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Reaction and deactlvatlgi @f HC1(v = 1, 2) by Cl, Br, and H
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Total decay rates for HCIi(v = 2, 1) were measured in the
range 294 - 439 K for Cl, 295 - 390 K for Br, and at 296 K for
H. HC1(v = 2) was produced directly by pulsed laser excitation
of the overtone. The fraction of HCI1(v = 2) relaxed to HCl(v = 1)
was determined., For HCl(v = 2) + Cl, relaxation gave entirely
HC1(v = 1) within an experimental uncertainty of * 10%, the
total relaxation rate was large, k/v = 5 Rzg and rates varied
only slightly with temperature. For Br + HCI1(v = 2) reaction
to HBr(v = 0) + Cl is exoergic by about kT. Relaxation to
HC1(v = 1) is the dominant process. Reaction contributes rough-
ly 17% and 34% to the loss of HCL(v = 2) at 295 and 390 K,
respectively. In constrast to the result for Br and for O
(reported previously) H + HC1(v = 2) gives 65% Hy + Cl and

only 35% HC1(v = 1) + H. For HCi(v = 1) + H, C1, O the vibra-

a)Canadian National Research Council Postdoctoral Fellow.






tional excitation energy is greater than the activation energy
for reaction. The relaxation rates are between 1/2 and 1/3 of
the A values for the measured thermal exchange rates

Aexp(-AB /RT). For HC1(v = 1) + Br, well below threshold,

act
the rate is some 20 times less than for HCI1(v = 1) + Cl. The
rate for HC1(v = 2) + Br, just above reaction threshold is not
dramatically larger. The ratios of vibrational relaxation
rates for HCl(v = 2) vs HCl(v = 1) are 5.0 = 1.3, 4.2 * 0.4,
and 5.0 £+ 1.3 for 0, C1, and Br, respectively. Any first

order linear perturbation treatment gives rates proportional

to v; the data scale more closely as VZ






B N N Y I N N N .

During the past decade a wide variety of information has
been obtained on chemical reaction and vibrational relaxation
in collisions between vibrationally excited molecules and

. 1, 2
reactive atoms, °

Many chemical reactions are greatly
accelerated by vibrational excitation. Relaxation by reactive
atoms proceeds orders of magnitude more rapidly than with inert
collision partners. The purpose of this series of papersss 4
on HC1(v = 1, 2) is to explore the dependence of state-resolved
relaxation and reaction rates upon quantum numbers. How do
relaxation rates depend on vibrational gquantum numbers does
the Av =+ 1 selection rule for vibration-to-translation and
-rotation (V » T, R) energy transfer apply to potentially
reactive systems? How do rates change as the energy threshold
for reaction is crossed? How do reaction and relaxation compete
when both are possible?

As in previous experiments4 on O + HCl, HC1l is excited
directly to v = 2 by a pulsed laser. By monitoring fluorescence
as a function of time both from HCl(v = 2) and from HC1(v = 1)

decay rates are measured for both levels and the fraction of

HC1(v = 2) relaxed to (v = 1) is determined. Thus in the system

ClL + HC1(v = 2) » HCl(v = 1) + C1 (1)
Cl + HCL(v = 2) = HC1l(v = 0) + C1 (2)
HCL(v = 2) + HCI(v = 0) =» 2HCI(v = 1) (3)
Cl + HCi(v = 1) » HCL(v = 0) + C1 (4)

it is possible to measure ki + kzg k, and kl/(k1 + kz)e Process

4






(3) is eliminated by extrapolation to P = 0. Thus

HCl/PC1
the dependence of relaxation rate on quantum number and the
importance of Av = 2 compared to Av = 1 are determined.

The quasiclassical trajectory calculations of Smith and
others give relaxation primarily in collisions which cross, or
cross and recross, the barrier to reactional Recently Kneba
and Wolfrums have shown that the isotope exchange reaction
rate for HCl(v = 1) is twice the vibrational relaxation rate.
Since exothermic reactions give broad vibrational distributions
in products, the same might be expected for "reactive' relax-
ation processes. Furthermore, calculated relaxation rates for

collisions energetically below the reaction threshold are

negligibly small, For the endothermic reaction system

1

Br + HC1(v = 0) » HBr + C1 AHg‘g 5490 cm~ (5)

the calculated rate is much less than that measured for
HC1(v = 1) but of the correct order of magnitude for v = 2,6
For reaction (5) the previously available rate data for forward
and reverse reactions do not satisfy the principle of microscopic

