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The solvent dependence of the photoinduced intramolecular charge transfer rate constants of 1-(9-anthryl)-
3-(4-dimethylaniline)propane (ADMA) is investigated by picosecond time-resolved fluorescence spectroscopy
in polar solvents. ADMA undergoes electron transfer by two distinct mechanisms, depending on the solvent
polarity. In nonpolar solvents the excited ADMA molecule must fold prior to electron transfer, whereas in
polar solvents electron transfer can occur in an extended conformation. In polar solvents, ADMA exhibits
biexponential fluorescence decay. This is consistent with the proposed polar mechanism of electron transfer,
in which electron transfer occurs in an extended conformation, and is followed by conformational
interconversion to an emissive, folded conformation. Examination of the kinetic expressions for the time-
dependent population of the locally excited state of ADMA indicates that the fast decay time of the fluorescence
decay is approximately equal to the inverse of the forward electron-transfer rate constant. A linear correlation
is observed between the fast decay time and the amplitude weighted average solvation time determined from
time-dependent Stokes shift measurements. This indicates that solvent dynamics influences the electron-
transfer rate. Analysis of the results on the basis of an expression for the rate constant of adiabatic electron
transfer demonstrates that the results are consistent with previous estimates of the reorganization energy and
electron-transfer barrier using a dielectric continuum model. Comparison of ADMA electron-transfer rate
constants in ethers with electron-transfer rate constants in polar solvents shows that ADMA undergoes electron
transfer by a mechanism that is intermediate between the polar and nonpolar mechanisms in solvents of

intermediate polarity.

I. Introduction parameter” is defined ag = 27\V%Ahw. Wheng < 1, the
electron-transfer rate constant is proportionalM& and the
folvent frequency parameter has an insignificant effect on the
preexponential factor. These are characteristics of the nonadia-
batic limit, and they are expected to occur whegis large
relative to the tunneling frequencyV&. When o is small
compared to the tunneling frequency, passage over the barrier
is primarily determined by the dissipative dynamics. In this
“adiabatic” regimeg>> 1, and the electron-transfer rate constant
simplifies to

V2 T —AG'
k= 20/ 72 exp( ) 6] [ p(—AGT)
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Though some studies of solvent effects on electron-transfer
wherek; is the forward electron-transfer rate constants the rates have shown that electron-transfer rate constants are
coupling matrix element between the zeroth order electronic inversely proportional to the solvent longitudinal relaxation time,
states,4 is the reorganization energji, is Planck's constant ;12 Barbara and co-workers demonstrated that this is not a
over 27, kTis the thermal energ\G' is the activation barrier  general phenomendA.Furthermore, they demonstrated that
given by the Marcus expression, and is a frequency that  solvent-dependent electron-transfer rate constants of bianthryl
characterizes the spectral density of the dissipative solvent bathyere well correlated with time constants of time-dependent
(e.g., the peak frequency). In these expressions the “adiabaticityStokes shifts (TDSS) of coumarin chromophot&sé Their

. __results suggested that relaxation times measured by the TDSS
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Zusman derived an expression that predicts an inverse
dependence of the electron-transfer rate constant on the solven
longitudinal relaxation time in 198bSince then, a formidable
volume of theoretical work on dynamic solvent effects on
electron transfer has been publisiet? It is now reasonably
well establishet that in the classical limit, the rate constant
for electron transfer in dissipative environments can be approxi-
mately described by expressions of the férm,
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Maroncelli et ak® have developed an approximate expression

that predicts a power law relationship between the collective

solvation correlation function measured by TDSS and the dipole
correlation function of a single solvent molecule. The temporal

response of a solvent to a change in solute charge distribution
has been shown to exhibit behavior that can be anticipated on
the basis of dielectric dispersion measurements with one
caveat: the dielectric function must be measured into the
terahertz regimé’ The remarkable agreement between solvent

response functions determined by TDSS and solvent response
functions calculated from broad spectrum dielectric functions Figure 1. Structure of ADMA (R= N(CHs),) and APP (R= H). See
indicates that the power law relationship between the solvation Figure 2 for representative structures.

