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Intramolecular electron transfer (ET) rates in various solvents of mixed-valence biferrocene monocation (Fe(II),
Fe(III)) and the 1′,1′′′-diiodo and 1′,1′′′-diethyl derivatives (respectively abbreviated as BFC+, I2BFC+, and
Et2BFC+) were determined by means of the spin-lattice relaxation times of the protons, taking into account
the local magnetic field fluctuation caused by the electron hopping between the two ferrocene units. We also
determined the ET rates of a mixed-valence diferrocenylacetylene monocation (DFA+) in order to examine
the effect of the insertion of an acetylene bridge between the two ferrocene units. The insertion of the bridge
decreased the ET rate, while the effect of substitution on the cyclopentadienyl rings on the rate was minor.
The observed rates for each mixed-valence monocation in various solvents did not correlate with the
reorganization energies, but we did find a significant contribution of the solvent dynamics. The observed
rates were considerably higher than those expected on the basis of the Sumi-Marcus-Nalder model in which
the solvents were regarded as dielectric continua. The slope of the logarithm plot of the pre-exponential
factors in various solvents for each mixed-valence monocation versus the inverse of the longitudinal dielectric
relaxation times of the solvents was significantly smaller than unity, and the slope for DFA+ was larger than
those for BFC+, I2BFC+, and Et2BFC+. These results were ascribed to a partial contribution of the dielectric
friction to the dynamics along the solvent coordinate; the extent of the contribution decreased with a reduction
in the ET distance. For the dynamics along the solvent coordinate of the ET reactions in methanol, the observed
rates indicated an important contribution by the minor dielectric relaxation components with faster relaxation
times, rather than the major component with an extraordinarily long relaxation time.

1. Introduction

In electron transfer (ET) rates in solutions, the solvent often
plays an important role because of the strong electrostatic
coupling between the migrating charge and the solvent.1 The
solvent effect on the rates has usually been dealt with by a
model, devised by Marcus in the 1950s, that considered the static
contribution of the solvent;2,3 i.e., the solvent-dependent rate is
ascribed to a solvation-induced change in the free energies of
the reactant and the product. On the other hand, remarkable
progress in the experimental and theoretical studies of ultrafast
charge transfer processes within the last two decades has
provided new points of view to understand the solvent effect
on ET reactions. One of the most important outcomes of these
studies is the confirmation of the contribution of the dynamic
properties of the solvent to the reaction rates.1,4-9

Various models of such a “dynamical solvent effect” currently
exist. One of the most representative treatments is presented
by Sumi, Marcus, and Nadler in their two-dimensional model.10,11

They divided a reaction into two processes based on a difference
in the time scale: The first is a reaction along a coordinate
expressing the nuclear position changes brought about by
internal vibrations (the internal coordinate); the second is marked
by a solvation free energy change with a fluctuation of the
surrounding solvent (the solvent coordinate). In the model, the
contribution of solvent dynamics to the rate is treated as a
friction for the dynamics along the solvent coordinate.

In the dynamics along the solvent coordinate, the solvent is
often regarded as a dielectric continuum. On the other hand, a
contribution of the inertial or local modes of the solvent with a
faster time scale than the dielectric relaxation is found in red
shifts in time-resolved fluorescence spectra, which directly
reflect the solvation process occurring after a change in the
charge distribution of a solute,4,12 as well as in computer
simulation results.12,13 The contribution of such fast solvent
modes is, in fact, taken into consideration for the interpretation
of rates in some ET systems.14 Moreover, molecular dynamics
(MD) simulations and theoretical predictions indicate that the
(average) relaxation time of the solvation free energy depends
on the size of the probe molecule and on the magnitude of the
instantaneous change in the dipole moment.13 These experi-
mental results and theoretical predictions suggest that the extent
of the contribution of the dielectric relaxation mode to the
dynamics along the solvent coordinate of an ET reaction depends
on the magnitude of the displacement of the spatial charge
distribution accompanying the ET reaction. The verification
from this point of view by systematic experimental studies
would be an indispensable benchmark for the refinement of
models or theories involving a coupling between a reaction
system and its environmental dynamics.

For this purpose, we have focused on the intramolecular ET
reactions of the biferrocene monocation (Fe(II), Fe(III)), BFC+,
and its derivatives, which are assigned to the class-II-type mixed-
valence monocations.15 In our previous papers, we reported
intramolecular ET rates of BFC+ on the picosecond time scale,
which were obtained by the detection of the nuclear spin* E-mail: masuda@cc.ocha.ac.jp.
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relaxation caused by a local magnetic field fluctuation ac-
companying the electron hopping between the two ferrocene
units.16 In the present paper, we compare the solvent dependence
of the ET rate of BFC+ with the analogous mixed-valence
monocations with ethyl or iodine substituents on the cyclopen-
tadienyl rings and with an acetylene bridge between the two
ferrocene units (Scheme 1). The substitution produces a change
in the molecular volume, and the insertion of the bridge brings
about a change in the ET distance. A comparison of the solvent
dependences of the observed ET rates of these mixed-valence
monocations is, therefore, expected to demonstrate how a
variation in the magnitude of the electric field change ac-
companying the ETs is related to the extent of the contribution
of the solvent dielectric relaxation mode to the ET rates.

