" AD=A0S0 457 RICE UNIV HOUSTON TEX DEPT OF CHEMISTRY F/6 7/4
INELASTIC AND REACTIVE COLLISIONS OF TRANSLATIONALLY EXCITED MO=<ETC(U)

NOV 77 P R BROOKS AFOSR=T4=2692
UNCLASSIFIED AFOSR-TR=78-0109 NL
a IIIIII‘IIlIIIIIIIII|IIIII|IIIII|IIIII|IIII| 5
. B o,

3-/8




TR
o E o e
mug llL2

L2 s mie




of

LE_COpyy

-

BDC

LoGLASSTETED
SECURITY CLASSIFICATION OF THIS PAGE (When Dnla l"nh'vml)

~—REPORT DOCUMENTATION PAGE BEFOKE COMPLETING FORM

M U_‘),.—---wwzw._‘. - 7 z‘ooMczssuou NO.| 3." RECIPIENT'S CATALOG NUMBER

5. TYPE OF RERORYT & PERIOD COVERED

o ~—{I'Final
INELASTIC AND REACTIVE COLLISIONS OF TRANSLATIO 1 Y Apr giri 3d Sep 77

4 TIYLE (and Subllflv)

ALLY ;xcrran MGLECULES e

— 6. PERFORMING O03G. REPORT NUMBER

8, CONTRACT OR GRANT NUMBER(s)

Ejj =Narbsr 74-2692[ "

wenr ING O camznnon NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
Rice vers AREA & WORK UNIT NUMBERS

-

Department of Chemis.t ry 13 61
Houston, Texas 77001 4 Bl

CONTROLLIN FFICE NAME AND ADDRES 12. REPQRI DAT
Air Force Office of Scientific Research/NC (32} Nov 877

Bolling AFB DC 20332

3 —
5~
b
1

4. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office) ASS. (of this report)

UNCLASSIFIED
15a. DECL ASSIFICATION/DOWNGRADING
SCHEDULE
16. DISTRIBUTION STATEMENT (of this Report)
Approved for public release; distribution unlimited. <:;

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if diftferent from Rep‘rl‘} )

18. SUPPLEMENTARY NOTES | =

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)
Molecular Dynamics

Vibrational Excitation
Reaction Cross Sections
Photon Absorption

£

20. ABSTRACT (Continue on raverse side If necessary and identily by block number)

It has been shown that for the prototype system K+HC1l = KCl1 + H, one quantum of
vibrational excitation accelerates the reaction about two orders of magnitude,
and that translational energy is only about 10 percent as effective as a compar-
able amount of vibrational energy. The input of an excess of translational
energy is shown to decrease the reaction probability \ The state-to-state rate
constant is found to vary exponentially with ~(E')1/2 \where E' is the transla-
tional energy in excess of the thermodynamic requirement.

DD ,"5%"s 1473  €oiTion oF 1 NOV 685 1S OBSOLETE UNCLASSTFIED

= 5— 7 75 SECURITY CLASSIFICATION OF THIS PAGE (ﬁ:n?;'ﬁmm&,&
\;Y -

it i




FINAL REPORT

COVERING PERIOD
1 APRIL 1974 - 30 SEPTEMBER 1977
AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

AFOSR-74-2692

PHILIP R. BROOKS
DEPARTMENT OF CHEMISTRY
RICE UNIVERSITY

HOUSTON, TEXAS 77001

Approved for publie ol
distri{bution unlimiteq.

oase ;

)

M

'

a0
\

vet ADRTY DOAES

"INELASTIC AND REACTIVE COLLISIONS OF TRANSLATIONALLY EXCITED MOLECULES"

SPLCIAL




INELASTIC AND REACTIVE SCATTERING OF TRANSLATIONALLY EXCITED MOLECULES

FINAL REPORT
PHILIP R. BROOKS
DEPARTMENT OF CHEMISTRY, RICE UNIVERSITY

HOUSTON, TEXAS 77001

The time-honored method of increasing the rate of a chemical reaction
is to raise the temperature of the reagents. In almost every case studied,
the rate is found to depend exponentially with temperature in the form first
discovered by Arrhenius R a exp(-Ey/RT). This form is so common that the
exponential constant E_, called the "activation energy," is considered to
be half the goal of a kinetic investigation, the other half being the
pre-exponential, or frequency factor. The "activation energy," E,, is
regarded as the critical energy which must be supplied to a colliding pair
in order to induce reaction. This interpretation is convenient, but one
must remember that Eg is strictly an empirical parameter, and theoretical
interpretation is not complete. This research was undertaken to investigate
the nature of the activation energy: What is it? Why must it be overcome?

How must it be supplied? The answers to questions such as these would not

only be of importance to theory, but woula also be of practical importance

in characterizing various non-equilibrium systems in shock waves, discharges,
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lasers, etc.

