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(1) and (3) are: log(Hkl/Dkl) = 1.68 + 150/4.575T, log( ka/pks) = 1.33 +
1020/4.575T. The results for (3) were fitted to absolute rate theory
including tunneling (unsymmetrical Eckart barriers) to obtgin permissible
ranges of tunneling’factors and vibrational frequencies of‘the linear

IH, complex. Internuclear distances in triangular IHp compiéxes were
found to be only slightly greater than re(HI) = 1.60 R end re(Hg) = 0.7h A.
Sato energy surfaces were calculated for a number of Sato parameters;
tunneling for these surfaces was found to be negligible when computed

from Eckart potentials fitted to the Sato surfaces. Agreement of theory
with experiment could not be obtained for both the preexponential factor

and the activation energy of I + Hy for any value of the Sato parameter.

FEHHIH I

Isotope effects in the kinetics of simple gaseous chemical reactions
have been shown by Bigeleisenl and by Johns.ton2 to be important in compar-
3

ing absolute rate theory with experimental results. Shavitt” and Wes‘l:on)4
have compared values predicted by absolute rate theory with the experimental
ratios of rate constants for isotopic exchanges in hydrogen, Sharp and
Johnston5 found theory in accord with the experimental results over a very
long temperature range for the reactions CFsz + CHD3z - CF3H, CF3D + CDa, CHD5.
Bigeleisenl and coworkers measured the rate of reaction of chlorine atoms

6} 7’8

with HD and showed that a large body of experimental results on the
reactions of chlorine atoms with HD, Hy, Dy and HT were in accord with
Bigeleisen's absolute rate theory formulatioen of the effects of isotopic

substitution on rates, A reaction with the simplicity of the chlorine
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atom reactions, and for which information on the transition state may
be obtained from the kinetic isotope effect, is I + H, - HI + H.
in this paper, the results are given of an experimental determina-
tion of the rates of the elementary reactions I, + Dy -» 2DI and
I +D5~+DI +D. Structural parameters for the IH, transition staie

in accord with absolute rate theory are obtained from the retios of the

rates of I + Hp, Dy -+ HI, DI + H, D and fram the previously measured rate
of the hydrogen reaction,

EXPERIMENTAL

The experimental method has been previously described in detailg’lo.

Rates of reactions in sealed fuged silica vessels were determined from
initial concentrations of deuterium and iodine and final concentrations
of deuterium after the reaction was quenehed. &he deuterium (obtgined from
the Stuart Oxygen Co. and labelled >99.5% pure) was stored in the vacuum
line as UD3., To minimize contamination by Hy the uranium snd the vacuum
line were previously conditioned (by sparking and flaming) with several
samples éf deuterium; also, before filling, each reaction vessel was
‘ i

conditioned with several samples of D; at a dull red heat. The purity of
the D, was monitored by mass spectrometer analyses for HD of Dglsamples
taken wheﬂ filling the reaction vessels and samples taken from the
reaction vessels after the reactions had been completed.

Corrections for the transient temperature lags at the start and end
of the reaction were made as in reference 9. Corrections for diffusien
were made at each temperature as described in footnote 8 of reference 10,

The permeability of fused silica to deuterium was considered to be smaller
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than the permeability to hydrogen by a factor of V§.ll The diffusion rate
of deuterium through the walls of the reaction vessels, although varying
with the temperature and the size of the vessel, was roughly 0.01% per hour. .

METHOD OF CALCULATION

The stoichiometry of the reaction of D, with I, is given by Dz + 12 - 2DI,

I, = 2I. The elementary reactions.which occur are 9,10, 12
Dp+ Ip = 2DI (1)
2DI = Dy + Ip - (2)
I+Dz = DI +D (3)
D+DI = Dp+1I (k)
D+I, = DI +1 ‘(5)
I+DI =+ I+ D (6)

The three independehf rate parameters were teken to be k,, ks and ks¢/kg, and

rate measurements were made at 633.21, 666.79, T10.33, 737.93 and 799.77°K.
The rate equatién for the production of DI from reactions (1) through

(6) is Eq. 9 (written for D,) of reference 10. Réte constants were

calculated from th,ie." equation using K = (Dg)eq‘( Ia)eq_ / (DI)gq. = 0,01771,

0.01990, 0.02274, 0.02453, 0.0286k and K = (1), o/ (12)1/2 = 1,184,

2.392, 5.383, 8. 573, 21.53 x 107 (mole/cc)/2 at 653, 667, 710, 738 and

[ oot

T The three’rate paremeters in Eq. 9 are k,, ks and k4/k5. In the

present experiments these were calculated by successive approximations
using the following characteristics of the system which are anaslogous.to
the results obtained in the. hydrogen reactions: 1) at 633, 667, 710 and