correlation function and the single molecule solvent dipole
correlation function also holds between the solvation correlation
function and the longitudinal component of the collective dipole

correlation function that characterizes the dielectric dispersion

solvent that results from photodetachment of atomic anions in
solution2354put the solvation rate is primarily sensitive to trans-
lational dynamics owing to the considerable change in solute
size that accompanies these reactions, and does not appear to

data. Maroncelf® interprets the power law exponent as char- . . .
. P . . be strongly correlated with solvent dynamics measure via the
acteristic of the degree of collectivity in the solvent motion with TDSS method

e s ot s s s st T UIDOe f s paeris 0 presen videncefor ynamica
y ' P Y : P solvent control of photoinitiated electron transfer in a flexible,

increases, and the magnitude of rotational motion required to tethered donor acceptor pair, 1-(9-anthryl)-3-(4-dimethylaniline)-

aCh'ﬁVtehaT eqU|I|b|r_|turg sol\llentt(_:on:glljranon d|m_|n|s_h(re“s. ASI a propane (ADMA) (see Figure 1). The anthracene moiety of
result, the low amplitude solvent inertiai response In highly po'ar Appma can be selectively excited with 387-nm light. The

solvents such as water and acetonitrile accounts for more than

- . . subsequent emission spectrum exhibits anthracene-like emission
0,
50% of the measured Stokes shift of coumaf?nahph explains i the 390-480-nm region, as well as a Gaussian charge-transfer
why terahertz dielectric dispersion data are required to achieve

. . band whose peak wavelength depends on the Lippéataga
agreement between TDSS and dielectric spectroscopy. Impor- WhoSe p eV g bencs Ipiéatag

v th dies indi hat th ol ; TDSSpolarity function of the solverf® Mataga and co-worket%
tantly, these studies indicate that the response of solvent in demonstrated that the emission arises from the folded conforma-

measurt_ements IS mdependent of the so!ute to a first approxiMmasnn of the ADMA charge transfer state. We have investigated
tion. This is especially relevant to studies of dynamic solvent yhe temnorally and spectrally resolved fluorescence of this
control of electron-transfer kinetics. molecule in numerous pure solvents and mixed solvent
Over the past decade, the time resolution of TDSS measure-system$557€0 |n this paper we examine the temporal decay
ments has improved, due to recent developments in ultrafastof the anthracene-like emission of ADMA dissolved in solvents
laser technology. Parameters of multiexponential TDSS temporalwith dielectric constants greater than 5, in which electron transfer

profiles for several chromophores have been tabulated for dozenss expected to occur in the extended conformation of ADMA.
of solvents, and at this point in time a significant database of

dynamic solvation data based on these measurements is availll- Experimental Section

able!’ In light of these developments, it is surprising that ~ ADMA and APP (1-(9-anthryl)-3-phenylpropane), Figure 1,
relatively few time-dependent studies of dynamical solvent were synthesized according to the method outlined pre\/i-
control of electron-transfer rate constants that utilize this infor- ously5557The solvents were obtained in the purest commercially
mation have been reported. Horng et%aleported excited-state  available form, degassed with argon, and used without further
electron-transfer rate constants for 9-(4-biphenyl)-10-methyl- purification. All measurements were made onmi® samples
acridiniumPFs in a variety of solvents, and compared them with  thermostated at 25C. Fluorescence decays were measured with
the average solvation time of Coumarin 153 in these solvents. the time-correlated photon counting (TCPC) method, using a
In polar solvents they observed a linear correlation between thedye laser pumped by a frequency doubled, mode-locked, diode
inverse of the electron-transfer rate constant and the averagepumped Nd:YAG laser. The dye laser was cavity dumped at 4
solvation time. Kubiak and co-workéfs52 have presented spec- MHz. A (BBO) crystal combined a 1064-nm IR beam with a
troscopic evidence for dynamical solvent control of electron 608-nm beam from the dye laser in order to obtain a 387-nm
transfer between two mixed valence trinuclear ruthenium clustersbeam for excitation. The excitation beam was vertically polar-
connected by a bridging ligand. The molecule is symmetric ized and the emission was collected at the magic angle. The
except for the cluster oxidation states, which differ by one elec- time-resolved emission wavelength was selected with a 420-
tron. Infrared bands of single carbonyl ligands attached to eachnm band-pass filter (10-nm fwhm), and was collected by a
cluster exhibit slightly different shifts, reflecting the difference microchannel plate PMT (Hamamatsu, R 3809U-50). A typical
in cluster oxidation states. Electron transfer between clustersinstrument function has a 70-ps fwhm. The data were analyzed
causes the bands to coalesce, and the IR band shape can Hey the iterative reconvolution method, using software of our
used to estimate the time scale of electron transfer. The elec-own design that utilizes the Marquaredtevenberg algorithm
tronic coupling constants estimated from intervalence charge-transto minimize y2, resulting in a time resolution of12 ps.

