH 4  C2H4OOH b C2H40 + OH

-a

Taken in conjunction with independent work, there ts ample evidence to

suggest that the above Arrhenius parameters do refer to the addition step

(a), so that k b k Similar conclusions have been reached in related-a

reactions. This is not unexpected because as the energy diagram below'

shows ethylene oxide is formed exothermically (All ca -40 kJ mol
- I

)

whereas ethylene is formed endothermically (AH ca 40 kJ mol-
1
). As

indicated by the diagram, the decomposition (-a) to give C2H 4  + HO2 has

a very high energy barrier of about 110 kJ mot-1, which raises

difficulties for the explanation given by Gutman's group for the negative

temperature coefficient for C2H 5 + 02 at the higher temperatures. In

contrast, a value of only 69 kJ mol
-t 

is suggested for the energy barrier

of reaction (b), the formation of ethylene oxide. The effect of the much

lower value of Eb could be balanced by a very adverse A factor. However,

transitionn state calculattons sntigust that A_,/Ab 4 30, so that at 500°C
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k 1k is at least 16, and negligible amounts of C2Ii would be formedb -a (24

from the decomposition of C 2H 4OH. As in the range 350-550*C, the

product ratio (C 21(4/IC N 0J is about 100, then clearly C2 H4 must arise

from another source than C2 H 4OOH.

It is suggested therefore that C2H4 is not formed in the direct

bimolecular reaction nor from the C2 H OOH radical, but is formed directly

from the C2 i00 or C2H500 radical.

Energy Diagram for C2 115  + 02-

200

TS2

C2H5 + 02

54 100 110
TS3

-I

69 C2H 4

CA 4OOH

0

C2H502  C2H4 0

Path
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llYDROXYL-RADICAL REACTIONS WITH UNSATURATED

HYDROCARBONS: EFFECTS OF DEUTERIUM SUBSTITUTION*

Frank P. Tully, August T. Droeget, and J. E. M. Goldsmith

Combustion Research Facility

Sandia National Laboratories

Livermore, California, 94550

U.S. A.

Detailed kinetic studies of the reactions of Oil with ethene, propene, and acetylene are

reportcd. Reactions are initiated by 193-nm photolysis of N20 in N20/ 1120/ hydrocarbon/ helium

gas mixtures, and monitored via time-resolved Oi fluorescence excited using an intracavity-

doubled, single-mode, cw ring dye laser. The dependences of the rate coefficients on pressure and

temperature are being investigated over the ranges 8-700 torr of helium and 295-1000 K, respec -

tively. Complex chemical mechanisms, involving OH addition, atom migration, adduct dissocia -

tion, and direct hydrogen-atom transfer, are observed. Deuterium substitution in the unsaturated

hydrocarbons produces several interesting effects. The pressure-falloff behavior for the reactions

OH + C2114 and O1-1 + C2D4 are significantly different; efforts to model these using the Troe

formalism are underway. Significant OD concentrations are detected in the reactions of Oil with

C2D2 and C3D6; the [OD] profiles are compatible with a mechanism involving OH addition, -l-

and D-atom intramolecular migration, and redissociation of OD. At high temperatures, significant

kinetic isotope effects are observed in H (and D)-atom abstraction reactions.

* This research is supported by the Division of Chemical Sciences, the Office of Basic Energy Sci-

ences, the U. S. Department of Energy.

t Sandia National Laboratories Postdoctoral Research Associate.
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OH + OLEFIN REACTION RATES AT HIGH TEKPERATURES

Gregory P. Smith
Chemical Physics Laboratory

SRI International, lenlo Park, CA 94025 USA

There are many studies of OH reactions with olefins in the 250-500 K

temperature range, where a pressure-dependent addition mechanism dominates,

but very few direct determinations of rate constants at temperatures Jmpor-

tant in combustion, above 1000 K. We recently reported measurements for OH

plus acetylene' and propylene2 at 900-1300 K, which indicate a new mechanism

replaces addition, perhaps hydrogen abstraction. These measurements have

now been extended to ethylene and a series of butenes.

The laser pyrolysls/laser fluorescence technique 2 uses a pulsed infra-

red CO2 laser beam, I cm in disaeter, to irradiate the center of a thin,

cylindrical gas cell containing 10 torr SI6 infrared absorber, up to 30 torr

CF4 bath gas, 2 mtorr H202 radical source, and varying amounts of olefin

reactant. Within the first 40 ps, the gas is heated by absorption and

energy transfer, OH is produced by thermal decomposition, and partial cool-

ing occurs as the result of a shock-driven expansion. There follows a qui-

escent period of over 150 pa during which bimolecular kinetics can be mea-

sured, using a variably delayed, frequency doubled, YKG pumped dye laser to

excite laser-induced fluorescence in the OH(A-X) (0,0) band near 308 nm.

Temperature is measured by scanning several OH rotational lines, and the

pressure Is assumed to return to Its initial value. Plots of the pseudo

first-order decay rates of OH versus olefin concentration give the rate

constant.
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Table 1

SUMMARY OF HIGH TEMPERATURE OH + Olefin RATE CONSTANTS

Number Number

Reactant T(K) Expmt. Decays k(lO-
12
cm

3
/s) k 1 a

ethylene 900 7 25 2.54 ± 0.38
1220 6 24 2.49 ± 0.5

propylene2 1150 2 8 8.0 ± 1.2

1-butene 1225 3 9 19.7 ± 4.2

2-butene 1275 2 8 27.0 ± 3.6

iso-butene 1260 1 5 29.6 t 6.8

dimethyl-butene 1237 1 5 37.0 ± 5.6

Averaged results are given in the table above. Our previous propylene

results
2
, those of Tully and Goldsmith

3
, and the observation of no abstrac-

tion products at 300 k4, indicate a surprisingly large barrier for abstrac-

tion of weakly bound allylic hydrogens. The much larger butene rate con-

stants suggest this unexpected barrier is absent for larger alkenes. Note

also that the rate constants increase with the number of allylic hydrogens.

The transition state theory approach applied by Cohen
5 

to butane and propane

was applied to the alkenea. The predicted rate constants for 1- and 2-butene

are 95% and 80% of those measured, with no energy barrier. The propylene

barrier so determined by fitting the 1200 K data is 1.5 kcal/mol, surprisingly

about the same as that for propane.

Our RRK4 calculations and Tully's measurements
6 

indicate the addition

reaction of ON to ethylene to form an adduct is insignificant above 800 K.

The rate constants measured above represent a direct process, either abstrac-

tion of vinyllic hydrogens or some rearrangement channel. It is believed the

-1-
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apparent lack of a temperature dependence is Inaccurate, since no significant

direct reaction was observed at low pressure at 300 K.7 A transition state

theory fit for abstraction to our data at 1200 K gives a barrier of 2 kcal/mol,

which is somewhat below that expectedgiven the ethylene bond energy and known

correlations for alkanes. 5 There is, however, other conflicting evidence

concerning this reaction,8 and rearrangement cannot be ruled out without high

temperature product studies. The various mechanisms and available data on OH

plus ethylene will be discussed in more detail, from the perspective of tran-

sition state and RZiG4 theories.

This work was supported by the Office of Basic Energy Sciences, U.S.

Department of Energy, Contract No. DE-ACO3-81ER10906.
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The ketenyl yield of the elementary reaction of ethyne

with atomic oxygen at T = 280 - 550 K

J. Peeters, M. Schaekers and C. Vinckier

Department of Chemistry

Katholieke Universiteit Leuven

Celestijnenlaan 200F. B-3030 Heverlee, Belgium

In a previous study of the C2H2 + 0 reaction, it was shown that

both HCCO and CHI2 are important primary products

C2H2 + 0 4 CH2 + CO (la)

C2H2 + 0 - HCCO + H: (lb)

the kinetics of subsequent reactions of HCCO with both 0- and H-atoms

was also investigated.

The purpose of the present work was to determine the absolute HCCO

yield of the elementary C2H2 + 0 reaction, at T = 290 - 540 K. The de-

termination was carried out using the discharge-flow technique, combined

with molecular-beam mass spectrometry (MBMS). The total pressure in the

flow reactor was 2 torr, with He as the diluent gas.

The total rate constant kI of the C2H2 + 0 reaction being known,

the HCCO yield kIb/kI can be obtained from an absolute measurement of

the quasi-stationary HCCO concentration in a C2H2/0 system :

[HCCOI klb [C H2)(0[I E k (X (Eq. 1)st Ib 2H2 ][I k1 (X1

where E ki(X1 is the total removal frequency v r of HCCO due to the

various destruction reactions with the coreagents Xi = 0. H. 02 and

C2H2:_ the associated rate constants ki are known from previous work.

It is clear that the crucial factor in the determination of 0

klb/kI along these lines is the absolute sensitivity of the MBMS appara-

tus for the HCCO radical S(HCCO) a i(HCCO)I(HCCO], with i(HCCO) the MBMS

signal for HCCO.
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A large part of the work reported here was invested in the measu-

resent of the calibration factor SItCCO). with the reaction

N * C302 - HCCO * CO (2)

used as HCCO source. Reaction (2). which has been investigated extensi-

vely by Faubel et a1. 2 is a *clean" source of HCCO. all other path-

ways being highly endoergic.

Establishing the absolute HCCO concentration in a C302/H system

requires knowledge of k2 as well as of the total HCCO removal frequency

Vr . = C kjIX). The rate constant k at 535 X was derived from the

first-order decay of (C302 1 at excess IN) : k2  (9.1 1 0.1)101 cm3

mole s" , in good agreement with Faube) et a).2. The sensitivity

S(HCCO) was obtained in experiments where the time-dependent HCCO remo-

val frequency r 'It) was derived from the known time-dependent HCCO

formation rate and from the observed time history of the i(HCCO) signal:

the method can be regarded as an extension of the well-known 'approach

to the stationary state* technique. Once vr'(t) )s known, the absolute

IHCCO) can be calculated at each point in time; combination with the

corresponding i(HCCO) signals yields the calibration factor sought here.

tn the actual procedure, HCCO-removal was attributed to the known

reaction

HCCO * H 4 prod. 13)

as well as to a (pseudo-)first-order process

HCCO prod. (4)

that includes termination on the wall; the unknown parameters S(HCCO)

and k4 in the equation

d iIHCCOI/dt = S k2(C30211H1 - ik3 M * k4)i(HCCO) 1Eq. 2)

were evaluated simultaneously by means of the non-linear-least-squares

'DUD* algorithm 3. The result for S was found to be only slig t ly aftec-

ted by the inclusion of secundbry HCCO formation via

OH * C302 4 HCCO + COZ  (8

with OH generated in reactions of 02-traces with products of reactions

( ) and (4).
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The sensitivity factor S(HCCO) having been determined in this way,

the ketenyl yield 0 w kib/kI of the C2H2 + 0 reaction was determined

from measured i(HCCO) signals in C2H2 /0 systems at quasi-stationary

(HCCOI. as expressed by (Eq. 1) :

0 = (HCCO st (k 5(01 + k3([] + k6to2 1/k 1iC2H2 101 (Eq. 3)

The value of the rate constants k3 , k5 and k6 of the HCCO-reactions with

H. 0. respect. 02, were taken from previous work . The results : A

0.59 1 0.20 at 287 K and 0 = 0.64 1 0.19 at 535 K (with 2o uncertain-

ties) show that the elementary C2H2  * 0 reaction leads for the larger

part to HCCO formation and that the HCCO-yield is nearly independent of

temperature. Both these findings agree with the recent theoretical
5

predictions by Harding and Wagner
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TilE REAC I ION Of Ci RADI.Al. S WlI I 112 ""'M1 372 (0 675 K

S. Zabarnick*, J.W. Fleming and M.C. Lin

Chemistry Division
Naval Research Laboratory

Washinqton, D.C. 20375-50011

Two-laser photolysis/LIF probe experiments have been

performed to measure absolute rate coefficients for the reaction

of CII radicals with H2. Multiphoton photolysis of CHBr3 produces

CH(X 2 n) radicals. The CH radicals are probed by LIF at 429.8 nm.

These experiments have been performed over the temperature range

297 to 675 K at 100 torr argon total pressure in order to better

characterize the abstraction reaction

CI + 112 --- > £H2 + II (1)

At low temperatures the insertion reaction predominates

C£" + V12 --- > £ I3 (2)

Subtraction of this low tem)erature insert ion channel results in)

data that covers the temperature range 372 to 675 K for reaction

(1). An Arrhenius plot yields the expression k1  = (2.3R±0.31) x

10- 1 0 exp(-(1760±70)/TI cm3 /s, as shown in Fig. 1. Also shown

in Fiq. 1 is a transition-state theory fit which yields a value

for E., the barrier height at 0 K, equal to 3.0±*0.3 kcal/moje.

With this value and the known heats of formation of C1 and II, we

obtain an independent value for the heat of formation of C112,

Allf((f'112 )  -- 92.A-0.4 kcal/mole.

*NRC/NRI Postdoctoral Research Associate
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The principle of microscopic reversibility allows calciila-

tion of kI if k1 and Keq are known.

C1 2 (XK
3 

1 ) + Hl --- > CII(X 2 1) + 112  (-1)

The resultn are plotted in Fiq. Z. The data is sell fit by the

form, k_1 z (4.7 fl.6) x IP
- l

f expf-(37n-6n)/T1 cm
3
/s. Also shnwr

are. the other literature measurements of the rate constant for

this reaction. The broken line in Fiq. 2 presents resilts of a

transition-state theory calculation for reaction (-1). The

calculation predicts an upward curvature at temperatures ahove

10f011 K and levelir q off of the rate constant at lower tempera-

t ires.

HF F''II NCE S

1. M.R. Herman and M. . Lin, J. Chem. Phys. Al, 5743 (19R4)

2. J. rrebe and K.H. homann, Her. BunsenTqes. Phys. Chem. R46,
'S81 (1982).

3. T. Rohland and F. Temps, Rer. Bunsenqes. Phys. Chem. ,111,
4 99 (1984).

4. R. Lohr and P. Roth, Rer. Bunsenqes. Phys. Chem. 85, 153
(1981).



H6

10

m 

t 

°

u

x -

10-10

0.4 1.0 1.6 2.2 2.8 3.4

103 / (K
- 

I

Fiq. I Arrhenius plot for CI + H 2 --- > CH2 + II: 0 this work,

m Rerman and I-in (Ref. 1). Solid line is Arrhenius
fit, broken liene is transition-state theory calculation
fit.

13 -O

I 0
- =

0. 1.1 1.8 2.5 3.2 3.9

10 3/ (K
-

I l. 2 Arlhi-tilt plot for C112 * If --- > C )12 0 t his Wo k,

Grebe! and IHomann (Ref. 2), A iohlaand and Temps (Hef.
)),# Lohr and Roth (Ref. 4). Solid line is Arrhenius fit,
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A Direct Study of the Reaction

Cit 2 (3 3 B ) + C 2If in the Temperature

Range 296 K I T 1728 K

T. Bdland. Fi. Temps

Max-Planck-lnatitut ftlr Str6mungsforschung. Bunsenstrafle 10,

D - 3400 Gdttingen. Went-Germany

1. Introduction: The reactions of methylene-radicals (Cif 2 ) with unsaturated hydro-

carbons proceed via electrophitic addition to the 7r -bond system of the aikene. The

tow-tying singlet first ecited atate ( I(.'f2 ) has been found to add atereospecificatty to

3

CmC double bonds, whereaa reactions of the triplet electronic ground state ( 3Cif2 ) are

b3

non-stereospecific. Direct investigations of reactions between C12 -radicals and alce-

nee have not yet been carried out. In two recent publications we have reported on the
3 1,2)kinetics of 3Cif -radtcals and selected saturated hydrocarbons .data for the reac-

tion of Cit with acetylene 3) w ill be reported elsewhere. The present resutts are
2 4)

published in . The reaction

3C12+ C 2 114 -- * products (1)

was investigated in the gasphase at temperatures between 29G K T 728 K using a

far-infrared Laser Magnetic Resonance (LMt)n-spectrometer for direct detection of

3Cf2.The reaction mechanism was studied by observing the pressure dependence of

the rate constant and by studying the Isotope labelled reaction of 3CD 2w ith C 2Ift

2. Experimental: Reaction (1) was investigated In an electrically ithermostated pyrex flow

reactor of I r length and 4 ecm i.d. equipped with a moveable probe. heium served as

the main carrier gas. The temperature was measured directly within the gss stream

using a caUbrated thermocouple. All gases were of highest commercially available

purities, ketene (Ci 2 eCO. CD 2 CO; w 99 % purity) was prepared by pyrolyeis of acetone.

tadicals were generated either in the moveable probe using a chemical source or pho-

totytically in a cell attached to the upper end of the flow tube. 2 CD 2 ) wasn de-
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tected with the far -infrared LMR-spectrometer at A151.9 pmn (103.5pmil and It

0, 323 Teela (0, 606 Tea ia), both with 7r -polarisation,

3. Rtesults:. The rate constant kwas determined under pseudo-first order conditions
by following the ICiI 2 I-decay along the reaction distance in the presence of a large

excess of C21 4' The first CH2-source was the reaction 0 -t Cit CO -w C112 + COV
0-atom. in fie were admixed to a large excess of Cit CO within the probe, where Cit.-

2 13 3
radicals are generated at low concentrations, i.e. ICH 2 1 2- 10 mat/cm .The se-

cond source was the photodissociation of Cll CO with an exciplex laser at k 193 nmn.

At Inert gas pressures around I mbar CH2 -radical.s formed in excited states are

rspidly quenched to the ground state. At laser pulse energies of 100 mi and ICit2 COJ0
a 010 mol/cm3 around 1 CU 21os " 13 mot/cm3 was produced.

In the absence of CAH the reactions of C112 with the wall and, at higher temperatures.

also with Cit 2CO can be described by an "effective watt rate constant" which could be

measured directly. A second minor 3CH 2 depletion channel arisea due to partial ther-

mal equilibration between the' two spin states of Cll followed by the very fast rtac-
1 2

tion of CH2 with CAI- Using the rate constants for collisional deactivation of Itl
3

to Cit and for its reaction with C 2 14 which was measured separately. &nmail correc-

lions (( 30 %) were applied for each experiment.

The rate constant for the direct triplet reaction is described by the Arrhenius expree-

sion

k a10(12. 50 +0. 101 exp [(- 22. 1 + 1. 0) kJf mao C/ RTJ cm 3 /mol s.

No pressure dependency of the rate constant was found -in s series of experiments at

T -535 K over a pressure-range of 0. 48 mbar 11 p d 7. 52 mbar.

A complementary study was performed of the isotopically labelled reaction

kt k other products
CD 2 + C 2it 4 C3 Iii

k-a/2 H2 tel2 CD2

The experiment lead lo an upper limit for the channel distribution of k_&/k, K 0. 04.
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4. Discussion: In previous studies of reaction (1) only upper limits for the room tem-
perature rate constant had been established. Laufer and Bass, and Frey et at, reported

kI 4 2 • 101
0 

and It it 3 108 cm3 /mot s, respectively. Calculations of the energy

barrier by Dewar et at. have lead to E A = 21 kJ/mol very close to the experimental

value Iters. in 3), Under our conditions the measured rate constant is independent of

pressure and corresponds to its high-pressure value. Concerning the products the follo-

wing channels are possible:

3
C12 + C2i IN CIi + Ci 3  tf = - 28 kJ/mol (a)3 H2 2 4 3 +2 3 0R29:

3H + C315 1R298 - 59 kJ/mot (Ib)

3 6 H 28 - 389 kJ/mol (Ic)
-b Cif 2 = CH - CII3  1,1R298 - 421 k J/mot (Id).

Stabilisation to cyctopropane and propene (Ic. Id) can play a role only at significantly

higher pressures than used here. For the direct abstraction reaction (Is) an activation

energy of E A = 50 kJ/mol can be estimated from the Evans-Polanyi correlation in 1)
much higher than the experimental value found here. Fragmentation of chemically

activated cyclopropane to II + C 3 115- radicals was observed to be the major channel

(I 90 %) in the reaction of li-atoms with cyclopropyl-radicals at T = 298 K and p =

0,3 mbar 6). Hence, channel (lb) is expected to be of major importance under the ex-

perimentai conditions used here.
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_.inetlcs and Thermiodynamics of the Reaction,

II + 11113 - I[2 + 112 by the Flash Photolysls-Shock 'Cub( lechniquE.

J. W. Suthtrland, and J. V. lichael

Department of Applied Science

Brookhaven National Laboratory

Upton, New York 11973

In a previous study
1 

the forward rate constant, kl(T), ior the

reaction,

II + 1 11 3  11 I 2  + N112 (1
k- l

was measured over the temperature range 908K - 1777K by the flash

photolysis-shock tube technique using atomic resonance absorption to nonitor

the fil]. The Arrhenius rate expression uas,

kl(T) - (3.0240.30) x 1O-
10 

exp (-8067+ 117/T) cm
3 
nolecule-

1 
s-.

If the equilibrium constant for reaction (1), KI(T), were known, then

the rate constant for the reverse process k-.(T) could be calculated.

Unfortunately, present uncertainities
2 

in All101 2 lead to large variations

in KI(M) and, hence, in k-l(T). The values of KI, that are calculated at

O00K from the tabulated thermodynamic functions
3 

for II, 11113 and 112 and from

So for 1N112, range from 0.52 to 17.8 depending on the value chosen for

AI172 9 8 . These valu is have baer, discussed rcuntly by Ieiclau:x
2

. ('i..bl, IV

refercuce 2).

This paper reports experimental measurements of KI(T) obtained over the

tem)erature ranee 900-1620K with the flash photolysls-shock tube (FI-ST)

technique. From these results, values for AIIfNII2 and k-l(T) are

determined.

Mixtures of I 2 and 1113 were shock heated to the desired temperature and

were immediately flash photolyzed in the reflected regi.te to produce equal

I. ------ - -
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cocntran filbs of 1l-atoll .a,,. 11l 2 -radic~Is. The Ltaftuera tire * deeisi ty and

l~r(-.ssiire in the reflected ritocl regime were ca iculatel from veloci ty

measurements of the incident shock wave, Initial cnditions and ideal shock

theory. Corrections for non-ideal shock wave behavior were made using a

method based on experimentally measured pressures and the isentropic

equation of state.1'
4
'
5 

The concentration of I-atoms, which ranged from

l.0x10
11 

- 2.0x10
12 

atoms/cc, was monitored by the sensitive atomic

resonance absorption technique. At these low atom and radical

concentrations, depletion of [III by ston-atom, or atom-radical reactions

can be neglected during, the time of the experiment (0.15 - -1.5 msec).

Since the I11111 and 1112) are always maintained in a large excess the

kinetics of reactions (1) and (-I) are pseudo-first order; i *e., reaction

(1) simplifies kinetically to a first order relaxation process that Is

described by the following expression,

2k...' A. (k-l'-kl#)
At - _____-A~exp (-(kt'+k.. 1 ')t) (2)

1,14.,. 1  k,'+kI 1

where A0 - Initial nbsorbance by 11-atons, At w absorbance at time t, kl'

"1 01111], k..1' - k-.1 11121 and A, = 2k-..'A,I(kl' +4 k..1'), at equilibrium.

If the initial concentration of 'f2 and Nil3 in the reflec ted regime are the

equilibrium concentrations, there will be no net change In the li-aton

coilcentratlon with, tine, kj' - ki' , and K1 - FH2)o/[11l13)o.

At any other Initial ratio of 11121/114113 ) the absorbance will either

Increase or decrease to thv A. valic according to etputtlt1,, (2). Hence h;

varying tb~e(11 2 1/INl13 I ratio at a fixed temperature until no net change fit

absorbatice with time Is observed, K1 can be simply determined from the known

initial concentratilons Of 112 and Nil3 . Too high a ratio results in an
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increase In At whereas too low a ratio results in a decac. of At Witl time

to the equlIlb'lrum values.

The experimental values of KI(T) ranged fro, 1.0 at 900K to 2.2 at

1620K. The results were analyzed according to the second law of

thermodynamics to give 61101 - 3.1kcal/mole from 900-1600K. The analysis by

the third law gave a value of AHlI - 4.2 kcal/mole. This value is

independent of temperature In the range 900-1620K within experimental

error. The results lead to a value of Alil2 98(ll 2 ) of 45.3 kcal/nole and a

D(N112 -1I) value of 107 kcal/role. The Arrhenius rate expression derived for

reaction (-I) in the temperature range 900 - 1620K is

k-1 (T) - 5.40x10
"I I 

exp(-6496/T).
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a) Departaitient de Qufitlca AsIica.

1b) Departartent dle Qufica Orginica.
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The reactions of atomic hydrogen with ronosub.stituted halo-

!iethanes (;X=F,Cl,IJrI) and .ii :som'e of thle isotopically su"-cti-

tirted species-, have been es*tcnsively strmdicd (.:,,-e riment dly/l-3/,

iany of these works i.eing dircctod towIards the char.,cterization

of the retictions in tcrrw' oL thce Arrlienitio' kinetic rre(r.

In thjese wiorks, it is thought thazt the reatction wJhich prodccs

imethiyl r,-idical and the corra:,soniding hydrogen h.:Aide is the jrin

cipal one in the tormrerature range 300-1000 1'. The sonic cons-ide-

ration Irao been cmw'loyed Ihy the Iresent authors in recent theo-

retical studies on the reaictionns of atowic hydrogen wiith~ chioro-

and hromo-rnethane by wezec oif (:iasiclassical tra.jector,. me thod

/4-5/. How.ever, in thre syz ten~ considoredI here, iihcn only a s-in-

gle chemical boend breaks, a total o.- Zomr )riiiary reactions

can occur. Assumoing that these reactions lead to product.; iii

their electronic ground states, we have the follow~ing reaction

channels:
2 1 1 + 2"oIi( Sg) + Cif 3 X( , 1 ) - t IIX( T ) + CH 3 ( A 2 ) 1

it 2( 1 19 + -.-. C1 1 2g X 2 111) (2)

-I ' (Pu) + C11 ( 1l) (3)

C11 Al + M2,g) (4)

Tile very limited c;.porit.efrtal information available on

compjetitive reaction., (2) -(A) in the threrm-al energy ranqo, anu

the general belief that ru, ctio (1) is the principal oria in th(..

se enlergy conditions, led us to study the 11 + Clyc3 S-stein1 tlminch

the sernieirical IJIDO-Uh1F t.,ethrod in order to clarify the rela-

tive importaince of tire dlifferc.nt reaction channels at thcriril

L'ncrcius.

The calculationr; %.i.rc. pcr~ormied u:aing an imp;,rovedI vcr:-ie),.

of I ro '. ,nr %I(. ui tii tnrlr par wctcer. . it -ear a that



i.j~jUIZ-Lli~xd c .n Lu :;utn Lu oALL ill~ "jit :Lrit

('.uX) Lnd. ui~crgic:J for Wec in. cCtiulI; o.nju .. nu.1j~ f ru!-

-icti.- (A) whlose TS was not locuL',c) ; Lilt jr fIA LuC-'t. I' 'J~

vur, itL .'ucilus ti kit iji1ic0 :t,il&.ird arin-uL U~d. rflat itL

the t"-*! UL rckacti.cim culli2."rud.

- .rr~nii.. , r~l;.ie tui:L %lure 6(in tuf llC-d %litin Li u L- Y

Die to thu(- Junincity arid dIiLp.r.ion o;:i~i;idu~~riukLi i

ta oil Ein End ", th10 ChIj)iflq of our C-lCI Luo r(uit.; IiL b-Lu1i

scrioun-ly curt~ileO. Tiszo~*rmut. in:criliction i:n only avi

laiA on rc.4ction (1) /1-3/, and even forn tin unc, iudi'; (!,it-,

arc laclincj.

Yor reactioii(l), IJ DC jkrcdict- cicLiV tiun uurqi... titt .- r

mido:r,:ntii,,ctud arid ir..,juncy 2. ctor;. ovuri: .LilIi tLud, u'kt Li. ior

Zul~iLiV, V lii n ;u in n.. ,i iu -(jr ith I~. < .~iL.

uw* I Oi:ucOv,:L, LI i. i.-toidi.ij i Li~iL -t L kn

iiyi. Lm.ction rc ictiInu; ( (1) and( (2) ) "u ii., tint rit, wlithi

1:.- tcticon (1) 1 rudoidncitinjjthu nubnti trtio)n ru,,ction:; ( (3) .n(.

(4)) ctArivj ii.artant, j.robah) y, at inwch IiJirti*iji2,i

jOdC ccou with thu tjciura1l hu iut oL k,,-., Curi,...iiti otLi.

/1 L.JI~rCr~nna~.r nid 1_1 !.Fri tax, C01,0,. iixj, 23 (1 9 7.1)

/2/ Ai:d 11. Ciel [Eas, J.Ciuci.i.'Ixhy'. 62 (11975) 3321.

/3/ .JX..-.dr,D.Pan~jCitz andc IGj.nju,;r ui.hn.hix

79(107S)1 90.

Phy:n.93 (1535) 265.

/6/ It.Olivella, o CPE' 406 uId ii. 9 iiar Ctou.'x'A .813)
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EXPLRIHEN1AL DEIERMINATION OF 111t ENERGY DISVIIBUIIION IN P110-

TODECOMPOSIIION. DIAZIRIN[E AND DIAZOCOI4POUNDS.

M.J. Avila, Dept9 Quim. lnorg~nica, Facultad de Ciencies, Uni-

versidad a Distancia, Ciudad Universitaria, 28040 Madrid.

J.M. Figuera, J. Medina and J.C. Rodriguez, int
9 

de Quimica Fi

sica "Rocasolano", CSIC, Serrano 119, 28006 Madrid, Spain.

The initial aim of the present work was to study the

partitioning of energy between the fragments produced by photo

disociation of complex molecules. We selected for this stud)

a group of diazirines and diazocompounds whose experimental

photolysis has been reported. We planned to use the recently

developped "exact" deconvolution method (1,2, 3) in order to de

termine the energy distribution on the hydrocarbon fragment.

As the initial energy "pumped" into the system can be known

we expected that some conclusions about the energy partition

could be obtained.

Preliminary calculations showed an apparent "loss" of

activated molecules. Therefore, we decided to investigate theo

retically this prohlem hefore going on with the init ial proyect.

We have studied two v'ses. The first was the production of

deactivated molecules by parallel reaction mechanism. Wall and

manipulation induced decomposition may be very severe in high

ly unstable systems as those investigated here. The second

was the extension of the energy distribution below Eo, the

minimum energy required for an excited molecule to react. the

two causes origin slightly different effects. In the first

4
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case only the area under the normaljized energy distribution

function was changed while in the second case, both the area

and the profile of the curve were altered. With this informa-

tion in mind we proceed to deconvolute the experimental resul-

ts and obtain the hydrocarbon fragment energy distributions

for the following photodecompositions: diazoethane (250 nm

and 436 nm) (4), diazopropare (436 nm) (5), methyldiazirine

(313 nm) (6) and dimethyldiazirine (313 nm) (7). the recently

reported results of 3,5' chloromethyldiazirine at 416, 365

aild 337 rnn have aljso been ircl Indecd (3).

