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Solvent Adiabaticity Effects on Ultrafast Electron Transfer in Viologen Charge Transfer
Complexes

Andrew M. Moran, T Ponnu Aravindan, and Kenneth G. Spears*
Chemistry Department, Northwestern Weisity, Evanston, lllinois 60208-3113

Receied: July 29, 2004; In Final Form: December 23, 2004

Charge recombination (CR) kinetics following photoinduced charge transfer are measured by optical transient
absorption for complexes of dimethyl viologen and diheptyl viologen withdighenol (MVBP and HVBP)

in methanol. Exponential time constants for MVBP and HVBP are 480 and 790 fs, respectively. Kinetic
differences cannot be rationalized with a standard equilibrium nonadiabatic rate formula using parameters
obtained from linear absorption and resonance Raman measurements, which give nearly indistinguishable
results for the two complexes. Solvent relaxation times and adiabaticities of MVBP are calculated using a
full solvation correlation function approach. This analysis suggests that the smaller CR rate of HVBP is due
to solvent reorganization differences, and is consistent with a greater adiabatic contribution for HVBP than
MVBP. We conjecture that interactions between the diheptyl aliphatic groups of HVBP and the local solvent
structure are responsible for the CR differences.

I. Introduction relaxation was rigorously modeled in this work by introducing

a diffusive relaxation time and partitioning the solvent reorga-

nization into instantaneous and diffusive components.
Solvent relaxation effects in the inverted region of electron

Standard quantitative descriptions of electron transfer kinetics
treat nuclear relaxation as occurring instantaneously on the time

L L "
?::::?io(;f i;h\?ierv(\alzg“gz.aurg?eer regclgggnil:]mwﬁi% Edﬁlr?g; dg:ﬁ e CItransfer are difficult to study since most environmental changes
P P€giso create energy shifts in the potential surfaces. While

coordinates are cast as q_uant|zed accepting modes, whereas .ﬂ]ﬁtramolecular charge-transfer systems generally possess better-
solvent enters as a classical low-frequency bath. However, th'sdefined geometries than intermolecular complexes, their pro-

model not hold when nuclear relaxation and r ion r :
odel does not hold when nuc ear relaxation a d eactio atescesses are more likely to be strongly coupled and to have solvent
are comparable. Nuclear relaxation that occurs on the time scale

of the reaction may steer a reaction trajectory away from its relaxation components that are coupled to the electronic
Y J y y transition. Weak coupling is desirable because it allows electron

case is solvent control of electron transfer in which the rate isn}?ansfer to be defined in the nonadiabatic regime. The goal of
our work is to probe solvent relaxation effects created by

iﬂo(lyzlglgit:\;r;Igsgnbgécslgonegét?grlgﬂ d(ji:]eleacctjri:br;tliixggr?qn ngeeﬁ tSsolvation of a substituent not directly involved in the electronic
to the nonadiabatic electropn-transfer rat%S' the initial woek was coordinate. This allows comparing CR for two electronically
done by Zusmad.and subsequent treatm’H 7 have been equivalent systems, but with the potential to show solvent
reviewe):j by Bixon’ and Jortn équoIvent control is not common relaxation effects. The two intermolecular complexes considered

- . ’in this work have weakly coupled doneacceptor sites and
but it has been found in several systeén’ Electron transfer y P P

. - reasonably well-defined geometries.
often is much faster than predicted by solvent control models, We have selected a well-characterized charge-transfer com-
and for inverted region electron transfer the solvent is usually 9

treated successfully with standard equilibrium nonadiabatic rate Fk)ilﬁza(t\ilg:ltrng;c;Srlfer;rgg':svgggerneggnmtggufrc])(:sér?zfrezt-rt? zﬁggg; irc])?’n-
models. The intermediate case of finding clear evidence of P 9

solvent relaxation effects on fast nonadiabatic electron transferggrenxeef; ?:'/i\(/)ip e?]n(dM\'\//l)\g%Eé ?(f)rgI\t]vietﬁtilrl]evzggﬁgng(\j/c))ni?d
is often complicated by the difficulty of isolating the solvent y 9 P =P

