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Electron Transfer Reactions of C-shaped Molecules in Alkylated Aromatic Solvents:
Evidence that the Effective Electronic Coupling Magnitude Is Temperature-Dependent
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The charge separation,(S- CT) and charge recombination (CF S;) rate constants for a C-shaped, donor
bridge—acceptor molecule in the solvent 1,3-di-isopropylbenzene are found to increase, reach a maximum,
and then decrease as the temperature is raised from 215 to 360 K. The reaction free energy change for the
charge separation and charge recombination processes are determined from the ratio of the two rate constants.
The charge separation and the charge recombination rate constants also display a maximum when plotted
against the experimental reaction free energy (Marcus plot). This behavior can be quantitatively modeled in
two different ways: (i) using a small and temperature-independent value of the solvent reorganization energy,
which results in transitions between the Marcus normal and the Marcus inverted region as the reaction free
energy changes with temperature and (ii) allowing a decrease in the magnitude of theatmamtor electronic
coupling at elevated temperatures. The latter explanation is shown to be more consistent with current information
regarding the magnitude and temperature dependence of the solvent reorganization energy in alkylaromatic
solvents and with known examples of the Marcus inverted region.

I. Introduction intervening medium motions, including vibrations, librations,
) conformational changes, and diffusion of mobile components,

The requirements for fast electron-transfer processes arecap significantly modulate donemcceptor electronic coupling
favorable FranckCondon factors and significant electronic magnitude$. The size of the coupling magnitude fluctuations
coupling between the donor and acceptor groups. ElectronicdependS on the amplitudes of the medium motions and the
coupling magnitudes in electron-transfer systems vary from getails of the electronic coupling pathways. A dramatic mani-
thousands of wavenumbers, e.g., for contact ion paits,  festation of the influence of dynamics is “conformational
hundredths of wavenumbers for donor and acceptor groupsgating”s which has been observed for protein and intramolecular
separated by tens of angstroms, e.g., in proteins and gRissesglectron transfer reactions. This phenomenon occurs in long-
Different methods are used to determine coupling magnitudes range electron transfer systems when the electron transfer rates
from experimental data. Systems with moderate couplings (10 for a subset of the thermally accessible conformations is fast
200 cn1?) often exhibit charge transfer (CT) absorption and/or rgjative to the transfer rates in the most populated conformations.
CT emission bands. Analysis of these bands’ transition intensi- The observed transfer rate is influenced by the kinetics of
ties provides values of the doneacceptor electronic cou-  interconversion among conformations. Larger coupling magni-
pling.* For systems with smaller doneacceptor couplings,  tudes in the “fast” conformations can contribute to the “gating”
CT transitions are usually too weak to detect and analyze. Theeffect. The variation of coupling magnitude with conformation
electronic coupling magnitudes in “weakly coupled” systems constitutes a break down of the Condon approximation.
may be determined through analysis of electron-transfer rate ¢ qifficyt to quantify the influence of structural fluctuations

constants, once the app_ropnate Fran_(ﬂondoq fa_ctors have on coupling magnitudes in electron transfer systems with small
bgen determined or estimated. 'Desp'lte Fhe indirect nature Ofelectronic couplings because electron transfer rates, not coupling
.th'S Qpproach, a ”“”?ber of such |nvest|gat|on§ have Sl.JcceSSfu"ymagnitudes, are the experimental observables. Extraction of the
|d_ent|f|ed relat|onsh|p§ between the electronic coupling mag- coupling magnitude from experimental rate data requires reliable
nitude and the underlying molecular structure and/or properties o, 4 ;ation of activation barriers, nuclear factors, and solvation.
of the medium between the donor and acceptor gréups. Generally, it is difficult to ascertain the existence and/or
It has long been appreciated that the structure of the mediummagnitude of coupling fluctuations from such an analysis. In
between the donor and acceptor groups influences the rates othose intramolecular electron transfer systems where a structur-
electron transfer. Less widely recognized is the important role ally rigid bridge connects the donor and acceptor, structural
that dynamics can exert. For many electron transfer reactions,djstortions of the bridge and coupling magnitude fluctuations
the structure of the medium through which the electron tunnels are Jikely small’ For intra- and intermolecular electron-transfer
is dynamic. Theoretical investigations have indicated that systems in which the structure of the intervening medium
fluctuates significantly, the doneiacceptor electronic coupling
*To whom correspondence should be addressed. may also fluctuate significantly. Hence, the electronic coupling,

10.1021/jp0204455 CCC: $22.00 © 2002 American Chemical Society
Published on Web 04/17/2002




Temperature Dependence of Electronic Coupling J. Phys. Chem. A, Vol. 106, No. 18, 2002785

CHART 1: Molecular Structures of the Electron Transfer Molecules 1, 2, and the Solvent 1,3-Di-isopropylbenzene.
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extracted from rate constant analysis, represents a (dynamically)l in alkylated benzene solvents afford an unusual opportunity
averaged electronic coupling matrix element, or an “effective” for in-depth investigation of the factors that control rate
coupling magnitude. As the majority of investigations are not constants. The reaction free energyG, is almost zero for
posed to investigate these effects, little evidence for or electron transfer from the lowest energy, singlet-excited state
characterization of medium induced fluctuations of the electronic (S;) of the anthracene donor to the acceptor. An equilibrium

coupling is available. between the anthracengéxcited state and the charge separated
Recent investigations of some highly curved derordge— state influences the fluorescence dynamics and allows deter-

acceptor molecules indicate that their electronic coupling may mination of all three electron-transfer rate constants after the

derive from “pathways” constituted by solvent moleculdhe S—S: excitation®¢ the charge separation, electron-transfer rate