Analyses of the experimentally obtained energy distri-

bution functions have shown that no statistical distribution

.8,9 ) alone can explain the origin of the distributions ob

tained. Using purely impulsive models we have arrived to simi

lar conclusions.

finally we have developped another model based on the

individuality of the phase spaceof each fragment at the time of

fragment separation or inmediately after. We consider that the

molecule enters the volume of phase space corresponding to the

transition state; then, fragmentation occurs and two phase spa

ces corresponding one to the hydrocarbon fragment and the

other to the rest molecule (transition modes, and nitrogen)

are formed, but they are still able to interact and transfer

energy statistically to and fro.

The model seems to be able to give a reasonable inter-

pretation of the photodecomposition results.

.4
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A STUDY OF ENERGY TRANSFER PROCESSES AT THE COLLISION OF A POLY-

ATOMIC OLECUI WITH AN INERT GAS ATOM BY THE LETHOD OF CLASSICAL

TRAJECTORI S

Vedeneev V.I., Goldenberg M.Ya., Leviteky A.A.,

Polak L.S., Umansky S.Ya.

A technique based on the method of classical trajectories has

been developed for studying the energy transfer processes taking

place at the collision of highly excited tetrahedral molecules of t

methane type with the atoms of an inert gas.

Detailed characteristics were calculated for the energy transf

processes: the mean squares of the total internal vibrational and r

tational energY, as well as the correlator of the variation of rota

tional and vibrational energies,

These values were calculated for different models of tetrahedr

molecules and coflision partners. The influence exerted on the ener

transfer processes by the symmetry of molecules, the presance of lo

-frequency internal degrees of freedom and the weight ratio of mole

cules and the inert gas atom was investigated.
to be

The V-R exchange is shownlfhe most effective energy exchange

process in the case under consideration, its effectiveness increasi

in the presence of low-frequency vibrations,characteristic, e.g., I

" rotations. With an increase in inert gas weightdirect V-T

exchange becomes effective, which is associated with the kinematic

condition of the conservation of the system's total angular moment

It has been established that in the systems in question intensive

a t energy exchange can be observed at a relatively low

variation of the total energy of the molecule, which substantially

modifies the consideration of energy relaxation and molecular disa

ciation processes in diffusive approximation.



1-4

TRANSITION-STATE THEORY CALCULATIONS FOR

REACTIONS OF Oil WITH HALOALKANES. II. HALOETHANES

N. Cohen

Aerophysics Laboratory

The Aerospace Corporation

P. 0. Box 92957

Los Angeles CA 90009

U. S. A.

ABSTRACT

A method previously used for extrapolating rate coefficients for

reactions of OH radicals with halomethanes is extended to reactions of OH with

eighteen halogen-substituted ethanes. The model for the activated complex is

the same for all the reactions except for two difference between the a-

hydrogen and the $-hydrogen atom abstractions: (1) In the former case, chore

are two new low-frequency bends In the activated complex, while In the latter

there is only one. (2) There Is a much larger increase In entropy due to

internal rotations in the 0-hydrogen abstractions. In both models the

internal rotations are assumed to be free. These two models for activated

complexes, when combined with experimental data at 298 K, give good

temperature extrapolations for the rate coefficients for the 12 different

reactions for which data at higher temperatures exist. For all the a-hydrogen
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abstraction reactions (Including the halomethanes of Part I), AS*(298) could

be fitted, with a maximum error of 1.4 cal mo1-1 K
- 1 

(entropy units, or eu)

and an average error of 0.3 eu, by &S(298) - -2.2 In H - 18.0 + R In nH ,

where H - molecular weight of the haloalkane and nH - the number of a-hydrogen

atoms. The activation energy at 300 K. E(298), can be fitted, with an average

error of 0.3 kcal/mol and a maximum error of 1.0 kcal/mol, by

E(298)/R - 2100 -
8 5
nF - 51

5
nca -

9 5
0nci13 -

600
nCH 2X -

6
5OnCHX 2 -

2
50nCX3 ,

where the nj indicate the number of H atoms on CH4 replaced with the indicated

substituents, and X Is either Cl or F. These two relations for AS*(298) and

E(298) have been used to generate a "universal' rate coefficient expression

that depends only on the molecular weight and the number of abstraccable H

atoms in the reagent haloalkane:

k(T) - 106.53 4
- I 

T
1
.
5 
exp-IE(298)/R - 450j/T

where E(298)/R is given by the preceding equation. This expression in most

cases predicts rate coefficients within a factor of 3 of the experimental data

and offers promise as a predictive tool when no reliable data are available.
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Theoretical Studies of Hydrogen Atom Addition to Carbon Monoxide
and the Thermal Dissociation of the Formyl Radical

A. F. Wagner and L. B. Harding
Argonne National Laboratory

Argonne, IL 60439
USA

A global ab initio potential energy surface has recently been calculated for
HCO including both the H+CO asymptote and the high energy isomer COH. This
calculated surface is used in an RRKM study of both the addition reaction
H+CO and the HCO thermal dissociation as a function of temperature and
pressure for buffer rare gases. The calculation incorporates tunneling
through an Eckhart formalism and explores the effect of semi-empirical
corrections to the ab initio surface. Comparison is made with the few low

a' pressure addition rate constant measurements and with the many indirect
measurements of the thermal dissociation rate constant.
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RESONANT ELECTRONIC EXCITATION IN ELECrRON-0 2COLLISION

D. TeiZlet-Billy , L. Malegat et J.P. Gauyacq

L.C.A.N., Bdt. 351, Vnfversftd Parfs-Sud, 91405 ORSAY Cedez,France

ER 261, Observatoire de Paris. 92195 MEUDON, France

Scattering via the 0 (
2 

) shape resonance is well known to dominate

the vibrational excitation process of the ground state of 02(XE However.

three different electronic states. X 3-, 14 and b IE'.are associated to
42 g g g

the ground configuration of 0 12(Mu). and can be considered as parents of

the Ot(4w3)2 resonance. As a consequence, the resonant 2n scattering is2u g g g
contributing directly to the electronic excitation

0 (R 2 )X 3 E 0- 4 3 2 - 4 2 3-
2 u g g e 02 (u ug g

2 ug g

(4 2 1.

e + 0 2 uw 9g 9
0.. 2 (rw g) b 1E

through the ejection of a w electron, and also to the electronic excitationg

of the 02( 3 
t 

3 ) excited states through the ejection of a i electron.
ug u

However the 0 (
2 ) resonance is located at a rather low energy

2 g
(WAOOmeV) whereas the excitation cross section have their maximum around 7

eV ; the resonant contribution thus comes from the far wings of the

resonance. The proposed theoretical description is based on the extension of

the effective range approximation -ERT-(3) that can handle this multichannel

resonant process far from the resonance position, associated with an ab

initio calculation of the 02 system. In the ERT approximation, the space

for the electron is separated in two regions : In the internal region r(r .2 c
the system is described by the 02 (C2g) resonance wave function, in the

external region r)rc . the system is described as a superposition of channel

wave functions (e +02). In this region, the outer electron is assumed to

interact with the molecule via the local potential V 1 2 (r)( V=1(r)) of the

first adiabatic angular mode (4) of the V(*) potential experienced by a

W (W ) electron of the 02 ( 2r )system. The ERT method then reduces to the
g u 2
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matching of the inner and outer region wave functions at the border r-rC

The 0- (w4 3) 2 11 resonance width is calculated through the Siegert
2 u g g

definition oF a resonance -pure outgoing wave condition in all channels-.

taking into account all the electronic channels coming from the detachement

of a a and ru electron. It appears that the width follows, over an extended

energy range, a .
2 "5 

energy law corresponding to a dr Wigner threshold law.

The absolute value of the width is in very good agreement with the value (2)

that fit the vibrational excitation cross sections of 02 ( X 3 ) (1). The

theoretical resonant electronic excitation cross sections are presented in

fig.2. together with previous experimental (1,5.6.) and theoretical (7)

results. The 
2
fl resonant contribution dominates the electronic excitation

g 1
to the a A and b states, since our results are typically lying inside

g g
the experimental error bars. It is worthnoting that this resonance, located

below the excitation threshold, dominates the excitation process over a

large energy range (3-15 eV). This resonant approach results are also

consistent with the R-matrix results of Noble and Burke (7) that include the

non-resonant contribution to the processes.

r(t) (ev2

I,-O

Fig I Resonance width:

.this work,-(2). ((7). ,o-

............. .....0,1 1.0 aO.O
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(10-1 8 2) * , . ,

e--02( X 3E -

100

. , .

I

0u u 1 u

V( 10 1 8 cI2 0

3 a 02( X "

2

5 E(eV)
0 5 10

Fig 2 Cross sections:--this uork.---(7). (1).0 (5).ta( 6 ).
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(2) 0. Parlant and F. Fiquet-Feyard 1976 J. Phys. B 9 1617-28

(3) J.P. Gauyacq 1983 J. Phys. B 16 4019-58 ;

(4) M. Le Dourneur. Vo Ky Lan and J.N. Launsy 1982 J. Phys. B 15 L685

(5) S. Trajmar. D.C. Cartwright and W. Williams 1971 Phys. Rev. A4 1482-92

(6) R.I. Hall and S. Trajmar 1975 J. Phys. B 8 L393-6 ;

(7) C.J. Noble and P.O. Burke 1986 ., Phys. B 19 L35-9.
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VAN DER WAALS, CHARGE TRANSFER AND "MIXED" STATES OF MOLECULAR

COMPLEXES FORMED IN SUPERSONIC JETS.

M. CASTELLA2 , A. TRAMER t , and F. PIUZZIt .

Commissariat A l'Energie Atomique, IROI/OESICP,
D6partement de Physico-Chimie, CEN/Saclay
91191 Gif-sur-Yvette Cedex, France.

++ Laboratoire de Photophysique Molbculalre,
Universiti Paris-Sud,
91405 Orsay Cedex, France.

The spectroscopic and dynamic properties of molecular complexes invol-

ving a large aromatic hydrocarbon (perylene, anthracene), acting as an

electron acceptor, and different large size molecules, acting as electron

donnors, with decreasing ionization potentials (dimethylanlline-DMA,monome-

thylaniline-MA-, aniline, anisole and phenol), have been studied by the

supersonic jet technique.

The analysis of the electronic (excitation and fluorescence) spectra

and of the lifetimes allows us to explain the different systems behaviours

by the relative position of the molecular excited Van der Waals state and

of the charge transfer state. Then, we can distinguish schematically three

complexes classes :

a) the perylene-phenol and perylene-anisole complexes : they behave

as typical Van der Waals complexes. In this case, the molecular excited

state, having an energy lower than the charge transfer state, gives rise

to a perylenic type emission.

b) the perylene-DMA complex : for this system, the position of both

states is inversed : the lower ionic state is responsible for the exciple-

xic type emission. The anthracene-aniline complex also belongs to this

category.

c) the perylene-aniline and perylene-MA complexes : they present an

intermediary behaviour between the precedent complexes ones, mainly charac-

terized by an emission which is neither resonnant, nor exciplexic but ra-

ther "quasi-exciplexic". The molecular excited and charge transfer states

are close, and this strong coupling results in a "mixed" state shifted to

smaller intermolecular distance values, with a potential energy well

shallow and strongly anharmonic.

IA
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The lifetimes measurements are in agreement with this interpretation.

For the perylene-anisole and phenol systems, the fluorescence lifetimes,

characteristic of the excited molecular state, is the same as the bare

molecule one (, 11 ns). It is much larger for the fluorescence issued

from the charge transfer state of the perylene-OMA complex ('t g4 ns)

(large fluorescence lifetimes characterize emission from pure charge

transfer states). Perylene-aniline and -MA systems present intermediary

values (respectively nu 16 and 't 50 ns).

On the other hand, we have observed for some of the complexes (an-

thracene-DMA and perylene-MA) the existence of isomers with drastically

different spectral properties. In fact, the main features can be explained

by the simultaneous presence of two isomeric complexes of tha a and b clas-

ses, separated by a potential energy barrier.

To verify the precedent hypothesis, we have performed theoretical cal-

culations giving the binding energy between the complex acceptor and donnor

molecules in different states. Theses calculations are based upon an exchange

perturbationned treatment, allowing to express the interaction energy as the

sum of four components : electrostatic, polarization, dispersion and repul-

sion energies. Every term itself is the sum of interactions between small

sub-units of the complex. For the perylene-OMA and -aniline complexes ground

states, the results show that these systems are mainly maintained by the

dispersion forces. The interaction energies obtained are large (about 2000

cm 1 ) : they support the experimental observations, especially the lack of

predissociation in the perylene-OMA case. The more stable configurations

have been determined : the donnor prefer positions parallel to the longitu-

dinal and transversal axes, as well as the central ring of the perylenic

molecule. The calculations about the molecular excited Van der Waals and

charge transfer states are in progress. The major difficulty comes from the

refinement of the dispersive term for the molecular state, which has never

been performed up to now.

.8
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ELECTRONIC STRUCTURE OF MERCURY-ARGON COMPLEXES

0. BENOIST d'AZY, W. H. BRECKENRIDGE,

M.C. IJUVAL, C. JOUVET and Lt. SOEP.

Laboratolre do Photophyslque Mol6culalre

b&iment 213 - Unlverslt6 de Parls-Sud

91405 - Orsay Cedex France

The Ig-Ar complex formed In a supersonic expansion has been studied by

laser double resonance and emission spectroscopy It can be shown as a prototype for

the study of electronically excited diatomic van der Waals complexes.

The emission from the upper 119 (73SI) - Ar states to the metastable

-a, -b, -c, -d states of Hg-Ar correlated with Hg (6 3 P0 ) and Hg (63 P2) provides a

wealth of Inlormatlons on their spectroscopic constants and potentials, dillicult to

obtain experimentally by other methods, as those states are not optically accessible

from the ground state. A simple model has been developped which allows ihe

descriplon of the relevant potentials by electrostatic interactions between the argon

In the ground state and the excited 63 P mercury, where the average orientation of

the Op mercury orbitals with respect to the complex internuclear axis, accounts for

the binding.

In addition the observation of other electronic states, such as the Rydberg

Hg (73S1) states, otters even more Insight In the electrostatic binding nature of the

complex. The argon atom can either be nested In the last node of the 7s orbital and

closely resembles to the lg-Ar+ Ion or, outside the 7s cloud forms a van der Weals

molecule very .ightly bound.

J-4
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Reactions of Metastable Rare Gas Atoms with N20;
Chemiluminescence of RgO*; Rg - Xe, Kr, Ar.

Aq0st Kvaran and Aubunn bLbviksson,
Science Institute, University of Iceland,
Dunhaga 3, 107 Reykjavik, Iceland.

and

William S. Hartree and John P. Simons,
Department of Chemistry, University of Nottingham,
Nottingham NG7 2RD, England.

Chemiluminescence spectra of rare gas oxides due to

reactions of metastable Xe, Kr and Ar with N20 have been

recorded in the UV/VUV region using a discharge flow

system. Spectra due to electronic transitions from bound

excited ionic states to repulsive ground states1 (X311) were

identified for XeO peaking at 235 nm (see fig. 1), KrO at

180 nm and ArO at 150 nm. The ArO spectrum is overlapped

with nitrogen emission spectrum. An absence of fine

structure in the tail of the XeO and KrO spectra suggests

that the excited states are formed with low vibrational

excitation, but significant rotational excitation2'3. Broad

continua, due to transitions to A3Z states have also been

found for XeO and KrO on the long wavelength side of the

peak spectra. Analyses of the XeO (235 nm) and KrO (180 nm)

spectra were carried out in order to determine vibrational

energy disposals. Spectra were analysed by systematic

simulations 2  and by the inversion technique 4 , using

calculated vibrational contributions assuming fixed

rotational energy 2 . Ground state potential curves

calculated by S.R. Langhoff 5 were used, while upper state

potential curves were varied as Rittner potentials.

Transition moment functions, decreasing with increasing

internuclear distance, were used. The analyses led to

evaluation of spectroscopic parameters for the excited

states:



1-9

We/C II- 1  re/I, Te/cm 
~1

XeO 360+20 2.59*0.04 45920+350

KrO 365+25 2.4310.05 59600+400

-as well as vibrational population distributions. Boltzmann

distribution functions, valid up to maximum vibrational

levels, determined by the energetics of Rg(3P 2)/N20 R=
Xe, Kr for T = 300011000 K (XeO) and T = 3500+_1500 K (KrO)

gave best fits in the simulation calculations (fig. 1).

Vibrational distributions determined as histogram

representations by inversion showed fair agreement (fig. 2).

Analogous to the rare gas halide formation reactions, RgO*

formation follows electron transfer from Rg* to N20. N20 is

an efficient electron scavenger and N20- is believed to be

quite stable 6 (D(N 2 -O-) = 0.43 eV 7 ). The reactions with Rg*

therefore may proceed via long lived complexes. The

vibrational distributions obtained are cnsitnt with such

a mechanism. That would contrast with findings for BaO

formation reaction from Ba + N20, which occurs by direct

reaction8 .

1. II.F. Golde and B.A. Thrush, Chem. Phys. Lett., 29, 486,
(1974).

2. H.F. Golde and A. Kvaran, J. Chem. Phys., a) 22, 434,
(1980)., b) 72, 442, (1980).

3. a) J.11. Kolts, J.F. Velasco and D.W. Setser, J. Chem.
Phys., 21, 1247, ('79), b) K. Taingake, J.11. Kolts and D.W.
Setser, J. Chem. Phys., 21, 1264, ('79).

4. K. Johnson, A. Kvaran, J.P. Simons, Mol. Phys., 50, 981,
(1983).

5. S.R. Langhoff, J. Chem. Phys., 71, 2379, ('80).

6. H1. Shimamori and R.W. Fessenden, J. Chem. Phys., a) 6i,
2757, ('78), b) k.2, 4732, ('78), c) ID, 1137, (179)

7. D.G. Hopper, A.C. Wahl, R.L.C. Wu and T.O. Tiernan, J.
Chem. Phys., 65, 5474, ('76).

8. T.P. Parr, A. Freedman, R. Behrens and R.R. Herm, J.
Chem. Phys., fi2, 2181, ('77).
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A LIFETIME STUDY ON THE SECOND MAXIMUM OF PREDISSOCIATION OF

THE IODINE B'9(O+) STATE.
U

by F.Castao, E.Martfnez and M.T.Martfnez

Departamento de Qufmica Fisica. Facultad de Ciencias.

Universidad del Pals Vasco. Apartado 644. Bilbao. SPAIN.

The natural and magnetic predissociation of the io-

dine B3H(O+ ) state have been studied extensively in the last

few years (1-5). The nature of the spontaneous predissociation

has been attributed to the rotational and hyperfine coupling

between the B3I(O +) state and the 1J1(I u ) repulsive state. Leh-

mann et al. (6) showed that the decay rate for a given hyper-

fine sublevel can be given by =rrad + col+rIJF , where rra d and

r co stand for the radiative and collisional decay rates, and

IjF takes into account the gyroscopic and hyperfine predisso-

ciation rates plus an interaction term,

r C2  "(J(J+l)) + a2  'f(I'J) - a C g(IJ)
IJF v,J v, av,'J v,J

where the explicit forms of the functions f and ( are given in

reference 6a.

No precise information of the predissociation pararne

ters C 2 and a2 is available for levels near the second maximumv v

of predissociation, i.e. v'=24-25. The aim of the present work

is to get the values of the coefficients C2 and a2 for gyrosco
v v g

pic and hyperfine interactions, from fluorescence decay rate

measure-nents of these levels.
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Fluorescence decay lifetimes for specific rovibratic

nal levels of the 12 BI11(O+) state, have been obtained by time-

-resolved laser induced fluorescence. Laser excitation spectra

of the I2 B-X system were obtained between 545 and 555 nm by

using a pulsed (%I5ns-FWHM) Quantel dye laser. In this wave-

length region, sections of the relatively intense 24-0, 25-0,

26-0, 26-1 and 27-1 bands were observed.

Lifetime measurements were usually made at 30 mTorr

of iodine, and collision free lifetimes were obtained by extra

polation to zero iodine pressure, using a collision cross-sec-

tion of 65 A2 (7), which is coincident with our value of

65.8!0.4 A2 obtaine for the level (24,40). Table I shows the

collision free lifetimes obtained for selected (24,J') and

(25,J') levels of the iodine B state.

Table I- Collision free lifetimes for (v',J') levels of 12 (B)

EXCITED LEVEL EXCITED LEVEL

v' J. T0 (ns) v' J, T0(ns)

24 38 745 ± 21 24 73 682 ± 17

24 40 785 ± 22 24 94 638 ± 18

24 46 796 ± 50 24 102 662 ± 37

24 50 800 ± 37

24 55 844 + 20 25 0-5 745 ± 25

24 56 740 ± 30 25 30 745 ± 21

24 60 754 + 32 25 88 625 t 15

24 62 756 ± 18 25 95 653 ± 27

24 67 772 ± 30 25 106 625 ± II
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The predissociation parameters C2 and a2 have been
v v

obtained from the time evolution of the fluorescence intensity

for specific rovibrational levels. See table 2. Assuming the

Franck-Condon approximation, az and C2 should be proportional
V v

to the same Franck-Condon Densities (FCD) between the B31(O)
u

and 11( u ) states, times the corresponding electronic matrix

elements involved. However such a dependence for C 2 is notv

observed for levels near the second maximum of predissociation

(8).

Table 2- Best fitted predissociation parameters C
2 and a

2

v v

V. r C
2  a2

tad v v

(101s -1) (s- 1) (10's -1)

24 0.61 67± 7 95±10

25 0.60 55t10 115±12

REFERENCES

1 A.Chutjian,J.Chem.Phys.51(1969)5414.

2 J.Tellinghuisen,J.Chem.Phys.57(1972)2397.

3 G.D.Chapman and P.R.Bunker,J.Chei'.Phys.57(1972)2951.

4 J.Vigu6,M.Broyer and J.C.Lehmann,J.Chem.Phys.62(1975)4941.

5 M.Broyer,J.Viqu6 and J.C.Lehmann,J.Chem.Phys.63(1975)5428.

6 J.Vigu6,M.Broyer and J.C.Lehmann,J.Physique (a)42(1981)937;

(b)42(1981)949; (c)42(1981)961.

7 G.A.Capelle and H.P.Broida,J.Chem.Phys.58(1973)4212.

8 F.Castafio, E.Martfnez and M.T.Martfnez,Chem. Phys. Lett.in press



I-II

Measurement of Rotational Energy Transfer Ratfs for ND (v - 1) in
Collisions Vith Thermal HD

David V. Chandler and Roger L. Farrov

Combustion Research Facility
Sandia National Laboratories

Livermore, CA. 94550

Work supported by the U. S. Department of Energy, Office of Basic Energy
Sciences, Division of Chemical Sciences.

Abstract
Ve report state-to-state rotational energy transfer rates for RD

excited to the first excited vibrational level of the ground electronic
state. Stimulated Raman scattering is used to produce the rotationally
selected, vibrationally excited HD. Subsequent collisional energy transfer
from the prepared state, upon collision with a thermal distribution of ND,
is monitored by multiphoton Ionization through the 9,F electronic state. The
data are analyzed by solving the rate equations coupling the lowest six
rotational states of the first excited vibrational level. In this manner,
both the absolute rate constants and the optimum shape of the energy
transfer probability density function are determined. The best fit of the
data to trial probability density functions indicates that the ND-HD
collisions preserve the magnetic sublevel, a . The total rotational
energy transfer rate out of a particular rotational level is compared to
high resolution Raman linevidth measurements in order to determine the
degree to which the rotational bnergy transfer rate contributes to the
linevidth.

In this paper, we report the state-to-state measurement of
rotational energy transfer from one rotational energy state of the first
excited vibrational level of the ground electronic state of ND to another
rotational level of the same vibrational level in collisions with a
Boltzmann distribution of ground state ND molecules at 298 K. The technique
of stimulated Raman pumping is used to prepare a single
rotational-vibrational level of RD. The multiphoton ionization technique Is
then used to monitor the population of states occupied as a result of

collisions with the initially prepared state. By temporally delaying the
lasers with respect to each other, we determine the'details of the dynamics
of rotational energy transfer.

Most previous studies of rotational energy transfer have been
performed on upper electronic states, due to the utility of the technique of
state-selective preparation by a narrowband lamp source or laser followed by
resolved emission. By monitoring satellite emission bands as a function of
pressure, rotational energy transfer in the upper electronic state can be
readily measured. This resonance lamp technique was used by Moore and
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coworkers to study the rotational energy transfer in the electronically
excited B state of lD. Data from these excited state studies have been
instrumental in determining empirical scaling and fitting laws. An
excellent discussion of the proposed laws is contained in Reference 6. In
this study we use several forms of an exponential energy gap scaling law, to
parameterize our results. Procaccia and Levine have shown the exponential
gap model to be successful at fitting close coupling calculations of Green
for HO collisions with ie and calculations of Chu for collisions of HD with
R .a There have been very few studies performed on ground electronic
state surfaces. This is primarily due to the difficulty of preparing a
single rotational level and detecting rotational energy transfer on a time
scale short enough to resolve the relaxation process. Previous ground-state
studies have utilized an infrared double-resonance technique. This technique
has been applied to heteronuelear-diatomicst To HP (v.1) and DF (v.1) by
Hinchen and Hobbs; to CO (v-1) by BrdchIgnac et al; to HCI (v-I) by
Henard-Bourtin et al; and to HF (v.2,3 and 4) by Cris and coworkers.
These studies rely on infrared absorption to monitor rotational states not
initially populated. The use of this technique limits the sensitivity and
time response of detection. In our work, these problems are minimized by
using stimulated Reman pumping and multiphoton ionization detection. Both
processes occur on the time scale of the laser pulses (nanoseconds). The
preparation scheme is a very efficient process for HD when moderately
narrowband lasers are used, and the detection scheme is highly sensitive.

Recently, variations on this scheme have been used to study
rotational and vibrational energy transfer in polyatomic molecules. Orr et
al have used a Raman excitation/laser-induced fluorescence (LIP) method to
study rotational and vibrational energy transfer in ground state
formaldahyde and glyoxal. A resonant variation of the Raman-LIP scheme has
been used by Knight and coworkers to study energy transfer in even larger
polyatomics. Ve have selected the hydrogenic systems to study, due to
their historical and theoretical importance. Previous studies of energy
transfer in hydrogen have been hampered due to the inherent difficulty of
state-selective detection of a molecule with no dipole (or very small dipole
in the case of HO) and whose first excited electronic state is 11 ev above
the ground state. Recently, three coherent laser techniques have shown
great promise for detection of hydrogen: (1) Coherent anti-Stokes Raman
scattering (CARS), (2) two-photon resonantly enhanced, three-photon
ionization (2+1 REHPI), and (3) direct laser- induced fluorescence, using
non-degenerate four-vave mixing in a rare gas to produce the necessary
tunable UV radiation. Ve have used the 2+1 RENPI technique due to its
relative simplicity and high sensitivity.

Other non-laser based techniques have been used to study rotational
energy transfer in hydrogen molecules. Of particular relevance to our study
are the impressive series of molecular beam experiments of Buck and
co-vorkers, and those of Gentry and Giese. Both groups use time-of-flight
measurements of scattering distributions from crossed molecular beams to
determine the differential cross-section for rotational energy transfer from
J-O or J-1 hydrogen molecules (depending upon the isotope and whether the
ortha or pare form was used) to other rotational states upon collision with
various partners (rare gases or other isotopes of hydrogen). In this

4



manner, they ore able to obtain extremely detailed information (i.e.,
angular resolved differential scattering cross sections) at a few relative
collision energies. In contrast to our measurements, however, they are
unable to determine total cross-sections. Although our measurements are
thermally averaged, in contrast to the crossed molecular beam studies, they
are capable of providing a wealth of data for elementary systems to which
theory can be directly applied.

hdditionally, the linevidths of high-pressure Raman spectra are
dominated by relaxation phenomena and give sn upper limit to the rotational
relaxation rate. Our measurements are compared to the recent room
temperature, high pressure line vfdths of Rosasco and May.
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Laser Induced Fluorescence of SiH 2 A
1
B1 -XiA 1

in the Supersonic Free Jet.

Kinichi Obi and Shinya Mayama

Department of Chemistry, Tokyo Institute of Technology,

Ohokayama, Meguro, Tokyo, Japan 152

The pulsed supersonic free jet of SiH 2 was generated in the

ArF laser photolysis of phenylsilane. The fluorescence and

its excitation spectra of the W
1
B1 - IA1 transition and the

fluorescence lifetimes of single rovibronic levels (SRVL) in

the 1B1 state have been measured.

The fluorescence excitation spectra have been observed in

the region 466 ̂ - 640 nm. The spectra only consist of the P-

type subband from the Kal"=0 level, PP 1 (N), PQ 1 (N) and PR1 (N),

of the (0,n,0) + (0,0,0) progression. The (0,7,0) band is

first assigned in this work. With increase of the vibrational

energy of the bending mode, the line intensities for rota-

tionally excited levels, such as PQI(1), PR 1 (1), Pp 1 (2 ),

become weak in comparison with the PP 1 (1} line of the rota-

tionally ground state and finally the spectra are reduced to

only one rotational line PP1 (1) for n)4. These facts indi-

cate the presence of the predissociation which strongly de-

pends on J values in the excited state rotational levels.

The fluorescence spectra have revealed the vibrational

energy levels of the bending mode (V2 ) in the V
1
A, state up to

v 2 "=7. The potential parameters of the bending vibration of

the ground state have been determined from the fluorescence

spectra:
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W2 = 1007.6 t 4.1 cm- 1

X22 = -3.7 t 0.7 cm - 1.

The Franck-Condon factors of the A-X system have been calcu-

lated using the molecular constants obtained. The calculated

Franck-Condon factors have well reproduced the observed fluo-

rescence spectra.

The SRVL fluorescence lifetimes of the A1 B1 state slowly

decreased from 1.2 us of the (0,1,0) level to 0.54 us of the

(0,6,0) level. The fluorescence lifetime of 0.35 us for the

newly assigned (0,7,0) level obtained is short with respect to

other lower vibrational levels. In Fig. 1, the fluorescence

decay rates are plotted against cube of transition energy

corrected by the Franck-Condon factors. The presence of

intercept and the shortening of the fluorescence lifetime for

x10
6

S2

V

Aj

0 p

0 1 2 3 4 xlo 2

FvIv">2Ev,v (cm

Fig. 1. Plots of the fluorescence decay

rate vs. the cubic transition energy
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(0,7,O) indicate that (1) non-radiative process occurs in all

vibronic levels studied and (2) another non-radiative channel

opens at (0,7,0). The first non-radiative channel is ex-

plained as predissociation to Si(3Pg) + 2(E and the second

is predissociation to Si(1Dg) + H2(IE|. This mechanism leads

the upper limit of the dissociation energy D0 (SiH-H) of 26600

cm' 1 (318 kJmol).
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HIGH TEMPERATURE COLLISIONAL ENERGY

TRANSFER IN HIGHLY VIBRATIONALLY EXCITED

MOLECULES. 1h ISOTOPE EFFECTS IN iso-PROPYL

BROMIDE SYSTEMS

Trevor C. Brown and Keith D. King

Department of Chemical Enpineerisg,

Universityl of Adelaide, Adelaide, S.A. 5001, Australia

and

Robert 0. Gilbert

Department of TAeoretics Chemistrv,

Univereity of Sydney, Sydney, N.S. IV. fO08, A uetrali

Of fundamental importance in interpreting rate data for unimolecular and termolecular reactions in

the fall-off regime is the determination of the form of the probability distribution function for collisional

energy exchange between a highly vibrationally excited reactant and a bath gas j11. The development of

models for this process requires experimental energy transfer data under conditions where the dependent

parameters (eg. temperature and bath gas mass) can be varied and effectively interpreted. This paper

is a continuation of our studies into the effects of deuteration of both the reactant and bath gas on

collisional energy transfer quantities 12). Deuteration changes the masses of the species, but leaves

unchanged the potential function governing the interaction dynamics.

