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Photoinduced intermolecular electron transfer between Rhodamine 3B, Aldimethylaniline has

been studied in a series of seven liquids: acetonitrile, ethanol, propylene glycol, and mixtures of
ethanol, 2-butanol, ethylene glycol, propylene glycol, and glycerol. In each liquid, the donor and
acceptors have different diffusion constants and experience distinct dielectric properties. Ps
time-dependent fluorescence measurements and steady-state fluorescence yield measurements were
made and analyzed using a detailed statistical mechanical theory that includes a distance-dependent
Marcus rate constant, diffusion with the hydrodynamic effect, and solvent structure. All
solvent-dependent parameters necessary for calculations were measured, including dielectric
constants, diffusion constants, and redox potentials, leaving the electronic coupling unknown.
Taking the distance-dependence of the coupling t85d A1, data were fit to a single parameter,

the coupling matrix element at contadg,. The theory is able to reproduce both the functional form

of the time-dependence and the concentration-dependence of the data in all seven liquids by fitting
only J,. Despite the substantial differences in the properties of the experimental systems studied,
fits to the data are very good and the values Jgrare very similar for all solvents. @000
American Institute of Physic§S0021-9606)0)01846-§

I. INTRODUCTION seven liquid solvents. Rhodamine 3R3B), in low concen-
tration, is photo-excited. It is the hole donor.
Electron transfer reactions in liquids are dependent orN,N-dimethylaniline(DMA), in various high concentrations,
the properties of the donor/acceptor molecules themselves the hole acceptor. Acetonitrile was chosen as an exemplary
and on the properties of the liquid solvent. For examplenonhydrogen-bonding solvent. Measurements were per-
solvent dielectric properties affect free energies of transfeformed in ethanol and propylene glycol as examples of pure
and solvation energies. In heterogeneous media, dielectrisydrogen-bonding solvents. In addition, data were taken in
properties of nearby structures can affect electron trahster. four alcohol mixtures. Studying electron transfer in such a
Intermolecular electron transfer in solution has the addediverse collection of solvents yields important information
complexity of donor—acceptor distance distributions and dif-about electron transfer dynamics, solvent effects, and ability
fusion of the species. Both the distance distribution, which isf theory to successfully describe the data.
determined by the radial distribution function, and the rates  The data were analyzed with an analytical, statistical
of diffusion are linked to the specific properties of the sol-mechanical theory that encompasses a number of key ele-
vent. ments that affect photoinduced intermolecular electron
Numerous studies have been performed addressing theansfer’°=2% The theory can be used to calculate electron
dependence of electron transfer on environments includingansfer observables and includes the effects of solvent struc-
liquids,”" micelles!®** vesicles}? proteins;*** and  ture and diffusion with the hydrodynamic effect. A Marcus
DNA.>!"191t is often difficult to analyze experimental in- distance-dependent transfer rate is used to describe through-
termolecular electron transfer data due to the complexity ofolvent transfer and incorporates solvent dielectric constants,
the systems. Some system properties that affect electradox potentials, excitation energies, and Coulomb interac-
transfer can be measured; these include solvent dielectrigons. The theory also includes solvent structure, which de-
constants, redox potentials, and bulk diffusion constantsermines the donor—acceptor radial distribution function, and
Some factors, like a distance-dependent transfer ratehe hydrodynamic effect, that is, the distance dependence of
distance-dependent diffusion, and solvent structure can bge diffusion constant, because these factors can have a sig-
described theoretically and therefore must be included in cakificant effect on electron transfer. All parameters necessary
culations of electron transfer dynamics to obtain a propefor the data analysis were measured or calculated, with the
description of the dynamics. exception of the donor—acceptor electronic coupling param-
In this paper, time dependent fluorescence data andters. Measurements were made of the solvent dielectric con-
steady state fluorescence yield data are used to examirgants, the donor/acceptor diffusion constants in each solvent,
photoinduced electron transfer for donors and acceptors iand the donor/acceptor redox potentials. In addition, the ra-
dial distribution functions and the hydrodynamic effects
Author to whom correspondence should be addressed. Electronic maivere calculated for each solvent. Fits to electronic coupling
fayer@fayerlab.stanford.edu; Fa850) 723-4817 parameters yield remarkably similar results for all solvents.
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Il. EXPERIMENTAL PROCEDURES proximately 0.1 M TBAP or THAP was used as the electro-
lyte for each measurement. The solutions were bubbled vig-
orously with N, for 15 min prior to all R3B measurements.

Samples were prepared in the following seven solventspmA concentrations used were 0.03—0.2 mM and R3B con-
acetonitrile, ethanol, propylene glycdll,2-propanedigl centrations were 0.1—2 mM.

58/42 vlv propylene glycol/2-butanol, 23/77 viv glycerol/2-  The difference between DMA oxidation and R3B reduc-

butanol, 50/50 v/v ethylene glycol/ethanol, and 41/59 V/Vtion potentia|sA EO:E%MA,OX_E%SB,red was measured with

glycerol/ethanol. All solvents were the highest grade compMA and R3B both in the same THAP/acetonitrile solution.
mercially available and were used as received. 2-butanol wasor acetonitrile, which has a dielectric constant af

used in some of the mixtures because its size is similar ta-35 924 AE® _,.~=1.55+0.06eV. Redox potentials are
st 9

tha't of propylene glycol and glycerpl, and it is easier 0 de-;ected for dielectric constant in each solvent according to
scribe the solvent structure of a mixture whose componen

ne : : , ?She following equatiort:?>28
have similar sizes. The solvent ratios used in glycerol

ethanol, glycerol/2-butanol, and propylene glycol/2-butanol AEO— AED N e 1 1411 @
mixtures were chosen so that they would have similar vis- T T =359 €q 35.9 '

cosities. However, measurements of the diffusion constants . . o
AR . . . . Wheree s the charge of an electrog is the permittivity of
showed that similarity in viscosity did not produce similar

e free spaceegg, is the solvent dielectric constant, angy are
diffusion constants. the acceptor/donor radii. The corrections were small. The
Each sample contained0.04 mM Rhodamine 3B per- b . '

chlorate(R3B, Exciton, the photoexcited hole donor. Rho- maximum correction is 0.02 eV, for the glycerol/2-butanol
. . . mixture.
damine 3B is the ethyl ester of Rhodamine B. For each sol- e
Diffusion constants were calculated from the measured

vent, one sample was prepared with only R3B and 3 samplqlsmiting current i 27
were prepared with different concentrations of the hole ac- i

ceptor, N,N-dimethylaniline(DMA, Aldrich, packaged un- ij=4nFDcry, (2
der nitrogen. DMA concentrations ranged from 0.025 M to
0.15 M.

