4136 J. Phys. Chem. A997,101,4136-4141
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Much of electron transfer based catalysis relies upon multielectron rather than single-electron transfer processes.
If the multielectron events proceed through stable one-electron intermediates, conventional theory describes
the events. However, when an unstable one-electron intermediate plays a role, when a stable intermediate
lives for a brief period of time, or when concerted multielectron events occur, the electronic coupling and
free energy dependence of the rate is distinct from that arising in one-electron theories. We describe several
new features that can arise in multielectron processes, predict their experimental signature, and show how
these ideas can be applied to specific experimental systems.

I. Introduction force of the two-electron transfer or the dynamical solvent effect

Recent progress in understanding single-electron transferWhich is predicted to be unusual for two-electron transfer
processes has been dramati®redictive methods now exist ~réactions. We attempt in this paper to present the results of
to compute the electronic and nuclear contributions to single- this kind of analysis in such a way that the mathematics need
electron transfer reaction rates, in systems ranging from small "0t overwhelm the reader. - ) )
molecules to proteind3 Much significant chemistry and ~ The paper is organized in the following way. Section I
biochemistry occur by a two-electron transfer mechanism. discusses a three-well model for t_wo-electror] transfer. The
These reactions often take place in the condensed phase, anfgnodel encompasses the unconventional stepwise and cpncerted
two-electron processes are particularly important in bioenergetic Mechanisms in a general manner. Section Ill details the
processes that occur in proteins. The goal of this paper is to predictions of the model and |I_Iustrates these pred|ct|ons for
describe the general structarfainction features of these reac-  the TI()/TI(IIl) exchange reaction. The paper ends with a
tions. Some of these features can be anticipated from ourdiscussion of the predictions and results.
g_r;gee“rasr:tanding of single-electron events, while others are rather; A Three-Well Model for Two-Electron Processes

i .

It is generally accepted that two-electron transfer can proceed
by two different pathwaysstepwise or concerted. The stepwise
mechanism can be of two kindg€1) conventional in the sense
that the reaction occurs through diffusionally separated reaction
intermediates or (2) an unconventional stepwise mechanism
when two one-electron steps occur within a collision complex

anq no diffusionally separatled reaction intermediates appeary - ch other bywo electrons, a conventional two-state description
during the course of reaction. Although the conventional .~ gy o . .
S insufficient and a third intermediate state (singly reduced

stepwise mechanism is more common than the unconventiona onor/singly reduced acceptor) should be added to the descrip-
one, the conventional stepwise mechanism cannot be describe(? gy 1 P L . P
ion. This third state adds the possibility of a stepwise ET

in terms of an apparent rate constant for overall two-electron -
. X .__ mechanism:

transfer. At the same time, the unconventional stepwise

mechanism can imitate the concerted mechanism and, like the_ _ - . _

concerted mechanism, can be described in terms of the apparer® +A = [D7 Al =[D --A] =

rate constant for overall two-electron transfer. In real two- [D---AT]=D+ A"~ (1a)

electron transfer reactions, it is frequently unclear by which

mechanism (conventional stepwise, unconventional stepwise, This mechanism is somewhat unconventional in the sense that

or concerted) the reaction occurs. This situation is illustrated, no diffusionally separated intermediate appears during the course

for example, in the case of TI(1)/TI(lll) exchange, where the of reaction in contrast with the case shown in eq 1b.

conventional stepwise mechanism was proposed by Swfirile

the merits of the unconventional stepwise mechanism have beerD~ + A =[D7-:A] =[D A" ] =D + A" =

considered in ref 6a. Concerted two-electron exchange in this [D++A]=[D--A] =D + A~ (1b)

system was considered in ref 6b.

Because the unconventional stepwise ET cannot be distin-\ye will not consider the mechanism of eq 1b here. It can be
guished from the concerted one by kinetic experiments only, geat with using conventional single-electron ET theory. An

both mechanisms shou_ld be cons_idered to_gether in & COMMOMN,arnative mechanism involves the concerted two-electron
framework, and theoretical analysis strategies should be devel- .o ofa -

oped to help distinguish between these two possibilities. Such
strategies might exploit the dependence of the rate on the driving

Electron transfer (ET) between a donor and acceptor in polar
solvent can be modeled successfully as a two-level system
coupled to the polarization of the medidm:l The thermal
fluctuations of solvent dipoles cause the electronic energy levels
of the two states to fluctuate and, occasionally, to coincide. At
or near this degeneracy, the electron can tunnel from donor to
acceptor. When the initial and final localized states differ from