738°K and st low values of (DI)/(I2) the rates (and therefore calculated

s s — ]
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valueé of k, and kg) are insensitive to k4/kg; 2) at 800°K the contribufion
of (1) to the overall rate is small and calculated values of ks and ke/ks’
are only slightly dependent on kj;; 3) at 800°K k4/k5 can be determined
with much greater precision than at the lower temperatures -~ and, within
the experimental errors of the low temperature runs, is independent of
temperature.

A trial value ke/ks = 0.08 was used in the rate equation, Eq. 9; as
described in reference 9, least square or "best" values of k; and ks were
then calculated from the experimental data of all runs at each temperature,
633, 667, 710 and T38°K. These "yest" values were found to be only
slightly dependent on the trial ks/ks; thus at 738° a + 15% change in
kq/kg produced a -0.1% change in k; and a + 1% change in ks. The k;'s

were extrapolated, ky = AfI'l/2 exp (-E/RT), to 800°K to give k; (800°K) =

659 (mole/cc ) sec™,

Two sets of runs were msde af 800°K; in Set A, where (p1)/(12) <1
(average concentrations over the reaction) in each run, the rates were
insensitive to ke/ks; in Set B where (DI)/(Iz) > 1 in each run, the rates
were sensitive to ka/kg. With the use of k; = 659 in Eq. 9, least square
values of ks were caleculated for each set of data for each of a number
of trial ke/kgs. The results gave two curves, ks vs ke/ks, almost identical
(see below) to the solid lines in Fig. 1. The intersection of the two
curves geve values, kg = 44,3 (mole/cc)*secf , kq¢/kg = 0.073 consistent
with the "approximate" value k; = 659 and the data of both Set A and
Set B. '

The new value, ke/ks = 0.073, was used in the 633-738°K data to

obtain more accurate values of k; and k3. The extrapolation of k; to
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800°K and the determination of ks and k4/k5 at 800° were repeated as
described above. The new value of k; at 800° was 660 (meole/cc)sec™,
The results consistent with this k; and with both sets of 800° data are
given by the intersection of the two solid lines in Fig. é, <kaD = bh.3
(mole/cc)sec™, and <k, /ks» = 0.073. '

These values, unchanged from the previous approximate calculatibn,
deomonstrate the very slight dependence of ki and k4/k5 on k; at 800°K
and the very slight dependence of ks and k; on k4/k5 at. the lower tempera-
tures. To further demonstrate that in the 800° data <kz) and {k4/ks)
are only slightly affected by an error in k;, calculations were made with
k; = 640; the results (dotted lines in Fig. 1) indicate that a 3% error
in k, affects < kg) by 0.2% and {ks/ks) Dby sbout 1%.

In the H, experiments, reference 10, Hk3(667°) was deter@ined
essentially independently of H(k4/k5) but in the present expe;iments
Dk3(667°) is slightly dependent on D(k4/k5)(667°) which is assumed to be
equal to D(k4/k5)(800°). The possible error in Dk3(667°) and therefore
in Hks/Dks introduced by this assumption is evaluated by considering the
error in D(k4/k5)(667°) to be equél to the error in H(k4/k5)(667°). In
reference 10, H(k4/k5) at 667° and 800° was determined from extensive
measurements and s careful error analysis to be 0,07 + 0.02 and 0,08 t 0.01..
With similar uncertainties (since the D, and H, runs are similar), D(k4/k5)
would be 0,063 + 0,018 and 0,073 * 0.0l at 667° and 800°, The uncertainty
in D(k4/k5)(800°) affects Dk3 (800°) by only a few-tenths percent. The
uncertainty in D(k4/k5)(667°) leads to an uncertainty in Dk3(667°) of 2.5%
and an uncertainty in Hks/Dks (667°) of 2.7% which should be considered

as an extreme limit of error.
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The uncertainties in D(k“/kS) indicate & possible teﬁperatue dependence
' which, if reai,‘ would have to be attributed to reaction (5); the activation
energy corresponding to Hk4 wag shown to be 21zex'o:Lo (from OHs and Ea) .a.nd
therefore thet fqr Dk‘* is very closée to zero.