A. Sample preparation

87760 ra I’d

wheren is the number of electrons transferred per molecule,
F is Faraday’s constand is the bulk diffusion constang is

the bulk concentration of the electroactive species, rand

B. Fluorescence experiments the electrode radius. The electrode radius was calibrated us-

i i it — —6 27

Both time-resolved and steady-state fluorescence med?d _f(_errocene in acetonitrile to g(;EIf— 21.7x 1,0 I(I:mZ/ ;5’
surements were performed using a mode-locked, Q—switche'dIrnltlng currents were measure or.DI.\/!A in all solvents.
Nd:YLF laser. Frequency-doubled YLF pulses pumped twoBecause measurement of the R3B limiting current was so
cavity-dumped dye lasers. A Rhodamine 6Bxciton) dye difficult, it was only measured in acetonitrile, ethanol,
laser was tuned to 572 nm to excite at the red side of thgthanol/ethylene glycol, and glycerol/ethanol. Me_asu_rement
Rhodamine 3B absorption spectrum. The second dye las&/TOrS were 10% fpr DMA and=209% for R3B. Diffusion
used LDS 867(Excitor) to achieve 880 nm pulses. Pulse constants for R3B in other solvents were calculated by mul-

lengths were~35 ps. Time-resolved fluorescence was mea-t'ply'”g the measured value in ethanol by the ratio of solvent

sured by fluorescence up-conversion. Fluorescence Wé/é'scosities @ethanof 7othed . N accordance with the Stokes—
summed with the 880 nm pulses in a RDP crystal. The upEinstein equation. Diffusion constants are listed in Table I.
converting beam polarization was at the magic angle with! "€ mutual diffusion constarithe sum of the donor and

respect to the excitation beam. The intensity of the up_acceptor diffusion constantsvas used in calculations. Be-

conversion signal was detected with a dry ice-cooled pmTCause DMA i§ su_bstantially smaller t_han R3B,_ it _d_ominates
Steady-state fluorescence was detected at the magic ané mutual diffusion constant, reducing the significance of

with a PMT. Experiments were performed at room tempera- e errorin the_ R3B measurements. )
ture. The viscosity of each solvent was measured using a se-

ries of Cannon Ubbelohde viscometers. Viscositigs are

reported in Table 1.
C. Diffusion constant and redox potential

measurements

Both bulk diffusion constants and reduction/oxidation D. Dielectric constant measurements

potentials of the donor/acceptor molecules were measured at The index of refraction of each solvent was measured at
room temperature by cyclic voltammetry. Measurementsoom temperature using a refractometer. Optical dielectric
were made with an Ensman Instruments El 400 dualconstants &), reported in Table Il, are the square of the
electrode potentiostat in two-electrode mode. The workingefractive index.

electrode was a Bioanalytical Systems &t diameter Pt Static dielectric constantse{) were measured at room
ultramicroelectrode and the reference electrode wasemperature using a concentric cylinder capacitor. The sol-
Ag/AgNO; with tetrabutylammonium perchlorat@BAP) or  vent was held in a graduated cylinder. A stainless steel rod
tetrahexylammonium perchloratd HAP) in acetonitrile or  and cylinder were held concentrically by a Delryn spacer and
2-propanol. All measurements were made from steady-statewered into the solution. AC voltage with frequeneywas
sigmoidal voltammograms with a scan rate of 10 mV/s. Ap-applied to the capacitor in series with a resisiy,. Both
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TABLE |. Measured and calculated diffusion constants.

Dpwma Drss D (A%ng Calculated
Solvent 7 (cP) (A%Ins) (A%Ing) (Dpma+ Drsp) D (A?%ns

acetonitrile 0.342 305 133 438 764
ethanol 1.08 182 59.8 242 242
propylene glycol 49.90 6.7 13 8.0 5.2
58/42 propylene glycol/2-butanol 14.70 24.4 .4 28.8 17.7
23/77 glycerol/2-butanol 14.26 28.3 45 32.8 18.3
50/50 ethylene glycol/ethanol 11.97 37.5 7.8 45.3 21.8
41/59 glycerol/ethanol 15.05 19.6 8.6 28.2 17.3

8 iterature valuegRefs. 24, 28
PCalculated values.
“Scaled viscosity from measuréifor ethanol.

phase and amplitude &, (across both the capacitor and the €ither returns to the ground state via_ fluorescence or goes to
resistoj andV,, (across the capacitor onlyvere measured the charge transfer state by transferring an electron. Electron
with a digital lock-in amplifier. Capacitance, was calcu- transfer occurs through-solvent with a distance-dependent

lated using the following equation: rate constant. Diffusion and solvent structure affect the dis-
) tribution of donor—acceptor distances at any given time. To-
Vin sm(qS) i
__n 3) gether, the rate constant and donor—acceptor distances deter-
Vour Rinw mine the survival time of the donor’s excited state.
where the phase i§= ¢o,— bi,. For each solvent, mea- The time- and distance-dependence of electron transfer

surements were made for two rod/cylinder positions: fullyin @ given system depends on a wide variety of solute and
inserted and partially inserted. The two measurements wergPlvent dependent parameters. For example, individual
subtracted to remove end effectsis proportional teC. The donor/acceptor molecular properties determine the magni-
scaling factor was determined by calibrating the cell using

ethanol, for whichey=24.5?® Dielectric constants deter-

mined for other pure solvents agree well with literature val- A)
ues. Results are reported in Table II.

Ill. THEORY P 2
A. Qualitative overview g

In all of the electron transfer experiments outlined K‘
above, a low concentration of hole donor molecules are sur-
rounded by a higher concentration of hole acceptor mol-
ecules(An electron is transferred from the DMA to the pho-
toexcited R3B. The donors are far enough apart to be
noninteracting, so the theory uses a model in which a single
donor molecule is surrounded by a given concentration of
acceptor molecules, all diffusing in solutipsee Fig. 1A)].