coupling magnitudes in these systems are influenced by theconstant for conversion of the anthracenes@te to the charge
solvent molecules’ electronic structure, size, shape, and the sizeseparated staté; the charge recombination rate constant for
of the solvent accessible gap between the donor and acceptogonversion of the charge separated state back to the anthracene
groups® Calculations suggest that the magnitude and sign of S state,kpack and the charge recombination rate constant that
the electronic coupling mediated by solvent molecules varies converts the charge separated state to the anthracestats,
significantly with the latter's placement and orientation relative krec*? The free energy gap between the anthracenexsited
to the donor and acceptor. Consequently, the relatively rapid state and the charge separated state is evaluated experimentally
and unconstrained motions of the solvent molecules should givefrom the first two of these rate constants.
rise to a fluctuating electronic coupling magnittiéddition- The temperature dependence of the charge separation and
ally, environmental variables that alter the solvent dynamics charge recombination rate constants lofrary dramatically
and/or accessible conformations, e.g., predsureemperature,  depending on the structure of the alkyl benzene solvent. In
may influence the “effective” value of the electronic coupling benzene, the charge separation rate condtgntiecreases and
that is determined through analysis of rate constant data. As isthe charge recombination rate constagi increases as the
true for systems exhibiting conformational gatfhjiictuation temperature is increased. By contrag, andkpackin 1,3,5-tri-
of the donor-acceptor coupling associated with solvent motion isopropylbenzene both increase as the temperature increases.
constitutes a breakdown of the Condon approximation. Previous The rate constantg,, andkpackfor 1in 1,3-di-isopropylbenzene
investigations have provided some evidence that solvent- exhibit more complex behavior, first increasing and then
mediated electronic coupling magnitudes are temperature-decreasing as the temperature is raised. The nonmonotonic
dependent® This investigation reports data that indicate a strong temperature dependence &, and kpack along with the
temperature dependence of the solvent-mediated, d@onor availability of A,G(T) data, provide significant constraints on
acceptor electronic coupling for a C-shaped molecl€hart kinetic models used to interpret these rate data. In particular,
1). The evidence of temperature-dependent coupling is particu-two possible explanations for the observed rate constant behavior
larly compelling for extensively alkylated aromatic solvents.  of 1 in 1,3-di-isopropylbenzene can be identified. First, the
Compoundl (see Chart 1) juxtaposes a dimethoxyanthracene temperature dependence can be explained by a decrease of the
donor and a cyclobutene diester acceptor on opposite sides ofeffective electronic coupling magnitude with increasing tem-
a 7 A cleft that is accessible to solvent molecules. The electron- perature. Second, the temperature dependence could result from
transfer dynamics aof have been investigated in highly poFr, a small and temperature-independent value of the solvent
alkylated-aromatié®19and halo-aromatic solvent The elec- reorganization energy, which, in conjuction with the temperature
tronic coupling magnitude determined fa@rin each solvent dependence olG, moves the charge separation and recom-
depends on the solvent’s electronic energy levels and its three-bination reactionsks,r and kpack between the Marcus normal
dimensional structuré!®!1The electron-transfer reactions of and inverted regions. Both interpretations can quantitatively
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reproduce the observed data fbin 1,3-di-isopropylbenzene 257 O o ]
and are consistent with the models used to predict electron
transfer rate constants. As discussed later in the manuscript,
the combination of these data with earlier data in alkylbenzene
solvents argues strongly for the first explanation, a temperature
dependence of the electronic coupling magnitude.

This manuscript describes the determination and analysis of
the electron-transfer rate constant foin 1,3-di-isopropylben-

residuals

zene solvent. Data collection, rate constant determinations, and X%

determination of the reaction free energy are described in the :f %

next section. The two explanations for the temperature depen- § o »

dence of the rate constants are developed in the third section. <« =

They differ significantly in the magnitude and temperature § Nk

dependence of the solvent reorganization enekgfl). The 2 10 x = 7

fourth section describes the evidence for and against the two ~— X +od

explanations and discusses the implications of these findings %

for solvent and temperature-dependent rate constants observed g

earlier. Although it is not possible to reject unambiguously either 1 , . .

explanation, the explanation based on a temperature dependence = 17 35 52 70

of the effective electronic coupling magnitude is more consistent Time (ns)

with prior experimental and theoretical results. Figure 1. Fluorescence decay fdrin 1,3-di-isopropylbenzene at 290
K and the best fit to the data (solid line hidden by the raw data). The

Il. Data, Rate Constant, and A;G Determinations impulse response functionk§ and the residualdy, at top) are also

shown. The fitted curve gives rate constants of 814 ps (68%), 17.7 ns
The preparation of was reported elsewheté Solutions of (32%), and g2 of 1.08. The inset shows an energy level diagram for

1 were prepared with an optical density of ca. 0.05 at the laser the kinetics.

excitation wavelength, 375 nm. The solvent 1,3-di-isopropyl- o

benzene (98%) was purchased from Aldrich. The solvent was pulse. There are four unknown rate constants. The_lntrlnsm decay

dried with anhydrous magnesium sulfate, filtered, and then fate constant of the locally excited stakg, is obtained from

fractionally distilled using a vigreux column. The purified the LE decay kinetics of an analogue to molecLitbat has no

fraction was used immediately to prepare the sample. Each €lectron acceptor. F_lttlng the t_|me-resolve(_j quorescence_ _decay

sample solution was freez@ump-thawed a minimum of three of 1's LE state to a biexponential form provides three additional

times. The samples were back-filled with argon to reduce solvent Parameters: a fast rate constant, a slow rate constant, and the

evaporation at the higher temperatures. amplitude fraction of the fast decay. The electron-transfer 'rate
Excitation of the sample was performed at 375 nm by the CONStaNtSkir, Koack and kec are calculated using the fit

frequency-doubled cavity-dumped output of a Coherent CR- para};neters _that reproduce the time-resolved quor_escence_de-

599-01 dye laser using LDS750 (Exciton) dye, which was cay: Thg Gibbs free energy of the charge separation reaction

pumped by a mode-locked Coherent Antares Nd:YAG laser. is determined at each temperature from the ratio of the forward

The dye laser pulse train had a repetition rate of ca. 300 kHz. and back rate constant, (eq 1)

Pulse energies were kept below 1 nJ, and the count rates were

kept below 3 kHz. All fluorescence measurements were made AG = —RTIN(Kior/kyacd (1)

at the magic angle. Other specifics of the apparatus have been o .

reported elsewherd.Instrument response functions were mea- 1he availability of experimentah:G, at each temperature, and

sured using a sample of colloidal Basi@ glycerol. Fluores- of the _|nterna_1I reorganization energy parameters (vide infra)

cence decays were fit to a sum of two exponentials (the decaymake it feaS|bI_e to interpret the temperature-dependent rate

law was convolved with the measured instrument function) using constant data in terms of only two parameters: the solvent

the MarquardtLevenberg nonlinear least squares algorithm. "€0rganization energy and the doraicceptor electronic cou-

