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(géi: to the free energy barrier are small and can be estimated from infra-red
8

p %ttoscopy combined with crystallographic data. The solvent dependence of
the rate constants for (C H5-C6H5)2Cr(1)/(0) self exchange was found to be

in reasonable agreement wgth the predictions of the\dielectric continuum
model. Frequency factors were derived from the expekimental rate constants
coupled with the estimates of AG;n and values of the outer-shell contribution
AG:ut obtained by using the dielectric continuum model.~These were found to
be somewhat (ca. 5-20 fold) larger than the corresponding frequency factors
derived from the experimental activation enthalpies combined with the dielectric
continuum estimates of the activation entropies. These Yexperimental®
frequency factors are compared with the estimates obtained from the Yreactive
collision? and the Yion-pair pre-equilibrium" models. The majority of the
experimental frequency factors were found to be numerically closer to the
predictions of the former model.ig:bwever, the experimental values were found

to decrease ‘substantially with tjd addition of substituents on the arene ring,

indicating the importance of stekiq effects. It is suggested that the discrepancies

between the éxperimental results any the predictions of the pre-equilibrium
model observed for these and other gystems may be due to a combination of
steric and nonadiabatic effects.
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Introduction

Outer-sphere electron exchange reactions constitute an especially interesting
class of chemical reactions in solution in that it is anticipated that quantita-
tive theoretical descriptions of the reaction dynamics can be providéd in many
cases., Theoretical treatments of varying levels of complexity (and usefulness)
have Been developed that allow detailed insight Into the physical processes
involved.1 Some recent treatments outline a useful framework within which
various aspects of the thgories may be tested by comparison with experimental

data.z_a

One question that has arisen is the choice of the frequency factor for outer-
sphere reactions.z’3 Two alternative models have been proposed. The "reactive
collision” model considers that electron transfer occurs upon collision between

appropriately energetic reactants, leading to the formulation

k

1}

KFnZ[exp(~w/RT)exp(—AG*/RT)] (1)

Qhere k is the observed (second-order) rate constant for electron exchange, k is
the electronic transmission coefficient, Fn is a nuclear tunneling factor, Z is
the collision frequency, w is the work required to form the collision complex
from the sepérated reactants, and AG* ig the free energy of activation for the
elementary electron-transfer step.z’3 The alternative "pre-equilibrium" model
considers that reaction occurs by activation within a previously formed bimolecu-

2,3

lar assembly. This leads to the expression

k = nrnx;vp[éib(-w/RT)exp(-AG*/RT)] | (2)

where K; is the equilibrium constant for formation of the "precursor complex'
in the absence of work terms (i.e. when w = 0), v_ is the frequency factor for

activation within the precursor complex, and the other terms have the same
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- 8ignificance as in Eqn. (1). These two formulations therefore differ in the

overall preexponential factor in that the "classical" frequency fggtor A equals
the collision frequency Z in Eqn. (1), but is replaced by the composite term
K;vp in Eqn., 62). Although the collision formulation is most’cqmmonly employed
for bimolecular solution reacfions'ihcldaing élegtfon tféﬁsf;r bfdcésééa,vfhe pféf
equilibrium model may provide a more appropriate description of outer-sphere
electron transfer when the reaction is expected to take place via electron tunneling
between weakly interacting specigé. -

Compariséns between the predictions of Eqns. (1) and (2) with experimental

data can be made by obtaining estimates of the frequency factor A in two ways.