Figure 1B) shows the 3-state electron transfer system.
The lowest parabola represents the initial system, with all
molecules in their respective ground states. Photoexcitation
of the donor brings the system into the state represented by
the highest parabola. Following photoexcitation, the system

oe}
Nt
——5

free energy —»

D*A

TABLE Il. Measured solvent parameters. ) )
reaction coordinate —»

Solvent €op g oA 1y o
FIG. 1. (A) Hole donor molecule surrounded by diffusing hole acceptors.
acetonitrile 1.7999 359 3.62 1.45 Following donor excitation, nearby acceptors compete for electron transfer
ethanol 1.8523 24.5 4.14 2.07 based on the rate constant for transfer at their respective distdBgdsee
propylene glycol 2.0472 29.2 4.72 2.80 energy diagram of 3-state model consisting(df donor/acceptor ground
58/42 propylene glycol/2-butanol ~ 2.0073  22.3 282 2.66 state,(2) photoexcited donor/ground state acceptor, é)ccharge transfer
23/77 glycerol/2-butanol 2.0025 19.3 4’90 2.60 state. Excited state population is created by photoexcitation with etergy
50/50 ethylene glycol/ethanol 1.9631 32.8 Ao24 221 and removed by fluorescence with lifetimend electron transfer with rate
41/59 glycerol/ethanol 2.0070 31.9 450 2.34 k(r). The free energy difference between states 1 and 3 is the difference in
donor/acceptor redox potentialsE®. The free energy difference between
3 iterature valuegRef. 24. states 2 and 3 IAG, the free energy associated with electron transfes.

PAverage diameter of the mixture’s components. the reorganization energy.
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tude and distance-dependence of their electronic coupling.
The difference in donor/acceptor reduction/oxidation poten-
tials (AE®) and reorganization energfh), shown in Fig.
1(B), determine the energetics of the reaction. As the solvent
dielectric constant decreasesE° increases. A larger differ-
ence in donor/acceptor reduction/oxidation potentials leads
to a smaller driving force for the electron transfer. Solvent
dielectric constants also determine the solvation energies and
solvent reorganization energies. In more polar solvents, less
energy is required to create charges. In addition, polar sol-
vents screen Coulomb interactions between ions. However,
in less polar solvents, a lot of energy can be gained by re-
moving charges from ions, if molecules are initially charged.
The effects of polarity depend strongly on the molecular

charges of a specific electron transfer system. Even when the g(r) — buu(
donor/acceptor molecules are specified, the distance- density
dependent rate constant can change significantly with
solvent! ¢ D
The radial distribution function has a significant influ- //
ence on the distribution of donor—acceptor distances found
in an experimental system. Molecules in solution organize to D()
pack in a spatially compact manner. FiguréAR shows a
schematic of packing in two dimensions. Because of this
packing, it is more likely to find two molecules separated by 0
one solvent diametdrr) than by 1.50. Figure 2B) shows an donor/acceptor distance,t ————»

example of a solvent radial distribution functiog(r). In 6. 2. (A) E e of hard <o i i one. A d
) . . IG. 2. xample of hard sphere packing in two dimensions. onor
general‘ a solute’s denSIty oscillates about the average deﬁﬁolecule is surrounded by solvefaipen and acceptothatched spheres of

sity in the same manner as the solverdlg). Therefore,  giametero. (8) A hard sphere radial distribution functiom(r), which
g(r) is the distribution of donor-acceptor separationshows probability of finding a solute/solvent molecule at a given distance
distance§.9 This means that the acceptor concentration neafrom another moleculg in solutic_(mlwe donor in this cageMolecule density
contact is significantly greater than the average concentr -ﬁﬁ‘(kzee:]tsiltysgs' o ‘,j:'grm rf;f;';:;ﬁzrzts %V?t‘; aaggci?npéc}fggfjntg‘? 259 the
tion. Because most electron transfer occurs at very smaffensity at contact is 4.6 times the bulk density) The distance-dependent
distances, including the radial distribution function changedgiiffusion constantD(r), resulting from the hydrodynamic effect for stick
the effective acceptor concentration participating in the rea_Ct_)_oun(_iary conditions. Lines show the limits of no diffusi@® and the bul_k
tion. The local acceptor concentration, which is controlled bydlfoSIon rate{ D(e2) =D]. For the example showR3B and DMA, used in
. T . . R the experimenis the contact value ob(r) is 28% of the bulk value.
the radial distribution function, has a significant effect on the
transfer dynamics. hydrodynamic effect on excited state survival probability
Diffusion plays a key role in the overall time- (the probability that the initially excited donor is still ex-
dependence of electron transfer in liquids. The rate of diffucited) as a function of time. The hydrodynamic effebi(r),
sion is determined by the solvent structure and the hydrodymakes the decay significantly slower, especially at longer
namic effect. Diffusion does not occur in an isotropic times, by slowing down the diffusion at short distanags.)
continuum. It is constrained by the fact that the equilibriumhas a much greater effect at shorter times because it increases
distribution of acceptor molecules must follow the solvent'sthe effective acceptor concentration at short distances where
structure, g(r). As a result, molecular diffusion occurs transfer occurs quickly. The parameters used in Fig. 3 corre-
within a potential of mean forceIn[g(r)]) rather than spond to the best fit parameters for the glycerol/2-butanol
freely3°! The effects are strongest within the first solventmixture (see below. The changes in diffusion are most sig-
shell. In addition, the hydrodynamic effé€e3is included in  nificant for low viscosity solvents like acetonitrile and etha-
the theory via a distance-dependent diffusion consiat), nol, in which molecules diffuse quickly. The effects gfr)
shown in Fig. 2C). The consequence of the hydrodynamic are strongest in solvents with slow diffusion, in which trans-
effect is slower diffusion at short donor—acceptor distanceser is dominated by the initial donor-acceptor distance distri-
because there are fewer pathways around intervening mobution. g(r) plays a more significant role in solvents with
ecules that bring the donor and acceptor closer together. THarger solvent diameters than those used in this paper. Be-
hydrodynamic effect can slow diffusion near contact by acauseg(r) and/orD(r) will have a strong effect in almost
factor of 4 compared to bulk diffusioif:>® Because most any solvent, it is important to include them in electron trans-
electron transfer occurs near contact, the radial distributiofier calculations.
function and the hydrodynamic effect have a significant in-
fluence on the time-dependence of intermolecular electrog' Observables
transfer in a given system. In the systems described here, electron transfer is in-
Figure 3 shows the effects of solvent structure and theluced by photoexcitation of the donor molecule. Either fluo-
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+_ 1 J 2 J
Lry=1z €XHV(10)) 5-D(ro)r g exp(—V(ro)) 7, (6

whereD(r) is the distance-dependent diffusion constant, and
V(r) is the distance-dependent potential in which the accep-
tors are diffusing, divided b¥gT.

