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Abstract: We relate the solvent and temperature dependence of the rates of intramolecular electron transfer
(ET) of mixed valence complexes of the type {[RusO(OACc)s(CO)(L)].—BL} 1, where L = pyridyl ligand and
BL = pyrazine. Complexes were reduced chemically or electrochemically to obtain the mixed valence anions
in seven solvents: acetonitrile, methylene chloride, dimethylformamide, tetrahydrofuran, dimethylsulfoxide,
chloroform, and hexamethylphosphoramide. Rate constants for intramolecular ET were estimated by
simulating the observed degree of »(CO) IR band shape coalescence in the mixed valence state. Correlations
between rate constants for ET and solvent properties including static dielectric constant, optical dielectric
constant, the quantity 1/e,, — 1/es, microscopic solvent polarity, viscosity, cardinal rotational moments of
inertia, and solvent relaxation times were examined. In the temperature study, the complexes displayed a
sharp increase in the ke as the freezing points of the solvents methylene chloride and acetonitrile were
approached. The solvent phase transition causes a localized-to-delocalized transition in the mixed valence
ions and an acceleration in the rate of ET. This is explained in terms of decoupling the slower solvent
motions involved in the frequency factor vy which increases the value of vy. The observed solvent and
temperature dependence of the ke for these complexes is used in order to formulate a new definition for
Robin—Day class II—Ill mixed valence compounds. Specifically, it is proposed that class I[I—1l1l compounds
are those for which thermodynamic properties of the solvent exert no control over ke, but the dynamic
properties of the solvent still influence K.

1. Introduction control of rates of electron transfer in mixed valence complexes

Understanding the dynamics of electron-transfer reactions hasin fluid and frozen solvents and consider the implications of
been of fundamental interest to chemists, physicists, and©Ur results with respect to the definition of Class il mixed
biologistst2 Mixed valence complexes are widely known Valency. . o . .
chemical systems that undergo intramolecular electron transfer. 1€ complexes of interest in this study are dimers of trinuclear
Nearly 40 years ago, Robin and Day introduced the systematicr”then'um clusters containing a pyrazine bridge, Figure 1. Each
basis upon which all mixed valence complexes are classified. triruthenium cluster contains a carbon monoxide ligand that has
In recent years, there has been particular interest in the@ distinct stretching absorptiom(CO), in the infrared (IR).
sometimes vague boundary between weakly localized (C|aSSStretchnjg freguenues of these ligands are sensitive to the
Il) and fully delocalized (Class IIf) systems. Meyer has discussed €/€Ctronic environment on each cluste{CO) bands will shift
the localized-to-delocalized transition in mixed valence chem- t© lower frequencies in the presence of greater electron density
istry and has proposed the defining characteristics of a new class@nd higher frequencies in regions of depleted electron density.
Class IFlI, of mixed valence complexesBriefly, Class I In the singly reduced mixed valence state, these complexes are
Il—11l, and Il systems are characterized in terms of how three Nighly electronically coupled and undergo ground state electron
types of motion— solvent, vibrational, and electronie behave transfer on th.e picosecond time scale. Infrared spectroscopy in
in an exchanging system. In Class II, the solvent and exchangingth€(CO) region has proven to tze fﬂjseful rr;etiod to determine
electron are localized. In ClassHlll, the solvent is averaged ~ 'ate constants in the range of'2@™ to 10 s™ by »(CO)
and the exchanging electron is localized. In Class Ill, the solvent Pand coalescenceThis range of measurable rates is also
and vibrations are averaged and the exchanging electron isrelevant to the time scale of solvent dipolar reorientation, which,

delocalized. Here, we report our studies of solvent dynamical @ We Will show here, plays an important role in these electron-
transfer reactions.

(1) Marcus, R. AJ. Chem. Phys1956 24, 966-78. The normal rate expression for a symmetric mixed valence
(2) Hush, N. SProg. Inorg. Chem1967, 8, 391-444. . A "
(3) Robin, M. B.; Day, PAdy. Inorg. Chem. Radiocher967, 10, 247-422. complex with no driving force depends on the transition
(4) Brunschwig, B. S.; Creutz, C.; Sutin, KLhem. Soc. Re 2002 31 (3),

168-184. (6) Ito, T.; Hamaguchi, T.; Nagino, H.; Yamaguchi, T.; Washington, J.; Kubiak,
(5) Demadis, K. D.; Hartshorn, C. M.; Meyer, T.Qhem. Re. 2001, 101(9), C. Sciencel997, 277 (5326), 666-663.