The present intramolecular ET system has no driving force
(i.e., it has a symmetrical ET potential), and both the reactant
and the product are in the electronic ground states, so that the
system is thermally equilibrated. In contrast, most of the
previously studied ultrafast ET reaction systems contain pho-
toexcited state(s) because of the use of a pulse laser technique.
Such ET processes, after photoexcitations, usually have large
driving forces.1 In this situation, the participation of the highly
vibrational excited states of the product in the ET reaction
sometimes make a significant contribution to the observed rate,
since the vibrational states enable a multichannel transition
between the reactant and the product.14,17,18

The reaction system of the present mixed-valence biferrocenes
is free from such complications of the reaction path that
sometimes cause difficulties in the extraction of the dynamical
contribution of thesolvent to the rates. Additionally, the ET
reactions in these systems are rather general, and still funda-
mental in the fields of chemistry and biology, and commonly
occur in many inorganic19 and organic20 mixed-valence systems.
Nevertheless, quantitative information on the intramolecular ET
rate constants exceeding 1011 s-1 has been reported only for
the biferrocene monocation (BFC+) and for the mixed-valence
dimers of trinuclear ruthenium triacetates.21

2. Experimental Section

2.1. Materials. Biferrocene (BFC), 1′,1′′′-diiodobiferrocene
(I2BFC), 1′,1′′′-diethylbiferrocene (Et2BFC), and diferrocenyl-
acetylene (DFA) were synthesized by literature methods.22-26

The hexafluorophosphate salts of the mixed-valence biferrocene
monocations of BFC, I2BFC, and Et2BFC were prepared by
modifying a method previously reported.16aA methanol solution

of 0.1 M HPF6 was added dropwise to a benzene or dichloro-
methane solution containing a biferrocene or a derivative and a
small excess ofp-benzoquinone cooled with ice, and was stirred
for 20-30 min. The precipitates of the mixed-valence mono-
cations were collected and recrystallized from dichloromethane
or benzene. When the same procedure was applied to obtain
the hexafluorophosphate salt of DFA+, the dication salt, DFA-
(PF6)2, was precipitated. The solutions of DFA+ for the
spectroscopic measurements were prepared by dissolving the
equimolar mixture of the dication salt, DFA(PF6)2, and the
neutral DFA. All the above procedures were carried out under
a dry argon atmosphere.

2.2. Spectroscopic Measurements.The 1H NMR spectra
were obtained with a JEOL GSX-400 or an AL-400 Fourier
transform spectrometer operating at 400 MHz. The spin-lattice
relaxation times,T1, were measured by an inversion-recovery
method. The chemical shifts were determined by the use of
trimethylsilane (TMS) as an internal reference. The measure-
ments were performed with 5-mm (o.d.) cylindrical tubes, and
the temperature was controlled within(0.5 °C. The X-band
electron spin resonance (ESR) spectra were measured with a
JEOL FE-ESR spectrometer at a 9.1 GHz microwave frequency.
The near-IR spectra were measured with a Shimazu UV 3100PC
spectrophotometer. The band maxima and the widths for the
intervalence transitions were determined by Gaussian curve
fitting.

The sample solutions for the spectral measurements were
prepared by distilling the solvents into sample tubes with the
mixed-valence monocation salts under vacuum, and the tubes
were torch-sealed. These procedures were carried out with a
vacuum line. The solvents had previously been dried and
degassed. The deuterated solvents (>99.9 atom %, provided
by Isotec, Inc., or Aldrich, Inc.) were used for the NMR
measurements without further purification. The protiated sol-
vents for the other measurements were dried and distilled by
the usual methods before use.

The NMR and ESR measurements for the biferrocene
monocation salt solutions were carried out at concentrations of
about 0.5 mM of the salts unless otherwise noted.

In the NMR spectra of the fulvalene and the cyclopentadienyl
moieties, the protons of the monocation of the mixed-valence
biferrocene derivatives partially overlapped, as shown in Figure
1. Each intensity and position of each peak needed to obtain
the protonT1value and the shift were determined by a Lorentzian
curve fitting method.