?eversibility919 5, 7

Earlier measurements on HCl(v = 2) + Br
are extended hereas

The kinetics of H + HC1, for both abstraction

H o+ HCL(v = 0) » Hy(v = 0) + C1  aH®= 359 cn™' (6)
and exchange reactions have been studied for many yearse8
Here we add to the growing, albeit confusing, store of knowledge

the rates for relaxation and reaction of HC1(v = 2) by H.
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The basic experimental apparatus has been described in
detail in several previous publications. The apparatus confi-
guration of Ref. 4 was used., A small oven was added around
the flow tube, downstream from the titration zone, extending
12 cm on either side of the observaticen port. Two calibrated
iron-constantan thermocouples were inserted into the gas flow
through pyrex sleeves 5 cm on either side of the observation
port. The thermocouple voltages were read with a Newport
digital microvoltmeter. Heated air, at the same temperature
as the oven, was blown over the observation port windows to
reduce window cooling. The oven was turned on for at least
an hour before a run; its temperature remained stable within
5 K. Both thermocouples gave the same oven temperature before
the gas flows were started. However, with gas flowing the up--
stream thermocouple consistently gave a lower temperature
reading by ~ 5 K than the downstream one. The gas temperature
was taken as the downstream reading. The maximum temperature
was limited by the ir detector noise caused by background
thermal emission from the hot oven. For temperatures above
ambient, an iris above the fluorescence window limited the
detector field of view to the center of the fluorescence re-
gion. The background was further limited by replacing the
cooled 3 - 5 p interference filter by a 3 - 4 u filter. The
transmission of this filter was about 4% less for the 2 -~ 1

fluorescence band than for the 1 - 0.






The production and titratign of Cl1 and Br atoms was
carried out as before., H atoms were produced by a microwave
discharge in either pure H, (Matheson 99.999 %) or H, diluted
by Ar or He. The H atom concentration was determined by gas

phase titration using NOCL9

The intensity of the chemi-
£
luminescence from HNO, I , was monitored as a function of the

£
flow rate of added NOCLl, £ Titration plots of I /£

NOCL~ NOC1
Vs fNOCl were linear and were extrapolated to determine the
end point of the titration to better than + 10%. Titration

of the H atoms was carried out close enough to the observation
port, 10 cm, that < 5% of the atoms were lost at the 10 - 12
m/sec flow velocities used in this work. Since H atom concentra-
tion could not be monitored by a recombination afterglow, the
titration was carried out several times during an experimental
run, In most cases PH varied by only a few percent. For the
final experimental run the H atoms were also titrated using
NOZ as the titrant gaslo as well as NOCl. The end point for
the NOz titration was reached when the chemiluminescence from
the flow tube was extinguished. Although great care must be

10

used in interpreting the NO2 + H titration reaction, the H

atom flow obtained using a stoichiometry of 1.5 was only 10%
greater than that measured using NOCl as the titrant gas.

Because of the unfavorable ratio of PH/PH in the other runs,
2

this was the only experiment in which both NO, and NOC1l titra-

2
tions were carried out,






111, RESULTS AND ANALYSIS
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The kinetic scheme, rate equations and data analysis have
been described in detail for the HC1 + O systems4 The data
for HC1(v = 2) + Cl, Br, and H are analyzed in the same way.
The decay rate, KZlg for v = 2 » 1 fluorescence as a function of
reactive atom concentration gives the total rate constant,
k%’Rsfor removal of v = 2 molecules by reactive atoms, R.
The slower decay rate, Klo9 of v = 1 is deduced from the total
fluorescence by a double exponential analysis in which the fast

rate is constrained to match K21 within + 15%.

The relative amplitude of 1 = 0 to 2 » 1 emission intensity,

[t}

11/12s gives the fraction of v 2 molecules which appear in

v =1, ile/k oR . The effect of V » V energy transfer process
(3) is removed by extrapolation to zero HCl pressure. Thus

the quantity

w= oA (Rl L Her, R
=T, A R] 3 TTRT
2 10
plotted vsePHCl/PR has a slope Zk3 and intercept kiégl° System-

atically small values of Il/lZ result from self-absorption at
high HC1l pressure. Measurement of Il/l’.2 without atoms for

T = 295 K for PHCl = 0.1 torr gave roughly a 5% decrease from
the expected value of 1.06. The effect is negligible for the
room temperature results and is significantly less than other
uncertainties for the lowest PHCl/PR values which fix the

intercept.






A, HCL + C1
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The experimental conditions for decay time measurements

2,01 _
o=k Ky

as a function of temperature are summarized in Table I. At

and results for the determination of k4 and k

least 3 independent experimental runs were carried out for

sach temperature. AS Wells for each combination of HC1 and

atom pressure,in each run, at least 2 fluorescenca curves were
recorded and the results averaged. The uncertainties listed

in Table I are standard deviations for a single measurement from
the mean of each data set. The relative intensity data are
plotted as M vs PHCl/PC1 in Figs. 1 and 2., For the room
temperature data the slope in Fig. 1 was fixed at st, with the

11 ¢ kg = 1.0 x 10° sec ¥ torrml, For

well-established value
higher temperatures the data points were fit by a least squares
straight line. The slope values in Table II are equal to

within experimental uncertainties to twice the k3 values given
in Table I, The intercepts give kl values which are within

10% of the k%9C1 = kl + kze The values of kz/k1 are independent
of errors in the Cl atom pressure. The uncertainties are
estimated as one-half the extreme limits of intercepts in Figs.
1 and 2 plus an additional 0,05 for uncertainty in A21/A10

= 1.88 and systematic error in the measurement of 11/129

Since all of the values of kz/kl are less than 10% and within
experimental error of zero, the contribution of tWanuéntum
transfer, process (2}, to the deactivation of v = 2 is less

than 10% and possibly much smaller.






