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THE ROLE OF SOLVENT REORGANIZATION DYNAMICS IN ELECTRON-

TRANSFER PROCESSES. THEORY-MERIENT CO1.PARISONS

FOR ELECrTROCHIICAL AND HOMOGEN'EOUS ELECTRON EXCHANGE

.INVOLVING !•ALLO•E. REDOX COUPLES.

/

Thomas Gannett, David F. Mltlner, and Michael J. Weaver*

Department of Chemistry, Purdue University
West Lafayette, Indiana 47907

Abstract

" •)electrochenical Rate Constants and Activation Parameters are reported for

the electron exchange of five notallocena couples and dibenzenechromium(I)/(0)

in eight solvents at mercury electrodes. nhe solvents (acetonltrile, acetone,

methylene chloride, formauide, N-mathylforuamide, 1,1'-dtinethy]for-auide,

dimethylsulfoxide, and benzonitrile) were chosen so to provide substantial

variations in their dynamical as well as dielectric properties. The setallocene
couples are of the foru M(Cp2 n PeCo, or Ha, amd Cp

cyclopentadiene or pentamethylcyclopentadiene. The inner-shell (i.e.. bond

distortional) barriers are callculated for the a and arene couples

metal-dependent. Detailed comparisons of the observed solvent-dependent kinetics

are made with the rate parameters calculated from contemporary theoretical

treatments of outer-sphere electron transfer. Considerably better agreement

betv•sen the experimental and theoretical kinetic parameters was obtained when the

latter take into account the influence of solvent friction upon the barrier-crossing

frequency. A comparison between the corresponding experiental and theoretical

rate parameters for ferricinium-farrocene self exchange in eight solvents yielded

a similar finding. These results indicrte that the conventional transition-state

theory may not apply to electron-transfer reactions where the free-energy barrier

is due chiefly to solvvat reorganization, at least in "high friction" media where-

concerted solvent relaxation is slow The likely influences of the solvent

upon the kinetics of other outer-sphe4ji reactions is also discussed in the light

of these findings.

5?8



7

A particularly interesting class of condensed-phase reactions is provided

by electron exchange involving redox couples with little or- no molecular

structural changes, since the kinetics will be determined largely by solvent

reorganization. Detailed examination of such processes as a function of solvent

properties can therefore provide direct tests of the solvent reorganization

energetics as described by contemporary theoretical models. 1 ' 2 An intriguing:
pt

recent development concerns the emergence of detailed theoretical treatments

of solvent reorganization dynamics in condensed-phase reactions,2 including

electron tr•-- fer. 2 a'e These models predict that the dynamical, as w0.1 as

dielectric, solvent properties can exert a dominant influence upon the barrier-
2

crossing rates.

Experimental work has fo.ussed attention on electron exchange of aromatic

3mole ule-radical anion redox couples in homogeneous aprotic media and at

electrochenical. interfaces, although few studies have been concerned with

detailed solvent effects. Another class of such reactions involves organometallic

complexes, especially those containing aromatic groups such as cyclopentadienyl

and arene ligands. A number of these complexes exhibit reversible one-electron

reduction or exidation in a wide variety of solvents, with only minor changes

in metal-ligand bond lengths attending electron transfer so that the inner-shell

activation energies are small (s 0.3 xcal mol-l), yet variable.

In addition, these reactions comnonly involve either uncharged or singly charged

reactants and products, thereby uinimimLng the influence of electrostatic work

terms on the measured kinetics. Nevertheless, surprisingly few studies of

5
their electron-transfer kinetics have been undertaken.

In the present paper, we report standard electrochemical rate constants

and activation parameters extracted from a.c. impedance meajurements for ferricinium-

ferrocene, manganicinium-manganocene, cobalticinium-cobaltocene, and
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dibenzo-chromium(I)/(O) couples, at a mercury electrode in dimethylsulfoxide

(DMSO), N,N-dimethylformamide (DMF), N-methylformamide (N0F), formamide,

acetonitrile, acetone, methylene chloride (CH2 C12 ), and benzonitrile. A

preliminary account is also available.6 These solvents were selected on the

basis of their well-defined electrochemical behavior, and to provide a variety of

dielectric and dynamical environments (vide infra). Although standard rate

constants for ferricinium-ferrocene in nonaqueous media have been reported

7
recently by several workers, these values were obtained at solid surfaces

using techniques under conditions where the quantitative validity of the derived

rates is questionable.