fer spectra are in the range of 1608000 cnT?, indicating that Fluorescence spectra were recorded with a photon counting
the reaction is strongly adiabatic. Londergan étakport that fluorimeter of our own desigft

solvent-dependent variations in the infrared band shape of this o ) o

compound reflect a correlation between the time scale of electron!!!- Kinetic Analysis and Emission from the Locally

transfer and the average solvent relaxation times of polar sol- EXCited State

vents that have been tabulated by Horng éf 8lolvent dynam- The mechanism of photoinitiated electron transfer in ADMA
ics have also been implicated in ultrafast charge-transfer-to- was elucidated by Eisenthal and co-workér®® and Mataga
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Figure 2. Energy level scheme that governs excited state isomerization kinetics of ADMA. The scheme demonstrates that sandwich heteroexcimer
(SH) state formation is mediated by both solvent viscosity and solvent polarity. In polar solvents the favored pathway to the SH state is through
the charge-separated loose heteroexcimer (LH) intermediate. The nonemissive LH state becomes the low energy configuration in highly polar
solvents.
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Figure 3. Fluorescence spectra of ADMA in tetrahydrofuran and Figure 4. Fluorescence decays of ADMA in tetrahydrofuran and

decanol, and of APP in tetrahydrofuran. The spectra are normalized atdecanol.
the 390-nm peak. ADMA in THF exhibits a much larger charge transfer

band intensity, because the electron-transfer reaction is much faster inqependent single-exponential decay profile in nonpolar sol-
THF than in decanol, resulting in a larger quantum yield for charge /o565 indicating that the forward electron transfer is preceded

transfer emission in THF. APP in THF and ADMA in decanol are nearly by foldi d the back-electron t fer is hiahl f bl
identical in the region associated with emission from the anthracene y folding, an € back-electron transfer is highly untavorable.

locally excited state, as expected. In polar solvents, charge transfer can occur when ADMA is
in an extended conformation, resulting in a “loose heteroexci-
and co-worker®$:66-69 two decades ago. Their mechanism is mer” (LH).6 Following electron transfer in the extended
summarized in Figure 2. Following selective excitation of the conformation, ADMA undergoes intramolecular conformational
locally excited (LE) anthracene moiety, the dimethylaniline rearrangement to the emissive SH state if the dielectric constant
moiety donates an electron to the excited anthracene moiety,of the solvent is less than20. When the solvent is sufficiently
and the mechanism of electron transfer depends on the solvenpolar ¢ > 20), the extended charge transfer conformation is
dielectric constant. In nonpolar solvents, the molecule must fold stable, and no CT emission is observed, because the loose
into a sandwich geometry prior to electron transfer. Mataga heteroexcimer is nonemissiV&While several prior papers have
referred to the resulting folded exciplex as the “sandwich demonstrated the dependence of the ADMA reaction pathway
heteroexcimer” (SH) state of the molecule. The fluorescence on the solvent dielectric constdiit/*-"2Figures 3 and 4 highlight
decay of the anthracene-like emission exhibits a viscosity- the inadequacy of this parameter with respect to the charge
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TABLE 1. Decay Parameters for ADMA in Various Solvents