B. HC1 + Br

The complete reaction and relaxation scheme for HC1l(v = 2)
+ Br has been presented in detaileg Here we are concerned with

the reaction sequence:

Br + HC1(v = 2) ~ HBr(v = 0) + Cl (7)
Br + HC1(v = 2) - HCl(v = 1) + Br (8)
Br + HC1(v = 2) » HCl(v - 0) + Br (9)
Br + HC1(v = 1) » HCl(v = 0) + Br (10)

Cl atoms produced in (7) are converted back to Br atoms on
every second or third collision with Brza

C1 + Brz + Cl1Br + Br (11)

E » V transfer processes yielding Br(ZPl/Z) are implicitly in-
cluded in (8) - (10); arguments in Ref. 3 show that their
contribution is small,

The data are collected and analyzed in a manner completely
analogous to that described for Cl atoms. The results are
~given in Tables III and IV and in Figs. 3 and 4. The data
at 391 K are identical in form to those at 355 K. Because
the rate constants for Br atoms are ten to twenty times smaller
than those for Cl, the extrapolations in Figs. 3 and 4 are
longer than those in Figs. 1 and 2. Consequently, the inter-
cepts and thus the fraction of v = 2 molecules which reach
v': 1 is less accurately determined. The slopes in Figs. 3
and 4 and in Table IV are determined from least-squares fits to

the data. They are 5 to 15% less than the st values determined
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directly from decay time measurements. If the slopes were

constrained to the later values, the k, values would be de-

8
creased by about the same percentage. The values of klO for
v = 1 relaxation are very poorly determined since HCl(v = 1)
molecules often flowed out of the observation zone more rapidly

than they were relaxed by Br. Earlier measurements of klo

are more accurate (Sec. IV-C).
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H atom may react chemically with ground state HC1, Eq. (6),
as well as with vibrationally excited HC1. For HCi(v = 2, 1)

the possible reaction and relaxation processes are:

H + HC1(v = 2) > Hy(v = 1, 0) + CI (12)
H+ HCl(v = 2) > HCl(v = 1) + H (13)
H + HCl(v = 2) > HC1(v = 0) + H (14)
H o+ HCL(v = 1) > Hy(v = 0) + CI (15)
H+ HCL(v = 1) » HC1(v = 0) + H (16)

The decay times of emission from v = 2 and v = 1 give the

rates k%sH

= ky, * Ky, + ky, and kp* = ko + ko as shown in
Table V. The errors given for each run are the standard de-
viations of the data set for that run. The error margins for
the average values are outer limits for all possible sources
of error. Gross systematic error in the H atom titration is
not likely,

The production of Cl atoms by Rx(6) is a possible source
of systematic error. At equilibrium PCl/PH = Kﬁ(PHCI/PHZ)
= 3.4 (P

The largest value, = 0,082,

ne1/ P, Prc1/ P,
applies to the highest HCl pressure in the last run in Table

V. For that case at equilibrium PCl/PH = 0.28. The Cl atom

pressure approaches the equilibrium limit with a rate given
_ -1
by k6PH01 + k«épHZ = 200 sec .

m/sec the HCl reaches the excitation zone 2 - 2.5 msec after

At the flow rate of 10 - 12

injection. The HC1l relaxation times are a fraction of a msec.

Under these conditions PCl reaches 36% of its equilibrium
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value; thus only 8% of H atoms are converted to Cl atoms

in this single worst case. Using the rate constants from
Tables 1 and V the observed rates are systematically increased
by the conversions of H atoms to Cl atoms by 2% for v = 2

and by 9% for v = 1. The effect is dinsignificant in this and
all other cases.

The relative intensity data plotted in Fig. 5 show values
of M calculated for each decay curve from the decay constants
for that particular curve, M = [K21 - KIO}/PH° Only curves
which could be analyzed accurately as double exponentials
were used., Agreement of the fast decay rate with that de-
termined for v = 2 fluorescence alone was better than 10%.
When best values of ki's and measured pressures are used to
calculate [K21 - Klojg as for Figs, 1 - 4, slope and intercept
were obtained. Less than half (35 # 15%) the loss of HCl(v = 2)
by collisions with H yields HCl1(v = 1), Table VI. Because the
reaction rate is a substantial fraction of the total, its
magnitude is much more accurately determined than that for

Br or O atoms.
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IV, PREVIOUS EXPERIMENTAL RESULTS
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At 296 K Leone and Mocrell have measured k3 to be (3.1

-12

+ 0.34) x 10 cms moleculeql sec“l by directly exciting

HC1(yv = 0) to HCl(v = 2). Noter et aielz have measured the

reverse of Reaction (3) from 300 K to 700 K. An analysis of

their data gives k, to be 2.5 x 10712 cn® molecule™ sec™t

~12 3 -1 -1

at 300 K and 1.9 x 10 cm” molecule sec at 400 K. The

present results for kgg Tables I and III, are in agreement
with these measurements over the limited temperature range of

the experiments, 294 K to 439 K.