2.3. 1H NMR Signal Assignment of the Mixed-Valence
Monocations.The1H signal assignment for the mixed-valence
monocations was carried out by the following procedure. Small
amounts of an acetone solution of iodine were successively

SCHEME 1

Figure 1. NMR spectra of 1′,1′′′-diethylbiferrocene (left) and the
mixed-valence monocation (right) at 298 K in acetone.
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added to an acetone solution of each neutral biferrocene. The
correspondences of the respective proton signals of each mixed-
valence monocation to those of the neutral were determined by
plotting the observed shifts against the fraction of the mixed-
valence monocation oxidized by the added iodine. The signal
assignments for the neutral monocations were determined on
the basis of the results of the H-H correlation spectroscopy
(COSY) and the protonT1 measurements.27

3. Results

3.1. Determination of the Intramolecular ET Rate Con-
stants.The electron hopping (intramolecular ET) between the
two iron atoms causes a fluctuation of the local magnetic field
at the protons in the mixed-valence monocation. The intramo-
lecular ET rates were determined from the observation of the
proton spin-lattice relaxation caused by the fluctuation. The
procedure in detail is given in our previous paper.16a

The spin-lattice relaxation times of the fulvalene protons of
the mixed-valence monocations were used for the determination
of the ET rates, since the internal rotations of the cyclopenta-
dienyl rings around the pseudo C5 axes contributed to the
cyclopentadienyl proton relaxations.28 The inverse of the
observed spin-lattice relaxation times for the two kinds of
fulvalene protons, labeled fv1 and fv2 in Figure 1, were
averaged, because the difference in the values was within the
experimental error. The averaged values,T1,obs, are shown in
Figure 2 and in the Supporting Information.29 Considering the
rapid electron hopping between the two iron atoms and the much
shorter T1,obs values than those for the respective neutral
monocations, e.g., the values are 13 s and 1.6 ms, respectively,
for I2BFC and I2BFC+ in acetone at 298 K, the proton relaxation
rate due to the interaction with the unpaired electron,T1 para

-1,
is then denoted by30

The relaxation rate thus obtained,T1para
-1, mainly consists of

two terms: the first, denoted asT1dip
-1, is due to the magnetic

dipolar interaction, and the second, labeledT1hyp
-1, is due to

the hyperfine interaction with the electron spin. Thus

The respective terms in eq 2 in common liquids are represented
by31,32

In these equations,ωS, γH, â, A, andrIS represent, respectively,
the Larmor frequency of the electron spin, the gyromagnetic
ratio of the observed nucleus, the Bohr magneton, the hyperfine
parameter, and the distance between the nucleus and the electron
spin. The value ofg2 is given by the relation,g2 ) (g|

2 + 2g⊥
2)

+ g|
2 cos2 θ + g⊥

2 sin2 θ, whereg| andg⊥ indicate the parallel
and perpendicularg values, respectively, andθ is the angle
between the main axis of theg tensor and the vector connecting
an observing proton and the electron spin.

The variables,τc1, τc2, and τ′c2, in eqs 3a and 4a are the
correlation times of the fluctuations of the magnetic interaction
(see below). These fluctuations are caused not only by the
reorientational motion of the monocation and the electron spin
relaxation, but also by the electron hopping (the electron
transfer) between the two iron atoms. For example, the change
in the distance between an observing proton and the unpaired
electron spin in the mixed-valence monocation,rIS, due to the
ET generates a significant fluctuation of the local magnetic field
at the proton, because the field depends onrIS

-6, as shown in
eq 3b.31-33 The correlation times are then represented by16

Figure 2. Averaged values of the observedT1 of protons of bridging groups in mixed-valence biferrocene monocations. (a) BFC+(closed circle),
Et2BFC+ (closed triangle), I2BFC+ (closed square), and DFA+ (closed inverted triangle) in acetone. (b) TheT1 values for Et2BFC+ in acetone
(closed circle), acetonitrile (closed triangle), dichloromehane (open circle), nitromethane (open square), nitrobenzene (closed square), methanol
(closed inverted triangle), and ethylene glycol (open inverted triangle).

T1 para
-1 ≈ 2T1 obs

-1 (1)

T1para
-1 ) T1dip

-1 + T1hyp
-1 (2)

T1dip
-1 ) Kdip [3τc1 + 7τc2/(1 + ωS

2τc2
2) ] (3a)

Kdip ) (2/10)γH
2g2â2r IS

-6 (3b)

T1hyp
-1 ) Khyp [τ′c2/(1 + ωS

2τ′c2
2)] (4a)

Khyp) (1/2)(A/p)2 (4b)
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whereτr, T1e, T2e, andket denote the reorientational correlation
time of the monocation, the spin-lattice and the spin-spin
electron spin relaxation time, and the ET rate constant,
respectively. If the ET rate is comparable to, or even faster than,
the molecular reorientation and the electron spin relaxation,ket

significantly contributes toτc
-1.