2655-2685. (7) Sutin, N.Prog. Inorg. Chem1983 30, 441—-98.
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For intramolecular ET reactions in solution these modes
include solvent frequencies and intramolecular vibrations that

1 2 3 4 promote ET8 For Class Il mixed valence ions, the exponential
N N N terms govern the rate expression (eq 1). These exponential terms,
>~ ~ ~ ~x . S
| | | | A and Hag, are generally considered to be time-independent.
/ Z Z N Z As Hag assumes values approachiti@, the exponential term
P " I in eq 1 moves toward unity and the time-dependent pre-
\ exponential terms are expected to govern the rate.
Figure 1. Stucture of [R4O(OAC)K(CO)(L)]-pz, where pz= pyrazine and The dynamics of the solvent are includedsig, and the
ancillary ligandsl = 4-dimethylaminopyridine (dmap2, = pyridine (py), importance of solvent dipolar reorientation times lkapwas

3 = 3-cyanopyridine (3-cpy), and = 4-cyanopyridine (4-cpy). reported in a previous study, where it was demonstrated that

ket U's scale linearly with the;o's determined by Maroncelli
and co-workers and not with normal (time-independent) solvent
reorganizatior?:'° Here, we provide further evidence that the
mixed valence ruthenium dimers are controlled by the dynamics
of the solvent and not the energetic properties of the solvent.
We also provide a more thorough explanation of this dynamic

The transition probability gives the fraction of systems which, dependence. Building upon this, we discuss the behavikg of
having attained the transition state, will transfer from the reactant as the solvent proceeds through the liquid to solid state

potential energy surface to the product surface. In the adiabaticyansition. We end with a comment on the implications that these

limit, « = 1. The frequency factowy, is often described inET  a5its have for the definition of classHlll mixed valency.
reactions as the frequency at which inner sphere and outer sphere

modes are in configurations required by conservation of energy 2- Experimental Section
for an electron to transfer from reactants to products. The Complexes used in this study were of the type JBR{DACk-
thermal activation energy barriexG;*, depends on the vertical ~ (CO)(L)],-u-pz where pz= pyrazine with ancillary ligandsl =

probability, «, effective nuclear frequencyyy, electronic
coupling,Hag, and thermal activation energy barri&,*.

koy = kvy XP[—(AG;* — Hyg + Hps74AG*)/RT] (1)

reorganization energy4, and the electronic couplind;lag, 4-dimethylaminopyridine2 = pyridine, 3 = 3-cyanopyridine, and
(eq 2)7 = 4-cyanopyridine, Figure 1. Complexes-4 were prepared as
described previousiit Complex 5, RwO(OAC)(CO)(4-cpy), was
AG* = - 2HAB)2/4/1 ) obtained as a side product during the synthesis of comfilex

The solvents for this study were chosen such that the mixed valence
. ) . ) state of the complex is soluble and is stable over a wide range of
In diabatic electron-transfer reactions, where there is N0 emperatures. For the optical cryostat studies, acetonitrile and methylene
electronic couplingfag = 0 and the thermal activation barrier  chjoride were dried over basic alumina with a custom dry solvent
is equal tol/4. In the limit that the electron is totally delocalized, system. Solutions (10 mM) of each dimer were chemically reduced to
Has = A/2 and the barrier for ETAG,*, equals zero. Thus, for  the mixed valence state with 1.1 molar equiv of cobaltoceFfe=(
complexes that are not fully delocalizefG,;* (and therefore —1.33 V vs Fc/FE)*?in an inert atmosphere. Spectra of mixed valence
ket should show a dependence on the reorganization enkrgy, dimers were recorded on a Bruker Equinox 55 FTIR in a flow through

The reorganization energy is a sum of inner sphere and outer@n optical cryostat (Specac, model number 21525). The sample cell,
sphere contribution. consisting of Cagwindows with a path length of 0.1 mm, is contained

in a vacuum jacketed housing. Addition of liquid nitrogen to the cooling
A=A+ A A3) compartment followed by heating to the desired temperature with a
0 ! computer-controlled thermocouple/heating coil regulates temperature
. . in the sample cell. Solvents for use in IR spectroelectrochemistry were
i depends on molecular vibrations, the amount of energy grieq and distilled by the usual methods. The IR spectroelectrochemical
required for the nuclear coordinates to rearrange following light- responses were measured in a sixth-generation home-built cell mounted
induced ET Ao, the outer sphere reorganization energy of the onto a specular reflectance unit. The cell has been described in detail
ET complex, includes the properties of the solveid.is elsewheré? Simulation of IR spectra to estimate ET rate constants
determined by the optical and static dielectric constants of the was performed with VibexGL, a program for the simulation of IR
solvent,eqp andes, in the Marcus dielectric continuum model — spectra of exchanging systefifs.
and accounts for the energetics of the solvent nuclear rear-

(8) Weaver, M. JChem. Re. 1992 92 (3), 463-80.

rangement upon ETFor localized systems, will vary as a (9) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, MPhys. Chem.
i _ i 1995 99 (48), 17311-37.
function of (Lkop Les). V\/hep mixed valence complexes (10) Londergan, C. H.; Salsman, J. C.; Ronco, S.; Dolkas, L. M.; Kubiak, C. P.
approach complete delocalization (Robibay class Ill), the J. Am. Chem. So@002 124 (22), 6236-6237.
i ; H 11) Kido, H.; Nagino, H.; Ito, TChem. Lett1996 25 (9), 745-746.
solvent depenqlence of the total rgorgamzaﬂon energy disappear: 12) Connelly, N. G- Geiger. W. EChem. Re. 1996 96 (2). 877910,
due to averaging of solvent environments. (13) Zavarine, I. S.; Kubiak, C. Rl Electroanal. Chem2001, 495 (2), 106—
) ; 109.
W The rate of ET, dep_end_s also _Om" the pre-exponential (14) McClung, R. E. DVibexGL: Program for the Simulation of IR Spectra of
frequency factor”, which is a weighted average of nuclear Exchanging Systems
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Table 1. ke ! for Complexes 1—4 at —30 °C and Selected Solvent Thermodynamic Parameters
1 kY 2 kY kY 4 kY Exl