D=+A<=[D-A] =[D-AT]=D+A~ (i)
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The reaction kinetics associated with the various schemes incontrolled regime was considered for sequential electron transfer,
eq 1 are: including coupling up to fourth order. In the present paper,
coupling to all orders is included (see eqgs 4 and 7). In other

d_f_’l studied3¢dwhere the coupling was included to all orders, the

_ — - _ LG = C —

dt Kiaby + Koafop = Kighy + Kayfos (2a) sequential rate constant differs from that described here because

dp of the different models employed and because the frietighich

d_tz = —Ky 10, T Koy — Kogby + KopP5 (2b) is qualitatively si_milar to the dyngmical solvent effect (but not
exactly equal to ity-was included in the mod&f-donly for the

dps intermediate electronic state. In the present study, the dynamical

at —KaoPs + Kogpo — K31ps + Kiapy (20) solvent effect is includéd for all three participating electronic
states. As such, the predictions of the present treatment are
The populations of the three states;M(1), DA~ (2), and entirely new.
DA= (3) averaged over solvent fluctuations, atep,, andps, In a structureless dielectridz; has the form
respectively.
The rates of forward and reverse transitions between the first Copm o = ~
and second states akg andkz:. ko3 andks; are the rates of Ao = 8_7rf [Ds(F) — Dy(F)I* o7 (6a)
forward and reverse transitions between the second and third _ _
states. Concerted two-electron transfer occurs with ridfes ~ whereD; and D3 are dielectric displacements in the first and

andk,. third electronic states respectively. Here
The rate constants of the overall two-electron procedses,
andkis, can be found using the steady state approximation, i.e. Co= 11 (6b)
dpo/dt = 0. Substituting 2b into 2a and 2c, we obtain €x €5
dp, . _ _ € IS the high-frequency and is the static dielectric constant.
at Ky + Kaips (33) Electronic transitions occur in the intersection points of the
parabolas in eq 5. Motion on the parabolas can, in some
and limits,®11.12phe described as diffusion with diffusion coefficient
_ D = (2kgTAz1)/t. wherekg is Boltzmann’s constant is the
% = kot + k. (3b) absolute temperature, and is the solvent longitudinal relax-
dt 31P3 T F1301 ation time. The rates, computed as describe in ref 12 are
where 4”V§2 4‘77\/?211
kip = —— (26| 1+ [f(2E22E,) +
ki Koz . h h
137 |+ ks + kis (4a) -1
2; ‘ 2 f(2Ep;= 431,260, A3) — f(2Ep, =431, 2E))][  (72)
3221
31— k,. + k + kgl (4b) 477:Vi2 4ﬂViZTL
21T Ko3 Ky, = P P(2Eg,—A5)) 1+ P [f(2Eq,2Ey,) +
-1
The rate constants for one-electron transkes, ko1, kos, kso) f(2E g, —A31,2Egy—As;) — F(2Ep,— 131,250)]} (7b)

and the rates of concerted two-electron transkg gnd k3,)

can be computed from the analysis of transitions between three 4n\Va, AVt
parabolic diabatic free energy cur¥és Koz = A P(2E| 1+ A [f(2Ey—A51,2E—A3y) +
-1
E; f(2Ey,2E,) — f(2Eq, 2E gy } 7c
Fl — W + Gl (5&) ( EO’ 0) ( 0 E02 3].)] ( )
3 47\2, 4Vl
(B - Aa)? k32:T¢(2Eo_/131) 1+ A [f(2Ey—A51,2E5—43) +
F,= —4/131 +G, (5b) i
(€, — 2, f(2E,2E,) — f(2Eo,2Eoz—131)]} (7d)
Fy= A G, (5¢) 21\ 27\ -1
45, c _ 13 3] 1 1
k13 ) ¢(E03) 1+ A |.|E03| |E03 _ 2/131|
whereE; is the reaction coordinate ar@}, G,, andGs; are the (7e)
equilibrium free energies of the first, second, and third redox
states respectivelyls; is the solvent reorganization energy Vis
associated with concerted two-electron transfer. Ker = 5 #(Eos= 243y X
Three-state models for sequential single electron-transfer 27\2 1
reactions via an intermediate state were examined recently by 1 13TL|. 1 + 1 (7f)
several group$? Although at first glance that problem appears h [|E03| |Egs — 244