Another useful observable that we measure is the steady-
state fluorescence vyieldb. It is the ratio of fluorescence
from a sample with acceptors to one with no acceptors. The
fluorescence vyield provides some information on time scales
fast compared to the instrument response of the instrument
used to make the time dependent fluorescence measure-
ments. In time-dependent measurements, the shortest time
scale behavior of the electron transfer is masked by the con-
volution of the instrument response with the electron transfer
dynamics.® can be written as the ratio of integrated areas
under the unconvolve@P(t)) curves,

0 1 2 3 4 5 © Pox(t dt
2 o 3(PelD)Ot

06 r

04 1

excited state survival probability (Pex (t))

: @)

FIG. 3. Unconvolved theoretical excited state survival probabiiBg,(t ; ;

vs time showing the effects of including solvent strucrilge:),lq;?]%( t)h>e where the f"‘re.a undé‘Pe)&t)) with no acceptors is the ﬂu.q_

hydrodynamic effectD(r). (A) IncludesD(r): (B) includes neither{C) rescence lifetime,r. Because the unconvolved probability

includesD(r) and g(r); (D) includesg(r) only. Inset shows short time decays all start at 1 at time=0, the area under a curve is

behavior. Parameters used are for R3B and 0.15 M DMA in glycerol/2-drastically decreased when very fast electron transfer re-

butanol with stick boundary conditions. Electronic coupling parameters arg,o\,eg population from the excited state very quickly. The

Jo=320cnit andB=1 A~ as shown in Fig. 8. At longer time§(r) is o .

important, but curves with and withog(r) are indistinguishable. At short sensitivity of ﬂu_orescence yield to the unlconvoMajeX(t))

times, g(r) plays an important role. decays makes it a valuable tool for studying electron transfer
dynamics.

The fraction of transfer that is occurring within the in-
rescence or electron transfer follows excitation. The time destrument respons&T, , can be calculated roughly from ex-
pendence of donor fluorescence is an observable thgerimental data,
corresponds to the ensemble averaged excited state survival "
probability as a function of time,P.(t)). A detailed theory e1 — 1 2 o{Pel®)et/] @®
has been developed to calculdf,,(t)) for molecules dif- " 1- Dy :

Lusdlngdfreely.m S}Z?hé%:ggé |r1r]cluf(j|n? solvlent struc_ture :nd thewhere(Pex(t)>exp is the experimental, convolvetPq(t))
ydrodynamic effect. ™ The final results are given here,  goaaq 1o 1 at its peak, anbl,, is the experimental fluores-

(Pex(t)) =exp(—t/7) cence yield.

Xex;{ —47-rCfr [1—Sedt|ro)rag(ro)dro |, C. Rate constant

4) (Pg(t)) can be calculated with any distance-dependent
form of the electron transfer rate consta(t;). For electron
whereris the fluorescence lifetime of samples containing Noyransfer in the normal region{AG<\), a widely used
acceptorsC is the acceptor concentration,is the donor— form of k(r) was developed by Marcidé; 3

acceptor center-to-center separation distance géndis the

solvent radial distribution function. The donor/acceptors are 2m ) —(AG(r)+\(r))?

assumed to be hard spheres and cannot approach closer than k(r)= h\/m.]oex AN(r)kgT

the sum of their radiir ,. Se(t|ro) is the two-particle sur-

vival probability. Se,(t|r o) represents the probability that for xXexp(—B(r—rm)), 9

a one-donor one-acceptor system in which the donor is phQynere is Planck’s constant divided by \ is reorganiza-
toexcited att=0, the donor is still excited at timg given energy,kg is Boltzmann's constanfl is temperature,
that the acceptor was B§ att=0. Se(t|ro) is the solutionto 442G s the free energy of electron transfer. The donor—

the following equation, and is calculated numerically: acceptor electronic coupling is characterizedlpy the mag-
9 . nitude of coupling at contact, an@, which reflects the ex-
Esex(ﬂro): Ly Sex(tlro) —k(ro)Sext[ro), (5)  ponential distance-dependence of the coupling.

_ _ AG, designated in Fig. (B), is the free energy change
wherek(r) is the distance-dependent electron transfer rat@ssociated with forward electron transfer. The standard ex-
Constant.l_:ro is the adjOint of the Smoluchowski diffusion pression forAG was deve'oped by Rehm and We|f8rand
operator, includes excitation energy, redox potentials, and Coulomb
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interactions. For the donor/acceptor system used in this pa- Solvent diameterso) are used to determine the fre-
per, there are no Coulomb interactions, Ads is not quency of oscillation. A packing fraction of 45% was used

distance-dependent, because molecular dynamic simulations predict values be-
tween 43% and 48% for dense, room-temperature

AG=AE’-hv, 10 o . :
v (10 liquids2®49-52r s the donor/acceptor center-to-center sepa-

where AE® is the difference between donor/acceptorration distance, so all radial distribution functions are shifted
reduction/oxidation potentials, given by E@L). hv is the  so that the first peak is at the sum of donor/acceptor radii.
donor singlet excited state energy, taken to be the energy at
which normalized absorption and fluorescence spectrg. Hydrodynamic effect
39
Cross: . e
The reorganization energy, shown in Fig. 1B), is the A distance-dependent diffusion constant accounts for the

free energy change that would be required to reorient atomgydrodynamic effect, in which molecules diffuse toward
and molecules as if they were forming and solvating theeaCh other slower at short distances because intervening mol-

. . . ~32,53

product state, but without actually transferring an election, €cules can hinder diffusion toward each otffer>3 One
includes an inner sphere portiok,, and an outer sphere distance-dependent equation for diffusion was developed by
portion, \g 3" Deutsch and Felderhdf;®?

N=\;+\g, (11 D(I’)ZD[l—&

r(rg+ra))’ 19

where); includes intramolecular structural changes associ-
ated with addition/removal of an electron from the donor/WhereD is the sum of the measured donor/acceptor bulk
acceptor, and\q includes solvent reorientation about the diffusion coefficients. The equation is for stick boundary
products. Inner sphere reorganization energies can beonditions, which are most appropriate when solute mol-
calculated?”** and measure®*3In general\ ;>\, , and\; ecules are larger than the solvent molectfeStick bound-

has no distance dependence. Therefore, for the experimerfgy conditions are reasonable for R3B in the small alcohol
described in this paper, which involve the distance depensolvents used in this paper. DMA is also larger than all of the
dence of electron transfex; has only a small effect on the Solvents used. A plot oD(r) calculated using Eq.14) for
results. The value of; used in the calculations is discussed R3B and DMA is shown in Fig. @). Some calculations
below. The expression fox, was derived by Marcu¥;>’ have been performed for comparison using the expression
developed by Northrup and Hynes for slip boundary