CT peak
solvents € n shift (nm) As 75 (NS) As 75 (NS) AJA; 7 (cP) 10, (sY) Tapp(NS)
hexane 1.89 1.38 474.60 1.00 1.73 0.30 3.62 4.29
cyclohexane 2.02 1.43 473.20 1.00 2.48 0.91 2.09 5.85
hexadecane 2.05 1.43 471.80 1.00 3.40 3.04 1.15 6.05
mineral oil 2.05 1.47 476.70 1.00 5.90 23.10 0.42 7.80
dibutyl ether 3.08 1.40 492.30 1.00 2.16 0.65 2.47 6.39
dipropyl ether 3.38 1.38 496.00 1.00 1.32 0.40 3.12 4.36
diethyl ether 426 135 504.20 1.00 0.39 0.22 4.16 4.10
tert-amylOH 5.82 1.41 514.60 0.99 0.71 0.01 3.73 0.01 3.48 1.07 6.58
EtOAC 6.02 1.37 522.60 0.995 0.02 0.01 4.68 0.01 0.42 3.04 7.02
BuCl 7.39 1.40 509.00 0.95 0.29 0.05 3.34 0.05 0.42 3.04 7.24
THF 7.58 1.41 523.90 0.99 0.017 0.01 6.50 0.01 0.70 2.37 8.87
decanol 8.03 1.44 520.00 0.98 1.84 0.02 4.07 0.02 10.90 0.61 7.87
CH.Cl, 9.08 1.42 526.10 0.994 0.009 0.006 6.74 0.006 0.41 3.09 7.85
octanol 9.86 1.43 526.00 0.90 1.13 0.10 6.83 0.11 7.15 0.75 7.35
propanol 20.43 1.38 534.00 0.996 0.12 0.004 4.30 0.00 1.95 1.43 7.23
EtOH 24.32 1.36 537.10 0.99 0.06 0.01 4.48 0.01 1.27 1.76 5.18
propylene glycol 32.00 1.43 537.00 0.85 0.05 0.02 8.56 0.02 40.40 0.32 9.74
SCHEME 1 population decays according to a biexponential rate law when
K, K the polar mechanism is operative, and a single-exponential decay
LE T} LH——SH when the nonpolar mechanism is operative. This provides a
- convenient method to characterize solvents as polar or nonpolar
ks ks RS with respect to ADMA charge transfer. Decay parameters for

several solvents are given in Table 1. Studies of ADMA charge
transfer rate. Figure 3 shows the spectra of ADMA dissolved transfer in neat and mixed liquids show that solvents with
in THF andn-decanol, two solvents with very similar dielectric  dielectric constants below 5 support the nonpolar pathway, and
constants, but widely varying solvent relaxation times. The solvents with dielectric constants above 5 support the polar
spectrum of APP in THF is also shown. Figure 4 shows the pathway?® This is evident in Table 1. The emission maximum
fluorescence decays of ADMA in THF and decanol. The reactant of the SH emission band is also listed in the table, and it is
concentration decays much more rapidly in THF than in decanol, evident that the peak shift depends on the solvent dielectric
and this has consequences for the emission spectra showronstant.
inFigure 3b. A significantly larger fraction of excited ADMA In general the time constants and amplitudes given by eq 3
molecules decay via the CT state when the solute is dissolvedcannot be easily interpreted with respect to specific elementary
in THF in comparison with decanol, because the CT reaction ,y5cesses in Scheme 1. However, previous investigations of

occurs within a few tens of picoseconds following excitation. apwma kinetics have resulted in accurate estimates of several

Equation 2 predicts that the electron-transfer rate constant

(k1 in Scheme 1) depends on the solvent relaxation time, and
in the following paragraphs we demonstrate thatan be easily
extracted from the fluorescence decay of the LE state of ADMA.

of the rate constants, and these lead us to conclude that the
is equal to the forward electron-transfer rate, The consid-
erations that lead to this conclusion are briefly described here.
ks can be determined experimentally by measuring the fluores-

Scheme 1 summarizes the polar kinetic mechanism appropriateqnce decay rate of APP, a model compound whose radiative

for the present analysis.
The expression for the time-dependent population of the LE
state following impulsive excitation §%73

[LE] = Ae ™ + Ae ™ 3)

Ao =" (kg + kg + kg + Kk, + k) +
\/(kl + ks - k—l - kz - k4)2 + 4k1k—1}

Ae="1{(K + kg + k_; + ky + k) —
VK + kg — Ky — k, — k)2 + dkk i} (4)

and

K, + ks — A
- UE

As — kg — k
A== LEd (5)