solvent ps ps ps ps € €op” (Uegp = es) kcal mol~*
CH3CN 0.35(5) 0.38(5) 0.72(10) 0.91(12) 35.94 181 0.526 45.6
CH.Cl 0.50(5) 0.57(5) 0.72(12) 0.91(11) 8.93 2.03 0.381 40.7
DMF 0.67(12) 0.77(15) 0.91(10) 1.0(2) 36.71 2.04 0.462 43.2
THF 0.83(15) 0.95(15) 1.0(1) 1.0(1) 7.58 1.98 0.373 374
DMSO 0.77(10) 0.87(14) 1.1(1) 0.9(1) 46.45 2.19 0.435 45.1
CHCl; 1.5(2) 1.8(2) 1.9(1) 2.0(1) 4.81 2.09 0.270 39.1
HMPA 1.5(2) 2.2(2) 2.5(5) 3.3(3) 29.30 2.13 0.436 40.9
R2d - - - - 0.040 0.280 0.191 0.169

aValues for the static dielectric constants were obtained from ref\&lues for the optical dielectric constants were obtained by squaring the refractive
index of the solution. Values for the refractive index were obtained from refTle microscopic polarity of the solvents was obtained from refdR3.
terms were obtained from a linear regression fit to a pldtpf! versus the solvent parameter for each of the compléxesand was then averaged over

all the complexes.

Table 2. ke for Complexes 1—4 Obtained at —30 °C and Selected Solvent Dynamic Parameters

1k Y 2 ke Bk Y 4ky Y nél 12 19 12 7ol [y te
solvent ps ps ps ps 103Pas gA2mol? g A2mol? g A2mol? ps ps ps
CHCN  0.35(5) 0.38(5) 0.72(10)  0.91(12)  0.345 3.31 55.53 55.54 0.12 0.26 0.15
CH.ClL,  050(5)  057(5)  0.72(12)  0.91(11)  0.441 16.2 156.9 169.7 025 056  0.38
DMF 0.67(12)  0.77(15)  0.91(10)  1.0(2) 0.924 56.8 122.8 172.9 0.38 2 0.67
THF 0.83(15)  0.95(15)  1.0(1) 1.0(1) 0.575 70.5 72.2 125.3 0.43 0.94 0.7
DMSO  0.77(10)  0.87(14)  1.1(1) 0.9(1) 1.991 72.3 73.4 120.5 0.4 2 0.9
CHCl,  1.5(2) 1.8(2) 1.9(1) 2.0(1) 0.058 152.83 152.96 295.2 071 2.8 2.3
HMPA  1.5(2( 2.2(2) 2.5(2) 3.3(3) 3.47 474 580 712 0.3 9.9 5.9
R2d -- - -- - 0.334 0.825 0.657 0.748 0.234 0.764 0.860

aValues for solvent viscosities were obtained from ref®Malues for the principal moment of inertia were calculated using ChemDrawT3t. solvent
dynamic parameters,, [#[] andt;e were obtained from ref ¥R? terms were obtained from a linear regression fit to a plokf! versus the solvent
parameter for each of the complexts4 and was then averaged over all the complexes.

CH,CL, THF

Pyl

2000 1950 1900 1850 2000 1950 1900 1850 2000 1950 1900 1850
Wavenumbers /cm! Wavenumbers /cm* Wavenumbers /cm'!

ket=2.6 x 10'% 8™ ket=1.8x10"%s™ kot=1.1x10"2g"

Figure 2. IR band shapes for thgCO) band o2~ in CH3CN, CH,Cl,, and THF. The estimated electron-transfer rétg s given below the spectra. More
coalesced spectra are associated with faster electron-transfer rates.

3. Results and Discussion the solvent viscosityr), the principle moments of inertid
) ly, andl;), and solvent relaxation parameters as defined by

3.1. Solvent Effects on Electron-Transfer RatesThis report Maroncelli and co-workersrg, 0] andtio). At the bottom of
follows an earlier study of the solvent dependence of the {he columns associated with the solvent parameters is an average
electron-transfer rates in complexes4.1° Here, we presenta Rz yalue. ThisR? term was obtained from a linear regression
more complete discussion of the effects of solvent upon the fjt tg g plot of ke ! versus the relevant solvent parameter for
observed electron-transfer rate constaisof these complexes.  each of the complexek-4 and was then averaged over all four
Tables 1 and 2 present measured valudgof for complexes  of the complexes. ThB2 values are provided to help the reader
1—4 in acetonitrile, methylene chloride, dimethylformamide, quickly evaluate the degree of correlation betwégn® and
tetrahydrofuran, dimethyl sulfoxide, chloroform, and hexam- the various solvent parameters. The quanity* is used instead
ethylphosporamide. Figure 2 show$CO) bands of2~ in of ket since most of the dynamic solvent parameters are
acetonitrile, chloroform, and tetrahydrofuran with the rate expressed as lifetimes. High& values indicate a stronger
constants estimated from band shape simulation. It is clear fromcorrelation betweelke* and the parameter of interest. Using
the data that more coalesced band shapes correspond to fastéhe data gathered in Tables 1 and 2, we can begin to discuss
rate constants. Additionally, Table 1 lists solvent parameters the role that solvent plays in highly coupled mixed valence
that reflect the time-independent energetic properties of thesesystems undergoing ultrafast electron transfer.
solvents, while Table 2 contains parameters that reflect the time-  3.2. Electron-Transfer Rate Dependence on Time-Inde-

