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INTRODUCTION

The vibrational energy distributions resulting from exoergic bimolecular

exchange reactions of the type: A + BC - AB + C

have been successfully determined by the Chemiluminescence Techniques.

pioneered by Polanyi and co-workers.I4>Specifically, nascent population

distributions have been obtained using the Arrested Relaxation (AR)

method in which the reaction takes place in a low pressure (< 1 micron),

cold wall, fast pumping speed environment. These conditions are required

so that

i. gas phase collisions resultg in vibrational energy transfer are

reduced

ii. wall collisigne will completely deactivate the energy rich product

rn9Euiles

i. multiple emission is negligible.

block diagram depicting the traditional AR apparatus is shown in Figure 1.

T Although the AR method has produced valuable information pertaining to

energy distributions, the following modifications would be highly desirable

so that 'undoable' reactions could be performed:

(1) increase the atom concentration by effectively increasing the dis-

sociation efficiency of the atomic precursor without the addition

of an inert gas (the location of the microwave cavity is undesirably

far from the orifice decreasing the effective molecular dissociation)j

(2 decrease reagent throughput so that reasonable pumping systems can be

A. used)

(3) eliminate wavelength dependence of baseline (the lock in amplifier

derives its output from the difference in emission between the

chopper blade (thermal) and the reaction vessel (thermal + chemi-

I luminescence) so that the zero reaction signal depends on wavelength),

! ~
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( observe time evolution of the product distribution so that relaxation

and secondary processes can be deconvoluted

j~ (5) increase S/N by signal averaging;

(6) introduce data storage so that more efficient processing can be

used.

For the DF2 system (the prime reaction of this report)

0

D + F2 -IF(v) + F AEc = 100 kcal/mole (1)

vibrational levels up to v = 15 can be populated. Scanning the 3.0 to 5.5

micron region is necessary if the fundamental emission is monitored. The

large number of emission lines in this region make automated data acquisition/

nrocessing a.real necessity. This wavelength range also produces a large base-

line drift so that a detecting system with a large dynamic range and the capa-

ability of easily converting the raw data to that originating solely from the

chemiluminescence is needed. Another problem associated with this system is

that the 1) atom recombination (or the inefficiency in producing D) produces

T 2 so that the secondary reaction

F + D2 - DF + D v(max) - 4 (2)

can occur. The importance of this process is enhanced by the fact that k(2)

is approximately 8 times faster than k(l) {k(2) = 1.3 x lO1 3cm3 ol- 1 sec 1

(ref. 6)1.

Polanyi and Sloan4 (PS) have reported the energy distribution for the

H + F2 CqF2) system as is summarized in Table 1 and Figure 2. Their experi-

ments used very large reagent flows (-500 pmoles!sec of F and - 200 Umoles/sec

of argon (the arRon was used to increase the H atom yield); to maintain a

low pressure (0.3 microns) cryogenic (30K) pumping was used.

L For AR experiments producing HF the radiative relaxation rate is com-

parable to the pump out rate: the effect of this perturbation on the

IL



3Fobserved steady state population distribution was evaluated by model cal-
culations. The details of these steady state calculations, for which

collisional relaxation was ignored are presented in the Appendix. A

summary plot of these results for the HF2 system are shown in Figure 3. The

observed distribution undergoes a dramatic change as the Dumping rate changes

from 10 to 10 sec - . PL estimate that the pumping rate for their system

is approximately 500 sec - I. Thus these calculations indicate that the dis-

tribution observed in the PS experiment may be partially relaxed: the

nascent distribution may peak at v - 7. In determining the effect of reagent

5
energy on distribution for the HF2 system Polanyi and co-workers obtained a

2
i distribution peaking at v - 5 in a non-cryogenically pumped reaction vessel.

This was attributed to the dynamics; these calculations indicate that

radiative relaxation could indeed generate this observation.

The importance of other experimental parameters (reagent flow, percent

dissociation, background pressure, etc.) was evaluated by integrating the

appropriate rate equations. A summary of these calculations are shown in

Table 2 while the details are presented in the Appendix. The important

points are that both high percentage dissociation and a high flow of fluorine

in a fast pumping system are required for the AB experiments.

CHEMILUMINESCENT MAPPING

It is clear from these calculations that in order to perform the DF2

experiments (smaller rate constant and smaller emission rates) the tradi-

tional AR experiments will not work. Thus a new Chemiluminescent method,

I. herein called "Chemiluminescent Hapning" (i.e. CM) had to be developed. The

essence of C11 is that a pulsed technique is used so that lower flows can be

" * used and that the time dependence of the full emission spectra is measured

so that secondary processes (reaction and radiative and collisional
iT N,
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relaxation) can be determined. The apparatus for performing a CH experiment

Is shown in Figure 4.