Corrections for HD impurity in the Dy were made after the least square
values of k; and ky were obtained. The average amount of HD in the Dz was
1.1, 1.1, 1.2, 0.9, and 1.5% at 633, 667, 710, 738 and 800°K. With the
assumption that kHD = -0.5(1&{2”52), the least square kj;s were corrected
by -0.55, -0.55, -0.6, -0.45 and -0.75% -- and the least square kss were
corrected by -0.75, -0.75, -0.75, 0.6 and -1.0%.

RESULTS ‘

The least square values <{k;» and < k3 ), after correction for HD
impurity, are éiven in Teble I. 1In Table II the experimental -data are given
together with rate constants (not corrected for HD impurity). The rate
constants in Table II, which are included to give an. indication of the:
experimental precision and to show that there is no trend with concentra-
tion, vere calculated in the following way. For each run in the temperature
range 633-738°K, k; was calculated using {kz) (uncorrected for HD) and
< k4/k53y“ = 0.073 in Eq. 9; similarly ks was calculated for each run using

(k1> A{uncorrected for HD) and k4/k5 = 0,073, The averages.of the
individual values of k; and kg are roughly 0.5 to 1% higher than the
corrected least square values given in Table I. For the runs at 800°K,
k; = 660 (mole/cc)sec™ was used in Eq. 9; kg x{as calculated for esch run
of Set A using k¢/ks = 0.073 in Eq. 9; k,/ks was calculated for each run

of Set B using €ks) = 44.25 (uncorrected for HD) in Eq. 9.
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The ratios of isotopic rate constants are given in Table I, It
should be noted that to obtain these ratios the 633°, 710°, and 737°K Hso
data in reference 9 were (in thevlight of the results of reference 10)

recalculated using k,/ks = 0.08 to give values of Hkl and _ka slightly

H

different from those given in reference 9. Values for Hkl and Hka at 667°
and 800° were taken from reference iO.lu

A least square fit of k; ana of ks gave the equations

log (ky/1%/2)

* log (ka/1%/2)

A similar fit of the ratio of rate constants gave

12.50 + 0,07 - (ho,790 + 200)/RT

12.41 + 0.1 - (33,770 + 300)/RT

" log (Hks/Dks) = 1.33 + 0.1 + (1020 % 140)/RT
log (Hkl/Dkl) = 1.68 + 150/RT
15

Taylor'gnd Crist™” measured forward and reverse rates'on the Hpo' = I -
HI and Da %i?;j} DI systems at 667° and 698.6°K., Their data’are not
sufficiently extensive to determine ki, ks and k4/k5 independently of other
data. We compare.our rates with theirs for the Dy systems by calculating

e least square k; from their data (four runs on the forwa;d reacf1onmaﬁd‘ *
four runs on the reverse reaction were madé at each temperature) using
ky/ks = 0.07 and D#a (667°) = 0.579, Dksv(698.6°) = 1.81 (molefcc)Jsee™
in Eq. 9. We corrected their reaction times by three minutes (see reference
10) and also corrected the least square ks by -1% for a 2% HD content as
reported by TC. The results are in Table III where subscript "f" indicates
the reaction of Dy with I, and "r" the decomposition of DI. The agreement
is good; only the value 3,83 is outside the combined limits of the experi-

mental erfors'in their results and ours,.
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DISCUSSION
Linear IH, Complex, Eckart Tunneling

The ratié of isotopic rate constants may be written as
wfi = (T/ 75) (w/vye) (g/¢%)
where 7"5 are tunnéling factors; v¥'s are imaginary freéueﬁcies in}the
complexes and f's aré functions of the real vibrational frequencies for
two isotopic molecuiés and are obtained from the ratio ofipar£ition»
functionslés the subécript D indicates q&antities in the deuterium
reaction. Bigeleise@ et al.l evaluated f(Dgﬁﬁz)

£(Ds/Hz) = 0.70738 exp(889.93/T).

For a linéar'complex in the I + Hp reaction,

& s up; sinh (u,/2)
f j:(ma/mg) = 77 uiisinh ey

i

where u = hew/kT.