A major factor leading us to select such couples for detailed study is the

availability of solvent-dependent rate parameters for homogeneous self exchange

of ferricinium-ferrocene [Pe(Cp) 2+/O, Cp - cyclopentadiene] and for several

methyl derivatives. Although the formal potential for ferricinium-ferroceae

itself is inconveniently close to the anodic limit in most solvents at mercury,

the decamethyl derivative [Fe(Cp')/ where Cp/' -0pjethylcyClopentadiene]

exhibits formal potentials that are close to the potentials of zero charge,

thereby minimising work-term ("double layer") effects. Besides the latter couple,

electrochemical rate parameters were obtained in each solvent for - -

Mn(Cp) 2+/o, Io (Cp')2+, Co(Cp) 2+/0 and CrC 6R6 ) 2+/0 All of these couples have

small or negligible inner-shell barriers as derived from known structural

parameters; they nevertheless exhibit widely different formal potentials that

enable the possible influence.of the double layer on the rate parameters to

readily be assessed.

The present study constitutes the first systematic evaluation of electro-

chemical reactivities for metallocene and arene species. The comparisons

presented harein w.ith corresponding homogeneous reactivities and with rate
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parameters obtained from contemporary theory demonstrate the significance of

solvent reorganization dynamics to such simple outer-sphere processes in both

heterogeneous and homogeneous reaction environments.

L'OERDIENTAL SECTION

Acetonitrile and methylene chloride (Burdick and Jackson) were dried with

calcium hydride, subjected to three freeze-pump-thaw cycles, and normally vacuum

distilled before use. DMF, NHF, formamide, DMSO, benzonitrile and acetone

(Burdick and Jackson) were degassed and stored in an inert atmosphere

dry box. The tetrabutylammonium hexafluorophosphate (TBAHP)

supporting electrolyte was prepared from ammonium hexafluorophosphate (Ozark

Hahoning Co.) and tetrabuty lanonium bromide (Eastman Kodak) by crystallization

from acetone; it was recrystallized twice from ethanol and dried in a vacuum

oven. Tetraethylamonium perchlorate (TEAP) (G. F. Smith) was recrystallized

thrice from water and dried in a vacuum oven. All solutions were prepared in a

dry box under nitrogen. Ferrocene, decamethylferrocene, and cobalticinium

hexafluorophosphate were obtained from Strem Chemicals. Decamethylmanganocene

was prepared as in ref. 9a, decamethylcobalticinium hexafluorophosphate as in

ref. 9b, and dibenzenechromium as in ref. 5c.

The observed "standard" rate constants for electrochemical exchange kob,

along with the corresponding transfer coefficients, aob' were determined at a

dropping mercury electrode (mca ay controlled drop time 2 sac, flow rate

ca. 2 mg sec"1 ), by using a.c. polarography as described in refs. 8a and 10.

This employed a PAR 173/179 potentiostat. a PAR 175 potential programmer, and

a PAR 5204 lock-in amplifier. Frequencies between 100-1400 Hz were employed;

the in-phase and quadrature current components were acquired and analyzed using
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a LSI 11-23 microcomputer system. Values of k were obtained from the dependence
ob

of the ratio of in-phase to quadrature currents as a function of frequency in

the conventional manner. The a.c. polarographic data were corrected both for

the effects of uncompensated solution resistance (R us) as well as for distortions

of the time-dependent readout of the lock-in amplifier caused by the necessary
11

use of the low-pass filter. Although positive-feedback iR compensation was

employed, the former effect can be significant for kob values approaching the

measurement limit since' small positive values of Rus will inevitably remain.

8aWe have recently discussed this matter elsewhere. Both the above corrections

were applied most conveniently with the aid of digitally simulated polaro-

grams using known distorting parameters (Rus, double-layer capacitance, ampl.lfier

time constant) for a series of trial values of kob in order to obtain the best

fit with the observed polarographic response.8 Application of hese corrections

generally acted to increase the derived kob values, although usually by factors

of 50% or less provided that small lock-in amplifier time constants (s 0.03 sec)

were employed. The kob values reported here are somewhat (ca. 2 fold) higher
6

than those reported in a preliminary comu!ication; the latter were obtained

without application of the above corrections and using a longer amplifier time

constant (0.15 sec).

Either the oxidized or reduced forms of the redox couple were present in

solution (ca. 0.5 - 2 mM), depending on synthetic convenience. Almost all

reactions displayed chemical reversibility on the cyclic voltawetric time-scale

(50-500 mV sec -1), as evidenced from equality of the cathodic and anodic peak

currents. The exception is the electrooxidation of in(Cp') 2 , which yielded

significantly smaller reverse (cathodic) currents in the most strongly coordinating

solvents (DMX, DM50) at slower scan rates (< 0.5 V sec-1). Nevertheless,

satisfactory a.c. polarograms were obtained for each of these system=.



5

4

Temperature control (± 0.1*C) was achieved by means of a jacketed cell through

which water was circulated from a Braun Melsungen thermostat. All electrode

potentials were measured veraus an aqueous saturated calomel electrode (s.c.e.)

vsing a cell containing a pair of "fine grade" glass frits so to avoid any

contamination of the nonaqueous solution.

RESULTS AND THEORETICAL ANALYSES

Rate Constants

Tables I and II contain thermodyuamic, structural, and other pertinent

parameters for the redox couples and solvents studied in the present work.