formally similar to the present investigation, the results are

different in several important respects. First, the coordinates In these rate expressionsE® is the intersection point
of the minima for the three parabolas (eq 5) are not adjustable between surfaces; andF,, 2Ey + 131 is the intersection point
parameters but have precise definitions through the parametebetween surfaceB, and F3, and Ey; is the intersection point
As1. In the study of Hu and Mukamé?P the dynamical solvent between surfacef; and F;. These intersection points are
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simply related to the thermodynamic driving forces@;; = A @
Gz - Gl, Ang = G3 - Gz, and AG31 = Gg - Gl as 2
3
_ A3
2E,, = 2AG,; + = (8a) 1
2 F
_ Az
2E, = 2AG;, + > (8b)
2By = AGy + 15 (8c)
] ) ’
The electronic coupling elements between the redox states (noted E
by the subscripts) arei,, Vo3, andVis. Vizis a two-electron ®)
coupling matrix element. The fact@®E;) accounts for the
equilibrium thermal distribution over reaction coordinate ge-
ometries and has the form 1 \2 3
F
2
HE) = ——E— exg - —— ©)
2\ ks T MaiksT,
The functionf(E1,E') accounts for nonequilibrium effects -
associated with diffusional motion along the reaction coordinate. E;
It can be calculated from Figure 1. Arrangement of the solvation dependent free energy wells
1 associated with the three redox states in cases that lead to dominance
N — = [ 14y of the stepwise mechanism: (a) stepwise mechanism through an
f(E.E) rl_fo [G(E,. B — ¢(Ey)] dt (10) unstable intermediate; (b) stepwise mechanism through a stable
intermediate.
where
i 1 —-1/2 % 2 (a)
G(ELEL) = é[”’luke-r[l — exp(=2t/r)]] x
' 1 3
x| — [E.—E exp(—t/r,_)]z (11)
425, ksT[1 — exp(2t/z,)] F

Equations 4 and 7 give us the full solution of the two-electron
transfer problem including competition between the two possible
mechanismsstepwise and concerted. These rates of two-
electron transfer encompass the golden rule regime and the
solvent dynamics controlled regime, as well as all intermediate
regimes for any arrangement of free energy wells.

Y

(b)
1. Predictions of the Model T 2
1

A. Activation Free Energies. Consider the parabolas (eq
5) shown in Figure 1. In this situation, the intersection point
of curves 1 and 3 lies higher than the two other intersection
points. This means that the activation energy of the concerted
mechanism is larger than that for the stepwise mechanism. In
this regime we expect the stepwise mechanism to dominate.
The rate of the overall two-electron process will take the form >

E
Ky Kog ; i
Kig=7—"— (12) Figure 2. Arrangement of the solvation dependent free energy wells
Koy 1 Kog associated with the three redox states in cases that lead to interference
of stepwise and concerted channels, or even dominance of the latter.

Here, the activation energy of reactiohR¥) will be determined

by the first one-electron step: this case the stepwise mechanism likely dominates because we
expectVis to be much smaller tha¥;, and V,1. In the case
N (2E02)2 [AG,, + (}»31/4)]2 drawn, the 2-3 intersection lies higher than the-2 intersec-
AR = 4y = a1 (13) tion, so the activation energy associated with the2ntersec-

tion controls the overall reaction. As such, the activation free

Note that the activation free energy is independent of the overall energy,AF* is
reaction driving forceAGss; the activation free energy depends 2 2
only upon the free energy change associated with the first step £ _ (2Ey) _ [AGs, + (43,/4)]
AF" = AG,, + = AG,, (14)

of the process. 424, Az

In the situation shown in Figure 2, it is possible that the
intersection points of free energy curves (1 with 2 and 2 with In this case, the activation free energy for two-electron transfer
3) lie close to the intersection point of parabola 1 with 3. In depends on the free energy changes of each one-electron step,
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and, becaus&\Gsz, = AGz1 — AGy;, the activation energy
depends upon the overall driving force of the reactias4;)
if we fix AGy1.