In the case of BFC+, τr and T2e (eT1e) are, respectively,
estimated to be 8× 10-11 s and.7 × 10-11 s in acetone at
298 K.16 These values are significantly larger than the observed
value of τ1c ≈ τ2c ≈ τ′2c ≈ 2.9 × 10-12 s, that is, these
correlation times are approximately equal toket

-1.34 The
rotational correlation times of Et2BFC+, I2BFC+, and DFA+

are expected to be longer than that for the biferrocene mono-
cation, because the molecular volumes of these derivatives are
larger than that of BFC+.35 The electron spin-spin relaxation
times,T2e e T1e, of the mixed-valence biferrocene derivatives
are estimated to be similar to or longer than those for BFC+.36,37

Consequently, the approximation,τ1c ≈ τ2c ≈ τ′2c ≈ ket
-1, is

also valid for the present mixed-valence biferrocene derivatives.
The intramolecular ET rate can thus be determined from the

observed relaxation time,T1obs, if one obtains the values ofKdip

andKhyp in eqs 3 and 4, respectively. TheKdip value for each
mixed-valence monocation is given by theg| andg⊥ values and
the geometry of the mixed-valence monocation. Theg| andg⊥
values were given by ESR measurements in frozen solutions
and are listed in Table 2.38,39TherIS andθ values were obtained
on the basis of the X-ray crystal data.15d,39-41 The Khyp values
are given by the hyperfine parameters, (A/p), which themselves
were determined from the proton paramagnetic shifts;31,32 the
results are shown in Table 1. (The detailed procedure to
determine the values is provided in the Appendix.) TheK1hyp

values thus estimated were much smaller than theKdip values
for the corresponding mixed-valence monocations, which
implies that

The intramolecular ET rates,ket, thus determined from the
observed T1obs values in various solvents and at various
temperatures, are given in the Supporting Information.

3.2. Reorganization Energies and Electronic Coupling
Elements. The observed band maxima of the intervalence
transitions (ITs) of the mixed-valence biferrocene derivatives,
Eop, are linked to the reorganization energies,λ, by the following
relation:42

Here, λis and λos represent the internal and outer sphere
reorganization energies, respectively.

The electronic couplingvalue,Hab, for each mixed-valence
monocation was estimated from the IT band spectra and the
change in the dipole moment for the intervalence transition
according to Hush relation.42-44 The values ofHab in acetone
are listed in Table 2. The effect of the band shift and the change
in the intensity in different solvents on theHab values was
comparable to or even smaller than the inaccuracy in the
measurements. Thus, theHab value for each mixed-valence

monocation in acetone was commonly used in the other solvents.
The electronic couplings thus obtained were significantly
decreased by the insertion of an acetylene bridge between the
two ferrocene units; however, the effect of the substitution on
the cyclopentadienyl rings was minor. Such a trend in the
magnitude of the mixing of the electronic states of the reactant
and the product is also suggested by the first and second redox
potential difference,∆E1,2,45 due to a stabilization of the mixed-
valence states, as shown in Table 2.

The internal reorganization energy for BFC+ is estimated to
be 33 kJ mol-1 by Williams et al.,46 who take into account the
three internal vibrational modes: the cp-Fe-cp stretching mode
(294 cm-1), the cp-Fe-cp bending mode (504 cm-1), and the
ring breathing mode (1100 cm-1). They also considered the
respective normal coordinate displacements of the reactant/
product, which were given by the time-dependent analyses of
the resonance Raman scattering intensities. On the other hand,
if the solvents are regarded as a dielectric continuum, the internal
reorganization energy for each mixed-valence monocation could
be estimated from the intercepts of the plot of the total
reorganization energies,λ, versus the Pekar factors of the
solvents,εop

-1 - εS
-1, whereεop andεS are the optical and static

dielectric constants, respectively.48 Plots of λ versusεop
-1 -

τc1
-1 ) τr

-1 + T1e
-1 + ket (5a)

τc2
-1 ) τr

-1 + T2e
-1 + ket (5b)

τc′2
-1 ) T2e

-1 + ket (5c)

2T1obs
-1 ≈ T1para

-1≈ T1dip
-1

Eop ) λ ) λis + λos (6)

TABLE 1: Proton NMR Shifts and g Values of
Mixed-Valence Biferrocene Monocations

g| g⊥

(∆ν/ν0)obs
h,i

ppm
(∆ν/ν0)diph

ppm
(∆ν/ν0)hyph

ppm
A/hh

106 s-1

Fc+ 4.35a 1.26a

BFC+ 3.40b 1.63b -19.5 (-4.26) 5.1 -35.6 7.9
3.38c 1.67c

3.35d 1.60d

3.20e 1.52e

Et2BFC+ 2.92e 1.92e -30.3 (-4.19) 3.8 -34.1 7.2
3.18f 1.81f

I2BFC+ 3.34e 1.78e -20.5 (-4.29) 3.7 -36.1 7.6
3.15f 1.84f

3.05g 1.89g

DFA+ 3.33f 1.80f -17.1 (-4.30) 0.6 -26.1 5.4

a Measured in the frozen acetone solution of the PF6
- salt at 20 K

(ref 37). b Measured in the frozen acetone solution of the BF4
- salt at

98 K (ref 16a).c Measured in the frozen acetone solution of the BF4
-

salt at 170 K (ref 16a).d Measured in the frozen methanol solution of
the BF4

- salt at 170 K (ref 16a).e Measured for the powder sample of
the PF6- salt at 98 K.f Measured in the frozen acetone solution of the
PF6

- salt at 98 K.g Measured in the frozen acetonitrile solution of the
PF6

- salt at 98 K.h The average values of the shifts from TMS for the
two fulvalene protons in acetone-d6 at 298 K. i The values in parentheses
indicate shifts for the neutral complexes.