. First, the observed rate constant at a given temperature can be combined with

theoretical values of AG¥, Q, K, and Fn to yield estimates of A [method (a)].
Segond, the Arrhenius activation energy,Ea,derived from ;he obscrved temperature
dependence of k can be corrected fo? the temperature dependences of «, Pn, and A
to yield an "experimental value" of the enthalpic component of AG*, AH¥*, Values
of A can then be found by combining this value of AH* and a value‘of k at a

given temperature with theoretical estimates of AS*, w, k, and Fn [Method (b)].
Since both methods depend critically upon the assumed values of AG* or AS*,

w, K, and Fn, it is clearly important to select systems fo; which these parameters
can be estimated with confidence. Suitable redox couples will therefore be those
for which the structural differences between the oxidized and the reduced form
are known, and prefecrably small, so that the inner-shell contribution to AG*

can be calculated and Fn will be close to unity.4 Additionally, it is desirable
that the reactants be spherical, or nearly so, and the product of the reactant
charges be small, so that the work term, w, is small and the outer-shell (solvent)

contribution to AG* is most likely to ccnform to the prediction of the conventional

dielectric continuum model.
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Several tests of Eqns. (1) and (2) have recently been made. Brown and Sut:ln2

studied the self exchange of Ru(III)/(IIl) couples containing polypyridine and/or
ammine ligands in aqueous éolution. Better agreement between the experimental
rate constants ﬁnd activation parameters was obtained by using the reactive
collision rather than the preequilibrium formulatibn., Similavr findings were
reported by Meyér et al in a study of electron exchange of
[Ru30(CH3C02)6(py)3]+/o in dichloromethane.5 Systems of this latter type,
where one form of the redox couple is uncharged, have the important advantage
that the electrostatic work required to form the encounter complex should be
esgentially zero.

We have recently reported rate constants and activafion parameters for the
self exchange of various bis(nﬁ—arene)Cr+/o couples, Cr(C6H5X)2+/°, where
X = «H, -CH3, -OCH3, —C6H5, -COOCZHS, or -C1, in dimethylsulfoxide (DMSO), by

using the ESR line-broadening technique.6 The self exchange of Cr(C6H5-C6H5)2+/°

~ was additionally studied in six other solvents. These reactants provide eapecially

suitable systems with which to test models of outer-sphere electron transfer,
Besides.the likely ahsence of electrostatic work terms, they have tha advantage

that the inner-shell components AG;n are small and can be calculated from

appropriate structural data. The comparison of rate constants and activation

parameters for such a series of redox couples with various ring substituents
can therefore provide a means of exploring the influence of reactant asymmetry
on the frequency factors for electron exchange. Such comparisons between the

experimental rate pzrameters and the predictions of Eqns. (1) and (2) are

given in the preeent report.




Experimental Section

The synthesis of all bis(n6-arene) chromium compoundé were described in
Ref. 6. Infrared spectra were obtained by mcans of a Perkin-Elmer 457 spectro-
meter, by using either KBr pellets or Wujol mulls at room temperature. The reported
IR frequencies are accurate to 10,5 cm-l. The Nujol mulls of the air sensitive
Cr(0) complexes were prepared in an argon-filled dry box and the spectra were

measured in an argon atmosphere,

Results and Discussion

Reorganiaation Energies

The contribution to AG* arising from inner-shell reorganization, Acin(T)’ for

each celf-exchange reaction was calculated by means of the expression7

2
2nfof1Aa de

(foyl+f1y0)

act (1) = . M)

In Eqn. (3), fo and f1 are the force constants for the metal--areme bonds in the
Cr°® and CrI oxidation states, Aa is the difference in the corresponding.equilibrium
bond distances, n is the number of metal-ligand bonds involved and

Yy > hvicétrﬁhvi/4kBT),wherc v, are the observed Cr-arene stretching frequenciles
for the oxidation state i. .[Equatién (3) takes into account the

nuclear tunneling factor Fn at a given temperature; thus AG;n(T) is related to

the classical inner-shell reorganization energy AG*n by AG;H(T) = AG* - RTlnPn.A

i in

However, Pn is close to unity (1.0 - 1.2) for the present systems.] The normal

vibrations of Cr(C6H6)2 and Ct(C6H6)2+ have been assigned to be of D,, symmetry

6h
from the infrared spectra,8 so that n can be set equal to two. The force constants
fo and f1 in Eqn. (3) refer to the symmetrical stretching vibration of the two

arene rings with respect to the chromium atom. The frequencies of these symmetrical

vibrations, \2 and Vi have been determined for the Cr(C6H€’).;/0 couple to be about