Values of the formal potential, Efoat 23C and the reaction entropy, AS are

given for each redox couple in Table I. The latter were obtained from the

temperature derivative of Ef using a nonisothermal cell arrangement.12

(Although only .representative values of Ef and'&Sr* are given for most couples

due to space limitations, the omitted values can readily be estimated since the

solvent dependence of Ef and AS are virtually the same for each couple.)

Table III contains a suamary of the observed rate constants for electrochemical

exchange, kob (cm sec- 1 ) ,for each redox couple in the eight solvents studied

here. (The gaps in this compilation arise from difficulties in obtaining

suitably reliable values of kob due to spurious a.c. polarographic behavior

associated with adsorption, insolubility, solvent background currents, etc.)

The observed transfer coefficients, aob, were determined to be uniformly close

to 0.50 (t 0.03). The rate constants were reproducible typically to ± 202.

We also anticipate a similar level of accuracy, except for the largest kob

values (ca. 2-4 cm sec-1 ; vide aszra), since these are close to the maximum rate

constants that can be evaluated using our instrumentation. 8a,10

The rate parameters in Table IIT were obtained using 0.1 M TBAHP as the

supporting electrolyte. It is expected that kob will differ from the



6

"double-layer corrected" standard rate constants, kCorr, that would be obtained

in the absence of the diffuse-layer potential, *d' by29

inkCorr - Inkob + (Z - aCorr) )dF/RT (1)

where Z is the charge number of the oxidized species and C is the cathodiccorr

work-corrected transfer coefficient, [= -(RT/F)dlnk Cor/dE]. Application of

Eq. (1) to the present systems by estimating *d from electrode charge-potential

data using the Gouy-Chapman model30 leads to the prediction that k should be as
Corr

much as 5-8 fold smailer than kob! depending on the redox couple. However,

several lines of evidence indicate that k - k (at least within ca. 50%),
ob .. Corr

so that the magnitude of the double-layer corrections are markedly smaller

than predicted by Eq. (1). Thus kob is virtually independent of the supporting

electrolyte concentration, as well as the vature cf the cation, over the range

0.05 to 0.5 M. In contrast, ionic strength-dependent values of kob, the variations

being roughly in accordance with Eq. (1), are obtained under these conditions for

several structurally related anionic redox couples. Further details are given

in ref. 31.

The surprisingly small extent of the double-layer corrections for the

present systems may be due to the preferential approach of the partially nega-

tively charged cyclopentadiene rings to the electrode surface compensating the

effect of the net positive charge of the complex upon the work terms that is

anticipated from Eq. (1).31,32 We have also obtained closely similar (within

ca. twofold) values of kob for the present metallocene couples at platinum elec-

8btrodes using'a.c. volta-mmetry. All these kob values are markedly larger than

7a,csome values reported previously; we suspect that the latter suffer from

systematic errors associated with solution resistance effects.8a

The major thrust of this work is to compare these solvent-dependent rate

parameters with the corresponding quantities obtained from theoretical descriptions
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of solvent reorganization. We can express the work-corrected rate constant of

an exchange reaction either in homogeaeous solution or at an electrode surface
1.

as

k - A exp[-(AG* + UG* )/RIA (2)
corr os is

where A is a preexponential factor, and AG* and AG* are the components of the0 is i

intrinsic free-energy barrier associated with outer-shell (solvent) and inner-i

shell (metal-ligand, etc.) reorganization, respectively. Calculated rate constants,

kcal, were obtained for comparison with the experimental values, kob as follows.

Estimates of AG* were determined from3 3

is

AG*s - 0.5 Z f [(Aa)/2] 2  (3)
is is

where Aa is the change in a given bond distance between the oxidized and reduced

forms of the redox couple, and f is the force constant of this bond. The latter

is obtained from

22'

where vis is the observed frequency (secl), and u is the reduced mass of the

vibrating bond. For the present redox couples the only significant structural -

change is the increase (or decrease) of the metal-ring distance. Fortunately,

accurate X-ray structural data are available for both oxidized and reduced forms

of most reactants studied here so that sat'-sfactory estimates of Aa can be

obtained.13-16 These are listed in Table I along with the literature sources.

The corresponding values of vi, are also given in Table 1, obtained or estimated

from Raman spectroscopic data as described in the footnotes. They refer to

the sylmmetrical stretch of ; oth rings with respect to the metal center, so that

u is set equal to the ligand mass. The resulting estimates of AG*s obtained

from Eqs. (3) and (5) (Table I) are all small (s 0.25 kcal mo1), especially
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for 1fn(Cp') 2+° (AG* 2 0.025 kcal mol-). (Note that an inner-shell barrier of
2is

0.25 kcal mol-I will act to decrease k by only 50%.)
ob

The outer-shell reorganization energies were calculated from34

2
A, - E(5)

0s 8 .~ R £ C.e op s

where e is the electronic charge, a is the reactant radius, R is twice thee

reactant-electrode distance, and c and c are the optical and static dielectric

constants, respectively, for the surrounding solvent. The resulting estimates of

(Go* for each solvent are given im Table II; the.y were obtained from the literature
Os

values of e and c also listed in Table I1, by assuming that a - 3.8 2,35
op s

and R - -. The last assumption is tantamount to neglecting the reactant-el;ectrode

imaging interactions in the transition state37 (vide infra).