The technique of pressure-dependent very low-pressure pyrolysis 13,41 combined with conventional

very low-pressure pyrolysis (VLPP) 151 has been used here to initially create thermal systems of highly

vibrationally excited undeuterated and per-deuterated iso-propyl bromide molecules, and then collide

these reacting systems with the inert bath gases - Ne, Xe, Cll,, and CD,. Measurements of the

increase in reaction rates of the iso-propyl bromide decompositions with these bath gas collisions, and

a comparison of these rates with the deuterated analogues give valuable insights Into the rofilsional

probability distribution function.
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The overall experimental technique is well established 13,4,5J. Briefly, the temperature dependence

of the reaction rate under conditions where only gas/wall collisions occur (ie., in the ahsence of any

reactant/reactant or reactant/bath gas collisions) i6 firstly obtained. These data is then fitted with

RRKNI theory, taking into account the temperature-dependent non-unit gas/wall collision efficiency,

0.(T) 13,61. The energy dependences of the microscopic reaction rate, k(E) are consequently calculated.

By maintaining the temperature constant, and increasing the pressure of bath gas in the system so that

reactant/bath gas collisions compete with reactant/wall collisions the pressure-dependent rate coeffi-

cients are obtained. These values are fitted by solution of the reaction-diffusion master equation 141,

using the parameters from the RRKM calculations and varying < AEA,, > - the average downward

collisional energy transfer.

The iso-propyl bromide systems decompose thermally via lI Br elimination, e.g. for the undeuterated

system:

(CIls)2C0iTr - ClIjCIICII, + llBr

The extrapolated high pressure rate coefficient (k-) for CsH 7 Br decomposition is given by ko =

10i3eoss  
exp(-200±8 ki mol-/RT). This is in eXcellent agreement with the high-pressure parameters

reported by other authors 171: A- = 10
13-S 1 , Eoo = 197.5 kJ ool-1. For C3DTBr the high-pressure

parameters are A_, = 10's'9*ss-1, E, = 207 ± 8 kJ mol'. There is no previously reported study of

C3f)yBr decomposition, however our results are in accord with the expected isotope effect.

The average downward collisional energy transfer (< AE4... >) values (cm-') for CsllyBr at ca.

870 K are 486 (Ne), 539 (Xe), 825 (C21141, and 743 (CD), and for CaDdir, 442 (Ne), 570 (Xe), 729

(C,11,), and 812 (C2D,). Reactant internal energies to which the data are sensitive are in the range 170 -

250 kJ nool-' . 
The < AEj..,. > values for the inert bath gases Ne and Xe show good agreement with the

theoretical predictions of Gilbert's biased random walk model for monatomic/substrate collisional energy

exchange J(I. The relative effects of deuteration of the reactant molecule on < A.jow, > also compare

favourably with the predictions of this theoretical model. The energy transfer parameters resulting

from the undeuterated and per-deuterated ethene bath gases suggest the vibrational frequencies of the

polyatomic colliders will play an important role in any future model.
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UNIMI.ECIJLAR REACTIONS FOILOWING SINGLE UV-PIIOTON AND MULTI

IR-PIKOIO EXCITATION

B. Abel, B. Herzog, If. Ilippler and J. Troe

Institut fur Physikalische Chemie der Universitat Gottingen,

TammannstraBe 6, 1)-34(X) Gottingen, West-Germany

ilnimolecular reactions are governed by two dynamically different pro-

cesses. The activation of molecules above the reaction threshold and

the real reaction. 1n thermal systems the activation occurrs via

intermolecular energy transfer between highly excited molecules in

collisions with the heat bath. The reaction itself is determined by

the intramolecular time evolution of molecules excited above the

reaction threshold. The intermolecular energy transfer can be charac-

terized by the averaged amount of energy transferred per collision

4E). The intramQlecular dynamics are described by the specific rate

constant k(E). Both quantities present key quantities in unimolecular

rate theory. We present a method to directly measure under collision

free conditions the specific rate constants and in the presence of

collisions the <aE> values.

In our experiments vibrationally highly excited polyatomic molecules

are produced in the electronic ground state by two different ways.

First, absorption from a pulsed IV-laser followed by fast internal

conversion is a very elegant way to create an almost microcanonic

ensemble of vibrationally highly excited molecules. In the past, we

have intensively used this technique for studies of the dynamic prop-
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erties of these molecules. Second, IR multiphoton absorption from a

pulsed CO2 laser may produce an ensemble of vibrationally highly

excited molecules with different properties. Populations of exited

states are monitored directly by time resolved hot band UV absorption

spectroscopy. A calibration of the UV spectra by shock wave experi-

ments allows for an analysis of the absorption changes during the

laser pulses in terms of exited state populations and dissociation.

Under collision free conditions the rate of unimolecular reaction of

isolated molecules are measured. A comparison of the results of the

two methods will be presented. For bond fission reactions the influ-

ence of total angular momentum J on the specific rate constant k(E,.I)

is discussed. In the presence of collisions with an inert bath gas,

collisional deactivation is observed and analyzed via the dependence

of the hot (IV absorption spectra on the excitation energy. We conclude

that time resolved hot band UV absorption spectroscopy after pulse

excitation provide a particularly attractive access to the specific

rate constant and to collisional energy transfer. It also allows to

obtain in situ information of the energy distribution of the ensemble

of vibrationally highly excited molecules produced in IR multiphoton

excitation experiments.
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LASER PYROLYSIS OF DIMETHYLNITRAMINE AND DIHETHYIMITROSAMINE

S. Esther Nigenda, Alicia C. Gonzalez,
Donald F. McMillen, and David M. Golden

Department of Chemical Kinetics, Chemical Physics Laboratory
SRI International, Henlo Park, CA 94025 U.S.A.

Laser-powered homogeneous pyrolysis (LPHP) has been used to study the

gas-phase thermal decomposition of dimethylnitramine (DMNA) and dimethylnitro-

samine (DM11O) as models for the decomposition of the cylic nitramines. In the

LPHP technique a pulsed CO2 laser is used to indirectly heat the substrate via

an absorbing but unreactive gas (e.g., SF6 ), in a bath of an inert polyatomic

such as CO2 . Under these condtions there is no surface component to the reac-

tions, since only a small portion of the cell volume is heated by the laser

and the reaction time before cooling by the expansion wave is about 10 ps, far

shorter than the millisecond time scale for diffusion to the walls. The rapid

cooling tends to minimize secondary reactions; however, as in shock-tube

studies, hydrogen atoms and other very reactive species need to be chemically

scavenged or trapped.

The cell is incorporated In a flow system that can be heated to temper-

atures well below substrate decomposition temperatures, but high enough to

maintain low vapor pressure materials in the vapor phase. Operation of the

system Involves flowing the reaction mixture through the cell while the laser

Is pulsed at a constant repetition rate, typically about 0.2 Hz. The flow

rate and irradiated volume are such that that during the residence tLime of the

substrate In the cell, the laser will have been pulsed 20 to 40 times (with

complete diffusional mixing in the cell between laser pulses), and the average

molecule will have been heated two to four times. The product mixture flows

continously from the cell through a heated gas sampling valve from which

samples are periodically sent to a capillary GC/HS system.

The need to explicitly measure the temperature corresponding to any

particular measurement of k is eliminated by concurrent determination of the
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fractional decomposition of a temperature standard. Modeling of anticipated

time-temperat!re-locatIon variations as well as tests on substrates whose

parameters are already known have shown that this -comparative rate" method

accomodates wide temperature fluctuations in accurately reproducing the liter-

ature values. In the present case, Arrhenius parameters have been determined

relative to Isobutylbutylbromide and tert-butylbromJde decomposition, respec-

tively.

The DMNO decomposition proceeds, between 950 and 1050K, via the simple

N-N bond cleavage. The dimethylamino radical thus formed rapidly eliminates an

i-atom and Is detected as N-methylmethyleneimine. The H-atoms are scavenged by

reaction with ortho-fluorotoluene. Preliminary results yield Arrhenius para-

meters of log k/9
-1 

- 15.0-46.O/0. These yield, when corrected for pressure

dependence, log k'/a
- 

- 15.4 - 48.3/0. These values are completely

consistent with the expectation of reaction via unimolecular bond scission and

a N-N bond strength in the vicinity of 48 kcal/mol.

The DHNA decomposition is more complex In that both unimolecular bond

scisslon and HOO elimination are expected to be accessible pathways. Since

both of these pathways lead to the imine. they are difficult to distinguish.

Furthermore, the major product Is DIOO, leading to the conclusion that the

imine adds NO in the cooling period after the laser pulse. DHNA was pyrolyzed

between 845 K and 970 K, leading to log k/a
-1 

- 10.4 - 28.2/0. These para-

meters are difficult to reconcile with the expected values for the two above

pathways, and the kinetic measurements are being repeated with a different

internal standard.

*
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JR laser -induced decomposlit ion of oxetares and alkanols

by K.A. Holbrook, G.A. Oldershaw and C.J. Shaw
Department of Chemistry, University of [full

and P.E. Dyer
Department of Applied Physics, University of Hull

Following earlier work oil the infrared laser-induced decomposition

of 2,2-dimethyloxetanel we have examined the infrared iaser-indced

decomposition of 2-methyloxetane and of tertiary butanol, two molecules

of similar molecular complexity.

The products of the decomposition of 2-methyloxetane caused by

absorption of pulses from a TEA CO2 laser (R34, 10 om line) are the same

as those observed in the thermal decomposition, namely propene plus

formaldehyde and ethene plus acetaldehyde.

(C 3 fC3 6 + C 2 0 ()

C 21 4 + CH3 ClIO (2)

Measurements have been made of the energy absorbed by 2-methyloxetane

and of the extent of decomposition as a function of the gas pressure

and laser fluence. The effect of added inert gases helium, xenon and

cyclohexane has also been examined.

Similar experiments have been carried out with tert-butanol (P30,

10 nm line) for which the major decomposition product is isobutene

(CH 3 ) 3 C011 - (C1t 3 ) 2 C = Cf 2 + If20 (3)

In both cases it is found that, for irradiation under 'collision-

free' conditions (5 x 10
-2 

Tort), the decomposition is much less in dilute

mixtures of the absorber with an inert gas than in the pure reactant.

We have modelled the decomposition as a function of absorbed energy by

using specific rate coefficients calculated from RRKM theory. In both

cases it is concluded that a large fraction of the irradiated molecules

interact with the laser iadiation. Results obtained for other alkanols

and oxetanes may also be discussed.

References

1. K.A. Holbrook, G.A. Oldershaw, C.J. Shaw and P.E. Dyer, submitted
for publication.

2. P. Ilinimtonds and K.A. HIolbrook, I.C.S. Faraday 1, 78, 2195 (1982).
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Use of Doppler Broadening by the 254nm Hg Absorption Line to

Monitor v-rt Energy Transfer in Vibrationally Excited Gases

Walter Braun*, Milton D. Scheer*, R. 3. Cvetanovic**

and Victor Kaufman***

*Center for Chemical Physics

**Guest Scientists in the Center for Chemical Physics

***Center for Radiation Research

National Bureau of Standards

A new method for measuring v-rit energy transfer rates has

been developed. It involves the use of Hg atoms as a tracer for

translational energy in a vibrationally excited gas. Absorption

by Hg of its 254nm resonance radiation, derived from an

extensively self-reversed Hg resonance lamp, is dependent upon

the line width and hence the translational temperature. By

matching the hyperfine spectrum of a Hg resonance lamp in the

neighborhood of 254nm with a computer model that takes into

account Doppler and Lorentz line broadening (Fig. 1), a

temperature calibration is readily attained (Fig.2). The method

was tested by vibrationally exciting a 500:1 mixture of SF, and

Hg with varying fluences from a CO, TEA laser employing the

apparatus shown schematically in Fig.3. By measuring the

initial slopes of the temporal changes in the 254nm absorption by

the Hg tracer, which is related to changes in temperature and

thus energy, energy transfer rates could be measured as a

function of initial vibrational excitation energy. For

vibrational excitations between 400 and 10,SOOcm-1 the energies

transferred (v-r,t) per SF,.--SF-" collision was found to increase

4.



approximately as the square of the excitation energy. These

results are shown in Fig. 4. and are compared with recent results

by Dove, Hippler and Troe"'. The present method complements

techniques recently reported by other workers'-'
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2) M. 3. Rossi, 3. R. Pladzievicz, and J. R. Barker, 3. Chem.
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(1985)

Figure Captions:

Figure 1: An experimental tracing of the high resolution
spectrum emitted by an extensively self-reversed capillary Hg

lamp operated at 450v and 9ma (dashed curve) compared with the
calculated lamp profile (solid curve). X,-l=Doppler width.

Figure 2: Computed fractional absorption vs. temperature curves
for various resonance lamp (current) conditions: 1, 8ma; 2,

lOma; 3, 15ma; and 4, 20ma.

Figure 3: Schematic diagram of apparatus used to excite
vibrationally SF. and measure its translational temperature.
LS=CO. laser; L=Hg light sourse; M-monochromater; D=fast

digitizer; MP-microprocessor; C-gas cell; PM=photomultiplier;

CB=carbon block used to trigger sweep; L1lens; MI&M2-mirrors.

Figure 4: The dependence of the average energy transferred per
collision vs. the average excitation energy for SF..tSF"
collisions compared with literature CSu CS%, and CS'+Ar results.

J
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Analysis of Multiple Decompositions in Chemically Activated

React ions

L'hjilljpt _. Wes.ta p?!aqd., Jack Bi. Howard, and Johhn P. lnngwell

Ih,'lopr I lciil of Cel ic'al Eiis leer i ng

Massahusetts lnst itute of Technology

(ambridge, MA 02139 lISA

Secondary decomposition can occur in a chemically activated

react ion if all the excess energy in the chemical ly activaled adduct

is not dissipated 1,w the initial decomposition. Thus, a bimoleiilai

I-ear t ion onit It eI to htru,! prodic s bv the pro-' hses AID - C "

1)*+L* , W -- 1), al F' - Pts. Such thruee-producti chiineIs have b(-'uII

inferred from data in the past, but either the observation has not

been rationalized or it has been attributed to a sequence of thermal

reactiotns A1B - )4E and E -- FIG. Unlike a thermal sequence,

chemically activated secondary decomposition is not microscopically

reversible because the rev-s,! reaction wouild require excited El

(from F'10) and I)- to rea,.t.

Apportiolling the excess *'nergy betweei D* arnd E 4 is the

difficulty in calculating the appareut rate constant. if I) is an

atom aid E contains vibrational dehre,; of freedom, all tlIe excess

energy may be reasoiatlv assigned to the species El. The rate

constant for JCll--OC1I,- 2 Ji~t2l is estimated by bimolecular 0111iK to

illustrate the quantitative analysis, but more sophisticated

au lint Clli ur -rea l t ml huirolies lly be app li-!#l Similarly.
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WAVELENGTH DEPENDENT ISOMERIZATION OF ALLYL

ISOCYANIDE

J. Segall and R.N. Zare, Departmient of Chemistry,
Stanford University, Stanford, CA 94305 USA

The isomerization of allyl isocyanide (AIC) to allyl
cyanide by excitation of CH vibrational overtone
inside the cavity of a cw dye laser is studied at several

reaction rate is seen to vary nonmonotonically as a
function of phytolysis photon energy, both with a given
overtone band as well as from overtone band to overtone
band. Previous workers on AC' noted the latter effect
and attributed It to a nonstatistical distribution of
vibrational energy in the reacting molecules. The
current results strongly indicate inhomogeneous
broadening is important in the overtone spectrum of AiC
and that overtone excitation may lead to a more complex
distribution of excited reactants than previously
thought.

!*Supported by AMOCO, Standard Oil (Indiana)
K. V. Reddy and M. J. Berry, Chem. Phys. Lett. 66, 223

(1979).
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A STUDY OF THE EFFECT OF EXCESS ENERGY ON THlE COLLISIONAL DEACTIVATION C'
HIGHLY VI BRATIONALLY EXCITED 7-ETHYLCYCLOHIEPTATRI ENE

Gui-Yung Chung and Robert W. Carr, Jr.

Department of Chemical Engineering and Materials Science
University of Minnesota
Minneapolis. 14n. 55455

Collisional self deactivation of 7-athylcycloheptatrienu photoactivated to
total internal unergies of 123 kcal/mol (240nm). Ill kcal/mol (265nm), 105
kcal/mol (280nm). and 100 kcal/mol (295nim) has been investigated. TVic-
reaction products conLuisted of theo positional isomers 1-,* 2-, and
3-ethylcycloheptatriene, and mothy1-cU* tyl substituted benzenes formed by
aromatization. The pressure dLpendunce of reaction products resulting from
positional isomarization and aromatization were determined at each
wavelength in series of experiments without added bath gases. The total
product yield decreased with Increasing pressure. indicative of
collisional stabilization of photoactivated 7-ethylcycloheptatricene. The
ratio of positional isomerization products to aromatic products iocreased
with increasing pressure at fixed wavelength. and increased with increasing
wavolength at fixed pressure, consistent with a shorter lifetime foi-
positional isomerization than for aromatization. Mlaster equation
calculations were done using BRU4 theory and a stepladder model for
deactivation. The model calculations predict that the average enurgy
removed per deactivating collision,(A E). Increases with increasing excess
energy of photoactivated 7-ethylcycloheptatriene. Wehen the RRKM computed
values of k(E) were normalized to an experimental value determined by
direct detection (Hippler, Luther. Troe and Wendlaken. J. Chein.
Phys..79,246,(1983)). the values of <AC> obtained were 1.5 kcal/mol at
295nm. 1.8 keel/mol at 280nir, 2.2 kcal/mol at 265 nm and 5 kcal/mol at 240
nm.
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A simple FTXR instrument for emission studies

by

P. Blag. F.3. Holdsworth, G. Marston and R.P. Wayne

Physical Chemistry Laboratory. South Parke Rd., Oxford..U.K.

Abstract

Pourier Transform spectrometry was originally introduced to

deal with the energy shortage problems endemic in working in the

far-infrared. However. FT spectrometry has been succesfully applied in

the mid- and near-IR and is even finding uses in the visible and UV

region of the electromagnetic spectrum. Employment of this technique

in the ZR can result in dramatic increases in the signal-to-noise

ratio or resolution of spectral measurements, or both.

Two important advantages of interferometry over conventional

spectrometry were pointed out by Felget in England and 3aquinot in

France:

i) In 1951, Fellget recognised the so called Multiplex

advantage, in that data from all the spectral frequencies

present are measured simultaneously; thus. the whole of the

spectral band is observed for the entire duration of the

experiment. The result of this 'Multiplex' advantage is a

reduction in measurement time of the spectral information.

ii) The second advantage, pointed out in 1954 by Jaquinot. is

that the optical energy throughput of an lnterferometer is

greater than that of a monochromator for a given resolution.

Radiation is transferred more efficiently in an

interferometer. where the beam of radiation has cylindrical

symmetry, than in a conventional spectrometer which employs

slits and produces a beam of planar symmetry. The increased

throughput thus results in an increased S:N ratio due to the

Increased signal at the detector.

The interferometer used in these studies Is a low cost
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Michelson type designed to be used as a teaching instrument. The

interferometer was modified to allow the mirror position to be altered

using & stepper motor. A He-Ne laser and associated optics were also

added to allow us to guide a laser beam down the center of the main

optics.

The data acquisition and control of the Interferometer were

performed using a small 'home' computer (Acorn BBC 1B' microcomputer).

The only additional circuitry required was the power control circuit

for the stepper motor and the amplifiers for the various detectors

employed. The laser beam was used to provide a reference, the data

acquisition being triggered using the laser fringes.

The same computer, along with a co-processor to speed up the

Processing. was used to perform the Fourier transform calculations.

Two different FT calculation methods were employed : a 'slow'

transform based on the Fourier integral, end the Fast Fourier

Transform (FFT) algorithm developed by Cooley and Tukey in 1965.

Various computational techniques were used to increase both

the speed of calculation and the resolution of the instrument. The use

of a small computer limits the number of interferogram points to

approximately 8000. which corresponds to a resolution of approximately

3.9cm
-' (at a sampling interval of Ax-O.3165pm). The use of single

sided interferograms increases the effective resolution to 1.9cm
"
'.

but can introduce some phase errors into the spectrum, resulting in

distorted peak shapes.

The method finally developed to increase the resolution was

to use Sliased spectre. Aliasing comes about from using discrete

sampling Intervals, and is manifested by the spectral function

exhibiting mirror symmetry about the sampling frequency (vn). It is

usually classed as a disadvantage of FT since both spectral

information and noise above the folding frequency are reflected back

into the fundamental range. and care must be employed to ensure that

features in the spectrum are real and not allased. If we take longer

sampling intervals, we can make the mirror move a longer distance for

the same number of interferogram points, thus increasing resolution.

however Vn also decreases. If we ensure that there are no spectral

Peeks in the fundamental range (O<v<vn )- then we can use the allsaed
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version of the peak of interest for our studies. Thus by sampling at 3

times the normal distance (Ax-0.949pm) we were able to increase the

resolution to 1.3 cm-' and at 5 times (Ax-l.58pm). the resolution had

increased to 0.8 cm-' (2 and 4 times were not used because these

values put vn in the middle of the peak of interest).

The spectrometer was used in conjunction with a germanium

detector and discharge flow system to study reactions leading to

chemiluminescence in the 1-2pm region. Of particular interest was the

N+O, reaction,

N + 0, - NO + 0

from which emission had already been observed under low resolution.

Under the greater resolution afforded us by the FT spectrometer, we

were able to identify the emissions as being due to 0 alag4Xstu

(1.27pm). NO cln-AaE (1.22pm) and the (2.0). (3.1) and (A.2)

vibrational overtone transitions of OH (1.a0-1.55pm).

The presence of OH emission downstream of the mixing region

showed us not only that H was present as an impurity, but that it was

being regenerated in the flow tube. A mechanism is presented to

explain this regeheration. The presence of O.('A.) was also found to

be due to H atom impurities and is explained in terms of formation of

excited HO, folowed by energy transfer to O,. The formation of NO(C)

was attributed to reaction between N and 0 atoms and computer

simulations were able to match observed concentration - time profiles

quite well.

Kinetic measurements were made using conventional

spectrometry. N atoms were monitored by following the (0.0) band of

the N,(BA) transition at 2.05pm. Again the presence of H atoms was

felt, resulting in non-linear pseudo-first order decay plots. However.

after taking precautions to remove traces of water from our system the

rate constant for the above reaction was measured as k-(8.8 t 1.0) x

10-'' cm'molecule-'s
-
'. This value is in excellent agreement With the

latest NASA recommendations.

4
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MULTIPHOTON IONIZATION AS A KINETIC PROBE

1I.H. NEISON and Brad R.Weiner, Chemistry Division, Naval Research Laboratory,

Washington, DC 20375-5000, USA

The methyl radical (CU 5 ) plays an important role in hydrocarbon combustion systems.

Kinetic studies of the methyl radical, especially as a reaction product, have been hampered by

the lack of a sensitive, convenient detection scheme. It ha% been monitored in kinetic systems

previously using infrared' and ultraviolet2 absorption spectroscopy. These techniques require

the use of long path lengths, which introduces difficulties in reactant preparation, or relatively

high CH 3 concentrations, which leads to interference from radical-radical reactions. We are

developing resonance-enhanced multiphoton ionization (REMPI) as a concentration probe for

CH3 under typical laboratory kinetic conditions. The methyl radical is ionized via the 3p 2A 2"

state resonance at 333.4 nm, as discussed by Hudgens ej al.3, using the fundamental output of

an excimer-pumped dye laser focussed by a 30-cm f.l. lens. The electron current produced is

collected by a pair of parallel plates biased at -300V, amplified and detected using a gated

integrator. Using CIll photolysis at 266 nm as a source of methyl radicals to characterize

the system, we are able to detect kinetically useful concentrations of CH s at pressures up to

50 Torr of UIe. At 5 Torr total pressure, our limit of detection of CH 3 in this system is

-2 x 10t cm-3 . We will report kinetic measurements of CH 5 as a product of the reaction of

F atoms with C- 4 . Studies of the reaction, 0 + C1H4, are underway and we will present the

results available from this system.

References:
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Intracavity Detection Applied to Reaction Rate Measurements

J. E. Allen. Jr. and W. D. Brobst
+

Astrochemistry Branch, NASA, Goddard Space Flight Center

Greenbelt, MD, USA 20771

Intracavity laser detection of atoms and molecules was first

observed over fifteen years agoI '2 and has steadily matured as a

spectroscopic tool. However, it has seen only limited uise in

chemical kinetics, despite its demonstrated sensitivity and

obvious applicability for the detection of weakly absorbing or

predissociated species. Previous kinetic studies 3,4,5 were

performed with pulsed lasers which are inherently less sensitive

than cw lasers for intracavity detection. In addition these

experiments were performed for radial species in a static cell

which complicated the kinetics and therefore the rate

measurement. As a consequence while these measurements are in

good agreement with each other, they are all lower than the

recommended value.6  To demonstrate the applicability and

accuracy of cw intracavity absorption, we measured the rate for

the termolecular reaction NO + NO + 02 -4 2N0 2* This reaction is

ideal since it has a well know rate and can appropriately be

performed In a static cell. Because the reactants are stable

molecules, concentration can easily and accurately be measured

with a capacitance manometer. The product is stable, thereby

making calibration of the detection system straightforward, and
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secondary reactions are slow enough not to unduly complicate the

measurement.

The intracavity spectrometer was built around a commercially

available folded cavity dye laser which was optically pumped by

the 514.5 nm line of an argon ion laser. The dye laser cavity

was extended to 1.8 m by removing the standard output coupler and

placing a new output coupler at an appropriate distance from the

dye laser housing. Cavity tuning was accomplished by laterally

translating a coated wedge. A cell 0.5 m long, which had wedged

windows mounted on arms cut a Brewster's angle, was placed inside

the cavity and connected to a vacuum system. Pressure

measurements were made with capacitance manometers. The output

from the extended cavity laser was directed to a 0.75 m focal

length monochromator and detected with a photomultiplier tube.

The PMT signal was processed by an electrometer and subsequently

displayed on a strip chart recorder.

Since the reaction was to be followed by monitoring the

appearance of the NO2 product, the system was calibrated by

accurately metering varying quantities of NO2 into the cell and

measuring the depth of the resultant hole produced in the dye

laser output profile. Plots of this apparent absorbance vs.

absorber concentration were linear over a substantial range,

indicating a Beer - Lambert law type of relationship.
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Kinetic experiments were performed with NO in excess of 0

which can be shown to be a pseudo first order condition.

Analysis indicated that NO2 absorbance is a linear function of

time; a plot of NO2 absorbance vs. time in fact yielded a

straight line whose slope is related to the desired rate. A

number of experiments were performed for various laser powers,

reactant concentrations and absorption transitions. From these

experiments the rate was determined to be (2.4 + 0.4) x 10-38 cm6

molec-2 sec -1 which is an excellent agreement with the

recommended rate of (2 + 1) x 10-38 cm6 molec-2 sec 7 This

clearly demonstrates the utility of intracavity absorption for

chemical kinetic studies.

A Work supported by the NASA Upper Atmosphere Program.

+ NASA Graduate Student Researcher from Johns Hopkins University
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ON THE ERRORS OF ARRHENIUS PARAMETERS AND ESTIMATED RATE

CONSTANT VALUES

KAroly H6berger, S~ndor Kem~ny I and Tamhs Vid6czy

Central Research Institute for Chemistry of the Hungarian

Academy of Sciences, 11-1525 Budapest, Pf. 17. Hungary
Department of Chemical Engineering, Technical University

of Budapest, Budapest, Hungary

Papers on chemical kinetics usually present numberical

values of rate coefficients (determined over a range of tem-

perature) described by some form of Arrhenius-type equation.

Though several papers suggest correct and useful methods for

the fitting procedure and for calculating the uncertainties1
- 3

these methods are not universally utilized. Our aim was to show

the effect of possible errors, and to emphasize the statisti-

cally correct way of data presentation.

1. Two-parameter problem using the equation k=A-exp(B/T)

The problem to be solved is the minimization of

N jF wi k A.exp(B/Ti ) (2F ; 1 [ki - (1)

where k is the measured rate coefficient at temperature Ti,

w is the statistical weight of the i-th measurement, N is the

number of measurements and A and B are the two parameters to

be determined. The possibilities for the determination of the

two parameters are well known4 (e.g. by solving the normal equ-

ation aF/aA = 0, JF/aB =O). All the necessary information about

the uncertainties of the fit can be found in the covariance

matrix

COMA.J = S2 .G - 1  (2)

2where S = P/(N-2) and the elements of matrix r are defined in

the following way:
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k. 2 3i 3ki 3k 2

gA,A = wI (3A gA,B g'A,A wi DA 3B gB,B=E wi(- B-) (3)

where k. means the estimated rate coefficient at T The best

estimate of the variance of k. is given by
1

2 kk ak 2
VarA(k A + ('---VA 2- D-- VAB + (--) cOVB, B  (4)

As the off-diagonal element of COV(A.B) is always negative, the

uncertainty of the rate coefficient will be always overestimated

if the full covariance matrix is not taken into account.

To illustrate the difference between giving only the di-

agonal elements of CQV(ALB1 (thus defining a rectangular box

in the parameter space), or giving the full covariance matrix

(which defines an ellipse) we plotted the contour map of F for

13/|,], a simulated set of

-42'
-,\data In Fig. 1. it

54 , "can be seen that

6, the ellipse is a

., ,, good approximation

-72"

~N~N to a section of the

_, ',_ -".Z Z -. true error surface.

6 12 1 24 30 36 42 4 6
A:]iO

| , 
10

]  
molec

-
l S-1

The importance of correct weighting should be emphasized.
=2

Theoretically w, =1/02 where o is the standard deviation of

k. If the linearized prob]em is solved using

22
F' =E w'(1 n k In A -B/T then w =wi/k2 should be applied.

Inappropriate weijhting can result in not only the overestima-

tion of uncertainties, but also biased estimated mean values,

as can be seen from 'T'able 1, where the results of 20 simulated
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fittings are summarized: Table 1

Parameter True value Average value obtained in fitting with

correct weighting incorrect weighting

A 2-1010 2,062*10-10  2,3328.10710

B -620 -620,05 -671,52

2. Three-parameter problem using the equation k=A-T-exp(B/T)

Due to the presence of a third parameter (n), the corre-

lation between the parameters is even more pronounced. There-

fore, a physically meaningful estimation of all three param-

eters is impossible. 2 Our work was aimed to show how the er-

rors of measurement can influence the calculated parameters.

