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Competitive Reaction Rates of Hydrogen Atoms with HCl and Cl,. Entropy Considerations
of the HCl, Transition State* {

Frrrz S. KLEIN AND MaX WOLFSBERG]

Isotope Department, Weizmann Institute of Science, Rehovoth, Israel, and
Chemistry Department, Brookhaven National Laboraiory, Upton, Long Island, New York
(Received August 5, 1960)

The relative rates of the reactions

k
H+HCl—-H,+Cl

and

ke
H+Cl,—HCI+C],
were determined in the temperature range of 0° to 62°C and found to be given by
ks/ks=(0.143£0.033) exp—~ (1540-£130/RT).

The temperature-independent factor in the above expression is interpreted in terms of the structure and
the vibrational frequencies of the HCl, transition state. The doubly degenerate bending frequency of this
transition state is found to have a value of about 105 cm™1,

INTRODUCTION

N connection with recent measurements*? of the
reaction of Cl atoms with isotopically substituted
hydrogen molecules, there arose the problem of the
relative rates of the fast reaction step H+Cl; compared
to the back reaction H4+HCI. It was shown in a pre-
liminary experiment,! that this ratio is sufficiently
large so that the back reaction does not affect the
measured H/HD isotope effect to any appreciable
extent. The present work was undertaken to obtain a
more precise value for this ratio of competitive rates.
Pre-exponential factors in the Arrhenius-type expres-
sion for rate constants may be used to yield informa-
tion about the structure and the vibrational frequencies
of the transition state.* Since considerable information
exists now =3 about the H,Cl transition state, the
present study can be used as a starting point for the
exploration of the HCI, transition state.

EXPERIMENTAL PRINCIPLE

The rate of appearance of isotopically substituted
hydrogen in the photochemically induced reaction of
protium with chlorine in the presence of isotopically
labeled hydrogen chloride constitutes a measure for

* The experimental aspects of this paper are the work of
F.S.K., the theoretical aspects the joint endeavors of both
authors.

T Research at Brookhaven National Laboratory carried out
under the auspices of the U. S. Atomic Energy Commission.

I Most of this work was carried out while M.W, was a visitor
at the Weizmann Institute. He is very grateful to the Institute
for its hospitality.
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the reaction type H-+HCIl—H,+-Cl. The total decrease
in hydrogen may be used to measure the fast H4Cly—
HCI4-Cl reaction step. The above statement embodies
the basic principle of the present experiment. Further
elaborations will now be given.

Tank hydrogen was made to react with a mixture of
dry chlorine and tritium-labeled hydrogen chloride.
The following reaction steps are to be considered:

H,+Cl-HCIH+-H (1)
HT+Cl-TCIH+H (2a)
HT+Cl-HCI4T (2b)
HCl4+H—H,+Cl (3)
TCl+H—HT+Cl (4)
HCl4+T—HT+Cl (5)

Cl+H—HCI+Cl (6)

Cl+ T—TCl4+Cl (7)
HT+H—H,+T (8)

H,+T—HT+H (9)-
TCl+H—HCIH+T (10).
HCl4T—TCl+H. (11)

The chain-initiating step and the chain-terminating.
steps have been omitted, as well as_wall reactions in
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REACTION OF HYDROGEN

general.® Also neglected are molecule-molecule reactions,
under the given experimental temperature conditions®
and reactions which involve two tritiums at the trace
tritium concentrations of the present experiment.

The time rate of change of 7, the ratio of the HT
concentration to the H, concentration, is given by

dr/dt=[1/(Hs) ]-[d(HT) /dt}—[r/ (H) ]- [d(H:) /dt].

(12a)

(H) =

ATOMS WITH HC! AND Ci. 1495
Now
d(HT)/dt="ks(HCI) (T) +ky(Hz) (T) +k4(TCL) (H)
— (kaatka) (HT) (C1) —£5(HT) (H), (12b)
and
— (d(Hy) /dt= ki (Hy) (C1) +ky(H) (T)
—k(HCH (H) —~k(HT) (H). (12¢)

The following expressions are obtained for the steady-
state concentrations of Hand T,

Fy(Hy) (C1) + koo (HT) (CI) 4k (He) (T) -+ £ (HCL (T)

_ R (Hy) (C)
T E(Cl)
and

(T)=

ks(HCY) +ks(TCL) +ko(Cle) +ks(HT) +k1o( TCL)

(12d)

_ka(HT) (C1) +ks(HT) (H) +k1o( TCI) (H)

ks (HC1) 4 k7 (Cly) +ko (Hs) +En (HCY)
_ fean (HLT) (C1) +Ryoks (Hz) (TC1) (C1) /ks{ Cls)