TABLE 2: Electron Transfer Rate Constants,
Reorganization Energies, and Electrochemical Data of
Biferrocene Monocations at 298 K in Acetone

BFC+ Et2BFC+ I2BFC+ DFA+

ket(1011 s-1) 3.5 3.4 3.5 1.0
Eop (cm-1) 5640 5400 5490 7510
ε (cm-1 mol L-1) 750 812 730 425
λis (kJ/mol) 37 37 37 52
λos (kJ/mol) 31 28 29 37
Hab (kJ/mol) 10.8 12.1 10.4 8.1
E1/2(+1/0) 0.36a 0.28a 0.49b 0.46c

E1/2(+2/+1) 0.68a 0.63a 0.81b 0.60c

∆E1/2 0.32a 0.35a 0.32b 0.14c

a The measurements are run in 0.1 Mn-Bu4NClO4 acetonitrile
solution (ref 45a).b The measurements are run in 0.1 Mn-Bu4NClO4

acetonitrile solution (ref 45b).c The measurements are run in 0.1 M
n-Bu4NPF6 dichloromethane solution (ref 45c).
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εS
-1 for the present mixed-valence monocations are shown in

Figure 3. Though the plots for BFC+, Et2BFC+, and I2BFC+

contained considerable scatter, they exhibit comparable slopes
and 0-intercepts: The 0-intercepts were, respectively,∼36,∼37,
and ∼40 kJ mol-1 for BFC+, Et2BFC+, and I2BFC+.49 (The
appreciable deviations in dichloromethane and in alcohols
marked by open symbols will be discussed in sections 4.2 and
4.3.) Here, the inner-sphere reorganization energies of Et2BFC+

and I2BFC+ are assumed to be an average value of the observed
0-intercepts, 37 kJ mol-1, for the following reasons: (i) Similar
intercepts were found in the Pekar plots. (ii) These intercept
values are close to theλis value of BFC+, 33 kJ mol-1,

determined on the basis of the resonance Raman measure-
ments.46,47 (iii) Some properties of these mixed-valence mono-
cations are similar to each other, e.g., the metal-ligand
distances,50 the separations in the first and the second redox
potential, ∆E12,45 the electronic coupling elements, and the
hyperfine parameters of the fulvalene protons. (See Table 2.)

The Pekar plots for DFA+ were generally linear except those
in dichloromethane and methanol, which are represented by open
symbols as shown in Figure 3. The 0-intercept in the plot has
a value of 52 kJ mol-1, significantly higher than theλis value
for BFC+ (37 kJ mol-1). The internal reorganization energy of
DFA+ is expected to be higher than those of R2BFC+ (R ) H,
Et, and I) for the following reasons: the higher frequency shift
of the IT band, the smaller electronic coupling element, the
longer ET distance, and the larger separation in the first and
second redox potentials.45 Considering these facts, the use of
the value of 52 kJ mol-1 for λ is of DFA+ is practically
acceptable.

The outer sphere reorganization energies are given by the
electronic coupling elements and the internal reorganization
energies estimated above. As shown in Table 2, theλos values
thus obtained were increased by the insertion of an acetylene
bridge.

4. Discussion

4.1. ET Rates.The observed intramolecular ET rate constants
for the present mixed-valence biferrocenes,ket, ranged between
1-4 × 1011 s-1 at room temperature. The present rate data
represent a unique report of thermally equilibrated intramo-
lecular ET rates, except for those of the mixed-valence dimers
of trinuclear ruthenium clusters bridged by pyrazine or bipyri-
dine.21 The ET rates of the ruthenium complexes are similar
to, or even faster than, those for the mixed-valence biferrocenes,
despite the twofold or higher reorganization energies of the
former. These excessively high rates for the ruthenium com-
plexes may have originated in their much larger electronic
coupling elements,Hab ≈ 24 kJ mol-1.

The ET rates obtainedfor DFA+ might be compared with
those for “hypotheticalintramolecular ET rates” in the precursor
complex of Fc+ and Fc0 in the course of their self-exchange
reaction, because the ET distance in the precursor complex of
the Fc+/Fc0 is assumed to be similar to that in DFA+.51,52 The
observed rates for DFA+ in the present study are nearly 2 orders
of magnitude higher, the difference that could be attributed to
the importance of the bond-through interaction between the two
iron atoms in the ET. However, we do not dwell on this point,
because the estimation of the hypothetical intramolecular ET
rates in the precursor complex from the observed self-exchange
rates contains ambiguities, and because the information about
the reaction parameters of the precursor complex is poor.