-1 -
270 cm © and 279 cm 1, respectively,8c allowing the force constants to be determined
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from £ = 5,89 x ].O-2 vmy, where my is the mass of one arene ring. Values of

and v, for the other arenes studied here_are unavailable. However, they are

unlikely to be greatly different then for Cr(Ceﬂa);log thus the asymmetrical

a 1

Y-Cr-Y stretching frequencies Vo and v: are within 5-10 cm = for all the

Cr(I)- and Cr(0) arenes (Table I). The values of fO and f1 were therefore

estimated assuming that Vo " 270 cm-1 and v, = 279 cm-l.

l
+/o

The value of Aa is 0.07 A for the Cr(CGH6)2 couple as found from X-ray

. crystallographic data.9 For the other Cr(1)/(0) couples, estimates were obtained

from the corresponding difference in infrared stretching frequencies by assuming

that Aa a(fg - f;), where fg and f; are the force constants for the asymmetric

vibrations obtained from vg and v; using the formula

a -2, a,2
= ]
f 5.89 x 1Q (v ,mCrmy/(mCri-Zmy)], where mo is the mass of the chromium
atom.aa’c The required proportionality constant was determined from the
+/o

experimental data for Ct(CGHG)2 . Justification for this procedures is
available for metallocenes.10 The estimates of AG;n(T) resulting from inserting
the appropriate values of fo. f1 and Aa into Eqn. (3) are given in Table I.

It is seen that the values of AG;n(T) are mostly below 1-1.5 kcal-mol_l,

indicating that inner-shell reorganization provides only a small contribution

to the electron-transfer barrier. This 18 expected since the orbital into

 which the electron is transferred, a18 having dzz symmetry, is essentially

nonbonding11 so that it may contain ons or two electrons [as in Cr(I) and
Cr(0), respectively] with little chauge in the metal-arene bonding.
The other contribution to AG* is provided by the "outer-shell" reorganization

energy of the survounding solvent AG:u « This component was calculated by using

t

the dielectric continuum expression12

2
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where DOp and DS are the optical and static dielectric constants, tespectiVeiy,'
alland a, are the radil of the two‘(spherica]) teactants, r is :hg distance
betwecn the two reacting centers in the activated state, and e is.the electron%c
charge. Fot the reactions considered here, it is reasonable to assume that

approximately r = 2a, = 2a, so that Eqn. (4) ceduces to
1 2 A

AGE = 23 GAL-.._lQ (5)
out 4r D D
op 8

The values of r for each reaction were calculated by assuming that the transition
state is formed with the two reactants placed "side~-by-side" (i.e. with the arene
rings lying in the same plane),6 by using the reported bond distances and

9,13

van der Waals radii. These estimates of r and the resulting values of

Acgut obtained from Eqn. (4) by using known values of Dop and D8 are given
in Table I (see footnotes for data sources). Also listed in Table I are
the calculated values of AG¥*, Acgalc‘ obtained for each reaction from the
sum of the correspon&ing values of AC*i*n and Acgut'
In addition ro the free energice of reorganlzation, it is also necessary to
calculate values of the enthalpic and entropic components of AG*, AH* and AS*,

respectively. The outer-shell component of AS*, Asgut’ was determined from the

temperature derivative of AG:u :

tl
dAG* 2 dD dD
* wo_(—-out, e 1 —op 1 s
888wt =~ ) = (Dz aT " 2 ar )" (6)
op s

The inner-shell component of AS%*, AS?n’ was calculated from the temperature

derivative of AG;A(i) [Eqn. (3)}], thereby taking into account the (small) teﬁper-
dependence of Pn.a The resulting values of AS;n (~0.3 to ~0.6 e.u.) were then

summed with the corresponding estimates of Asgu to yield the calculated

t

activation entropies AS?ch listed in Table T,
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Comparieon of Experimental and Theoretical Kinetica Parameters