The CM ays temn is based around a microcomputer which provides: i) con-

trols for synchronizing a six channel gated integrator, ii) pulses for the

fluorine chopper (a closeup of the chopper is shown in Figure 5), iii) pulses

to the stepper motor on the monochromator, iv) AID and DIA conversion, v)

data storage. The F 2 chopper provides 100Z modulation of the reaction so

that with a typical 10% duty cycle the F2 flow is reduced by a factor of 10

over the AR experiments. This in turn puts a smaller load on the pumping

system. Of equal importance is that the baseline drift is eliminated. A

new microwave cavity was designed to maximize the D atom production rate by

allowing the discharge to be adjacent to the reaction site (see Figure 5).

The cavity is cooled by cold nitrogen gas and does not have any sliding vacuum

seals.

In a typical experiment the wavelength is scanned at a speed commensurate

with the required SIN. At each grating step, a predetermined number (N) of

* chopper (reaction) pulses are made. (The intensity profile for a reaction

pulse is shown in Figure 6.) The time between chopper pulses is determined by

the intensity-time profile: under normal conditions this corresponds to

approximately 100 milliseconds. Similarly the positions of six sampling

* windows of the emission Intensity are decided. These windows are integrated

over the window width (_. 5 msec) and then summed over the N pulses. After

stepping through the whole spectral region the complete emission profile for

the 6 time windows is stored. Five 'real' spectra are obtained by subtracting

the reference channel (the window before each chopper pulse) from the other

channels. The intensities are then corrected for detector (InSb) response

and instrumentation transmission by comparison with a Blackbody
* rRadiation source. These "equal response" intensities are then related to the

T-, populations by the Einstein Coefficients published by Meredith and Smith.7
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From the observed time and pressure dependences the contributions due to

radiative and collisional relaxation and secondary reaction (if present) can

be evaluated.

CONFIRMATION OF THE CM TECHNIQUE

To test and evaluate the CM technique the vibrational energy distribution

for the reactions

F + H2 - HF(v) + H

F + D - DF(v) + D
2

were measured. The available energies of 34.6 and 34.7 kcal/mole, respec-

tively are calculated from the zero point energy difference of reactants and

products, the critical energies for reaction and the thermal energy of the

reactants; so v(max) for these reactions are 3 and 4, respectively. The time

evolution of specific vibration-rotation levels for HF from the F+H2 reactions

is shown in Figure 7 . On this semi-log plot the parallel behavior indicates

that the main processes are production (chemical reaction) and physical re-

moval (pumping and wall collisions resulting in complete deactivation). The

relative population distribution appears to be independent of time. However,

the low v, low J (1,1 and 2,1) lines show that relaxation is becoming

important between 23 and 28 milliseconds. A summary table of the vibrational

nopulations are presented in Table 3. It is clear that the distributions are

indeed within experimental error of those previously reported. Thus we are

confident of the validity of the CM results.

A. DF2 RESULTS

The CM for D + F2 (E(availabe) - 100 kcal/mole, v(max) - 15)) was performed

under the following experimental conditions:

L
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background pressure - 1 micron

D2 flow - 0.84 umoles/sec

F flow - 43 umoles/sec

Only vibrational levels from 10 through 13 were detected. The rotational

distribution for these levels are shown in Figure 8; a bimodal distribution

speaking at J - 1 (thermal) and J - 6 or 7 is observed.

The vibrational distribution is directly compared to what has been re-

ported for the HF2 system as shown in Figure 2. From first principles it is

expected that for isotopic variants of a particular r(action that an universal

curve will result when the populations are plotted as a function of the

fractional energy in vibration (i.e. fv M E(vib)/E(avail). However, for the

DF2 system this is not the case; the most probable population occurs at

f(v) - 0.74 contrasted to 0.58 for the HF2 system. Part of this difference

may be due to relaxation in the PS experiments. At this time a detailed

explanation for this 15 kcal/mole difference can not be given. An important

point is that in the DF2 distribution that there is no emission observed from

levels with v<10. It is also noteworthy that it is difficult to envision

any processes which would push the most probable level upwards; i.e. experi-

mental problems will in general produce relaxation, and peaking at lower

levels.
6

Nevertheless two features of the chemiluminescence from high vibrational

levels of DF produced by this reaction indicate that we may be observing

optical gain among these levels. The first observation is the non-parallel

time evolution of the emission intensity from various rotational states.