In order to obtain calculated rate constants it remains to estimate the

preexponential factor A in Eq. (2). For electrochemical as well as homogeneous

reactions it is useful to consider that activation occurs within a previously

formed "precursor complex" with the reactant pair (or the reaccant-electrode

pair) in suitably close proximity. 5b,38-40 One can then write38

A - KpKelvn (6)-

where Kp is an equilibrium constant for forming the precursor state, Kel is the

eleczronic transmission coefficient and v (sec- )Y is the nuclear frequency factor.

The effectiva value of KpKe. will be sensitive to the dependence of Kel upon

the reactant-electrode separation.38,41 Nevertheless, a provisional estimate

of KpK el, ca. 6 x 10 cm, is obtained for electrochemical reactions by assuming

that Kel approaches unity (i.e., adiabaticity is achieved) only at the plane of

closest approach.
4 1 ' 4 2
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The values of v are of central interest here. This quantity can be

determined both by bond vibrations and solveat reorientation, associated

with the characteristic frequencies Vis and v os, respectively, since these motions

comprise the free-energy barrier. A simple formula which has been employed

recentlyld is
SGG* + 1/2

os o isis
,, AGO + AG is ) (7)

Even though AG* z 20 AG* for the present reactions (Tables I, I1), according
0s is

to Eq. (7) vi, may still provide Llie predominant coatribution to vn if

v << is* Anticipating this possibility (Vide infra), inserting the typical

values &G* - 0.2 kcal mol-1 ". V 6 x 1012 .P-io along with AG* (Table II)
is. IS 05

into Eq. (7) yields vn ^. 1.2 (± 0.1) x 1012 sec-1 , essentially independent

of the solvent. Inserting this along with KpKel - 6 x 10-9 cm into Eq. (6)

yields A - 7 x 10o cm see-I. This together with the estimates of AG* and

AG* (Tables I., II) inserted into Eq. (2) yields the calculated rate constants
0s

denoted "k (Eq.-7)" , listed in Table I11. Comparison between the corresponding
Cal

values of k al(Eq 7) and kob (Table III) shows that although the calculated

and observed rate coLstants are generally within ca. 20-fold, the solvent

dependence of kca is in sharp qualitative disagreement with experiment.

Recent theoretical treatments of solvent reorganization dynamics have

emphrsised that the effective value of vos can be related closely to the

longitudinal (or "constant charge") solvent relaxation timer TL.2 This quantity

can be extracted from the Debye relaxation time, TD, determined from dielectric

loss measurements using4 4

TL (./Cs -rD (8)
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where c is the high-frequency dielectric constant. For relar~vely "high

-12friction" solvents, say for TL z 10 sec, the effective outer-shell frequency

factor can be expressed for exchange reactions as 2 '4 7

- AG* 1/2-o "•L (05) (9)
os L 41?. 3

where kB is the Boltzmarn constant. Such relations have not been applied

previously to outer-sphere reactions. Nevertheless, a recent study of activation-

less electron transfer within an extended aromatic system in a series of alcohol

solvents indicates that the rates correlate with the solvent relaxation times,48

-1and a connection between Tr and the solvent dependence of kob for some electro-

chemical reactions has been establ.shed empirically. 4 9

It is important to note that while Eq. (7) is based on the presumption that

the transition-state theory (TST) applies, Eq. (9) describes deviations from TST

caused by sluggish solvent relaxation. Physically, this corresponds to the

system being obliged to recross the transition region many times for reaction

to occur since the required concerted motion of the surrounding solvent molecules

is strongly impeded. Calef and Wolynes refer to this circumstance as "overdamped"

solvent reorientation. They also point "" out that when this relaxation is

relatively fast (TL :s 10-12 sec), the effective value of vos may be L:-Lited by.

"solvent inertial" effects -Since this "underdamped" relaxation ra).

refers to the smooth unimpeded crossing of the system over the transition state,

it corresponds to. the onset of the TST limit. A simple formula for V under
0s

" these conditions is 2 a, 5 0

V0s (2'rrot-l (2csy)I/2 (10)
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where i rot is the solvent rotational relaxation time, estimatod from the

,oment of inertia of the solvent molecules, 1, using

Itrot a (l/k1 T)1/ 2  (10a)

Also,

1 a (lOb)
*~3 k.BT TcIT

where p is the molar density of the solvent and u is its effective dipole moment.

