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THE ROLE OF SOLVENT REORGANIZATION DYNAMICS IN ELECTRON-
TRANSFER PROCESSES. THEORY-EXPERTMENT COMPARISONS
FTOR ELECTROCHEMICAL AND HOMOGENEOUS ELECTRON EXCHANGE

. INVOLVING METALLOCZNE.REDOX COUPLES.

Thomas Gennett, David F. Milner, and Michael J. Weavert*

Department of Chemistry, Purdue University
West Lafayette, Indiana 47907

ectrochemical Rate Constants and Activation Parameters are reported for
the electron exchange of five metallocens couples and dibenzenechromium(I)/(0)
in eight solvents at mercury electrodes. The solvents (acetonitrile, acetone,
methylene chloride, formamide, N-nethylformsaide, ¥,N'-dimethylformamide,
dimethylsulfoxide, and benzonitrile) wers chosen so to provide substantial
variations in their dynamical as well as dielectric properties. The metallocene
couples are of the form H(Cp)'i(*,ﬁ). vhere M = Fe, Co, Or Mn, and Cp =
cyclopentadiene or pentamethylcyclopentadiene. The imner-shell (i.e., bond
distortional) barriers are calculated for ths mgtallocene and arene couples
from bond~distance and vibrational data to be small ~ 0.25 kcal/éniézsﬂ;;t
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 -~

betw=en the experimental and theoretical kinetic parameters wvas obtained when the
latter take into account the influence of solvent friction upon the barrier-crossing
frequency. A comparison between the corresponding experimental and theoretical
rate paranézirs\for ferriciniun-ferrocene self exchange in eight solvents yielded
a similar finding. These results indiccte that the conventional transition-state
theory may not apply to electron-transfer reactions where the free-energy barrier
is due chiefly to solveut reorganization, at least in “high friction" media where-
concerted sclvent relaxation is slow.s The likely influences of the solvent
upon the kinetics of other outcr»spﬁ£§; reactions is also discussed in the light
of these findings. '
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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 l.argely 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 descridbed by contemporary theoretical mdel:.l’z

An intriguing';
recent development concerns the enerée:ce of detailed theoretical treatments
of solvent reorganization dynamics in condensed-phase ructions,z including
electron tracsfer.2*™® These models predict that the dynamical, as well as
dielectric, solvent properties can exert a dominant influence upon the barrier-
crossing utu.z
Experimental work has fo.ussed attention on electron exchange of aromatic
molecule-radical anion redox couples in homogeneous aprotic nedi¢3 and at
electrochemical. in:crhcu." although few studies have b«n 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 ihun complexes exhibit reversidle one-electron
reduction or cxidation in a wide variety of soiveuts, vith only minor changes
in metal-ligand bond lengths zttending electron transfer so that the inner-shell
activation energies are small (s 0.3 xcal nol-l). yet variable. iee. -
In addition, thess reactions commonly involve either uncharged or singly charged
reactants and products, thereby minimising the influence of elactrostatic work
terms on the measured kinetics. Nevertheless, surprisingly few studies of
their electron-transfer kinetics have been undertaken.s .
In the present paper, we report standard electrochemical rate constants

and activation parameters extracted from a.c. impedance measurements for ferricinium—

ferrocene, manganicinium-manganocene, cobalticinium-cobaltocene, and




diﬁenio-chromium(l)/(o) couples, at a mercury electrode in dimethylsulfoxide
(DMSO), N,N~-dimethylformamide (DMF), N-methylformamide (NMF), formamide,
acetonitrile, acetone, methylene chloride (CHZClZ)’ 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 geen Teported
recently by several worke:s,7 these - values were obtained at solid surfaceé
using techniques under conditions where the quantitative validity of the derived
rates is questionable.8

A major factor leading us to select such couples for detailed study is the
availability of solvent-dependent rate parameters for homogeneous self exchange
/o

of ferricinium-ferrocene [Fe(Cp)2+ » Cp = cyclopentadiene] and for several

methyl derivatives.a Although the formal potential for ferricinium-ferroceae
itself is inccnvenientlybclose to the gnodic limit in most solvents at mercury,
the decamethyl derivative [Pe(Cp')2+/°, where Cp' =permethylcyclopentadiene]’
exhibits formal potentials that are close to the potentiali of zero charge,
thereby minimising work-term ("double layer") efiects. Besides the latter couple,
electrochemical rate pargmeters were obtained in each solvent for ot

iy
/o' Co(Cp)2 /9 and Ct(C686)2+/°. All of these couples have

Mn(Cp') +/°. zo(Cp"),"
2 2
small or negligible inner-shell barriers as derived from knowm structufal
parameters; they nevertheless exhibit widely different formal potemtials that
enable the possible influence of the double layer on the rate parameters to
readily be assessed.
The ﬁresent study constitutes the first systematic evaluation of electro-

chenical reactivities for metallocene and arene species. The comparisons

presented hérein with corresponding homogeneous reactivities and with rate

[}




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.