2
Ao(r)= € i_i £+£_E (12) conditions®!
0 Ameg\ €y €t/ \Tg To T’ .
wheree,, and e are optical and static dielectric constants. D(r)= D[l— Eexl{ mU } (15

wherer ,, is the donor—acceptor contact distance, arislthe
D. Solvent structure solvent diameter. Slip boundary conditions are most appro-

o priate when solute and solvent molecules are similar sfzes.
Intermolecular electron transfer in liquids is influenced

by the local structure present in condensed-phas
solutions*>2° For hard spheres of diameter, the density
oscillates about the average density of 1, with a peai, at Fluorescence up-conversion and fluorescence yield data
dip at 1.50, and so forth, damped to the average densitywere fit simultaneously.P¢(t)) is determined by numerical
after ~3 solvent shell{see Fig. 2B)]. When solute mol- integration of Eq. (4), which requires knowledge of
ecules are in solution at low concentratiless than a few  Se(t|ro). Sex(t|ro) is the numerical solution, determined by
tenths molay, they follow the solvent density variation to a partial differencing, of Eq(5) in conjunction with Eqs(6),
reasonable approximatiéi.This means that acceptor mol- (13), and (14). (P(t)) is convolved with the instrument
ecules follow the solvent radial distribution function aboutresponse for comparison with fluorescence time decays.
donor molecules. As a result, effective acceptor concentraFluorescence yield is calculated according to &.by nu-
tions about donor molecules are 4.6 times larger than thenerically integrating the unconvolved,(t)). Calculations
bulk concentration in the first solvent shéfibr 45% packing were performed using the Marcus distance-dependent rate
fraction). In addition, g(r) affects diffusion by restricting constant given in Eq(9) in conjunction with Egs(1) and
molecular motion in order to maintain the solvent structure (10)—(12).
For the experimental system in this paper, there are no Cou- Measured bulk diffusion constant®} can be found in
lomb interactions, but diffusion occurs within the potential of Table |. Measured values for fluorescence lifetinggsand
mean force?3! dielectric constants €, and €) are reported in Table II.
Solvent diameter&o) were determined by making molecular
V(r)=-Inlg(r)]. 13 models of each solvent molecule. Diameters reported in
For this work, hard-sphere radial distribution functions Table 1l are the diameters of a spherical volume with the
are calculated by solving the Percus—Yevick equafi6tr*’  same volume as the molecular models. For solvent mixtures,
using an algorithm given by Smith and Hender§®ihe the average diameter of the two solvents was used. R3B and
final result is modified by a Verlet—Weis correctith. DMA radii of 4.12 A and 2.75 A, respectively, were deter-

R/. DATA ANALYSIS
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mined in the same manner. These radii are different than 08
those used in previous experimefitslowever, we believe 1 g; i
that the new method is more accurate. os | s

Inner sphere reorganization energy is assumed t®;be 04 ¢
=0.10eV. Calculations of\; for large, aromatic organic gj: ¢ Py
molecules like Rhodamine 3B yield approximately 0.05 0.1
eV.*! This number has been multiplied by 2 to account for
donor and acceptor reorganization. Lat al. reported\;
=0.2eV for a bonded organic donor/acceptor famarkel
et al. measured\;=0.43eV in an organic charge transfer
complex*® However, approximately 1/3 of this was attrib-
uted to an intermolecular stretching modg;=0.10eV
seems to be a reasonable approximation for the donor/
acceptor considered heteThe effects of\; will be dis-
cussed below.

When the appropriate parameters are used for each sol- 0
vent, calculations yieldAG=-0.57--0.59eV and A\ oo b2 34 S
=1.12-1.30eV at contact. This is within the normal region t(ns)
of electron transfer { AG<\), as depicted in Fig. (B),  FiG. 4. Data and fits for R3B and 3 DMA concentratid8<033, 0.067, and
and justifies the use of E¢9) as the rate constart. 0.100 M) in acetonitrile.J,=310 cm, B=1 A~* and all other parameters

The distance-dependence of electronic couplifgiis are fixed. Inset shows fluorescence yield d&ta and fits(#).
assumed to be 1 & for all fits unless otherwise specified,
becausgg~ 1 A~ has been reported for most electron trans-
fer experiments in liquid$3*"%°~5" The assumption was
checked by making changes fh(see beloyw By assuming
this value ofB, the data fitting process is left with a single
adjustable parameter.

08 |

fluorescence yield

0 0.05 0.1
0.6 - conc (M)

acetonitrile

0.4+ J,=310 el

02 L

excited state survival probability (P, (t))

significant portion of the dynamics but it is not complete.
The fluorescence yield data provides some information on
the short time behavior of the dynamics that is masked by the
instrument response.

Table | lists diffusion constant§), that are calculated by

Figures 4—10 show both time dependent fluorescencgssuming thab scales linearly with viscosity. The measured
up-conversion data and fluorescence yield data taken in alP for ethanol was multiplied by a ratio of viscosities to de-
seven solvents. Attempts to fit the data with a simple theoryermine these values. Clearly, the experimental diffusion
that includes no solvent structure, no hydrodynamic effectconstants do not simply follow solvent viscosity. Diffusion is
and transfer only at contact were unsuccessful. It was impognuch faster in the solvent mixtures than would be expected
sible to fit both the fluorescence yield and time decays with &rom a linear viscosity dependence.
contact-only model, even if solvent structugdr), and the
hydrodynamic effectD(r), were included. In addition to a
distance-dependent rate constay(t;) andD(r) are essen-
tial to fitting this data correctly. When these effects are not
included, only two of the seven data sets can be fit. For those
data sets that can be fit, the resultiiygvalues change by a
factor of 2—3 wherg(r) andD(r) are removedWhen Kr),
D(r), andg(r) are included, and all measured and calcu-
lated parameters were incorporated as described above,
both up-conversion and yield experiments were successfully
fit for all seven solvents with a single variable parameter
Jo. Fits shown in the figures, which include solvent structure
and the hydrodynamic effect with stick boundary conditions,
were determined with all parameters fixed excépt The
values for the best fits td, are designated in each figure.

For each solvent, the amount of transfer occurring within
the instrument response can be determined roughly using Eqg.
(8). Less transfer occurs within the instrument response for
higher acceptor concentrations and in solvents with higher 0
diffusion constants. For an acceptor concentration of 0.1 M, 1012 3 45 6 78
~10% of transfer occurs within the instrument response for t(ns)
acetonitrile and ethanothOO/g for ethy!ene glycol/ethanol, FIG. 5. Data and fits for R3B and 3 DMA concentratiofs025, 0.050,
~30% for the three more viscous mixtures, and 45% forg g75 M) in ethanolJo=280 cni?, B=1 A~* and all other parameters are
propylene glycol. Thus, the time dependent data representsfiged. Inset shows fluorescence yield d&f and fits(4 ).