The force field for the complex was taken to be

V=V o+ 3 (ar)® ¢ ifa(are)® + £12 (ary)(are) + 3 (00)®

from which it can be shown that the vibrational frequencies in the IDz

complex are lower than those in the IHp complex by a VE'factor for all
17

values ofﬂthe force constants™’'. The ratio of isotopic constants is then

e 2
> ‘sinh (0.707 u /2) sinh (0.707 u.b/2)
k/kD = b 7; £(D2/He) sinh (us/2§ sinh (ub/2) | (E1)

+

where ug and Uy refer to the stretch and bending frequencies in the IHp

complex,
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Initially tunneling was taken to be negligible with [~ and T /7;
equal to one.18 Pairs of frequencies were calculated for which El reproduced
the experimental values of k/kD at 700° and 800°K; these are given in Table
IV. The two values of the bending frequency associated with each stretch
agree within their uncertainties which reflect +2% errors in the Valﬁes
of k/kD at each temperature; the temperature interval is ioo small to
determine a unique pair of frequencies from the data.

Similar pairs of frequencies in accord with the experimental Qalues of
k/Xkp and with E1 vere determined for T?“Tb = 0.90, 0.95, 1.05, and 1.10,
The bending frequencies mb are shown as functions of ms by the dashed and '
dotted curves in Fig. 2.

In the following section we use the rate of I + Hp -+ HI + H and the
ratio of isotopic rates to show that ws and mb can be restricted to a range ..,
of values if we make the reasonable requirement that the moment of inertié
-of IHp, as calculated from absolute rate theory, be greater than 13 x 1074
vg cq~¥ This minimum value of I* is obtained by considering that the inter-
,nuclea} distances in IH, cannot be less than those in the separated normal
‘molecules, r, (BI) = 1.60 A, r (Hz) = 0,7Th A While the treatment does not
give specific values for ws and mb it does provide a range of values as &
eriterion which must be met by any specific (e.g. Sato) potential surface.

" The results are independent of the detailed nature of the potential energy
surface -- the restrictions on the surface being only that the reaction
path near the saddle can be fitted to one of a very wide range of Eckart
potentials. | |

The moment of inertia is obtained by setting Eyring's theoretical rate

constant®® kyy = Ath(T)exp(-EoﬁRT) equal to k = (1 + 0.3) 10%2:3% Tl/zexp(~E/RT).




N

the theoretical pre-exponential factor is,

- . value,

complex are taken to be _equal and the numerica

t
_\to'be

Since

E = E'0 + RT x B(T', u_, Wy T) (E2)

where
. ' u .
B(T) uS; ub’ T ) = us' + ? - uH‘—a-—'—uH 1 + g_]lzgl

e 5.1 e -1 e 221

in terms of the experimental

Ath(T) = (1 + 0.3) 10*&.3° 72/2 exp [—B(T, u, w, T ) ]

when the electronic statistical weights of the iodine atom and the

1 factors in A, are eveluated

“for T = 700°K the moment of inertia of MMz is

¥ _ (63 + 20) x 107%° £(u, w) B (T) g on® (E3)

£ (u, ub) (1-e~U8)(1-e7")2 exp ['_ zs ) i:b ‘] (e5)

where

e 51 e -l

and ¢(T) 7.,00 exp(-d 1n 7 /d 1n T) which can be evaluated by ta.kipg_¢(?‘)
7 .

i
i~

1n 7'700/ 7r800]

1
#T) = “7;55 exp [: In B00/700

A meximum value of $(T), rather insensitive to the exact shape of

the potential barrier to reaction, can be computéd if the barrier is teken

to be an unsymmetrical Eckart potential. From this meximum value and the

condition T > 13x 107%° g cm®, equation EF places & lower limit on u,

for any specified ug -
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The problem of calculating appreciable tunnelihg factors, (integrating
the permeability of & one dimensional barrier over a Maxwell-Boltzmsnn

distribution of incident particles,)

7—__ quantum mechenical rate
= ¢lassical mechanical rate ’

has been solved by Bell20 and Sharp and Johnston5 for a truncated parabolic

barrier; numerical computations of tunneling factors for symmetrical Eckart21

> and Shavitt’, and for un-

barriers were mAde by Be1122, Johnston and Rapp2
symmetrical Eckart barriers by Johnston and Heickleneh.