relaxation in various environments without modifying the rate (BP.)' S_tructure; .Of each component are ShOWF‘ n Flgure L.
controlling energetic parametéisi® We recently isolated Extinction coefficients of the two complexes are identical, and
kinetic effects of diffusive solver{t relaxation by measuring f[he_lr I_mea_r absorption and resonance Raman spectra are almost
electron-transfer rates between ion pairs in aqueous solution an nd|st|ngU|sh_abIe. H_owe_ver, c_harge recombmat_lon (CR) rates
in a glassy trehalosewater matrix2® Rates were shown to or the transient radical ion pairs created by optically pumping
g i ) . o
decrease by factors of-Z in the glass with respect to solution the charge-transfer absorption bands differ-p§5%; MVB'.D. .
with only minor differences in absorption and resonance Raman has the_ fas.teSt CR rate. Thes_e dgta suggest that nonequilibrium
spectra. These systems represent well-defined cases in Whicﬁelaxatlon is responsible for kinetic differences between MVBP
kinetic effects are dominated by solvent dynamics and differ- and HVBP. The CR rates are sufﬂqently fast that.competlng
ences in energetic properties are minimal. Diffusive solvent processes such as radical separation, large amplitude nuclear
' reorganization, and solvent diffusion are negligible.
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the ground to the excited state is negligible. There are a variety
of ways to parametrize the solvent relaxation time, ranging from
simply using the longitudinal dielectric relaxation tiffi¢o a
more rigorous treatment involving the full solvation correlation
function°> The numerator of eq 1 is simply the golden rule
expression for reaction rate and the denominator contains the
adiabaticity parameter

04
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Figure 1. Absorption spectra for complexes of HVBP (dashed) and

MVBP (solid). Structures are shown for alkyl viologen (top) and BP
(bottom). R is—CH; and —(CH,)¢CHs for MV and HV, respectively.

Extinction coefficient / M'cm’™

V2r(VAIAR) [z, + 7] 4

which corrects the golden rule expression for bath dynamics
that occur on the time scale of the reaction.

II. Experimental and Computational Methods
electron paramagnetic resonance. Tdréactor of the aryl-

substituted viologen is 2.00@8which is close to the value for Kinetic measurements were made by optically pumping the
a free electron (2.002 g). The dihedral angle defining the relative charge-transfer absorption at 490 nm and then monitoring the
orientation of the aromatic rings in viologen compounds is decay of the viologen radical cation near its peak absorbance

strongly coupled to the extent of electron delocalizaffihe of 615 nm?! Experiments were carried out using an amplified
angle decreases upon reduction of the dication to form the Ti:sapphire laser system described in a prior publicatforhe
radical. Measurements made for the'4ipyridine dication in 90 fs output of the compressor is centered at 805 nm with a

solution using NMR* and anisotropic magnetic susceptibffty spectral bandwid_th of 22 nm. A laboratory-built near-IR optical
gave angles of 30and 37, respectively. In contrast, the rings ~Parametric amplifier (OPA) was used to generate a 500 nm
of the radical are closer to planarity. Raman and infrared PUMP beam (2J/pulse) with a spectral bandwidth 6.5 nm.
vibrational spectroscopies suggest greater inter-rirg®ond Continuum probe pulses were generated by focusing the
order for the radical compared to the dicatfrin a charge- ~ compressed 800 nm beamana 3 mmthick piece of optical
transfer complex with biphenol, the transition density is expected 9rade sapphire with a 15 cm focal length lens. Pump and probe
to be localized in the aromatic rings of both components, with 0&ams crossed at an angle éfeid were focused to spot sizes
a driving force toward a planar complex in the charge-separated©f 600 and 30Qum, respectively. After the sample, the probe
state. beam was filtered by a short pass interference filtef%0 nm)
While nonadiabatic electron transfer models usually require @nd coupled into an Ocean Optics spectrograph using an optical
a quantum model for rate predictions, we are interested in fiber. Transient absorption from 400 to 750 nm over a time
treating solvent dynamics in a model that can include arbitrarily 'ange of 0 to~4 ps was done using alternating pump on/off
complex solvent relaxation time scales. We omit an explicit sum Pulses with electronics and software by Ultrafast Systems Inc.
over vibronic channels in the interest of clarity and investigate ~Raman spectra were recorded using a 532 nm excitation
a model that uses solvent parameters to create an adiabaticitypource (Spectra Physics, Millennia Vs) focused to a spot size
correction to the nonadiabatic rate. The goal is to compute anof <2 mm at the sample. A notch filter (Kaiser Optical Systems)
effective solvent relaxation time for the CR process in a model was used to block the laser line. Raman scattering was passed
for electron transfer. through a polarization scrambler before being focused through
In this model low-frequency, classically behaved coordinates @ 100um slit into a VM-505 single grating monochromator
are most relevant to solvent relaxation effects, and those effects(Acton Research Corporation). The spectrum was dispersed onto
are often described in terms of reaction adiabaticity. Experi- @ liquid nitrogen cooled CCD detector (Roper Scientific).
mental measurements of time-dependent polar solvation dynam- The chemicals 1;idimethyl-4,4-bipyridinium dichloride
ics are available to use in describing the solvent relax&fion. hydrate, 1,%kdiheptyl-4,4-bipyridinium dibromide, and 4.4
In activated form, the rate constar, for electron transfer biphenol were purchased from Aldrich and used as received.