EXPERIMENTAL SECTION

Acetonitrile and methylene chloride (Burdick and Jackson) were dried wiéh
calcium hydride, subjected to three freeze-pump-thaw cycles, and normally vacu:m
distilled before use. DMF, NMF, 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
Mahoning Co.) and tetrabutylasmonium bromide (Eastman Kodak) by crystallization
from acetone; it was recrystallized twice from ethanol and dried in a vacuum
oven. Tetraethylammonium perchlorate (TEAP) (é. F. Smith) was recrystallized
thrice from water and dried in a vacuum oven. All solutions were prepared in a
dry box under nitrogean. Ferrocene, decamethylferrocene, and cobalticinium
hexafluorophosphate were obtained from Strem Chenmicals. Decamethylmanganocene
was prepared as in ref. 9a, decamethylcobalticinium hexafluorophcsphate as in

ref. 9b, and dibenzenechromium as in ref. Sc.

3

The observed "standard" rate constants for electrochemical exchange kb
along with the corresponding transfer coefficients, G s Were determined at a
dropping mercury electrode (mechanically controlled drop time 2 sec, flow rate .
ca. 2 ng scc-l). by using a.c. polarography as described in ref:._Sa and 10.

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

a PAR 5204 lock-in amplifier. Frequencies between 100-140C Hz were employed;

the in-phase and quadrature current components were acquired and analyzed using




.

a LSI 11-23 microcomputer systeﬁ. Values of kob were obtained from the dependence
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 (Rus) as well as for distortioms
of the time-dependent readout of the lock-in amplifier caused by the necessary
use of the low-pass filter.ll Although positive-feedback iR compensation was
employed, the former effect can be significant for kob values‘approachiﬁg the
measurement limit since small positive values of Rus'will inevitably remain.

We have recently discussed this matter elsewhere.Ba Both the above corrections
were applied most conveniently with the aid of digitally simulated polaro-

grams using known distorting parameters (Rus’ double-layer capacitance, amplifier
time constant) for a series of trial values of kob in order to obtain the best
fit with the observed polarographic response.a‘ Application of these corrections
generally acted to inérease the derived kob values, although‘usually by factors
of 502 or less provided that small lock-in amplifier time constants (s 0.03 sec)
were employed. The kob values reported here are somevhat (ca. 2 fold) higher
than those reported in a preliminary ccmmunica:icu:6 the latter were obtained
without application of the above corrections and using a ionger amplifier time
constant (0.15 sec).

Either the oxidized or.reduced forms of the redox couple were prasent in
solution (ca. 0.5 - 2 md), depending on synthetic convenience. Almost all
reactions displayed chemical reversibility_on the cyclic voltammetric time-scale
(50-500 aV sec-l), as evidenced from equality of the cathodic and anodic peak

currents. The exception is the electrooxidation of Hn(Cp')z, which yielded

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

solvents (DMF, DMSO) at slower scan rates (< 0.5 V sec-l){ Nevertheless,

satisfactory a.c. polarograms were obtained for each of these systems.

|3




Temperature control (¢ 0.1°C) was achieved by means Qf a jacketed celllthrough
which water was circulated from a Braun Melsungen thermostat. All electrode
poteniials vere measured versus 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 nonmaqueosus solution.

RESULTS AND THEORETICAL ANALYSES

Rate Constants

. Tables I and II contain thermodyunamic, structural, and other pertinent
parameters for the redox couples and solvents studied in the present work.
Values of the formal potential, E.,at 23°C and the reaction entropy, Aé;c, are
given for each redox couple in Table I. The latter were obtained from the
temperature derivative of Ef using a nonisothermal cell arrangemen:.lz
(Although only representative values of Ef lnd'As;c are given for most couples
due to space limitations, the omitted values can readily be estimated since the
solvent depe;dence of E; and As;c are virtually the same for each couple.)
Table III contains a summary of éhe obsérved rate constants for electrochemical
exchange, kob (cm sec-l),for each redox coup1£ in the eight solvents studied

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

suitably zreliable values of kob due to spurious a.c. polarographic behavior
associated with adsorption, insolubility, solvent background currents, etc.)
The observed transfer coefficients, a pe Were determined to be uniformly close
to 0.50 (+ 0.03). The rate constants were reproducible typically to & 20%.