B. HC1 + C1

B e R R VRV P W

There have been five different measurements of k4 near

300 K. At 294 K Macdonald et alels have weported the average

value of k4 from two different techniques to be (8.8 # 2.6)

x 10712 n® nolecule ! sec™! in good agreement with earlier

resuli5614 Brown et al.ls have measured k4 over the tempera-

ture range 195 K to 400 K. At 299 K they find k, to be 9.3

4
X 10“12 cm3 moleculeml secale Karny and Ka"tzl6 have also

measured k4 at room temperature to be (7.0 * 1.5) x 10“12

em> molecule } sec”!. Recently Kneba and Wolfrum® and earlier

Arnoldi and Wolfrum have found k, = (6.1 # 1.3) x 10712 4t
298 K. All of these measurements are in good agreement with
each other as well as with the results of this work, Table I,

at 294 XK.
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Brown et al.,15 have measured k4 over the temperature

11

range 195 K to 400 K. At 400 X they find k, to be 1.5 x 10~

4
cm‘3 moelculeml secwl a factor of about 2 greater than the
value measured here, Table I. This disagreement is larger than

one might expect since at 300 K their value of k, is only 20%

4
greater than the present measurement, Table I. However, this
disagreement is probably Wiﬁhin the systematic errors inherent
in the different methods of Cl atom production and determina-
tion as well as the different techniques for producing HC1l(v = 1),
The smaller value of k4 at 400 X might be preferred due:to the
more direct method of Cl atom production in the present work
as well as the smaller perturbation of the system by the direct
laser excitation from HCl1(v = 0) to (v = 2) and subsequent
relaxation to HCi(v = 1).

Ridley and Smith17 have measured the total deactivation
rate constant for HCl(v = 1), HCl(v = 2), and HCl(v = 3) by
Cl atoms by producing vibrationally excited HCl in a chemical
reaction in an excess of Cl atoms. Although their absolute
value of k4 is incorrect there is reason to ‘bel;il,evelz‘9 15
that the relative values of the deactivation rate constants are

correct. They determined k%gCI/k4 = 3.2 in reasonable agree-
ment with the value, 4.4 + 0.8, Table I.
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C. HC1 + Br

B R R R Nt C VR VRV

Several groups have measured klge At 295 K Leone et

aleS have found kio = (2.8 £ 0.5) x qulS cm3 moleculeml secmle
With similar techniques Arnoldi et aljs 18 and Karny and
Katz'® found ky, = (2.8 + 0.7) x 107*% and (2.6 * 0.5) x 107
cn® moleculefl secwls respectively at 295 K. Brown et a1,®
have measured klO from 210 XK to 371 K. At 296 K they find
kig = (4.8 £ 0.9) x 10713 cn® molecule™d sec"ls a factor of
1.8 greater than other measurements. They produced Br atoms
from reaction of a measured concentration of O atoms with
Brze Arnoldi aid Wolfrum7 found klO = (3.4 * 1.0) x 10513

16

cm3 molec:u.ls“1 secal using the same method. Karny and Katz
have suggested that the presence of BrO may accelerate the
deactivation of HCl(v = 1), The present experiments were
not designed to measure rates as slow as kloe The values of
klO in Table III are consistent with the earlier and more

precise valuese39 7, 16

Previously Leone et ales have reported k%sBr to be (1.8

12 cm3 moleculeml secql at 295 K. These experi-

+0,3) x 10°
ments were carried out exactly analogously to those reported
here, However, the use of an intwacavity etalon and placement
of the OPO in the same room as the flow apparatus greatly
improved the signal-to-noise ratio of the observed ir fluores-

cence in the present experiments. This has allowed work with

PHCl as low as 8 mtorr there by reducing the contribution of






k to the total deactivation rate of HCI1(v = 2) and de-

2,Br
T @

of these two determinations are in excellent agreement.

sPhel

creasing the scatter in the measurement of k The results

Arnoldi and Wolfruﬁ7have’measured k7 to be (1.5 = 1.0)

x 1072 cn® motecule™ sec™d at 295 X but not k%ggr@ At 295 K

we find k, to be (3 + 3) x 10713 cn® molecule™? secal9 Table
IV. Arnoldi and Wolfrum7 produced HCL(v = 2) by sequential
absorption of the 1 » 0 and 2 » 1 emission from an HC1
chemical laser and measured k7 by mass spectrometric detection

of BrCl on time scales long compared to the relaxation and

reaction processes. The direct excitation of HCl(v = 0) to

it

(v 2) and subsequent monitoring of the infrared fluorescence
to estimate the partitioning between relaxation and reaction
used in our study should not be complicated by any large ex-
perimental artifacts. While this technique cannot give highly
accurate values for the partitioning, the more direct nature
of the experimental measurement should be preferred. Although
the reported values differ by a factor of five, it should be
noted that the error ranges do in fact overlap.