V. RESULTS
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FIG. 6. Data and fits for R3B and 3 DMA concentratigfs050, 0.100, and
0.150 M in propylene glycol.J,=300cm?, B=1 A~ and all other pa-
rameters are fixed. Inset shows fluorescence yield @atand fits( ¢ ).

FIG. 8. Data and fits for R3B and 3 DMA concentratigf050, 0.100, and
0.150 M) in 23/77 viv glycerol/2-butanoll,=320 cmi'%, B=1 A%, and all
other parameters are fixed. Inset shows fluorescence yield @atand fits
(&)

VI. DISCUSSION

pling matrix element,]y, is expected to be similar for the
same donor/acceptor pair in different solvents. For the first
five solventgsee Figs. 4—B acetonitrile, ethanol, propylene
glycol, propylene glycol/2-butanol, and glycerol/2-butanol,

Figures 4-10 show fits to steady state and time
dependent data usirk(r), D(r), andg(r), with J, as the
only fitting parameterJ, values are reported in Table III.

The ability of the theory to do a good job of fitting the shape
ey y g ] ming b zfgl of the J, values are 3020 cm L. TheJ,y’s measured in

and concentration dependence of data in all seven solvents
the solvents ethylene glycol/ethanol and glycerol/ethanol

remarkable considering that the solvents include acetonitrile ) ) )
pure hydrogen bonding liquids, and hydrogen bonding sol-(_smle Fllgs.hg and_Jthre 540 th anti/366(]2 %m ' rlespec— |
vent mixtures. From one solvent to another, there is a wigdVely: In these mixtures, more than of the solvent mol-

.. . . . iti 00—
variation in the input parameters for the calculations, reflect?CUIeS have an OH for every carbon atom. In addition, 73%

ing the variation in the physical properties of the systems. Z\IG? of rt]hi s\?lvenlt carbon atoms r:]avﬁ, ar:tachﬁd OH groups.
In addition to being able to fit each data set by fixing all though theJ, values are somewhat higher, they are none-

parameters exceply, the fits result in very consisterd, tr;]eless |rf|tLea?ona2Ie ovgraI: agreemtehnt. _Inl da! (t:ases,d E[?]e
values(see Table Ill. The magnitude of the electronic cou- shapes ot the ime-dependent curves, the yield data, an €

08 0.8
1 L - 0.7 1L ) 0.7 t
_ €06 | 5 - -% 0.6 | ®
ot § 05 | N 2 05 |
5 g 04t o} 5 g 04|
2 o 2
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FIG. 7. Data and fits for R3B and 3 DMA concentratid@s050, 0.100, and  FIG. 9. Data and fits for R3B and 3 DMA concentrati¢8050, 0.100, and
0.150 M) in 58/42 viv propylene glycol/2-butanoldy=320cm?, B 0.150 M) in 50/50 v/v ethylene glycol/ethanaly=540cm?, g=1 A1,
=1 A~! and all other parameters are fixed. Inset shows fluorescence yieldnd all other parameters are fixed. Inset shows fluorescence yield@ata
data(O) and fits( ). and fits(¢).
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FIG. 10. Data and fits for R3B and 3 DMA concentratigfs050, 0.100,
and 0.150 M in 41/59 v/v glycerol/ethanoll,=660cm %, B=1 A%, and
all other parameters are fixed. Inset shows fluorescence yield @atand

fits (#).
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Jo. For acetonitrile,\; values of 0.00, 0.10, and 0.20 eV
result inJ,=200, 310, and 480 cit. These values of; are

in the expected range for organic substrite&®>*Because

\; has not been calculated for the molecules in this experi-
mental system specifically, we cannot knaly exactly.
However, becausk; is not solvent-dependent, changiing
changes], by virtually the same factor in all of the solvents
under consideration, and does not affect the consistency of
Jo values.

The two mixtures with solvent components containing
an OH on each carbon yield larger valueslgfirom the fits
than the five other mixtures. The possibility that errors in the
values ofD are responsible for the larger valuesJyf was
tested. Table Il shows that if slip boundary conditions are
used, ethylene glycol/ethanol can be fit witg=320 cm L.
However, slip boundary conditions do not make it possible
to fit glycerol/ethanol data withi, near 300 crm®. Using slip
boundary conditions does not resolve the discrepanclyin
values. Table lll also shows the results of calculations in
which D was varied to obtaid,=300 cni ®. The fourth col-
umn in the table shows the percent changeDirfrom its
measured value required to obtalg=300cm ! for each
solvent. For the first five solvents, little or no variation is

concentration dependence can be fit with a single adjustablequired. However, for ethylene glycol/ethanol, a 50%
parameter in seven solvents and the valuek afbtained are
in reasonable accord. For each solvent, a rangk, efalues
that has maximum and minimum values differing 820%
gives acceptable fits to both the time and the yield data.

These fits were performed with the hydrodynamic effect

included, using stick boundary conditiofgq. (14)]. For
comparison, the data were also fit using slip boundary conThe data were fit allowing to vary usingJ,=300cm ! as
ditions[Eqg. (15)]. The resultingl, values are shown in Table the target(see Table Ill, column 6 For the first five sol-

1, column 3. Using slip boundary conditions produces no-vents, 8 values are within the range-0.95A l<p<
ticeably worse fits than using stick boundary conditions. In~1.05A"!, a range that is reasonable for electron transfer in
addition, the resulting, values show considerable inconsis- liquids*37-°-5"The small variation in3 should not be taken
tency. Given the results of the fits with slip boundary condi-as a measurement of the variation ®fith solvent. Given
tions and the relative sizes of the solute and solvents, sticthe uncertainty of other input parameters, these are all essen-
boundary conditions appear to be appropriate.

The inner sphere reorganization energy, has an effect
on the Jy values. However, because is not distance-
dependent and is small enough compareltpit essentially
does not affect the distance-dependence of the rate constambuld not be expected to change this much within a group of
[Eq. (9)]. Therefore, it does not affect our ability to fit the polar liquids.

data, and only affects fits by changing the resulting value of

TABLE Ill. Fitting results.

change irD was required. This value is definitely not within
the experimental error of measur@dvalues. For glycerol/
ethanol, it was simply not possible to fit the data wig
=300 cm ! regardless of the value @ chosen.