In the simplification of Eqgs. (12d) and (12e), use has
been made of the knowledge of the experimental condi-
tions, especially of the fact that tritium is present only
in tracer concentrations and that (HT)<(TCl). Use
has also been made of a knowledge of some of the rate
constants and of isotope effects on these (e.g., ks,
ks&k7). Moreover, ki;/ks has been taken to be self-
consistently of the order of 10~2. Since (HT)<(TCl)
and ki, £ <Kk;,8 (T) is so small that the first two terms
on the right-hand side of Eq. (12b) make a negligible
contribution compared to the third term. The expres-
sions for (H) and {T) are substituted into Egs. (12b)
and (12¢) and the resulting expressions for d(HT)/d¢
and d(H;)/dt are themselves again simplified in the
same manner as Egs, (12d) and (12e). One then ob-

5 In the course of the experiments the inner surface of the re-
action vessel became covered by a thin film of mercurous chloride.
No difference in results, within experimental error, was found
between a fresh Pyrex surface, a surface coated with HgCl and
the same after flaming from the outside.

6 M, Steiner and E. K. Rideal, Proc. Roy. Soc. (London) A173,
503 (1939).

7K. H. Geib and P. Harteck, Z. physik. Chem. Bodenstein
Festband, 849 (1931); P. G. Ashmore and J. Chanmugan, Trans.
Faraday Soc. 49, 254 (1953).

8 M. Steiner and E. K. Rideal, Proc. Roy. Soc. {London) Al73,
503 (1939), P. A. Leighton and P. C. Cross, J. Chem. Phys. 6,
345 (1938), and S. Glasstone, K. J. Laidler, and H. Eyring, The
Theory of Rale Processes (McGraw-Hill Book Company, Inc.,
New York, 1941), pp. 226-229. The high temperature result
k:>>kn (with D instead of T') has been interpreted by Steiner
and Rideal in terms of a very low transmission coefhcient for
reaction type 11 compared to reaction 5 and consequently reac-
tion 7. The activation energies for reactions 10 and 11 are ex-
pected to be larger than that for reaction 7.

7 (Ch) (12¢)

tains
d(HT) /dt= ki (Hs) (TCI) (C1) /E5(Cly)
— (kut-k) (HT)(CD)  (126)
(12g)

The substitution of Egs. (12f) and (12g) into Eq.
(12a) gives®

—d(Hs) /dt=k(Hs) (C1).

dr/k(Chydt=r(1— R+ (ke/ ko) [(TCP) /(Cly) ]
or
dr/dg=—g ' {r(1— R+ (ki/ke) [(TCI") /(Cly) ]},
(13)

where g is the fraction of hydrogen which finally re-
mains unreacted, R=~%;/(ke-tk») and the superscript
0 designates initial concentration. Use has been made
of the fact that the TCl concentration changes little
during the course of the experiment.

Equation (13) is a linear differential equation of the
first order which can be easily solved by introducing an

? Where possible, calculations were carried out without the
various simplifications and it was determined that the error made
in the determination of the ratio k3/ks would be less than the
order of 1%.
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Tasie 1. Experimental data.
(For all experiments po= 1,185 108.)

Temper-
ature °C 0 g HCI'/H® CL*/H ks/ksX103
0.2 7.434 0.7755 1.402 3.229 8.14
11.59 0.7081 1.358 2.767 7.85
39.00 0.4261 1.370 2.873 8.51
16.62 0.6680 1.992 3.906 9.17
25.2  18.24 0.7522  2.846 4.141 9.40
11.81 0.7989 1.138 2,764 13.13
36.84 0.5148 2.028 4.530 10.60
12.21 0.7729 1.658 3.683 10.75
33.02 0.5261 1.656 3.684 9.74
58.07 0.4080 1.510 3.400 10.94
62.2 199.0 0.1884 1.192 3.276 14.17
- 139.5 0.3144 1.806 3.929 14.59
146.8 0.2982 1.294 2.830 13.79
25,2 0.5 0.9970 1.226 3.015
integrating factor.® We find then
k:;/k(s2 (T/S)
[1—(1/R)]
S (14)

B o as /[ 2014

Here, we have immediately written the expression for
the ratio of interest by inserting the factor E defined
as ks/ks; s is the initial ratio of TCl concentration to
HCI concentration. The hydrogen specific activity p is
found directly. The initial hydrogen chloride is con-
verted to hydrogen and the specific activity of this
hydrogen is designated as po. Then 7/5=2p/ps. The
integral in Eq. (14) is evaluated numerically. We can
derive E in the following way. We know? the ratio of
rates of the reactions (1) and (2a) which are the in-
verse of reactions (3) and (4), respectively, This
knowledge of %;/%., involves the previously discussed!
equality of ks, and ky. One finds then

E=k4/k3‘“fHT/fTCl(2R)”l§ (15)

f is the deviation of the ratio of the relevant isotopic
partition functions from the classical ratio, as defined
by Bigeleisen and Mayer.!t