In the case of Figure 2, the stepwise pathway free energy of
activation is sufficiently large that the concerted process
contributes substantially to the overall rate. If the concerted
mechanism dominates

_ Eds _ (MG + 2y
414, 45,

22

Concerted
Marcus regime

18 20

In k13 (sec-1)
16

AF* (15)

14
2\
£5
1 8 ¢
o Z
[¢]

and the usual Marcus parabolic dependence on overall driving 1 V2 3 4 5

force is recovered. These simple activation free energy predic- AG3 (eV)

tions should help distinguish between the reaction mechanismsFigure 3. Driving force dependence of the two-electron transfer rate
in experimental studies. In intermediate regimes, when the constant in the case whete,, is held fixed. The curve is calculated
concerted mechanism contribution is comparable to the stepwiseViz = Vo3 = 1071 eV, Vi3 = 10 eV, AGx = 0.2 eV, andiz = 4.0
contribution, we predict a non-Arrhenius dependence of the rate € rom €a 17.

upon temperature.

B. Golden Rule Rate Regime. Consider the regime in
which all of the rates fall in the golden rule regime. This is the
case when the coupling matrix elements are sufficiently small
that the adiabaticity parameter inequalities of eq 16 are valid:

an order of magnitude and the mechanism remains in the
stepwise regime. The rate drops because in this rang&ef,

the free energy of reaction is described by eq 14, i.e. the free
energy increases with an increasé\iB;3. In the range oAGy3
greater than 1.8 eV, the electron transfer mechanism is concerted

4\ and the logarithm ok;3 has the parabolic Marcus dependence
7TV12 _ _ _ on driving force. It is obvious from Figure 3 that using the
A 7L [1(2B0p 2Bop) + 1(2B0r a1, 2B0p~3) driving force dependence of the rate constant, we can clearly
f(2Eg,— A4y, 2E))] <1 (16a) distinguish between concerted and stepwise mechanisms.
C. Dynamical Solvent Control of Two-Electron Transfer.
Y. Let us now consider the overall rate of two-electron transfer
TZP’TL[f(ZEO_/lSl' 2E,,—24y) + f(2E,, 2Ey)] — when each of the one-electron steps falls in the dynamical

solvent controlled regime. This regime arises when the
f(2Eq, 2Ep;—A31) <1 (16b) parameters of adiabaticity (which are similar to the parameters
of adiabaticity for one-electron transfgare

2nVis T 1 1 ,
PR T E o =1 (16c)  4nVi,
IBod  1Boy=24a:| TTL[f(ZEozv 2E,,) + (265, Az, 260~ A3) —
The rate constant in this regimleg, is f(2Ey,— 131, 2Ep)] > 1 (18a)

Vi 4V,
T 9 A7) T [(2B a1, 20 Asy) + (26, 26 —

f(2Eg;— 4y 2Eq)] > 1 (18b)
This two-electron rate constant has a nonlinear dependence on
the coupling matrix elements associated with each single- It seems plausible that the two electron matrix elem¥fy,
electron transfer step, even though the rate constants for thewill be much smaller than the one-electron matrix elem&hss
individual sequential one-electron transfer steps each fall in the andV.3. As such, in a wide range of solvent relaxation times
golden rule regime. we might expect that the parameter of adiabaticity for concerted
Assuming that the coupling matrix elements have an expo- two-electron transfer
nential dependence upon the distance between donor and
acceptor, the rate constant of two-electron transésfen in the 27V, 1 1
golden rule regimeis predicted to have a nonexponential AL Byl + Eya—27ay <1 (19)
dependence on the donor acceptor distance. While electronic 3 3
structure calculations are needed to quantify the one and two-
electron matrix elements, the presence of two different kinds
of coupling matrix elements could provide additional control
in biological ET processes, some of which have been implicated
as involving simultaneous two-electron transfer steps. A
Equation 17 can be used to explore the driving force T
dependence of the rate constapg For example, we plot In
ks in Figure 3. Here we have fixedG,; and variedAG;3 = where
—AGg; for Vi = Vo3 =103eV,Vi3=10"%eV,i3=4 eV,
andT=300K. ? ’ A= §(2E0)H(2E) H(2or— )
The rate constarly; over the range 0 e\t AG;3 < 1.4 eV [f(2E,, 2Ey) + f(2E,—A3y, 2E)—45y) — T(2E,, 2E,—A5)] +
is independent of the overall reaction driving force. This means _ _ —
that the stepwise mechanism dominates in this range. Over the P(2E[1(20z 2Eqp) + (2Eq0~ s 2B~ s) i
range 1.4 e\k AGy3 < 1.8 eV, the rate constant drops by about (2B~ A3y, 2E0)1} ~ (20b)