dependent dynamical properties of these solvents. The energeti®endent Solvent Parameters.The first parameter to be
parameters are the outer sphere reorganization engggyhe addressed is the outer-sphere reorganizational engjgyvhich

opt|cal and_ static d|§lectr|c constantsp(ande_s), and the solvent (15) Stephen L.: Murov, I. C.: Hug, G. IHandbook of Photochemistrgnd
microscopic polarity Er).!®> The dynamic parameters are ed.; Marcel Dekker, Inc.: 1993.

12774 J. AM. CHEM. SOC. = VOL. 129, NO. 42, 2007
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Figure 3. Plot (1kop — 1leg) — the variable portion of the outer sphere 0 4 plot of the micoscopic polarity of the solverir, versus the
reorganization energyl, — versus the lifetime for electron transfég; 1, lifetime for electron transfetke , for complexesl (M), 2 (@), 3 (), and
for complexesl (W), 2 (®), 3 (a), and4 (¥). The average of thB? values 4 (). The average of th&? values for this plot is 0.169.

for this plot is 0.191.

E, /kcal mol”

applied field. Thusgs should provide a parameter for how the
solvent responds to the change in dipole moment that occurs
upon electron transfer. Howeveg,only describes the solvent’s
response when the applied field is either static or oscillates at
(i {) f(DA — Dp)?dr (5) frequencies less than that associated with the far IRLE0).
€ At oscillations in the field that have frequencies greater than
that associated with far IR the orientational term) (n eq 2

Here,Aeis the charge transferredop is the optical dielectric drops out, as the solvent can no longer keep pace with the
constantgs is the static dielectric constant, abj andDg are changes in the electric field. The dielectric constant that results
the dielectric displacement vectors of the precursor and successofrom the exclusion of the orientational term is termed the optical
complexes, respectively. For electron transfer in a given systemdielectric ¢p) and is equal to the square of the refractive index
in different solventsAe?, Da, andDg remain unchanged. The  of the solventn?.16 The ET rates measured far4 are on the
changes tol, brought about through changes in solvent are order of 16 s™%, and because of this, it is not surprising that
accounted for by the termed,* — €57 ). The parametet, is ke T andes show no correlation (Table 1). Because the ET rate
included in the expression for the barrier to thermal electron is faStxeop is expected to be a better parameter for Comparison
transfer (activation energy) as given by eq 1, and the tespn’( with ke. However, as can be found in Table 1, the correlation
— € ') normally shows good correlation with the observed petweene,, and ket remains quite poor. It should be noted
electron-transfer rates for mixed valence complexes. We that even though there is some frequency dependence of the
expected this to be true fdr-4, but this is not the case. Figure  dielectric constants, they remain static parameters (they account
3is aplot of €op * — €5 1) versuske !. Examination of Figure  for the magnitude of the solvent response to the applied field

is a measure of the energetic contributions of the solvent to the
barrier for instantaneous (optically induced) electron transfer.

_ (Ao

Ao 8t

Gop

3 shows that there is no correlation betwégrandke . This and not the dynamics of this response). In any case, it is easily
is surprising, but the data are cleds does not capture the  seen that no clear correlation exists between the dielectric
solvent dependence of the mixed valence idnst. In this constants of solvents arg; 1.

important respect]—4 are behaving as if they were class Il Despite the fact thak,, <op, andes have failed to explain the
systems. solvent dependence exhibited by compleked, it is difficult

Although 1, andke;* are not correlated, it is possible that a  to depart from the assumption that the major contribution to
single dielectric constant could capture the solvent dependencenhe rate of electron transfer will stem from the reorganization
of complexesl—4. The static dielectric constart, is ameasure  of the solvent's nuclear coordinates following the shift in charge
of the solvent response to an applied electric field, gauging the associated with electron transfer. Thus, we consider another
extent to which the solvent is affected by the external field. It parameter that may Capture this contribution. A |ogica| Conjec-

is given by the following equatiotf. ture is that the electron transfer correlates with solvent polarity.
5 Clearly, the polarity of the solvent should reflect the strength

€ = 4 N (a + /4_) (6) of the response of the solvent to a change in charge distribution

S 3 \T° 3KT following an electron-transfer event. This response to a change

) o ) in the local electronic environment could be accounted for by
Here,a, is the polarizability of the solvent molecules, which the microscopic polarityHr) of the solvent. However, Figure

accounts for how their electron clouds are deformed by local 4 (a plot ofker 1 versusEr) shows that ET rates in our complexes
electric fields, and the: term accounts for the orientation of 45 not depend on solvent polarity.

the permanent dipole moment of the solvent in response to an Up to this point it has been shown that there is no good

i -1
(16) Shoemaker, D. P.; Garland, C. Wkperiments in Physical Chemistind correlation betweerke an_d Aouy €ops €, OF Er. Thus, there
ed.; McGraw-Hill: New York, 1962; p 490. appears to be no connection between the strength of solvent