Douglas et alslgs 20 have measured the relative reaction
rate constants for HC1(v = 1 - 4) + Br atoms at approximately
300 - 400 K, using a chemiluminescence depletion technique.

They estimated that k =13 -12

cm3 mcle@uleml sec“l and that for HCl(v = 2) k7 was 3 times

7 1s between 5 x 10 and 2 x 10

greater than kg. In contrast Table IV gives k, = (3 & 3) x 10713

cm3 moleculeml secal at 295 K, only about one fifth of kgg






At 390 K k7 increaSGS’to.qne half qf kge It may be possible
to reconcile these observations if one considers the dependence
of rate constants on rotational state and the differences in
rotational distributions for the two experiments.

For the reaction C1 + HI » HCl1l + I the dependence of rate
on temperature, isotopic substitution and relative translation-
al energy suggests that HI rotation is involved in the reaction
coordinate and that reaction rate increases with rotational
energy321 A similar effect can be expected for the Cl + HBr
reaction and its reverse k7e The rates reported by Douglas

et alelg’ 20

are arithmetic averages over the rates for J = 0
through 8. Thus their k's are for higher rotational energies
than a 300 K Boltzmann distribution. Contrary to the above
suggestion that reaction rates may increase with rotational
quantum number, Douglas et alezo point out that higher J levels
are less depleted and thus react less rapidly. An alternative
explanation of this result is that vibrational relaxation

v > v - 1 produces molecules with high rotational and trans-
lational energies. Translationally hot molecules pass through

the white cell more rapidly and hence their fluorescence is

detected less efficiently. They appear to have been chemically

depleted. Higher J states with less translational energy
fluoresce with higher efficiency thus causing an apparent
decrease in the chemical depletion of these levels. Thus two
effects, increased reaction rate for higher rotational energies

and counting relaxation as reaction may be responsible for






the difference in reported k7/k8 values. These effects are

most severe for reaction (7) since it is occuring near threshold.

R R RV VP IV

LH 4t 205

T
Arnoldi and Welfrum7 report a value of (7.0 = 1.0) x 10an cm3

molecule ' sec™t in agreement with the value of (7.6 t 2.3)

-12 1 22

There have been several determinations of k

x 10 em® molecule t sec™! found by Bott and Heidner.

The value of k%’H reported in Table VI is a factor of 2 smaller,

As for klO’ k%’H is poorly determined because at the low partial

pressure of H atoms it makes only a small contribution to the

1,H

total removal of HCl(v = 1). The earlier values of kT

are
taken to be correct.
There have been no previous measurements of the removal

of HC1(v = 2) by H atoms.






V. DISCUSSION
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Several qualitatively interesting features emerge from

i}

the data in Tables I - VI. For C1 + HCl(v 2) vibrational

it

relaxation yields HC1(v = 1) and not HCl (v 0). Thus at least
for this potentially reactive system multiquantum transfers

are unimportant. For Br + HCl(v = 2) collisions, relaxation

is faster than exchange, Table II,last column. The exchange
reaction is just at threshold with respect to total emnergy.
Because most HC1(v = 2) molecules relax to HC1(v = 1) this

rate constant is determined with good accuracy. Table VII
shows the ratios of these rates to those for relaxation of
HC1(v = 1). For the reactive atoms Cl, Br, and O for which
good data are available, HCl(v = 2) relaxes 4 or 5 times more
rapidly than HCl1(v = 1). In fact these rates appear roughly
proportional to VZ, whereas vl is expected for any linear first
order perturbation theory of vibrational relaxation. Some data
on HF and DF support a similar conclusionaz3 For collisions

of HC1(v = 2) with H reaction dominates and accurate relaxation
data are not obtained.

For systems with activation energies less than the vibra-
tional quantum, 8 kcal/mole, the relaxation rates correlate
well with the A factor for the thermal reaction, Table VII.

For H, O, and C1 the HC1(v = 1) relaxation rates are about
one third of the corresponding A factors. For Br + HCl(v = 1)
with an activation energy double for vibrational quantum

energy, the kv -1 is 20 times less than for Cl1 + HCl(v = 1).






A. HCL + C1
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A collision between a ClCZPu) atom and an HC1(12+) mole-
cule can occur on 3 possible potential hypersurfaces, ZA? and
ZA”correlating to Cl(z?g/z) and ZA7 correlating to Cl(ZPl/Z)
under general CS symmetry. Nikitin and Umanskiz4 have shown
that it is possible to obtain vibrational relaxation in multi-
surfaced atom-diatom systems due to non-adiabatic transitions
between the vibronic surfaces of the atom-molecule system.

The spin-orbit interaction is expected to be the largest ternm
coupling the adiabatic vibronic states. It is also expected
that the relaxation rate constants for different vibrational
levels, v, should scale as v with Av = 1 processes dominating.