This is shown in Figure 9 for DF(v - 11). In the absence of any relaxation

processes, the plots for these states should be parallel, as in the case for

the FH2 reaction (Figure 7). Small deviations from parallelism can be

* accounted for by the change in the probabilities for spontaneous emission

from the states involved, However, these erratic time evolution curves cannot
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be explained in this manner and are taken as evidence of optional gain. The

second indication of a possible gain situation in this system is a very

strong dependence of the signal level upon chopper duty cycle. The relative

intensities of various transitions are also very duty cycle dependent. In

the current apparatus a pressure threshold for very intense emission exists,

(this is demonstrated by detection system saturation). Faster temporal evolu-

tion measurements may provide further evidence of gain if such a situation is

occurring, such experiments are planned but as of this time have not been

performed.

b
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APPENDIX: MODEL CALCULATIONS 8

kj
Consider the reaction: A + BC ->ABrj + C

where ki = kvj, rate vJ = r ki NA NBC

and N Is the number density of the I species. A master equation can be

written down for each quantum level i (i corresponds to the set of quantum

levels: translation, rotation, vibration, electronic, etc.)

d N i -T

-t Ni +r i w PijNs +uwPi1 Nj - iA N (i)

where Ti  is the numpinq lifetime of the i
th state in the reaction vessel

W is the collision frequency

P is the probability ner collision for transfer from I to i

A i is the rate constant for spontaneous emission (Einstein coefficient)

from j to i; I = i + A. A = 1,2,3,etc.

Equation 1 can be recast into matrix notation

N-T N+r +wPN+a N

for i A j

Tij -0

L for i =j

T -T

P -1

'J ' - $
Ei A< ij

i<1

S -
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For a steady state N so r T N w P Nos  a N (2)

Thus the k i's (which are proportional to the ri's can be obtained from the

steady state populations, the P 's and A Is. The N 'a are computed from

the emission intensities (E1 obs) for a narticular transition j - i by

Eobs
N (3)
i A ji

For AR, T >> w PN + a N

since a low pressure (w 0 0) fast pumping system is used. Assuming

_obs
- -1 -1

Ti =T fT it can be shown that ki a N1 aA

For the model calculations described herein the Einstein coefficients

calculated by Meredith and Smith 7 were used (they compare favorably with those

experimentally obtained by Sileo and Cool"). The rate constants out of a

vibrational level due to emission, including various overtone transitions,

are given in Figure 10. It should be noted that if only fundamental transi-

tions are included the maximum radiative rate constant appears at v = 5 as

contrasted to the real situation where the rate constant monotonically in-

b creases. In fact for v - 7 the first overtone is faster than the funda-

mental. Thus, for correct modeling with experimental data, transitions up

to at least Av = 3 must be included. This is shown in Table IV where the

effect of overtone transitions on the observed nopulations distribution is

exhibited. If these overtone transitions are not included in the modeling,

then extrapolation to 'zero' radiative relaxation will produce an "initial"

distribution narrower than would aDnear if a complete calculation had been

A, nerformed; this is demonstrated in Table IV. Hence, all our calculations in-

clude overtone transitions.

14 I..
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The dependence of the observed population distribution on pumping life-

time is portrayed in Table V and Figure 3. It can be seen that as long as T is

less than %3 x 10- 5 seconds radiative relaxation is unimportant. However, these

calculations also indicate that with T '% 10-4 seconds that the observed dis-

tribution will be widened by radiative relaxation; lower levels have enhanced
-3

populations. In fact with T - 10 seconds, the most probable population

occurs at v - 5.

To provide insight into the effect of the experimental parameters on the

population distribution for the HF2 system, we have also performed model cal-

culations by integrating the set of coupled differential equations in which

collisional effects are neglected and secondary reaction (F + H2) is included

N-r -r -i c-N -
N = r 1 T N + 2 N + r 2

where r f
1 = f1(c,t) kr(H + F2) NH NF2

rf= f(c,t) kr(F + H2 N N
2 F F 2

and f(c,t) is a time dependent reaction configuration function depending on

the geometry of the reaction vessels. The emission intensities are calculated

as before (equation 3). These calculations take into consideration that the

reactants are not collimated so that the molecular densitv decreases as they

approach the pumping part; reaction can take place as long as reactants are

contained in the reactor.

In addition to microscopic kinetic information (k ) and Einstein transi-

tion probabilities, modelling parameters include:

I. flows of reactants

efficiencv of atom formation from molecular hydrogen

reaction chamber pressure

reaction dependence on reactor geometry

' 8
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After integration, the resulting output contains the final pressure of all

reactants and products and the fundamental and overtone emission of HF from

the primary and secondary reactions. Examples of representative runs are pre-

sented in Table II. In essence the spirit of these calculations is to simulate

intensity distributions from a given initial distribution for a specific set

of experimental parameters.