Using simulated measurements with known errors, we will present

data sets in with the calculated parameters hardly resemble the

input values. In one set where the rate coefficients were cal-

culated exactly (i.e. contained no error), but one ki had an

error of I%, the calculated A factor deviated 50% from its

true value. All these simulations indicated that the error of

measurement has a detrimental effect on the determination of

the parameter value. Nevertheless, if the aim of the fitting

is to interpolate or extrapolate the rate coefficient value,

the three-parameter fitting is the best possible solution, pro-

vided that the uncertainty of the estimated rate coefficient is

given in accordance with Eq. (2-4) applied for the three param-

eter case.

For the estimation of activation parameters A and B the

value of "n" should be constrained on the basis of theoretical

considerations, and this is followed by a two-parameter fitting.

1.1R.j.CVLTPJNOVlIC;D.L.SIN(UItt;G.PAPASKOVOtXJLOS:J.Phys.Chem.83,50(1979)
2.K.-M.JEfNG;K.-J.IISU;J.B.JEFFRES;F.KNA:J.Pnys.Chem. 88,1222(1984)
3.J.C.WOPEZ;S.C.MA1CIJ;F.C.GACIA:Ingneria Quimica(Madrid)13, 147(1981)
4.D.M.IIf 1U:t Process Analysis by Statistical Methods,--hapter 6.

176-200 pp. John Wiley & Sons, Inc. New York. 1970
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The National Bureau of Standards Chemical Kinetics Data Base

John T. Herron and Robert J. Cvetanovic

Chemical Kinetics Division

National Bureau of Standards. Gaithersburg, Maryland. 20874 USA

The need for large scale chemical kinetic data bases to use

in computer simulation studies of complex chemical phenomena such

as combustion, atmospheric chemistry and plasma chemistry has

focussed attention on the mechanics of developing such data bases

as well as the more general problem of data evaluation. At 1iBS we

have been working on the development of a data base tor gas phase

chemical reactions. The initial area of application is combustion

chemistry, but the goal is to provide coverage for the whole

range of gas phase reactions.

A data base starts with the identification and acquisitiosn

ot relevant articles from the archival literature followed by the

abstracting and entry of numerical data into the data base. The

design ot the data base management system is a crucial element in

the eftectiveness or the system. The NBS data base management

system uses five functionally and logically interrelated data

bases to handle chemical kinetic data:

DB CHEM (dictionary of chemical species) Identifies reactant or

product chemical species through the use ot unique identifiers.

Each species is assigned a CHEM Access Number, and Is described

by the Chemical Abstracts Service chemical name and registration

number, common synonyms, molecular formula in a standard order of

.4
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arrangement, and an assigned isomer index number.

DB RDIC (dictionary of chemical reactions) identifies chemical

reactions through the use of search codes automatically generated

from CHEM Access Numbers. Each reaction is assigned an RDIC

Access Number.

DB KDAT (kinetic data) contains the values of kinetic parameters

for individual reactions identified by their RDIC Access Numbers.

DB BIBB (bibliography) contains the bibliographic citations to

the data and can be searched by author, year, journal, etc.

DB JRNS (chemical journals) contains information on the standard

abbreviations used for journals.

These five data bases are supported by various application

programs to allow easy searching and updating of the numerical

data base.Searching strategies can be based on chemical species.

classes of reactant or product species, or kind of data

(experimental, theoretical, etc.).

A primary objective of the data base design is to allow

flexibility in output format based on a simple input format

procedure. Table 1 is an example of an output formatted data

sheet which accurately reflects the input format.

The data evaluation activities of the Chemical Kinetics Data

Center are concerned primarily with the general area of

combustion chemistry. Because of the wide range of temperature

and pressure encountered in combustion systems, evaluation

requires not only an examination of the validity of reported

data, but also the use of a theoretical framework for fitting and

extrapolating the data. Examples of data evaluation in the form

.7
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ut Clta sheets tor individual reactions in the metharne oxidation

system will be shown (Tsang and Hampson. 1986).

Table 1.Example ot Input Data Format

R.ection. Ref.ranro Code and notes Ph- Data Temp. k.k/k(of). 5 8, k.A k

as. type AAIA(r.f) B-U~ref) units foctor

Ol + 0 -. H + 02

Hydroxyl + Oxygen atom

83 RUISC12 G UX 29 (1.6710.30)(13) 2

Reactim of ON radicals with 0 atom in a
feat-flow reactor. L.Goaruagetic reaonance.
Resono- fluorescencae. RaSon ce-absorption.

I - 1-5 Torr.(Ho. or At)

83 T04 G EX 206 (4.O±l2)(13) 2

Raction of Hydrozyl radicas with 0 atom

by Far-lnfraed Last -Manetic--Resnance

Spect-otry.

OH + HO 2 * H2 0 + 0 2

Hydroxyl + Hydroperoxo

83 CH 0 EX 290 (4.4W18.12)(03) 2

Reaction of 06 with NO in a fast-flow re-2
actor. Lease-..anatic resonance. R.onance-
fluoraonce. Resonanco-obsorption.
P - 1-5 Torr. (He. or At)

83 YD G EX 296 (4.01.2(13) 2

Reaction of Hydroxyl radicals with Rydro-
potoo radicals by far-Inftared Laaer-t4gne-

tic-Rasonanca, Spactromatry.

ON + H22 ' Ha2 + H20

Hydroxyl + Hydrogen peroxide

83 LIAINLO 1) 0 E 241-413 (4,2211,20)t 4) 2,5 -538t86 2
83 LANIHOL 1) G U 294 (L.00.18)(12) - - 2

1) Reaction of il with H
2 
0 In a Pyres ro-

action all. Flash-pboLy4ie. Rosonanca-
fiuorescence. ON radicals generated by Flash-

photoiyai of 202 or ,at " a Curved
Arrhaniau plot. P(2 0a) - 0.7-1.2 Tarr.
P(R"M " 5-10 Tort. F(BH) - 760 Torr.

83 7im 0 X 296 (1.020.2(12) 2

Reaction af Hydroxyl radicals with Oydro-

Sen paroxide by F-c-lnfrared Laser-4anatic-
Resonance ApetrOmetcy.

4
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SPECTROSCOPY OF EO2 AND CH3 02 RADICALS AND

THE KINETICS OF THEIR MUTUAL REACTION

I. McADAM. H. FORGES. and B. VEYREF
LABORATOJRE DE CHIMIE PHYSIQUE A

UNIVERSITE DE BORDEAUX 1
33405. TALENCE. CEDEX FRANCE

INTRODUCTION:
The reactions of peroxy radicals play an important role in atmospheric

and combustion chemistry. For example, the competition between NO and
HO2 for methyl peroxy radicals Is known to be one of the most Important
factors determining the rate of production of ozone in the troposphere.
While there have been many kinetic studies of the reactions of these
radicals, in particular the self-reactions of CH302 and HO2 radicals I there
Is a need for another direct determination of the rate constant for the
cross reaction:

CH3 02 + H02 --- CH3 00H + 02

The only direct study, by Cox and Tyndall 2, revealed a reaction with a
large negative temperature coefficient, similar to that of the HO2 + HO2
reaction, and a room temperature rate constant of 6.0 x 10 -12

cm 3 molecules-ls - at 760 Torr pressure. However, recent work by
Moortgat et al.3 , and the product analysis results of Kan et al.4, produced
values of 3.7 x 10-12 and 1.3 x IF-12 cm 3 molecules-Is "I respectively. In
view of the importance of this reaction and of this disagreement, we have
started a detailed study of this reaction.

EXPERIMENTAL:
All experiments have been carried out using our flash photolysis-U.V.

absorption apparatus. Reactant gas mixtures flow through a thermostated
Pyrex reaction cell. HO2 and C302 radicals are produced by competition
between CH3OH and CH4, respectively, for the Cl atoms generated by
flashing a 2 / CH3OH / CH4 / 02 / N2 mixtures. The analysing beam ( from
a D2 lamp ) passes through the cellvia quartz windows, and impinges onto
a monochromator . The signal from the photomultiplier Is fed through a
transient recorder to a microcomputer for accumulation and subsequent
analysis by computer simulations.

4 f
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RESULTS:
There have been a number of studies of the U.V. spectra of the two

radicals. While there is good agreement on the shape and magnitude of the
HO2 spectrum, there is some uncertainty over the magnitude of the CH302

spectrum5. For example at 25On the values available for O" range from
2.5 to 5.0 X 10"18 cmnmolecule -. We therefore started our study by
determining the spectra of HO2 and CH3 02 over the wavelength range 200

- 270 nm.
By using the same conditions of flash intensity and a 2 concentration,

for each of the radical sources, we were able to obtain spectra for the two
radicals ( fig.l ) with an absolute measurement of their relative
cross-sections. The Oaxis scale was obtained by normalising our value at
210am for H02 to the value given in the latest RASA report1 .

F'S. 1 u1 V'V'Sl'TRA 0#: C"302 MOD "02'

ja 40 ~ue. 0c4.~ 
t

I;

S

20O 210 220 230 240 250 260 270

Separate studies of the CH302 + Cf302 and H02 + H02 reactions gave
rate constants consistent with the results of previous workers. Analysis of
results from the C1{302 * 1(02 reaction reveal that the reaction has a
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pressure dependant component ( fig.2 ). Our present values, between 100
and 600 torr, lead to a preliminary expression for the rate constant, at
298K, of k - 4 .3 x 10 - 12 + 6.7 x 10 -3 2 x LM] cm3 molecule 1 -'s- ,
although the value from 400 Torr up to atmospheric pressure appears to

be constant at (5.5 ! 0.5) x 10-12 cm3 molecule' s- I , in agreement with the
value of Cox and Tyndall. Further experiments are currently underway to
provide more information about the temperature and water vapour
dependencies of this reaction.

References
1. DeMote et. al.. Evaluation No.7 of the NASA Panel for Data Evaluation. JPL

Publication 85-37 ( 1965 ).
2. R.A. Cox and .S. TyndallU1960, J. Chem. Soc., Faraday Trans. 11,76p.153.
3. Moortgat et al. This meeting.
4. Kan et. al., 1960. J. Phys. Chem., 8 p. 3411.
5. SP. Sander and R.T. Watson. 1991. J. Phys. Chem.. n, p. 2964.
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RATE CONSTANT AND MECHANISM OF THE REACTION OH+HCOOH

G.S. Jolly, D.J. McKenney, D.L. Singleton, G. Paraskevopoulos

and A.R. Bossard, Division of Chemistry, National Research

Council of Canada, Ottawa, Canada, KIA OR9.

Formic acid consisting of mixtures of monomer and dimer was

photolysed at 222 nm using a pulsed KrCI excimer laser. The

monomer yields OH with a quantum yield 9(OH)-1.O0O±.08, whereas

the dimer does not yield OH. This indicates that the dominant,

if not the only, path of photolysis of the monomer is,

HCOOH+hv -p OH+HCO.

The kinetics of the subsequent reaction of OH with the monomer

and dimer of formic acid was studied at 296K by following the

pseudo-first-order decay of OH, (NCOOHJ>>[OH), by time resolved

resonance absorption at 308.2 nm. Pseudo-first-order rate con-

stants, k I, were obtained for a range of formic acid pressures

from the slopes of linear plots of ln([O1fJ/[OH 0) against time.

The apparatus and technique have been described before.1

A plot of kI against the concentration of formic acid,

(monomer+dimer], is shown in figure 1, and is clearly non

linear, indicative of different rates of reaction of the monomer

and dimer of formic acid with OH. The values of the second-

order rate constants, for the reactions of OH with the monomer,

k2 , and the dimer, k,, were obtained by non-linear least squares

fitting of equation I to the data in fig. 1.

kI . k2 fmonomerj+k3 (dimer) (1)
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THE KINETICS OF HYDROXYL RADICAL REACTIONS WITH ALKANES

STUDIED UNDER ATMOSPHERIC CONDITIONS

S J HARRIS and J A KERR

Department of Chemistry
University of Birmingham
Birmingham B15 2TT
ENGLAND

ABSTRACT

A photolytic flow system has been constructed to study the reactions of
hydroxyl radicals under tropospheric conditions (synthetic air mixture at
atmospheric pressure) and over a range of atmospherically relevant
temperatures (-30 to +50*C). The hydroxyl radicals were generated from the
photolysis of methyl nitrite in the presence of added nitric oxide and they
have been reacted with pairs of alkanes. The relative rates of the two
hydroxyl-alkane reactions were monitored by following the rates of decay
of the alkanes.

These reactions have been studied to provide additional data on the
temperature coefficients of OH + alkane reactions, which will enable the
development of more sophisticated bond additivity schemes for the rate
constants of these reactions, which are needed in computer modelling of
tropospheric systems.
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where the concentrations of the monomer and dimer were calcu-

lated at each pressure of formic acid from the literature value

of the equilibrium constant, K-(HCOOH)
2
/(IICOOH) 2, taken at 296K

as K-1i.O9xlO
- 7 

mol/cm
3
. The resulting values in cm

3
/mol s at

the 95% confidence intervals are: k2 =(2.95±O.O7)xlO'' and

k3 =0±O.15)x10
1

. Our value is in excellent agreement with tht

recent value of Wine et al,
2 

(2.78±0.47)x10
1 1

, but is -50%

greater than the value of Zetzsch and Stuhl.
3 

There was no

significant concentration of dimer in both previous studies

because of the very low pressures of formic acid.

Computer simulations of experiments with 0.5 torr of 02

indicate that H-atoms are formed during the reaction in agree-

ment with ref. 2. Our results and those of ref. 2, i.e., a)

dimer much less reactive than monomer, b) rate constant essen-

tially constant from 298 to 430K,
2 

and c) little isotope effect

for DCOOH,
2 

are consistent with a complex mechanism in which H

is preferentially abstracted from the OH rather than the CH bond

of the acid, despite its being -14 kcal/mol stronger. The

resulting HCOO radical dissociates to H+CO 2. A BEBO calculation

indicates an activation energy of 1-2 kcal/mol less for abstrac-

tion from the OH bond compared to the CH bond. The lower

activation energy may be attributed to reversible formation of a

hydrogen bonded adduct between OH and formic acid, followed by

transfer of the hydroxylic hydrogen in the adduct.
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THE REACTIONS OF IYDNOXYL RADICALS WITH AROMATIC COMPOUNDS

D.L.Baulch, l.M.Campbell and S.M.Saunders

Department of Physical Chemistry, University of Leeds, U.K.

Rate constants for the gas phase reactions of the hydroxyl radical

with aromatic hydrocarbons are of fundamental importance for modelling the

chemistry of polluted urban atmospheres, combustion processes, and boot

formation.

In the present study rate constants for the reaction of OH with

benzene (I), indane (I) and indene (I1) were measured at 295N and over

the pressure range 0.30 - 4.76 Torr.

I II llI

Experimental

A conventional fast-flow discharge system was used. OH was

generated by the fast reaction of H atoms with NO, and changes in OH

concentration were monitored by resonance fluorescence using microwave-

powered discharge lamps. Helium was used as the carrier gas.

All of the reactions were studied under pseudo-first order conditions.

Concentrations of OH were in the range 1.1 x 10
- 10 

- 2.5 Y 10
- 9 

mol dm
- j

and of the aromatic compounds in the range I x 10 - 6 x 10
- 7 

mol dm
- 3 .

The possible effects of potential competing reactions of radicals prduced

in the reaction were checked by computer simulation. Values of the

pseudo-first order rate constant, k' , were obtained from the temporal

decays of IOH). Plots of k' versus [Aromatic] were linear, the slcye

yielding the second order rate constant, and all gave intercepts, k w

which agreed with the independently measured values of the wall decay

constant.



-9

Results and Discussion

The measured values of the second order rate constant are showni

in Table 1.

Table I

Compound 10-8 k/dm
3 

mol s
-  

Pressure/Torr.

Benzene 0.321 1 0.027 0.45

0.879 t 0.045 1.17

2.18 1 0.27 2.91

3.13 ± 0.18 4.76

Indane 54.4 f 8.0 0.3

56.9 t 8.4 1.2

Indene 68.4 ± 10.0 0.24

99.4 ± 11.5 0.42

207.0 ± 30.0 1.14

307.0 1 46.0 1.81

Benzene

The rate constant for reaction with benzene is pressure dependent

as would be expected if the reaction involves primarily addition to the

ring followed by decomposition or collisional stabilization of the adduct.

The dependence on pressure Is linear within experimental error over the

range studied and linear extrapolation to zero benzene concentration

yields only a very small intercept on the o'-inate suggesting little, if

any, contribution from abstraction pathways.

The values of k obtained are significantly lower (factor of 1.5-2,0)

than obtained in the only other comparable work by others overlapping the

pressure range studied here. In that work, by flash photolysis, the bath

gas used was argon and the work did not extend to as low a pressure as the

present study.
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When uniwslecular redction rate theory is applied to the presenit

results togethei w:ithi thobe obtained by others at high pressures th' uutcow

suggests that the high pressure limiting value for k is larger than hitherto

suggested and at the hiqhest pressures used (600 Tort.) the reaction is

still far from its high pressure limit.

Indane

The reaction with indane was studied at only two pressures but the

constancy of k over this range suggests that the reaction mechanism

involves hydrogen abstraction from the five membered ring rather than

addition. The high value of k is comparable with values for abstraction

from other polycyclic compounds.

Indene

The results for indene also show a pressure dependent k. If plots

of k versus (Indene] are extrapolated linearly to zero indene concentration

a substantial intercept is obtained suggesting that both pressure dependent

and pressure independent pathways are operative corresponding to addition

and abstraction. However such an Interpretation can only be tentative

since the existing data are too sparse to be sure that a linear

interpretation is valid.

The high values of k obtained for the pressure dependent pathway

suggest that addition is occurring at the double bond in the five membered

ring which is behaving as an olefin rather than part of the aromatic

system.

I$
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NEASUREXENT OF TYE RATH CONSTANT OF THE RBACTION O 14 H2 S -- > PRODUCTS

I TUB1 RAUGE 243-473 K BY DISCHARGB FLOV LASEI INDUCED FLUORESCENCE

P. DEVOLDER - C. LIFAGH - L.R. SOCIIET

Laboratoire de Cindtque et Chimle de Ia Combustion.

UA CIRS 876. niversitO des Sciences et Techniques do Lille.

59655 Villeneuve d'Ascq Ceder. France.

The reaction 1, OR + 11=S --- ) HS + 1120 is an important stop in the

combustion process of fossil fuels and Is believed to represent a major

sink for IIS in earth's atmosphere. In contradicion to older menurements,

recent measurements of ki suggested the existence of an unexpected minimun

of the rate constant near room temperature, which is difficult to interpret

on the basis of a simple abstraction mechanism. Ve have performed a new

investigation of the reaction I in the range 243-473 K with the discharge

flow technique associated with the sensitive detection of Ol by laser

Induced fluorescence. Our results confirm the existence of a flat minimun of

k, In the range 203 - 296 K , k, = (38 8) 10 -  cmas - 1 with a slight

increase towards larger temperatures.

4
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Reactions of CH Radicals with Reduced Sulphur Ccupounds

I. Barnes, V. Bastian and K.H. Becker

Physikalische Chemie/FB 9

Bergische Universitat-Gesamthochschule Wuppertal

D 5600 Wuppertal 1

Presented here are results on the kinetics and products of the react-

ions of OH with a number of aliphatic thiols, aliphatic sulphides,

dimethyl disulphide ,CH 3 SSCH , ([MDS), dimethyl sulphoxide, (CH3)2so,

(DMSO), thiophenol and tetrahydrothiophene. The experiments were carried

out in glass reaction chambers of different volumes at 1 atm total

pressure and room temperature using either the photolysis of methyl

nitrate (CH3 ONO) in the presence of W or H202 as a NOx free OR radical

source. The competitive kinetics method was used to determine the O[! rate

constants and in situ long-path Fourier transform absorption spectroscopy

(MTIR) was employed for the product analyses. Experimental details can be

found elsewhere /1,2,3/.

Experiments performed in 1 atm air using the photolysis of CH3 ONO

as the OH source led to erroneously high rate constants for all of the

thiols and sulphides investigated with the exception of H2 S and VMDS

/4/. Recent work has shown that radical chains, possibly involving

oxygenated CH 3S radicals, are responsible for the high rate constants

and it has been concluded that kinetic studies by the relative method

in the presence of nitric oxides will not yield reliable rate constants

for the reaction of OH with thiols and sulphides /2/.

Because of the above difficulties the rate constants for the above

mentioned reactions were determined in 1 atm N2 using the photolysis

of H2 0 2 as the OH source. The rate constants obtained using this method

were in good agreement with the available literature values /5/. Table 1

lists the O rate constants obtained for various sulphur compounds.

Wien the reactions of OH with the thiols were investigated in I atm

air using H20 2 as the OH source the rate constants were between 20-30%

higher than the corresponding rate constants determined in N2 . Wine et

al. /8/ failed to detect an 02 effect for these reactions and secondary

chemistry involving CH3SOx is probably responsible for the effect

observed here. For DMS the rate constant rose from (4.4+0.4)xlO - 12 cm3/s

in N2 to (8.0+0.5) xlO 
- 12 cm3 /s in air. A small oxygen effect has been

reported for the reaction of Oil with DMS using an absolute method /6/.

Ai m -
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However, in the present work it is not clear whether the observed increase

is due to an oxygen effect as has been found for OH + CS 2 /7/ or is caused

by secondary chemistry.

Existing product analyses to date of the reaction of OH with thiols

and sulphides have been carried out in the presence of relatively large

concentrations of nitric oxides which are unrealistic and which could

influence the product distributions of these reactions. Under these con-

ditions SO2 MU0%) and methane sulphonic acid W"50%) were observed to be

the major products for the reactions of OH with DMS, DMDS and CH 3SH /5,9/.

Preliminary product analyses have been carried out in this laboratory

on the reaction of OH with DMS, O0 and CH3SH in W x free systems in air

using the photolysis of H202 as the OH source. For DMW the yield of SO2

was found to be as high as 70+10%. Dimethyl sulphone (DMSO2) was also

formed ,however its origin is not fully certain at present. It is formed

partly in a dark reaction between (1M and H2 0 2 but the observed concent-

ration can not be explained solely by this source. DMSO was not observed

but other products which were qualitatively identified included HCOOH,

HCHO and CO. After spectral stripping and an unidentified peak remained

at 1050 cm- I . 
The reaction of OH with DM yielded DMSO 2 as the major

product. For CH3 SH the yield of SO2 was 80% and other products included

HOOH, HCHO and CO. As for OH + DMS an unidentified peak was observed at

1050 ca -i . 
Fran these results and the product formation observed during

experiments on the photolysis of DM4 it can be concluded that CH3 S and its

02 adducts determine the product spectrum. In the presence of No, CH3SO

is probably being formed leading subsequently to the formation of CH 3SO3 H.
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Table 1. Collected rate constants for the reactions of OH radicals with

if 2S, aliphatic thiols and sulphides, DINS, DMSO, thiophenol and

tetrahydrothiophene.

Chamber 300 K 313 K

Reactant Ref Volume(1) k(10
1 1 

cm
3
/s) k(10 1 1 

cm3/s)

H 2S ethene 40 0.52+0.08
CH3SH propene 20 3.6+0.4 3.3+0.4

C 25H 5 S. 4.5+0.5 4.4+0.4

n-C 3H 7 S. 5.3+0.6 5.0+0.7

i-C 3H7 SH 3.9+0.4 3.6+0.3

n-C 4 H9SH 5.6+0.4 5.4+0.5

i-C 49H 9 S. 4.6+0.5 3.7+0.5

sec-C4l19SH 3.8+0.6 3.1+0.3

tert-C4H9SH 2.9+0.4 2.3+0.4

CH 1 ISH 5:2+0.3 4.2+0.5

(2-methyl-butanethiol)

C 6H5SH n-hexane 1.1+0.2

(CH3 ) 2S ethene 420 0.44+0.04

(C2H5) 2S 1.1+0.2

(C3H7 ) 2S 1.9+0.2

(CH3) 2 SO cis-butene 5.8+2.3

CH3SSCH3  trans-butene 21 +2

*) H2S, thiophenol and l1.O were measured in 1 atm air using the photo-

lysis of CH3ONO as the OH source and the remainder were measured in

1 atm N2 using the photolysis of H2 02 as the Oil source.
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REACTIONS OF HYDROXYL RADICALS WITH SULPHUR CONTAINING COMPOUNDS

P Pagsberg and 0 J Nielsen

Riso National Laboratory, Denmark

J Treacy, L Nelson and H Sidebottom

University College Dublin, Ireland

Biogenic and anthropogenic emissions of sulphur compounds are thought

to be about equal. In order that the contribution of anthropogenic

emissions to acid deposition can be precisely defined it Is clear that

an understanding of the natural sulphur cycle is desirable. Reduced

suirhur crmpoinds such as 14 5: C-.. Cm 3SCH 3 nd CH3 SSCH3 are ccns!dcrcd

to be the most important biogenic sources of sulphur in the troposphere.

These compounds are thought to be oxidized by homogeneous reactions

involving hydroxyl radical initiated processes, however detailed reaction

mechanisms remain obscure. Numerous experimental studies have been

reported concerning the kinetics of these reactions.however, there is

often conflict between rate constant data determined using absolute

methods at low pressure and relative techniques under simulated atmospheric

conditions.

The reaction of hydroxyl radicals with a number of reduced sulphur

containing compounds have been studied using both a relative rate method

and by a pulsed radiolysis-kinetic spectroscopy technique. In the

relative rate measurements hydroxyl radicals were generated either by

the photolysis of nitrous acid or methyl nitrite in synthetic air,
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The decay of the sulphur compounds was measured relative to a reference

hydrocarbon and the rate constant derived from the integrated rate equation.

In IS]o/[S] . kS/kRln[R]o/IRH] .It was evident from the results that

in all the runs the concentration time data plotted In the form of

the above equation showed significant curvature. Also the measured

rate of reaction of HO with alkyl sulphides was found to increase with

increases in the concentration of added NO. Product analysis studies

showed that, apart from HO radicals, a reaction product is involved

in the removal of sulphides in static photolysis systems involving

NOx species. It would appear, therefore, that rate data obtained

from the relative rate method using either nitrous acid ur methyl

nitrite as the hdyroxyl radical source are unreliable.

Absolute rate constant data for the reaction of HO radicals with a

range of reduced sulphur compounds have been determined at atmospheric

pressure. Hydroxyl radicals were produced by pulse radiolysis of

water vapour-argon mixtures and the decay rate monitored by transient

light absorption at 309 mm. Under the experimental conditions used.

IS), >> JHO] , the hydroxyl concentration followed a simple

exponential decay over at least three half-lives. Rate constant

data obtained for a series of alkyl sulphides can be rationalized

In terms of a mechanism involving hydrogen abstraction.
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RATE CONSTANTS FOR THE REACTIONS OF OD WITH DNO 3 AND NO 2

A.R. Bossard, D.L. Singleton and G. Paraskevopoulos, Division of

Chemistry, National Research Council of Canada, Ottawa, Canada,

KIA OR9.

Absolute race constants for the reactions of OD radicals

with DNO 3 and NO 2 have been measured at 297K and over a range of

pressures of SF6 . OD radicals were generated by pulsed laser

photolysis of DNO 3 at 222 nm (KrCl excimer laser) and their

decay was followed by time resolved resonance absorption at

307.6 nm. Pseudo-first-order rate constants, kI, for IDNO 3 1 or

(NO2 ]>>OD|, were calculated from the slopes of linear plots of

ln({OHI/(OHI ) against time. Second-order rate constants, k2 ,

were calculated from the values of k,, obtained over a range of

reactant concentrations. The concentration of DNO 3 was measured

in the cell either manometrically (when alone), or spectro-

photometrically at 210 nm (in mixtures with SF). NO 2, which

was always present (0.05 to 0.15%), or was added in the rate

measurements of OD+NO 2 (2 to 3%), was also measured in the cell

spectrophotometrically at 405 nm. The apparatus, technique and

treatment of the data have been described before.1

OD+DNO 3 . Rate constants were measured over a range of pressures

(1.2 to 30 torr) of DNO 3 alone, and in the presence of 107 torr

SF6 . The values were corrected for the contribution to the rate

constant of the reaction OD+NO 2 +M. The corrections ranged from

5 to 25% of the measured rates at low pressures and from 28 to

.4
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43% at 107 torr of SF6 . The corrected values in cm3 /mol s were:

k(I.2-30 torr)=(5.67±O.75)x1O 9 , and k(107 torr)=(8.58±0.75)xlO 9

where the indicated uncertainties are the 95% confidence

intervals. However, because the reaction is slow, small values

of kI requiring large corrections were measured for the avail-

able pressure range of DNO 3. Therefore, confirmation of our

values by different techniques should be useful.

The present results show a marked pressure effect (51%

increase for 107 torr SF.), in contrast to the reaction with

HNO3 for which 600 torr of SF6 increased the rate constant by

10% at room temperature.' This indicates that the reaction

proceeds through an excited intermediate and is in line with the

prediction, by Lamb et al, 2 of a weak pressure dependence for

OH+|iN0 3 and a larger one for OD+DNO 3. Combined with our value

of the rate constant of the reaction OH+HNO 3 (7.5710.64)x101°), l

our results indicate a very large isotope effect for the

reaction of hydroxyl radicals with nitric acid, kH/kD~13.

OD+NO2+SF6 . The rate constant of this reaction was needed in

order to correct for its contribution to the reaction OD+DNO 3

above. It was measured, for the first time, in the presence of

5 to 500 torr SF., by adding NO2 to DNO 3 so that the reaction

with NO2 dominates. The values obtained are in good agreement

with those reported for the reaction OH+HNO 3, in the same

pressure range of SF 6.3 As expected there is no isotope effect

for the addition reaction.
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TUB KINET(CS OF T1 REACTIONS

OF TUE HYDROXYL RADICAL WITH

MOLECULAR CLORINE AND BROMINE.

Razik 8. Boodaghians, Ian V. Hall

and Richard P. Wayne'.

PhyaJoAl Chemistry Laboratory, South Parks Road,

Oxford, Oil 3QZ. Engslaud.

The rate constants for the reactions

Oil + Cl 2 -)JOCI t Cl AHt '+t4.3kf mol
~I  

(1)
298

O + Br1 -)lIOlir + Br A1|i9 8 -3 8 .0SkI mol -I  (2)

have boon measured over a range of temperatures between 253C and 3339 by

using a discharge flow resonance fluorescence technique.

The rate constant for the reaction of OR with Cl2 increases with

temperature. and the results fit a simple Arrhunius expression. In

contrast, no significant temperature dependence could be detected for

the reaction of O0 with Br2,

Experimental.

In these investigations, the discharge flow method was used to

generate a atoms which were reacted with excess NO2 to produce Ou. The

concentration of O0 was sept below SziOUl molecule cm-j to minimile the

effect of secondary reactions, Time resolution was achieved by adding

the moelar halogenA at ditferent points in the flow tube via a

alidirg injector. The rate of reaction vas determined by monitoring the

pseudo first ordai decay of O. using on EXI 97578 photomultiplier to

observe the resonance fluorescence at 108 ni.

The walls of the Pyrex flow tube and the stainless steel

fluorescence cell were coated with halocarbon wax to minimise wall

loases of reactive species. With tatis costing, wall loss rates of 01

were typically 5 to 10 a-1 , Temperature regulation was achieved by

circulating liquid from a tuemostatically-controlled reservoir through

the outer jacket of the flow tube.
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Resul ts.