As noted in the Introduction, tesia of the applicability of Eqns. (1) or (2)

to describe the experimental kinetics parametera can be made either by combining

the experimental rate constant at a given temperature with a theoretical estimate of AG*

[method (a)), or by employing both the rate constant and its temperature derivative
along with a theoretical estimate of AS* [method (b)]. The resulting "experimental

frequency factorscanbe compared with the valuea of Z and K°v_ calculated by using

various models. Alternatively, the calculated frequency factors can be combined with the

observed rate constant and activation parameters to yield "experimental' valuea of AG* and

AS*® whicﬁ can be compared with the corresponding theoretical estimates. Clearly,
the reliability with which a given model for calculating frequency factors can be
tested depends sensitively on fhe accuracy with which AG* or AS* can be calculated,
and vice versa. However, the experimental enthalpies of activation AH* obtained
from the temperature dependence of thg'tate constants are insensitive to the
particular model employed for the frequency factor. Therefore the comparison
between the experimental and calculated values of AH* provides a useful independent
test of the likely validity of such theoretical reorganization parameters.

Table II contains a comparison of experimental and calculated values of AH®
for the various Cr(I)/(0) seclf-exchange reactions in DMSO. Two "experimental
values of AH* are listed for each reaction. The first type, labelled A“;e' are
equal to the Arrhenius activation energy,Ea = R 31nk/3(1/T); these values are
consistent with the preequilibrium formulation since the preexponential factor
in this model [KPnK;Vp, Eqn. (2)] 1s expected to be essentially independent of
temperature. The second type, labelled AH:C, are uniformly 0.3 kcal-mol-l (= RT/2)

smaller than AH;e; these correspond to the use of the reactive collision formulation

since the collision frequency Z appearing in Eqn. (1) is expected to be proportional2

to Tk. The calculated values of AH*, labelled Aﬂgalc in Table II, were obtained

from the corresponding values of Acgalc and As:alc given in Table I by using

ARk = AGH
‘ ca

calc

+ TAS*
lc ca

lc’

e




It is seen that both Aﬂse and Aa;c are uniformly smaller than the

corresponding values of Auzalc by amounts varying from ca, 0.5 = 2 kcal-mol-l.

Since the estimates of A“fn are likely to be correct within at least ca.

Y IR R rimacuat o
o e AL LA
y

0.5 kcal'molhl. it seema likely that these discrepancies are due chiefly to

EERUR T

theoretical estiimatés of the outur=shell component Angut that are somewhat

RTINS

oo large.

) ' Nonetheless, assuming for the moment that the theoretical reorganization

parameters AG* ale °F AS alc given in Table I are cortect. these quantities can

i, oot

be combined with the experimental rate constants k given in Table 1114 to yield

"experimental" estimates of the frequency factors A, end A by using the

relations

k = A exp(-AGcal /RT) (7a)

k = Abexp(-AH*/RT) exp(ASt , /R) ' (7b)

P T

where AH* in Eqn. (7b) is obtained from the experimental Arrhenius slope (most

AR 2

simply by assuming that A is independent of temperature, i.e. AH* = AH;e). The

resulting.values of Aa and Ab are listed in Table III, along with the frequency

factors AP®  and A'® calculated from the conventional forms of the preequili-
calc calc

brium and reactive collision models given by Eqns. (8) and (9), respgccively:2'3

pe = ° = .
Acalc vprexp( w/RT)
3 .
in in ¥ 4miNr
- ( ) exp (-w/RT) (8)
AGcalc 3000
Y rc - -
calc = & exp (-w/RT)

v/10%) [Bric T(ny + mz)/mlmzl“rz-exp(-w/m (9) |

where N is Avogadro's number, ml and m, are the masses of the two reactants, w is




the electroatatic work required to form the collision complex from the separated
reactants, and vin(s-l) is the effective frequency of the inner-shell motion
(metal-ligand vibration); this was obtiined from the symmetrical stretching
”-;1 frequencies v6 and vy (270 and 279 cm‘l, respectively) usiﬁgé
s Yin " C[2v§v§/(v§ + v:)]k. where C is the velocity of light. Since one of the
:% reactants is uncharged, it is assumed that w = 0.1“
Inspection of Table III reveals that the "experimental" frequéncy factors