=1 ATViVo(2E,)¢(2E)
BN (2B ) + VaH(2E)

and the rate of concerted two-electron translk@,g,would fall
in the golden rule regime, giving the overall rate

27V2,
+ 5 9(Eo) (20a)
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ki3 (sec-1)

25

0.5 1.0 15 2.0 3:0

Vo
Figure 4. Dependence of the two-electron transfer rate/gr 1011
sfr. in the dynamical solvent controlled regime. Curve 1 is calculated
for Vio = Vo3 = 102 eV, Vi3 = 1073 ev, AG21//131 = 0.14, andAGzy/
Az = —0.39. Curve 2 is calculated fofi3 = 2 x 1072 eV, and curve
3 is calculated foV;3 = 3 x 1073 eV.

Only in very slow solvents, when the inequality in eq 19 is

Zusman and Beratan
AGZl = GTI(II) - GTI(III) + GTI(II) - GT|(|) +W—w (25)

Using the redox potentiakg, and - for TI(I1)/TI(I) exchange
and TI(IIN/TI(I) exchange respectively

1= _(1/’3)[GT|(|) - GTI(II)] (26a)
¥ = _(1/9)[GT|(||) - GTI(III)] (26Db)

we can expresAGp; through these expressions as
AG,; = —e(p, — ¢,) + 0.08 eV (27)

HusHh“ has computed the redox potentialsgaf = 1.5 V and
@2 = 1. V. HenceAGy; = 0.58 eV. Substituting this value
into eq 22, we find that this equation has no real solutions for
Az1. Hence, the stepwise pathway seems unrealistic.
Assuming that TI(I)/TI(lll) exchange occurs through a
concerted pathway, we use eq 15 and the work term to find
AG* = A31/4 + w = 0.76 (recall thatAGg; is zero for self-
exchange) sds; = 2.068 eV. This is a realistic reorganization

violated and concerted two-electron transfer becomes solvent€n€rgy for a two-electron process (recall that reorganization
controlled, would the overall two-electron transfer rate be €nergy scales with the square of the charge transfered). Using

proportional to 1#,. This dependence onl/is shown in
Figure 4. Linear extrapolations of therll/in kijz—determined

in the regime wheré?, falls in the golden rule regime and the
stepwise rates are solvent dynamics contrefted 1/ry = 0
gives the rate of golden rule rat§, Equation 20, like the
golden rule formula (eq 17), can be used to explore the driving
force dependence of the overall rate. The relevant plot is
qualitatively similar to that in Figure 3.

D. Analysis of TI(1)/TI(lll) Exchange. We now illustrate
how this theory can be used to analyze a two-electron exchang
process. The activation free energy for*¥TI*+3 electron
transfer is known to be 17.4 kcal/mol or 0.76 éVThis value
includes contributions from the work term)which arises from
the electrostatic work required to bring together the two ions
from infinite separation. This work term has the form

Z2,2,¢

€s(ry try)

whereZ; and Z, are the charges of the ions,is the electron
charge, andy andr;, are the ionic radii. From ref 14, =

0.95 A andr, = 1.44 A. Assumings = 75 for perchloric acid
we obtain from eq 2 = 0.24 eV. Assuming that the reaction

(21)

proceeds through a stepwise pathway, we have from eq 13 and

the work term

[AGy, + (/4

+0.24eV=0.76 eV
j'31

(22)

The equilibrium free energy of the first redox st&e can be
expressed through the free enerdBagy andGry) of the two
ions in solution and the work term as

Gy = Gy + Gpypy T W (23)
Similarly, the equilibrium free energy of the second redox state
G, can be written in terms of the free energies of the two TI(II)
ions in solution and the work termif associated with bringing

together two TI(Il) ions from infinity
G, = GTI(II) + GTI(II) +W (24)

In this case, the work terniv is 0.32 eV. From egs 23 and 24

this reorganization energy in eq 7e for concerted two-electron
transfer in the golden rule limit when the inequality of eq 19 is
satisfied, we find¢, ~ (2 x 10%V7) s'1. The bimolecular rate
constant is
klzgnolec.z k(iSAVNefwlkBT (28)

where the reaction volumAV is ~12.56 x 1072’ L and N is
Avogadro’s number. The experimental rad"®" = 7 x

0> M1 s71 provides an estimate of;3 ~ 2 x 1073 eV, a
realistic value for electron transfer between two coordinated ions
in contact. As such, the only pathway that seems reasonable
for the two-electron self-exchange reaction in Tl is the concerted
one. This conclusion is in agreement with the conclusions
reached purely through the analysis of experiménts.