EXPERIMENTAL PROCEDURE

The experimental apparatus was essentially the same
as described in the work cited in footnote 1 except
that an additional storage vessel for tritium-labeled
hydrogen chloride was attached to the line next to the
chlorine vessel. The experiment was carried out in a
similar manner as described previously.! Measured

¥ See, for instance, A. Cohen, An Elementary Treatise on
Differential Eguations (D. C. Heath and Company, Boston,
Massachusetts, 1933}, p. 30.

it 7. Bigeleisen and M. G. Mayer, J. Chem. Phys. 15, 261
(1947). V Y
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quantities of dry chlorine gas followed by hydrogen
chloride were frozen into the reaction vessel and a
measured volumeof pure tank hydrogen was then added.
The reaction was run and the residual hydrogen was
measured as before. A hydrogen sample was taken for
radioassay. The tritium specific activity p was measured
in a conventional Geiger gas counter. The initial
specific activity po/2 of hydrogen chloride was measured
by the same method after converson of the hydro-
gen chloride to pure hydrogen gas (specific activity
po) on zinc amalgam and suitable dilution with tank
hydrogen. The tritium-labeled hydrogen chloride was
prepared by the distillation of tritiated water onto
phosphorus pentachloride. The resulting hydrogen
chloride was carefully dried by passage through an
efficient multiple freeze-out trap cooled in a dry ice-
acetone mixture.

EXPERIMENTAL RESULTS

The experimental results, calculated according to
Eq. (14), are given in Table 1. The last experiment in
Table I is a dark run to check the efficiency of the
separation of the hydrogen from the reaction mixture.
Table II gives the relevant values of R taken from
Jones? and the values of E calculated as described
above. By least-squares method we determined the
constants of the Arrhenius-type equation for k;/ks and
found

Es/ks=0.143(=£0.033) exp[— (1540-£130)/RT]. (16)

These results again prove the correctness of the assump-
tion made in the work cited in footnote 1, that the back
reaction (3), (H4HCI), to reaction (1), (H,+Cl),
does not significantly affect the isotope effect considera-
tions in that work., The above results may be com-
pared with the value indirectly deduced by Morris
and Pease,?

ks/ks=0.1 exp(— | > 1400 |/RT).

In a preliminary set of experiments by the method
outlined in the work cited in footnote 1, a mixture of
equal parts of 99.69, deuterium gas and tank hydrogen
was reacted with chlorine at room temperature. The
remaining unreacted hydrogen was analyzed on a
CEC Model 21-401 mass spectrometer for the forma-
tion of HD in the sample. The accuracy was impaired
by equilibration of D, with H, in the mass spectrometer.

Tasie IL. Values of E-'=F;/ks and of R,

Temperature °C R B
0.2 3.73 8.19
25.2 3.43 6.85
62.2 3.09 5.53

2 J, C. Morris and R. N. Pease, J. Chem. Phys. 3, 796 (1935).
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The experiments permitted only the setting of an upper
limit of 0.05 to the ratio ks/ks.

DISCUSSION

The interpretation of the rate ratio will be undertaken
within the framework of the transition state theory.
The configurations of both the H,Cl and HCl; transi-
tion states will be assumed to be linear. The ratio
ks/kg is then given by'®

ks(H2C1) /ke(HC12) = (Ka/Ke) (mHQCI/mHmHCI) H
X (mamc1/muc1,) ¥ (Icw/Tuct) (Iacy/Tuct,)

(suC15HC1,/SC1,5H.c1) 0t exp(— A/ T), (17)

where

a=[1—exp (—unc1) /][ (1—exp(—umc1) ]

X[I;I(l—-exp(—-uH012)/(1—exp(—uc12)].

Here A4 is the difference (in degrees) in the activation
energies (zero point of reactants to zero point of transi-
tion state) for the two reactions; k3 and «s are trans-
mission coefficients, assumed to be equal; the m, I,
and s factors are defined in the usual way with spc1=
SHCL=SHc1= 1, Sc1,=2; and uw="hv/kT. The products
run over the three vibrational frequencies of the
respective transition states.

It has been possible to express the experimental
results for ks/ks in the temperature range in question
in the form ks3/ks=Ce 2T [see Eq. (16)]. Equation
(17) is already in the form ks/ks=C'ae4/T, If one
assumes that the individual factors of «, namely,
(1—e™)~%, can be expressed as ae’T (both a and &
being temperature independent) one finds: lne=
(8/dT)[T In(1—e)~1]. The derivative is evaluated
at some average temperature in the region of interest.