»vz‘ A‘ are, in the majority cf cases, close to (vithin a factor of'fwo of) the values

- of A::Ic‘ although ca. 5-20 fold smaller than Agzlc' The frgquency factors Ab
derived‘from the experimental rate constants and the activation energies along
with As:alc [Eqn. (7b)] are seen to be significantly smaller, ca. 1/20 of
the corresponding vélues of Aa (Table III)., These latter discrepancies tesult{
from the differences between the experimental and calculgted values of AH®
(Table II), since the determination\of A.a utilizes Acgalc’ whereas the determina-
tion of A employs cnly the entropic component Asgalc [Eqns. (7a) and (?b)]. On
the basis of the present evidence, it is difficult to decide whether Aa or Ab
- " more closely approximates the true frequency factors; clearly the choice depends

; 2
H * *
E upon whether AGcalc or AScalc are cqnsidered more reliable. It has been suggested

that the activation entropy 4S* can be taken as zero for self-exchange reactions
% " since Asgn ®& 0 and Asgut is also predicted to be approximately zero from the
dielectric continuum model. If indeed AS* = 0, then the smaller frequency factors
Ab will be approximately correct. However, since the experimental activation
enthalpies are smaller than the calculated values, it is likely that

‘there would be a corresponding discrepancy between the actual and calculated

15

activation entropies via a "compensation effect",”™ so that AS*<As:a Fox

le®
example, the effect could arise from an increase in specific solvent polarization

required to form the transition-state from the separated reactants, yielding an

unexpected negative contribution to both AH* and AS*, Consequently, the actual
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- observed rate constants and activation energies along with AE:

frequency factors may well be larger than Aﬁ’ énd‘clnqe'to'Aa. The lattér cérreéponds

to the situation in which the discrepancies between the actual and calculated
enthalpic and entropic components of AG* cancel, so that the actual free

energies of activation approximately equal AGgalc'

models and the experimental kinetic parameters caﬁ'équivalently be presented in

a

terms of reorganization energies., Table IV contains values of free energies

* of activation AG;e and AG:c obtained from the observed rate constants by using.

frequency factors calculated from the preequilibrium and collisions models,

respectively [Eqns. (8) and (9)). Listed alongside are the theoretical estimates

AG* from Table I. It is seen that the corresponding values of AG* and AG*
cale rc ca

for most of the reactions agree closely (within 0.3 kcal~mol-1), parelleling

rc

agreement between A_ and A
a - calc

» whereas the corresponding values of AG*e are

significantly (1.5-2 kcal'mol_l) larger. Similar results have been obtained

previously for several other outer-sphere self-exchange reactions.z-5 Table IV

also contains estimates of activation entropies AS;e and AS:C by combining the

re
1c and Acalc‘

seen that the values of AS:C are uniformly 3-6 e.,u. more negative than AS:alc,which

rc

follows since Ab ~<Aa, Acalc

(Table III). The values of Asge (-9 to -13 e.u.)
seem unreasonably negative; a large increase in the extent of solvent ordering
in the transition state compared to that for the separated reactants seems

unlikely for the present systems. Consequently, it appears that the.values of
Are

calc listed in Table III are too large.