Another possible explanation for the variationJg for
two of the solvents is tha® varies substantially with solvent.

tially equivalent. However, data taken in ethylene glycol/
ethanol and glycerol/ethanol requig=0.7 to obtainJ,
=300cni L. This is small value of3, and is probably outside
the range of reasonable values, of more significarge,

The net result is that the electron transfer data in five of

Jo(cm™b % changeD BAYHto

Jo(em™} with slip to obtain obtain
Solvent one-parameter fit  boundary  Jo=300cmi?! Jo=300cnm?t
acetonitrile 310 140 0 0.95
ethanol 280 100 -2 1.06
propylene glycol 300 220 0 1.0
58/42 propylene glycol/2-butanol 320 20 -1 0.96
23/77 glycerol/2-butanol 320 180 -2 0.94
50/50 ethylene glycol/ethanol 540 320 50° 0.73
41/59 glycerol/ethanol 660 490 N/A® 0.70

AWorse quality fit than single parameter fitdg.
bSignificantly worse quality fit than single parameter fitlkn
“t is not possible to fit both time and yield data wilj=300 cm ! by changingD.
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the solvents show completely consistent agreement with thgll. CONCLUDING REMARKS
theoretical calculations. Using the measured and calculated

. . Photoinduced electron transfer in liquid solution is a
input parametersJo,=300cm ! and B=1A~1. Varying incu n aqul dton |

complex process affected by numerous factors. In this paper,

th.ese parameters outside of a narrow range is inconsist_e e resolved fluorescence and fluorescence yield experi-
with the data. The two solvents that contain more substanti ents examining the donor/acceptor electron transfer dy-

numpers of OH groups per solvent carbon can glso be fit, buﬁamics in seven liquids were presented. The theory em-
require larger values af,. We believe that this discrepancy pioved to analyze the data includes all of the important
arises from the model used to describe the racﬁal d'St”b”“C_"&spects of electron transfer in solution. Through measure-
fun_ct|on of the acceptors about the donors in solvents_ iMent or calculation of all the necessary input parameters,
which more than 1/3 of the molecules have an OH substltuomy the fundamental electronic coupling parameters were
ent on each carbon atom. The model has the solutes trackingft as unknowns. It was impossible to obtain reasonable fits
the radial distribution function of the solvefitin a subse- to the data with a simpler theory that does not include a
quent publicatior?’ electron transfer of the donor/acceptor gistance-dependent rate constant, solvent structure, and the
system studied here but in pure ethylene glycol solvent willhydrodynamic effect.
be addressed. It will be shown that it is necessary to substan- When all the details were included, fits performed with
tially modify both the radial distribution function and the only one adjustable parameted,( the magnitude of the
hydrodynamic effect in a consistent manner to describe thelectron transfer coupling matrix element at donor/accepter
electron transfer data. Small remnants of the effects observasbntaci were successful for all seven solvendg. values,
in pure ethylene glycol appear to exist in mixtures containingwhich should depend on donor/acceptor identity and should
ethylene glycol or glycerol. It is interesting to note that thenot be influenced greatly by the solvent properties, are in
electron transfer dynamics in pure propylene glycol are deeomplete agreement for five of the solvents. For two of the
scribed well using the standard model of the solute radiasolvents that are mixtures with ethylene glycol and glycerol
distribution function. as one of the components, thgvalues are somewhat larger
Another interesting trend to note is that the calculationghan in the other solvents. In a subsequent paper, it will be
somewhat overestimate the fluorescence yields. It is not posuggested that solvent molecules with an OH on each carbon
sible to get better fits to the yields and simultaneously obtaitom can modify the solutes’ radial distribution functions
acceptable fits to the time decays. The fact that the calculnd the hydrodynamic effect.Since the radial distribution
tions overestimate the fluorescence yields means that tHenction and the hydrodynamic effect can play an important
electron transfer dynamics are systematically faster at ver{ole in electron transfer dynamics in solution, reasonably ac-
short times(shorter than the pulse duratjothan predicted —curate knowledge of the spatial distributions of solutes in a
by the calculations. Small problems in accounting for Verygiven solvent is necessary to have an accurate description of
fast transfer can lead to large errors in the yield calculation§!€ctron transfer dynamics. The results presented here show
because, as noted in the Results, some samples experience!{}pt in many solvents, even hydrogen bonding solvents and
to 45% of their electron transfer within the instrument re-Mixtures, standard, simple assumptions about solute spatial
sponse. One possible reason for the discrepancy at shditstributions in solvents are adequate.
times may be the hard sphere formgffr). A hard sphere In these experiments, forward electron transfer was stud-

g(r) has a sharp cut-off at the sum of the donor/acceptored' Since the time dependent populations of the species fol-

radii. A hard spherg(r) does a good job of accounting for owing charge transfer depend on the details of electron back

the local concentration in the first solvent skdfiut it is not transfer, future experiments will study geminate recombina-

. - . . tion. The theory employed here to describe forward transfer
a precise description of the spatial separations of the donchraS also been developed to describe geminate

and acceptors in the first solvent shell. The ability of a donorrecombinatior?.z’eo‘ﬁzThe theory of geminate recombination
and acceptor to come closer together than the hard sphe

re . .
. includes all of the important physical features that are used
cut-off could enhance the very short time transfer rate. An b Phy

T, . . to describe the forward transfer. The coupled problems of
other possibility is that using an exponential decay of theforward transfer and geminate recombination are complex.

electronic coupling is not adequate at very short diStanceExperiments on faster time scales and examining geminate
Details of the molecular wavefunctions may become impor-

- ) ) " recombination will provide increased understanding of elec-
tant. In addition, molecular orientation has not been Cons'dtron transfer in liquid solution

ered in these calculations. Model calculations show that the

influence of orientation on electron transfer dynamics is

washed out when the dynamics are averaged over orientatigh-KNOWLEDGMENTS

and distancé? However, the very short time dynamics are  The authors would like to thank Professor Robert L.
dominated by the subensemble of donor/acceptor moleculggay, Carnegie Mellon University, for help developing a
that are essentially in contact. For this subensemble, the exnethod to measure solution capacitance; and Professors
act form of the wavefunctions and orientational effects mayHans C. Andersen and Vijay Pande, Stanford University, for
come into play. The fluorescence yield indicates that a fulluseful discussions on structure in hydrogen bonding sol-
description of the dynamics at very short time is not in handvents. We would like to thank Kristin Weidemaier, Tom
Future experiments with fs resolution will be used to addres3reynor, and An-tung Anthony Liu for help performing pre-
the very short time behavior of the systems studied here. liminary experiments on this project; Ambika Shankar for



J. Chem. Phys., Vol. 113, No. 22, 8 December 2000 Electron transfer in complex liquids 10201

help with sample preparation and data collection; Koichiro*J. E. Baur and R. M. Wightman, J. Electroanal. Ch805, 73 (1991).
Shirota and Alexandre Kretchetov for help developing equaZ®J. A. Riddick and W. B. BungerOrganic Solvents: Physical Properties

tions for the capacitance measurements; and Shelley Mintegg2"d Methods of Purificatiorrd ed.(Wiley, New York, 1970.
f ti l It t diffusi G. J. Throop and R. J. Bearman, J. Chem. PH2s2408(1965.
Or suggesling cyclic voltammelry as a drifusion measure?os. A. Rice,Diffusion-Limited ReactionéElsevier, Amsterdam, 1985

ment technique. This research was supported by the Departs. 4. Northrup and J. T. Hynes, J. Chem. PHg.871 (1979.

ment of Energy, Office of Basic Energy Scien¢€sant No.  2J. M. Deutch and B. U. Felderhof, J. Chem. PH58. 1669(1973.