The insertion of an acetylene bridge between the ferrocene
and the ferrocenium unit clearly engendered a decrease in the
ET rates and an increase in the temperature slopes, as shown in
Table 2 and Figure 4. These changes correspond to an increase
in the reorganization energy. On the other hand, the substitution
on the cp rings by iodine or ethyl groups had a minor effect.

4.2. Dynamical Solvent Effect onket. The solvent depen-
dence in the observed rates of each monocation did not correlate
with the reorganization energies (see Figure 3). On the other
hand, as depicted in Figure 5, noticeable decreases in the rates
were observed in highly viscous solvents such as dinitrobenzene
and ethylene glycol, despite the fact that their reorganization
energies were comparable to, or even lower than, those of the

Figure 3. Plots of reorganization energies,λ, for mixed-valence
biferrocene monocations in various solvents against the Pekar factors
(εop

-1 - εs
-1), whereεop andεs are the respective solvent optical and

static dielectric constants: BFC+ (closed circle), Et2BFC+ (closed
triangle), I2BFC+ (closed square), and DFA+ (closed inverted triangle),
except for those in dichloromethane and methanol, which are indicated
by open symbols. The closed symbols for methanol are plots against
the Pekar factor corresponding to the fastest relaxation assuming
multiple (three) dielectric relaxations of the solvent,εop

-1 - ε3
-1. The

large and small symbols, respectively, indicate the data from the present
study and from literature reports (refs 45c and 48). The numbers in
the figure indicate the following: 1, acetone; 2, acetonitrile; 3,
dichloromethane; 4, methanol; 5, ethylene glycol; 6, nitromethane; 7,
nitrobenzene; 8, propyronitrile; 9, butyronitrile; 10, benzonitrile; 11,
propylene carbonate. Solid, dashed, dot-dashed, and dotted lines
indicate the least-squares fitting results, respectively, for BFC+,
Et2BFC+, I2BFC+, and DFA+. For the fitting, the data in dichloro-
methane are excluded. For methanol, the plots against the Pekar factor
corresponding to the fastest relaxation assuming multiple (three)
dielectric relaxations of the solvent,εop

-1 - ε3
-1, are used for the fitting

insted of those againstεop
-1 - εs

-1.
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other solvents. This result suggested a contribution of the
dynamic properties of the solvent to the rates.

The solvent effect on the rates was treated by separating the
reaction into two processes on the basis of the Sumi-Marcus-
Nadler model:10,11 (i) The system diffuses, suffering solvent
friction along the solvent polarization axis,x; and (ii) at a certain

position on the solvent coordinate, the system reacts along the
internal vibrational coordinate,q, with a rate,ki(x). For reversible
ET systems, the formulation and numerical calculations for ET
rates under various conditions are given by Zhu et al.53

In the present system, the barrier for the reaction along the
internal coordinate,λis/4, is of a similar order to the zero point
energies of the internal vibrations involved in the reaction, e.g.,
about 300 cm-1 for the cp-Fe-cp stretching mode; the estimated
electronic coupling,Hab, is similar to or even higher than the
internal barrier. Moreover, this ET system reveals the importance
of nuclear tunneling. For example, an intramolecular ET rate
with a time scale shorter than 10-10 s was reported for I2BFC+

in the crystalline state, even at 4 K.15c,39a Considering these
points, we regard the effective reaction barrier along the internal
coordinate,q, to be much smaller than the solvent reorganization
energy in the present ET system. The ET rate is then ap-
proximated by53,54

The ET rate is thus dominated by the process along the
solvent coordinate, and as can be seen in eq 7, the solvation
relaxation time,τs, directly controls the ET rate. If a solvent is
regarded as a dielectric continuum, thenτs is equal to the
dielectric longitudinal relaxation time,τL, of the solvent. The
ket values in acetone at various temperatures, calculated on the
assumption thatτs ) τL, are shown in Figure 4. The calculated
values were lower and the temperature slopes somewhat steeper
than those observed. The common underestimation in the
calculations for the subject mixed-valence monocations can
probably be ascribed to the effective solvation times,τs, being
smaller thanτL.