Another method of estimating the frequency factor involves monitoring the

rate constant for a given exchange reaction in several solvents. Since we can

write

= ™ * *
k = A expl (AGin + AGout)/RT] (10)

1f AG*
. ou

¢ is glven by ths dielectric continuum model [Eqn. (5)], then

Thé compérisoﬁ‘between the prédictions of the preequilibrium and collision

It is

i
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A

AR p

L)

1_ L

op )

(11)

- - d - S
log k = log A - AG} /2.303RT - 5= (§

Therefore, a plot of log k versus (1/Dop - 1/DS) should allow A to be obtained
from the intercept, and r from the slope. Such a plot is shown for the
Cr(C6H5-C6HS);/° self-exchange reaction in seven solvents in Figure 1. The rate

data are taken from Ref. 6, and were corrected for the effects of diffusion

in the conventional manner by using k-l = k-'l - k“1 , where k is the measured
app diff app
(apparent) rate constant, and kdiff = 8RT/3000n, where n is the solvent viscosity.

. (This correction turned out to be small, yet significant in sevéfal solvents.)

The values of k are élso listed in Table V.

It is seen that the variation of k among most of fhe solvents studied is
approximately in accord with Eqn. (1), suggesting that the dielectric continuum
model provides a reasonable description of the solveﬁt influence upon AG*. The
straight line drawn through the points has a slope of 3.9 and a y-intercept of

10,1, The resulting value of r, 15.5 A, is roughly comparable ¢o the value, 11,6 A

(Table I), deduced from the reactant structure by assuming a side-by-side configuration

~ in the transition state. Assuming that AG¥ = 1.3 kcal-mol_l (Table I), a

in

10 M1 gec™! s obtained, Considering the lengthy

frequency factor A of ca. 9 x 10
extrapolation of Fig. 1 necessary to determine A, this value is in reasonable
agreement with Aa’ Ab and also Azglc’ but again 1s markedly smaller than
AY®, . (Table IID).

Table V also contains values of Aa and Ab’ determined for the self éxchange
of (CBHS-CGHR)ZCr(I)/(O)'in each solvent, which were obtained from the experimental
data as in Table IIJ. As expected, the values of Aa are large;y independent of
‘the solvent, although the values of Ab do vary somewhat and are 1/3 - 1/15 of those
for Aa‘ This variation of Ab with the solvent most likely arises from a solvent

dependence of the outer-shell entropy term Asgut which is larger than calculated by

using the dielectric continuum model, However, it is seen from the values of

i
Hi
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AH;e and AH:cvalso listed in Table V that the major part pf the solvent depen-
dence of k arises from variacions in the enthalpic component,®as predicted from
tﬁeory. |

;§ince the collision model yilelds frequency factors that‘éfg in closer
agreement with the experimental resuitS»than are the frequencj factors obtained
from the simple preequiiibrium model, it mighﬁ be inferred that the former model
provides a more accurate description of the physical eventS'lgading to electron
ﬁransfer; i.e., that quter-Sphere‘eJeétron trapsfér is ééhéumméﬁé& B& céllisionv
between suitability activated reactants rather than by vibronic excitation within
a preformed bimolgcular agsembly. However, such a conclusion may be unwarraﬁted.
Both AE:lc and Azglc were calculated by assuming that the reactions are adiabatigf

i.e. that xk = 1. Some recent calculation84’16

3

indicate that substantially

3+/2+
6 L]
o -

Values of k below unity for the present system would tend to bring Ac:lc into

nonadiabatic pathways (x ~ 10 -10—2) may predominate even for Fg(OHz)

closer agreement with Aa and Ab' A related point is that a steric factor

arising from the nonspherical shape of the reactants should probably be included in
tHe overall frequencyvfactor. This contention is supported by the observation that
both Aa and Ab fall significantly as substituents are added to the arene rings,

to an extent that is greater for larger substituents (Table III). Thus the

_ . +/o .
values of both Aa and A for Cr(C6H5 C6H5)2 self exchange are about fourfold less