Figure 1 shows a fluorescence decay Tan 1,3-di-isopropyl- pling.

benzene at 290 K, the calculated best-fit, biexponential decay .

curve, the impulse response, and the fit residuals. For temper—'”' Rate F:onstant Temperature Dependence and Possible

atures above 260 K, the sample cuvette was placed in anEXplanations

aluminum block whose temperature was controlled by a  Figure 2 summarizes the temperature-dependent rate constant
NESLAB RTE-110 chiller. Temperatures were measured using andA,G data. Panel A displays the temperature dependence of
a type-K thermocouple (Fisher-Scientific), accurate to within the charge separation and charge recombination rate constants
0.1 °C. Slush baths were used for the lower temperature for moleculel in 1,3-di-isopropylbenzene. Starting at 218 K,
points: 247 K ¢-xylene/liquid N), 240 K (chlorobenzenef/liquid  8° above the solvent’s melting point, both the charge separation
N2), 235 K (acetonitrile/liquid M), and 218 K (chloroform/liquid and charge recombination rate constants increase upon increas-
Ny). The slush bath temperatures variedt/ K from the stated ing the temperature. The charge separation rate con&tant,
temperature. reaches a maximum near 270 K and then decreases sharply at
Kinetic and Thermodynamic Analyses.Photoexcitation of higher temperatures, dropping more than 20-fold by 356 K. The
the anthracene donor moiety creates a locally excited state (S charge recombination rate constakic, increases up to 320
or LE) whose energy is similar to that of the charge separated K and then decreases 2-fold by 356 K. The maximum rate
state in 1,3-di-isopropylbenzene solvent. The inset to Figure 1 constants for the charge separation and charge recombination
shows the kinetic scheme that is used to describe the kineticsreactions are nearly equa},9 x 10° s1. Panel B presents the
following formation of the locally excited state by the light experimentalG for the charge separation reaction as a function
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1.0E+09

Semi-log plots of electron-transfer rate constant versus
reaction free energy have been used to determine solvent
° reorganization energy and electronic coupling magnitudes. For
. Po: 8 1, the logarithms ok, and kpack increase, plateau, and then
decrease in a plot versusG for the charge separation step
¢ LA (Figure 3). This shape suggests tkgt andkypack both span the
1.0E+08 - *8 Marcus normal and inverted regions and that the solvent
7 ° reorganization energy is very small (vide infra). In a conven-
o tional Marcus plot, the temperature and solvent reorganization
o energy for all points are held as constant as possible. In Figure
3, however, the temperature for each data point varies from 218
A (left side) to 356 K (right side). As a result, the variation of
s 1" : _ A:G (abscissa) is attended by significant variatiorkgf and,

S0 236, 86 350 296 3900 8% 3% possibly, of the solvent reorganization energy and the electronic
Temperature (K ) coupling. These variations must be considered in any interpreta-

010 ———————— ————————— tion of the rate constant plots in Figures 2 and 3 (vide infra).

0.08 The temperature dependence of the charge separation and

recombination rate constants may be simulated using a semi-

classical formulatioH for the electron-transfer rate constant (eq

2)

$d

Electron Transfer Rate Constants (s )
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Figure 2. (Panel A) Charge separatiok, O) and charge recombina- [N this equation|V] is the donor-acceptor electronic coupling,
tion (keackk ®) rate constants for moleculeas a function of temperature  Asis the solvent reorganization enerdpy,is the quantized mode
in 1,3-di-isopropylbenzene. Panel B plots the free energy change for energy spacing, anflis the ratio of the internal reorganization
chgrge separatiorki;, <) as a fu_nction of temperature .fd.rin 1,3- energy,y, to the quantized mode energy spacig: Av/hv.
gl;;ic;%r%ﬁ)%lt;eqrsjzaeﬂr;%.The solid line represents a best fit of the data to The. quantity S is assumed to be temperature independent.
Estimates ofl, (0.39 eV) andhv (0.175 eV) were previously
determined using a combination of quantum chemistry calcula-
tions and CT emission spectra from related molectil€iven
these values for the internal reorganization parameters and the
experimental values oA;G at each temperature (Figure 2B),
only the magnitude and temperature dependendg ahd|V|
may be “adjusted” to reproduce the experimental data. The
extensive curvature of they andkyack versusA,G plots places
significant constraints on the magnitude and temperature
dependence of the solvent reorganization energy and/or of the
electronic coupling. As discussed below, two possible explana-
tions for the highly curved plots okir and kpack Versus
temperature (i.e., versus reaction free energy) have been
o' identified.

1.0E+07

S N ROy S &5 GEE e e G The experimentalkor and Kpack rate constants at each
A,G® (Charge Separation) (eV) temperature establish a parametric relationship between the two
Figure 3. Plots of the charge separatiomke( O) and charge unknown param_eters in_eq 2: the solvent reorganization energy
recombination K., #) rate constants versus the free energy change @nd the electronic coupling. At 297 K, the temperature at which
for charge separation. To minimize overlap, both plots use the charge A/G = 0, the charge separation, and charge recombination rate
separation\,G as the abcissa. The solid lines were calculated using eq constants are equal, and only the= 0 term in eq 2 makes
2 assuminglV| = 2.25 cmt* and s = 0.033 eV. The dashed lines  sjgnificant contributions to either rate constant. The electronic
Xvere ca(ljcurllated using the pgrametrlzed Matyushov model to predict coupling may be expressed as a simple function of the solvent
s(T) and the regression estimates|W(T)} (see text). reorganization energy, the temperature, and the rate constants
of temperature. The free energy of charge separation variesby rearranging eq 2. Figure 4 displays this relationship between
nearly linearly from 280 to 350 K. However, as the temperature |V| and4s for 1 in 1,3-di-isopropylbenzene at 297 K, wikqy,
approaches the freezing point of the solvexyG changes less = kpack~ 5.8 x 10° s7%, and shows that the electronic coupling
steeply with temperature. The solid line shows a fit to the full increases monotonically &g increases. A previous study of
temperature dependence/fs that is obtained with a quadratic ~ solvent-mediated, doneacceptor electronic coupling fot
expression. This fit is used later to aid in the analysis of the determined thatV| = 6 cnmit in isopropylbenzene (cumene)
rate date® and|V| = 1 cnTlin 1,3,5-tri-isopropylbenzen®.Furthermore,
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Electron TransferRate Constants (s™)
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Figure 4. Correlation betweenV| and is for 1 derived from the 0.35
experimental transfer rate constant at 297 K, whe® = 0 eV.
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it was found that an increase in the alkyl substitution at the
periphery of the benzene ring caused a systematic decrease o
the magnitude of solvent-mediated coupling fio¥ Accord-
ingly, the electronic coupling mediated by 1,3-di-isopropyl-
benzene fod is expected to lie between the values in cumene
and tri-isopropylbenzene, i.e. between 6 and Itmespec-
tively. Using the range defined by these couplings, Figure 4
indicates that the solvent reorganization energy in 1,3-di-