IV. Discussion

We have described the theory of two-electron transfer
reactions in polar solvents. Solvent reorganization controls the
activation energy, and intramolecular degrees of freedom were
neglected. The coupled master equations were solved in a
steady state approximation. From the rate expressions, it is clear
that two competing pathways exist: stepwise and concerted.
The analytical expressions obtained for the rate constants
allow ready prediction of the activation free energy dependence
of the rates. The activation free energy dependence on
AG;—for small values of this free energys quadratic iPAG;;
when the overall reaction driving force\Gs,) is held fixed.

For very largeAG;; values, the activation energy is independent
of AGz1. This peculiar free energy dependence reflects the fact
that at smallAG;;, the stepwise pathway dominates over the
concerted one. At largeAG,;, reaction occurs through a
concerted pathway so that the activation energy depends only
on the overall driving forceAGgi, but not upomAG,;.  Analysis

of TI(1)/TI(111) exchange with these rate expressions suggest a
concerted two-electron mechanism.

WhenAGg,; is fixed and is small enough (as in Figure 3) we
find that the rate of two-electron transfer has a weak driving
force dependence at smallG;3 because two-electron transfer
falls in the stepwise regime. At intermediatds, 3, the rate
drops by about an order of magnitude (as shown in Figure 3)
and two-electron transfer is still stepwise. At large driving
forces, two-electron transfer is concerted and the dependence of
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rate on driving force can be described well with Marcus theory. N.; Onlchhic,bJI. l;l] IrProte;n Electron Ir)ansfer?(endall, D. S, Ed,; BIOS
o fi i _ Scientific Publishers: Oxford, 1996. (c) Kurnikov, I. V.; Beratan, D.JN.
If AG2 is fixed Iarge enough (even WheXGys is zero), two . Chem. Phys1996 105 9561. (d) Stuchebrukhov, A. Al. Chem. Phys.
electron transfer is conc_er_ted, and _ the Marcus parabolic 1996 104, 8424. (e) Skourtis, S. S.; Beratan, D.NPhys. Chem. B997,
dependence of rate on driving force is predicted. Thus, we 101, 1215. (f) Priyadarshy, S.; Risser, S. M.; Beratan, DJNRhys. Chem
expect that studies of two-electron rate dependence on driving1996 100, 17678. (g) Jordan, K. D.; Paddon-Row, M. N.Encyclopedia

. . . g . of Computational ChemistryAllinger, N. L., Clark, T., Gasteiger, J.,
force will provide a means of distinguishing between stepwise Kollman, P., Schleyer, P. v. R., Schaefer, H. F., Eds.; John Wiley & Sons:

and concerted mechanisms. New York, in press. (h) Paulson, B. P.; Curtiss, L. A.; Bal, B.; Closs, G.
The dynamical solvent effect can also be used to probe thek/i; I\SIIIE&, J. R.JkArnZ.,ChemMSOQ.?GP%l& Sgﬁ- (')1%32%5' i'7;5’\(l)im(?)n'
3 H : . .» Kumar, K.; Zimmt, . b.J. yS. em A .
relative ra_tes of ste_pwn;e and concerted ET reactions. ForLarssony S.: Broo, A Sjolin, LJ. Phys. Chem.995 99, 4860. (k) Kemp.
example, in the regime of dynamical solvent control and a . Roitberg, A; Mujica, V.; Wanta, T.; Ratner, M. A. Phys. Chem996

dominant stepwise mechanism, the rate is expected to be a lineaf00, 8349.

function of 1/ for a wide range of, . If the rate of concerted
two-electron transfer is nonzero, linear extrapolation ofthe
dependence to #/ = O will give the golden rule rate of

(4) (a) Cannon, R. DElectron transfer reactionsButterworths:
Boston, MA, 1980. (b) Lippard, S. J.; Berg, J. Frinciples of Bioinorganic
Chemistry University Science Books: Mill Valley, CA, 1994. (c) Bertini,
I.; Gray, H. B.; Lippard, S. J.; Valentine, J. Bioinorganic Chemistry

concerted two-electron transfer. Additional tests of the rate and University Science Books, Mill Valley, CA, 1994,

dynamical solvent effects predicted here appear to be accessible
with unimolecular two-electron transfer organic model com-

poundst®
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