+/o0 pe ., .re
than for Cr(CGH6)2 » even though the values of Acalc and Acalc are slightly
greater for the latter reaction. Even the parent arene reactants Cr(C6H6);/°

are not spherical; reaction may occur preferentially, for example, with the

arene rings in a '"side-by-side", rather than '"vertically stacked" configura-

6,17

tion. Such steric selectivity would yield snaller values of Ag: and A'C

1c calc
than obtained by using the conventional formulas [Eqns. (8) and (9)] which

refer to spherical structureless reactants,
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Further, the' expression previously usedzm5

for the precursor "stability
constant" Kp = (4ﬂNr3/3000) exp (-wRT) , appearing in Eqn. (8) may yield incorrectly

large estimates of Kp and hence AE:lc' This expression reférs to the formation

¥
.
£
3
i
f
£

i

of contact pairs between two spherical species. It seems more approprilate to

B

visualize Kp as describing the probability that one reactant is present in a
given inclusion volume surrounding the other reactant within which electron transfer

can occur. Most simply, the magnitude of this volume can be determined by O i
' 3 3
Kp = [4ﬂN(d2 - dl)/3000] exp(-w/RT) (12)

where dl is the minimum (contact) distance between the reactants, and dz is the

LRl S

maximum distance over which electron tunneling can effectively occur. 1If, for
- = . pe
example, d2 d1 1 A, Eqn. (1) leads to values of Kp and hence Acalc for
the present systems that are factors of 2-3 smaller than using Eqn. (8). However,
in reality Kp will continuously decrease as the internuclear distance increases,

.-rather than exhibit the discontinuity that is presumed in Eqn. (12).19

W QN s e e e a
TR PRRIPRE T S R P

Substantially (2 10-fold) smaller values of Kp can also be deduced using this
model by taking into account the nonsphericity of the reactants and assuming
that only ceftain precursor structures, such as a "sidé-by—side"'configuration,
result in.electron tranéfer.

Consequently the values of Azglc obtained by taking such 3teric and tunneling

..factors into account could become comparable to the experimental estimates of A,

and Ab‘ Also, the apparently good agreement seen between Az:l and Aa and

c

it R

Ab is probably misleading since the inclusion of reasonable steric factors

for the present reactants into the collisional model [Eqn. (9)] would almost

Wt e et | 110

certainly yield values of Azglc which are markedly too small,




\
|
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. being markedly smaller than those calculatcd than are obtained using a simple

14

Conclusions

By and 1a:ge, the experimental kinetics parametnrs are in reasonable agreement
with the predictions from conventional electron-transfer theory, at least if the
collision model is used to provide estimates of the effective frequency factors.

However, it is interesting to note that -the deviations observed between experiment

.and theory are qualitatively similar to those seen previousiy for other self-

exchange reactions. Thus it has been found that AH* < AH*
» cale cale
for ferricinium/ferrocene in a number of solvents,20 and for Ru(NHB)Abpy3+/2+ in

aqueous media.2 Most 1likely, these discrepancies refiect a limitation of the

dielectric continuum model, possibly arising from changes in short-range reactant-
solvent interactions required to form the encounter complex "solvent cage" prior

to electron transfer. The requirement of forming a particular encounter geometry,
with the two reactants essentially in contact so to maximize the transmission‘

coefficient, may partly be responsible for the experimental frequency factors

T TS T PP SRR T TR .

model involving activation of a precursor complex formed in a prior equilibrium :
step. However, the simple collision model appears to hsve greater practical

utility for outer-sphere processes, at least for the purpose of making numerical

calculations.
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TABLE IT - Comparison of Experim»ntal and Calculated Fnthalpies of Activa-
‘ tion for the Self-Exchangc of bis(n -Arene)Cr(I)/Ct(O) in DMSO
at 22°C.
~=aew=Fxperimental-—=-~-- Calculated
a * c * d
Arene 10".'1 Ml‘tlsegc'1 kcﬁlligmol 1 kcﬁ*mol 1 kcﬁ';’:‘;},‘i-l
CeHe 6.0 4.0 3.7 5.7
CgHsCH, 3.3 4.6 4.3 5.0
CgH50CH, 7.7 3.6 3.3 5.8
(CeHe), 23 2.6 2.3 4.2
CgH5CO0C, H, 32 2.3 2.0 4.1
C6HSC1 20 2.9 2.6 4.4