Regression Estimate of Ag(T)

isopropylbenzene at 297 K lies between 0.15 and 0.0 eV, ’ B
respectively. The experimental values ofG for charge 0.00 : : : : : : :
separation in 1,3-di-isopropylbenzene vary, with temperature, 210 230 250 270 290 310 330 350
between—0.07 and 0.08 eV. Thus, the charge separation Temperature ( K)

reaction could lie in the Marcus normal region {g > 0.09 Figure 5. Values ofig(T) obtained from the experimental rate constant
eV) or span the normal and inverted regiois € 0.06 eV). data, eq 2 and an assumed value)\4f The data in panel A were

By assuming a specifidtemperature independentlue of obtained with|V| set to 2.25 cml. The data in panel B were obtained
the electronic coupling, eq 2 may be used to determine the valueby setting|V| equal to 6.0 cm*. The solid line in panel B shows the
of s that is required at each temperature to reproduce the#s(T) prediction from the calibrated Matyushov model.
experimental rate constants. Figure 5 displ&(3), calculated TABLE 1: Calibrated ° Solvation Model Predictions of

in this manner, for two assumed values of the electronic 15295 K), Its First Derivative, and Experimental Values of
coupling: 2.25 cm? (panel A) and 6.0 cmt (panel B). For As(295 K) Determined by Fitting kior(T) and kpack(T) Data?

the assumed value ¢¥| = 2.25 cnT?, the extractedis has a model: model: expt:
mean value of 0.033: 0.007 eV and exhibits a weak, positive d(As(295K))/dT  15(295 KF® A5(295 K)
temperature dependencep.1 meV/K. If 1s for 1 in 1,3-di- solvent (eV/1( K) (eV) (eV)
isopropylbenzene is this small and without significant temper-  penzene 11 0.27 0.26
ature dependence, the charge separation reaction lies in the toluene -1.0 0.24 0.22
Marcus inverted region at temperatures below 270 K, and the cumene —0.83 0.19 0.17
charge recombination reaction lies in the Marcus inverted region Mesitylene —0.76 0.17 0.14
at temperatures above 330 K. The solid lines in Figure 3 display ;35,5 :8:22 8:%2 0.16
the temperature dependencekgf andksack predicted using.s 135TIP —0.74 0.12 0.01

= 0.033 eV,|V| = 2.25 cnt! and A;G obtained from the data
in Figure 2B. The calculated curves reproduce the data well.
Using the larger assumed value|uf = 6.0 cnT?, thels values
extracted with eq 2 (Figure 5B, circles) exhibit a U-shaped the experimental values of the charge separation free energy
temperature dependence with a value at 297 K of 0.16 eV. for 1 in alkylated benzene solvents. This calibrated solvation
Previous theoretical and experimental stutfieg the solvent model can be used to predict the magnitude and temperature
reorganization energy in liquids provide no evidence to sub- dependence of the solvent reorganization energy. Table 1
stantiate such a U-shaped temperature dependence. Thereforg@resents these predictions for the solvent reorganization energy
either the assumed coupling magnitude of 6 &is inappropri- and its temperature derivative at 295 K in seven alkylbenzene
ate or the assumption that the coupling magnitude is temperaturesolvents and compares them to values.gR95 K) that were
independent is erroneous. From both these analyses it is cleaobtained by fitting experimental rate constant data fdf-2
that a meaningful determination of the coupling magnitude The model predicts a monotonic decrease of the solvent
requires more information about the solvent reorganization reorganization energy with increasing temperature and with
energy. increasing alkyl substitution of the solvent molecules. For the
As it is not possible to independently measurefor 1, first five solvents in Table 1, the model predictions and the
theoretical estimates and experimental values from related experimental values offs(295 K) are in good agreement. Only
systems need to be considered. Previously, a molecular solvatiorthe regression estimate d&(295 K) in 1,3,5-tri-isopropyl-
model, developed by Matyushé¥was calibratef to reproduce benzene deviates significantly from the model’s prediction (see

aTMB is 1,2,4-trimethylbenzene, 13DIP is 1,3-di-isopropylbenzene,
and 135TIP is 1,3,5-tri-isopropylbenzene.
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—10 IV. Pros, Cons, and Consequences of the Two
E 945 Explanations
k] 3 5 282 . The temperature dependence of the charge separation and
£ hd ° i NP charge recombination rate constants fan 1,3-di-isopropyl-
T 6 * 9 ; propy
E 5 ° .o * ] benzene are well reproduced by both the “inverted region” and
G 4 . the “temperature-dependent electronic coupling” explanations.
&5 3 <e At low temperatures/AG(CS) < —0.05 eV), the latter model
§ 2 - fits the data slightly more accurately. For both explanations,
g, 1 the solvent reorganization energy is small, less than 0.3 eV.
x o , ‘ : ‘ . ‘ . Determining which of the two proposed explanations is correct
210 230 280 270 200 310 330 350 requires accurate information on the solvent reorganization
Temperature energy magnitude and its temperature dependence, a task that
Figure 6. Values of the electronic coupling fdrin 1,3-di-isopropyl- is not experimentally feasible fdr As noted above, a molecular

benzene, obtained by fitting the experimental rate constant data usingSolvation model, which previously was parametrifedo
the calibrated Matyushov model to calculat€T), plotted as a function reproduce the experimentally determingds(T) data forl in

of temperature: Kpack O), (Kror, ®). a series of alkylbenzene solvents, predicts valueks(@95 K)
_ _ o _ for 1 (ranging from 0.12 to 0.27 eV) that are in good agreement
below for an alternative analysis of the kinetic data fomn with 15(295 K) determined by fitting experimental rate constant

this solvent). The good agreement between the experimentaldata. The model's prediction 0fs(295 K) for 1 in 1,3-di-

and theoretical values dfs in five of the six solvents that are  isopropylbenzene, 0.16 eV, is significantly larger than the 0.033
structurally related to 1,3-di-isopropylbenzene suggests that theeV value required by the “inverted region” explanation. In light
model’s prediction ofis = 0.16 eV at 295 K for this solventis  of the model’s predictive accuracy in the other alkylbenzene
reasonable. This value is much larger than fkeestimate solvents, this discrepancy argues against the “inverted region”
required by assumingv| = 2.25 cnt? but quite close to the  explanation.