At 293K, the rate constants for the reaction of Oil with Cl2 and Br2

are

k (6.84 ± 1.01) x 10-1 4 cmn3molecule-la -
a

k2  (3.36 ± 1.23) x 10
- 11 

ca3molecule-s-
1

These results compare favourably with previously reported values in the

literature [1]. The Arrheniua expression for the OH + Cl2 reaction

between 253K and 333K is

k1=(1.68 ± 122)x10-12exp(-(911+373)/T] cm
3 

molecule-la
-1 .

For the reaction of OH with Br2 , the measured rate constants at various

temperatures are

T/K k2 / cm3molecule-la-l

262 (2.05 + 1.18) a 10
-1 1

,

273 (2.45 + 1.01) X 10
- 1

t

293 (3.36 + 1.23) a 10
-1 1

303 (3.03 4 1.40) x 10
-1 1

As the table shows, the rate constants are much less dependent on

temperature than are those for reaction (1), and the errors produced by

least squares fitting are correspondingly large. One may regard reaction

(2) as being temperature independent over the range 262K to 303K.

Discussion.

Ve believe these are the first reported studies of the temperature

dependences of the title reactions. The Arrhenius parameters presented

in this report permit us to investigate possible trends in reactivity

between radicals and molecules that may shed light on the detailed

mechanism of reaction, as well as offering predictive possiblities.

Krech and McFadden (2) have found that the activaticon energy is

Inversely related to the polarizability of the co-reactant for several

different series of radical reactions. We find evidence for such a

relationship in the reactions of OH with the halogens (11. Ve also find

evidence for a correlation between ralical-molecule reactivity anti the



electron affinity of the radical partner (11, as previously suggested by

Loewenstein and Anderson (3].
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REACTIONS OF Oil RADICALS WITH ACETATES AND GLYCOLS

D. lartmann, D. Rh~sa, A. G~dra, and R. Zellner

Institut fUr Physikalische Chemie, UniversitNt Gttingen,

3400 Gbttingen, Fed. Rep. of Germany

Rate constants for the reactions of hydroxyl radicals with

(1) n-butyl-acetate, (2) 2-ethoxyethanol, (3) 2-butoxyethanol,

and (4) 1-acetoxy-2-ethoxyethane over the temperature range

T - 298 - 516 K have been measured by a combined laser photo-

lysis/resonance fluorescence (LPRF) technique. An excimer

laser (EMG 100, Lambda Physik) was used as a monochromatic

light source for the photolytic generation of OH from 11NO 3 at

193 nm (ArF). The detection of Off was by time resolved A - X

resonance fluorescence excited by a microwave discharge of

1120 in Ar. All experiments were carried out under pseudo-

first order kinetic conditions with the hydrocarbon concen-

tration in excess over OH (> 10). Second order rate coeffi-

cients were obtained from plots of h1lst vs. the reagent con-

centration. The results can be represented by the Arrhenius

expressions:

k1 (T) - (3.1 ± 0.7) • 10-11 exp(-594 ± 126/T) cm
3 s- I

k2 (T) = (1.8 ± 0.4) - 10- 1 1 exp(-120 ± 30/T) cm
3 s- 1

k3  (T) = (1.4 t 0.3) • 10- 11  cm
3  

5
-I

k4 (T) - (3.6 ± 0.8) * 10- 12 exp(383 ± 80/T) cm
3 s 1

The rate constants at 298 K have been compared with semi-

empirical predictions based on individual C-l bond reactivi-

ties (leicklen, a)) or characteristic group reactivities

(Atkinson, b)). One of these predictive techniques is based

on measured or estimated C-l1 bond dissociation energies and

considers only the effects of substituent groups or atoms on

*-on ieavo-from-C-enral Research Institute for Chemistry,
Iudapest, hlungary

4
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the a-carbon (a), whereas the other technique is based on the

estimation of CH 3- , -C|If , and -CHl group rate constants

and takes into account the effects of 8-substituents (b). The

difference between the predicted and observed rate coeffi-

cients is within about a factor of 2.5 and 1.5 for methods

(a) and (b), respectively. It is found that the primary reac-

tion is dominated in all cases by the If atom abstraction from

the -O-C1i2 -moiety (C-H bond dissociation energy = 377 kJmol
- ,

expept compound (1)). The subsequent route of atmospheric

degradation is similar to the known atmospheric CH 4 oxidation

scheme. The atmospheric lifetime with respect to the reaction

with OH radicals has been estimated to be about two days

(2, 3, 4) and one week (1) for an average tropospheric Oil

concentration of 106 cm- 3 .
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rINrTIrC OF TOO REACI2DN3 OF Su WITH NO2 AND 02

l. L Af hnU and H. J. Holias
Jet Propulsion Laboratory, California Institute of Teohnloa,
Pasadena, California, USA

Substantial effort has been directed In recent years toward

understanding the chemistry of atmospheric sutlpdhur compounds. 82, a

signifioant form of biogenlo sulphur emission, le believed to be

removed from the troposphere primarily by reaotlon with hydroxyl

radicals

1) J[2S + OH -- > SOH + H20 k, . 4.7 x 10-
1 2 

o83g-
1

The atmospheric ohemistry of the meroapto radical, SO, has been the

subject of several recent kinatic and modelling studies; however, the

details of the subsequent oxidation of this radioal remain to be

eluoidated. This work eiaminee the reactions of SO with N 2 and 02.

Rate constant values for the reaction

2) U+NO2 +0 > HSO + N

reported by Blaok(1 ) [k 2 z(3.50O.q) x10- 1 1 om3 3- 1 ] and by Priedl et

al.(2) [k2 -(3.0-_O.8) x10-11 om3 s" 11 differ substantially from the

determination by Howard(3) (k 2 6.7 z10- 1 1 om3s-1). The reaotion

3) SH 02-> OH *0

has not been observed. Upper limits for the rate constant imposed by

Ties et al.(4) (k 3 < 3.2 zlO15 0m 3 a- 1), Blaok(1) (k3 < 4 x1O " 17

om3 sa1), and Friedl at a8.(2) (k3 ( 1 X10 -17 em3s- 1) do not elLminate

reaotion 3 as a significant removal process for tropospherio -11.

SO radicals were generated In this study by photodisaoolation of

R2S with pulsed ArF zoimer laser emission at 193 no. This process

' A
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produces S radioala with negligible vibrational exltation. The

subsequent deoay of the initial SH oonoentration was measured by

monitoring the transient absorption due to the A2 L*(v'=O)<-Z 2 n0(v--O)

band near 324 on.

The rate constant for the reaction ot SH with N02 was determined

by measuring the pseudo-first order decay rate, k, of 3B ([S1 0 - 4 x

1012 om- 3 ) with No2 present ((11021 0.3 - 4.0 x 114 am-3). 02 was

added to aequester tbe H atom phototraguent and, thereby, eliminate

secondary jpneratLon of SH by the reactions:

14) .+ N02 -- > OH + NO

5) H + H2S--> SH * H2

Values at k2 were determined at 100 torr and 730 torr total pressure

with M2 an the diluent gas at 296 K from plots ot kI versus (021. The

result If k2 a (4 -I.O) 10- 1 1 o 3 s 1 , independent of total pressure.

A slow reaction between 3H and 02, reaction 3, tollowed by

reaotion I would be a zero net loss for SH since k3 10 2 ] << k 1 [B2 s.

Evidence for SH removal by reaction with 02 was distinguished from

radloal-radioal and other second order chemistry by measuring the

Increase In decay rate upon addition of O, which removes 0, over a

range ot initial SH concentration. An upper limit for ka3 of 4 10 "1 9

cm 3 a1 was obtained upon extrapolation to zero initial SH

concentration. This value is smaller by a factor of 25 than the

previously reported bound.

The research described In this paper was carried out by the Jet

Propulsion Laboratory, Californ$a Institute of Teohnology, under

contract with the Nationel Aeronautics and 3pace Administration.
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ABSTRACT

LASER-INDUCED FLUORESCENCE STUDIES OF THE Ctl3S RADICAL

Graham Black and Leonard E. Jusinski

Chemical Physics Laboratory

SRI International

Ienlo Park, CA 94025 USA

Alkyl thiyl radicals (RS) are intermediates in combustion and atmospheric

chemistry of organosulfur compounds of both natural and anthropogenic ori-

gins. These compounds, although minor constituents, may play a role in the

atmospheric sulfur cycle and contribute to the acid precipitation problem. It

Is, therefore, important to determine the atmospheric chemistry of these radi-

cals.

Until recently, the only reported absolute rate coefficient studies

involved the IUS radical.
1-3 

Recently, the emission and laser-induced fluor-

escence (LIP) spectra of CI13S were reported.
4
'
5 

This has lead to the first

measurements
6 

of the rate coefficients for the reactions of CH3S with NO, NO2

and 02. This paper reports further LIF studies of CH3S and a study of its

reaction with 03. CH3S radicals were generated by the 248 nm photodissoci-

ation of dimethyl disulfide ((CH3)2521 and 193 nm photodissociation of methyl

mercaptan (CU3SH). Fluorescence was excited on the X 
2
Ai - W 2E transition

using a Nd:Yag-pumped dye laser. The transitions excited were 32 at 366.0o

nm, 31 at 371.3 nm and 0
° 
at 377.0 no. Vibrational relaxation and elec-

0 0

tronic quenching of the upper state have been studied and the results are

summarized in Table I (estimated errors are 1 O% for u -2 and 0 and * 20%

for u3 - I).

LS
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Table I

RATE COEFFICIENTS FOR REHOVIG CH3S( A 2 A1 ) in 03 -2,1 and 0

Gas Rate Coefficients (cm3molec - I s- )

U3 - 2 u3 - I 03 - 0

He 7.6 x 10- 12 2.0 x 10-
12  <1 x 10- 1 3

Ar 4.9 x 1O-12 1.7 x IO-12  (I x 10- 1 3

H2  8.4 x I0- 1 1  5.9 x I0-11  5.3 x 10- 1 1

N2  2.3 x IO- 1  1.3 x 10
- 11  6.9 x 10- 12

02 2.1 x 10
- 11 1.4 x 10

- 11  5.7 x 10- 1 2

CO2  4.7 x 10
- 11 2.4 x I0- 11 <I x 10- 13

C114  8.2 x I0
- 11 4.7 x I0- I 1 2.1 x 10- 1 1

SF6  2.3 x 10- 11 1.0 x 10- 11 <1 x 10-13

For He, Ar, CO2 and SF6 , removal of u3 - 2 with these gases results in

0 3 0 emission confirming that only vibrational relaxation can occur with

these gases. For H2, N2 , 02 and CH4 vibrational relaxation and electronic

quenching are both occurring.

By varying the delay between the excimer and dye laser pulses, It was

also possible to measure a rate coefficient for vibrational relaxation Into

the ground state ( u3 - 0) of CH3S. These results are summarized In Table 2

(estimated errors are 4 102).
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Table 2

VIBRATIONAL RELAXATION INTO GROUND STATE ( u3 - 0) OF CH3 S

Gas Rate Coefficient (cm
3 
molec

-
' s

-
1)

He 2.3 x 10
- 1 2

Ar 2.9 x 10
-
12

N2  5.3 x 10- 1 2

02 9.7 x 10
- 1 2

H2  2.2 x 10- 1 1

CO2  
1.4 x 10- I1

CH4  1.8 x 10- 1 1

SF6  
3.0 x 10

-
L1

Experiuents were then performed to measure the rate coefficient for CI13S

reacting with several gases. Host of the experiments involved photodissoci-

ation of CH3SH at 193 nm in a high pressure of SF6 . This avoided problems
2

with 03 absorption at 248 nm. The 3 transition was pumped at 366.0 nm and

O reemission was monitored at 449 nm ( 30 transition). The time delay
036

between the excimer and dye lasers was varied to determine the decay of the

CH3S radical. No reaction with either 02 or 03 could be fmind

(ko3 < 8 x 10
-
14 cm

3 
molec-ls

-1
) and the fast reaction

6 
with N02 was

confirmed.
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OXIDATION OF THE H S BY THE ATMOSPHERE COMPONENTS.
2

V.P.BULATOV ,K.Z.KOZLINER ,O.M.SARKISOV.

Institute of Chemical Physics, Academy of Sciences,

Moskow, USSR.

Absorption spectra of HSO radicals were detected after flash pho-

tolysis of the mixtures of H S+NO and H S+O .Intracavity laser spec-
2 2 2 2

troscopy technique was used for HSO spectra observation.

It was deduced from kinetics of HSO in a system H S/NO that
2 2

the formation and decay of HSO is due to the reactions (1) and (2)
-11 3 -1

respectively: C1)SH + NO --- HSO + NO k =(2,4+0,4)10 cm s
2 1 -12 3 -1

(2)HSO+ NO --- SO + ItNO k =(4 + 0,4)10 cm s
2 2 2

The SH radicals were formed under flash photolysis of hydrogen sul-

phide. The reaction (3) 5H + HO --- HSO + OH is assumed to be the
2 -11 3 -1

most probable source of HSO for the H S/O system,with k =4 10 cm s
2 3

The HSO radicals kinetics dependence on NO, 0 and CO conoen-
2

tration for the H S/NO system was studied. The rate constants of the
2 2 -11 3 -1

following reactions were measured : HSO+HSO---products,3 10 cm s
-13 3 -1

81- + NO + N --- HSNO +M , 5,5 10 cm s C at 13 torr); HSO+NO---HNO+
-14 3 -1 -15 3 -1

SO , (2,6±0,4) 10 cm s ; 1SO+O ---SO +OH, (1,7±0,4) 10 cm a
2 2

-16 3 -1 -16 3 -1
SH+CO---products, 4 5 10 cm a ; HSOCO---produots,<2 10 cm s

2_
The rate constant of the reaction SH+O --- 0HSO ( A )+0 is estimated

-14 3 -1 3 1 2
to be l,3 10 cm s

Basing on our results we suggest the following mechanism of H S trans-
OH NO, 0.

formation in the troposphere : H S- ... SH--- -HSO---SO.
2 2
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Relaxation and Reactions of NCO (X R)

C.J. Astbury, G. Hancock and K.G. NcKendrick

Physical Chemistry Laboratory, Oxford University, Oxford, U.K.

The pulsed infrared multiple photon dissociation of phenyl isocyanate

PhNCO, results in two dissociation channels :

PhNCO > PhN + CO

S>Ph + NCO

Both PhN and NCO radicals have been detected in their ground electronic states

by laser induced fluorescence. For the NCO (X 2fl) radical, this production

and detection method can be used to study its removal rate constants, but before

this can be done, the behaviour of any vibrationally excited states of the radical

produced by IRKPD needs to be studied, as relaxation of these levels into the

probed ground vibrational state will affect the overall removal rate measured.

The time dependent behaviour of the first three bending vibrational levels,

2n(0010), 2A(0120) and 2 (02 30) has been studied at a fixed total pressure of

5 Torr of lie, NeAr and Kr, with 5m Torr PhNCO precursor. Figure 1 shows the

behaviour in Ar and Kr. The population of the lowest vibrational level, (00 10),

rises substantially after the termination of the infrared laser pulse (. 5Vs)

the higher levels show an initial increase and a significant decline, with the

timescale becoming compressed and the extent of decline greater for successively

higher levels. This behaviour auggests collisional relaxation of the nascent

vibrational distribution in a cascade fashion proceeding towards ' room temperature

distribution. What however is clear is that the collisional processes are

faster in Kr than in Ar (seen, for example, in the rates of decline of the signals

for the vibrationally excited levels of Fig. 1) : from measurements in Ne and He

the efficiencies of the relaxation processes were found to be in the order

Ne < He - Ar < Kr. Numerical values were found from a simple model of the
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relaxation processes, and fig. I shows the fits of this model to the data.

The relative rates of the processes with rare gases are not the same as

thow observed for vibrational relaxation of similar closed shell molecules,

OCS and CO2 (I), in which a monotonic decrease in quenching rate constant

with mass of rare gas is seen, as predicted by theories of energy transfer

controlled by short range repulsive forces. An electronically non-adiabatic

mechanism, similar to that proposed for quenching of O (X 2 ) by Ar (21, may

occur with the heavier rare gases, with the approaching atom splitting the

degenerate vibromic state so that a curve crossing mechanism ensues,possibly

induced by spin-orbit coupling and thus increasing in efficiency with mass of

rare gas.

Vibrational relaxation of the nascent NCO species was found to be extremely

rapid in the presence of N 20, the v2 frequency of which is almost resonant with

that of NCO. Kinetic measurements of the removal rate of NCO with NO were

carried out in the presence of 5 Torr N 20, and yielded straightforward kinetic

behaviour. The rate constant at 298K for the process

NCO (X HI) * NO - products

was measured to be (3.4 ± 0.3) x 10
- I I

cm
3 
molecule- a

- !
, agreeing well with a

recent direct determination by Perry (3).
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Fig. 1. Time dependences of the populations of the (00 0), (O120) and (02 30)

of NCO (X) in the presence of 5 Torr Ar and Kr. Open circles are experimental

observations, full lines are predictions of a simple cascade relaxation model.

The relaxation processes can be seen to be faster in Kr than in At.
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KINETIC MEASUREMENTS OF THE NCO RADICAL REACTION VITH

ETHENE OVER AN EXTENDED TEMPERATURE RANGE

Robert A. Perry

Combustion Research Facility
Sandia National Laboratories

Livermore, California 94550, USA

This paper describes current research that employs a laser

photolysis/laser-induced fluorescence technique to measure absolute rate

constants for reactions of NCO radicals with ethene. Few studies are

presently available for the reaction of NCO with combustion species.

Ethene is an interesting species to study because of both the major

tult it plays in combustion chemistry and its role as a model unsaturated

hydrocarbon.
NCO radicals are produced using a fluorine, or ArF, excimer

laser to photodissociate HNCO in a flowing gas mixture of

HNCO:Ar:Reactant at total pressure (primarily argon) of 10-400 torr.

An argon-ion-pumped ring dye laser operating with stilbene-3 dye at

416.8 na (100 mV) is used to pump the A 2 E 0\ X 
2 

n N 0)

transition. The resulting fluorescence, measured at r t angles to

the crossed laser beams, is monitored at 438.5 no (FVHM-8.O no).

Absolute rate constants for the reaction of NCO radicals with

ethene were measured as a function of temperature and pressure. The

rate in the high-pressure limit for the reaction of NCO with ethene

was observed to decrease with increasing temperature with the best fit

to the data (T=295-447 K) given by the following expression:

k - 3.0xlO12e
(2 30  300)/RT cm

3 
molecule-I s-1

At temperatures greater than 447 K a rapid reduction in the rate was

observed, and was interpreted as a rapid decomposition of the adduct

formed. Continuing experiments will address the reaction mechanism at

temperatures greater than 650 K. I will discuss these measurements and

their implications.

*Research supported by Office of Basic Energy Sciences, U.S.

Department of Energy.

A
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Direct Rate Studies of HCO Radical Reactions

J.E. Baggott, H.M.Frey, P.D. Lightfoot and R. Walsh

Department of Chemistry. The University, Whitaknights, P.O. Box 224,

Reading RG6 2AD, U.K.

1. introduction

The formyl radical is an important intermediate in the atmospheric

chemistry of pollutants and in combustion systems. Numerous direct

rate studies have been reported '
2 

and reliable rate constants are

available for many of the more important HCO radical reactions.

However, apart from HCO radical recombination, few radical-radical

reactions involving HCO have been studied. We present here an

investigation of the reaction

HCO + CH3 - products (1)

using a combination of 308 on exciraer laser flash photolysis of

acetaldehyde and CW dye laser resonance absorption. Two conflicting

values for the room-temperature rate constant of reaction (1) have been

reported. NadtochenUo at al.
3 
obtained the value (2.3 ± 1.0) x 10

- I0

3 - 1 -1vcm molecule s for k which should be contrasted with the value

(4.4 ± 1.6) x 10- cm molecule s reported more recently by

Mulenko.
4  

Our preliminary results indicate a value for kI between

these extremes.

2. Experimental

The experimental arrangement follows closely that used in recent direct

2rate studies by Langford and Hoore, with the exception that we used

a different photolysis geometry. 308 am radiation from a XeCl excimer

laser passed through the sample cell at right angles to the dye laser

beam which was multipassed (typically 48 passes giving a total path

length of ca. 6 m). The dye laser radiation was tuned to the rotational

band head of the (0,90,)-((OO,0) band in the A-R system of |ICO at
5614.5 onm, and its intensity was monitored by a fast photodiode. The

production and subsequent decay of HiCO from the flash photolysis of

acetaldehyde was captured on a transient recorder and passed to a

microcomputer for signal averaging. Fig. I gives an example of a decay

trace obtained by averaging signals resulting from 100 excimer laser shots.
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3. Results and Discussion

The decay of HCO radicals produced in the photolysis of acetaldehyde

is determined by reaction (1) and the radical recombination reactions

of NCO and of CH3 * The resulting decays cannot be integrated

analytically. In order to extract values for kI we have therefore

combined numerical integration routines with non-linear least-squares

fitting, requiring input values for the rate constants of both HCO and

CH3 radical recombination appropriate to the conditions of temperature

and pressure in our experiments. HCO radical reambination rate

constants have been determined by Veyret et al.
6 

and appear to be

independent of both temperature and pressure. We have performed

separate experiments using 308 nm photolysis of glyoxal to determine

HCO radical recombination rates on our own apparatus. Our preliminary

results are in good agreement with those of Veyret et al.
6  

For methyl

radical recombination, we have used the extensive data of Pilling and

co-vorkers. 
7

Our analyses yield a value for k of 1.0 x 10 cm molecule a

which lies between the results of Nadtochenko et al. and Mulenko. We

will present full details of our experimental techniques and the results

for both NCO radical recombination and HCO + CH 3 as a function of

pressure.
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Fig. 1. Time dependence of the concentration of HCO radicals

produced in the 308 am photolysis of 50 Torr of acetaldehyde.

Average of 100 excimer laser shots.
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Reactions of CH(X211) radicals with selected species at low

pressure

K.H. Becker and P. Wiesen

Physikalische Chemie / FB 9

Bergische Universit~t - Gesamthochschule Wuppertal

D-5600 Wuppertal 1, FRG

and

K.D. Bayes

Department of Chemistry and Biochemistry

University of California

Los Angeles, CA 90024, USA

The methyne radical plays an important role as a very reactive

intermediate in hydrocarbon combustion processes /I/ as well as

in planetary atmospheres /2/. It is thought responsible for soot-

formation /4,5/, chemlionization /7,8/ and the prompt NO-

formation /9/ occuring in hydrocarbon oxidations.

The present work is concerned with direct measurements of

bimolecular rate constants of CH(X 2 F1) reactions at a total

pressure of 2 Torr.

CH radicals in their ground state X2 11 were generated by 248 nm

laser photolysis of CH2 Br 2/Ar mixtures under flow conditions and

detected by LIF as described previously /10/. H atoms were

generated in a microwave discharge of H2/Ar mixtures. Their

concentrations were calibrated by titration with NO2 . The CH

decay was followed under pseudo first order conditions by varying

the delay time between the photolysis and the probe laser.

Table I presents the obtained bimolecular rate constants at

295 - 3K and a total pressure of 2 Torr in comparison with

literature data.

A
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In the case of H2 as reactant, the semi-log plots of the CH decay

show a non-linearity that can be explained by a double

exponential decay due to an additional population of the CH

ground state from a precursor, which could be the metastable

CH(a 4 - ) state, according to the following reaction scheme:

B nhv CH(a 4 L- )

C112 8 r2CH(X 2
i )

CH(a4 X- ) + i12 CH(X 2 n) + H2

CII( X2 11) + 112 producLs

The obtained rate constants show-that at lower H2 concentrations

the depletion of CH is controlled by the reaction of CH(a 4 -) +

H2 after a certain time period.

The reaction of hydrogen atoms with CH(X 21) radicals was

predicted to form carbon atoms via reaction (1) /8,25/.

(1) CH(X 211) + H( 2 S) - C(3P) + H2 (XIsz)

In this work, for the first time, the over all rate constant for

the reaction of CH + 11 was determined. The obtained value of

5,.10-12 cm 3 s- l supports reaction (1) because the approximately

calculated 3rd order rate constant of I0- 28 cm 6molecule-2s - i

would probably be too large for the recombination step at a total

pressure of 2 Torr.

III lil m .
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The temperature and pressure dependence of the reaction

CH3 + 02 + H ---) C 302 + N

U. Keiffer, N.J. Pilling and M.J.C. Smith

Physical Chemistry Laboratory, South Parks Road,

Oxford, OX 30Z.

The reaction between the methyl radical and oxygen Is an important

process in combustion and is implicated in the transition from low

temperature to high temperature mechanisms. The aim of the present work

is to determine the pressure and temperature dependence of the low

temperature peroxy radical formation process:

C'3 + 02 + N ---) CH302 + N (1)

and hence allow good estimates to be made of kI under combustion

conditions.

In a recent investigation
I . 

we demonstrated that previous flash

photolysia studies had overestimated k1 because of interference from the

reaction:

CH3 + CH3 02  --- ) 2C113 0 (2)

We devised a technique to enable data to be obtained by laser flash

photolysis/absorption spectroscopy, at low (Cf3 1t o/O 21 concentrations.

where reaction (2) makes only a small contribution, and extrapolated to

(CII3]t 0 where this contribution is zero. When the resulting values of

kl, obtained in an argon diluent over the pressure range

4
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32 ( P/Torr 1 488, wore combined with the low pressure data of Selzer

and Bayes 2 , and analysed using the Tro factorization technique, they

gave a limiting high pressure rate constant, k7, of 1.03 x 10-12 cm
3

molecule
-I 

a
-

, significantly below the value obtained by Cobos et al.

3
at very high pressures3.

This technique has been applied to the determination of kI over the

temperature and pressure ranges 298 ( T/I j 582. 20 ( P/Torr < 600. A

preliminary analysis of the data at temperatures up to 474 K gives a

temperature independent high pressure limit. k7. of 1.12 a 10-12 cm
3

molocule
-1 

a
-1 , 

whilst k1 . the low pressure limit may be represented by

o 0 1.29 x I0
-25 

T
- 2

.
23 

cm
6 

molecule
-2 

$
-I . 

At higher temperatures. k

appears to fall, although it is obtained with reduced precision, because

the data are further into the fall-off region. Techniques for analysing

the T,P dependence of a combination reaction of this type will be

discussed.

Data obtained at higher ICH 3]t=o/[O2] ratios enable k2 to be

determined. Two techniques have been employed, one relying on an

approximate analytic solution at low ratios and one employing numerical

integration at higher ratios, where the analytic solution becomes

invalid.
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KINETICS OF THE REACTIONS OF POLYATOMIC FREE RADICALS

WITH MOLECULAR CHLORINE+

Raimo S. Timonen,* John J. Russell, and David Gutman

Department of Chemistry, Illinois Institute of Technology

Chicago, Illinois 60616, U.S.A.

The kinetics of twelve reactions reactions between carbon-

centered polyatomic free radicals with molecular chlorine have

been studied as a function of temperature. The free radicals

were generated by the pulsed 193 nm photolysis of suitable

precursors in a tubular reactor coupled to a photoionization

mass spectrometer. Free-radical decay profiles were monitored

as a function of chlorine concentration in real-time experi-

ments to obtain the rate constant for the reaction under study.

Rate constants were also measured as a function of temperature

(up to 712 K) to obtain Arrhenius parameters. With one

exception (the CH3 + Cl 2 reaction), this study is the first to

isolate these R + Cl2 reaction for direct investigation.

The reactions of different groups of free radicals were

studied: those involving alkyl radicals (CH3, C2H5, i-C3H7, and

t-C40 9 ), halogenated methyl radicals (CF3, CF 2C1, CFC12 , and

CC 3 ), unsaturated hydrocarbon free radicals including ones

which are resonance stabilized (C2113, C3H3 , and C3115 ), and one

reaction involving an acyl radical ([ICO). The results obtained

are presented in the table below and are plotted in Figure 1.

The Arrhenius parameters are consistent with the formation

of a polar transition state whose energy is raised or lowered

by the presence of electron withdrawing or donating groups
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attached to the radical center. The activation energies are

determined in part by the exothermicity of the reaction.

Details of the experiments, the results obtained, and their

interpretation will be presented.

* Permanent address, Department of Physical Chemistry,

University of Helsinki, Finland.

+ Research supported by the Chemistry Division, National Science

Foundation

SUMMARY OF ARR|ENIUS RATE CONSTANT PARAMETERS FOR THE REACTIONS

OF POLYATOMIC FREE RADICALS WITH MOLECULAR CHLORINE

HO  T Range log(A/ Ea

R (kJ/mole) (K) cm3 molec-is -1 ) (kJ/mole)

t-C4 H9  -108 298-498 -10.40 +0.26 0 +2

i-C 3117  -112 298-498 -10.60 +0.26 -2 +3

C3113  -62 487-693 -11.14 +0.31 21 +4

C3 H5  -49 487-693 -10.81 +0.26 18 +3

C21 5  -110 295-498 -10.90 +0.33 -1 +3

C21 3  -147 298-435 -11.06 +0.21 -2 +2

CHO -110 296-582 -11.16 +0.24 0 +2

CH 3  -108 296-712 -11.32 +0.24 2 +2

CF3  -117 487-693 -11.35 +0.35 15 +5

CF2 CI -103 376-626 -11.89 +0.24 8 +3

CFCI2  -68 435-693 -11.86 +0.31 14 +4

CC13  -54 693 only (-12.17) (21)

k=Aexp(-E./RT). Error limits on Arrhenius parameters indicate

maximum uncertainties. Most probable uncertainty in each

measured rate constants is +20%.
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Figure 1 Arrhenius plot of Rate Constants of Twelve R + Cl 2 Reactions
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The radical cutncentrations used ill the kinetic equations

were calculated from the initial rates of formation tf these
produ Cts

ro(C2116)
1/ 2 [r ( I-Q )A

1 / 2

k C (FIM ) 112 
) k C(A, ) 1/2

p-luma o(114[) k 01.M)1/2

r C 1 1/2 k (1.I ,t {IMP

where M 1 31, A ,, and I : ,

the raid cal rv(. eonh ;tial el il te coof f :i n

The A radical is formed in a I-abstraction rear:tioo (II-ah-

st'av-tion thy MOHB comprises less than 10!j):

IR I -1 A + (Al ()

The rate of reaction (1) was calculated from the initial rates

of formation of all the prodtcti intorporatinq the a radical

S.e. .

r k LI~(I IM I I z 2 0 JI-itill) + IJjI';AII) , II1lu ) 1) 4~li r~ v

F or the rate coefficient ratio, I kA C(N,M) 1/ we obtaned:

Ing(k /k (14, / 1 (3.1*0.? ) - (30.912.7) kJ mol /q,

where 9 : RI In 10.

Ile MIOMI radical is formed by I.I raii cal addi t ion to TM

OMB + M ) H4ll1l1 (2)

The activation energy of reaction (2) car be calculated

from the rate of formation of (!thane, 11411 aid the jIIital

(onncentration of OMB.