J. AM. CHEM. SOC. = VOL. 129, NO. 42, 2007 12775
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] the change in the charge distribution associated with ET the

3.2 v solvent needs to rotate such that its dipole moment is correctly

5 8_‘ oriented with respect to this new charge distribution. Indeed,

o this picture is supported by work done by Stratt and co-

2.4 4 workers!”18 Simulation and analysis of solvation spectra for

1 ° dipolar solutes in polar solvents showed that the rotational
2 204 x rearrangement of the solvent molecules accounts for the major
=~ 1_5_' * contributions to solvation of the solutes as well as the observed
v % { " - timescales of solvation. In contrast, they found that translational

< 1.24 . motion of solvation is largely universal among differing solvents
] vv! I v and did not account for the observed differences in the time

0'8-_ 4a 3 " scale of solvation. This supports the idea that differences in the

0.4- ,' dynamics of solvent (and the effects that these dynamics will

— T T T T T T T have on the overall dynamics of a system) are largely a result

00 08 10 s 20 28 30 38 of rotational motion of the solvent. Relying on the assumption
n 1 0°Pas that rotational motions are the most important for initial solvent

Figure 5. Plot of solvent viscosityy, versus the lifetime for electron reorganization, Weaver has derived an expressionfahat

transfer ke 2, for complexesl (M), 2 (@), 3 (a), and4 (¥). The average depends solely on the rotational motion of the solent.
of the R? values for this plot is 0.334.

| | o vy = (2115) " (7)
response and changes in the local fluctuating electric field
around1—4. That is, the energetics of the solvent’s response  Here, 7 is termed the “solvent-phase inertial rotation time.”
to changes in electric dipole seem to have no influenckpn  This parameter attempts to explain the rotation of molecules
Reference to eq 1 suggests the boundary conditions for this typewithin a dielectric medium. While rotational motion probably
of behavior to be observed. plays into the physical property of viscosity (one expects that

For strongly coupled systemsifg = 1/2) the exponential as viscosity increases the rotational motion of the molecules
term will be close to zero and the value of the exponential will be somewhat inhibited), it should be a minor contribution.
approaches unity. For nearly activationless electron transfer, it Thus, it would be useful to find a new parameter that can more
is the pre-exponential ternry) that will dominate the expression  accurately predict the rotational motion of the solvent. The term
for ket The pre-exponential term is the weighted average of all 7,,; should correlate with the electron-transfer rates. This
internal vibrational modes that contribute to electron transfer parameter, however, is not straightforward to obtain for all
and nuclear reorganizaticas well asthe solvent modes that  solvents in our study. We turn instead to simpler parameters
allow for reorganization of the solvent following the ET event. that quantitatively address the rotational motions of the solvent,
We see why normal assumptions about solvent reorganizationnamely the principal moments of rotational inertia.
fail to capture the solvent dependencelefd. The parameters The rotational moments of inertid)(for solvent molecules
Ao, €op, €s, @and Er all quantify different time-independent  can be calculated using commercial softwéend are expected
thermodynamics of the solvent contribution, which, when the to provide a useful measure of the ease of dipole reorientation.
value of the exponential term isot near zero, have a large Clearly, the rate of rotation is inversely proportional to the
impact on the electron-transfer rate. However, in the highly rotational inertia of the solvent molecules. Because the rate of
coupled case when the exponential approaches unity, the preelectron transfer is controlled by the dynamics of the solvent
exponential frequencies control the rates of ET. We therefore and the rotational reorientation of the solvent dipole is required
turn our attention away from the static thermodynamic properties to accommodate the movement of the electron, we expect to
of the solvents and toward thdynamic properties of the find a strong correlation between the moments of inertia of the
solvents. solvent and the electron-transfer rates of compleked<.

3.3. Electron-Transfer Rate Dependence on Time-De-  Examination of Table 2 shows thig Iy, andl, all have good
pendent Solvent ParametersA simple solvent parameter that  correlations withke;X. However, |y, shows the strongest cor-
we can use as a metric for solvent dynamics important in fluidity relation. A plot ofl versusker ! is shown in Figure 6 in order
is the solvent viscosityy. Viscosity is a function of the rate at  to demonstrate the trent is defined as the smallest principal
which a fluid’'s velocity changes over distance//@k) and, as moment of inertia, and as such, rotation along this axis is
such, is a measure of the restriction of translational motion. In expected to be easiest. To a first approximation, rotation of the
polar solvents with more restricted motion, it is expected that solvent by exerting a force resulting from the change in an
vn and, as a result of thige; will decrease in value. This general  external dipole should be principally about the “easy” axis (the
trend is observed in Figure 5, which is a plot of solvent viscosity axis with the lowest rotational moment of inertia). Thus, it is
versuske; L. While the correlation between these two parameters quite satisfying thak, shows the strongest correlation wikii 2.
is by no means excellent, it is vastly improved over those found The case of acetonitrile deserves comment, especially the
in Figures 3 and 4 and provides a satisfying agreement with correlation ofly with ke L. Acetonitrile is a linear molecule,
the intuitive reasoning presented above. The poor correlationand as such, rotation along the definedxis is rotation along
most likely stems from the fact that while there is certainly some the long axis of the molecule and is not expected to change the
degree of translational motion of the solvent in response to the
ET, it seems more likely that the major reorganizational (17) Stratt, R. M.; Maroncelli, MJ. Phys. Chenl996 100(31), 12981-12996.