The time constants for the fast and slow components of the
decay arer; = 1/4; and s = 1/1s, respectively. The LE state

and nonradiative decay rates are expected to mimic the rates of
ADMA, 7 except that APP cannot undergo electron transfer.
Thusks = (zapp) 1. Solvent-dependent fluorescence lifetimes
of APP are reported in Table 1. Mataga and co-wofRers
observed the transient absorbance spectrum of the anthracene
radical anion of ADMA in polar solvents after photoexcitation

at time delays as long as 2.5 ns. We therefore estimate the value
of ks ~ 108 s71. ks is also found to be~10" s from the
fluorescence lifetime of the SH emissid. characterizes the
rate of formation of the SH conformation from the LH
conformation via intramolecular folding. We anticipate that this
folding reaction will depend on viscosity on the basis of the
observed viscosity power law dependence of the charge-transfer
rate in nonpolar solvenf$:’2The viscosity power law offers a
convenient means of estimatirkg, but two phenomena must

be considered to do so. First, it must be recognized that ADMA
may undergo several foldirgunfolding cycles before electron
transfer occurs in nonpolar solveritgnd therefore the viscosity
power law only provides a lower limit on the folding rate
constant. Estimates of the activation barriers to unfolding and
charge transfer in nonpolar solvents suggest that the folding
rate may be as much as a factor of 3 larger than the charge-
transfer rate determined from the viscosity power ldBecond,

in the polar mechanism, the charged LH state will also
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TABLE 2: Solvent Relaxation Parameters from TDSS Measurements

solvents € a  nPs) @& 12(ps) &  w(ps)  a  w(ps)  70(PS)  Tag(PS)  Twe(PS) 7 (PS)
CH.Cl, 9.08 0.52 0.14 0.48 1.02 0.25 0.57 0.38 9
THF 7.58 0.45 0.23  0.55 1.52 0.43 0.94 0.70 17
EtOAC 6.02 1.00 2.70 2.70 2.70 2.69 21
EtOH 2432 0.09 0.03 0.23 0.39 0.18 5.03 050 29.6 0.29 15.9 10.9 60
propanol 20.43 0.09 0.03 0.17 0.34 0.23 6.57 0.52 47.8 0.29 26.2 18.0 119
decanol 8.03 0.12 0.03 0.06 058 0.18 433 0.64 373.0 0.24 244.7 205.0 1840
octanot 9.86 0.20 45.0 0.80  300.0 140.6 249.0 233.2 1130
dibutyl ethep 3.08 1.00 12.00 12.00 12.00 12.00 2158
diethyl ethe? 426 0.71 1.20 0.29 3.00 1.45 1.72 0.79 385

a Solvation data is taken from ref 17 unless noted otherwise. The authors report a 125 fs instrument response’fitintiacetate and ether
data are taken from ref 33. The authors report a 300 fs instrument response fuh©@anol solvation data are taken from ref 75. The authors
report a 50 ps instrument response function.

experience dielectric friction that will reduce the valuekef 10000
These two phenomena have opposing effects on the difference dibutyl ether DeOH
between the folding rate and the charge-transfer rate determined o ™
from the viscosity power law. Thus the viscosity power Ew, ek I _#OcoH
1 ; ///
— 0.50 0]
k, =50 ) E100 Ao
< EtOAc //i Ve 2
may provide a reasonable approximation ker Values of k T}f/ - B Pid 150
based on eq 6 are tabulated in Table 1, with typical values in 104~ // 100
the range of 1®s™ 1%, CHaClp e
ki and k-1 are unknown, but the introductory discussion i s
suggests that;, the forward electron-transfer rate, will depend 14 -l 0
on the solvent relaxation timé&. ; is expected to have an upper . . 010 20 30 40 50
limit equal tok;, and a lower limit of zero. Clearly, there is ! 10 100 1000 10000
uncertainty in the values d¢ andks, and we have examined Average Solvation Time,T,,, (psec)

the sensitivity of the time constants and amplitudes in eq 3 to
variations 'Tlthese parameters. We have found that viken versus the amplitude weighted average solvation tig,from TDSS

7 x 10 st and k = kp = 3k, then to a very good  measurementsa, are taken from refs 17, 33, and 75, as described in
approximationAs = k; + k-1 + ks. Thus ifk, is significantly Table 2. The solid line is a guide to the eye to indicate where 7.y
larger thank-; and ks, then the fast decay time in the The dashed line is the linear regression of the polar solvent data, which
fluorescence decay of the ADMA LE state is equal to the inverse is indicated by solid triangles. The inset shows the correlation on a

of the forward charge-transfer rate constant. Furthermore, when"”hear scalle,_alo_ng_ with thcf_ ’egLeSSiO“ line. Ople” ngarels are Iethers,
01 . . wnose po arlty IS intermediate between nonpolar ana polar so vents
ki = 10 s7%, then the following equality holds. with respect to ADMA electron transfer.
Ak

e @) of the initial solvation rate, which characterizes the inertial
A 1 contribution, and is calculated ag™! = Y; a7 % Tayg is the
amplitude weighted average of the solvation times, calculated