The effective value of v when both t and Trot contribute significantly is2a

05 (2: -1 + iT t2 1/2 1 -1)
, -x (2,cC)" (0.5+ 0.5(1 .2 toy T L 2

where c - (kT/voG*o)& . Although this definition of c only applies :o

"weakly adiabatic" electron transfer (where the electronic amtrix

coupling element I12 S 1T). this condition is probably met for most esuter-sphere,

including electrcihemlcal, reactions.41,51,52

Values of vo estimated from Eq. (9) and %"l) are listed for ech solvent

in Table II. Note that for solvents vhere TL?. 1 x IO seC-1, vos(Eq 9) .= Vo(Eq 1l;

otherwise Vos(Eq 9) > Vos (Eq 11). Rather than inserting these

estimates of vo8 Into the TST expression Eq. (7), we provisionally set vos - v a

(vide infra). Combining them vith the values of X*as, A•os, and Ipe i noted

above into Eqs. (2) and (6), yields the .calculated,&czte.constants, kcal(Eq 9) and

kcal(Eq 11) , respectively, that are also listed in Table Ill. In contrast to

ka(Eq 7) , these latter rate constants vary with the solvent roughly in

accordance with the experimental values, kob' for all five radox couples.

Moreover, the values of k (Eq 9) are within at least 2-3 fold of kb in each
Cal o0

solvent.
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Activation Parameters

In order to obtain further i.nsight into the factors iniluencing kob and

ro provide a more stringent test of the theoretical models, it is desirable to

evaluate activation parameters in additional to rate constants at a single

temperature. Although electrochemical activation parameters are sq dom evalusted,

we have repeatedly emphasised theiz usefulness. 9'53 Table IV lists electro-

chemical activation parameters for three redox couples, Fe(Cp')

Co(CP)+/o and Cr(C66)2 +/0 measured in each solvent. The obs2rved

activation enthalpies, &Hb (kcal ool-). were obtained from the temperature

dependence of k usingob

Aob -R[d in k /d(l/T)] (12)

The corresponding observed preexponential factors, Aob (cma sec-1), were eclracted.%b

from AE* and k b sn
ob ob b sn

kob - Aob exP('ob/') (13)

Calculated activation enthalpies, Aw*,, for comparison with An* can be
Cal ob

obtained from eatimateas of the intrinsic enthalpic barrier AHn this in turn can

readily be obtained from AG* and the intrinsic entropic barrier, as* by
intn

%xsing

~g Aq* + TAS* (14)

As above, we will neglect the inner-shell component and thereby assume that

. n equals the values of AG* obtained from Eq. (5) (Table II). Conventionally,

"as* is estimated by assuming that the inner-shebll component is zero, and that
int

the outer-shell component, ASo*, is given by the dielectric continuum model.ld

We employ here a modified treatment which yields for electrochemical exchange

"reactions :19,54
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2 l 1 de) 0 1 (5-; )~ ( 2(7 + (L3 - )/(Sn + 4)
•~ "C

,•] top

vhere'n is the charge number of the reduced form of the redox couple (zero for

12
the present system), Asoc is the reaction entropy and IL, is a constant that

depends upon the electron-accepting properties of the solvent. Tnserting

typical values of AS'r= along vith literature values of cp and estimates o! fl'+

into Eq. (15) yields the estimates of AS* in each solvent siven in Table 11N int
(see footnotes for details; these are essentially the am* for each redox couple

in a given solvent). The resulting estimates of AS* are =sall, the "optical"

component being largely cancelled by the "static" (reaction entropy) component.

Therefore from Eq. (14), AHn : hGZ t

In order to obtain calculated activation enthalpias, AS* . the temperature

dependence of the preexponential factor must also be taken Into account. Although

K and 6el [Eq. .(6)] are probably temperature independent, according to Eqs. (9)

and (11) vo (and hene, vn) are temperature dependent since L genirally decreases
wtrlh incraasi•,g temperature. From the form of Eq. (9). we can wrtea

where AH* -- l(dln-¶ /dT ). Although the required temperature-dependent

L

dielectric loss data are incomplete for the present solvents, aB* varies from

zero to 3 kcal mol"1 (Table 1I: note the values in parentheses are estimated).

The resulting values of AH•a obtatned In this inner from Eq. (16) are

listed in Table IV for comparison with the corresponding experimental quantities,

AH*b. Also given in Table IV are calculated preexponential factors, Acal,

obtained from the corresponding values of kca1 (Eq 11) and AH.,1 [cf. Eq. (13)],

for comparison with the measured values, Aob. Bearing in mind the uncertainties

in the values of AHb (± 0.3 to 0.5 kcal Mal 1 ) and those in Ab (ca. 2-5 fold),

the agreement between the calculated and observed activation parameters is
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satisfactory.* The best agreement is seen for Cr(C 6 R6 )+/o; for the two

metaliocene couples, typically AH* < 6Hl* and A ( A although theob Cale ob caic'-atog h

discrepancies are not large.

