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© secondary collisions between excited co'i‘ and II;‘. (3) The accommodation of
vibrational and rotational energy during collisions between CO., COE' and NO
molecules and hot platinum surfaces has been determined over a range of sur-
face temperatures. (4) Excess internal energies have been determined in nas-
cent CO and CO2 molecules formed respectively by catalytic oxidation of C and
CO on a platinum surface. An energy balance indicates that about 1/3 of the
available reaction energy is absorbed by the surface, the remainder going '
mostly into vibrational modes of product molecules.
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HW&&&%“%“Q ve have besa pursuing & program of research
- velating te the details of energy exchange processes during collisions between molecules
in the gas phase and betwesm molecules and surfaces. This research has been characterized
by a combination of methods based om supersonic free jet expansions in vacuum ul:;lecullr

besn methods with spectroecopy. Im particular, we use supersonic free jets expanding in

vacuo to bring about the collisions and Fourier Transform Infrared Spectrometry to
determine the states of one or both collision partners before and/or after the encounter,
In vhat follows we will set forth briefly what we have been able to accomplish in each of

..

- the several topics that we have investigated.
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-~ II, Achievements gnd Resulits
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<3 1, TV Excitation Cross Sections, The ability to obtainm high translational energies

by serodynamic acceleration provided the basis for some of the research that we have been

N carrying out under this program for the past several years. Our original objective was to
3 ' determine the cross sections for TV excitation of ml@leﬁ at collision velocities in the
range from 2 to 8 kilometers per second. In particular, ve vanted to measure cross
5:: sections for the excitatiom of C0, wolecules during 'colli.niou with Nj, 0y, and Ar, In
§ this velocity range, the center-of-mass collision emergies for these species range from
. 0l to 3 or s0 e¥. The resscn for interest in these cross sections stems from the belief
; that TV excitation collisions between combustion product molecules and atmospheric species
:'% may sccomt for soma festuves of the infrared radiation from the exhsust plumes of rockets
‘ flying st high altitudes. If the emcitation cross sections and their energy dependence
': } were known, it would be possible to compute the amount and distribution of radiation to be
3
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: =" - The ides of the experimmnt was to bring about the high energy collisions by opposing

s

i enset Hilsbel solessfiv Sonus{INGe Jots in the free wmleculsr flow regime). Each jot
.wan:-obtained by expandiang & mixture of one of the collision partners in hydrogen or

heliom, The intersectiom regiom of the two jets, where the high energy collisions occur,

occupied the field of view of & sensitive infrared detector. Collision energy was varied

by changing the concentratiom of the seed species in the carrier gas. To a more

circumscribed extent, the source temperature could also be varied. There are two
prerequisites to obtaining observable signals: wmolecules must become excited and they
must radiate before they leave the field of view of the detector. This latter requirement
compounds the problem of an already harassed experimenter because the radiative lifetimes
of the expected states are at least several milliseconds. The residence time of an
excited molecule in the field of view of the detector is of the order of a few times 1072
seconds. The net result is that ome can only hope to see a small fraction of the excited
molecules, the impatient ones that radiate early. By painstaking attention to many small
details such as aligoment, opticsl focussing, gareful baffling and improved calibratiom
procedures, snd after msny frustrations and disappointments, we finally succeeded in
increasing signal and reducing noise to the point where we could measure cross sections as
small as a few times 10°20cu?, We determined for the first time the TV cross section for
the asymmetric stretch mode of CO, by collisions with Ny and found thst it rises steeply
from a value of about 3 x 10~20cu? at collision energies just sbove the threshold value of
0288 eV to sbout 5 x 10717ca? at & collision energy of 2 eV. Most gratifying was the
fact that msasurements made vhen the jets intersect at 90 degrees were entirely consonant
vith those made when the intersection sngle was 180 degrees. We also obtained cross
sections for excitation of the same mode with argon, oxygen, and hydrogen as the collision
partoers. (2) Ve are now engaged in trying to carry out similar messurements with H,0 as