We also anticipate a similar level of accuracy, except for the lafgest ko

b
values (ca. 2-4 cm sec-l; vide supra), since rhese are close to the maximum rate
constants that can be evaluated using our instrumentation.s"lo

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

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




"double-layer corrected" standard rate constants, kcorr’ thar would be obtained

in the absence of the diffuse-layer potential, ¢d’ by29

1nk = 1nk
°

+ (2 -a
coTTr co

b rr) ¢dF/RT )

where Z is the charge number of the oxidized species and acort is the cathodic

work-corrected transfer coefficient, [= -(RI/F)dlnkcorr/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 kcorr should be as
much as 5-8 fold smailer than kob’ depending on the redox couple. However,

several lines of evidence indicate that kob s kcorr (at least within ca. 50%),

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 pature of the cation, over the range

0.05 to 0.5 M. 1Im 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

31,32

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

ca. twofold) values of kob for the present metallocene couples at platinum elec-
trodes using’a.c. voltammetry.gb All these kob values are markedly larger than

7a,c '

some values reported previously; we suspezt that the latter suffer from

systematic errors associated with solution resistance effec:s.s'
The ﬁajo: thrust of this work is to compare these solvent-dependent rate

pafameters with the corresponding quantities obtained from theoretical descriptions




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

- - Al
kcorr A expl| (AG:s + AG;S)/R:J 2)

vhere A 1s a preexponential factor, and AG:S and AG:,:s are the components of tﬁe

- i
intrinsic free-energy barrier associated with outer-shell (solveant) and inner-
shell (metal-ligand, etc.) reorganization, respectively. Calculated rate ﬁonstants,

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

Estimates of AG?s were determined from33
2
AG;.s =0.5¢ fis[(Aa)/ZJ (3)

where Aa is the change in a given bond distance between the oxidized and reduced
forms of the redox couple, and fi’ is the force constant of this bond. The latter

is obtained from

2.2/ A
-'4n Vig ¥ (%)

fil
where Vig is the observed frequency (sec-l), and 1 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,
;ccurate X-ray structural data are avaliable for both oxidized and reduced forms

of most reactants studied here so that satisfactory estimates of Aa can be

obtained.13-l6

These are listed in Table I along with the literature sources.
The corresponding values of vis are also given in Table I, obtzined or estimated
from Raman spectroscopic data as described in the footnotes. They refer to

the symmetrical stretch of voth 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 mol-l), especially
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for Mh(Cp')2 (AG;s T 0.025 kecal mol-l). (Note that an inner-shell barrier of

0.25 kcal xnol‘_l will act to decrease kob by only 50%Z.)
The outer-shell reorganization energies were calculated from34

2

e
* - S
AGos 8 (

1 1
GE—-3) ()
e op s

e
NIH

where e is the electronic charge, a is the reactant radius, Re is twice the

reactant-electrode distance, and co and cs are the optical and static dielectric

P
constants, respectively, for the surrounding solveat. The resulting estimates of
Acgs for each solvent are given ia Table II; tkey were obtained from the literature

values of Zop and ¢ also listed in Table II, by essuming that a = 3.8 2,35

and Re = o, The last assumption is tantamount to neglecting the reactant-electrode

imaging interactions ir 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

5b,38-40 38

pair) in suitably close proximicy. One can then write

A= Kp‘elvn (6)

[}

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

el
electronic transmission coafficient and v, (sec-l) is the nuclear frequeacy factor.

The effective value of Kp‘el will be sensitive to the dependence of K, tpon

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

of Kp‘el’ ca. 6 x 10-9 cm, is obtained for electrochemical reactions by assuming

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

closest al:»proach.l‘]"[‘2

- A g Y




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 Vos? regpectively, since these motions

comprise the free—-energy barrier. A simple formula“3 which has been employed

recentlyld is

2 2 T /9
Y - (vosAG:s + visAG;s 1/2

: ) %) i
n AG:‘ -+ AG{S

Even though AG:s 2 20 AGIs for the present reactions (Tables I, II), according

to fq. N vy DAY still provide lue predominant coutribution to Vi if

Vog << Vig* Anticipating this possibility (vide infra), inserting the typical
values AG;s = 0,2 keal mol-l, Vg ™ 6 x 1012 sac-l along with AG:s (Table II)

into Eq. (7) yields vy v 1.2 (¢ 0.1) x 1012 sec-l.,essentially independent

of the solvent. . Inserting this along with Kp‘el =6 x l(.')-9 em into Eq. (6)

yields A= 7 x 103 cm sec-l. This together with the estimates of AG* and

is
AG:’ (Tables I, II) inserted into Eq. (2) yields the calculated rate constants
denoted "kcal(2q§7)" , listed in Table III. Coﬁparison between the corresponding
values of kcal(Eq,7) and k_, (Table I1I) shows that although the calculated

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

\

dependence of kcal is in sharp qualitative disagreement with experiment.
Recent theoretical treatments of solvent reorganization dynamics have
emphrsised that the effective value of v, g 580 be related closely to the
. longitudinal (or "constant charge') solvent relaxation tiue, TL-Z This quantity
can be extracted from the Debye relaxation tinme, Ty determined from dielectric

loss measurements us:l.ng"4

T (EQICQ)TD _ (8)
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where €_ is the high-frequency dielectric constant.45 For relar’vely "high

friction” solvents, say for Ty 2 10-'l2 sec, the effective 6uter-shell frequency

factor caﬁ be expressed for exchange reactions asz""7
AGX  1/2
~1 08
Yos L (4nkBT) 9