between statea andb can be written & Methanol was purchased from Fischer. Solutions of MVBP and
HVBP in methanol were prepared using 1:1 ratios of the
V21(VPIAR) exp0G/ksT) components at optical densities of 889 A/mm at the peak
K= > (1) of the charge-transfer absorption. Extinction coefficients of
1+ vV22(VIAR) [T, + 7]

MVBP and HVBP (404 5 M~ cm1) were determined to be
identical using the procedure of Rose and Dréjthe complex

Vis a coupling matrix elemenicu is the classical reorganiza-  ¢an pe studied in methanol at high concentrations, while other

tion energy, common solvents do not have sufficient solubility.
5G — 1 Electronic structure calculations were performed using Gauss-
AG* :( G —Aew) ) ian 98 softwaré! Ground-state geometry optimization were
ab 4 e performed for BP and the MVBP complex using the B3LYP
density functional and 6-311G(d) basis set. In addition, ground-
is the free energy activation barrier, state normal modes were computed for MV and BP. A spherical
surface corresponding to a contour of 0.001 esufbelas
A= 22emksT 3) calculated for MVBP using the VOLUME utility of Gaussian

98 at the B3LYP/6-31G(d) level; this corresponds to the
represents the interaction strength between the solute and bathsuggested cavity radius for Onsager’s dielectric continuum
andr, is the solvent relaxation time in stade We note thaty, model of solvation. The charge is delocalized over the aromatic
can be neglected when thermally activated electron transfer fromrings of the dication.
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Figure 2. Transient absorption kinetics for MVBP and HVBP. The
solid curve (red) is a fitted single exponential of 480 (MVBP) and 790
fs (HVBP). The pump and probe wavelengths are 490 and 615 nm,
respectively.
TABLE 1: Kinetic Fitting Parameters
MVBP

480+ 40

HVBP
790+ 40

parametey

decay time/fs

2 The instrument response function is taken to be hyperbolic secant

in form with a fwhm parameter 0f-200 fs defined by a transient
absorption of rhodamine 6G; the peak location depends on wavelengt
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Figure 3. Transient absorption spectra for the MVBP (red) and HVBP
(black) radical ions at the time delay for peak absorbance. These spectra
are averaged to reduce noise by using 5 time points over a 104 fs
interval.

rhodamine 6G bleach rise time to a hyperbolic secant function.
The pulse width parameter (fwhm) is200 fs and it depends
on the setup conditions. Decay time constants of 48 and
790+ 40 fs were obtained for MVBP and HVBP, respectively.
The HVBP decay is 65% longer than that for MVBP.

Measurements for both complexes were made three times,
and~7 of the lowest noise transient decays over wavelengths
of 580, 600, 615, and 680 nm were averaged to give a standard
deviation of 40 fs. The noise level usuallyi90.0002 absor-
bance units, and the single exponential fit had a redyéeear
unity, which suggests that a single exponential decay is adequate.
The fit sometimes appears to show some very small systematic
deviations, but statistically over many data sets only a simple
exponential form can be fit by these data. The bleach of the
charge-transfer transition is not included in the fit because its
absorbance is negligible compared to that of the radicat (
17000 Mt cm at 610 nmy?

Radical spectra are shown in Figure 3 at a time delay
corresponding to peak absorbance. Both spectra peak near 615
nm and are similar to the red of the peak, but for HVBP the
spectra is slightly broader on the blue shoulder. However, for

rHVBP we also had significant excitation light scatter into the

due to dispersion in the system. The variable parameters were thelransient optical system, which is distorting the region at

amplitude, excitation peak location, and exponential decay tifibe
error range is a standard deviation given by averaging points over
different probe wavelengths and two different experiments. The noise
in the individual data points was incorporated in the nonlinear algorithm,
which gave a reducegf value near unity for a single-exponential model.

I1l. Results

wavelengths less than 550 nm. This distortion was very obvious
on one run (not shown), and is the likely explanation. The
spectra also were compared at a 100 fs earlier time and at later
times and were very similar; therefore we can conclude that
after 150-200 fs delay the electronic states of the MV and HV
radical cations are in their final form.