The intensity distribu'-ion for H+F?, D+F 2 H2and F+D 2for T - 0 is

shown in calculations 8, 10, 11, and 12, respectively. Comparing calculations

1 and 3 or 2 and 4 or 4 and 5 shows the strong dependence of secondary re-

action on H 2 flow and/or % dissociation. The dependence of intensity for the

1 - 0 fundamental transition on flow velocity is also demonstrated; from cal-

culation 1 and 2 an increase in background pressure of a factor of 5 produces

a decrease in the velocity of 5. For this minimal increase the intensity in-

creases by 1000 while the v = 1 relative population has changed by less than a

factor of 2. The PS experiments have been simulated as shown in calculation

6 (we have assumed 90% dissociation)z as can be seen the intensity distribution

is within experimental error of the T = 0 calculation (#8). It is important to

note that if the background pressure is a factor of two larger that a wider

distribution peaking at v = 5 (instead of v =6) will be observed (calcula-

tion #&). Thus it is very apparent that the results of PS are close to the

transition region where the calculated populations may be in error. With out

original AR experimental system (steady state, 10% dissociation, with mass

flows less than 10 4cmb.'sec) the populations' distributions were highly

relaxed as is predicted by these calculations.

The situation is somewhat worse for D + F 2in which there is a higher

A density of states (more levels to distribute the energy), a smaller rate con-

stant (xO.5) and smaller Einstein coefficients. A simulation for this re-

action is shown in calculation 9. These results bear out the reason why re-

stilts for this reaction have not been reported even though the H reaction had

"IT been reported nearly 7 years ago.4
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Table III

Observed Vibrational Population Distributions

Vibrational
Level

F + H 2

CM

Aa Ab ARC ARd CL e (Present
Wlork)

1 .31 .28 .31 .28 .29 .27+.07

2 1.0 1.0 1.0 1.0 1.0 1.0

3 .47 .57 .51 .47 .63 .44+.04

CM
A-R ARb CLe (Present

Work)

1 .28 .16 .24 .31+0.10

2 .65 .53 .56 .58+.09

3 1.0 1.0 1.0 1.0

4 .71 .58 .40 .80+.08

16

a) From Reference 3

b) From Reference 2
c) From Reference 9
d) From Reference 10

e) Chemical Laser Technique From Reference 8
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Table IV

Effect of Overtone Transitions on Steady State Populations

Pumping Rate - 2.5xl10 sec- .u

Vibrational Initial aIncluding Transitions NY To AV-

Level Distribution a 2 3 4 5

0 0 .012 .017 .017 .017 .017

1 .13 .16 .18 .19 .19 .19

2 .20 .25 .30 .31 .31 .31

3 .30 .38 .47 .48 .48 .48

4 .51 .62 .72 .73 .73 .73

5 .88 .96 1.02 1.01 1.01 1.0

6 1.0 1.0 1.0 1.0 1.0 1.0

7 .45 .46 .43 .43 .43 .43

8 .28 .27 .25 .25 .25 .25

a) Relative populations obtained from Reference 4.
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STable V

Steady State Population Distribution Dependence on "Pumping" Rate

o -l
j PumPing Rate (sec

[0 105  3.3x104  10 3.3x10 3  0 3.3x102  102

o 0 .00029 .00091 .0033 .0012 .081 .82 8.4

1 .13 .13 .13 .14 .17 .35 1.26 4.1

2 .20 .20 .21 .22 .28 .55 1.39 2.9

3 .30 .30 .31 .34 .44 .76 1.45 2.3

4 .51 .52 .53 .57 .68 .98 1.43 1.9

5 .88 .88 .89 .92 .98 1.13 1.31 1.5

6 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

7 .45 .45 .45 .44 .43 .41 .39 .38

8 .28 .28 .28 .27 .25 .23 .20 .18

a) Relative Populations from Reference 4.

9

lit 2,,



Figure .8

CI
U.LS



i~I Figure 2
19

-4 -

-4

-co

0 -

+~ 

0

oE-4

~g

00

4 44z

10 q
zH

0H

rz 4 4

U2i



Figure 3 20
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Figure 7 24

RELATIVE POPULATION vs INTEGRATOR CHANNEL
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Figure 9 26

RELATIVE POPULATION vs INTEGRATOR CHANNEL
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Figure 10
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