. : . . i (18) Stratt, R. M.Acc. Chem. Red.995 28 (5), 201-7.
movement is that of rotation of the dipole. That is, following (19) CambridgeSof€S Chem3D Ultra7.0.0; CambridgeSoft: 2001.
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Figure 6. Plot of the moment of inertia along the solventaxis, | , versus Figure 7. Plot of the characteristic solvent relaxation timg, versus the
the lifetime for electron transfeke 1, for complexesL (W), 2 (@), 3 (), lifetime for electron transfeke *, for complexesl (M), 2 (@), 3 (a), and
and4 (). The average of th&2 values for this plot is 0.825. 4 (v). The average of th& values for this plot is 0.860.

components observed in the solvent response and accounts for

orientation of the dipole moment. Thus, it could be questioned the behavior of the solvent over long time periods. The third,
whether it is valid to includéx when considering the reorienta-  ti¢, is the time required for the solvent response function to reach
tion of acetonitrile. While it is true that acetonitrile is linear, 1/eand may be thought of as encompassing the total evolution
this is only the static, lowest energy conformation. Vibrational of the solvent dynamic response to changes in the local
bending motions of the molecule, of course, distort it from electronic environment. Of these three parameteyslearly
linearity. In such a distorted geometry, rotations alongtaais shows the worst correlation witke* while t; provides the
do reorient the dipole. One can also consider the correlation best ket versustye is plotted in Figure 7). This is not wholly
that results whet, is substituted fot for acetonitrile in Figure unexpected. The parametey deals with the time before the
6. In this case, the averad® value is 0.792, which is stilla  solvent motion gets underway and may be considered an
better correlation than that for any parameter other thafhe instantaneous polarizability. These are not expected to contribute
key point is that it is the inertial properties of all solvents studied significantly to the attainment of the transition state and, hence,
that are most strongly correlated wki 1, and this underscores  to the value ofvy. The values ofizUare, in general, slower
the importance of solvent rotational motion in the electron- than our measured ET rates and, as a result, were not expected
transfer process. to be strongly correlated witky 1. The fact thatzCdoes show

It is clear from Figures 36 as well as the data presented in good correlation withke™! may indicate that slower solvent
Tables 1 and 2 thadt, is affected by the dynamics of the solvent. motions need to be included in the total solvent response to ET
However, the moments of inertia only account for rotation of in 1—4. Finally, t;c as a parameter enveloping the full range of
the solvent. While rotation should play the major role in the solvent dynamics provides the best correlatiorkdo?® of the
reorganization of the solvent, translational modes are mostsolvent parameters we have explored. This is very reasonable
certainly involved. Translational movement is required for the if the total ensemble response of the solvent is to be considered
solvent to realize the geometric coordinates that minimize the when investigating the solvent dependence of ultrafast electron
potential energy resulting from the interaction of their dipoles transfer.
with the mixed-valence system. Thus, it would be useful to  Referring back to Tables 1 and 2, we are now prepared to
compareke; t with parameters that take into account both the make a few comments on the general trends that emerge in the
rotational and translational motions of the solvent in response correlation betweeke ! and solvent parameters. First, it is clear
to the movement of charge. Maroncelli’'s experimental work that there are poor correlations betweks® and solvent
on solvent relaxation dynamics has provided these paranfeters. parameters that are mostly thermodynamic in nature (such as
The work by Maroncelli and co-workers is the most compre- Ao, €op, @andes). Second, parameters (such lasand ti¢) that
hensive on solvent relaxation to date. This group measured theaddress important dynamic solvent properties show good
time-resolved multiexponential Stokes shift in the fluorescence correlations withke; *. The solvent parameters that show the
of Coumarin 153 in a wide range of solvents. The fastest strongest correlations witk: ! are ones that correspond to the
responses were attributed to solvent rotational motion. This fast movement of solvent in response to an external force
motion is ascribed to the reorientation of the solvent dipole in (change in dipole). These parameters Brandt;e, and they
order to stabilize the new charge distribution in excited show an extremely similar correlation, suggesting that they
Coumarin 153. The slower times were attributed to translational address very similar dynamical processes of the solvent.
motion to attain the most stabilized excited state. Maroncelli  Given the form of eq 1 and the fact that solvent thermody-
calculated three characteristic solvent relaxation times for mostnamic parameters provide poor correlation with obselkged
common solvents. The firsty, is the instantaneous response while solvent dynamics provide excellent correlation with
before solvent motion evolves. It deals with exceptionally fast observed;?, it seems justified to assume that it is the solvent
time scales. The secondl] is the average lifetime of all  dynamics that are controlling the electron-transfer rates of
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complexes 1—4 via the pre-exponential term. This pre-
exponential control is a result of the fact that the solvent modes
are included in the pre-exponential term and the fact that the
electronic couplingHag, in these complexes is large enough
(approachingl/2) that the value of the exponential approaches
unity and the rate of electron transfer should be controlled by
the value ofvy.