Resonance Raman spectra are presented in Figure 4. Frequen-
cies and intensities are in close agreement with the exception

Charge transfer absorption spectra for the two complexes areof a transition located at 1174 and 1191 dpfor HVBP and

shown in Figure 1. The peak position of HVBP is slightly red
shifted compared to MVBP. Minor differences in line shape
are also evident. The charge-transfer spectrum of HVBP
overlaps with a higher energy transition localized on the
acceptor. The absorption spectrum of MVBP (HVBP) was fit

MVBP, respectively. The line width of the transition is 15T
greater for HVBP (25 cmt) than MVBP. This mode is assigned

to the C-N stretch of the aliphatic group relative to the aromatic
ring, so a reduced frequency for HVBP is sensible. The
correspondence in frequency for all other modes suggests that

to a Gaussian function over the wavelength range from 410 to geometries of the donor and acceptor are similar in both

800 nm, giving a peak frequenay of 21300 cnt! (21275
cm 1) and a widthdw of 5770 cnT?! (6435 cntl).

complexes. Explicit assignments for all modes are given in Table
2. A comparison of the solvent to solute intensity ratios in a

Transient absorption kinetics are presented in Figure 2 andgiven spectrum can be used to estimate absolute Raman cross

Table 1. Decays of the radical absorption were fit to an

exponential function using a nonlinear least-squares algorithm.

The instrument response function, which is a convolution of
the pump and probe pulses, was determined by fitting a

sections for transitions of the compl&By considering the
1035 cn1! transition of methanol as an internal standard and
normalizing the solute peak areas for concentration ([HVBP]/
[MVBP] = 1.7 in Figure 4), we find that the transition cross
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TABLE 3: Summary of Parameters Derived from
> Absorption and Raman Spectra
é parameter MVBP HVBP
< e/M-tcm 40 40
2 wycm 21300 21275
© ow¥ecmt 5770 6435
= ro/A 4.0 4.0
Ve/em? 361 381
T T T T d —1
1000 1200 1400 1600 Adem* 1598
R hift / om’” Acvwfecm 6162
aman sni cm Rf/A 6.02

Figure 4. Resonance Raman spectra for MVBP (top) and HVBP ) ) )
(bottom) excited at 532 nm. MV, HV, and BP denote the species  *Fit to absorption spectrd.Distance between donor and acceptor

responsible for individual transitions. Solvent transitions are labeled Sites.®V = 0.0206 *(ewdw)*? ¢ Equation 5° Equation 6. A 0.001
by asterisks. esu/boht electron density contour calculated at the B3LYP/6-31G(d)

level.

TABLE 2: Vibrational Frequencies and Assignments for

Observed Raman Transitions Parameters of the standard golden-rule formula for electron
viologen modes/cmt transfer (numerator of eq 1) can be obtained from our measure-
MV HV calcd¥/cm2 assignment ments. :I'lhe EIeCtE(/)szC couplingmay be estimated using =
1192 1175  1188,1163 CHy(aliph.)—N str. 01;042%6 | (Et“’é“.’) ' AI‘.t the Cort"plt‘tedf g‘éirszcé‘;sl_%Stance
1300 1300 1308 €C inter-ring, ring def. of 4 A, electronic coupling constants or 561 an rare
152F 1530 1559 C-N str. ring, ring def. calculated for MVBP and HVBP, respectively. We assume that
1652 1649 1680 ring sym. str. r does not differ significantly between complexes because the
- — - extinction coefficients, which inherently depend on this distance,
biphenol modes/cmt _ caled/cm assignment and ground-state vibrational frequencies are in close agreement.
1286 1307 GCinterring The solute-solvent couplingA (eq 1) is not measured directly
1530 1559 ring def., C-C str. ring but can be obtained in the static limit of line broadening u¥ing
1613 1659 sym. stretch of rings
a Calculated for MV at the B3LYP/6-311G(d) levélModes are too AZ = 2,1CM kBT (5)

similar to distinguish® This peak possesses contributions from both

the donor and acceptor. wherelcw is the classical solvent reorganization eneigyis