Johnston end Heicklen computed T for a lerge range of she three
parameters @;, ¢z and u¥ which define the unsymmetrical Eckart barrier (see
their Fig. 1),

@ = 27 A Vy / hv
Q2 = 21 A Vo / ﬁv*

u*

hv* / kT

VeSS ([ m)t/®

As defined by Johns1;orx23’2l+

AV, and A Vo are not activation energies but
are the maximum energy changes (trough to saddle) along a straight line
extension of the reaction path across the saddle; F¥ is the second derivative
of the potential energy evaluated at the potential maximum. The barrier in
the present calculations was taken to be this potential and, by using the
Johnston and Heicklen formulation, [ and also 77D for T00° and 800°K were
computed‘for a range of parameters AV; < 35,000 cal., A Vz / AVy £ 0;1
and u$00° < 4. Within this range, the computations show that 1 & $(77)

< 1,3,
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Since the activation energy of the reverse reaction is about zero
the restriction on the range of A Vg values'seems reaiistic. The range
of u* was initially restricted (see 5elow) to those values for which 7<1.5
since for large u¥ and narrow barriérs the usual Eyring formulation (i.e. El, E2,
E3Z, Eb) becomes invalid and also tunneling can no longer be considéred one
dimensional., Johnston and Rappes, and Rapp25 have pointéd out that for
large amounts of tunneling (narrow barriers, high u*) the reaction
corrdinate cannot be treated as a one dimensional separable coordinate.

Rapp emphasized that the usual formulation in absolute rate theory26 is

" invalid 1p such cases: since the coordinates are not separable, the
transition state vibration partition function cannot be writteh és a product
of the separate partition functions, Johnston2 considers'the criterion of
separébility to be the ratio of the deBroglie wave length of the transferred
atom to the linear dimensions of the quadratic region around the saddle
point; when A is large the reaction coordinate and vibrational modes are
no longer separable. Our restriction to parameters for. which T< 1.5

5

may be over-cautious. Sharp and Johnston” found agreement between experi-
méntal isotopic rate ratios and theoretical ratios calculated from an
equation analogoﬁs to E1 with tunneling factors (two dimensional) as
high as 17.
. * ~40 2 < s TV .

By using I’ 2 13 x 10 gem® and $(F ) £ 1.3 in E3, the minimum
permissible bending frequency for each stretch was calculated and is shown
by the solid curve in Fig. 2; all combinations of ws and w below the line

produce "unlikely" complexes in the sense that the intérnuclear distances

-3 -]
in the complex would be less than r(HI) = 1.60 A, r(Hs) = O.74 A, Figure 2

§
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also indiéates that this condition placesllimits<xx'T775; i.e. if ws
2 2000 em™" then T /7, 2 1.1 — and for all w_, T /7, > 0.9. |
| Tuhneling,computations were also made for very narrow barriers (k< ﬁ*<
18, A V3 € 35,000, A V3/A V2 £ 0.1); although tunneling factors as
high as 7 = 16 were obtained, the maximum value of $(7°) for all barriers
was about 2, Higher values 6f #( 7~ ) used in E3 produce a slightly lower
minimum~wb for each ws; however, the tunneling computations showed that
high values of B(7") are correlated with high values T/TD D 1.2; these
latter values, as indicated by the dashed curves in Fig. 2 obtained from
El, restrict the permissible pairs ws wb to those above the full curve.
Johnston andARapp's calculations on the H + Hs reaction indicate that
#(T") for two-dimensional tunneling is within 10-20% df #(T ) calculated
for one dimensional tunneling. A similar change in $(7°) in the I + Hp
reaction would have only a negligible effect on the calculated minimum
values of W . The use of anharmonic vibrational partition.functions and
expressions for thermal vibrational energies in E3% increases the minimuﬁ
value of w, calculated for'each ws. The admissable pairs ws ub are
therefore restricted to the area above the full curve in Fig. 2 even wvhen

very narrow barriers and anharmonicity ére considered.

Trianguler IH, Complex, Eckart Tunneling
Similar calculations were made for a triangular IH£ complex with
El, EF, and E% modified for the now non-degenerate bending frequency to
give

sinh (0.70 2 _
7 u,/2) (£1%)

) I g
k/kD =2V2 7 f(Da/Hg) 77— - (ui/2)



L

- 15 -

(aBC)H/2 = 5.2 x 10°° F(u_, w ) #(T) &/2 e® (£3')

Flag ) = (1= e - &™) expfe 8 - ] (41)

eus-l eub-l

where A, B, C, are the three moments of inertia.

The bending frequency was obtéined from E1' as a function of 'TY?B and
the stretch frequency. The value of (ABC)J‘/2 was then calculated using in
E3' the maximum value of $(7°) found for tge range of tunneling paraﬁeters
considered. .