value required by assumingy| = 6 cnt’. The solid line in Although 1 lacks detectable CT absorption and emission
Figure 5B displays the parametrized solvation model prediction spectra, some qualitative information abdgican be obtained
of As versus temperature fak in 1,3-di-isopropylbenzen. by studying the CT spectra of a related molecule. Compdund

Between 220 and 290 K, the theoretical predictions are slightly employs the same donor and acceptorlasonnected by an
larger (by 0.02-0.03 eV) than thels(T) values required to all-trans three-bond bridge, and exhibits CT emisgfofihe
reproduce the rate data (circles) for the assumed valiM of donor-acceptor separation dis ~6 A, roughly 1 A smaller
6.0 cm. These two sets dlfs(T) deviate at higher temperatures. than that inl. At 295 K, the maximum of the CT emission,
Both sets ofig(T) values in Figure 5, panel B, are substan- F_rgnck—Condon lineshape frorﬁ_appears at 2.19 eV in 1,3-_
tially larger than the experimentalA,G values, suggesting that ~ di-isopropylbenzene, 2.12 eV in cumene, and 1.98 eV in
the charge separation and charge recombination processes li@€Nzené® This energy is approximately equalAeG(S, — CT)
in the Marcus normal region at all temperatures. In the Marcus — s — 4v 0, equivalently, toAG(So — Sy) + AG(S, —~ CT)
normal region, largets values reduce the electron-transfer rate — #s ~ 4v- The termA/G(So — 1) amounts to 3.00 eV for the
constant. The apparent increasé.oft temperatures above 310 anthrace_ne chromophore in alkylbenzene solvents and the last
K (circles, panel B) acts to decrease the transfer rate constantterm’lv’ i5 0.39 eV. Thusis — A'G(.Sl* CT.) .for 2at295K
calculated using a temperature independent coupling of 8.cm is equal to 0.42, 0.49, and 0.63 e\( In 1,3-d|-|sopropylbenzene,
Given the mobility of solvent molecules and evidence that cumene, and benzene, respectiélyThe same quantity,

. . . o - As — AG(S; — CT), calculated forl using the experimental
solvent placement influences coupling magnitude, it is possible . . . .
that a decrease of the average, effective coupling, rather thanA.rG(Slf 1 CT)b(iIata and the calibrated solvatlc(;n model predlc-
an increase ofs, may be occurring at temperatures above 310 t|9ns ofis (Table 1) amounts to 0.16, 0.24 and 0.37 e\./ in1,3-
K. This oro oéal can be explored by assuming that the diisopropylbenzene, cumene and benzene, respectively. The
) prop ) P y as: 9 . variations ofis — A/G(S; — CT) with solvent are nearly
parametrized solvation model accurately predicts the magnitude

d the t ture d d f th vent izt identical for1 and 2. The offset of 0.26 eV betweehs —
and the temperature dependence ot Ine solvent reorganiza 'onArG(SlH CT) for 1 and2 is consistent with the different charge
energy forl. With values foris(T), eq 2 may be used to

. ) 4 i separation distances @fand2.?8 The similarity of the solvent
determine the valug of the electronic coupling required to dependencies dfs — A/G(S1 — CT), for 1 and2, in conjunction
reproduce. the expe_nmental rqte con;tant; at each tempe.ratuquith the accurate reproduction of theG(T) data forl shows
The coupling magnitude obtained using this procedure (Figure ¢ the parametrized molecular model’s treatment of solvation
6) is relatively constant between 220 and 260 K,.2.5 cn?, by weakly dipolar aromatic solvents and its treatment of solvent
but decreases by more than 60% between 260 and 350 K. gty ctural effects generate meaningful predictions for these
The temperature dependencekgf andkoack predicted by this  anthracene donor, cyclobutenediester electron-transfer sys-
analysis is in very good agreement with the experimental data tems29 Although these arguments do not establish unambigu-
(Figure 3, dashed lines). ously the accuracy of the modelig(295 K) predictions, they

At this point, two models have been advanced to explain the provide compelling evidence thag for 1 in 1,3-di-isopropy-
rate data froml in 1,3-di-isopropylbenzene. The two models I|benzene is larger than 0.033 eV. Accordingly, the “inverted
reproduce the rate data using different values and temperaturgegion” explanation is not consistent with the available informa-
dependences aiV| and As. In the next section, evidence is tion on s in 1,3-di-isopropylbenzene.
presented that confirms the validity &§ predictions from the Another problem with the “inverted region” explanation for
calibrated molecular model and the validity of the(T)| 1in 1,3-di-isopropylbenzene lies in the calculated decrease of
explanation. Arguments that discount the accuracy of the the transfer rate wherAG is greater tharts = 0.033 eV.
“inverted” region model are also presented. This prediction may be an artifact of using a single quantum
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Figure 7. Examples of rate constant versus reaction free energy plots
calculated using a one-quantized moede¢ and a two quantized mode
(@) model. For both modelgV| = 6 cnm?, As = 0.033 eV,hv; =
0.175 eV hw, = 0.087 eV, and the total internal reorganization energy
is 0.39 eV. For the two quantized mode calculation, the internal
reorganization energies akg; (0.175 eV mode)= 0.33 eV andiy;
(0.087 eV mode¥ 0.06 eV. For the one quantized mode calculation,
Av (0.175 eV mode)= 0.39 eV.

