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During the past fiscal year we have worked on four projects 

supported by DOE. These are: (i) the branching ratio for
abstraction vs. exchange in the reaction D+HC1; ( i i )  Kinetics of 
O+Ê ; ( i i i )  energy storage in polyatomic molecules; and (iv) 
optoacoustic measurements of ir absorption and relaxation in 

large molecules. The progress in each of these areas, and a 
brief discussion of future work, is presented below.

A. Abstraction vs. Exchange in D + HC1.
The gas phase reaction of isotopically labeled hydrogen 

atoms with hydrogen chloride molecules can have two possible 

outcomes: hydrogen atom abstraction to release Cl,

k
D+HC1----------------- ----------- > HD + Cl,

and chlorine atom exchange to release H,

keD+HC1----------------- ----------- > H + DC1.

The branching ratio, k / k ,  has been the subject of con-
6 cl

1 2troversy for many years. ' Various experimental studies
3 - 5have yielded values ranging from approximately unity to

c n
less than 1%. ' Several studies have indicated that both
the activation energy and the steric factor for exchange are

3-5much smaller than for abstraction. Semi-empirical poten-
1 8 t ia l  surface calculations and molecular beam data , on

the other hand, have indicated that the steric factor for
exchange is close to unity. Most recently, several o h  init io
calculations indicated that there is a large barrier of approxi-

^ —11mately 20 kcal/mole in the exchange channel.'



Since a ll previous kinetics measurements of the branching
ratio were carried out in either static cells or flow tubes, i t
appears that the chief source of experimental error has been
surface catalyzed scrambling of isotopes. In order to measure
ke/k Q unambiguously, we employed the real time method of
flash photolysis with resonance fluorescence detection of atoms.
This approach has proved itself to be reliable in our previous

3 2work on hydrogen-halogen reactions. The chief experimen
tal d ifficu lty  here is to generate D atoms in the presence of 
HC1 without simultaneously producing H atoms. Simply photolyz- 
ing a compound such as DI with soft UV radiation is insufficient 
because DI itse lf reacts with D atoms much faster than does HC1. 
The way we solved this problem is to use a mildly focused 

CO2 laser to disociate SFg in the presence of an excess 

of D .̂ The reaction F+D2 produced the required D atoms 

without producing any detectable concentration of H. The proce
dure was then repeated with both l>2 and HC1 present, while 

the fluorescence from D, H and Cl atoms were monitored in real 
time. The result of this experiment is illustrated in Fig. 1. 
Although large quantities of D and Cl were readily observed, 
l i t t l e  or no H atoms were detectable. From this experiment we 
place a conservative upper bound on the branching ratio of 
kQ/k a < 0.002 at 325 K. Our finding supports the ab 

in i i i f i  calculations, and contradicts the semi-empirical studies 

and the early photochemical experiments.
We plan to extend this work in three ways. First, i t  is 

desirable to develop a cleaner source of D.atoms. One way to do



Figure 1. Typical fluorescence signal produced with Cl, D, and 

H atomic resonance lamps. A total gas pressure of 20 

Torr was used. The Cl, D, and H signals were accumu
lated over 30, 100, and 120 flashes, respectively, 
and then scaled with reference to the total D signal. 
The residual background due to light scattering has 

been subtracted from each fluorescent signal. Note 

the break from semilog to Cartesian coordinates at 50 

counts/channel.
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this is to use an intense UV laser to dissociate very low pres- 
sures of DI. I f  the ratio of DI to HC1 is less than 10 ,
the reaction of DI with D can be neglected, or afc least 
accounted for. A second direction is to raise the temperature 

of the cell in order to measure the Arrhenius parameters of the 

exchange reaction. We have built for this purpose a quartz cell 

capable of reaching 1000 K. Third, i t  would be interesting to 

study D-t-HBr, for which similar contradictions exist in the l i t 

erature.

R. Kinetics of 0 + IÎ
The reaction of 0 -h is of fundamental importance in

combustion chemistry. I t  is currently the subject of intensive
theoretical investigation by Wagner, Bowman, Schatz, and cowork- 

13-15ers. The objectives of their work are (i) to develop
an accurate potential energy surface for this reaction and ( i i)  

to find reliable and inexpensive methods ô  predicting the 

dynamics on that surface. So far several qualitatively differ
ent potential energy surfaces have been developed which are con
sistent with known thermal rate constants. In order to deter
mine which surface is most accurate, i t  is essential to have 

more refined kinetic data. A particular example is the effect 
of isotopic substitution on the reaction rate. For hydrogenic 

reactions such data should provide a sensitive test for discrim
inating between different surface features.