Boltzmann’s constant, anflis temperature. We calculatem
using a spherical reagent modél:
(e— 1’11 1
cMT T 3 [_ - _] (6)
4JIEOR 6op €
whereu; represents the static dipole of statdR is the radius
of a cavity centered around the dipole, aggl(es) is the optical
(static) solvent dielectric constant. The reorganization energy
Acm for MVBP is 6162 cnt! using the ab initio calculated radius
Figure 5. Ground-state equilibrium geometry of MVBP calculated at  (R= 6.02 A) with a 4 Adistance between donor and acceptor
the B3LYP/6-311G(d) level. sites. We will assume thaty does not differ greatly for HVBP;
the premises for this assumption are discussed below. Indepen-
sections differ by less than 10% for all modes besides the 1185dent measures of the free energy gaps and intramolecular
and 1530 cm! modes, which are also the weakest. reorganization energies are not available, but we note the relation
An ab initio ground state geometry optimization of MVBP  between the numerator of eq 1 and the absorption spedtfum:
resulted in the aromatic face-to-face configuration shown in
Figure 5. The planes of the rings are separated-8)0 A and V27A6(6G, Aows Acn) = EXP(—0G/ksT) (7)
the vertices of each ring are configured in a symmetric manner
with respect to its fac_e-to-face partner. _An ir_ltramol_ecular where 5GP is the equilibrium free energy gapou is the
dihedral angle of S1defines the relative orientation of rings.  regrganization energy of underdamped intramolecular modes,
Normal-mode analyses of MV and BP were used to describe gng 4(3G° Aquicw) is the absorption line shape. The cor-
vibrational modes observed in the Raman spectra (Table 1). yespondence of the absorption spectra therefore suggests that
N the energy dependence &G}, is similar for both complexes.
IV. Kinetic Model A summg?/y ofpthe parameté?s discussed above is pFr)esented in
In this section, a semiquantitative model of nonequilibrium Table 3. We note that the rate formula of eq 1 may also be
relaxation is applied to MVBP. The goal is to estimate an written with a sum over quantized accepting modes weighted
effective relaxation time  in eq 1) for MVBP. First, by Franck-Condon factors. With respect to this full quantum
equilibrium energetic parameters are computed using ourtreatment, the Raman spectra suggest similarly weighted vi-
measurements and ab initio electronic structure calculations. Webronic channels for both complexes; our measurements show
then use these parameters to calculate relaxation times forthat the absolute scattering cross sections, which are most
MVBP with empirical solvation correlation functions for directly related to the FranekCondon factor$? are similar at
methanol. a 532 nm excitation wavelength.
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800 electron-transfer rate (numerator of eq 1) would be larger than
£ 15 the measured rate by-35 times, depending on the value of
2 600+ 2 Ga-

"g 2 The importance of Figure 6 is to identify a range of solvent

5 400- '10§ relaxation times for MVBP, which sets a scale for the increased
£ < relaxation time of HVBP consistent with its longer CR decay

& 5004 ; of 790 fs.

V. Discussion

The main conclusion of this article is that the 65% smaller
CR rate for HVBP than MVBP is not expected from the
supporting spectroscopic evidence, which predicts essentially
the same CR rate for both. The structure of the HVBP complex
was selected to create solvent perturbation without being
intimately involved in the charge transfer transition. Three
possible objections to the expectation of equal CR rates include
concern about the similarity of the intra-complex geometries,

Figure 6. Relaxation times calculated using correlation functions
solvation functionsM(t) given in refs 27 (solid) and 35 (dashed),
respectively. The calculations were performed using egs 8 and 9.

We next examine the dependence of the adiabaticity on
energetic parameters using a full correlation function approach.
The relaxation timer, is written ag>

—q2 1 q2 M(t) concern about a slightly broader linear absorption spectrum in
7(q,) = ex _ det expg — — the case of HVBP, and concern about a UV electronic transition
2170 lVi—mry MO that slightly overlaps the charge-transfer band in HVBP but not

MVBP.

We now address these issues individually. First, we have put
forth three independent arguments in favor of structural similar-
ity between the two complexes: (i) absorption spectra are very
similar with identical extinction coefficients (the relation to
electronic coupling was discussed in the previous section); (ii)
a ™ DroakeT resonance Raman spectra have similar frequencies and intensi-

ties, which represent similar ground state geometries and charge
whereldtor = Acm + Aow. The strength of this approach is that  redistribution in the excited state, respectively; and (iii) ab initio
the correlation function may assume an arbitrary functional form geometry optimization of MVBP converges to a stable structure
allowing multiple relaxation modes to enter the calculation, in which the attractive force is face-to-face interaction between
whereas parametrizations based on a single dielectric relaxationaromatic rings, and the same forces are present in HVBP.
time generally represent a single-exponential process. Second, small inhomogeneity in the complex structure may