mode model. Iflsis significantly smaller than the mode spacing,
hv, eq 2 predicts a significant drop and recovery of the rate
constant for—A,G betweenls and s + hv (Figure 7; solid
line). A modulation appears in a semilog plot of rate constant
versus— A,G, with rate maxima at values of A,G that are
close tols + nhw.3° This modulation extends from the “normal”
region AG < As+ 4v), through the peak of the Marcus curve
and into the regionraditionally referred to as inverted~HA,G

> As + Av). If a small portion of the internal reorganization

Napper et al.
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Figure 8. Temperature dependence of the electronic coupling for
benzene @), cumene [@), mesitylene @), and 1,3,5-tri-isopropyl-
benzene 4), obtained by fitting the experimental rate constant data
and using the calibrated Matyushov model to calculg{€). Regression
lines are drawn through the data for each solvent. The best fit line to

the 1,3-di-isopropylbenzenp/(T)| data ¢ —) is reproduced from
Figure 6.

isopropylbenzene from the cleft interior is responsible for the
0.11 eV difference between the molecular model prediction and
the experimental value (Table 1) dfs(295 K), then the
molecular model must overestimate thextra-cavity” solvent
reorganization energy in all of these alkylbenzene solvents by
a comparable amount. This line of reasoning suggests that the
solvent reorganization energy attending motion of a single
solvent molecule within the cleft-0.1 eV, is comparable to
the solvent reorganization energy attending motions of all of
the solvent molecules surrounding the donor and acceptor
groups. Finite difference PoisseBoltzmann calculatior?d

energy is associated with a second quantum mode of lowerthat explicitly account for the shape and presence of a cleft in

frequency, e.g.hw ~ 700 cnTl, a two quantum mode rate

constant model predicts negligible modulation of the rate
constant (Figure 7, squared)Resonance Raman studies of
intramolecular CT systems report significant reorganization

1 generate similar values @ whether the solvent is excluded
or allowed into the cleft between the donor and accetbhus,
exclusion of the aromatic core of 1,3,5-tri-isopropylbenzene
from the cleft in1 is not a likely source for the discrepancy

associated with such intermediate frequency modes in otherbetween the calculated and experimentalalues.

systems? For 1, modes involving the donor and acceptor rings
likely fall in this range, whereas modes associated with

An alternative explanation for the discrepancy between the
molecular model and regression estimatelofor 1 in 1,3,5-

reorganization of the donor methoxy and the acceptor estertri-isopropylbenzene is that the effectiy| in this solvent is

groups likely occur at somewhat lower frequency. Thus, more
realistic treatments of the internal reorganization within the rate
constant calculation predict smaller or negligible reduction of
the rate constant whernA,G is greater thanls. This raises
additional doubts about the validity of the “inverted region”
explanation for the transfer rate data frofnin 1,3-di-
isopropylbenzene.

If the molecular model prediction ofs for 1 in 1,3-di-

also temperature-dependent. In analogy to the approach em-
ployed for 1 in 1,3-di-isopropylbenzene, the magnitude and
temperature dependence of the effective couplind.forl,3,5-
tri-isopropylbenzene may be determined by assuming that the
molecular model predictions dffs(T) are correct. The results

of this analysis (Figure 8) suggest that the effective coupling
for 1in 1,3,5-tri-isopropylbenzeni@creaseswith temperature,
from 2.9 cnTt at 260 K to 3.5 cmt at 283 K. A positive value

isopropylbenzene is correct, then 1,3,5-tri-isopropylbenzene is of d|V|/dT provides a simple explanation for the experimental

the only alkylbenzene solvent for which the molecular model
prediction and the experimentally derived value/igfdiffer
significantly. The solvent 1,3,5-tri-isopropylbenzene differs from

observation thaboth ko, and kack increase with temperature
in this solvent. The magnitude of the coupling obtained from
this analysis is larger than the value of 1.0 dnpreviously

the other alkylbenzenes in that the three bulky isopropyl groups obtained with the assumption of a temperature independent

spaced around the aromatic ring prevent facile entry of the
solvent’s aromatic core into the cleft between the donor and
acceptor group% Molecular mechanics calculations indicate

that only the isopropyl groups from this solvent extend into the
cleft. The absence of a “solvent aromatic ring” between the

coupling magnitude and a regression estimatés(#95 K) =
0.01 eV. It is not surprising that a larger magnitude|\df is
obtained when larger values dg are used in the analysis
(Figure 4). Even with this increase, the effective couplinglfor
in 1,3-di-isopropylbenzene is still more than 2-fold larger than

donor and acceptor groups might cause a larger reduction ofin 1,3,5-tri-isopropylbenzene (260 K T < 283 K). As was
As, relative to the other solvents, than predicted by the molecular suggested previously, increased steric bulk about the periphery

model. The solvation model treats the CT molecule as a point
dipole contained within a solvent free cavity. Thus, it does not
include “cleft” solvent reorganization energy for any of the
solvents®® If exclusion of the aromatic core of 1,3,5-tri-

of the solvent’'s aromaticr system results in less effective
solvent-mediated coupling.

Figure 8 shows théV(T)| values that are obtained for the
other alkylbenzene solvents when the solvation model’s predic-
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tions for the temperature-dependent reorganization energy areSCHEME 1
assumed to be correct. The effective coupling magnitude,

derived from the rate data and the molecular mat),

decreases with increasing temperature in the solvents benzene, © + @

cumene, and mesitylene. The diminution is greatest for mesi-
tylene, for which the coupling magnitude and temperature
dependence are similar to that fom 1,3-di-isopropylbenzene.