A e |4 e e bt < et L A et

aExperimental rate constant, taken from Reference 6.

bObtained from AR

pe

“Obtained from AHp, = E

dCalculated enthalpies of activation, obtained from AHg

using values of ac*

calc

- 0.5 RT.

and AS¥31. given in Table I.

aic

HAGa

= Eg, where E; is the Arrhenius activation energy.

+ TAS¥a1c




TABLE III - Comparison of Calculated and "Experimental' Frequency Factors

(M-lsec-l) for the Self~Exchange of bia(n6~arene)0t(1)/(0) o

- in DMSO at 22°C.
4 } "Experimental'" Frequency ;
3 Calculated Frequency Factors Factors i
2 pe re ~ ” 3
i Arene Ahalc (Eqn. 8) Are (Eqn. 9) A, (Eqn. 7a) Ay (Eqn. 7b) v
Cell, 3.5 x 1012 2.5 x 10! 1.7 x 10 9.1 x 10'°
X CgHgCHy 5.3 x 10%2 3.1 x 101! 2.4 x 1010 1.3 x10M
“ CgH5OCH, 5.9 x 10t2 2,5 x 10! 2.8 x 1012 6.5 x 10%°
| (Cels), 1.7 x 1013 4.7 x 10t 6.5 x 108 3.1 x 10
o CH5CUOC,Hy 9.1 x 10" 3.3 x 201! 4.9 x 101 2.4 x 1010
| H CoHCL 6.2 x 102 3.0 x 102 6.0 x 101 4.2 x 10'7
A
)
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TABLE IV - Comparison of "Experimental" and Calculated Free Energiea and Entropies
of Activation for the Self-Exchange of bia(nﬁ-Atenc)Ct(I)/(O) in DMSO

at 22°C.
Activation Free_fnergies. _Activation Entrobfzgfgn
kcal mol , _cal+deg-1l.mo1-1
a b c d e £

* * * ® ®

Arene AGPe AGtc AGgalc ASPe Astc Ascalc
C6H6 60“ 5.0 601 "8.1 -‘04 -1'0
C6“5CH3 7.0 ' S-2 5-2 "8.1 -3-1 -009
06“50(“"[3 606 40 7 602 ‘10-1 -409 -112
(C6H5)2 6.5 4-& 4.4 _13.2 ‘7.1 ‘0-9
CGHSCOOCZH5 6.0 4.0 4.3 o =12.1 -7.0 -0.8
c6n5c1 6.1 4.3 - 4.7 ~10.6  =5.7 -0.8

= a—

a' X = ow pe
Obtained from AGpe RTln(k/Acalc)

b * re
Obtained from AG = -RTln(k/A 1 )

Csum of AG* _ and AG* (T); raken from Table I,
out in

d X = * = AH® s AH®

Obtained from ASpe (AGpe AHpe)/T. Anpe taken from Table II,
. .

Obtained from AS;}c = (AG:c - AH:C)/T; AH:c taken from Table II.

fSum of AS* and AS* (T); taken from Table I.
out in
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Caption to Figure 1

in various solvents versus (1/1o

Plot of logarithm of rate conatant k for self exchange of Cr(C6n5-06HS)2+

p~ llba)‘ where Dop and D‘ are the optical and

atatic dielectric constants foi each solvent.

1.
2,
3.

4.

5.
6.

7.

.ceﬁslcnaon (9/1 v/v);

benzonitrile;
dimethylsulfoxide;
dimethylformamide;
cﬁn6!ca3on (174 viv);
propylene carbonate;

c6nslcn3on (1/7 viv).

Values of k given in Table V; sources for Dop and Ds given in footnote h to

Table V.
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