5, 15, 17, 25 does not seem to

The experimental evidence
support the non-adiabatic vibronic curve crossing mechanism for
vibrational relaxation of HCI(v) by C1 atoms. The dependence
of rate on quantum number is strongly nonlinear, roughly
quadratic (Table VII). Kneba and WolfrumS have measured the
rate constant for the process
) + HCL(v = 1) » HC1(v = 0) + C1(°P

c1(%p (18)

3/2 1/2)

at 298 K to be ~ 100 times smaller than k4a Thus a major
non-adiabatic coupling mechanism in Nikitin's theory is 2 orders
of magnitude too small to explain the experimental rate constants.
Finally, the observed decrease in k4 on D atom substitution

indicates that non-adiabatic curve crossing is not the largest

. 2
relaxation channel.






For the Cl1 + HC1(v) system it appears that the dynamics
are dominated by one potential hypersurface. This surface
must reflect the possibility for '"chemical reaction.'" The

exchange reaction

¥ 1] 7 ¥ §1
Cl + HCl (v) - HC1 (v ) + C1 (19)
may be vibrationally non-adiabatic. Recently, Kneba and

Wolfrums have measured the rate kZO at 298 X to be twice

37 3 35

Tc1ev =0, 1) + °°c1 (20)
35

Cl + H2°Cl(v = 1) » H
k4 and a factor of 103 greater than the H " "Cl(v = 0) rate
constant. The barrier height determined experimentallys for
the thermal, HCl1(v = 0) + Cl1l, exchange reaction appears to

be 6.6 £ 0,5 kcal/mole. Smith and W00d26 and Smith27

have
investigated vibrational relaxation in atom-exchange reactions
using quasi-classical trajectory calculations. For the Cl

+ HC1(v = 1) system the trajectory calculations of Smith27 are
in reasonable agreement with experimentally measured rate
processes for an LEPS potential hypersurface only when the
barrier to exchange is reduced to 1.89 kcal/mole. Smith and

6 27 found that relaxation was likely only if

Wood2 and Smith
the collision reached a configuration of equal bond extensions
for reagents and products. Model quasi-classical trajectory
calculations have shown that the dynamics of atom-diatom
collisions can be quite sensitive to the fine features of the
topology of the potential hypersurface. Thus curvature of

the minimum energy pathszg the nature of slope that leads up






to the barrier crestzg and the form of the inner repulsive

wa1128» 30

as well as gross features such as location and
. . 3 . .
height of the barrier 1 must be carefully considered in order
to compare the results of trajectory calculations to experimental

rate constants.

B. HC1 + Br

B R Y T R I VIR VIR VP

Similar arguments also apply to relaxations of HC1(v) by

20, 32, 33 gquasi-classical tra-

Br. There have been several
jectory studies of this reaction. 1In general, these calculations
are roughly in agreement with experimental trends for HC1l(v = 2).
We have suggested that the rapid increase in k7 with increasing
temperature is due to an increase of reaction rate with rota-

20 used a2 300 X translational

tional energy. Douglas et al.
distribution and a 600 X rotational distribution for the
reagent HC1(v) in their calculations. For HCl(v = 2),

reaction and relaxation processes were calculated to be

52

equally likely. Smith determined that vibrational energy

transfer was most iikéiy to occur in Collisioﬁs where the con-
figuration (zﬁBr/reHBr) = (ihCl/réHCl) was reached. It seems
probable that small changes in the topology of the potential
hypersurface in this region could lead to large variations in
calculated energy transfer and reaction rates. Smith calculated
a negligible rate for relaxation of HC1(v = 1) by Br at 298 K.
No relaxation occured unless sufficient energy was available

for reaction to occur as well. Smith concluded that non-adia-

batic transfer probably accounts for klOa In view of the






arguments above for HC1l + Cl.which are equally valid for HCIL
+ Br, it may be that a change in potential surface shape is
indicated instead. Perhaps the reaction coordinate is more
strongly curved in the region accessible to HC1l(v = 1) + Br.

The measured rate of reaction (7) may be compared to that

of the reverse reaction,ls 3, 7

K
Cl + HBr(v = 0) —% HC1(v = 2) + Br.

The total reaction rate for Cl + HBr is accurately known,

-12 1 -1 21
C .

(8.4 + 0.5) x 10 cm® molecule b se The relative pro-

duct yield HC1(v = 2)/HC1(v = 1) has recently been determined34

to be 0.12 + 0.03. An earlier result-®

based on a single
preliminary measurement was 0.4, The ratio HCl(v = 1)/HC1{(v = 0)
can oﬁly be set between 0 and 1.> The rate k_-, is established
within the range (8 * 4) x 10713 cm® motlecule™ sec™l. From

microscopic reversibility k7 must be given byl

]
_ u B Ae/kT
1
where p and py are the reduced masses for collisions C1 + HBr
¥

and Br + HC1l respectively, B and B are the rotational constants
for HC1(v = 2) and HBr(v = 0) and Ae = 190 * 40 cmmi is the
exoergicity of reaction (7). This equation must hold as long

as k7 and km7 are measured with reagents at rotational and
translation thermal equilibrium. Thus k7 is calculated in

-12 1 -1

the range (2.2 * 1.8) x 10 cm® molecule  sec™t at 295 K.