the species to de excited.
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o B T wavelingth rangy ¢f the InSb detector, 2 to $ microns. It happens
- thas for COy the asymmetric stretch mode is the only one that can radiate in that
interval. Ve them became interested in knowing the distribution of rotational energy in
the collisicnally excited molecules and were fortunate enough to obtain a i?ourier
Transform Infrared Spectrometer (FTIS) to see if we could spectrally resolve the
radistion. This nev task has proved to be inordinately more difficult than the
msasuremsnt of total excitation cross sections. In that case the detector was in the
vacuua system only a few c_entimtm from the collision region. In the case of the FTIS
experiment we had to "pipe" the radiation out of the vacuum system and through a window
before it could enter the spectrometer. In addition, only a small fraction of the total
radiation fell within the wavelength range for each of twenty or more rotational lines.
After nesrly three years of trying, we finally obtained a useful spectrum for an optimum
combination of collision velocity and flux density with CO; and Ny.(3) We will have to
schieve further improvements in ligul-tq-uoiu before we can make measurements at other
velocities.

ﬂu’.n first elusive spectrum reveals a distribution that can best be described in
terms of two sub-populations, one at a rotational tempersture of 64 K, the other at a
temperature of 340 K. Our tentative explanation is that the molecules in the low
temsperature group represent those which have had a single exciting collision with an Ny
molecule. We would expect low rotationsl emergies for these molecules becsuse only
eollisions with smsll ispact paramster would put enough energy in the center of mass for
vibrational excitation. The high temperature population comprises those molecules which
have had & second collisiom after being vibrationally excited. Such a second collision
would have s large probebility of exciting higher J levels. Ve esphasize the tentative
nature of this explanation of vhat ve have olnmod. Further work vill be required before
ne.éhh-y confidence in such & preliminary result.
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we made soms other kinds of FTIS studies that hed their roots in what
we lesmmed during the original mssswremsnts of total TV excitation cross sections. One of

thvnju probless in thoss messuremsnts was the cslibration of the detection system.

ET Originally we had tried, without comspicucus success, to use a black body source at a
e knowa temperature. We then hit upom & scheme which had its origins in some of our earlier
Eg ' studies of internal nqy relaxation during free jet expansion. Those studies were based

on TOF messurements in beams extracted from free jet sources. Such measurements gave
directly the asount of translational emergy in the beam molecules. Because the free jet
expsusion is adisbatic, an energy bslance allowed us to infer the amount of residual
internal energy in the beam molecules. It is possible to determine the relaxation rate for
that mode in vhich the residual emergy is comtained. Indeed, during the work reported

here, we made & substantial advance in calculational methods for relating the residual

energy to the relaxstion rate. (1) We had found in our earlier studies that in the case
of COy and CO, essentially nome of their original vibrational energy was dissipated in the

expansion. Thus, the terminal vibrational temperature of these species in the free jet

TR AR

»,

was the same as the source tempersture. Becsuse we know with some precision the density

distribution along the jet axis and thus in the field of view of the detector, we could

2 (T UVRA Y,

calibrate the detector jip gity simply by heating the source gas to an appropriate

o
s

temperature and msasuring the radiation from the free jet molecules.

| After we obtained the FTIS we exsmined in some detail the spectral character of the
radistion from CO; and CO wolecules after free jet expansion from a heated nozzle. The
results were very interesting. We found that the distributions vere markedly non~-

Beltsmans and therefore could not be chsracterized by a single temperature. Other

of FTIS {ie¢ that it provides & wmuch wider range of J values than other methods can

convenisntly embrace. It turmed out that over a wide range of source conditions, giving




o g e g Eel R gk, T

et ...-a-.-,.«w.m
AT T o

ﬁ rege of m fa- “Soltmmemnalicy,” we could alvays achieve an :

& ‘ F Sotatiomal distributions in terms of s linear ‘f

" m of two Boltmmamm distridutions, a concept already mentioned in the asbove

discussion of the TV excitatiom spectrum. This two-temperature model may simply be

regarded as am empirically useful device but it led us to the possibility of

M T - characterizing the departure from s Boltsmenn distribution in terms of a single parameter,

‘ ‘the molar rotstional entropy deficit in terminal jet molecules, a sort of integrated 1