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.aa
and a connection between tEl and the sclvent dependence of kob for some electro-
chemical reactions has been established c:zn;:»:l.r:f.t:a].ly.l'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
systen being obliged to recross the tr;nsition region many times for reaction
to occur since the required concerted motion of the surrounding solvent molecules
is strongly impeded. Calef and Wolynesza refer to this circumstance as "overdamped"

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

\

relatively fast (tL 3 10'-12 sec), the effective value of Vog 22Y be liaited by
" ; " 2a n "

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 Vos under

these conditions isza’50

' Vog = (21:1:0:)‘1(2;‘7)1/ 2 (10)



-

- -~

where T rot is the solvent rotational relaxation time, estimatod from the

rooment of inertia of the solvent molecules, I, using

T (1/5-:)1’ 2 (10a)

Also, -
- A 2!.2. 1 10b
TTYT T T, (10)

where p is the molar density of the solvent and u is its effective dil;ole moment.

The effective value of Vos when both 13 and Toot contribute significantly 1:2‘
t 2 1/2, -1
-1 -
v, = (mer)™h (0.5 + 0.5+ F— =y ] 1
eeY T

vhere ¢ = (katltw:z)l/z. Although this definition of ¢ only applies >o
"weakly adiabatic” electron tvansfer (where the electromnic matrix

coupling element $ k1), this condition is prodably met for most muter-sphers
»

including clqct'fdéhniul, reactions. 41,51,52

Vaiuu of Vos estimated from Eq. (9) and {11) are listed for esch solvent
' 1

12 -
in Tatle II. Rote that for solvents vhere T > l1xJ0 gsec , VoslEa 9) = u“(zq 11);

otherwise \’“(Eq 9) > v“(tq-ll). Rather than inserting these
estimates of Vos into the TST expression Eq. (7), we provisicnally set Vos ” Va
(vide infra). Combining them with the values of JG;.. G*_, and ‘p‘d noted
above into Eqs. (2) and (6), yields the calculated-.cte.constants, k cal(zq 9) and
k “I(Eq 11) , respesctively, that are also listed in Table III. In contrast to
k ul(Eq 7) , these latter rate constants vary with the solvent roughly in
accordance with the experimental values, kob’ for all five resdox couples.
Moreover, the values of. k al(zq 9) are within at least 2-3 fold of kob in each

solvent.
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Activation Parameters

In ordar to obtain further insight into the factors influencing kob and

to 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 electrocheaical activation parameters are se¢ldom cvaluatod,.
1
ve have repeatedly emphasised thei: uufnlnut.‘g'” Table IV lists electro-
chemical activation parameters for three redox couples, Fe(Cp' ) +/ ° -

+/o +/o

Co(Cp), and Cr(C

6 6) , Deasured in each solvent. The obsarved
activation enthalpies, A%, (keal uol-l). vere obtained from tha .temperaturc

dependence of kob using
AK:b = -R[d 1n kol?/d(llr)] (12)

The corresponding observed preexponential factors, Aob (cm uc-l), were extracted
from AH and k ob by using

k, = A, cxp(-m;b/x:) (13)

Calculated activation enthalpies, AH ul’ for comparigon with An*b can be

obtained from estimates of the intrinsic enthalpic barrier AH* this 4n tura can

int
readily be obtained from Acznt and the intrinsic entropic barrier, As;n:’ by “
using
B MO + TS, 1)

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

M.:’;nt equals the values of AG: s obtained from Eq. (5) (Table II). Conventionally,

As?.nt is e.stina:ed by assuming that the inner-shell component is zero, and that

the outer-shell component, AS:'. is given by the dielectric continuum nodel.ld

We enmploy here a modified treatment which yields for electrochemical exchange

teéctions:lg’sa
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vhere n is the charge number of the reduced form of the redox couple (zero for

the present system), As;c is the reaction cnttopyu and tl is a constant that

depcndi upon the electron-accepting properties of the solvent. Inserting

typical values of As; c along with literature values of cop

into Eq. (15) yields the estimates of As;.n: in each solvent given in Table II

(see footnotes for details; thase are essentially the same for each redox couple

and estimates of Kl

in a given solveant). The resulting estimates of AS;“ are small, the "optical"

component being largely cancelled by the "static" (reactiom entropy) component.
® =

Therefore from Eq. (14), Anu: A(':;_n .