Experimentally (Tables III and IV), the total inelastic rate

is k%fBr = (1.7 £ 0.2) x 10712 cn® motecule ! sec™! and the






12 -1

reactivebpart is k7 = (0.3 % 0.3) x 10 cm3 moleculewl sec

The measured and calculated ranges for k., are very wide but

7
even so just barely overlap. If we use the accurately measured

k%sBr as an upper limit on k7 and combine this with the accurate

value for the total reaction rate of Cl + HBr, the maximum
fraction of HC1(v = 2) product from C1 + HBr would be 0.07.
This clearly rules out the earlierss HC1(v = 2)/HC1l)v = 1)

measurement. More accurate measurements of the product

2,Br
T

are required for a useful comparison with microscopic reversi-

distribution for Cl1 + HBr including HCl(v = 0) and of k7/k

bility.

N s a9 e A A A A Ay

The reaction of an H(ZSg) atom with an HC1(12+) molecule
can take place on only a single ZA? potential hypersurface.
However, there are two "'reactive'" channels energetically
allowed: (a) the abstraction reaction

H + HCL =~ H, + (1 (z1)
or (b) the exchange reaction:

H + HClL > HCL+H (22)
These reactions have been extensively studied under thermal,
molecular beams, and laser excitation conditions. Potential
surfaces have been calculated and classical trajectory studies
carried out. References 8 and 36 discuss this work in detail.
The activation energy for the thermal abstraction reaction has

been found to be 3.2 - 3.6 kcal/mole and at 298 K k21 has






14 18

been measured to be 4 x 10 cm® molecule ! sec” .U Values

for the activation energy of the exchange reaction range
from 6 to 20 kcal/mole,

Both the abstraction and exchange reactions have been
investigated7 for HC1(v = 1). For - the reaction

k)3
H + HCl(v = 1) - H, + Cl (23)

at 295 K Arnoldi and Wolfrum7 found that kzs was less than

1.3 x 10713 cm® molecule™ sec™l. This is only 2% of the

total removal rate constant for HCl(v = 1) by H atoms. They

2, 7

reported”™’ that

k.,
D+ HCL(v = 1) —2%, DCl(v = 1, 0) + H (24)

accounts for 10% of the total removal rate of HC1l(v = 1) by

D atoms and that at 298 K k,, is 8.3 x 10713 cpd molecule™?t

sec™ L,

For HC1(v = 2) + H abstraction (12) is the major loss
channel, 65 + 15%. Relaxation (13) to HCl(v = 1) is somewhat
less probable. No information on the exchange process can

be obtained. The increase in abstraction rate with vibra-

tional excitation is dramatic for HCl{(v = 2):

kiZE/kizg = ky,/kyq = 430 % 65,

However, for HC1(v = 1), k,g/k,; < 4.2, there is little, if

2, 7

any ,effect.”? Both HCI (v

i

1) and HC1(v = 2) arvre
substantially above the activation barrier for abstraction.

In the case of H + HF(v) rates are dramatically larger for






the first level, v = 3, above the barrier to abstraction.
Total loss rates of HF(v) in collisions with H are 2.3, 10,

and 1000 x 10715 cn® molecule ™ sec™! for v = 1, 2, and 3,

37 The rate of abstraction for HCl1(v = 1) + H

respectively.
seems slow by comparison.

The H + HC1(v) system appears to be an ideal dynamical
system for future study. All three sources of reagent
energy, translation, rotation, and vibration, appear to
dramatically influence the dynamics of this reactive system.
It appears possible that an accurate ab initio potential hyper-

surface could be produced and used to calculate rate constants

and cross sections,
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TABLE 1I. HCl1(v = 2, 1) + Cl - experimental conditions and rate constants derived from de-

cay times.

B Par Pei,  Phcr Pe1 | Ky kp ¢ ke
(K) (torr) (mtorr) (cm3 molecule t sec™! x 1012)
294 2.35 - 3,20 82 - 170 15 - 110 35 - 107 7.4 + 0.5 33 = 4 3.1 £ 0.5
35@b 2.59 - 2.67 100 45 - 140 89 - 90 7.6 + 0.7 36 = 4 3.2 + 0.5
381 1.91 - 3,25 58 - 130 38 - 150 27 -~ 100 5.9 £+ 1.5 38 = 2 3.2 £ 0.5
411 3.14 - 3.23 99 - 130 38 - 130 27 - 90 7.6 £ 0.7 37 £ 4 2.7 £ 0.4
439 2.67 61 - 90 130 - 170 85 - 125 8.1 £ 0.8 32 £ 4 2.3 £ 0.4

[
@
8

a. From values of KZ1 with PC

b. Only one experimental run.

1=

- Og -
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TABLE II.  HCIL(v = 2, 1) + Cl1 - data derived from

amplitude ratios.?

T Slope i, k,© k,©
°K Ecmg molecule ™t sec™! x 1012) k%9C1
294 6.2% 32 + 8 1:3 0.03 + 0.1
381 6.5 34 + 7 4 + 4 0.10 + 0.1
411 7.0 37 & 10 0+ 3 0.00 + 0.1

a. From data of Figs. 1 and 2,

b, Intercept of M vs PHCl/PCle

C, kz is k%961 from Table I minus kl from Table II.

d, Fixed at st value from Ref. 11.