The solvation relaxation time,τs, in eq 7 corresponds to the
relaxation time of the solvation free energy for the new
electronic charge configuration generated by the ET reaction.
Such solvation relaxation times are individually observed by
the time-dependent Stokes shifts in the luminescence of dyes
after photoexcitation in a polar medium. However, most of the
averaged relaxation time observed for probe dyes with relatively
large dipole changes on photoexcitation indicates a rather longer
relaxation time thanτL.12 Theories based on a dielectric
continuum model also predict a longer relaxation time than
τL.12b,55On the other hand, the relaxation time exhibits a probe
dependence, as shown in recent studies of a reference interaction
site model (RISM) theory.13b The dipole changes on the ET,
∆µ, (estimated to be∼3.5 D for the ET reactions of BFC+)46

is considerably smaller than those for the photoexcitations of
most of the probe dyes: e.g.,∆µ ≈ 7.5-9.5 D for coumarin
153 (C153).56 Furthermore, the two iron atoms, which take the
central role in the charge migrations, are surrounded by the
cyclopentadienyl rings. In contrast, in many of the probe dyes,
oxygen and/or nitrogen atoms with relatively high charge
densities, particularly in the electronically excited state(s), are
exposed to the solvent. The restricted space available for charge
movement, roughly equal to the dimension of solvent molecules,
or the weaker perturbation to the solvent may elicit the shorter
effective solvation times.

The effect of the solvent dynamics on the solvent dependence
of the ET rates is directly reflected in the pre-exponential factors,
νn, as shown in eq 7. To evaluate the contribution of the
dielectric continuum mode of the solvent to the dynamics along
the solvent coordinate of the ET reaction, we have plotted the
logarithms of the observed pre-exponential factors,νn(obs) )

Figure 4. Temperature dependences of the observed rate constants
for BFC+ (closed circle), Et2BFC+ (closed triangle), I2BFC+ (closed
square), and DFA+ (closed inverted triangle) in acetone. The open small
symbols indicate the rates calculated with eq 7, assumingτs ) τL.

Figure 5. The observed ET rate constants for Et2BFC+ in acetone
(closed circle), acetonitrile (closed triangle), dichloromethane (open
circle), nitromethane (open square), nitrobenzene (closed square),
methanol (closed inverted triangle), and ethylene glycol (open inverted
triangle) at 298 K.

ket ≈ νn exp(-λos/4RT) (7a)

νn ≈ (2τs)
-1(λos/4πRT)1/2 (7b)

7024 J. Phys. Chem. A, Vol. 110, No. 22, 2006 Masuda and Shimizu



ket(obs)/exp(-λos/4RT), relative to those in acetone againstτL
-1

in Figure 6.57 In most of the solvents, a roughly linear relation
can be seen in the logarithm plot for each monocation. However,
the slopes,â, given by a least-squares fitting for the plots in
Figure 6 are less than unity for all the monocations; thus, the
coupling with the solvent as a dielectric continuum is insuf-
ficient. The obtainedâ values for the acetylene-bridged bifer-
rocene monocation, DFA+, with the longer ET distance, are
significantly larger than those for BFC+, I2BFC+, and Et2BFC+;
i.e., a charge migration with a larger space increases the coupling
with a solvent dielectric medium.

Such behavior of the solvent dynamical effect is phenom-
enologically quite similar to that seen in molecular rotation. The
experimental results givingâ values for the logarithm plots of
the observed rotational relaxation times of polar molecules or
ions against those calculated on the basis of dielectric friction
models suggest that the contribution of the dielectric friction
of the solvent becomes insufficient with decreasing the molec-
ular (ionic) sizes or the magnitudes of the multipoles.58

In dichloromethane, theνn value for each mixed-valence
monocation is significantly low compared with those in the other
solvents, as shown by the open symbols in Figure 6. Due to
the low dielectric constant of the solvent, low energy shifts of
the IT band maxima of BFC+ and DFA+ in dichloromethane,
ascribed to ion pairing, were observed even at concentrations
much less than 0.5 mM of the monocations.15e,59The electric

field relaxation caused by the configurational fluctuation and
the dissociation of the ion pair is a significant contributor to
the τs value in eq 8, since the ion pair formation affects the
outer sphere reorganization energy. The field relaxation by the
counteranion, with a much slower time scale than that of the
dielectric relaxation of the solvent, thus brings about the low
νn(obs) values in dichloromethane. Such a decrease in ET rates
or pre-exponential factors by slow counterion dynamics is also
found in the intramolecular ETs of organic radicals.60

4.3. ET Rates in Methanol.A characteristic behavior in
methanol found in the plots in Figure 6 (symbols numbered 4)
is worthy of comment. The dielectric relaxation of methanol
shows a non-Debye multiple relaxation behavior, and the main
relaxation is abnormally long, 51 ps, compared with the other
solvents used in the present study.61 The observedνn values in
methanol were, however, comparable to those in the other
solvents. On the other hand, the plots ofνn against the relaxation
times of the minor components with shorter relaxation times,
which are assigned to such local motions of methanol as the
OH group reorientation, (indicated by the closed symbols
numbered 4 in Figure 6), approach the trend of the other
solvents. This result indicates that the rapid and local solvent
dynamics exerts more control over the ET rate than the slower
main relaxation component, which is assigned as the relaxation
of an alcohol chain-like cluster structure. The solvent relaxation,
with a similar scale in time and space to the charge migration
in the ET process, effectively generates the friction for the
reaction dynamics along the solvent coordinate. In contrast, the
relaxation of a mesoscale alcohol chain-like structure does not
participate in the ET rates. A similar behavior in alcohols is
also found for the rotation of small molecules (ions); that is,
the contribution of the faster dielectric relaxation to the rotational
friction is relatively important compared to that of the slower
main relaxation.58 On the other hand, the average solvation
relaxation time derived from measurements of the time-
dependent Stokes shift of C153 in alcohols is about 1 order of
magnitude longer than that in acetone.62