In order to obtain calculated activation enthalpies, m:u. the temperature
dependence of the preexponential factor must also be taken into account. Although
xp and x_, [Eq. (6)) are probably temperature independent, according to Eqs. (9)
and (11) Voe (a.nd hence vn) are temperature dependent since T generally decreases

with inc:usii:g temperature. From the form of Eq. (9), we can write

“Zu - An;nt - AB}: . ’ (16)

vhere 2H? = -k(dln‘r;]'/d‘r-l). Although the required temperature-dependent
dielectric loss data are incomplete for the present solvents, AH: varies from
zero to 3 kecal nol-l (Table II: note the values in parentheses are esrf,isfatrql).”
The resulting values of AB:‘I obtained in this ssaner from Eq. (16) are
listed in Table IV for comparison with the corresponding experimental quantities,
AB:b. Also given in Table IV are calculated preexponential factox;s, A cal’
obtained from the correspcnding values of kul(zq 11) and Ali‘é‘:L [cf. Eq. (13)],
for cou;'nrison‘trith the .msured values, Aob' Bearing in mind the uncertainties
in the values of AH:b (2 0.3 to 0.5 kcal mol.l) and those in Aob (ca. 2-5 fold),

the agreement between the calcuiated and observed activation parameters is

[}
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satisfactory.: The best agreement is seen for &(0686)2+,°; for the two

* * *
metallocene couples, typically AHob < AH cale and Aob < Ac alc™ although the

discrepancies are not large.

DISCUSSION

Electrochemical Exchange Kinetics

Although all three sets of calculated rate constants given in Table IIX
are mostly within tenfold of the observed parcmeters, 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 kinetics. This in itself is notable since it suggests tkat the molecular
solvent properties can play an impcrtant role in the kinetics of outar-sphare
electron transfer beyond influencing the barrier height. Wa have biriefly
discussed this matter in a preliminary communication.

It is of interest to reconcile these findings with the anticipated applica-
bility of the alternative frequency factor relaticns Egqs. (7), (9), (30), and
(11). As noted above, Eqs. (7) and (10) are TST expressions, whareas Egs. (9)
and (11) are not. A key issue is the extent to which inner- rather than
outer-shell motion ~ontrols the preexponantial factor. All the present reactions
have only small inner-shell barriers. Nevertheless, with the exception of
/o

!!n(Cp')2+ the values of Acti. are sufficiently large (0.15 = 0.25 keal -ol']')

so that according to Eq. (7), Vie constitutes the predoxinant component of vy
provided that v__ s 1 x 10'? sec™ . This latter condition is apparently met
since TST estimates of Vos in che range ca. 0.5 to 1 x J.O:L2 sec-l .arc obtained
from Eq. (iO) . thcrcby'jnstifyin; the assumption vis > v“ exployed above

to obtain kc‘l(Eq 7.



* ]

On the other hand, AG“ for Mn(Cp )2+/° is sufficiently small so that
Eq. (7) instead predicts that v, essentially equals Vos? yielding 1.5 to 2 fold
smaller predicted values of kc d(zq 7) than for the other couples in spite of

?
the glightly lower free-energy barrier for Man(Cp )2+/°. In con:rast, the k-

ob’!
values for 'un(Cp');/c' are slightly larger than for the other couples .
in & given solvent (Table III), as expecter. given the differences in AG:.s if
\)n 1s the same for each reaction. Indeed, the observed reactivity trend .
for the homologous series )!n(Cp')2+/° > Pe(Cp');/ °> Co(Cp');/o (Table III)
in each solvent is quantitatively consistent with the ¢ifferences in AG:s
noted abcove. This therefore corroborates the above findings indicating a
breakdown in the TST model @odiﬁ in-Eq. (7). |

In contrast, these results are intuitive'ly Teasonable on the basis of
the model ambodied in Eq. (9) since in contrast to the TST approach which
predicts that the fastest dynanigal component of the barrier will tend to

dominate vn, 55

such overdamped solvent relaxation is anticipated to dominate
Vv, vhen v __ 1s slower than inner-shell motiom.

Having exposed a key limitation of Eq. (7), it i{s nonetheless important -
to ascertain under vhat conditions inner-shell motion will dominate Vv, even in

slowly relaxing solvents ('rL 2 10712

sec). This question has recently been
addressed, and the following approximate inequality dc:ivecl.zf obeyance to

vhich denotes conditions for which v _ = :

v
a
1/2 -1
(AGI’/AG;m) Vyg exp(-AG; ‘/ks‘r) : T 17 )
1 ing the t fcal values of AG¥ _ = S kcal mol >, v, = 6 x 1012 sec?
nsercting Yp s int . » Y4g »

1

AG;. = 0.2 keal mol " into Eq. (17) yields a left-hand-side equal to
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8;5 x 10ll sec-l. This sugéests that TST will not apply for the present reactions
in the "slowly relaxing" solvents formamide, NMF, DMSO, and benzonitrile,for
which'tL-l < 38.5x lOll sec’l. The other solvents considered here,
acetonitrile, acetone, C32C12, and perhaps DMF appear to be "borderline
caées" not only with respect to the.possible influence of inner-shell