Our attention has been focussed upon the last question: how can a
chemical system be activated? To answer this question we have initiated a
program to investigate the effectiveness of energy contained in the various
internal degrees of freedom of a bimolecular collision, translation [T],

vibration [V), rotation [R), and electronic [E]. The collisions are studied

in the intersection of two molecular beams where all modes are not populated

-——— —

according to equilibrium Boltzmann statistics representing a single
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temperature since a zero-order experiment could be done with each beam emanating
from a separate oven so that two temperatures would have to be used to
characterize the system. The collision free properties of molecular beams
actually allow us to go even farther than this however: we can velocity
monochromate a beam, and for a small class of molecules we can use lasers
to selectively excite different internal states of atoms and molecules. In
this way we are able to study the separate effects of [T] and [V] on chemical
reactivity.

The K + HC1 + KC1 + H system was chosen as a prototype reaction because
a) it appeared to have a small (2 kcal/mole) activation energy which could
easily be supplied even from a hot oven, and b) a resonant chemical laser
(HC1) was available to excite the molecule. Early experiments showed that
one quantum of {V], 8.3 kcal/mole, added to a molecule without changing its
speed increased the reactive cross section v 100X over the ground state. In
the complementary experiment we changed [T] without changing [V] and
showed that a similar amount of energy (up to 12 kcal/mole) increased the
cross section by only a modest amount, v 10X. We have more recently
increased the speed of the reagents to ~ 23 kcal/mole [1 eV or ~ 11,000°K]
and observed that the cross section decreases at energies above v 12 kcal/mole.

The mere observation of a change in cross section suffices initially,
but in the long range one hopes to correlate similar results on other
systems, to understand how molecular structure affects these results, and
to predict the behavior of yet unstudied systems. In an attempt to progress
in this direction we considered the role played by the conservation laws
regarding the variation of the cross section with energy. It became apparent
that as the initial energy were changed, a different set of product states

would evolve from the reaction. A measurement of rate variation with




energy therefore contains information on a) how the final states change with
energy (a purely statistical effect) and b) how the rate constant for forming
a single product state changes with energy (the dynamical effect of interest).
The experimental rate constant, k, is k = wp, where p is the density of
possible product states of the isolated products.
Spectroscopic data can be used to calculate the density of product
states, p, at various energies, so the dynamically interesting @ can be ¥

extracted from the experimental data. Note that this formulation correctly

i

accounts for the threshold region: 1f the reaction cannot occur, no product

states are possible, p is zero and therefore so is k. When our data for the
energy Aependence of the K + HC1l reaction is analyzed in this way, we find
that w varies with translational energy as exp[-B(E')1/2] where E' is the
translational energy in excess of the thermodynamic requirement. This energy
dependence is not yet understood, but could prove enormously useful if found
to be applicable to other systems. For example, we predicted the

decrease in experimental rate éonstant in the 12-20 kcal/mole range by
extrapolating the exponential decrease of w into this region. Note that while
this formulation is the proper way to interpret experimental data [regardless
of the mathematical form of the results], we must apply it to reactions

which are exothermic. Endothermic bimolecular reactions do not occur.

They appear to occur in Boltzmann systems because molecules in the high
energy "tails" have enough energy that their collisions are exo. An
increase in energy for such a Boltzmann system will thus change w, increase
P, and most importantly, will increase (exponentially) the fraction which
can react. Claims of enormous enhancement in bimolecular reaction rates

upon irradiation with IR lasers for endothermic reactions in Boltzmann




equilibrium are consequently not surprising — irradiation just increases
the fraction of collisions which are exothermic.

Considerable effort was put into the construction and testing of the
apparatus necessary to perform these experiments. We designed (after plans
from Professor J. C. Polanyl and Professor T. A. Cool) and built a CW chemical
laser, and we are now able to get about 2 watts of CW emission in the HC1
Ve]1l-=0 fundamental, roughly equally distributed over P(3)-P(6). Within
the last month we have been able to obtain reactive scattering angular
distributions for vibrationally excited HCl. Our ability to take and
interpret data has been remarkably enhanced by interfacing a computer to the
molecular beam machine.

Finally, we note that we have just begun a study to investigate the
effect of electronic energy on a chemical reaction. The excited (by 121 cm—l)
2“3,2 state of NO has been reported to be much wore reactive towards 03 than
the ground 2H1/2 state. We have built a beam apparatus to state select
the 2“3/2 level of a NO beam using the deflection obtained in an inhomogeneous
magnetic field. The apparatus is currently being tested, although some
inconclusive experiments have been performed.

In summary, we have

1) Shown that for the prototype system K + HCl + KC1 + H vibrational

excitation accelerates the reaction about two orders of magnitude.
Recent experiments show this enhancement is due to absorption of only
one photon.

2) Shown that translational energy is only about 10T as effective as a

comparable amount of vibrational energy.

3) Shown that even more translational energy than one quantum of vibration

decreases reaction probability.




4) Shown how to compare these effects for different reactions by
extracting the average state-to-state cross section from the

experimental results.

5) Designed and constructed a CW chemical laser, a molecular beam |
apparatus for studying the electronic state-selected reaction
NO + 03 -+ NO2 + 0,, and interfaced a computer to the molecular beam
apparatus used to study translational/vibrational energy effects

on reactivity. We are now poised to extend these studies to other

chemical systems to broaden our understanding of the consumption

of energy in chemical reactions.
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