The steep decrease of the coupling in mesitylene provides ANguced by a single electron-transfer rate constant with an effective

explanago? for thet faﬂqred of thg p;ewousllanaly’é)ismljtlcg i coupling magnitude that is a root-mean-square average of the
assumed teémperature independent coupling magnitudes, 10, yiviqyal coupling magnitude )2, in each possible config-

reproduce the experimentally observed steep decreakg;, of uration, V| = [3:p (V)2 ¥2 The probability of each configu-
and kpack at temperatures above 315 K. The temperature ration, ,pj, is Ejzejg(rrr;)irged by ifs free gnergy and byg the

derlvztlve f{({k\le_eﬁet)ct|vehc|(;uplllrlg n benﬁenfe and qurlnene, temperature. The probability of each solvetitconfiguration
—0.0 hcn; I’kISI about ha als arge ahs t "’; or mesity elr_1e. changes differently with temperature, thus altering the distribu-
For the five alkylbenzene solvents, the effective coupling o of mediating configurations and the average value of the

magnitudes at 295 K are 12 ctin be_nzene, .7.‘4 cnt in coupling. This provides an explanation for the temperature
cumene, 6.8 cm in mesitylene, 6.3 cmt in 1,3-di-isopropyl- dependence of the observed electronic coupling.

benzer]e, and 3.9 crhin 1,3,5-tri-isopropy|penzen3é.Witr_1 the The different signs of /|/dT for 1 in benzene and 1,3,5-
exception of the last solvent, these magnitudes are within ZO%tri-isopropbeenzene may be attributed to the most prevalent

of the values derived previously from analyses premised on «giaie” of the cleft in each solvent. For example, benzene readily
temperature independent couplitfg. fits within the cleft of1, and the equilibrium (see Scheme 1)
The structure and the number of alkyl groups on the periphery should be characterized by a negativé® and a negativa S’ 38
of the solvents’ aromatic ring alter the electronic coupling Upon increasing the temperature, the equilibrium shifts toward
magnitude forl. The alkyl groups have a minor effect on the “empty-cleft” configurations. Because the “in-cleft’ solvent
aromatic x system’s energy levels. They do influence the configurations provide larger electronic coupling than the
probabilities of locating the aromaticsystem in positions that  “empty cleft” configurations, the effective coupling magnitude
offer simultaneous overlap with the donor and the acceptor. in benzene decreases as the temperature increases. The rather
Theoretical investigations confirm that such simultaneous shallow dependence ¢¥| on temperature fot in benzene and
overlap is necessary for a coupling pathway constituted by a cumene suggests that “in-cleft” configurations predominate
single solvent molecule to be effecti®®For a C-shaped  throughout the investigated temperature ranges. The steeper
molecule such asl, simultaneous overlap and significant dependence ofV| on temperature foll in mesitylene and in
coupling are realized by placement of the solvent’s arommatic  1,3-di-isopropylbenzene indicate more significant conversion
system within tie 7 A wide cleft, directly between the donor  from predominantly “in-cleft” to “empty-cleft” configurations.
and acceptor group$.The observed dependence b$ elec- The solvent 1,3,5-tri-isopropylbenzene presents a different
tronic coupling magnitude on the identity of the alkyl groups situation. Steric repulsion between the isopropyl groupsiand
around the aromatic ring and on temperature can be explainedresults in a positive enthalpy for formation of “in-cleft” solvent
in terms of solvent entry into this cleft. A benzene molecule configurations in which the solvent’s aromatic core is between
readily accesses “in-cleft” solvent configurations that provide the donor and acceptor. These configurations provide larger
significant, simultaneous overlap of the solvent with the donor electronic coupling, buAG® for their formation is positive (i.e.,
and the acceptor df For many of these “in-cleft” configurations  the equilibrium constant for their formation is less than 1).
of the benzene, substituting a peripheral H atom by an alkyl Higher temperature increases the fraction of these higher free
group introduces steric repulsion between the alkyl group and energy, larger coupling, “in-cleft” configurations, and enhances
1. This repulsion disfavors solvent configurations with the the effective coupling magnitude. Given the excellent cor-
aromatic core situated deeply within the cleft. Solvent configu- respondence between the experimental rate data éod the
rations in which the (bulky) alkyl groups are farther from the rates calculated using the parametrized molecular model in a
cleft walls and edges are more probable. The latter configura- variety of alkylbenzene solvents, variation of the solvent-
tions offer smaller simultaneous overlap of the donor and mediated electronic coupling magnitude with temperature is a
acceptor with the solvent orbitals and, therefore, smaller likely explanation for the unusual electron-transfer kinetics of
electronic coupling. Larger and/or more numerous alkyl groups 1 in 1,3-di-isopropylbenzene.
more severely reduce the probability of solvent configurations
with large overlap and significant coupling. This explains the V. Conclusion
observed reduction of coupling magnitude with increasing alkyl  The charge separation and charge recombination rate con-
substitution of the solvent. stants forl in 1,3-di-isopropylbenzene increase, plateau, and
Each “in-cleft” solvent configuration affords a unique cou- then decrease when plotted against temperature or the experi-
pling magnitude. As solvent molecules move within and out of mentally determined reaction free energy change. Within the
the cleft, the donoracceptor coupling magnitude fluctuates. framework of a single quantum-mode, semiclassical electron
The probability of an electron-transfer event is very small during transfer rate expression, the origin of this rate behavior lies in
any single initial statefinal state level crossing (nonadiabatic the temperature dependence of the solvent reorganization energy
transfer). As a result, each molecule bfsamples a “large and/or of the electronic coupling. Two explanations of the
number” of solvent configurations before there is significant kinetic behavior have been advanced. The experimental data
probability that the ensemble of excited states has undergonecan be simulated using a small and temperature-independent
electron transfer. Rapid interconversion among solv@nt  solvent reorganization energy or a temperature-dependent
configurations, compared to the electron-transfer rate, generatelectronic coupling magnitude. In the first scenario, the variation
experimental charge separation dynamics that are well repro-of the reaction driving force with temperature shifts the reactions
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between the Marcus normal and the Marcus inverted regionsGray, H. B.J. Biol. Inorg. Chem1997, 2, 399. (e) Lewis, F. D.; Letsinger,

and is responsible for the highly curved rate plots. Between R: L. J. Biol. Inorg. Chem1998 3, 215. () Davis, W. B.; Svec, W. A.;
210 and 360 K,AG for the charge separation and charge Ramer, M. A.; Wasielewski, M. Rature 1998 396 €0.
B g p g (5) (a) Chohan, K. K.; Jones, M.; Grossmann, J. G.; Frerman, F. E,;

recombination reactions are insufficient to populate “products” Scrutton, N. S.; Sutcliffe, M. 1. Biol. Chem2001, 276, 34142. (b) Jones,
with one or more quanta of vibrational ene§yThus, the G. A.; Carpenter, B. K.; Paddon-Row, M. 8. Am. Chem. S0d999 121,