An actual attempt at least-squares fitting of In(1—
¢™)~! by means of a straight line over the temperature
range of interest has led to very similar values for Ina
as those from the derivative expression above. The
derivative expression is of course recognized as the
vibrational entropy of an harmonic oscillator (except
for the gas constant R) and the proper combination of
the factors Ine becomes just as expected, the difference
between the vibrational entropies of activation of the
two reactions (again except for the gas constant R).
Similarly then C (calculated) is the anti In of R~! times
the difference between the total entropies of activation
of the two reactions.

The factor D which does yield information about the
total relative energies of the respective transition states
will not be pursued further here.

Attention will be focused on the factor C which
depends on the structure and on the vibrational fre-

188, Glasstone, K. J. Laidler, and H. Eyring, The Theory of
Rate) Processes (McGraw-Hill Book Company, Inc., New York,
1941).
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quencies of the transition states and the reactants.
The necessary knowledge for the diatomic molecules is
readily available in the literature.* Considerable
information about the H,Cl transition state has been
obtained both from entropy of activation considera-
tions of the hydrogen-chlorine reaction® and from the
study of the isotope effects in this reaction.!

The unknowns contributing to the factor C, depend
then only on the moments of inertia of HCl, and upon .
its doubly degenerate bending frequency »s. The
stretching frequency of the HCl, transition state is
assumed sufficiently large so that it makes little con-
tribution to the entropy. Since one can make reasonable
assumptions on the moments of inertia, the present
experimental data then serve to give information about
the doubly degenerate bending frequency of HCls.

In his entropy considerations with respect to the
H:+Cl reaction, Pitzer® had to estimate H-H and
H-CI distances in the HyCl transition state. He used
du-n=0.9 A and du_c1=1.5 A. Proceeding similarly
for HCl; we choose dg_c1=1.5 A and dcic1=2.2 A.
With these distance values one finds

(Icw/Tuct) (Tney/Tucy,) =3.6.

If one permits independent or combined increases of
0.2 A for any of the above estimated bond distances of
the HCl, transition state, this ratio can increase by
35% or decrease by 15%,. Using the above value of 3.6
one obtains for C’ of Eq. (17): C'=1.85.

The stretching frequency of H,Cl which is about 1340
cm™' ! makes no contribution to « in the temperature
range in question. It is also assumed that the stretching
frequency of HCl: makes no contribution, as men-
tioned above. A stretching frequency for the HCl,
transition state larger than the Cl; frequency is plausi-
ble on the basis of the findings with respect to the HyCl
transition state, where the most reasonable model
appears to be one with a large H-Cl force constant.
This postulate will be tested by the measurement of
the isotope effect in this reaction, now in progress.
If this frequency were as low as 500 cm™, « would in-
crease by about 409, Our later analysis shows that such
an increase has little effect on the final value of the
bending frequency.

The following values are used in the calculation of
the contributions of the Cl; and H,Cl frequencies to o,

Vc12=565 cm‘l, V¢H201=540 cm‘l,

where vy refers to the doubly degenerate bending
frequency of the linear triatomic molecule. An average
temperature of 304°K is employed. Using the experi-
mental value of C=0.143, one finds then that

{(8/0T) T In[1— exp(—ugnc1,) 71} =1.711,

¥ G. Herzberg, Molecular Spectra and Molecular Structure I.
Spectra of Diatomic Molecules (D. Van Nostrand Corporation,
Inc., Princeton, New Jersey, 1950).



1498 F. S.

which means that!®
VoHC 1y = 105 cm™.

The experimental error of #4-0.033 in C leads to an
error of 412 cm™ in the bending frequency.!® On
the other hand the uncertainty in the moment of
inertia ratio leads to an uncertainty of 13 cm™!
in the estimated frequency. Thus the bending fre-
quency vsici, s not expected to deviate by more than
20 cm™ from the value of 105 cm™. It may be men-

%57, B. Mayer and M. G. Mayer, Statistical Mechanics (John
Wiley & Sons, Inc., New York, 1940), Table AIX 4.

16 A least-squares calculation has been carried out to fit by C
exp(—D/T) the values of ks/ks given by Eq. (17) at the three
temperatures of the experiment with the known molecular
parameters (including vgrc1.=105 cm™) and with a value of 4
chosen to give the correct magnitude of k;/k¢. The result of this
calculation was C=0.1441-0.0004. This result justifies our pro-
- cedure and indicates that the error introduced by the temperature
variation of ¢ is small compared to the experimental error.

KLEIN AND M. WOLFSBERG

tioned that the raising of Pitzer’s frequency vgm.c:
has a negligible effect on the present result, whereas a
considerable lowering of that frequency would only
produce a comparatively small lowering of the present
value of vguc1, The comparison of vgmec1 and vguc,
leads to a value of the relative bending force constants!
kdmc1,/ kOm,c1=0.345.

The experiment has thus served to give us our first
insight into the potential energy surface of the HCI,
transition state. Isotope effect studies will give us
further information. As has been noted before,! how-
ever, they will not yield further data with regard to

V¢HC lg-
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