The MM)f-14 radical formed in) reaction (2) disappears pre-

dominantly il the following two react i11(15

.I MOMIl .--- l FI ( MR

+I 111-1 IAl 4 4)
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From the rate UXJrFtU:iIOI for I' udtLionL (3) and (4) anul

the expression for [M] (equatio 1)) I we obtain:

t (0 1MB) I- - k3

(C H6)l/2 I IUJt (1 *k 4 ) kc(H, 1 l/2 (])

Fromr the of the expression on the

left-hand side we geL the Authenius activation energy of

methyl radical addition to 116A1 r (33,2-0.0) ki molW.

. ..2] x ... .. . . ..
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RAIE CONSTAITS i[R 501.1t IYII(ROCARIION RADICAL

COM1 NAT I ONS

I. Seres and i4. Nacsa

Institute of General and Physical Chemistry,

A.J. University, Szeged, hungary.

Ihe di-tert-butyl peroxide (OTRP)-initiated reaction of

2-methyipropene (B) was studied in the temperature range

392.5-442.6 K and the concentration ranqes 3.26-1- J [ (III/

/mo dm -- 4. 35"0 - and 3.62-|1f-)<[DTDFJ /1gn Im- 3 <6.09 llV-0

The products of the rea:tion up to C Io were idh:ntiflUd

as methane, ethane (ElTI), ethene, propene, 2,2-dimethyipro-

pane, 2-methylbutane, 2-methyllbutenc-2, 2,2-dimethy1bhutane

(11-1A), 2,5-dimethylhexadiene-1,5, 2,4,4-trimethyliexene-1,

2,2,4,4-tetramethylhexane, 3, 3,4,4-tetramethyIhe;×ane (INIA),

acetone and to.rt-butanol.

The initial rates of formation of all of the above pro-

ducts were determined from measurement,; in the early stages

of the reaction, where the product concentration vs. time

plots are linear. Host products are fCormed in different reac-

tions of methyl (M), [,l-dimethylpropyl (MB), 1,1,3,3-tPtra-

methylpentyl (1B1) and 2-methylallyl (HA) radicals.

The radicals MR and MBH are formed in the first two steps

of the nligomerization:

M * B -- 1- Nil

M + B -- M Nilli

while MA is a product of If abstraction by tadicals:

R + ] ) RII + MA

Rate expressions were derived for product formation, based

upon a mechanism involving all thu possible rmbinatioi|, dis-

proportionation and II abstraction rest:ot ,s of the above

radicals. (See e.g. the simplest mondel we were studying,
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Scheme I, where k. ii th rate cuefficient of rLcomhaiiatiun.

The systems of algIebraic equations relatint to the

various models iiere Lsolved, uSing aonlinear least squares

(by the Simplex muthod), to yield the kinetic quantities of

the rate expressions,

Scheme I

2M E 11i (I)

M + MB0 >* DM111 (2)

v( BLlA) 2 ((, ),1111) 1/2
14~L 14B8 ~ll/ 2

1,I0 + 1111 ---- It.liA ( )

v ( 1 1 -11 A ) (IM, H I , IB ) 0t 1l 1 : 3.( , ,

Let us 1O ctS (II" aat te(II Ol oil the simple model s;hown in

Scheme 1. 1he rate Goo ff1 C1Unttj of c ruti-combination react ,ans

of small radicals irLe know-ln tI obey the "deulmutric ilaan li Ic".

However, no informatin is available on the validity of this

role for sterically hinderted radicals such as MB or 1410.

Furthermore, reaction (I) as; in its preusure-dependent relaiala

under the present conditions (-l3 kPa overall pressure), while

reactions (2) and (3) are helieved to be in the high-pressure

reg ion.

Consequently, l,4(.1,1H) wuUld have dif Lferent values in equia-

tion (I') and equation (2'). In order to vercoane these difft-

a'ulties, we chose to retain tile quare-rot dependence of

kc (4, M) on k c(I.1,M) and kG (MB,MB1), hit in order to allow for

the above effects a new (aarauanvter ( G) is isoed lastvad of 2

in equation (4'), i.e.

k c( ,MO) gk() l ,,I) p  kc((M 14M) k)4 1/2 4')

All that radi;ial u(lcaa entrtials anid kinetic quantitits (!ere

treated as parameters in the syitums of al qehraic equations,

and the optimization wati made by ksing Box's method.

If WC e sum11 that the "iuiaaa tLI: moan1 rule" holus for the
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radicals present in this system at high pressure,, (i.e. steric

hindrance does not influence its validity), we have an easy way

to calculate the high-preessoure recombination rate cons tantLs f rom

the lata obtained at any pressure:

G jkc(M,M)p k (I.1B,MB) 3 1 1/ 3 jl,) (MB 1/2

where the indi ces p and re fer to the l ow-pressure and the

high-pressure rate coefficients, respectively.

On rearrangement we obtain

k c(H M) ( 1. 2 k c (m 1I) p

In order to acqunire inforinat i iii 00n the tcnriel a ted errot,

involved in the evaluation of a large number of parameters

simttaeoulydifferent modelu were used. (Tie model shown

in Scheme I has 21 parameters calculated front 27 equations,

while the largest one has 71 parameters calculated from 99

equcations.) Also, some input parameters (the initial values,

the higher and lower limiit,; of the pa rahte terns, arid the inumbe r of

terat ions) were uisetd with different vaoie in dif(ferenit

ionts for each model.

Most of the rate coefficients obtained are (lone! to the

average (i.e. within 20 p.c. for the model shown in 'ichete 1),

except for those obtained in the 71-paramcter model (50 p.c.),

where all the combination and dinpropor tionat ion reactions were

considered to he tempera ture-depeodeot.

The high-pressure rpcnhiriatinn reaction rate coefficients

obtainedi are:

Radi cal looi k~ /din 3  l -l_

me thy! 10.43!0,20

1,1 -rine thylpropyl 9.2 0. 3

2-methylal ly] 9.(1'0.4

Since these rate coefficients are in good agreement with

tlin)!;! tilttaitme for si m ilar r ad ica Is the anniimptI.titil maoir , 1'1 -

that the ietimutric mean rule" is valid for biulky anti t!itotiia-

teti tr hi calti, 111tis !it i f ied
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Kinetics of the Chlorination of C2HIBr and the Competitive

Bromination of C2HSCI, CHCHCl 2, C2H.Br, and CH3CHBr2 .

E. Tschuikow-Roux, D.R. Salomon, F. Faraji, and K. Miyokawa

Department of Chemistry, University of Calgary,

Calgary, Alberta, Canada T2N IN4

The competitive photobromination of C.H.C1, CH3 CHC1 2, C214.Br, and

CH3 CHBr 2 against C2H6 as primary standard has been investigated between 32

and 95°C. Over this range of temperature bromine atom attack in all cases

occurs almost exclusively at the halogen substituted site, leading to very

simple kinetics:

RH + Br + R + HBr

R + Br 2 + RBr + Br

where R represents CHJCHX or CH3CX2 (X = Cl, Br) radicals. Using the revised

rate parameters for the bromination of ethane reported by Amphlett and

Whittle', absolute Arrhentus parameters for a-hydrogen abstraction have been

obtained and are listed in Table I.

A
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TABLE 1. Hydrogen Abstraction by Bromine Atoms

Reactant log1 o(A/cm 3 mol- I s- 1) E/kcal mol-1

C 2H6a 14.135 13.66

CH 3CH2C1 12.182 9.14

12.545 9.65

CD3CH2C1 12.535 9.65

CH3CHC1 2  11.806 8.00

CH 3CH 2 Br 12.645 10.58

CH3CHBr 2  11.475 8.11

a Primary standard, Ref. 1.

In a companion study the photochiorination of C2H5Br has also been

investigated in the temperature range 0 to 90C, and shows a different

mechanism than that observed in the chlorination of chloro- and

fluoroethanes 2'3.

The bromoethyl radical produced from Cl atom attack on the primary

hydrogen In CH3CH2Br is found to be unstable even at O°C and decomposes to

C2 H4 plus Br. This causes a chain transfer which propagates parallel to the

'normal' chlorination mechanism. The principal products observed are

CH3CHBrCl, C2H , CH3CHBr 2 , and CH2C1CH 2Br, the yields of the latter three

being pressure dependent. Trace amounts of CH2C1CH 2 Cl and CH2 BrCH2 Br were

also observed. These results may be Interpreted in term of the reaction

scheme:
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CHCH 2Br + C1 * CH31)HBr + HCI (1)

- 1H2CH2Br* + HCl (2)

CH3CHBr + C12  + CH3CHBrCl + Cl (3)

CH2CH2Br + C 2  . CH2ClCH 2Br + C1 (4)

CH2CH2Br* + C2H4 + Br (5)

CH2CHBr* + M . CH2CH2Br + M (6)

CHCHBr + Br - CH3CHBr 2  (7)

1H 2CHI2 Br + Br + CH2BrCH 2Br (8)

C2H4 + Cl CH 2CH2C1 (9)

dH 2CH2CI + C12 4 CH2C1CH 2C' + C1 (10)

Application of the usual stationary state approximation yields the relationships
(CH 3CHBrC I] k (k k kk)

C2H4] - + (kk 6 /k 2ks)[M

C 2H4. - k5  1

[CH 2ClCH 2BrJ k6 [M3

Plots of these product ratios against [MI or I/JM], respectively, where [MI

is an inert additive (C2F6 ) present in excess, yielded straight lines. From

the slopes and intercept we obtained at 50°C, k5 /k6 = 2665 Torr, and k,/k 2 =

3.41, a reasonable value for a vs. p hydrogen abstraction.
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20545

Chemical reactions of small el.,ily excited

hydrocarbon radicals, aside from those of the low-lying singlet

methylene species, have not been extensively studied probably

because these species are difficult to prepare and characterize.

Methylene, of course, is the smallest of the series of

unsaturated hydrocarbon radicals. However, the existence and

Identification of a long-lived carbene, i.e., the electronically

excited vinylidene radical(H 2 C=C), has been documented in recent

work from this laboratory
1
. The chemistry of vinylidene remains

virtually unknown. The ground state singlet('A 1 ) has a lifetime

to isomerlzation to acetylene of less than 1 ps and is unlikely

to be involved in chemical reactions. The first excited triplet

state has a large potential barrier to isomerization that has

been calculated to be about 45 Wcal/mol and may be expected to be

long-lived. In earlier experiments the quenching of triplet

vinylidene to the ground singlet state has been examined for a

series of non-reactive collision partners. In addition, efforts

weire aade to search for a chemical reaction with several possible

reactive quenching partners such as 4, and CH4. There was no

evidence for an abstraction reaction.

It is well known that ground state molecular oxygen reacts

rapidly with hydrocarbon free radicals, particularly the spin-

allowed reaction with triplet species. It the excited triplet
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vinylidene species has properties similar to that of Its

"ethylene homolog, then we might expect a relatively rapid

reaction with oxygen. In the work to be reported here we have

2oncluded a rate constant and mechanistic investigation of the

title reaction using the vacuum ultraviolet flash photolysis or

vinyl chloride in to produce the triplet vinylidene species.

Vacuum ultraviolet kinetic absorption spectroscopy of CO In its

strong Fourth Positive system was used to monitor product

Formation from which it was possible to derive the rate constant

3f the reaction. The (3B2) H2 C=C was monitored in absorptio, -t

137 nm, acetylene at 152 nm and CO, as noted above, in its (0,0)

traisition of the 4+ system at 154 nm.

there are several possible reaction paths, in this

ihotolytic system, that may lead to CO formation. Thie-y Include

Lhe reaction of product C2 H2 with O(3p) that may be formed in the

Initial photolytic process as well as the reaction of (
3
B2 )H 2C=C

4ith molecular 02 or with O(3 P) atoms. The various Drocesses

3ould be discerned through a combination of temporal profiles,

Intensity dependenci".i .nd reaction energetics.

We will discuss the rate constant for the title reaction,

)ossible produetion of vibrationally excited CO product and some

iomments about the nature of the transition stite.

I. A. Fahr and A. H. Laufer, "Photodissociation of Vinyl
3hioride:Formation and Kinetics of VinyiideneH2 C=C(

382) ,

'hys. Chem.,B9, 2906(1985) and references therein

LgknlQO1' jggatat: This work was supported, in part, by the
lanetary Atmosphere3 Program of the NASA, and carried out at the
lational Bureau of Standards.
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ON THE KINETICS AND THERMOCHEMISTRY OF CYANOACETYLENE AND THE
ETHYNYL RADICAL

Joshua B. Halpern, and George E. Miller, Department of Chemistry,

Howard University, Washington, DC, USA and Winston Nottingham,

Department of Chemistry, University of the District of Columbia,

Washington, DC, USA

The cyanoacetylenes are important odd nitrogen species found

in interstellar space (1). Recently, ethynyl has also been

observed (2). Moreover, the Voyager mission showed that HCC-CN

Is the second most important odd nitrogen species in the

atmosphere of Titan (3). We report here on a measurement of the

bond strength of dicyanoacetylene, which can be used to find the

heat of formation of the ethynyl radical. The lowest energy

channel for dissociation of cyanoacetylene is then found to be

(1) HCC-CN + h H + CC-CN 4H = 506 ± 21 kJ/mole

rather than

(2) HCC-CN + h - CN + CC-H AH = 598 + 12 kJ/mole

We also report on a measurement of the reaction rate constant for

(3) CN + HCC-CN -% NC-CN + CC-H AH = 58 + 16 kJ/mole

of the order of 1 x 10 -11 cm /molecule-sec. This was proposed as

the source of C2 N2 In Titan's atmosphere to replace (4,5)

(4) CN 4 HCN --. NC-CN + H AH = -37 + 8 kJ/mole

The rate of reaction 4 was originally estimated to be of the

order of 10- 11 cm3/molecule-sec, but measured to be of the order

of i0 - 14 cm 3 /molecule-sec (6). Work is continuing on measurement

of the branching ratios of reactions 1 and 2, and measurement of
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the absorption coefficient of cyanoacetylene between 250 and 190

rim.

We used the photodissociative excitation method to measure

the bond strength of CN 2 . The apparatus was described in

Reference 7. The VUV light source was formed by a short, high

voltage discharge in argon, which was dispersed through a small

VUV monochromator. The threshold for photodissociative

excitation of CN (B2 _ ) is found to be 141 + 2 nm. The cutoff is

not due to the absorption of CN 2 rising suddenly at this point,

or the lamp output suddenly increasing. Using the measured value

of 535 kJ/mole for the heat or tormatlon of CIIN2 (8) and 101

kJ/mole for the heat of formation of CN (9), we obtain 648 + 21

kJ/mol for the heat of formation of C3N. This compares with a

heat of formation of 533 + 4 kJ/mol for C211.

With the heat of formation of HC 3N of 355 kJ/mole (10) we

obtain the heat of reation I. Thus, ethynyl will be produced by

photodissoclation considerably below the energetic threshold for

reaction 2. We are currently measuring the branching ratio

between reactions 1 and 2 at 193 nm.

The reaction rate constant of reaction 3 was measured in

generally the same mariner as in Reference 7. A mixture of 1%

C N 1% HC N and 98 % argon was passed through the photolysis
2 z 3

cell. C N was used as the CN source because the yield of CN
2 2

radicals at 193 nm was many orders of magnitude higher than for

IC3N. Decay rates were measured under pseudo-first order

conditions at several pressures. The rates were plotted as a
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function of the cyanoactylene pressure to extract the rate

constant for reaction 3.

This work was sponsored by NASA. GEM acknowledges the

support of the United States National Science Foundation.
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THE RADICAL-RADICAL NP 2 REACTIONS

Bedjanian Yu.R., Gershenzon Yu.M., Kishkovitch O.P., Rozenshtein V.B.

Institute of Chemical Physics, Moscow 117977, USSR

The experiments were carried out in a flow-tube apparatus com-

biened with EPR/LMR - spectrometer 01 . The NF2 -radicals were ob-

tained in the furnace ( 500 K ).

H 2 + Oti . The experimenza± conalztona were: p = ( 1-6 ) Torr,

T = 300 K, [OHj , 10 1 2 cm- 3 , )21 2 =(0.6 - 3,7-) 1013cm- 3 .

The OH-radicals were produced in the 11 + NO 2 reaction. One can put

down the obtained rate constant k= 1:55 t 0.35)-10- 1 1cm 3 s-1 to

the only exotermic channel OH + NF 2- HP + PNO.

R 2 + HO2_. The experiments were carried out at T a 
300 K, p=(1O -

- 16) Torr ( Hel/[0 2 3 - '), 1102 ( ( 2-20 ) 1011 cm- 3 , NF2  =

( C 0.5 - 10 ) 1013 cm - 3 . The HO2 - radicals were produced in

It + 02 + U reaction. The rate constant k2 - ( 2.4 t 0.6 ).-1 2cm3s - I

was measured and the main channel NF2 + Ho2_- F + OH + FNO was

determined.

NF 2 - N_02_. The reaction was studied at T w ( 300 - 530 4 K,

p a ( 0.8 - 60 ) Torr, NO 2  = ( 0.3 - 8.6 4.-t01 6 cm - 3 . The rate con-

stant obtained for a channal NP 2 + NO2 --- 2FNO is k3=8.6 lO-up

exp( - 24501T).

N 2 __+ 2 + g -M N2 4 + M . The reaction was studied for M a "ie,0 2 ,

NO, N2P 4 at p m ( 19 - 110 ) Torr. The following results were obtained:

kfie= ( 0.6 O.1) i0- 3 2 cm6 s-1, k0  ( 1.0 ± 0.3 ),1O - 32 cm6s " 1 ,

kNO ( 1.2 ± 0.2) 10- 3 2 6 -1 cms 
1  2 4 = ( 4.8 + 4.0).40-32cm

6 s-1

Reference. f. Gerahenzon Yu.M., Il'in S.D., Kishcovitch O.P.,

Lebedev Ya.S., Malkhasian R.T., Rosenshtein V.B., Trubnikov G.H.

Doklady Akad.Nauk 8681, 1980,v.255,No 3, p. 620 - 622.



1-51

Formation of molecular hydrogen by the thermal

decomposition of n-dialkylperoxides in oxygen.

K.A. SAHETCHIAN, A. HEISS, R. RIGNY, J. TARDIEU de MALEISSYE

Laboratoire de Chimle G~n6rale, C.N.R.S. UA 40870, Tour 55,

E 4, Unlversit6 P. et M. Curie, 4 Place Jussleu,

75252 PARIS CEDEX 05 - FRANCE.

The self-reaction of HO2 radicals in the gas phase plays a

crucial role in atmospheric chemistry, in low temperature combustion and

generally in all systems were these radicals are present.

It is established that the recombination rate, at 298 K, depends

on the overall pressure and may be modified by some additives such as H20

vapor or NH 3. Moreover the recombination rate presents a significant

negative temperature coefficient, - 1.2 kcal.moi- . The effective rate

constant [i appears as the sum of a bimolecular component and a pressure

dependent termolecular one. The yield of H2 02 measured in flash-photolysis

experiments [2,3] could vary from 29 % of the self-reaction expected value

(at 760 torr and 278 K in presence of H20) to 93 % at low pressures (10-

25 torr). In order to explain the difference between the expected and the

observed values of H202, several authors have suggested that the formation

of H2 was thermodynamically possible.

Previous investigations [4], carried out in quartz vessels

coated by B203 and treated with the slou reaction H2 /02, pointed out that

the thermal decomposition In 02 of some dl-n-alkytperoxides produced HO 2

radicals ; the self-reaction of these radicals produced simultaneously

H 202 and H2. Alkylperoxides as n(C7H1 50)., n(C5HIt0)2 or n(C4H9 0)2 were

investigated by this way at concentrations ranging from 10 to 100 p.p.m.

The present work was undertaken to support the homogeneous

formation of H 2 by a reactive pathway parallel to the H202 formation.

Therefore we have studied the ratio I112]/([H 21 + [H2 02]) at atmospheric

pressure, as a function of 1) the temperature, 2) the ratio / (P02+ PN2

2

.6
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P andP being partial pressures of 02 and N2, 3) the concentration ofP2 P2

peroxide ROOR (mainly n(C4H9 0)2).

An overall 6 l.h
-
I flow rate of N2 + 02 was maintained inside

the vessel at AT = + 0.50C with a residence time of 130 s. The concentration

of ROOR being constant, we have studied the influence of 02 upon the

formation of H202 and H2, when 02 was substituted progressively to N2. At

vessel outlet, a flow of 4.2 I.h
-
l was pumped through a microprobe and the

condensable species were trapped at 17 K on the finger of a dismountable

Dewar. Concentration measurements were performed by using H P L C for ROOR,

spectrophotometry at 380 nm for H202 and GC (coupled with a zirconia cell)

for H2. The detection threshold of H2 in 02 was lower than 0.1 p.p.m.

The data for six temperatures ranging from 150 to 200
0
C,

obtained with different compositions, exhibit no clear dependence ot the

ratio [H2] /([H 2 1 . [H202}) with the vessel temperature. However a slight

decrease can be noticed in the range 150 - 1800C, followed by an apparent

increase of this ratio between 180 and 2001C.

The intermediate temperature range from 170 - 180
0
C appears the

most convenient to study the influence of 02 and ROOR on the formation of

H2 ' With ratios P0 /(P0 + P N ) ranging from 1/6 to 5/6 as well with

concentrations of ROOR from 30 to 120 p.p.m., no dependence of partial

pressures of 02 or peroxide concentration was observed on the relative

amount of H2 formed. An average value of (7.9 + 0.8) %, with an error of

I standard - deviation, was obtained for the ratio [H2 1 /([H 2 ] - [H202]).

Some experiments were made with mixtures of 02 and di-tertiary-

butylperoxide at concentrations ranging from 100 to 200 p.p.m. and

temperatures from 170 to 190
0
C. Molecular hydrogen was also generated

jointly with H202 but the ratio [H2] 1([H 2] + [H2021) was lower, about I%.

Recently, static mixtures of H202 80 % with N2 or 02 were

irradiated by using an ArF exciplexe laser at 193.3 nm. Fluences between

I and 16 mJ.cm
-2 

with pulses of 30 ns were used during exposure times from

5 to 35 min. In linear photochemistry, heavy absorption of H20 vapor occurs

-20
at 185 nm and extends through shorter wavelengths. The H202 vapor absorption

occurs to longer wavelengths, with an absorption coefficient 0 - 60.10- cm

molec.I at l0 nm. In these conditions, a specific photochemical
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decomposition of H202 should be possible without H20 modification ; the
expected subsequent hydrogen formation proceeding from H202 exclusively.

Unfortunately, under non linear irradiations which correspond to the laser

pulses, important quantities of molecular hydrogen are detected indifferently

In presence of pure H2 0 vapor or in H20/H2 02 vapor mixtures. This formation

of H2 is likely due to a complicated radical mechanism resulting from a not

well clarified multiphotonic UV absorption by H20 and H2 02.

Discussion.

The reactions likely to occur in this system are presented In

the following mechanism :

RO- OR -- , 2 RO (1)

RO + 02 ! HO2 + product (2)

O2 2 H-- H202 + 02 (3 a)

HO2  H 2 H2 + 2 02  (3 b)

RO - - H + product (4)

H + peroxlde -4 H2 + product (5)

H + 02 + M -1 HO2 + M (6)

RO - p H2 + product (7)

The ratio [H2 ]/([H 2 ] + [H202]) is both Independent of oxygen and ROOR

concentrations ; So :

1) Even If H Is formed during decomposition of ROOR, it would be transformed

into HO2 by reaction (6) and not into H2 by reaction (5), which presents

a negligible rate as compared to that of reaction (6) [4] ;

2) The later observation rules out the possibility that H or H2 could arise

from RO radicals, according to reactions (2), (4) and (7).

3) Finally, the temperature having no influence on the above ratio, the

formation of H or H2 from RO radicals is also excluded ; the decom-

position steps (4) and (7) should have high activation energies,

whereas the competitive reaction (2) has a much lower one.

In conclusion, our results are in favor of the fact that the

self-reaction of HO2 radicals occurs through 2 parallel pathways (3 a) and

(3 b), which may be complex and indirect.
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Reaction Mechanisms for Decomposition of Energetic Materials*

Carl F. Melius and J. Stephen Binkley
Sandia National Laboratories
Livermore, California 94550

Introduction

The mechanism for decomposition of energetic materials at the molecular level has been
investigated theoretically using the BAC-MP4 quantum chemistry method. The BAC-MP4
method provides accurate thermochemical properties of molecular species, including
radicals as well as stable species and can also determine the thermochemistry of transition
state structures. We have applied this method to the decomposition of C- and N-nitro
compounds.

IONO Elimination

The initial step in the decomposition process is the unimolecular bond breaking of the
molecule. The heats of formation AlWf and free energies AGg of nitroethane
(CH 3CH 2NO 2) and methyl-nitamine (CH 3NHNO2) and their possible decomposition
products as well as transition state structure complexes have been calculated. The
important AHF"s and AGf's are given in Table 1. The results indicate that the weakest

bond is that of the NO2 group, being 48 kcal-mol-I for methyl-nitramine and 58 kcal-mol-I
for nitro-ethane. For both molecules, the five-centered elimination of HONO can occur,
with an activation barrier of -41 kcal-mol - 1 in both cases. For nitroethane, the resulting
rate constant as a function of temperature for the five-centered I IONO elimination

C2t 5NO 2 -+ C2 4 + HONO AE = 41 kcal-mol-1

is given in the figure and is compared with various experimental data. As one can see from
the figure, the agreement is excellent. At higher temperatures, direct C-N bond scission
occurs

C2H 5NO 2 --+ C2115 + NO2  AE = 58 kcal-mol -t

causing an increase in the decomposition rate constant.

II Atom Catalyzed Decomposition

The resulting unimolecular rate constants for IlONO elimination at 600K obtained from
Table I are 0.0025 and 0.003 sec- t respectively for methylnitramine and nitroethane. While
the nitroethane results are in excellent agreement with experiment, for methyl-nitramine, the
rate constant is significantly smaller than the overall thermal decomposition rate constants
measured for nitramines. This indicates that ItONO elimination is not the rate determining
step in the decomposition of nitramines, and that a more complicated, non-unimolecular

*This work supported by the U.S. Department of Energy and the U.S. Department of

Defense
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process is controlling the thermal decomposition of nitramines. Initial bond scissioning of
the nitro group, with an activation energy of -48 kcal-mol - t , leading to radical formation is
therefore an important unimolecular mechanism and plays a more important role. (The
larger bond strength in nitroethane of -58 kcal-mol- I causes the HONO elimination to be
more important in nitroethane.) We therefore propose a new H atom assisted
decomposition pathway to explain the experimental data. The reaction pathways for If
atom attack on methylnitramine are shown in Figure 2. The BAC-MP4 results indicate that
H1 atom can readily add to the nitro group to form an intermediate complex,
CIt 3NIIN(O)OH, which can decompose either by Of1I elimination, HONO elimination, or
by C-N bond scission.

Internal Hindered Rotors

The proper treatment of hindered rotors is important in these decomposition processes since
both the methyl group as well as the nearly free-rotor nitro group are constrained at the
five-center elimination transition state. In order to extend the BAC-MP4 thermochemistry
at 0 K to finite temperatures, it is necessary to include the effects of the temperature
dependence of internal hindered rotors. We therefore have derived approximate analytical
functions for the energy Eh., the heat capacity Chr, and entropy change AShr for the internal
hindered rotor. These expressions extend the analytic expressions derived by Pitzer and
Gwinn for infinite moment of inertia with parameters chosen to approximately fit their
tabulated data for finite moments of inertia. The resulting analytical expressions are given
by

Ehr = RT (0.5 + Y - g(Y)) (x (ex - 1)-1)

Chr = R (0.5 + y2 - g(y) -g(y)2 ) (x2 ex (ex. 1)-2)

AShr = R ( ln(Slo) + Y - g(Y)) (z2ez (ez - 1)-2)

where

g(Y) = Y (SI1/SI0), Sln = Modified Bessel Function

Y = V/RT, x =(1.67/lJ)(V /RT) 112 , z =3.8/1r,

V = barrier height, 1r - reduced moment of inertia

The barrier heights are estimated from the I lartree-Fock scaled frequencies v by

V = (v/134n)2 Ir

where n is the foldedness of the barrier. The constant was adjusted to give reasonable
barrier heights for the methyl radical. This treatment of hindered rotors appears to work
satisfactorily for the lowest frequency hinder rotor of a molecule but breaks down for
multiple hindered rotors which are coupled, thereby mixing the frequencies as well as the
axis of the r.duced moments of inertia.

- .8
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Table I. Calculated heats of formation Ali( and free energies of formation AG( at various
temperatures using the BAC-MP4 method for various molecular species and transition state
activated complexes involved in the decomposition of methyl-nitramine and nitro-ethane.
(Energy in kcal-mole- t. temperature in K.)

Alit AG"

Molecular sVecies a 3f0 MX0 1M00 L5ED

CI13NIlN0 2  6.2 1.5 26.2 51.9 86.9 130.3

CH3CH 2 NO 2  -19.2 -24.2 -2.5 20.0 51.1 90.0

NO 2  7.2 6.5 10.9 15.4 21.5 29.0

CII3 NlI 47.7 45.0 52.7 61.2 73.8 90.0

C1 3CII2  31.7 29.0 34.3 40.5 50.1 62.8

f ONO -17.9 -19.5 -1 1.3 -2.9 8.6 22.7

C11 2 NH 23.9 21.9 26.7 31.9 39.9 50.3

C1 2C1 2  15.0 12.8 16.5 20.5 27.3 36.4

CH3 N1HNO 2

-4 CH2 NH + HONO 46.8 41.9 68.0 95.0 131.7 177.3

CH-3CH2NO2

-4 C2114 + IIONO 21.9 17.0 40.8 65.6 99.6 142.0

H12 NN(O)OI
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1000 / T (K)

Figure 1. Rate constant for five-centered elimination of HONO from nitroethane.
Shaded curve is calculated using BAC-MP4 thermochemistry. Solid curves are various
experimental results.

Reaction of CH 3 NHNO 2 * H

0

H 3 N3CHNN "H +H
-OO 0H"

o-40 H 'C.O
S1- HN +OH

_ HONO CH 3 NH
,I 2 H. NN.O

, HC H
0

-20

Reaction Coordinate Diagram

Figure 2. Calculated reaction pathways for the reaction of C113NlINO 2 + H --
products, based on BAC-MP4 heats of formation at OK for stable and transition state
activated complexes. Vertical energy scale in kcal-mole l .

Ii



i -53

The Pressure Dependent Decomposition of the Trifluoromethoxy

Radical

by

L. Ratt, MI. MacKay, I.A.B. Reid* and P. Stewart,

University of Aberdeen, Meston Walk, Aberdeen AR9 21E, Scotland.

A re-examination of the decomposition of his trifluoromethyl peroxide1

allowed a value to be determined for the rate constant of the decomposition of

the trifluoromethoxy radical over the temperature range 509 -545K:

CF30 4 M - Cr2 0 + F 4 M (I)

Excellent agreement was obtained from RRK14 theory and experiment for the

comput-r modelling of the pressure dependence of reaction (1) at 532.8K. The

Arrhenius parameters under high pressure limiting conditions are given by:

log(k I(-'/s- 13.7 -(14300/2.303 T)

Some of the parameters for reaction (1) were then applied to the

decomposition of the methoxy radical (2)

CH 3 0 + MI * C1 2 0 + tl + M (2)

This led to a value for k2( ) given by

log[k 2 ( )/s- = 13.38- (144S0/2.303 T).