! suprisal. Aa investigation of the dependence of this entropy deficit upon source
conditions seems to be apl.inablé in terms of a competition between RT and RR transfers
in rotational relaxstion during free jet expansion. Some of these results have already
been publi_lhed. (4) A paper on subsequent work is in preparation. We believe that
further studies of this kind msy allow us to evaluate the magnitude of these RR transfer
cross sections. We know of only one other experiment that provides information on such

exchanges, a r;cnt elegant measurement by Roger Miller. Using the laser-bolometer
technique, ln determined the change of rotational state in a beam of HF molecules

scattered through very smsll angles by a crossing beam of HF molecules.

2. _FTIS doplied to Ges-Surface Interactions. In order to cover as vide a range of

collision energies as possible in our original TV excitation studies, we sometimes
: resorted to raising the temperature of the source from which came the collision partners
for the vibrationally cold COp molecules, i.e., the Ny, Ar, Oy or Hy free jet that opposed
the CO, free jet. Consequently, part of the calibration procedure consisted in
deternining the contridbution of radistion from the hot nozzle to the detector signsl.
During oms of these calibration procedures, we turned off the gas flow in the heated
nossle snd let the cold chopped COy jet to contioue to run. The result wvas a fairly
- m dcueuc signal that we traced to C0; molecules rebounding from the heated end of
» Gh opposing mossle. Ia short, a substantisl fraction of the CO, molecules were being
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‘ MI’ m by s Oi..lc collision with & bhot surface. This observation led to

s m o m innneti.ou. In one, we studied the vibrational
aad rvotationsl! sccommodstion of molecules incident on heated surfaces. In the other, we

' ‘exsmined the iaternal emergy states of nascent molecules formed by éualytic react:wn on a
% platinum surface.

A« _Accommodation Studiss, Im these experiments, we intercepted the free jet with an
% electrically heated surface far cnou(h from the nozzle exit so that there were essentially
,3 00 encounters between incident and rebounding molecules. The FTIS was focussed on the
& region immedistely above the surface. We will summarize briefly some of the highlights of
5 results which have been obtained at surface temperatures ranging from 700 K to 1450 K.

;: _(.)_Qi_g_lﬂm._ The asymmetric stretch mode became excited in about 20 per cent

of the incident molecules. The absence of hot bands indicated that bending and

symmetric stretch modes did not become excited in these molecules that were

ey E——

ssymmetrically excited which sre the only ones we see. The rotational energies of
these excited molecules had a Boltzmann distribution corresponding to a temperature

sbout ‘hll_f the surface temperature.

~ (b) CO on Platipum About 70 per cent of the incident molecules became vibrationally
excited. The relative populstions of the first and secoﬁd levels revealed in the
spectrum indicated a vibrational tempersture idemtical with the surface temperature.
The distribution of rotational energy was non-Boltzmann and corresponded to roughly
60 per cent accommodation.

- {s) 10 on Platioum. The vibrationsl temperature of the excited molecules was about
90 per cent of the surfsce temperature, vhich was 1430 K. The distribution of

rotational energy wes won-Soltzmamm and corresponded to an energy accommodation of

sbout 60 per cent. 8pis orbit temperatures were determined from the relative




_ ., Gt 75 6 sbost 230K ot the lovest. It is interestiog
VT, fox the lowJ loveln is well below both Topppce 884 Trgrqtion™

- Thase mh- studies have been wore completely described in two papers altudy
. published. (&.6) Our nulu differ from and are supplementary to those obtained by

mh-i ilmtimn who use LIF probing of the departing wolecules. Becaiise of grester
mivi:y:hy can obuh ‘sogular diu:i&tiau’ information and can work wvith clean
surfaces at room tempersture under ul.:_zﬁhi;h vacuum conditions. We must work with high
mtan temperatures, bot_h _té :e_wi& éﬁcﬁa‘.uziun and to excite the molecules to radiating
states. !ortmcely. we ‘can itudy thcv behavior of some lpéciel that do not lend

themselves coavenieutly to LIF methods with lasers now available.

hvmg been able to obtain useful signals from

nlmlu miul by -ugu eouiamm with other surfaces, ve were encouraged to attempt

" stady of the isternal etates of wolecules forusd by resction on a catalytic surface.