Equat_lon 7 allows_ us to estimate_; from the ratio of as Tag = 3 aTi. Twe is the time required for the solvation
experimental magnitudes of the slow and fast decay components

. . - correlation function to reach a value of 0.368. The fast decay
AJA; is tabulated in Table 1, and indicates that back electron constantz;, of ADMA from Table 1 has also been reproduced
transfer is at least an order of magnitude slower and typically ;, Tapje 2_’
2 orders of magnitude slower than forward electron transfer in
polar solvents. Thus we find that ~ k; as long ask; > 10°
s, sinceks ~ 10° s™L. Table 1 indicates that #4/is greater

Figure 5. Fast time constant of the measured fluorescence degay,

Figure 5 is a plot of the measured valuerpf/ersusrayg for
seven polar solvents with dielectric constants greater than 5.

8 . . Two additional data points are also shown for dibutyl ether and
than 10 s~1 for most of these solvents. Viscous solvents with diethyl ether whose dielectric constants are 3.1 and 4.3

low dielectric constants exhibit slightly lower rate constants for respectively, and the significance of these data points will be
forward electron transfer, as one might expect on the basis of s ssed bélow. The plot includes a line with slepd and
eq 2. This discussion parametrizes the conditions under whichimercept= 0 as a guide to the eye. The measured values of the

the short time constant of the biexponential fluorescence decays,\vard electron-transfer times are slower than the average
of ADMA in polar solvents can be viewed as the forward — gqyation time, but a linear correlation is evident. A similar

elec'gron-pransfer time, and indice}tes thqt this is a good ap- . relation exists betweem; and 7y, However, a linear
proximation for the solvents considered in Table 2. correlation is not evident betweenandzg, nor between and
the solvent dielectric constant. The octanol data point is expected
to be artificially high on this plot along the-axis, because the
Table 2 presents the TDSS-based solvent relaxation param-time resolution of the instrument used to measure the TDSS
eters from refs 17, 33, and 75 for several of the solvents useddecay was 50 p%, and therefore was not able to resolve the
in this study, along with characteristic decay times for solvent short time decays that can be anticipated on the basis of
relaxation that have been discussed by Horng étf dlhe femtosecond measurements of other alcohblkhe THF and
characteristic decay times are defined as follawss the inverse CH.ClI, data points may also be artificially high along thaxis,

IV. Results and Discussion
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TABLE 3: Calculated Potential Energy Parameters for the the total reorganization energy along with values foGT
Extended Charge Transfer Reaction of ADMA calculated via eq 8 are tabulated in Table 3.

solvents ¢ n  A(kdImol) AG (kd/mol) AG'(kd/mol) In principle, eq 1 can be used to estimate but direct
CH,Cl, 008 1.42 114 220 18.6 applicatio_n of eq 1 is not expected to be reliable in the present
THE 758 1.41 112 ~175 20.0 case, owing to the small number of degrees of freedom in the
EtOAc 6.02 1.37 111 —-10.8 225 fitting process. Equation 1 can be rewritten to emphasize the
EtOH | 22‘83;23 11-33% 113372 —gi-g ig-i linear relationship between the fast fluorescence lifetime and
propano . . —34. . iati i ;

Hecanol 803 144 109 100 185 the characteristic solvation time,

octanol 9.86 1.43 115 —23.6 18.1

T = (20)

because the reported valuesmfare a factor of 2 faster than

kT [A%KT JAG!
A 29 PVl kT
the estimated time resolution limit of our TCPC instrument.

Sensitivity analysis demonstrates that these considerations willlf 2 and AG" are constant, then the parameters of a linear
have a small effect3% change iry-intercept, 1% change in  regression analysis af againstra,q can be used to determine

slope) on a linear regression analysis of the results. V according to the expression,

We will now estimate values of the parameters in eq 1 for
ADMA charge transfer in polar solvents. In a recent pager, V= hl\/ﬁ (11)
we calculated solvent-dependent valueg ahdAGc¢, the free b

energy of electron transfer, for the ADMA charge-transfer ) o ) )
reaction in the folded conformation as a function of solvent Wheremis the slope of the regression line, amis the intercept.