When T, 7VD‘and #(T) were taken to be one (no tunneling), the max imum -
value of (ABC)l/2 for any stretch frequency was 2.9 x 1078° g3/2 em®, For
parameters A Vy £ 35 keal, A V3/A V2 € 0.1, u* £ 4,0 which give moderate
amounts of tunneling ( 7 £1.5, T/TD < 1.1, #(7) %1.3) the maximum value
of- (ABC)Y/2 was 4.5 x 107°° g3/2 cm®,

Thesé nﬁmbers are of interest when compared to (ABC)l/2 calculated
for triangulér complexes with r(H-I) = 1.60 ; and r(H-H) = O.7h R. For
aﬁ isosceles triangle with CTHH = 76°, (ABC)"/2 = 5.5 x 1078°; for

£IHH = 135°, the calculated (ABC)l/2 was 4.7 x 107°, If these are
considered to be minimal values of (ABC)1/2 (since the interatomic distances
are minimal), then complexes with IHH angles between T76° and 135° can be
associated oﬁly with potential barriers which give (ABC)Y/2 values larger
than 4.7 x 1078° .. i.e. barriers which are narrowver than the potential
corresponding to u* = 4, and for which‘ T >1.5.

From Eﬁ‘ the meximum value of (ABC)Y/2 for any combination of w_ and

w (now neglecting the dependence of W on w_ through k/kD) is seen to
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5e 5.2 x 107°° @(7); since the meximum value of #(7°) is 2 over a very
large range of barriers, the upper bound for (ABC)l/2 when the tunneling
effect is included is then 10.4 x 107°°,

The assumption of harmonic vibrations and separability of coordinetes
may be invalid for narrow barriers. However if the vibrations are considered
to be anharmonic, then since the partition function for anharmonic vibra-
tion is greater than that for the harmonic approximation, and since the
thermal vibrational energy (given as the exponent in E3') increases with
anharmonicity, the net result of these effects is to give an upper bound
on (ABC)Y 2 st111 smeller than 10 x 107°°,

In summafy for the triangular IHo complex, transition state theory
and the experimental preeiponential factor A = 10%2°55 give an upper bound
for (ABC)l/2 of 10 x 10°°° g3/2 cm®. This figure indicates that in |
complexes with IHH angles between 76° and 135° the internuclear distances
are not more than 25% greater than 1,60 R and 0,74 A. Also, if r(H-I) =
1.60 ; and r(H-H) = O.74 R are consi&ered to be minimum distances in.such
complexes, the experimenﬁal preexponential factor and the minimum (ABC)1/2 =
h,7 x lO"eo indicate that a minimum tunneling corresponding to 7 = 1.5
must take place. fhe experiment results afe consistent with no tunneling
“and the minimum distsances of 1.60 R and O.T4 R oﬁly if the complex is

taken to be essentially linear.

Linear Complex, Sato Potential
The potential energy of a linear complex is usually calculated from
the London equétion as a function of the internuclear distances by the

semi -empirical method of Eyrin326 or by a modification of this proposed
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by Sat027. The reaction I + H, was treated using Sato's equations; energy
surfaces were calculated for each of the following values of Sato's
parameter, k_ = 0.14%, 0.15, 0,16, 0.175, 0.18, 0.19, 0.20. Electronic
dissociation energies, internuclear distances and Morse potential parameters
used in Sato's equations were, De(H-H) = 109.51, De(H-I) = 73.78 keal., '

° ° ° -1 ®.1 28

re(Hg) = 0.7416 A, re(HI) = 1,604 A, B(Ho) = 1.9%2 A ~, B(HI) = 1.750 A .

One such'surface, Fig. 3, shows characteristics common to all the
calculated surfaces. As expected in an endothermic reactién, the H-I.
distance in the camplex is, very closely, 1.60 X and the H-H distance is (
considerably extended over that in the normal H, molecule., The real stretch
frequency corresponds closely to the vibrational frequency, 2310 cm-1 6f
HI. For all values of ks the reaction path has very slight curvature in
the region near the saddle point end, within #0.3 R of the saddle point,
the surface is well represented by V ==’Vo + 3fi(ary )2 + 3fo(arz)2,  Accord-
ing to Johnston's criterion for separability the theoretical rate can be
formulated in terms of separable modes of vibration and one dimensionai
tunneling (see below) since the deBroglie wave length of a hydrogen atom
at 750° is .6 R.