Our work on this problem has been along two lines of inves
tigation, First, we are measuring the temperature dependent



rate constants kH , kD and k{3D for the reactions 0 + H2,
2 2

0 + £>2 r and 0 + HD, respectively. Although kjj has been
2

measured extensively, the D2 reaction has been previously 

studied only briefly, while the HD reaction has never been 

reported. We are using the technique of flash photolysis with 

resonance fluorescence detection of oxygen atoms to measure 

these rate constants. Although the apparatus is essentially the 

same as that used in the D-HIC.1 experiment, i t  has required 

extensive reconditioning after completion of the halogen study. 
This has been done, and the 0*m2 measurements are in prog
ress .

The second objective is to measure the branching ratio in 

the HD reaction; i.e.

kl0 + HD----- = —----> OH + D
k2----- -------- > OD -I- H.

The technique we have chosen is to measure simultaneously the OH 

and OD spectra by means of laser-induced fluorescence (LIF).
The relation between the [OH] / [ OD] concentration ratio and the 

spectral peak heights can be determined by f irs t measuring the 

LIF spectrum for 0 reacting with a mixture of H2 and D2.
In this case the product ratio is given by:

[OH] /  [OD] rs ( [h2] / [ d2] )kH /k D .
2 2

Since kjj and kD are being measured independently in the 
2 2

real time flash photolysis experiment, the known product ratio 

can be used to provide the desired calibration. Finally, since



I< 1  + l<2 " the individual rate constants k̂  and k2 can

also be determined.
To perform this experiment we have purchased an excimer- 

pumped dye laser from Lambda Physics. The laser has been set 
up, and the requisite 310 nm emission has been obtained by doub
ling the output from Rhodamine B. We are currently building an 

apparatus to study the OH and OD spectra.

C. Energy Storage in Polyatomic Molecules
Several years ago we initiated under DOE sponsorship an

investigation of the relaxation and reaction rates of vibration-
ally excited ozone, using NO + 0^(001) as a prototype reac- 

J 6 i *7tion. ’ ' An interesting aspect of this research is the 

possibility of accelerating the rate of a reaction using a las
er-excited >rt gas sensitizer. In particular, we showed that

X 8vibrationally excited SFg can enhance the rate of NO + Ô .
In the research described here we have examined tvi>„* sensi

tization process in more detail. Specifically, the m0{̂ e 
of SFg was excited with a low power CO2 laser (fluence 

<60 mJ/cm ) in the presence of either NO or N20. Infra
red emission at S/xm from the added species was monitored in real 
time using an InSb detector. A typical example for the time-re
solved emission from N2O(00v) is shown in Fig 2. Measure
ments with a cold gas f i l te r  indicate that >75% of the signal 
originates from N2O(001). The most striking aspect of the 

emission data is that the decay rate decreases with fluence, 
varying approximately as {fluence) on the other hand



sisting of 1.02 Torr N00 and 0.0 31 Torr SFr . The
tj- 0

2fluence in the two traces was 57 mJ/cm and 5.1
2mJ / c mTh e  average number of photons absorbed 

was, respectively, 5.4 and 0.46.

Figure 2 . Typical IR fluorescence signal from a mixture con-
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amount of energy absorbed by SFg increases approximately
linearly with fluence. The observed behavior, which was coir,-
pletely overlooked in previous fixed fluence experi- 

19-21ments,' can be understood in terms of energy storage
22 23within the SFg molecule. ’ The ^ 0  emission is 

an indicator of the amount of energy in the manifold of
SFg. As the total amount of absorbed energy increases, the
depletion time for SFg must correspondingly
increase.

Another piece of information which can be obtained from
this experiment is the rate of energy transfer from SFg to
1^0. From the risetime of the IR fluorescence we determined
that the V~V rate constant decreases with fluence, and has a

* -i *i »\
value of approximately 3 x 10 sec Torr at 60 mJ/cm .