Reference

1. I. Batt and R. Walsh, Int. J. Chem. Kinet., 14, 933 (1982).

Present address: British Gas, London Research Station, Fulbam, London, England.

.4
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Synthesis and Pyrolysis of Perfluoroazo-2-propane

by

K.V. Scherer Jr., University of Southern California,

Los Angeles, CA. 90089 -1062, U.S.A.

and

L. Batt and P. Stewart. University of Aberdeen,

Aberdeen AB9 2UE, Scotland.

An improved method has been used to synthesise perfluoroazo-2-propane.

Pyrolysis over the temperature range 4S0 -514K in a static system has been shown

to be a homogeneous, first order process. No pressure dependence was observed

in the presence of excess inert gas (SF6 ). The only products were nitrogen

and perfluoro-2,3-dimethylbutane. The rate constant (k) for the decomposition

process is given by:

log(k/s - ) 16.74 ±0.20 - (22700 1252/2.303 T)

These results lead to a straightforward mechanism for the decomposition process.

i-CNi-CsF7  i-C3F7N2 + i-C3F7  (I)

J-C3F7N 2  -*i-C3F 7 + N2  (2)

2i-C 3F7  - (i-C3 F7)2  (3)

Comparison is made for results with other azo compounds.
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EXPERIMENTAL AND THEORETICAL STUDY

OF THE ETHYL RADICAL UNIMOLECULAR DISSOCIATION

Y. SIMON, J.F. FOUCAUT and G. SCACCHI

Ddpartement de Chimie Physique des Ractions

UA CNRS 328, INPL (ENSIC) et Universit4 de Nancy I

1, rue Grandville 54000 NANCY (France)

In the literature, the kinetic data on the unimolecular processus

of dissociation of ethyl radical are somewhat old [Lin and Back 1966 (1) ;

Loucks and Laidler 1967 ( 2)] and rather scattered. We have considered it

would be interesting to return to the study of this elementary reaction. The

pyrolysis of C2H6. which includes it, had been studied in the following

conditions : conventional static system, initial pressure between I and 300

torr, temperature between 793 and 813 K. The rate constant kCI CH4 -1(2 044

is evaluated by the expression : k - /2k rC2H4 (r ) where r and
C2H4 t 0

r are the initial rates of formation of CH4 and C2H4 and kt the rate

constant of the termination processus (2 C2H5 .).

The experimental results (fall-off curves) are interpreted by the

RRKM theory and two approaches of TROE.

I - RRKM treatment.

We have used the R.R.K.M. program of R.G. Gilbert (Q.C.P.E. n'

460) ( 3).

- chosen paraxaters for C215. radical : frequencies j 2995 (5). 1432 (4). 1037 (2). 988

(2), 540 (2) 1 external symetry number j I i optical isomer t I s internal rotation i

5 - 34.1 cW
" and Internal synestry nu-ber , 6.

- Details of the activated complex eaployed i frequencies t 3047 (4). 1466 (3). 1023 (2).

933 (3). 400 (2) 1 external mymetry number a I ; optical isomer : i.
- Other details a momenta of inertia ratio 1 3.34 to 3.20 (depending of T) a collision

dianeter 1 2.9 A a activation energy at OK a to -38.8 lcal.mol
- I

.

These parameters give an excellent agreement between theoretical

and experimental fall-off curves at any temperature. Arrhenius expressions

for k and kbim (the low pressure second order rate constant) can be derived

(see further).
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2 - First approach of TROE.

The modification of Kassel integral made by TROE ( ) leads to the

following expression :
k~0 K _"_ cap (-x) dx

a0O i1 4 ]. (s,..) X

with 1. .L) - -4 ( ( * - cxp (-x) dx and k - kbi P
X 0

The "effective" values SK and B of Kassel parameters S and B are

estimated from the 15 frequencies of C H [14 frequencies of RRKH theory +

350 cm"1 instead of internal rotation] and E - 40.0 kcal.mole -1.0

The method of determination of k_ and kbim is the following one

the theoretical curve : log I vs log -kin) _ log I can be rewritten

log k un- log k vs log P - log u i ogi and can be

derived from the experimental curve l.og k un vs log P - log kunI by two

translations leading to k_ and Itbim (least square method). The fitting

between the two curves is very good and allows us to propose Arrhenius

expressions for k- and kbim .

3 - Second theoretical approach of TROE.

The Lindemann-Hinshelwood theory leads to the "switching function"

FLH :

kk k POa -t pX•Y (x) with a * hi

TROE ( ) has shown that realistic reduced fall-off curves can be

represented well by adding a broadening factor F(x) to the above

expression s

___ 'centn _ .. F ) with lot r(s) - Incea

.75 - 1.27 log cent

F cent is evaluated from the effective parameters SK and BK and the

collisional deactivating efficiency Ac"

To present experimental and theoretical results in

log -j vs log P scales it is necessary to have transformed P into x I k

can be evaluated by any extrapolation method and k bim by an expression.

proposed by TROE. which is a product of different factors calculable from

parameters relative to reactant radical.

4
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Chosen parameters a frequencies (those of RXKN) j Lo . 40.0 &cal..ole-1

collision dienetr 4.4 i numober of oscillators 1 14 ; numher of Internal rotations

I I nuaber of oscillators which disappear during the reaction 1 3 moment of inertia

ratio 1 1.14 to 1.20 ; Lennord-Jones interaction energies t - 1.79 %|03 J.eole I

overage energy transferred per collision t (AE - 10 KJ.mol.
-
1.

The theoretical fall-off curve calculated priori from the above

ki

expressions do not fit very well with the "experimental" points log - - vs

log P. By a method of trial and error we have successively modified the

values of k. and kbim until we obtained the best agreement. Again the

fitting is excellent at any temperature and we can deduce Arrhentus

expressionsfor k. and kbim.

4 - Best Arrhenius expressions for k, and kbim .

Taking into account the thermochemistry, the best Arrhenius

expressions for k- and kbim  are obtained by RRKH method

k 014 (x 41 000) s -1 an 3-1 8.3 ep(_ 34 900~ c3
k 101 exp- R "j andbi m  RT ) I
mole' .s

-

The best RRKH treatment in the literature is that of Lin and

Laidler ( 6) on the experimental results of Lin and Back and Loucks

and Laidler k k 1014.5 exp 4 T 0 s and
1 34 600 -1

bim "
1 8 54 

exp 36 cm
3
.mole.-1 . in very good agreement with

our work. The study of Michael and Suess (7) leads to E - 44 500 cal.mole
-1

which is undoubtedly too high.

I N.C. LIN and M.H. BACK - Canad. J. Chem., 44, 2357 (1966).

2) L.F. LOUCKS and K.J. LAIDLER - Canad. J. Chem., 45, 2795 (1967).

3 R.G. GILBERT - Program QCPE na 460.

4) for example J. TFOE, Ber. Bunsenges. Phys. Chem., 78, 478 (1974).

(5) for example s W.C. GARDINER Jr and J. TROE - Chap. 4 in "Combustion

Chemistry" - W.C. GARDINER Ed.. Springer Verlag (1984).
6 M.C. LIN and K.J. LAIDLER - Trans. Faraday Soc., 64, 79 (1968).

7 J.V. MICHAEL and G.N. SUESS - J. Chem. Phys., 58, 2807 (1973).
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THE PIOTOCHEMICAL MJID TIiERI4AL DECOMPOSITION OF SOHE
SIWPLE of-DICUMbONYL COPOU14DS IN THE GAS PHASE

R.A. Back,
Division of Chemistry,
National Research Council of Canada.

Recent studies are described of the photochemical and

thermal decomposition of a number of simple @'-dicarbonyl

compounds in the gas phase, including glyoxal (cis and trana),

oxalic acid, glyoxylio acid, pyruvic acid, 1,2-cyclobutanedione,

and l,2-dimethyl-cyclobutene-3,4-dione. A variety of mechanisms

of decomposition is observed; where it is porsible, internal

transfer of H is the preferred path, in other cases concerted

molecular decomposition occurs. Rate constants and Arrheniua

parameters are presented for the thermal reactions, and meclianisms

are discussed and compared for both the thermal and the photochemical

decompositions.

A
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UV-Laser Induced Decomposition of 1,2-Dichioropropane

M. Schneider, R. Weller, J. Wolfrum

Physikalisch-Chemisches Institut

Universitit Heidelberg

The thermal dehydrochlorination of 1,2-dichloropropane Is known to run

predominantly by unimolecular four-center elimination leading to a charac-

teristic pattern of the product distribution (3-chhoropropene, cis-l-chloro-

propene, trans-l-chtoropropene, 2-chloropropene). 2-chloropropene Is only a

minor product while the cis/trans ratio of 1-chloropropane is much higher

than unity. We were interested In the alternative radical chain process which

is strongly inhibited by the products. The experiments were carried out at

temperatures between 570 and 670K using an excimer laser (XeCI, ) = 308nm,

400mJ/ pulse, 80Hz maximum repetition rate) to start the chain by photolysis

of the substrate. At low conversion the quantum yield was In the order of

one hundred but decreased drastically with formation of the chloropropenes.

From the product distribution It was possible to deduce the relative ab-

straction rates of the reaction

CI + C3 H6 CI2 -- HCI + C3 H5C 2

at the three differently substituted carbon atoms. In contrast to the thermal

reaction 2-chloropropene Is the main product, but the cis/trens ratio of

I-chloropropene remains high. The results are compared with other dehydro-

chlorination reactions and a computer modell in order to simulate inhibition

effects.
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The Thernial Decumposition of Unsymmetrical Iimcthylhydruzine

K. Orezinsky and F.L. Dryer
Princeton University
Princeton, N.J. 08544, U.S.A.

D. Schmitt and D. Lourme
Office National d'Etudes et de Recherches Aerospatiales

92320 Chatillon," France

A short study of unsymmetrical dimethylhydrazine (UDMI)
decomposition in the Princeton flow reactor in the temperature
range 761-799K and at one atmosphere indicates that the overall
conversion of UDMRI to products proceeds through the initial
formation of formaldehyde dimethyl hydrazone (FDH) with subse-
quent decomposition of FDH into smaller products. This sequence
has not been observed and reported before in any of the publish-
ed high temperature studies of UDMH decomposition. However, the
present observations are the only existent direct measurements of
intermediates formed as a function of extent of reaction, and the
UDMIi conversion to FD11 is so rapid as to have been missed in
previous studies. The conversion to FDH proceeds isoergically,
i.e. without overall chemical energy release. Heat release in the
IIDMII decomposition appears to occur from the subsequent decompos-
ition of UDMH into smaller products.

Using thre' flow reactor experiments at three different
initial temperatures and the same initial UDMH concentration a
first order rate constant for the conversion process to FDR hus
been generated. A series of three flow reactor experiments at the
same temperature but different initial concentrations of UDMII ias
indicated that the decomposition is very near first order. The
Arrhenius rate parameters developed and the experimentally
observed first order nature of the reaction have been used in
calculation of IIDII droplet burning characteristics.



1-59

Oxidation of formaldehyde at low

oxygen concentration.

M. VANPEE*, K. SAHETCHIANx, V. VIOSSAT x , J. CHAMBOUX

Department of chemical Engineering, Universty of Massastchetts,

Amherst, Ma. 01003.

x Laboratoire de Chimie GUnfrale, Universitd P. et M. Curie

C.N.R.S. UA 40870, 4 Place Jussieu, 75252 PARIS CEDEX 05.

One of the authors studied the slow oxidation of formaldehyde

at temperature about 4000C in pyrex vessels treated with acid boric and in

untreated vessels (1-2). When CH2 0/02 mixtures contain low oxygen amount, a

clear break is observed in the course of the reaction when oxygen

consumption is complete. Until this moment the behaviour of the curves (CU

formation, pressure change and temperature) is the same as those for

mixtures containing higher oxygen amounts. After the break, the CO

formation rate increases, the hydrogen begins to appear with a rate similar

to CO one ; a break is also observed on the pressure change curve, and at

the same time, the temperature falls abrutly (fig. 1-2).

From the scheme proposed

(0] H2 CO + 02  _ H CO + H02  []H + H 2 CO 3H2 + H CO

(1] H CO + 0 2  CO + 02  81 H CO + H _>H2 + CO

[21 HO2 + H2 CO H 2-02 + H CO (9] CH+H o2 CO H2 0 + H CO

[3) HO 2 + HD2  "__._H2D2 + 0 2 [] 2H + H202 --. H 2 0 + HO02

[4) H202 + M 2 OH + M [ill HO2 paroi 1/2 H0 + 3/2 07

[5) H + H202  H + HO2 [121 H202 paro H0 + 1/2 02

[61 H CO + M - H + CO + M

1he observations can be interpreted by the existence of two distinct

mechanisms. In the presence of oxygen the reactions 0-* 5 and 9--12 occur

Involving 102 and H202 ; the reaction Is a degenerated branching reaction

with homogeneous and heterogeneous te',.inations . reactions 11 and 12 have

to he Included to obtain a good agreement with experimental pressure change

4.
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curves. In the second mechanism, in absence of oxygen, the reaction may be

considered as a linear chain reaction weith formation of CO and H2 (r6actions
4 --- 12).

From the proposed mechanism,simulated curves (CH20, 02, CO, H2,

H20 , H2 02 evolution, pressure change, temperature) have been obtained with

computer (fig. 3). The rate constants for reactions O-* 0 are the recom-

manded values of literature (3-8), k11 and k12 are "fitted" according to

experimental conditions.

The agreement with experimental curves is good for different

conditions of temperature, mixture richness, wall treatment.

Bibliographie.

(1) M. VANPEE Bull. Soc. Chim. Beige, 62, 1953, 285.
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(4) 3. PETERS, G. MAHEN, 14 th symposium (Internatlonal)on combustion. The
combustion Institute, Pittsburgh, 1973, 133.

(5) C.K. WESTBROOK Combustion Science Technology 20 (5), 1979.

(6) D.L. BAULCH and col. Evaluated Kinetic Data for high temperature
reactions. Butterworths London, 1972, vol. 1.

(7) A. FONTIJN, M.A. CLYNE. Reactions of small transient speacies.
Academic Press, 1983.

(8) Chemical kinetics and photochemical data for use In stratospheric
modeling, NASA, 1985, J.P.L. publication 85-37, C.I.T., Pasadena
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PSEUDOFLAME FRONT FOB METHANE IN A LEAN METHANE AIR MIXTURE

Marcel Vanpee
Chemical Engineering Department

University or Massachusetts
Amherst, HA 01003

This paper deals with the ignition phenomena observed when a hot

laminar jet of inert gases Is injected into an air fuel combustible mixture.

The paper concentrates especially on the air methane mixtures where a

special and interesting phenomenon has been observed.

The normal Ignition process is a series of reactions In the center of

the jet which produce enough heat to prevent the lowering of the jet

temperature owing to heat losses by conduction. A luminous column always

precedes the actual ignition.

Methane does not follow this normal ignition process. Figure 1 shows

that the Ignition diagram is quite different from a normal one. First there

Is no preignition glow region. The region where no luminosity is observed

changes abruptly to the point where the column branches into explosion.

Secondly the limit of ignition no longer has a minimum in the flammable

range but continuously decreases with decreasing concentration of methane

and is prolonged to the lean side by a curve which limits a new zone. In

this zone a luminous region of special shape appears in the jet. Tnis

luminous zone is shown in Figure 1. Unlike the usual preignition glow, this

glow has sharp edges. The glow is strongest not at the axis of the jet but

at. its outslae boundary, giving the Impression of an inverted flame front

with its apex anchored at the center of the jet. The analogy of this

pseudoflame with a true flame is superficial since the luminous reaction

zone is self-propagating only under the critical conditions of the

experiment.

In order to get insight into the pseudoflame phenomenon, radial and

longitudinal concentrations and temperature profiles were taken within the
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jet. These profiles demonstrated that the luminous zone is a zone of fast

reaction and that no reaction at all occurs in the dark zones. To explain

the sharpness of the transition between these two zone, a branching chain

mechanism is postulated and the boundary between the two zone is interpreted

as being the geometrical locus where the branching probability (a) of the

chain reactions equals the probability (6) of rupture: u - 6 (1)

If this locus and the temperature and concentration field are known,

equation (I) can be expressed in terms of concentration and temperature

alone. This program was carried out experimentally and led for equation (1)

to the following expression:

[o0
0 k exp E/RT (2)

LCH4T

with E - 40,000 cal/mole and k - 4. 2 x 10
- 6

.

In terms of a branching chain mechanism, equation (2) indicates that

the oxygen molecule is in the branching chain process. Methane acts in

the opposite direction and therefore would be associated with the chain

breaking process. These opposite effects of the oxygen and methane

molecules are illustrated by a simple experiment. If the temperature of the

jet is raised and if the methane and oxygen concentration, remain unchanged,

the reaction zone moves upstream in the jet. The same effect is found if

the temperature of the jet is maintained constant but if the oxygen

concentration is progressively raised by changing the oxygen index of the

outside atmosphere. If, however, the oxygen index is maintained constant

but the methane concentration raised, the reaction zone moves downstream.
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This experiment snows clearly the innibiting properties or methane on its

own combustion. A searcn for a reaction mechinism is %nderway.

1,300

O Onset of pseudotlames
* Limit for ignition

ignition limit
1,250

Pseudof lames
C-LAJ

1,200 -

1,150
05 0

METHANE IN AIR, percent

FIGURE 1. Ignition of Methane Air Mixtures by Hot Nitrogen. Jet diameter

17 mm. A: Pseuooflame in a Jet of Hot Nitrogen Flowing Into a Lean mixt ;re

Of Metnane Air.
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DILUTE HYDROCARBON OXIDATION IN THE PRESENCE OF THE

CO/H 2 0/O 2 REACTION BETWEEN 960-1250 K AT I ATM

R.A. Yetter and F.L. Dryer

Department of Mechanical and Aerospace Engineering

Princeton University

Princeton, NJ 08544

The carbon monoxide - hydrogen - oxygen reaction, seeded with small

quantities of hydrocarbons, is studied to yield information on specific

elementary reaction rates and on general mechanistic behavior of the overall

reaction. Experiments are conducted in an atmospheric flow reactor between

960 and 1250 K from which stable species concentrations and temperature

profiles are obtained as a function of flow reactor position (or equivalently,

time). Detailed modeling calculations and sensitivity analysis techniques are

used to guide and analyze the experiments. The carbon monoxide reaction is

used to produce a controllable bath of H, 0, and OH radicals in large

concentrations with which the hydrocarbon can interact. The reaction

chemistry of the hydrocarbon is studied by evaluating the disappearence

profiles of the hydrocarbon and its relations to and perturbations of the

reacting bath characteristics. In particular, the elementary reactions of

hydroxyl radical with methane and with propene were studied at 1020 K and

12 3 -lI -lI
values for the specific rate constants of k CH4+Of= 1.6x101 cm molec 8 and

12 3 -Il -
1

k =31+1 8.0X1O cm mo lec a were obtained. The value for the CH4 + 014
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rate constant is in good agreement with current literature values (e.g.,

Hadronich, S. and Felder, W. , Twentieth Symposium (International ) on

Combustion, 1984). Rate data for direct comparison with the measured C 3ii +

OH rate constant is unavailable; however, the present value is in agreement

with the high pressure rate constant theoretically predicted by Saith et al.

(Smith, G.P., Fairchild, P.W., Jeffries, J.B., and Crosley, D.R., J. Chem.

Phys. 89, 1985). The technique is presently being applied to the reaction of

ethyl radicals with molecular oxygen and the ethyl thermal decomposition

reaction.
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KINETIC AND CHEMICAL STUDY OF THE GAS-PHASE

OXIDATION OF ISOBUTANE AND PROPANE

by B. VOGIN, G. SCACCHI and F. BARONNET

Dpartement de Chimie-Physique des Ractlons, U.A. 328 CNRS

INPL-ENSIC, I, rue Grandville - F 54042 NANCY France

Despite a large number of investigations of the mechanism of gas-
phase oxidations (especially of alkanes), some problems have remained un-
resolved. They are mentioned in a paper published a few years ago by S.W.
BENSON and P.S. NANGIA (1). Among these problems, there are still contro-
versies about the free radical mechanism, especially the reactionsof HO2.
and the role of OH. as chain carrier, the self reactions of R02., the ini-
tiation reactions and the isomerisation steps of R02 . There is also a gene-
ral lack of reliable rate data for the elementary steps and this seems to
justify further experimental investigations.

The slow oxidation of light alkanes (from C2 to C5 ) have been so
far accounted for by two theoretical reaction schemes:
- a mechanism developed by FISH and co-workers (2) emphasizing the role of
the isomerisation reactions of alkylperoxy radicals R02. ;

- the olefinic theory proposed by KNOX (3) ; according to this theory, the
conjugate olefin is the dominant reaction product, up to 80 % ; the reac-
tion products come from the subsequent reactions of the olefin.

FISH ( 2) tried to unify these two theories into a single general
mechanism. However, the elementary steps have to be described in more de-
tail ; it is not obvious that the oxidation of light alkanes is a purely
homogeneous reactions and it is sometimes suggested that the olefin for-
mation might be heterogeneous.

In order to contribute to a better knowledge of the oxidation me-
chanism of light alkanes, we have studied the slow oxidation of isobutane
and propane at slow extents of reaction, at subatmospheric pressures, in
the temperature range 300-350*C, in a static reaction vessel made of Pyrex.
For each reaction, the major primary products are identified and measured
by GLC after expansion and quenching in a aiam~lng bulb. Trace amounts of
peroxides are measured by chemiluminescence (t).

In the case of the slow oxidation of isobutane, the primary pro-
ducts of the reaction are : isobutene, isobutene oxide, propene, formal-
dehyde, propionaldehyde and acetone, peroxides and water. The product dis-
tribution is given in Table I.

DISTRIBUTION OF THE REACTION PRODUCTS EXTRAPOiATED AT ZERO TIME
(H20?- HZO AND CO EXCLUDED)

PROPANE CiH5  CI43CHO HCHO CH3 _C"I _C" 2 C2H4 CH2 -CH2 C2HSCtuo
IN -0

2 PRODUCTS 72.Z 14.S 9.3 3.3 0.7 c 0 t00 %

c2NSCuO CuJ 3 - "- CH3ISOBUAHE f C4 18  NC CN2 C3 6 CHI - -CHO
C H 3 C O CH J o" - " ,

0 CDl2 -o 0,cu 3

SPRODUCTS 61.3 12.3 S.6 9.5 2.4 2.7 eanot, 0 100 %

Table I



1-62

Taking into account these products and the present knowledge of
radical oxidation reactions, we are able to put forward a radical scheme

accounting for the formation of these products. Since, as mentioned before,
there are not enough experimental rate data for these radical steps, we
have estimated the Arrhenius parameters of nearly all these elementary
steps by the methods of Thermochemical Kinetics proposed by BENSON (5), The
calculated values obtained in our experimental conditions have been compa-
red to ourexperimental results. The agreement is generally good and the
following results have been obtained ;

- the chief primary product (67 %, see Table I) is isobutene and there is
a parallel formation of isobutene oxide. An outline of the corresponding
reaction scheme is given in figure 1. Our results are compatible, taking

into account the estimates of the
*CA. *rate constants, with a negligible

N direct route for olefin forma-
S.tion and also a negligible hete-

I.- - t. -tz rogeneous formation of the con-

jugate olefin

11'} L) - ketones (acetone) and aldehy-
i.., des (acetaldehyde) come from al-

t.- t- to,. - koxy radicals RO., probably for-
*.L  med by the disproportionation of

peroxy radicals R02 .

11.) ., 2 RO2. --- > 2 RO. + 02

7'° - the small quantities of pero-

. sides (hydrogen peroxide, hydro-

s-s. yperoxides) are formed by hydrogen
transfer reactions of H02. and
RO2. radicals ;

- water comes from the hydrogen
transfer reactions of hydroxyl

radicals which become important
chain carriers in the early sta-
gas of the reaction ; an accura-

te measurement of water formatiai
is rather difficult to perform.

The detailed reaction mecha-

Fig. I nism and the corresponding rate
constants will be given in the
poster.

Since experimental errors cannot be completely excluded and becau-
se the methods of Thermochemical Kinetics only give estimates of the rate
constants, we have thought that it might be interesting to study another
example according to the same methods ; we have chosen the oxidation of

propane.

The slow oxidation of propane yields the following primary producs:

propene, propane oxide, ethylene, formaldehyde, acetaldehyde, peroxides,
water and trace amounts of oxetane (trimethylene oxide). The distribution

of the reaction products is given in Table I.

At first sight, it appears that the products are very similar to
those obtained in the case of isobutane oxidation, which suggests that the
two reactions have a substantial number of common features.
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Propene is the largely dominant reaction product (72 2, see Table
I) and its formation is mainly due to the decomposition of the isomerised
alkyl peroxy radical ; the propene fraction due to heterogeneous steps can
be neglected. There is also a parallel formation of propene oxide. Here
again, the aldehydes (acetaldehyde and formaldehyde) come from the decom-
position of alkoxy radicals. The substantial amounts of water are accoun-
ted for by the reaction of OH.

In this case again, we have built the proposed reaction scheme
from the product distribution and estimated the corresponding rate cons-
tants by the methods of Thermochemical Kinetics.

These parallel experimental investigations of the slow oxidations
of isobutane and propane show that both reactions can be described by a
single reaction mechanism. The only difference consists in the numerical
value of the rate constants for the elementary steps. From a mechanistic
point of view, our results, corroborated by Thermochemical Kinetics
calculations, show the importance of the isomerisation steps of alkyl

peroxy radicals by intramolecular hydrogen abstraction. These steps are
necessary if we want to account for the product distribution.

The present work stresses the role of Thermochemical Kinetics to
identify the major kinetic steps in a complex reaction mechanism.
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A SI Nill I ILI (IEN I(.,i K INEI IC REAC'I ION MECIIAN I SM

FOR PROPANE OXIDATION

A.Y. ABDALLA*, J.C. BOETTNER, N. CATIIONNET, P. DAGAUT, F. GAILI.ARD

C.N.R.S., Centre de Recherches sur id Chitmie de la Cumbkistiun

et des Ilautes Temp6ratures, 45071 Orl6ans-Cedex, France.

The provision of a realistic accurate chemical mechanism is essen-

tial for the successful modelling -it the combustion processes. The use

of simplified schemes, yet still reproduce experimental data over wide

ranges of operating conditions, recently has been recommended as a practi-

cable approach (1, 2).

A simplified kinetic mechanism for the oxidation of propane was

proposed. The mechanism was built up by eliminating the unimportant reac-

tions from a comprehensive chemical kinetic reaction mechanism ior the

oxidation of propane (3). The elimination was based on calculating the

percentage contribution of an elementary reaction to the tutal net rate

of formation or consumption of a species. If the percentage contribution

of a reaction was less than 5% over the whole working temperature range,

that reaction was eliminated. The elimination process was carried out

for equivalence ratios varied between 0.6-1.5.

Ilowever, it was possible to form the simplified mechanism from

23 chemical species and 55 elementary reactions instead of 41 chemical

species and 168 elementary reactions in the case of the comprehensive

mechanism . The simplified mechanism and the used rate coelfi' ients in

the present work are given in Table I. Reverse reaction rates have been

calculated from the equilibrium constants computed from thermodynamical

data (4). In the mechainlm, the propanie is assumed to decimpose ind react

thermally to form lower-molecular intermediate hydrocarbon followed by

the reaction and oxiddtion of these intermediates to final produ(its.

A numerical simulation to simulate the condition behind the relle(-

ted shock wave was carried out. ThIIen, the mechanism was used to Itploduce

the experimenital resuli s, ignl ion delay t ime, ilhtained I ru's' I i s i'.,'-

' On leave from Zagazig University, Egypt
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Tahle(1): Simplified Hechaism for Propane Oxidation , Reaction Rate
Coefficients (Caiol-s-keat) aad Sesitivity 0(6ifficients

no. Reaction A n F Reference S

I- H H INER H2 INER +.6396E*18 -1.0 +0.00 WARNA.84 -2.884
2- H H02 H2 02 +.2500E+14 +0.0 +0.69 WARNA.84 -2.884
3- H H02 OH OH +.ISOOE+15 +0.0 +1.00 WARNA.84 -2.142
4- H OH INER H20 INER +.7595E+22 -2.0 +0.00 WARNA.84 -2.142
5- 0 H2 O H ..15OOE+O8 +2.0 +7.55 WARNA.84 -2.237
6- H02 H02 H202 02 +.2000E+13 +.00 +0.00 WARNA.84 -1.675
7- H 02 INER 1102 INEL +.7875E+16 +0.0 +0.00 HACK .77 -2.884
8- H 02 OH 0 +.2200E*15 +0.0 +16.80 BAULC.73 -0.168
9- H202 O H20 H02 +.7000E+13 +0.0 +1.43 WARNA.84 -3.315
10- H202 INER O OH INER +.IOSOE+18 +0.0 +45.41 BAULC.73 -2.884
11- H202 H H2 H02 +.1700E+13 +0.0 +3.75 BAULC.73 -2.142
12- H02 0 o 02 +.2000E+14 +0.0 +0.00 WARNA.84 -2.884
13- H2 O H20 H +.1OOOE+O9 +1.6 +3.30 WARNA.84 -2.884
14- H20 0 O O +.1500E+il +1.14 +17.26 WARMA.84 -2.884
15- H02 OH H20 02 +.2000E+14 +0.0 +0.00 WARNA.84 -2.142
16- 0 0 INER 02 INER +.0997E+18 -1.0 +0.00 WARNA.84 -2.884
17- 0 H INER O INER +.5425E+17 -0.6 +0.00 DII L.81 -2.884
18- CO H02 C02 O +.1750E+15 +0.0 +23.60 BAULC.76 -2.884
19- CO OH C02 H +.6220E+07 +1.5 -0.74 WARNA.84 -2.998
20- HCO 02 CO H02 +.3300E+14 -0.4 +0.00 VEYRE.81 -1.998
21- HCO INER H CO INER +.2500E+15 +0.0 +16.80 WARKA.84 -2.454
22- HCO OH CO H20 +.5000E+14 +0.0 +0.00 WARNA.84 -2.112
23- HCO H CO H2 +.2000E+15 +0.0 +0.00 WARNA.84 -2.454
24- NCO 0 CO OH +.3000E+14 +0.0 +0.00 WARNA.84 -1.897
25- CH4 INER CH3 H INER +.3200E+18 +0.0 +88.43 WARNA.84 -2.237
26- CH4 OH C113 H20 +.1090E+06 +2.14 +2.11 COHEN.83 -2.136
27- CH3 0 CH20 H +.7000E+14 +0.0 +0.00 WARNA.84 -2.884
28- CH20 O HCO H20 +.30009+14 +.00 +1.20 WARNA.84 -2.884
29- CH20 R HCO H2 +.2500E+14 +0.0 +3.99 WARNA.84 -2.884
30- CH20 0 HCO OH +.3500E+14 +0.0 +3.51 WARNA.84 -2.202
31- CH20 H02 NCO H202 +.1300E*13 +0.0 + 8.00 LLOYD.74 -0.959
32- C2H6 O C2H5 H20 +.8700E10 +1.05 +1.81 TULLY.84 -2.884
33- CH3 CH3 C2H6 +.24100E15 -0.40 0.00 WARNA.84 -2.884
34- C2H5 02 C2H4 H02 +.2000E+13 +0.0 +5.00 WARNA.84 -2.884
35- C2H4 OH C2H3 H20 +.3000E+14 +0.0 +2.99 WARAN.84 -0.836
36- C2H4 O CH3 CH20 +.1750E+13 +0.0 +0.96 WESTB.83 -2.884
37- C2H3 C2H2 H +.1600E+15 +0.0 +37.80 WARNA.84 -2.884
38- C2H3 02 CH20 HCO +.4000E+13 +0.0 -0.25 GUTHA.84 -2.884
39- C2H2 02 HCO HCO +.4000E+13 +0.0 +28.00 GARDI.68 -2.884
40- C3H8 C2H5 CH3 +.1700E+17 +0.0 +84.84 WESTD.84 -0.335
41- C3H8 OH NC3117 H20 +.1026E+03 +2.61 +0.331 COHEN.82 -0.701
42- C3H8 O IC3117 H20 +.1074E+02 +2.71 -1.438 COHEN.82 -0.701
43- C3H8 H02 NC3117 H202 +.I120E+14 .0.0 +19.40 WESTB.85 -1.018
44- C3118 H02 1C3117 H202 +.33909+13 +0.0 +17.00 WESTB.85 -1.018
45- C3H8 it NC31!7 112 +.5620E+08 +2.0 +7.70 WESTB.84 -0.864
46- C3H8 H IC3117 H2 4.8700E+O7 +2.0 +5.00 WESTD.84 -0.864
47- C3H8 0 NC3117 O ,.1120E+S +0.0 +7.8S WESTB.8S -2.884
48- C3118 0 IC3117 OH +.2820E+14 +0.0 +5.20 WESTB.85 -2.884
49-NC3H7 C2114 CH3 +.9500E+14 +0.0 +31.00 WESTB.84 -2.884
50-IC3H7 C2114 C113 +.2000E+11 0.0 +29.50 KERR .59 -2.884
51-NC3H7 C3"6 H 4.1250E+15 +0.0 +37.00 JACKS.61 -2.454
52-1C3H7 C3116 H +.6350E+14 +0.0 +36.90 KERR .59 -2.454
53-NC3117 02 C3116 1102 +.2O00E+13 +0.0 +5.00 WESTB.84 -2.454
54-TC317 02 C,1116 1102 +.1OOOE+13 0.0 +5.00 WISTD.84 -2.454
55- C116 Off C2115 CH20 +.7900F+13 +0.0 0.00 WESTR.85 -1.485
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tubes (5). The comparison between the experimental and calirlated results

is ;ow in Fri6 . I. A fair agre.teiaL , 6e;,eral !-y II iiie LZ~ht iiug I ilgcb .~

observed.