Mu ct‘.al. fw ciiem hﬂ found by' 'lﬁ!mﬂlm- that C0, formed by catalytic
uﬁui«u of CO on & plstimm mftm came oﬁ with about 4-kcal/mol more translational

. aergy M tﬂml mm ﬁﬁl til surface mlé -sccount for. Accordingly, we

m . m of o ut 0p in & M jcﬂ incident on a polycrystalline platinum

| mnﬁmk&qﬁul wmcldniufmthment product molecules is

w with iots of Dot M iﬂiutiq vigorous excitstion of all vibrational

'*u hl’lﬁ at tle m M to le rilhblc values of “temperature” for‘
(mm m bending - totstioms]l modes. With these temperatures, we cen
: m miﬂ dl the tinl“ -I q«h-ul spectra shows a remarkably good
ﬂ ma&m&a umﬂuum\m&m confidence the amount of energy

'm ﬂn M umeh temperature as a fiecing parameter




,:f:: 2.2:% thene eve. aieese easrgies of shews 3.8 kcal/wol in bending, 34 kcal/mol in ssymmetric

> g Gk e /A F I eyumstris strecching end 03 keal/mol in rotation. The energy

. . of the traasities complex st the top of the activation barrier is known to be 29.2
kcal/mol. The Chicage group’s TO¥ results, as already noted, show 4.0 kcal/mol in

translation. An energy balauce lets us conclude that about 103 kcal/mol is absorbed by

Ayt A e

the surface. A preliminary report of these findings is already in print. (7) A more
complete exposition bas been submitted for publication. (8) Although these results, of

vhich we sre very proud, provide the most comprehensive accounting of energy distributiom

o

yet achieved for a surface catalyzed reaction, that accounting cannot yet be considered

% complete. There remains the possibility that some of the available reaction energy could
g have been stored in symmetric stretch, bending and rotational modes of molecules that were
in the ground state with respect to asymmetric stretch. One of the things we hope to do
5 in future research is to develop methods of using absorption spectrometry to analyze tﬁe

energy distribution of molecules that are not excited in the asymmetric stretch mode.

NNy

Kori, and Halpern in our laboratory have carried out an analogous study of CO

oxidation on s platinum surface in which O atoms from a microwave discharge instead of 0y

e el o R

molecules vere the oxidizing igont. The results vere similar, except that reaction
‘occurred even vhen the surface m.at room tempersture. An interesting observation was
the> if the platioum surface was completely covered with oxygem, no CO, was formed, but
the rebounding molecules of CO were highly excited both vibrationally and rotationally.
Indeed, the spectrum was essentially s contisuum, We are a bit mystified by this result

sod speculate thet by some unknown mechsnism the recombination emergy of the O atoms ended

R T ———

up in rotational and vibrational modes of the CO. A more interesting result was obtained
vhen the plstioum surface contained carbom atoms at concentrations substantially below a

mooolsyer. Under these conditions an incident flux of O or 0; resulted in the formation

of CO molecules excited up to the seventh vibrational level. A suprisal analysis of these




submitted for publicatiom. (10)

A very recent and exciting extension of this work has recently been carried out in
our laboratory. A pulsed nozzle in conjunction vith a soft ware FTIS progras for time-
resolution of spectralcomponents hss revesled the dependence on surface coversge of the
internal state of product molecules. It emerges that there is less excess emergy at low
coverages than at high coverages. A paper has been submitted to Surface Science. (9)

Another result of interest in the surface reaction arena made possible dy the FTIS
vas the finding that a flux of N atoms and O molecules on a platinum surface resulted in
the formation of copious quantities of N,0. (11) The conditions of this early experiment
were such that any radiation due to excitation in the nascent N,0 vas overvhelmed by
radiation from product molecules that were excited by collisions with vibrationally
excited Ny from the microvave atom source. In the future wve hope to re-examine this
resction using the "cleaner” techniques we have developed in the CO oxidation studies.