Table V gives the properties of the complex for ks = 0,14, 0,175 and
0.20, and, calculated from these properties, the theoretical values Ath
and B, (to be compared to (3.5 + 1) x 10*2 and 32,800 * 250 cal.). By

was calculated from equation E2~and At from the formulation given in

h
reference 19, Bending force constants were obtained from d2V(Sato)/dc?
and bending frequencies were then calculated from
A ”j‘fa ry rs ry +rp
M = — My o b ———
rire r H ry I rIrp H

where ps are reciprpcal massesb?g
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In determining tunneling quantities to be used in the equations for

v

A and E tunneling was taken to be one dimensional and thé reaction

th th’
path across the saddle was fitted to an Eckart potential; for ks = 0,175
and 0,20, tunneling was negligible, 7T = 1, dln7/dlnT = O; for k, = O.lu,
tunneling was small, 7° = 1.07, dln7/dlnT = 0.15., It should be noted that
if tunneling through the saddlelis negligible then tunneling along any
other path is also negligible. P

The theoretical values E and Ath determined by the Sa@o surfaces

th
agree moderately well with the experimental results. Precise agreement
cannet be obtained for both E and A when kS is varied further; when ks‘
is decreased below ks = 0.14, then Ath can be brought into agreement with

3.5 x 102 but E,. becomes larger than 35.4 kcal.

th
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Table I. Experimental Results and Ratios of Rate Constants

Table III. Comparison with Taylor and Crist's Data

<> 107%xs) ke/ks  pla/pln gke/ ks

T (mole/c¢)sec?  (mole/ce)sec? : " *
633.21°K 0.681 0.110 === 1.936  3.56
666.79 - 3.47 0.579 T 1.903 2.88
710.33 2k bk S 2,72 ——ee 1.909  2.69
737.93 72.4 | 6.87 —-—- 1.882  2.646
799.77 (660) 43.8 0.073  (1.886)% 2.534
a) from the extrapolated values of Hkl and Dkl |

NER] ki(TC)f ki(Tb)r
T T . (mole/cc)sec™ ewmmmmmmannn -
667°K 347 3,51 3.83

698° 14.8 b4 15.3 ,
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Table II., Experimental Data
(p2), (12), (12), Time Ky 10%ks  ky/kg
------ 10° x mole/cc ~emmm-een sec (mole/cc) tsec™ |
T = 633.21°K
29.244 26.485 16.152 30064 0.685 0.112
29.710 25,210 14.906 31042 0.686 0.117
29.693 24,932 W.749 . 312h2 0.685 . 0,106
30,035 28.216" 17.411 28613 0.688 0.126
30.035 23,886 14,489 28613 0.685 0.111
26,187 17.612 9.613 39502 0.683 0.107
26,187 17.1%2 9.300 39502 0.686 0.115
5.370 6.0515 L4.626 79337 0.684 0.111
5.370 6.3907 4.903 79537. 0.682 0.105
7.086 23.393 21.57 18771 0.681 0.097
2.0125 3.980 '3.h57 108440 0.684 0.110
1.9546 4,3403% 3.792 108440 0,687 0.116
1.3950 3.5560 3,2197 108440 0.684 0.110
T = 666.79°K |
11.935 8.507 5.706 o737 o 3.46 0.548
11.976 5.950 3.883 9737 3.45 0.541
15,785 9.107 3.388 20484 3.50 0.596
15.821 1&.&56 6.270 20484 3.52 0.637
15.049 8.690 3.775 17331 3.50 0.600
5.586 3.49 0.592

15.04k

11.867

17331
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Table II. Experimental Data (Contd.)

(D2) (12), (12), Pime Xy 10™%k, Ky /K5
cemesee 10P x molefce =-emme-e sec (mole/cc) *sec™?
T = 666.79°K
15.581 12.101 6.467 13157 3.49 0.584
15.585 13.160 7.137 13157 3,49 0.594
4 ,8566 1.6925 0.5303 60489 3. 45 0.560
L.782 1.6037 - 0.5015 60489 3.46 0.565
0.6793 1,334k 1.1263 64075 §.u5 0.56kL
0.7237 1.4695 1.2330 64075 3.45 0.559
0.2599 1.063h4 1.0138 42162 3.48 0.582 |
0.3163 1.2253 1.1573 L2162 3.54 0.616
0.3001 1.1790 1.1161 L2162 3.55 0.624
T = 710.33°K
11.269 11.568 5.905 3010 24,6 2.76
11.27h4 10.732 5.358 3010 24,6 2.75
11.209 10.265 5.072 . 3013 2h.7 _ 2.79
11.216 11.797 6.073 3013 24h.6 2.77
10,342 8.344 3.900 3382 2kh.5 2.66
10,356 9.108 4,353 3382 2k.6 2.75
0.8131 0.7802 0.5453 12583 2h. b 2,69
0.4862 0.9325 0.7356 15831 2k, b 2.68
0.5089 0.8829 0.6856 15823 24.2 2.64
2,6983 0.8746 0.1860 15895 24,9 2.83
2.4679 0.2431 15895 24,9 2.82