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

12

the Ty values are sufficiently small (s 1 x 10 - sec) so that Eqs. (9)

and (11) yield significantly different estimates of Vos®

Nonetheless, the simple overdamped solvent model embodied in [Eq. (9)]
yields estimates of k ., that best mimic the solvent-dependent values of
kob (Table I1I). 1In 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-dependeﬂce,of kbal ;ontain several
uncertainties. Not the least of these is the possibility that the dielectric
continuum model [Eq. (5)] miy incorrectly estimate the outer-ghell barrier.
We have recently outlined a phencmenclogical appronch56 that indicates
that this model may significantly underestimate AG:'. although the opposite
conclusion has been deduced for certain conditions.57 However, strong
evidence favoring the applicability of the dielectric continuum model for -~

estimating AG:’ for Fe(Cp)2+/° is obtained fro- its success in ratiomalizing

the solvent-dependence of optically induced electron transfer in

binuclear ferrocene comple:cs,58'59

including several solvents (acetone,
acetonitrile, benzonitrile) employed here for which Vos varies greatly

(Table 1I). A key difference between optical and thermal elcétron transfer
is tﬁat only the barrier height, rather than the solvent dynamics, influences
the former process. Slightly (0.5 -~ 1 kcal nol-l) soaller values of AG:.

are deduced from Eq. (5) if the electrode imaging term (1/3.) is included,
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using reasonable estimates of the reactant-electrode dismcu.’w Nevertheless,

the calculated enthalpic barriers are close (mostly within 1 kcal ml-l) to

+/o
62
at least approximately applicable to the present systems. This is not too

the obgserved values, especially for Cr(ceﬁ (Table IV), indicating that Eq. (5) is

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

facilitate the applicabtility of dielectric coztinuum t:r:ut::mnts.m'56

Comparison with Lomogeneous Self-Exchange Kinetics

,Given that the foregoing indicates the importance of solvent relaxation

dynamics to electrochemical reactions involving chiefly outer-shell reorganizationm,
it is of interest to ascertain if similar effects can be discerned for related
homogeneous exchange processes. Of particular significance are rthe solvent- °

+/o

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

couorku's.s‘ Table V contains a sumuary of their data, including values

of AHA (keal wgl-l) and A, ot ’“-1)'60 as vell as k. Q!:l sec™D) in etghe
solvents, £our- of which were employed for the electrochemical studies (Tchle III).
Alongside these experimental values are summarized the corresponding calculated
quantities kc al’ AB:‘J_. and A cal’ These were obtained using essentially the

saze procedures to those described above, with tne following modifications. -

)

A homogeneous precursor formation constant, xph ! sec’l), vas employed in
Eq. (6), estimated from the analogous relation33'38'39

h

2 -
Kp = 43Nz Grh (18)

where N is Avogadro's number, r is the internuclear reactant separation in the
transition state (taken as 2a = 7.6 X). and “Ty is the "reaction zone thickness",

taken again as 0.6 2.33‘42

The value of aG¥, (0.3 keal nol-l) is twice the
electrochenical value (Tahle 11); the outer-shell barriers are obtained from

[ef Zq. (5)):>"
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2
e 1 1..1 1
8GH = (: - g) (E:; - ":) (19)

where Rh is the internuclear distance, again taken as 2a. (Note that these
estimates of AG:s are numerically equal to the above valuzs for electrochemical
exchange.) The entropic barriers, AS:B:; vere also set enual to zero, in view
of the small electrochemical estiPates given in Table II and the incompleteness
of the required As;c data.

1f it is assumed, ss i3 conventional, that the preexponential factor is

solvent independent, from Eqs. (2) and (19) we can express kob asSb

2

e 1 1.,1 1
lnk, = K = 737 (: - 'i;) (Ec—p' - ‘&:) . (20)

vwhere K is a constant which contains both A and AGi.. Wahl et al noted that
whereas Eq. (20) predicts a ca. 20 fold variation in kob for the solvents listea
in Table V (for a = 0.5 Rh - 3.8 2). the experimental values of kob are

mostly within ca. twofold of each other;s‘ A possible cause of these
discrepancies is errors in estimating AG:. due to uncertaintieg in the transition-
state geometry as well as in the simple "two-sphere" variant of the continuum
model embodied in Eqs. (19) and (20)1£. These factors cannot account, however,
for the observed qualitative inability of Eq. (20) to describe the variations of

kob upon solvent substitution,s‘ especially given the aforementioned applicability

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

k_,, given in Table V were obtained instead using the solvemi-dependent frequeacy

factors estimated from Eq. (9): Comparison bctween the corresponding values of
kcal and kob shuws that although generally kctl > kob the former successfully

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

cl L]

kcal : (15 to 20) k9b; the only exceptions to this are methanol and CH2 2
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Thiz surprisingly mild calculated golvent dependence follows from a broad
tendency of solvents having larger values of eup and hence smziler AG:s to
also exhibit longer relaxation times and hence smaller effective values of
vos' fhe variations in the preexponential and exponential components of

kcxl thereby tend to cancel. _ i

The ca. 20-fold discrepancies between k ,y 20d k, may be due in ﬁart to
systematic errors in calculating the absolute values of AG:s and/or A; 1f
a particular geometry (such as the parallel juxtapogition of a pair of
aromatic ligand rings) is preferred in order to provide effective orbital
overlap, then Kph and hence A can be substantially smaller than predicted
from Eq..(lB).Sb Judging by the much better agreement between ko

b
kcal(Eq 9) for the electrochemical reactions (Table III), such steric effects

and

are presumably less important in the heterogeneocus reaction environment.