As seen in eq 2y contains contributions from solvent modes
and Weaver’s derivation ofy in eq 7 seems to indicate that
the solvent dynamics are expected to be major contributors to
vy in fluid solution. However, the solvent dynamics are expected
to be much slower than the internal vibrational modes of the
molecule that contribute to ET. For comparison, it is known TR T T A T T
that thevs, mode of the bridging pyrazine is strongly coupled anenuntecs )
to the ET event in these comple#@and, therefore, should be  Figure 8. IR band shape for(CO) of the mixed valence dimerin CHz-
figured into the pre-exponential term. The frequency of this Cl, Ias a function of temperature. The band shape shows increasing

coalescence as the freezing point of the solution is approached-92a.
vibration is 4.8x 10 s~ while the relaxation “frequency” of  °C). To the right of each spectrum are listed the electron-transfer lifetimes
even the fastest solvent we have used (acetonitrile) isx6.7  obtained from simulation of that spectrum.
10'? s71 (usingtye). Clearly the relaxation of the solvent is a
process that limits the electron-transfer rate of the complexes.

Thus, if it were possible to decouple the solvent dynamics from
the electron-transfer event, we would remove the “solvent Kot
friction” from the system andhcreasethe overall ET rate.

3.4. Decoupling of Solvent Modes from Rates of Electron 0.56 ps
Transfer. It has been predicted that the decoupling of the solvent 80°C
modes from the electron-transfer rate may be achieved by 0.56 ps
freezing the solvent in which the electron transfer is occurfing. -50° C 0.56 ps

The main effect of this decoupling is that solvent dipolar -40° C
reorientation will no longer play a dynamic role in the 1.11 ps
reorganization of the system ang, will consist only of a -20°C
weighted average of intramolecular vibrations. When solvent +25°C 1.20 ps

friction is removed, the pre-exponential is expected to increase

from 102 s 1 to 103 s~1. The interesting and counterintuitive

result that must follow from this is that the rate of electron _ o

transfer is expected tincreaseas the solvent temperature ~Figure 9. IR band shape for(CO) of the mixed valence dimerin CHs-

d H his i . hould onl CN as a function of temperature. The band shape shows increasing
ecrease.s. ovyever, this increase In rate should only oCCur néagygjescence as the freezing point of the solution is approached-4ea.

the freezing point of each solvent and then change no further °C). To the right of each spectrum are listed the electron-transfer lifetimes

(i.e., solvent modes decouple once frozen and remain un-obtained from simulation of that spectrum.

coupled). Usingl, 2_, gnd4 in methylene chloride (mp= Table 3. ke-12 for Complexes 1, 2, and 4 in CHyCly

—92 C) and acetonitrile (mp= —44 C°), FTIR spectra were

collected from 25°C to the freezing point and below for each

1980 1960 1940 1920 1900 1880 1860

Wavenumbers (em’™)

temperature/°C

solvent. In all cases, as the temperature of the system was % 40 60 80 0
decreased from 28C to just above the freezing point of the 1 0.50 0.50 0.43 0.43 0.29
0.74 0.56 0.56 0.48 0.40

solvent, non-Arrhenius behavior of the electron-transfer rate was
observed (a slight increase in estimated rate constants occurred
at lower temperatures). This is consistent with very low barriers  avalues ofke 2 are given in units of ps. Uncertainties are 0.02 ps.
to ET. As the freezing point of the solvent was approached, a
dramatic increase in thgCO) coalescence occurred. Lowering

1.52 0.95 0.87 0.71 0.56

Table 4. ke 12 for Complexes 2 and 4 in CH3CN

the temperature past the freezing point of the solvent resulted temperature/°C

in no further coalescence or change in the IR spectra. Figures 25 -20 -30 40 50
8 and 9 show4 in methylene chloride and acetonitrile, 2 0.61 0.60 0.56 0.53 0.50
respectively. It is clear that as the solvent freezes,I@GD) 4 1.20 111 0.92 0.56 0.56

band shape coalesces and that beyond the freezing point of the
solvent no further coalescence was observed. Comphakich

has the slowest exchange ratelef4, shows the most dramatic ) )
change in coalescence. Complesesnd2, which show more ~ @nd 4 summarize simulated electron-transfer rated,férand
coalesced/(CO) spectra at 25C compared taF's do not show 4 as a function of temperature, up to the freezing point, in

as striking an increase in the band shape coalescence. Tables F'€thylene chloride and acetonitrile, respectively. .
The mixed valence complexes—4 show slowerke(s in

(20) gog‘dg'rgagh%h“-?sggggg' {*ésc(igml"gg'l'\zﬂl%133”6"6' A.P.; Kubiak, C. «slower” solvents, i.e., those with longéss's. How then does

(21) Chen, P.; Meyer, T. Jnorg. Chem.1996 35 (19), 5526-5524. freezing the solvent produce fastefs? Freezing the solvent

aValues ofke ! are given in units of ps. Uncertainties are 0.02 ps.
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causes the dynamic solvent modes to decouple from very fastsystems which are at the Class-1ll borderline. We have

ET. Once the dependence on solvent dipole reorientation isdemonstrated that exchange rates for intramolecular transfer
lifted, faster internal modes dominatg; increases as a result, reactions in1—4 show a strong solvent dependence. The
and we expect the(CO) bandshapes to reflect this increase in influence that the solvent exerts on the ET rate stems not from
the ET rate. Examination of Figures 8 and 9 shows that the static thermodynamic parameters but from parameters of the
spectra of complext are indeed more coalesced following  sojvent that figure importantly into its dynamics. In particular,
freezing of the solvents. Because the time scale of freezing nertial parameters and solvent dipolar reorientation times
solvent molecules is much slower than that of ET, the mixed ;04 1y Maroncelli and co-workers provide strong correla-

valen.ce ionsm U.St existin "averaged sollven.t enqunments UPON ions with the observed electron-transfer rates in the solvents
freezing. This is how valence trapping is avoided at low studied

temperatures.