DISCUSSION

Electrochemical Exchange Xinetics

Although all three sets of calculated rate constants given in Table III

are mostly within tenfold of the observed parmaters, it is clear that that

inclusion of a preexponential factor accounting for the dynamics of solvent

reorganization yields a substantially improved description of the solvent-

dependent kineti•cs. This in itself is notable since it suggiets t.at the molecular

solvent properties can play an important role in the kinetics of outer-sphere

electron transfer beyond influencing the barrier height. We have bzefly

discussed this matter in a preliminary c un t .6

It is of interest to reconcile these findings vith the anticipated applica-

bility of the alternative frequency factor relations Eqs. (7), (9), (10), and

(11). As noted above, Eqs. (7) and (10) are TST expressions, whereas Eqs. (9)

and (11) are not. A key issue is the extent to vhich inner- rather than

outer-shell motion controls the preexponential factor. All the present reactions

have only small inner-shell barriers. Nerertheless, vith the exception of

lMn(Cp1) /o the values of AG! are sufficiently large (0.15 - 0.25 kcal l-1)

so that according to Eq. (7), vis constitutes the predozinant coponent of v

provided .that vos S 1 x 1012 see- . This latter condition is apparently mwt

since TST estimates of V in the range ca. 0.5 to I x 1012 sec-1 are obtained

from Eq. (10), thereby justifying the assumption vis >> V0 employed above

to obtain k cal(Eq 7).
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On the other hand, AGis for Mn(Cp + is sufficiently small so that

Eq. (7) instead predicts that V essentially equals Vos. yielding 1.5 to 2 fold
a o

s=maZ predicted values of k 1 (Eq 7) than for the other couples in spite of

the slightly lover free-anergy barrier for Mn(Cp)+/o. In con- rast, the ko.

values for -Mn(Cp) +/o are slightly ZaMer than for the other coupler.2

in a given solvent (Table III), as expecte4 given the differences in LG if

Va in the same for each reaction. Indeed, the observed reactivity trend

for the homologous series Mn(Cp ) 2 /° > Fe(Cp')/2 > Co(Cp '/) (Table III)

in each solvent is quantitatively consistent with the eifferences in AG s

noted above. This therefore corroborates the above findings indicating a

breakdown in the TST model embodied in Eq. (7).

In contrast, these results are Intuitively reasonable on the basis of

the model nzbodied in Eq. (9) since in contrast to the TST approach which

predicts that the fastest dynamical component of the barrier will tend to

dominate v such overdamped solvent relaxation is anticipated to dominate

V when V is s5Zok than inner-shell motion.n 08

Having exposed a key limitation of Eq. (7), it is nonetheless important

to ascertain under what conditions inner-shell motion will dominate V even inn

slowly relaxing solvents (TL '> 10712 0ec). This question has recently been

addressed, and the following approximate inequality derived,2f obeyance to

which denotes conditions for which V z V
05 n'

(aG* $/AG*n)l1/2 Vls exp(-&G*s/Icj) a T -l (17)

-1 12 -1
Inserting the typical values of AG* = 5 kcal mol"1 vis - 6 x 10 sec

LG* a 0.2 k-al mol"1 into Eq. (17) yields a left-hand-side equal to

is ,,I
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111 -l

8.5 x 10 sec . This suggests that TST will not apply for the present reactions

in the "slowly relaxing" solvents formamide, MTF, DMSO. and benzonitrile.for

-1 11 -i
which rL-I < 8.5 x 10 sec . The other solvents considered here,

acetonitrile, acetone, CH2 C2, and perhaps DMF appear to be "borderline

cases" not only with respect to thepossible influence of inner-shell

motion upon vn, but also with regard to solvent inertial effects since

the rL values are sufficiently small (S 1 x 10 sec) so that Eqs. (9)

and (11) yield significantly different estimates of v.

Nonetheless, the simple overdamped solvent model embodied in [Eq. (9)]

yields estimates of kcal that best mimic the solvent-dependent values of

kob (Table III). In tentatively accepting Eq. (9) ar providing the most apt

description of the reaction dynamics, it is worth noting that at least the

absolute estimates, if-not the solvent-dependence,of kca1 contain several

uncertainties. Not the least of these is the possibility that the dielectric

continuum model [Eq. (5)] z&y incorrectly estimate the outer-shell barrier.