dielectric constant using continuum models. The valueafst Though variation in the values afandAG' is evident in Table
were determined from the Marcus equatién 3, it is instructive to perform this calculation with the average

value of 1 (119 + 11 kJ/mol). The dashed line in Figure 5
2 AG. )2 represents the linear regressionzpf/ersusrayg with b = 8.5
AGT=291 4 —/— 8) + 5 ps andn= 4 + 0.4 (R? = 0.98)78 Using these regression
4 Y parameters, eq 11 givés= 160+ 67 cnT. (The uncertainty
is the standard deviation of determined via conventional

wherel¢ = 1, + A is the sum of the inner spherg,) and differential rules for propagation of error neglecting covariance,

solvent ¢<) contributions to the reorganization energyGe¢ and is dominated by the intercept paramf::-ter_ variandes

was determined using the RehiWeller expression, corrected ~ €XPected to depend on distance, and Ando’s simulations of the
for solvent-dependent ion solvation energies, distance-dependenpiMolecular charge-transfer reaction from dimethylaniline to
Coulomb energies, and the steric energy of the folded confor- €Xcited-state anthracene confirm this expectatioAndo’s
mation.AG¢ for the extended conformation was also calculated €MPpirical correlation betweeW (in cm™) andra-p (in A)is

in the previous papéRand the results offered a thermodynamic 91ven by

basis for the observed dependence of the charge-transfer _

mechanism on solvent dieIeF():tric constant. Charge tgransfer is IV(ra_p)I* = 1671 cm *? exp[~0.83(,_p — 5)] (12)
exothermic in the folded conformation for all values of the
solvent dielectric constant, including the vacuum environment.
On the other hand, charge transfer in the extended conformation
is endothermic below a solvent dielectric constant of 5, and
exothermic for dielectric constants greater than 5. Calculated

and predicts 190-cr coupling @8 A in acetonitrile. Thus our
estimate based on the linear correlation observed in Figure 5
agrees with Ando’s estimate o¥, though there is some
uncertainty in these estimates. Equation 12 indicates that the

values of AG¢ for the extended conformation at dielectric Z(C)E\?;Hgnszz?r?é? gﬁgblgzragﬁifﬂg:fng 6'4;‘;3’ Vgseéi?; dﬂ:g
constants associated with the polar solvents used in Figure 5 9 9y P

have been tabulated in Table 3. We have estimated solvent anodecrease with decreasing distance. But while small solute

distance dependent values f@t using the dielectric continuum conformational fluctugtlons are expected fo modulate the
Marcus models77 electron-transfer reaction rate, it is apparent from Figure 5 that

the preexponential factor in eq 1 is dominated by the solvent
2 relaxation time for polar solvents. These results indicate that
AT ap) ZA_q(i - 1)(i+i - L) (9) solvent dynamics has a significant influence on the rate of
Ameg\n®  €/\28p 284, Tpp electron transfer from dimethylaniline to excited anthracene in
the tethered ADMA molecule. Apparently the average solvation
whereq is the charge transferred (assumed to be 1 electron intime, tayg provides an adequate characterization of the spectral
this system),n and ¢ are the solvent refractive index and density of the dissipative bath with respect to electron transfer
dielectric constant, respectivelgp andaa are the donor and in ADMA. Ando’s simulation of the bimolecular excited-state
acceptor cavity radii (3.5 and 4 A, respectively, based on solvent electron-transfer reaction between anthracene and dimethyla-
excluded volumes around ab initio structures of the donor and niline shows that the reaction is adiabatic on the basis of the
acceptor ions, see ref 72 for details), andp is the separation  strength of the electronic state coupling, which increases to
distance between reactants (8 A, see ref 72) at the time of~700 cnt! at ra—p ~ 5 A7 This is consistent with our
electron transfer. Andéhas shown that eq 9 produces the same experimental results, which indicate that excited-state electron
trend with respect to distance as potential energy surfaces basetransfer in the extended conformation of the tethered ADMA
on simulation of the bimolecular electron-transfer reaction of molecule is an adiabatic process in polar solvents with respect
anthracene and dimethylaniline. In a recent publication, we to the assumptions used to derive eq 2.
estimatedl, to be 38 kJ/mol, and for the present analysis we  The ethers have been included in Figure 5 because they
will assume that the inner sphere reorganization energy is represent solvents that bridge the polar and nonpolar regimes.
independent of the distance between the reactants. Values ofn a previous publication, we demonstrated that the electron-
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transfer reaction of ADMA is accelerated in these solvents,

beyond the acceleration expected on the basis of produc
stabilization as predicted by Marcus theory. We postulated that 1,7

in this regime, the doneracceptor distance at which electron
transfer occurs in dibutyl ether and diethyl ether is betwaep

in the folded and extended conformations. This postulate implies

that if electron transfer is possible in a partially folded
conformation but not in the extended conformation, then it will