TABLE III. HC1(v = 2, 1) + Br - experimental conditions and rate constant derived from de-

cay times.

T PAr FBr, Prea Br 10 kg7 ks

(K) (torr) (mtorr) (cm3 molecule t sec™! x 1012)
295 2.30 - 2,93 77 - 87 § - 30 66 - 86 0.33 % 0.182 1.7 = 0.1 4.0 = 0.
355 1.0 - 2.85 37 - 140 38 - 130 - 78 - 120 0.25 £ 0.07 2.4 £ 0.3 3.3 = 0.
390 2.88 - 2.96 33 - 70 38 - 120 75 - 103 0.38 £ 0.16 3.3 £ 0.5 3.3 = @.

a. The value (2.8 + 0.5) x 10™ %> cm® molecule ™t sec™ Refs. 3, 7, and 16 should be used.
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TABLE IV. HC1(v = 2, 1) + Br - data derived from

amplitude ratios.g

b c
T Slope ’kg k7 ‘ k7
°K (cm3 molecule™ sec™! x 1012) k%sBr
295 5.9 1.4 + 0.4 0.3 + 0.3 0.17 = 0.15
355 5.4 2.0 £ 0.6 0.4 £ 0,35 0.18 = 0.12
390 5.6 2.2 + 0,6 1.1 £ 0.6 0.34 + 0.153
a. From data in Figs. 3 and 4.
b. Intercept of M vs PHCl/PBr”
c. k7 is R%EBT from Table III minus kg from Table IV; it

is assumed that kﬁ = 0,






TABLE V, HC1(v = 2, 1) + H - experimental conditions and
rate constants'derived from decay times at 296 = 1 K.
1,H% 2,H
wo T PHc1 Py ke kep?
M
(torr) (mtorr) (cm” molecule” sec
x 10t

- - 3,36 8§ - 34 16 - 21 3.7 29 = 1
- - 3.45 6 -~ 37 12 3,9 28 = 2
He 3.48 0.39 17 - 32 41 3.1 22 + 4
average values 3.4 26 = 5

a.

111-defined;

see Sec. 1V.D.






TABLE VI, HCl(v = 2, 1) + H - rate constants® determined
at 296 + 1 K,

1.1 2 1 b 2 H
ke’ ky ki, ‘13 kyp/ky?

3. 4% 26 + 5 17 + 8 9 + 5 0.65 + 0.15

a. Units: cm® molecule T sec t x 1012,

b. More precisely le + qu = 0 + 53 k14 << kl3 is assumed,

c. The value (7 + 1) x 10712 cn® molecule ™! sec™d of Refs.

7 and 22 should be used,






TABLE VII. Vibrational relaxation of HCl by reactive atoms, Av = - 1,
at 294 k.2
b b . c
Eact % kv xvl/v kv = 2 kv = 3 jkD
02 OZ - R
(kcal) (A7) (A™) kv -1 kV -1 kH
H 3.5 0.8 0.30 - - -
0 ) 0.33 0,11 5,0 + 1.3 - -
C1 6 3.2 1.3 4.2 £ 0.4 g + 2 0.62 + 0.153
Br 16 - 0.056 5.0 + 1.3 - 0.86 + 0.31
a. Data for kv - o are from this work and Ref. 4. Other data for H and

Cl are reviewed in Refs., 8 and 5, respectively. Results for 0 and
Br are from Refs. 4 and 3, respectively.

Activation energy and frequency factor, 0y = A/v, for thermal
reaction from experiment,

Ratio of rate for DCl(v = 1) to that for HCl(v = 1).






Figure 1, Relative intensity data. The arrow denotes
the total rate of removal of HCl(v = 2) by Cl atoms from decay
rate measurements, Table I. The intercept at 1.07 x 106 secﬁl
torrml gives the rate of relaxation to v = 1, kle The small
difference between intercept and arrow shows that the Av = 2

relaxation to v = 0 is less than 10% of the total relaxation

rate. The slope is fixed at the literature value of Zkga

Figure 2. High temperature data corresponding to Fig. 1.
The least squares slope and intercept are practically identical
at the two temperatures; Table II gives the rate constants

derived in density rather than pressure units.

Figure 3. Relative intensity plot. The intercept gives
the rate of vibrational relaxation, kg° The arrow indicates
the total rate of loss of HCI1(v = 2} in collisions with Br.
The rate of reaction to form HBr is given by the difference

between the arrow and the intercept.

Figure 4. High temperature data corresponding to Fig. 3.
The total loss rate, arrows, increases with temperature as
does the fraction reacting. The reaction rate, k?gincreases

substantially with temperature, Table IV.

Figure 5. Relative intensity plot. The slope is fixed

at the literature value of Zk,. The intercept gives the re-






laxation rate, klge The arrow shows the value of k%sH from
Table V. The large distance from intercept to arrow shows

the relative importance of reaction (12).
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