We have recently outlined a phenomenological approach56 that indicates

that this model may significantly underestimate AG*s, although the opposite

57
conclusion has been deduced for certain conditions. However, strong

evidence favoring the applicability of the dielectric continuum model for

+Io
estimating AG* for Fe(Cp) 2  is obtained fro.- its success in rationalizins

Os2

the solvent-dependence of optically induced electron transfer in

binuclear ferro:ene complexes,58' 5 9 including several solvents (acetone,

acetonitrila, benzonitrile) employed here for which v varies greatly

(Table I1). A key difference between optical and thermal electron transfer

is that only the barrier height, rather than the solvent dynaudcs, influences

-1
the former process. Slightly (0.5 - I kcal mol") smaller values of tsG*

0r

are deduced from Eq. (5) if the electrode imaging term (l/R )is included,
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using reasonable estimates of the reactant-electrode distances.30 Nevertheless,

the calculated enthalpic barriers are close (mostly within 1 kcal 0o1-1 ) to

the observed values, especially for Cr(C H )2 +/1(Table ITV), indicating that Eq. (5) is

at least approximately applicable to the present systems. This is not too

surprising since the reactant's small charge and nonpolar ligands should

facilitate the applicabtility of dielectric continuum treatments. 2 0 '5 6

Comparison with Homogeneous Self-Exchange Kinetics

Given that the foregoing indicates the importance of solvent relaxation

dynamics to electrochemical reactions involving chiefly outer-shell reorganization,

it is of interest to ascertain if similar effects can be discerned for related

homogeneous exchange processes. Of particular significance are the solvent-

dependent bizolecular rate parameters for Fe(Cp)/2 reported by Wahl and

coworkers.5a Table V contains a summary of their data, including values
Of A-b (kobl 1-1)-l ._l-) 6 0 aswalask -1 s_ in eight

solvents, four of which were employed for the electrochemical studies (Tc!le III).

Alongside these experimental values are summarized the corresponding calculated

quantities kCal, 9 R ' and Acai. These vere obtained using essentially the

same procedures to those described above, with tne following modifications.

A homogeneous precursor formation constant, K (q_-1 sec-1), was employed in

Eq. (6), estimated from the analogous relation3 3 ' 3 8 ' 3 9

h 2Sh. 4urSr. (18)

where N is Avogadro's number, r is the internuclear reactant separation in the

transition state (taken as 2a - 7.6 1), and .rh is the "reaction zone thickness",

taken again as 0.6 1.33,42 The value of AG* (0.3 kcal mol- 1 ) is twice the

electrochemical value (Table 11); the outer-shell barriers are obtained from

[cf E~q. (.5)]: 34
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be* 2 I ((19)•o, •-C; R) (7p --

where R is the internuclear distance, again taken as 2a. (Note that these

estimates of AG* are numerically equal to the above valu-s for electrochemical
Os

exchange.) The entropic barriers, AS* , vere also sit viual to zero, in view

of the small electrochemical estimates given in Table Il and the incompleteness

of the required AS' data.rc

If it is assumed, as is conventional, that the preexponential factor is

solvent independent, from Eqs. (2) and (19) we can express kb as(5

1)b

ink -K - - 20ob 4R1 a R C opo

where K is a constant which contains both A and AG*. Wahl et al noted thatis
whereas Eq. (20) predicts a ca. 20 fold variation in k for the solvents listed

ob th

in Table V (for a - 0.5 R - 3.8 1), the experimental values of kb are
Scb

mostly within ca. twofold of each other. A possible cause of these

discrepancies is errors in estimating AG* due to uncertainties in the transition-
0s

state geometry as well as in the simple "two-sphere" variant of the continuum

model embodied in Eqs. (19) and (2 0 )lf These factors cannot account, however,

for the observed quaZitative inability of Eq. (20) to describe the variations of
Sa

kob up'n solvent substitution, especially given the aforementioned applicability

59
of the continuum model to optical electron transfer within biferrocenes. The values o

k given in Table V were obtained instead using the soZlveir-dspendent frequency
Cal

factors estimated from Eq. (9). Comparison batween the corresponding values of

S kCa 1 and kob shuws that although genera.lly kCal > kob the former successfully

mimics the relative solvent-independence of the latter. Thus in most solvents

kca (15 to 20) kob; the only exceptions to this are methanol and CH2 C12 .

Cal b; C2C'2



19

Thic surprisingly mild calculated solvent dependence follows from a broad

tendency of solvents having larger values of c and hence smaLZer AG* toup os

also exhibit longer relaxation times and hence ,maler effective values of

V 0. The variations in the preexponential and exponential components of

kc .1 thereby tend to cancel.

The ca. 20-fold discrepancies between kCal and kob me7 be due in part to

systematic errors in calculating the absolute values of AG and/or A. Ifos

a particular geometry (such as the parallel juxtaposition of a pair of

aromatic ligand rings) is preferred in order to provide effective orbital
h

overlap, then K p and hence A can be substantially smaller than predicted

from Eq..( 1 8 ) 5b Judging by the much better agreement between kob and

k Cal(Eq 9) for the electrochemical reactions (Table 1In), such steric effects

are presumably less important in the heterogeneous reaction environment.