J. Phys. Chem. A, Vol. 108, No. 35, 2004145

“phase diagram” that parametrizes the conditions under which eq 1 is

texpected to hold.

(12) Kosower, E. M.; Huppert, DAnnu. Re. Phys. Chem1986 37,

(13) Kahlow, M. A.; Kang, T. J.; Barbara, P. B. Phys. Chem1987,
91, 6452.

(14) Kang, T. J.; Kahlow, M. A,; Giser, D.; Swallen, S.; Nagarajan, V.;
Jarzeba, W.; Barbara, P. &. Phys. Chem1988 92, 6800.

(15) Kang, T. J.; Jarzeba, W.; Barbara, P. F.; Fonsec&€h€m. Phys.
199Q 149, 81.

occur faster than expectation based on the nonpolar mechanism, (16) Tominaga, K.; Walker, G. C.; Kang, T. J.; Barbara, P. F.; Fonseca,

but slower than expectation based on the polar mechanism. The'

T.J. Phys. Chem1991, 95, 10485.
(17) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, 8.

ethers exhibit single exponential fluorescence decays, and wephys. Chem1995 99, 17311.

have plotted their fluorescence lifetimes along thexis of

Figure 4 versus their average solvation times as determined by

the TDSS method. It is clear from this plot that the electron-

(18) Maroncelli, M.; Fleming, G. RJ. Chem. Physl987, 86, 6221.

(19) Maroncelli, M.; Fleming, G. RJ. Chem. Phys1988 89, 875.

(20) Maroncelli, M.; Castner, E. W., Jr.; Bagchi, B.; Fleming, G. R.
Faraday Discuss. Chem. Sat988 85, 199.

transfer rate for ethers is considerably slower than that expected (21) ‘Maroncelli, M.; Fleming, G. RJ. Chem. Phys198§ 89, 5044.

on the basis of their solvation dynamics. This is consistent with

(22) Maroncelli, M.; Maclnnis, J.; Fleming, G. BciencgWashington,

the postulate that ADMA in these solvents undergoes electron P-C) 1989 243 1674.

transfer by a mechanism that is intermediate between the polar
and nonpolar mechanisms, and therefore they reflect electron-

transfer rates in the transition regime.

We have demonstrated that electron transfer of a tethered

donor—acceptor pair is controlled by solvent relaxation in polar

solvents. Solvent motion induces electron transfer, and also

(23) Maroncelli, M.; Fleming, G. RJ. Chem. Phys199Q 92, 3251.

(24) Maroncelli, M.J. Chem. Phys1991, 94, 2084.

(25) Maroncelli, M.; Kumar, V. P.; Papazyan, A.Phys. Chenl993
97, 13.

(26) Maroncelli, M.; Kumar, P. V.; Papazyan, A.; Horng, M. L,;
Rosenthal, S. J.; Fleming, G. RIP Conf. Proc.1994 298 310.

(27) Kumar, P. V.; Maroncelli, MJ. Chem. Phys1995 103 3038.

(28) Castner, E. W., Jr.; Maroncelli, M.; Fleming, G.RChem. Phys.

stabilizes the charge-separated form of the molecule on the time1987 86, 1090.

scale of solvent relaxation. The bimolecular electron-transfer 04

reaction between a dimethylaniline donor and an excited
anthracene acceptor has also been thoroughly investi¢fafgd.

The absorption and emission spectra of the tethered system ar&

nearly identical with those of the bimolecular system, but the
rate of electron transfer in the bimolecular system is diffusion
limited. This prevents observation of dynamic solvent effects
in the bimolecular anthracenelimethylaniline system, as well

as numerous other bimolecular systems that undergo electron
transfer by the same mechanism. However, the results of the

present work indicate that dynamic solvent effects play an

important role in the bimolecular systems, even though the

effects cannot be measured in dilute solution.
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