Evaluation of eq 8 requires parametrization of the solvation contribute to the greater line width of HVBP. However, an
function M(t). We take the result of Maroncefli, which was inhomogeneous distribution enters the rate formula outside the
determined to be consistent with fluorescence upconversion dategolden rule expression; the observed charge-transfer rate may
for coumarin 153. The function is the sum of four exponentials be calculated as a simple sum over a distribution of rate
with coefficients (time constants) of 0.101 (0.030 ps), 0.340 constants weighted by probabilities. Innomogeneity does not
(0.28 ps), 0.298 (3.20 ps), and 0.261 (15.3 ps). The result for necessarily give slower rates, but could affect the decay profile;
MVBP using the parameters in Table 3 is presented in Figure however, the quality of fit to an exponential form is very similar
6. The relaxation time varies by less than a factor8f5 over for both HVBP and MVBP. The transient absorbance in Figure
the entire reasonable range @f Conservatively, the realistic 3 shows only slight differences between the HV radical cation
values ofg, are likely to be in the interval between 1 and 4, and the MV radical cation. These spectra are stable in time from
which correspond tdgm of 3489 and 1036 cri, respectively about 100 fs before the peak200 fs response function) to
(the relationw = —0G° + Atog Was used here withcy from longer times, and the kinetic traces at wavelengths from 580 to
Table 3 of 6162 cm?). These cases cover a ranged@® from 680 nm are identical. Any significant inhomogeneous effects
—11650 to—14100 cm'?, respectively. Adiabaticities also were ~ should show up in the kinetics across this spectral range. Third,
calculated using a simpler bimodal form of the correlation the effect of the overlapping UV electronic transition in HVBP
function with a 30 fs Gaussian decay and 500 fs exponential is likely to be minor if it contributes at all. The charge-transfer
decay that comprise 20% and 80% of the amplitude, respec-transition was pumped at 48@90 nm, a spectral region where
tively.35 This result is shown in Figure 6, and has a similar form the absorbance of this transition is weak. Furthermore, decay
and faster relaxation at the peak. For methanol the longitudinal of the radical absorption was monitored at many wavelengths

8)

whereM(t) is the solvation correlation function amg is given
by

0G% + Ao’
2_( Ttl) (9)

relaxation time calculated from dielectric dispersion d&ata
dominated by the fastest componente£.4 ps, and results in

ranging from 580 to 680 nm, where the UV transition does not
absorb.

adiabaticities that are more than three times greater than the Taken together, the linear absorption spectra, transient spectra,

result found using Maroncelli's paramete?s.
Absolute rate values for a nonadiabatic quantum model of
rate transfer are difficult to predict, and we do not have sufficient

resonance Raman spectra, and electronic structure calculations
constitute a strong argument for the isolation of a nonequilibrium
solvent effect on charge recombination kinetics. The charge-

data on this charge-transfer complex to make an accuratetransfer absorption spectra of the complexes are not significantly

calculation and comparison to our data. Specifically, 4@°

andAqwm are not known. However, the parameters defined above
allow us to compute rates for a realistic range of free energy
and internal reorganization energy. The range of adiabaticity
in Figure 6 applied to eq 1 suggests that intrinsic absolute

shifted in frequency or peak extinction coefficient, so it is
unlikely that the aliphatic chains are in close proximity to the
aromatic rings. In addition, the transient spectrum of the
viologen radical does not show short-time spectral shifts or
wavelength-dependent kinetics, which implies that rapid polar
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solvation is similar for both complexe3he assumption of  contribution for HVBP than MVBP. The full correlation function
similar Acy for MVBP and HVBP is based on these premises. approach to the calculation of solvent relaxation times predicts
The next step is to identify a reasonable conjecture for the that relaxation time scales are on the same scale as the electron-
solvent relaxation mechanism. transfer times. These complexes illustrate how molecular
The concept of time-scales in solvation processes has beerptructures can be selected to show solvation relaxation effects
previously discussed in many contexts; for example, Berg's On ultrafast electron transfer.
viscoelastic modé? of nonpolar solvation predicts that diffusive
solvent structural relaxation is dominant after 500 fs, whereas
the time interval from 100 to 500 fs is described as collective
and inertial (viscosity-independent). The diffusive time-scale
>500 fs is related to relaxation of solvent structure, whereas at
shorter times local potential energy distributions are preserved,
allowing the inertial regime to be described using instantaneous
normal modes! Simulations of solvation dynamics demonstrate References and Notes
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