It seems clear that the combinstion of FTIS with free jet molecular beams comprises a
powerful method of probing the details of at least somc important surface reactioms. We

hope to extend our studies in this exciting aremna.

(s) Review Pepers
(i) A chapter entitled "Collision Kinetics in Gas Dynamics” was prepsred for the five
volume treatise on Applied Atomic Collision Physics edited by Massey, Bederson
and McDeniel and published by Academic Press. It treated supersonic free jet

expansions ss sn exsmple of the interplay between the continuum and perticulate

A e I C e e
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(ii) A tuterial review article eatitled "Order from Chaos with Moleculsr Besms” wvas

N WS SR vas s G e it r
o *o T

NPIS TP ity g, ST ’
prepared for the Preceadings of the Indian Academy of Science. It comprised an

-
e

expended versiom of sn invited lecture delivered to the Academy. (13)

(iii) A review paper entitled "Where Are we Going vith Molecular Beams" was presented
by imvitation at the 13th Internationsl Symposium on Molecular Beams at
Novosibirsk in July 1983. It will appear in the proceedings to be published by
Pleoum Press. (14)

4 1 Efforts. In addition to the specific research studies susmarized
in the previous paragraphs, we also carried out several general tasks made possible in

part by the support of this grant. These include:

(b) Miscellaneous Articles
(i) A note entitled "Clusters as a Possible Source of Error in Molecular Beam
Scattering Experiments" was based on results obtained in part under AFOSR

spoasorship. (15)

F ol T X V.V,

(ii) A letter to the editor was published in Review of Scientific Instruments entitled
"Further Reflections on the Role of a Mass Flux Gauge in the Calibration of Mass
Spectrometric for Dimers." It was in response to & letter by W. R. Gentry on the

problem of calibrating a mass spectrometer for dimer assay. (16)

B I,

(iii) A oote was submitted to the Journsl of Chemical Physice entitled "On the Time
Required to Reach Fully Developed Flow in Pulsed Supersonic Free Jets" with K. L.
Saenger of MIT as co~suthor. (17)

LR N Yt ]

(iv) An article entitled "Research is Engineering™ was published in Chemical i
Engineering Education., It argued that research in gemeral and on Molecular Beams

in particulsr was indeed important practical educational experience for

engineers. (18)
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B T g€ vilila otherwide meted; a1l of the folloving participants in this program are
associsted vith the Departmeant of Chemical Engineering at Yale:
Principal Investigators: S. B. Ryali and J. B. Femn
Faculty Collsborators: G. L. Haller and B, L. Halpern, Dhan Sethi‘ (Dept.
Chemistry, University of Bridgeport)
Postdoctoral Associates: S. P, Venkateshan, M. L. Labowsky
Graduate Students: Yih Fen Maa, Moris Kori, D. A, Mantell (Physics; Ph.D.

recipient, Spring 1983

IV, Interactions

This program had its origins in a joint venture with Aerodyne Research Laboratories
of Bedford, Mass. We have maintained s working relation with that group by visits and
telephone cailo. in particular with Drs. C. E. Kolb and J. A. Silver. We have also
maintained commynications with Dr. A. Rahbee and his colleagues at the Air Force
Geophysical Lsboratories at Hanscomb Air Force Base.

Lectures on various aspects of this research have been given at the following places:
FOM Laboratory of Atomic and Molecular Physics in Amsterdam, Max Planck Ianstitute for
Fluid Mechanics in Goettingem, University of Marburg (West Germany), University of Munich,
University of Bern, University of Lsusanne, University of Kaiserslautern, University of
Karlsruhe, Munich Chemical Soei.ety. University of Syduney, Australisn National Uaniversity
(Canberra), Austrslian Physical Society (Adelaide), University of Queensland (Brisbane),
University of Canterbury (Christ Church, New Zesland), Indian Institute of Science
(Bengalore), Babe Resesrch Institute (Bowbay), University of Patras (Greece), University
of Waterloo (Ontario), and Bell Telephone Laboratories.
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M. Labowsky, S. B. Ryali, J. B. Fenn and D. R, Miller,"Flowfield Calculations in
Nonequi librizm Free Jets by the Mehod of Characteristics,” in i i
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