Then, the mechanism was subjec-

to a sensitivity analysis using the........,,, -, 0
"brute force" method. A sensitivity ,.....

coefficient, S, was defined: * , ** ** .,

0
S = log 'CIt I log( k/k) 0 0 .........

where &t is the change in the ignition :S

delay time,r , due to &k change in the

rate coefficient k. The sensitivity co -

efficientin case of stoechiometric pro- . -0.-

pane-O 2 mixtures was calculated and ta-

bulated in Table I. It can be seen that

the calculated ignition delay is sensi-
-0ive to the rate coefficients for the u -

reactions involving C3 118 , in particular

the thermal decomposition step R(40). fgI

There is also a big influence of rate i0

coefficient of chain branching reaction I

1(8). r0
The mechanism can reproduce also y

the burning velocity. Further, when the -20

mechanism used to reproduce the experi- tO4lX

mental results, obtained from. a jet-st ir- C.pariAson between elperlental Ignition
derby end tacut;ted ones. Solid Lnt (to

red reactor operated in intermediate *urca cc ci. (c19). SyI bols ate caicula-

temperature range up to tO atmospheres ted using the .chmnis.

(3), the computed results were too far from the experimental ones. However,

it can be concluded that the simplified mechanism is only suitable to

reproduce global informations and not detail kinetic ones.
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GAS-PHASE OXIDATION OF BENZENE AND DERIVATIVES; FORMATION AND FURTHER

CONVERSION OF PHENOLS

R. Louw and P. Mulder
Center for Chemsitry and the Environment
Gorlaeus Laboratories, The State University of Leiden
P.O. Box 9502
2300 RA LEIDEN, The Netherlands

ABSTRACT

The gas-phase oxidation of benzene and derivatives Is Important in
the chemistry of the atmosphere and in combustion. Our study deals with
kinetic and mechanistic features of the oxidation of arenas between
400-1000K.
A detailed thermokinetic outline is given for the formation of phenol
from benzene, the major arene derived product at low degrees of conver-
sion. Data on the kinetic h/D isotope effect support our mechanistic
Interpretation.
However. phenol is not a stable compound under the reaction conditions
employed. At moderate degrees of oxidative degradation dibenzofurane (DBF)
was found to be a major product. DBF and chlorinated DBF's are observed
in stack gases of waste incinerators. The mechanism(s) of DBF's will be
discussed.

/4
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liLh-Te.aparat.ire Propane Oxidation
1...Moshki~ia, :3.S.Po]yak, L.B.Romanovich

iostit.Ate of Che'ical Phjsico, Acade, oft iciences of th_ ;)L bJ

Propane oxidation has been studied by the kinetic tracer

-1 0method (pjrex roactor, s/v = 0.7 and 12 cai- , T = 455 C, p = 170

torr. About 1 A propjlene dif'erentlj labeled with 14C wan added

to an e.uimolecular propaee/ oxjgen mixture.

The qualitative composition of radioactive L[pecieb ws: C It6 ,

0a 4 , 1H20, CH3OH, CH3 CHO, 0,160, CH CDCH3, sa:ae as fov oxidatiori

at 31 3 C, but for C3 H6 , C2H 4, 0 3 H6 0, CO2 the jields w.ere hither,

and for CH liO, CH3 3OH lower. Propylcrne oiide had one recut'-or -

proplene, while other species were forned both from propene arfo

propjlune.

The radioactivitj distribution at 4550C NaL difCerent fvutn tLslt

for lQ-temperature oxidation - a larier part of CH 3CEO, C1 2 0,

CH 3 OH, CaH4 were generated b. propjlene.

Use of the dlf'erentl. labeled propylene revealed its reactvit,

in Ch 3 CHO, CH2 0, ol3OH, and C02 H4 formation. The probabilitt of

CH3 CHO deeration b, groups 1-2 and 2-3 iab approxiinat,;Ij thu uou.

At 313 0 the pr';bdbilit, of 0ii )CHO foi:nation fromu guoups 1-2 ki'd

2-3 nao 0.j and 0.7, roLpectivelj. This suz..e.tea that the

subsequont propjlene reactions were due to addition at the double

bond, rather thun to formation of slll radicals.

At 3)3°0 an Increase in s/v to 12 cm " 1 cupletv'dj stopped the

reaction, while at 4550 C the maximum rate decreased - 4-fold, ana

the induction period increased - 3-fold. The compoition of

species und the radioactivit, distribution were the a.'ne as for ar,

unfilled reactor. It waz; fotuid fru the kineticu of the acdcd

acetaldehjde accumulation at 313 0 C that in lov-temperature proj,:ao

oxidation CHCHO vas the br'anchin S agent.

3A
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THE INITIAL STAGN OF JWTHANR OXIDATION AT HIGH PRESSURES

Vedeneev V.I., Goldenberg N.Ya., Gorban' L.I., Teitelboim M.A.

The kinetics of methane oxidation at high pressures has been

studied in a number of works, Nobody, however, has specially inves-

tigated its initial stage. Nevertheless, the initial stage can mar-

kedly affect the course of the process as a whole.

The object of the present work is to construct and analyze on a

computer an isothermal kinetic ruodel describing the mechanism of the

initial stage of methane oxidation at high pressures (PI;! 50 atm.)

and moderate temperatures (T - 600 K).

A mechanism has been proposed for the initial stage of the pro-

cess, represented by a combination of elementary reactions and Arrhe

nius' expressions for the rate constants of each one of them. The

constants of controlling elementary reactions were specially analyze

based on the presently available experimental and theoretical data.

The initial oxidation stage, experimentally revealed as the in-

duction period of a degenerated branching process,has been establi-

shed to constitute a branching reaction proceeding under certain

quasi-stationary conditions characterized by approximate equality of

the branching and the quadratic termination rates. The combinations

of reactions resulting in chain branching have been ascertained, ane

the influence of each one of the quadratic reactions on the kineticE

of the oxidation process initial stage has been investigated.

The proposed mechanism of the initial stage of methane oxida-

tion qualitatively describes the experimentally revealed kinetic re-

gularities and explains the formation of the principal oxidation

products, methanol, formaldehyde and water, but, naturally, does nol

account for their subsequent transformations, since only the very

first stae .of the process is invol.ved.
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TITLE: Kinetics of the Halogen Catalyzed Elimination of HCL from 1,1,1-
Trichloroethane.

AUTHORS: A.S. Rodgers and P. Jerus, Department of Chemistry, Texas A&M
University, College Station, Texas 77843 U.S.A.

In the halogen catalyzed elimination of HCL from 1,1,l-Trichloroethane

the rate limiting step may be either (1) or (2).

CH 3CC13 + X * GN2CCI3 + HX (1)

CH 3CCI 3 + X + CH3CCI2 + XCl (2)

If one estimates the C-H bond dissociation energy in CH3CCI 3 as -104
kcal mol

-
1, based on CI 3CF31; and the C-Cl bond energy as -73 kcal mol

-1
,

based on C2CI6
2
; the thermochemistry of the four possible reactions for X-Br

and I can be estimated as:

CH3CC1 3 + Br + CH2CCl 3 + BrH AH. - 16.5 (3)

CH3CCI 3 + Br + CH3CC1 2 + ErCI AHO - 20.8 (4)

CH3CC1 3 + I + CH 2CC1 3 + IH AH; - 32.7 (5)

CH3CCl 3 + I + CH 3 lCl2 + ICI 6H; - 22.8 (6)

Based on these estimates one would expect the rate limiting steps (and

thus the mechanism) to be different for Br2 catalysis compared to 12 cataly-

sis. These reactions have been studied in the gas phase from 560 to 640 K and

their kinetics determined manometrically and stoichiometry verified by g.l.c.

analysis.

The reaction of bromine with CH 3CCl 3 was first order in CH3CCI 3 and the

first order rate constants depended on (Br2 l1/2. The amount of CH2 - CCI 2

formed was In good agreement with the increase in pressure (AP) for less than

502 conversion and only traces of CI 3CHCl2 was found even when 150 torr of HBr

was added to the reaction. These data are consistent with the following

mechanism for the bromine catalyzed reaction.

• _ m ~ mm4
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Br2 p 21r gBr

CH 3CCl 3 + Br i & 2CC13 + HBr (3)

CH 2CCI 3  + CH2-CCl 2 + Cl (7)

Cl + HBr * HCl + Br (8)

/2
For this mechanism; Rate - k3KBr (Br2)I2 (CHC)

The rate of the reaction was reduced by only 72 when 145 torr of HBr was added

to the initial reaction mixture which indicates that k7 ) k 3 (Hr) under the

experimental conditions.

From a consideration of similar reaectonsl.
3-
4, we have interpreted

the data obtained for k 3 to yield: log (k3/W
1
s- ) - (11.30 t 0.3) - (19.94

0.82)10 vhich fits the observed rate constants with an average deviation of

82.

One can estimate 9 3 - 3 i 1.5 kcal mol
-
1 from similar reactions1,

3 
so

that AH3(298) - 16.2 kcal mol
! 
and DH*(CC13CH2-11) - DH*(H-Br) + 16.2 - 103.7

kcal mol
-

.

In preliminary experiments at 600K it was also found that Z2 catalyzed

the decomposition of CH3CCl 3 to yield Cu2 - CCl 2 and 1lC and that, at less

than 50! conversion, the agreement between AP and the extent of reaction as

determined by g.l.c. analysis was excellent. This showed that only the eli-

mination of HCI was taking place. However, when HI was added to the initial

reaction mixture d(AP)/dt was noticeably decreased and CH3CHC12 was a major

product. This suggested that reaction (6) rather than (5) was rate limiting

and that the mechanism for the 12 catalyzed reaction was:

I -- m ml ta m mmmsm m
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12 ! 21 KI

CH 3CCI 3 + I - CM3 CC1 2 + ClI (6)

CH 3CC 2 + 12. CH 3CCl 2I + I (10)

CH 3CC1 2I + CH2-CC1 2 + HI (11)

HI + CI + HCI + 12 (12)

Making the steady state assumption and assuming that reaction(s) (12) will

keep the concentration of ICI low, one then obtains: Rate -

k6KII/2(12) 
1 2

(CH3CC1 3).

This is the concentration dependence observed experimentally over an

eleven fold variation in (CH 3CC1 3)/(12). An analyses of the rate data from

565 to 610K resulted in log (k6/-s
- 1

) = (10.65 ± 0.16) - (23.25 ± 0.4)/a.

If one assumes that E6 - 0±1 kcal mol
-
1 based on the results of similar reac-

tions with 12 and Br 2
5
, then AM6*(298) - 23.5 kcal mol

1
- and DH*(CH 3CC1 2-Cl) -

DH*(I-Cl) + 23.5 - 73.8 ± 1.5 kcal/mol.
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COMPUTER PROGRAMS AND DATA BASES
FOR THE KINETICS OF GAS PHASE REACTIONS

G.M. COME, G. SCACCH[, Ch. MULLER, P.M. MARQUAIRE and P. AZAY

CNRS (UA 328), INPL (ENSIC) et Universit6 de NANCY I

1. Computer programs and data bases have been built for the mechanistic

modelling and the simulation of gas phase reactions. Only specific comments

on the system (fig. 1) will be given here.

Building the reaction mechanism is achieved by a program, which is

able to write the complete list of the primary elementary processes of the

reaction from the list of the reactants. Generally, the mechanism is very

impressive and should be reduced at the moment by hand. Progresses in this

field are expected from expert systems (see below).

The thermochemical data of molecules and free radicals are

computed by the methods of the thermochemical kinetics, developped by

BENSON. The only data needed for these calculations are the structural

formulae of the compounds. In the future, the kinetic parameters will be

found in a bibliographic data base and the methods of BENSON for the

kinetics will be programmed (see fig. 2) ; the number of data will be

increased and the consistency of all types of data (thermochemical, kinetic,

bibliographic, computerized) will be checked and improved.

From the mechanism and the associated data, a compiler furnishes

the rate laws as a function of current concentrations and temperature.

The above programs and data bases involve the usual problems

encountered in computer chemistry : - external and Internal coding of

chemical structures, reactions and of their properties - algorithms of

canonicity, searching for substructures - relational data base operating

system.

The simulation of the reaction in a given reactor needs to solve

the material, energy and momentum balances. As it is well known, the corres-

ponding algebraic or differential equations remain difficult to solve,

because they are very stiff, coupled and non-linear. Various numerical

algorithms have been used or tested, from the simplest ones up to more

sophisticated.

2. Applications of this system have been achieved in the case of the

pyrolysis of neopentane and propane at high temperature, the chlorination of
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ethylene (CHLOE Process, ATOCHEM), the thermal reaction of chlorine and

methane (BENSON's patent), etc... It has been shown, in the case of

neopentane pyrolysis, that the same mechanism accounts for experimental

results in the temperature range 700-1300 K and from KNUDSEN pressures to

around I atm. This is in favour of using such fundamental models for

engineering purposes.

3. Which is the state of the art in this field ?

One of the first attempts to solve complex reaction mechanisms has

been that of EDELSON (BELL Co.). The programs by the NASA and SANDIA

laboratories for chemical kinetics (respectively NASAKIN and CHEMKIN) have

been developped for simulating reactions and include thermochemical data

bases ; these codes are well documented. Another program, SPYRO, specially

devoted to pyrolysis reactions, has been developped by KTI. The most

prominent feature of this program is its ability to cope with very complex

mixtures. This is due to the central concept of lumping both components and

reactions.

4. What are nowadays the prospects ?

They concern both the kinetic themes and the methodology.

The kinetic themes include both fundamental (elucidation of

complex reaction mechanisms, determination of thermochemical data of

molecules and free radicals, and of kinetic parameters of elementary

processes) and engineering objectives (energy, chemicals, ecology).

The core of the elucidation of complex reaction mechanisms is the

generation of the mechanism itself ; the method described here is far from

being satisfactory : simultaneously, too much and not enough processes are

generated, because no stoichiometric and kinetic knowledges are put in the

machine, nor qualitative rules, nor quantitative laws or data, so that the

generating system works blindfold. The way for doing better is an expert

system, of which a general scheme is shown in the figure 3. Among others,

knowledges such as stoichiometric and kinetic experimental results,

thermochemical and kinetic data, rules for writing elementary reactions and

building reaction mechanisms, rules of lumping, etc .... have to be taken

into account.

The determination of quantitative data by the methods of BENSON

has been achieved for thermochemistry, the work for kinetics. is to be done.
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Further more increments (see fig. 2) and improvements in the fields of

oxidation and combustion are needed.

As concerns engineering prospects, the state of the art in gas
phase reactions permits us to use a mechanistic modelling for solving such

problems as improving conversion, selectivity and energy saving on existing

plants, designing new processes for producing chemicals.

Mechanistic modelling also occurs in ecology, for example in

meteorology and in safety. Regarding this last point, our thermochemical
program has been extended to CNETAH calculations.

theurea|cti o.lfl~to

I. . get . .. t ... .

Ect-1..... l#1.

Figure I
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THE THERMAL DECOMPOSITION OF n-HEXAIE

by Freddy E. Imbert end Roger H. Marshall.

University College of Swansea, Swansea SA2 8PP. United Kingdom.

The initial stages (<rn21 reaction) of the thermal decomposition of

n-hexane have been investigated in the ranges 723-823 K and 10-100 Torr using

a conventional static system with gas chromatographic analysis of the

hydrocarbon products. A typical distribution of product yields (Torr) Is

shown below for the pyrolysis of 50 Torr of n-hexane for 20 seconds at 798 K.

CH4 C2H6 C2H6 C3H6 I-C4H8 I-C5H0 H2

0.434 0.189 0.494 0.376 0.207 0.063 0.051

[The yield of hydrogen is calculated so as to maintain the C/H balance).

Plots of product yield against reaction time are linear, i.e. there Is no

sign of the self-inhibition as observed for several other alkanes.

It is shown that the overall mechanism is

C 6H t14 2 radicals (1)

-C 6H13 (C2H 4  + C4U9) + C 2 H 5 (2)

2-C6 H13 (C3H6 + C3117) 7 C3H6 + C2H4 + CH3  (3)

3-C6H13 4I-C4 8 + C2H5 (4)

3-C6 H13 5I-C5HIO + CH3  (5)

C2H 5 *C2H 4 + H (6)

H + C6H14 H 2 + C6H13 (7)

CH3 + C6H14 *CH 4 + C6"13 (8)

C2 H5 C6I14 C2 I6 C6H13 (9)

2C2H5 *C4 H10 or C2H4 + C2H6  (10)

From the data on the rate of ethane formation, we estimate

log(k 9/cm3 mol-I a
- ) - 13.30 - 17.9 kcal mol 1/(2.3 RT)

which provides the familiar curved Arrhenius plot when combined with

published data for both lower and higher temperatures. From data on product

.6
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yields, we obtain the relative yields of products from reactions (2)-(5) i.e.

decompositions of C6H 1 3 isomers to be

(2) : (3) : (4) : (5)!- 1 : 9 : 1.3 : 4.7

with a small temperature dependence. The relative proportion of the products

arising from 1- and 2-C6H 13 is in marked contrast to the corresponding

proportions in n-butane pyrolysis of about I : 3. We conclude that

isomerlation via a strain-free. 6-membered, cyclic transition state

I-CI H 2-CH16 13 6 613

occurs giving the roughly 1:10 equilibrium proportions of 1- and 2-C6 H13

estimated by us. This conclusion is supported by estimates which suggest

that the isomerisation is about an order of magnitude faster than the

competing decomposition process. Any isomerisation involving 3-C6H13 would,

at best, involve a strained 5-membered, cyclic, transition state. Simple

estimates suggest that this isomerisation has a rate comparable with or

perhaps somewhat slower than the competing decomposition. Thus no definite

conclusion can be drawn concertLing the significance, if any, of this type of

isomerisation.

The absence of self-inhibition in the pyrolysis of n-hexane and in that

of n-butane is in marked contrast to the strong self-inhibition by the olefin

products observed in the pyrolyses of several other alkanes. To investigate

this phenomenon further we have made a detailed comparison of the pyrolyses

of n-hexane and of neopentane. The self-inhibition of the latter is due

mainly to the abstraction of allyllc R from the product isobutene by the

chain carrying radical, CH3. the resultant resonance stabillsed radical then

becoming involved in termination reactions. We have calculated the effect of

a similar mechanism on the pyrolysis of n-hexane. In this case only C3B6 and

I-C4H 8 are relevant products since, while I-C5 H does have allyllc H. the

resultant pentenyl radical can unimolecularly decompose with loss of CH3 and

thus cannot lead to inhibition.
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By making sensible (we hopel) assumptions about the reactivity of C2 H5

towards allylic H, we estimate for 798 K and 50 Torr n-hexane

(Inhibited rate)/(Uninhibited rate) - l( + 20f) where f is the fractional

extent of reaction which may be compared with the ratio 1/(I + 117f) which we

estimate from published data for neopentane in the same conditions. The

implications of these two expressions are illustrated in the diagram as plots

of f against reaction time for the stated conditions. For neopentane a

pronounced curve is obtained whereas for n-hexane, the curvature is so slight

that the experimental results are very well fitted by a straight line even

though, as illustrated, there is some inhibition of the reaction. The

fundamental reason for the difference lies in the fact that C2 H5 is much less

reactive than CH3 towards abstraction of H.

n-hexane 0

f /

• J/ neopentane

0.01 (off-set by 5s

//

7 0 calculated point

U experimental point

/1full line: inhibited reaction
broken line: uninhibited reaction

o.o I I
0 10 20 time/s 30
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Chain kineti 3 in igniting hydrocarbon-air mixtures studied by transient
OH fluorescence following photolytic pertubation

C. Porley and L.3. Kirsch

Shell Research Ltd., Thornton Research Centre, P.D. Box 1, Chester,
CHI 3SH, 11

The chemistry leading to autoignition of hydrocarbon-air mixtures

is complex but a simplified model of the kinetics has been developed (1, 21

which can account for much of the observed behaviour below about 850 k.

This has recently been extended 131 by improving the interpretation in terms

of fundamental chemistry for alkanes but even so a number of important

parameters are empirically fitted (in a non-unique way) from ignition delay

measured in a rapid compression machine. The present work uses a new

experimental method to verify the general features of the model and to

determine its parameters experimentally.

Cool flames in n-heptane air mixtures have been stabilised at

atmospheric pressure on a flat flame burner. The mixture is heated in a few

tens of milliseconds by passing through an electrically-heated porous board

made of sintered metal fibres. A cool flame develops downstream sometimes

followed by a, second stage of ignition. OH was detected by fluorescence

induced by an excimer pumped doubled dye laser at 282 nm. Initial

experiments found unexpectedly large OH signals from the region between the

cool flame and the second stage of ignition. However, the signal was found

to be dependent on the square of the laser intensity suggesting that the OH

was being prcduced photolytically. At low intensities natural OH with a

fluorescence signal proportional to the laser intensity could be detected

with a sharply peaking concentration in the cool flame, as expected.

By detecting the OH with a second lower powered dye laser fired a

variable time after the first the decay of OH back to its steady state
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concentration following its photolytic production could be observed. A

similar peturbation method has previously been used in hot flames by Chou

and Dean [4]. By observing the dependence of the signal on the wavelength

of the photolysis laser the photolytic species was shown to be a peroxide,

probably hydrogen peroxide. In the post cool flame region the OH decay

could be fitted over a thousand fold drop in concentration to the sum of 3

exponentials. The interpretation is in terms of the generalised model [I,

3) shown in the figure. The initial fast decay is ascribed to the reaction

of OH with the fuel (ki). The second slow decay is essentially determined

by the termination rate (k3) after the OH and R02 have equilibrated. The

slowing to the third rate is caused by decomposition of the branching agent

(k6) becoming significant. The results show that the kinetic chains are

short, with the propagation, termination and branching rates all of

comparable size. This contrasts with earlier formulations of the model

(1-3] but is consistent with the conclusions of Baldwin et al [5]. The

experimentally determined rates were consistent with those derived from

literature rate constants where these were available.

1. M.P. Halsteed, L.J. Kirsch, A. Prothero, C.P. Quinn, Proc. Roy. Soc.

Lond. A346 515 (1975)

2. M.P. Halstead, L.J. Kirsch, C.P. uinn, Combust. Fl. 30 45 (1977).

3. R.A Cox, J.A. Cole, Combust. Fl. 60 109 (19E5).

4. M.S. Chou, A.M. Dean, Int. J. Chem. Kinet. 17' 1103 (1985).

5. R.R. Baldwin, 0.R. Drewery, RW. Valker, J.C.S. Fared II 82 251 (1986).



-J------

PROPAGATION PRODUCING
BRANCHING AGENT

k 5

k6  INITIATION

k3 TERMINATION

PROPAGATION

Chemical mechanism for initial stages of hydrocarbon oxidation



JS
MODELING NITRIC OXIDE

FORMATION
IN COMBUSTION*

James A. Miller
Combustion Research Facility
Sandia National Laboratories

Livermore, CA 94550

ABSTRACT

Nitric oxide formation under lean combustion conditions is well understood and can be
predicted accurately by the Zel'dovich, or thernial. NO mechanism. However, comuplica-
tions arise under rich conditions and when nitrogen is chemically bound in the fuel. These
situations have in common the feature that h)drogen cyanide is formed as an intermediate.

The development of a kinetic model that accurately describes NO formation under
a wide range of conditions requires a close interaction among modeling, theory, and ex-
periment. This paper will describe such an interaction. Particular topics to be covered
include

1) modeling nitric oxide formation in well-stirred reactors,

2) the conversion of HCN to NO and N 2 in low-pressure H 2/0 2 /Ar - HCN flames,

3) hydrocarbon/nitric-oxide interactions in low pressure flames,

41 the theoretical prediction of the rate coefficients for 0 + HCN - products and OH +
HCN - products.

Research sponsored by the U.S. Departmient of Energy. Office of Basic Energy Sci-
ences, Division of Chemical Sciences.
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MODELLING OF THE GAS PHASE FREE RADICAL CHEMISTRY OF THE PLASMA

ETCHING PROCESS: CF4 AND CF4/O 2 MIXTURES

I.C. Plumb and K.R. Ryan

CSIRO Division of Applied Physics, Sydney, Australia 2070

Although plasmas of CF4 and mixtures of CF4 with 02 are used widely for

the etching of semiconductors, the chemistry of these plasmas is not well

understood. A model has been developed which places emphasis on the gas

phase free radical reactions occurring in these plasmas and the

calculations of the model are compared with the experimental results of

Smolinsky and Flamm [11.

Important requirements for the model are dissociation rates and

branching ratios for the dissociation paths. Electron impact dissociation

rates for CF4 and 02 have been deduced from the experimental measurements

of consumption of CF4 and 02 in CF 4 /0 2 plasmas as a function of feed gas

composition and flow rate. Dissociation rates for other species have been

calculated relative to CF4 where cross-section data are available, or set

equal to the CF4 dissociation rate where no data are available. The

dissociation paths for CF4 have been deduced from a knowledge of the free

radical reaction rates and the stable product distribution observed down-

stream of a radio-frequency discharge by Smolinsky and Flamm. It is con-

cluded that CF2 is a direct product of electron impact of CF4 and that its

rate of production is about twice that of CF . This direct formation of

CF2 from CF4 rather than by electron impact dissociation of CF is an

important feature of the model.
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For CF 4 plasmas, the amount of CF4 consumed is low because gas phase

reactions between F and both CF 2 and CF 3 lead to the rapid re-forming of

CF 4 [21

4H

CF2  + F CF 3  (1)

CF 3  + F - CF 4  (2)

The effect of reactions (1) and (2) under conditions appropriate to plasma

etching is to hold the concentrations of CF3' CF 2 and F virtually constant

over a wide range of flow rates. When Si is added to the plasma, the

model predicts only minor changes in the concentrations of the major species

in the discharge but significant changes to the stable products observed

downstream.

In CF4/O2 plasmas, rapid gas phase reactions between 0 atoms and both

CF 3 and CF 2 13,4)

CF 3  + 0 COF2  + F (3)

CF2  + 0 - COF + F (4a)

CO + 2F (4b)

COF + 0 CO 2  + F (5)

allow the F concentration to increase, which is in accord with experimental

observations. The model is able to predict the trend of the experimental

.esults as the mixture composition and flow rate are changed. The agreement

for concentrations of the observed stable products CO, 202 and COF2 is

g.-nerally better than a factor of two over a wide range of experimental

conditions. Although the molecular fluorine concentrations predicted by

the model are lower than those observed experimentally, the total amount of

fluorine produced (F and F2 ) is in good agreement and it is suggested that

I
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atomic fluorine may have been combining on the surface of the sampling

pinhole in the experiments of Smolinsky and Flasm.

A total of 49 gas phase reactions were included in the model for

CF4 /0 2 plasmas. However, it can be shown that only 13 have important

effects on the results of the modelling. Five of these are electron

impact dissociation processes and the remaining eight are free radical

reactions. Of the eight important free radical reactions, the rate

coefficients for all except one are well established.

For both CF4 and CF4/0 2 plasmas, the calculations of the model are

in good agreement with the experimental data over a wide range of

experimental conditions. This confirms the importance of gas phase free

radical reactions in these plasmas.
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RRACTIOA' OF CF3 RADICALS ON S1O 2 and Si SURFACES BETWEEN 300-600 K
Robert R~bertson, Hichel J. Roast, and David H. Golden, Department of Chemical
Kinetics, SRI International, Menlo Park, CA 94025

The reaction between CF3 radicals and the surfaces of interest were studied in
a VLPt flow reactor whose total pressure was kept in the millitorr range. The
CF3 radicals were generated from CF3 I both by iV (248 ruu) and IR-multiphoton
photolysis, and the subsequent gas-phase reaction products were followed by
mass spectrometry and by in situ REMPI (resonance-enhanced multiphoton ioniza-
tion) of CF3 . The surface reaction was found to yield CO, 11F, CO2, COF2 and
SiF 4. The 1120 level was greatly reduced in comparison to our earA jr studies
(to IX), nevertheless, hydrogen-containing products were clearly observable,
indicating that trace amounts of water readily react with CF3.

The kinetics of homogeneous CF3 recombination, which we also measured under
our conditions on an absolute basis, served as the "clock" for the surface
reactions. The rates for the irreversible surface loss of CF3 and for the
formation of CO and other surface reaction products were measured as a func-
tion of temperature of the substrate surface, and a simple Langmuir-type
kinetic model was used to describe the heterogeneous reactions, which are
competing with homogeneous gas-phase chemistry.

The REMPI studies of CF1 indicate the real-time behavior of the radical in the
presence of the hot surface and directly obtain the sticking coefficient of CF3 .
We believe these values to be of great fundamental and practical Interest
as they represent the first values for sticking coeffiecients of radicals
that were obtained in a direct way.

4
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