Further evidence suggesting the presence of complicating factors for

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

larger value of‘kob for the self-exchange of q:(c636)2+/° (6 x 107 yrl sec’l 5b)
relative to that for Fe(Cp)2+/° (1.6 x 106 gfl sec-l sa) in DMSO, even though

very similar values are predicted from theoretical considerations and are

indeed observed in the heterogeneous enviromment (Table III). Again in contrast
to the electrochemical systems (Table IV) the AH:b values for Fe(Cp)é+/°

self exchange are substantially (2-4 kcal mol’l) smaller than AH:al‘ Even
larger discrepancies are seen between Aob and Acal; typically Aob'«o(10'3 to
IO-S)Acal. It seems clear that the energetics of the biomolecular reactions contain

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

are absenc for.the electrochemical exchange reactions.
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Implications for Other Svstems

The self-exchange kinetics of several other systems besides Fe(Cp)2+,°
have been studied as a function of the solvent,3’62 althouvgh few reports have
included a systematic variation in dielestric solvent prcperties. One objec-
tive has been to examine the ability of the dielectric c.atinuum 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

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

benzonitrile
deviations from Eq. (20), a few others exhibit tolerable agreemen:.62 Examples

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

~ aud related couples ["Ru(hfac)(III)/(II)"],63 and molecule~-cation couples

involving p~phenylenediamine derivatives.3e

These behavio>ral 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 vn is
approximately solvent independent. According to Eq. (17), this condition will
occur for common polar solvents, for which usually TLS 2 x 10-'12 sec, when
AGIs > 1 to 1.5 kcal mol°1, (taking the typical values of AG:s = 5 keal mol L and _
Vg " l1x 1013 sec-l). Altﬁough the structural data required to calculate AG:s -
are lacking, this circumstance is likely for Ru(hfac) (III)/(II) given that
significant bond-distance changes are both anticiéated and observed fﬁr other
Ru(III)/(11) couples involving oxygen-donof ligands.64 Values of AGIs around
0.5 kcal.mol'.-1 have been estiﬁated empirically for the p-phenylenediamine
couples;39 somewhat larger values, ca. 1 kecal mol-l, are obtained from bond-length

65

data. The observed agreement of the solvent-dependent kob values for these

systems with the functional form of Eq. (20)3a is therefore tentatively

LR S e MR L SN R G N A W T ) W T G R TR T T i B 8 A, 8 R e S
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ascribed to the prominent contribution of inner-shell vibrations to V- An
apparent obeyance to Eq. (20), or at least its functional f.rm, can occur even
when vn = Vog if solvents are employed that display comparable values of vos or
where the solven. dependence of vos is tunctionally similar to that of
exp(-AG:s/RT). For example, the former circumstance may account for the
approximate success of Eq. (20) for bis-bipbenylchromium(I)/(0) self exchange,‘sb
since the values of vos do not differ gfeacly in the pure solvents employed

66

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

giv;n elsewvhere.

Irrespective of the detaills, it is clear thai the extent to which the
measured kinetics are influenced by solvent relaxation dynanics is sensitive
to the nature and extent of the inner-shell Sarrier as wvell as to Vos®
Inner-s#ell barriers around ca. 0.2 to 2 kcal mol ), associated with the small
structural chanées that almost inevitaSly accompany electron trangfer, are
commonly anticipated evea for reactions where solvent reorganization dominates
the free-energy barrier. The numerical value ofithe preexponential factor

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

couple. Unfortunately, the structural data Trequired to estimate AGI are
s

4

often lacking, especially for organic systems.

These considerations are quite apart from the influence upon A . associated
o

b
with the possible occurrence of nonadiabaﬁic pathvays ({.e., Kel <1). In

‘ the context of the present discussion, it should be borne in mind that the
expression for Vos [Eq. (11)] is itself dependent on the reaction'-adiabaticity.zl
(vide suprz) Even though Eq. (11) is appropriate for reaction channels that
approach adiabatic (Kel'ﬂil), another relation is a?propriate for reactions

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

ref. 2a).
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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 cof parameters, most prominently TL, T s V

*
rot’ “is’ Xel® and AGY .

is
Although hitherto neglected, it is apparént that the first as well as the last
three parameters can provide an important influence upon electron-transfer
reactivity. A unified theoretical treatment : wbining each of these various
elements is yet to appear. In the meantime, it {s hoped that the present work

will provide a stimulus for further detailed examinations of solvent-dependent

reactivities, both in homogneous solution and at electrode surfaces.
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96, 433.