; ; ; 11171. (c) Xie, Q.; Archontis, G.; Skourtis, S. Ghem. Phys. Lettl999
electron transfer rate constant in the normal and inverted regionss15°557 . (d) Balabin, I. A.; Onuchic, J. NScience200Q 290, 114, (e)

decreases comparably as the reaction free energy shifts awayave, R. J.; Newton, M. D.: Kumar, K.; Zimmt, M. B. Phys. Chem.
from the optimum value. For this explanation to apply, there 1995 99, 17501. (f) Castner, E. W., Jr.; Kennedy, D.; Cave, Rl Rhys.

cannot be significant vibrational reorganization (energy) as- Che(rg)- ?2)()821;54\'/\/28;9-'2 siner. M. A Wasielewski. M. B Am. Cherm
sociated with modes in the 460700 cn1? range. The solvent S0c.2001 123 7877. (b) Graige. M. S.: Feher, G.. Okamura, M.Pfoc.

reorganization energy would also need to be extremely small Natl. Acad. Sci. U.S.AL998 95, 11679. (c) Hoffman, B. M.; Ratner, M.
and unusually temperature-independent. Additionally, there areA. J. Am. Chem. So&987, 109, 6237. (d) Intermolecular electron-transfer

; ; reactions are influenced by the dependence of electronic coupling on-€lonor
very few examples of charge separation reactions (neutral acceptor separation and the nature of the intervening medium. See ref 5f.

reactant— Z".Vitterion.ic product) tha}t exhibit rate versusG (7) Fluctuations of rigid bridge mediated coupling magnitudes are small
profiles consistent with the Marcus inverted regféilthough compared to the mean coupling matrix element in systems where the donor
many explanations have been advanced to justify the paucityacceptor interaction is not symmetry forbidden (see the last colisr) (

- - - . - of Table 1 forlin ref 5e. In systems where the dor@cceptor interaction
of examples, invoking the inverted region to explain the rate is symmetry forbidden, the mean coupling value is small. Distortions of

constant data from finds little if any precedent. This would  the molecular structure can generate coupling magnitudes that are larger
also be the first example of a charge separation reaction inthan the mean value. See the sixth coluidgd) of Table 1 forl in ref 5e.

ing i i i (8) (a) Lawson, J. M.; Paddon-Row, M. N.; Schuddeboom, W.;
nonﬁma: SO|Ve.ntS Iylnlg in t.he ’}Aam#s Il(r.]ver.te(zi region. . h Warman, J. M.; Clayton, A. H. A.; Ghiggino, K. B. Phys. Chem1993
The alternative exp anation for the kinetic data pOS|tS that 97, 13099. (b) Kumar, K.; Lin, Z.; Waldeck, D. H.; Zimmt, M. B. Am.

the electronic coupling magnitude varies with temperature. Chem. Soc1996 118 243. (c) Read, I.; Napper, A.; Kaplan, R.; Zimmt,

Between 290 and 350 K, the effective coupling foecreases M. B Waldeck, D. HJ. Am. Chem. 800999 121, 10976 (d) Lokan, N.
. . : : ., Padaon-row, M. N.; Koeberg, M.; vVernoeven, J. Am. em.
60% in 1,3-di-isopropylbenzene, 50% in mesitylene, and 30% gg.'200q 122 5075. (e) Kaplan, R. W.: Napper, A. M.; Waldeck, D. H.:

in cumene. The extensive curvature in the bridgé oéquires Zimmt, M. B. J. Am. Chem. So@00Q 122, 12039.
an appropriately placed solvent molecule within the cleft (9) The following citation describes the pressure dependence of

i i~€electronic orbital overlap in hydrogen bonds: Li, H.; Yamada, H.; Akasaka,
between the donor and acceptor to mediate the electronch.i; Gronenborn, A. M.). Biomol NMR200G 18, 207.

coupling. The probability of appropriate solvent placement and (10) Read, I.; Napper, A.; Zimmt, M. B.; Waldeck, D. B.Phys. Chem.
the efficacy of solvent-mediated coupling both vary with solvent a 200q 104, 9385.

structure and temperature. Although there are theoretical studies (11) Napper, A. M.; Read, |.; Kaplan, R.; Zimmt, M. B.; Waldeck, D.
that support the feasibility of temperature-dependent, solvent- H. J. Phys. Chem. 002 106, in press.

. . . 1 . : (12) The rate constanke, comprises two distinct electron-transfer
mediated coupling magnitudés; there is not yetdirect processes; conversion of the CT state to the molecule’s ground singlet state

evidence to confirm this explanation. The evidence in this and to the molecule’s lowest energy triplet state. This is of no consequence
manuscript is indirect, relying on a parametrized solvation model to the current investigation.

to provide accurate predictions of the solvent reorganization as, _(13) (&) Kumar, K.; Tepper, R. J.; Zeng, Y.; Zimmt, M. & Org. Chem.
p . P 9 . 1995 60, 4051. (b) Kaplan, R. Ph.D. Thesis, Brown University, Providence,
a function of solvent structure and temperature. More direct g, 5001.

investigation of the temperature dependence in solvent-mediated (14) (a) zZeglinski, D. M.; Waldeck, D. HJ. Phys. Chem198§ 92,
electronic coupling is clearly desirable. In summary, the 692. (b) O'Connor, D. V.; Phillips, DTime Correlated Single Photon

experimental rate constant behavior fbrin a number of Countirg; Academic Press: New York, 1984. .
Ikvib | ts i t bl lained by i Ki (15) The fluorescence decay bfis fit to the biexponential form:l(t)
alkylbenzene solvents Is most reasonably explained by INVOKING — 5 gkt 4 (1 — a,)e . The forward electron-transfer rate constiagt

a significant temperature dependence for the solvent-mediated;s obtained fromko = ar(k+ — k-) — ki + k-, and the reverse electron-
electronic coupling magnitude. Temperature-dependent elec-transfer rate constambac is obtained fromkpacc = [(k+ — k-)? — (2K +

: : : _ e 2kior — k+ — k-)3/4ksor. See the text for determination &f
tronic coupling may |nfluen(_:e_3 electron-transfer dynamics in any (16) The best fit equation i&,G(eV) = 5.2451x 10-5T2 — 2.0156x
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