Further evidence suggesting the presence of couplicating factors for

such homogeneous self-exchange processes is obtained from the ca. 40 fold

larger value of kob for the self-exchange of Cr(C6 E6 ) ° (6 x 10" _-1 sec- 1 5b)

relative to that for Fe(CP)2+/0 (1.6 x 106 _I sec-' 5a) in DMSO, even though

very similar values are predicted from theoretical considerations and are

indeed observed in the heterogeneous environment (Table 111). Again in contrast

to the electrochemical systems (Table IV) the H*ob values for Fe(Cp) +/0

self exchange are substantially (2-4 kcal mol-1) smaller than Hca1 . Even
larger discrepancies are seen between Aob and Acal; typically A ", (10-3 to

-5b
10-5 )A It seems clear that the energetics of the biomolecular reactions contain

subtleties, perhaps associated with the approach of the reactant pair, that

are absent for the electrochemical exchange reactions.
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Implications for Other Systems

The self-exchange kinetics of several other systems besides Fe(Cp) 2 +/0

have been studied as a function of the solvent,3,62 although few reports have

included a systematic variation in dielettric solvent properties, One objec-

tive has been to examine the ability of the dielectric c.ntinuum model as

embodied in Eq. (20) to predict the dependence of kob upon the solvent.

Interestingly, while the solvent dependence of kob for some systems, such as

benzonitrile o/-3c as well as Fe(Cp) 2 +/o discussed above, show qualitative

deviations from Eq. (20), a few others exhibit tolerable agreement.62 Examples

of the latter behavior are tris-hexafluoroacetylacetonatoruthemium(III) / (II)

aud related couples ["Ru(hfac) (111)/(17)"] and molecule-cation couples

3e
involving p-phenylenediamine derivatives.

These behavl oral differences can be rationalized in terms of the present

theoretical treatment if inner-shell motion rather than solvent relaxation provides

the predominant contribution to the barrier crossing rate, so that V isn

approximately solvent independent. According to Eq. (17), this condition will

occur for common polar solvents, for which usually TL< 2 x 10-12 see, when

AGi > 1 to 1.5 kcal mol-, (taking the typical values of AG - 5 kcal mol-I and
is os0

is " 1 x 1013 sec-'). Although the structural data required to calculate AG

are lacking, this circumstance is likely for Ru(hfac)(III)/(II) given that

significant bond-distance changes are both anticipated and observed for other
64 *

Ru(III)/(II) couples involving oxygen-donor ligands. Values of AG around
is

-10.5 kcal mol have been estimated empirically for the p-phenylenediamine

couples;3e somewhat larger values, ca. 1 kcal mol- , are obtained from bond-length

data.65 The observed agreement of the solvent-dependent k values for these
ob

systems witb the functional form of Eq. (20)3a is therefore tentatively
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ascribed to the prominent contribution of inner-shell vibrations to v . An
n

apparent obeyance to Eq. (20), or at least its functional f.rm, can occur even

when Vn Z Vos if solvents are employed that display comparable values of vos or

where the solven.. dependence of V is functionally similar to that of
os

exp(-AG0 s/RT). For example, the former circumstance may account for the

approximate success of Eq. (20) for bis-bipbenylchromium(I)/(O) self exchange, 5b

since the values of V do not differ greatly in the pure solvents employed
O$

in that study. 6 6 A more detailed analysis of these and other systems will be

given elsewhere.

Irrespective of the details, it is clear that the extent to which the

measured kinetics are influenced by solvent relaxation dynamics is sensitive

to the nature and extent of the inner-shell barrier as vell as to v os*

Inner-shell barriers around ca. 0.2 to 2 kcal mol 1 , associated with the small

structural changes that almost inevitably accompany electron transfer, are

commonly anticipated even for reactions where solvent reorganization dominates

the free-energy barrier. The numerical value of the preexponential factor

can therefore be very sensitive to the electronic structure of the redox

couple. Unfortunately, the structural data required to estimate AG * are
is

often lacking, especially for organic systems.

These considerations are quite apart from the influence upon Aob associated

with the possible occurrence of nonadiabatic pathways (i.e., 1el < 1). In

the context of the present discussion, it should be borne in mind that the

expression for V os Eq. (11)] is itself dependent on the reaction adiabaticity. 2a

(vide supra) Even though Eq. (11) is appropriate for reaction channels that

approach adiabatic (K el' 1), another relation is appropriate for reactions

featuring stronger electronic cinpling ("case A" rather than "case B" in

ref. 2a).

/ f
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The overall message is that the solvent sensitivity, as well as the

absolute values, of the preexponential factor for electron-transfer reactions

that feature chiefly outer-shell reorganization appear to be strongly dependent

on a number of parameters, most prominently TL, rot Vis, Ke1 and AGs

Although hitherto neglected, it is apparent that the first as well as the last

three parameters can provide an important influence upon electron-transfer

reactivity. A unified theoretical treatment - mbining each of these various

elements is yet to appear. In the meantime, it is hoped that the present work

will provide a stimulus for further detailed exa!mnations of solvent-dependent

reactivities, both in homogneous solution and at electrode surfaces.
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