49. Rapturkiewicz, A.; Behr, B.; J. Electroanal. Chem., 1984, 179, 187.
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50. Equation (10) differs slightly from that given in ref. 2a [Eq. 77); the
latter is presunably incorrect due to a typographical «rror.
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Newton, M. D.; ACS Symp. Ser. 1982, 198, 255; Logan, J.; Newton, M. D.;
J. Chem. Phys. 1983, 78 (2), 4086,

(a) Li, T. T-T.; Liu, H. Y.; Weaver, M. J.; J. An. Chen. Soc. 1984,
106, 1233; (b) L1, T. T-T.; Weaver, M. J.; J. An. Chem. Soc. 13%%} 106,
6107. o

(a) Weaver, M. J.; J. Phys. Chem. 1976, 80, 2645; (b) Weaver, M. J.;
Israel J. Chem. 1979, 18, 35; (¢) ver, M. J.; J. Phys. Chem., 1979,
83, 1748; (d) Hupp, J. T.; Weaver, M. J.; J. Electroanal. Chen., R
1435, 43.

The right-hand-side of the present Eq. (15) is one half that of Eq. (17)
in ref. 13; the latter is appropriate for homogeneous self exchange
(i.e., for a pair of reactants) while the former is for activetion of a
single reactant at an electrode. [Also, note that the last term of

Eq. 17 in ref. 19 should be (aS° - K )/(4n + 2); the division sign was
inadvertedly omitted in ref. 197§ 1

An {lluminating discussion of this point is given in ref. 2d.
Hupp, J. T.; Weaver, M. J.; J. Phys. Chea., in press.

Calef, D. F.; Wolynes, P. G.; J. Chea. Phys., 1383, 78, 470.
Powers, M. J.; Meyer, T. J.; J. Amn. Chem., Soc. m' 100, 4393.

For biferrocenylacetylene in acetonitrile and benzonitrile, for example,
the mteﬁalcnco charge- §mf¢r energies Eo (= bbc*mt)_i 21.4 and 4.25
kcal mol™", respectively} given that AC* *°B.3 kcal’B517% for ferricinium-
ferrocene self exchange (i.e., twice electrochemical value), this
yields "experimental"sG* values of 5.1 and 4.2 keal mol™l in acetonmisrile
and benzonitrile. These compare favorably with the corresponding
theoretical estimates obtained from Eq. (19) of 5.25 and 3.8 keal moll,
respectively, by taking th- 7% 58 and a = 3.8 3. (Note that the effective
internuclear distance for biferrocenylacetylene is close to that anticipated
for the bimolecular ferricinium-ferrocens system, so that the energetics

of the former is a plausible model for those of the latter.) Some
significant deviations betwzen the continuum model [Eq. (19)] and the
solventggepmdent experimental data are seen, however, for the biferrocene
couple. .

Note that the values of AHX, in Table V equal the quantities labeled

"E‘ t" in ref. 5a., even tﬁgugh scoevhat different "activation

en:ﬁa.lpies" wvere quoted (Table V of ref. 5a). These latter quantities
wvere corrected for the anticipated temperature dependence of - the collision
frequency. This correction is not applied here sigge it is inappropriate
when using the encounter preequilibrium treatnent.

The discrepancies between and k . are smaller for Fe(Cp') +/o than
noted in Table V for Fe(Cp).7/°, at Yeast in acetonitrile, sinfe k

for the former is 2ightfold"larger than for the former. Methyl :uggtitu:ion.
however, has only a more modest effect vpon the electrochemical exchange
rates for cobalticinium-cobaltocene (Table III).
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For brief summary of the literature results, see refs. 5a and 63.
Chan, M-S.; Wahl, A. C.; J. Phys. Chem. 1982, 86, 126.

Bernhard, P.; Burgi, H. B,; Hauser, J.; Lehmann, H.; Ludi, A.; Inorg.
Chen. » 21, 3936; BSttcher, W.; Brown, G. M.; Sutin, N.; Inorg.
Chen. » 18, 1447,

(a) DeBoer, J. L.; Vos, A.; Acta. Cryst. AR B28, 835; (b) Ikemoto, I.;
Acta. Cryst. Y913, B35, 2264. ‘

The mixed-solvent data in ref. 5b may be complicated by selective i
solvation effects. Of the four pure solvents in ref. 5b; benzonitrile,
DMSO, DMF, and propylene carbonate; the v__ values givem by Eq. (11)
differ by 2-foid or less (Table III; v__ £3r_ghe last sclveat 1s
calculated from data in ref. 67 to be 3°x 10™* sec™t)

Corell, E. A. S.; J. Chenm, Soc. Far, Trans. II, M 70, 78,
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