D. Optoac.oustic Detection of Infrared Multiphoton Excitation
Optoacoustic (OA) spectroscopy has been used for many years 

to measure single quantum relaxation rates in gases. In these 

experiments excitation is usually accomplished by a low inten
sity, chopped radiation source, while the relaxation rate is 

deduced from the phase shift in the resulting acoustic wave.
Only recently has the OA technique been applied to multiphoton 

processes. In this case two unique difficulties arise. In 

order to relate the amplitude of the detected signal (SQA) 
to the average number of photons absorbed (n), an independent 
calibration is required. Also, the buffer gas which is required

optical absorption measurements confirmed that the average



to convert the excitation energy to a pressure pulse, can 

interfere with the photophysics of multiphoton absorption. 
Although the OA technique has been employed in a number of 
instances to measure n, i t  has never to our knowledge been used 

to measure the relaxation rates of molecules subjected to multi 
photon excitation.

24During the past year we have carried out a systematic
study on the effects of laser fluence, substrate pressure, and
buffer gas pressure on The molecule pis- 3,4-dichloro-
cyclobutene (DCCB) was chosen for this study for two reasons.
First, i t  is large enough that buffer gas effects are unlikely
to affect n significantly. Second i t  has an interesting chemi-

2 26cal history. I t  was recently shown in this laboratory ' r
2that at fluences above 3.r>J/cm Woodward-Hoffmann forbidden 

isomerization products are formed. In order to model this mul
tichannel effect, i t  is essential to determine the fluence and 
pressure dependence of n.

The principle findings of this study are summarized as fol 
lows: (i) SQA is proportional to the pressure of the absor
ber. ( i i )  SQA increases monotonically with argon pressure 

up to approximately 20 Torr. At higher buffer gas pressures 

SQA is constant. ( i i i )  n is independent of pressure and 

increases approximately linearly with fluence {actually as
00,81-3)  ̂ reaching a value of 27 at 0-8.2j/cm^. The var

iation of n with fluence is shown in Fig 3. The theoretical 
curve in this figure wa3 calculated by John Barker, also with 

DOE support. The only empirical input to this calculation is



Figure 3. Average number of photons absorbed vs. laser fluence, 
(a) Solid points are optoacoustic data taken with 32 

mTorr of Ar. (b) The solid symbols are optoacousti.c
measurements taken with 101 Torr of argon. The cir
cles are for 256 mTorr of DCCB using a 0.23 cm co lli
mator, while the squares are for 225 mTorr of DCCB 

taken with a 0.47 cm collimator. The open circles 

are optical absorption measurements taken with 0.5 to 

2.0 Torr of DCCB. The arrows in each panel indicate 

the fluences at which the optoacoustic measurements 

were calibrated. The solid lines are least squares 

log-log fits  of the data. The dashed lines are sto
chastic solutions of the master equation, with error 
bars indicating the statistical uncertainty in the 

calculation.
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the small signal cross section (measured by FTIR spectroscopy) , 

which we assumed to be independent of internal excitation 

energy, E. The pressure independence of h and the energy inde
pendence of the cross section appear to be characteristic of 
large molecules having l i t t l e  or no vibrational bottlenecks.

An important unanticipated finding of this study is that 
the pressure dependence of the time resolved signal can be used 

to deduce the vibrational relaxation rate, K, of the excited 

gas. The underlying reasoning is as follows. When the relaxa
tion rate is much slower than the pressure independent acoustic

27propagation rate, the acoustic signal grows as

S0A(t) = so
Superimposed on this envelope are radial and axial acoustic 

undulations. As K is increased by raising the pressure, the 

undulations grow in size. When the relaxation and acoustic 

rates are matched, the envelope structure disappears, and strong 

positive and negative undulations dominate the signal. The 

amplitude of the firs t acoustic maximum varies with pressure as

SOA = So (1“e '
where X is an instrumental constant and g is the ratio of the
vibrational relaxation rate to the acoustic propogation rate. 
Thus if  X is known, the bimolecular relaxation rate constant, k, 
can be determined. This quantity depends on E (or n), and hence 

J.s a partially averaged microcanonical rate constant. Experi
mentally we find for DCCB that k{n) decreases with n, for essen
t ia l ly  the same reason given for SFg in the previous sec

tion. We can interpret the relaxation rate in terms of a weak



collision mechanism. That is, we assume that an average amount 
of energy, <AE>, is removed in each collision of vibrationally 

excited DCCB with an unexcited molecule. I f  </\E> is much 

smaller than the total internal energy, E, of the molecule, we 
would expect the relaxation time to increase with E. Moreover, 
from these data i t  should be possible to deduce how <AE> varies 

with E. Preliminary results indicate that <AE> increases with 

the level of excitation of the molecule. This is an important
2g_30

finding because until recently ~ there has been no exper
imental evidence for a variable step size in unimolecular relax 

ation of excited molecules.
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