A similar characteristic behavior in methanol is found in the
Pekar plots of the reorganization energies in Figure 3; the use
of the dielectric constants for the fastest (minor) dielectric
relaxation components (closed symbols numbered 4) enables
the plots in alcohols to approach the trend of the plots of the
other solvents. This result also indicates that, as conjectured
from the observed ET rates in alcohols, the slow main relaxation
modes of the alcohols scarcely respond to the solvent reorga-
nization due to the electron hopping between two iron ions.

5. Conclusion

The intramolecular ET rates of the mixed-valence biferrocene
monocation in various solvents were determined by the proton
spin-lattice relaxation measurements, evaluating the contribu-
tion to the rates of local field fluctuation caused by electron
hopping between the two iron atoms. The observed rates were
decreased by the insertion of an acetylene bridge between the
two ferrocene units, but the effect on the rates of substitution
on the cyclopentadienyl rings was minor. The rates for each
monocation in different solvents did not correlate with the
reorganization energies, but were noticeably retarded in viscous
solvents.

The solvent dynamic contribution was analyzed on the basis
of the Sumi-Marcus-Nadler model. The subject system is
considered to be controlled mainly by the dynamics along the
solvent coordinate. The comparison of the observed rates or
the pre-exponential factors,νn, to those calculated regarding the

Figure 6. Plots of observed pre-exponential factors,νn, relative to those
in acetone against longitudinal dielectric relaxation times,τL: BFC+

(closed circle), Et2BFC+ (closed triangle), I2BFC+ (closed square), and
DFA+ (closed inverted triangle) at 298 K, except for those in
dichloromethane and methanol. The data in dichloromethane are
indicated by open symbols. The open and closed symbols for methanol
are, respectively, plots against the relaxation times for the main
relaxation,τ1, and that for the fastest relaxation component,τ3, assuming
multiple (three) relaxations. The numbers in the figure indicate the
following: 1, acetone; 2, acetonitrile; 3, dichloromethane; 4, methanol;
5, ethylene glycol; 6, nitromethane; 7, nitrobenzene. Solid, dashed, dot-
dashed, and dotted lines indicate the least-squares fitting results,
respectively, for BFC+, Et2BFC+, I2BFC+, and DFA+, excluding the
data in dichloromethane. For methanol, the plots againstτ3 are used
for the fittings instead of those againstτ1.
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solvent as a dielectric continuum indicated that the solvent
dielectric friction was partly responsible for the dynamics along
the solvent coordinate, and that the extent of its contribution
for DFA+ was larger than those for BFC+, I2BFC+, and Et2-
BFC+. These results suggest that the extent of the dielectric
friction effect depended on the ET distance or the dipole change
between the reactant and product.
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6. Appendix

This section describes a procedure to determine the hyperfine
coupling constant,A. Assuming axial symmetry for theg tensor
and the isotropic hyperfine interaction, the NMR shift caused
by the interaction with the electron spin, (∆ν/ν0)para, is repre-
sented by31

where (∆ν/ν0)hyp and (∆ν/ν0)dip indicate the shifts caused by
the hyperfine and dipolar interactions, respectively. The values
of (∆ν/ν0)para for the mixed-valence monocations were deter-
mined from the shift difference between the monocations and
the respective neutral biferrocenes. In the present systems, the
doubled values of the observed shift difference were used for
(∆ν/ν0)para because the NMR spectra of the fulvalene protons
were averaged over those in the ferrocene and the ferrocenium
site (see Figure 1). Thus, experimentally obtained (∆ν/ν0)para

values were compared with the (∆ν/ν0)dip values calculated
according to eq A1b, with theg values determined by the ESR
and the crystal structural data. The results shown in Table 1
indicate that the contribution of the dipolar interaction to the
(∆ν/ν0)para term is negligible. Thus, the paramagnetic shift is
mainly attributed to the hyperfine term, (∆ν/ν0)hyp. The hyperfine
coupling constant can then be obtained from the observed shifts
and theg values according to eq A1c.

Supporting Information Available: Table of observed
proton spin-lattice relaxation times and intramolecular electron-
transfer rate constants of BFC+, Et2BFC+, I2BFC+, and DFA+

in various solvents at various temperatures. This material is
available free of charge via the Internet at http://pubs.acs.org.
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