0.9kl
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Table II. Experimental Data (Contd.)

- B

(p2), (12) (12), Time Ky 107%ks Ky /Ks

------- 10° x mole/cc ==eeme-s sec (mole/ce) tsec™t
. T = 737.93°K
©12.629 7.277 1.9501 1544 72.7 6.92
11.475 9.405 5.&95 14h1 72.3 6.7h
7.818 7.549 3.568 1510 72.1 6.68
7.817 6.598 2.956 1510 T72.6 ©6.87
7.974 6.833 3.205 1365 73.4 7.16
7.979 8.702 bbby 1365 72.8 6.96
7.963 7.085’ 3,621 1200 72.6 6.87
7.963 8.949 4,887 1200 72.5 _6.83
6.708 6.472 3,389 1380 73.1 7.03
7.788 6.719 3,434 1210 72,2 6.71
7.794 8.263 4,452 1210 72:8* 6.9k
8.h414 8.880 3.941 1730 72.2 6.7
10.191 12,020 5.550 1&79: 3.4 7.22
0.8835 0.6909 0.4549 3754 72.8 6.92
0.8853  0.7784 0.5218 3754 72.8 6.9 .
1.2266  0.7191  0.2150 9045 2.4 6.85
1.0992 0.6918 0.2323 o047 72.4 6.85
0.3671 0.7003 0.5039 8952 73.2 7.00
0.3666 0.7078 0.5109 8955 72.9 6.95
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Table II, Experimental Data (Contd.)

(p2),  (12), (12), Time K 10%s  ke/ks

sec (mole/cc)-lsec-l

T = 799.77°K Set A

1.8863  L.WO17  3.1506 5948 o 440

1.6059 ° . 3,1662 2.0966 7520 € Lhs

1.3621 3.2826 © 2,4967 5341 436

1.2430 2.4166 | 1.7936 5033 - by a
1.2138  3.3666 = 2.7141 w7s 446

14457  4.6264 3.7793 L3hY 436

..... ;-108 x-mole/cc e T = T99.TT°K Set B

2.9650 ' 1,0981 = 0.,2322 640k 0.072
2.2788  0.8518  0.1678 8051 0.076
3.5077. 0.9664 - " 0.0857 o490 ' 0.071
2.7419 1.0448 0.2298 - 6539 0.060
3.9781 1.1252 0.2086 Lok ‘ 0.079

3.,8542 1.2492 0.1937 6323 : 0.076
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o Table IV. Bending Frequencies and Moments of Inertia

for the Linear IH, Complex: No Tunneling‘

W wb" ;ubb 1040 ¥
cm™ cm™ cm™?
200 1250 + 50 1200 + 80 5.3 £ 2
600 1170 £ 50 1120 + 80 i+ 4
800 - 1110 + 50 1040 + 80 16 %5
1000 1020 + 60 950 + 90 17 =5
1200 910 + 70 850 £ 70 17 5
1400 760 £ 90 680 + 100 b x4
1600 560 + 100 430 + 200 9 3
1800 260 ¢ 150 - 2 x1
8) caleulated from ﬁfé/Dka = 2.75 £ .05 at TOO°K
b) calculated from Hks/Dks = 2.53% + ,05 at 800°K
Teble V. Parameters for the Linear IHy Complex and
Theoretical Values of the Preexponential Factor and Activation
Energy as Determined by Sato Energy Surfaces
_ B 12
k r(H-I) r(H-H) Wy w o 10MF AL By
A A cm cm™ (mole/cc)sec™ kcal.
0.14 1.60 1.54 ~2300 335 25 35.4
0.175 1.60 1.84 ~2300 195 60.4 34 .5
0.20 1.60 2.4 2300 T4 685 3.3
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