It is worth commenting on one further ramification of freezing ~ Building upon this, we have also shown that the solvent
the solvent. Examination of Figures 8 and 9 shows that the dynamics may be decoupled from the electron-transfer event
coalesced band shapes once the solvent is frozen are nearlyn mixed valence systems through freezing of the solvent. This
identical. This, in turn, means that the rates of electron transfer decoupling removes the solvent dynamical term from the
must be similar for4 in both solventsonce they are frozen frequency factoryy, in eq 1. Removal of the solvent dynamic
This is a striking feature of these figures, especially since the contributions leaves only the faster internal modes of the
band shapes (and electron-transfer rates) are very different whermolecule. As such, the electron-transfer rate increases, observ-
the solvents are fluid. This is consistent with removal of solvent aple as an increase in the coalescence of{8©) bands. This

dynamical terms fronmy upon freezing the solvent, leaving only  pehavior further supports the theoretical model that the dynamics
the internal vibrational modes of the molecule. Thus, the freezing of the solvent are controlling the electron-transfer rate in the

of bot_h_ methylene chloride and acetonitrile has the effect of ;a5 reported in this study.
equalizing thevy term for these solvents. Because the expo- ) ) )
nential term is nearly unity for these complexes, we then see [N light of the results described here, we believe that a
that freezing of the solvents must produce nearly identical refinement of the defining characteristics of borderline Class
electron-transfer rates in different solvents. This is verified by !l —Ill mixed valence complexes is in order. We propose that
the spectra in Figures 8 and 9. this definition be based upon the influence that the solvent exerts

One possible complication of estimating electron exchange over the mixed valence system. Thus, class Il mixed valence
rate constants by simulating IR bandshapes is the intrinsic ions are defined as those for which the solvent’s time indepen-
temperature dependence of the contributing bandshapes. It isdlent parameters (i.elg) are able to fully capture the system’s
well-known that IR bandshapes change with temperature, solvent dependence. Class-Ill mixed valence ions are those
especially following the freezing of the solvent where locking for which the time-independent solvent parameters fail to
the solute into a solid matrix can greatly increase the contribution account for the solvent dependence of the system, but time-
of inhomogeneous broadenif§Because of this, itis important  dependent parameters (i.e., solvent relaxation times and mo-
to determine the contributions of IR bandshapes, independentments of inertia) are able to capture the solvent dependence of
of electro.n exchange. In order to rule out effects stemming from o system. Class Ill systems are those that are solvent
changes in temperature and state of .the solvent, referencg Spec”i%dependent with respect to the mixed valence properties (i.e.,
of the Ry monomer,>5, were t_aken in the neutraloand MINUS  they show no dependence on either the time-independent or
one states in methylene chioride from Z5to ~190°C and in time-dependent properties of the solvent). We believe that these
acetonitrile from 25°C to —100 °C. The monomer was used - . o

. new definitions provide a more accurate description of class I,

so that neutral and fully reduced clusters could be obtained (the”_III d I ide ol teria f -
ruthenium dimers are unstable in the fully reduce@, state). » an as well as provide clearer anena for exper
The peak position and full width at half-maximum values were mentalists tp use Whep a.tttemptm.g to clas§|fy mixed valence
measured fon(CO) bands in CKCl, and CHCN (see Sup- systems of interest. This is espeua_lly true in the case of large
porting Information). As the solvent temperature decreased, Metal complexes where the dynamics of the solvent are much
broadening of all the(CO) bands was observed, accompanied More homogeneous than the dynamics of vibrational modes of
by a shift in the peak position. In all cases the shift in peak the complex, which can easily stretch over several orders of
position was less than 6 crhfrom the starting value over the ~ magnitude {10251 to ~10' s7%), raising questions concern-
temperature range investigated. Neither the shift in position nor ing the correct time scale to employ for discussions of electronic
the changes in the fwhm were sufficient to account for the delocalization.
spectra observed in Figures 8 and 9 (see Supporting Informa-
tion). This result confirms that the increase in coalescence we Acknowledgment. We gratefully acknowledge support from
have observed in mixed valence ruthenium dimers is due to anNSF CHE-0616279. We would like to thank Prof. Tasuku Ito
increase in the rate of dynamic electron exchange, not thefor many helpful discussions.
intrinsic temperature dependence of IR bandshapes.
Supporting Information Available: The peak position and

. full width at half-maximum values for(CO) bands ob and
IR spectral analysis has been used to probe the effects of __ . . S .
. . 57 in CHyCl; and CHCN. This material is available free of
solvent upon the rates of electron transfer in mixed valence .
charge via the Internet at http://pubs.acs.org.

4. Conclusions

(22) Turner, J. JHandbook of Vibrational Spectroscapjohn Wiley and Sons
Ltd.: 2002; Vol. 1, pp 10+127. JA072653M
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