DE-FG03-84ER13251 3R. Zwanzig, Adv. Chem. Phy45, 325 (1969.

34R. A. Marcus, J. Chem. Phy84, 966 (1956.

35R. A. Marcus, J. Chem. Phyg4, 979 (1956.

%6R. A. Marcus, Annu. Rev. Phys. Chert5, 155(1964).

S’R. A. Marcus and N. Sutin, Biochim. Biophys. Acgd1, 265 (1985.

38N. Sutin, inElectron Transfer in Inorganic, Organic, and Biological Sys-

4K. Weidemaier, H. L. Tavernier, S. F. Swallen, and M. D. Fayer, J. Phys. tems gdited byJ. R. Boltqn, N. Mataga, and G. McLend@he American
Chem. A101, 1887(1997. 39Chemlcal Society, Washington, ;Qg;op. 25-43. _ '

5. F. Swallen, K. Weidemaier, H. L. Tavernier, and M. D. Fayer, J. Phys. J. R. Bolton and M. D. Archer, itfElectron Transfer in Inorganic, Or-

IH. L. Tavernier, A. V. Barzykin, M. Tachiya, and M. D. Fayer, J. Phys.
Chem. B102 6078(1998.

2H. L. Tavernier and M. D. Fayer, J. Phys. Cheft. be publishel

3Y. P. Liu and M. D. Newton, J. Phys. Che®8, 7162(1994).

Chem.100, 8106(1996. ganic, and Biological Systemedited _by J.R. I_30Iton, N. M_ataga, and G.
SL. Burel, M. Mostafavi, S. Murata, and M. Tachiya, J. Phys. Chem. A McLendon (The American Chemical Society, Washington, 1991
103 5882(1999. pp. 7-23.
7S, Iwai, S. Murata, and M. Tachiya, J. Chem. PH3@9, 5963 (1998. “D. Rehm and A. Weller, Isr. J. Cher8, 259(1970.
8K. Weidemaier, H. L. Tavernier, and M. D. Fayer, J. Phys. CheriOB 41, M. Hale, inR'eactions of Molecules at Electrodeslited by N. S. Hush
9352(1997. (Wiley—Interscience, New York, 1971pp. 229-257.
9H. Aota, S. Araki, Y. Morishima, and M. Kamachi, Macromolecut iz\]- Y. Liu and J. R. Bolton, J. Phys. Che#6, 1718(1992.
4090(1997. F. Markel, N. S. Ferris, I. R. Gould, and A. B. Myers, J. Am. Chem. Soc.
10¢c. D. Borsarelli, J. J. Cosa, and C. M. Previtali, Photochem. Photd@8pl. 114, 6208(1992.
438(1998. 44J. K. Percus, Phys. Rev. Le8, 462 (1962.
3. W. I. Hackett and C. Turro, J. Phys. Chem182, 5728(1998. SE. Thiele, J. Chem. Phy89, 474 (1963.
2| Hammarstion, T. Norrby, G. Stenhagen, J. Martensson, B. Akermark, “6M. S. Wertheim, Phys. Rev. Lett0, 321(1963.
and M. Almgren, J. Phys. Chem. B)1, 7494(1997). 47). K. Percus and G. Y. Yevick, Phys. Red20, 1 (1958.
*H. B. Gray and J. R. Winkler, Annu. Rev. Bioche65, 537 (1996. “8w. R. Smith and D. Henderson, Mol. Phykd, 411 (1970.

14y. Z. Hu, S. Tsukiji, S. Shinkai, S. Oishi, and I. Hamachi, J. Am. Chem. 48| v/grlet and J. J. Weis, Phys. Rev. % 939 (1972.

500-12_2_2_41(2000- ) ) %0J. P. Hansen and I. R. McDonal@iheory of Simple LiquidéAcademic,
5A. J. DiBilio, C. Dennison, H. B. Gray, B. E. Ramirez, A. G. Sykes, and London, 1976,

16‘]' R. Winkler, J. Am. Chem. S0d20, 7551(1998. ] 51D, A. McQuarrie, Statistical MechanicgHarper & Row, New York,
F. D. Lewis, T. Wu, Y. Zhang, R. L. Letsinger, S. R. Greenfield, and M. 1976

R. Wasielewski, Sciencg77, 673 (1997). 52H. C. Anderser(private communication

TA. M. Brun and A. Harriman, J. Am. Chem. Sot14, 3656(1992. 53
18p_J. Dandliker, M. E. Nunez, and J. K. Barton, Biochemi&#y 6491 P. G. Wolynes and J. M. Deutch, J. Chem. Ptf5.450(1976.

(1998 54M. Chanon, M. D. Hawley, and M. A. Fox, iPhotoinduced Electron
1950, Kelley and J. K. Barton, Scien@83 375(1999. TEr?nsf_er. IT\‘art A\:( Csniggtual Bisggned by M. A. Fox and M. Chanon
205, F. Swallen, K. Weidemaier, and M. D. Fayer, J. Chem. PHy4.2976 55( Sevier, New YorK, _B pp. 1-6U.

(1996. 56G. L. C!oss and J. R_. Miller, Scienc10, 440 (1988.

21\, Tachiya, Radiat. Phys. Cheri1, 167 (1983. J. R. Miller, J. V. Beitz, and R. K. Huddleston, J. Am. Chem. SHat
22y . Lin, R. C. Dorfman, and M. D. Fayer, J. Chem. Ph98, 159(1989. 5057(1984.

23R, C. Dorfman, Y. Lin, and M. D. Fayer, J. Phys. Che, 8007(1990). °’T. Guarr and G. McLendon, Coord. Chem. R68, 1 (1985.

243, A, Riddick, W. B. Bunger, and T. K. Sakar@rganic Solvents: Physi- - H. L. Tavernier and M. D. Fayer, J. Chem. Ph{submitted.
cal Properties and Methods of Purificatioth ed.(Wiley, New York, ~ °°R. P. Domingue and M. D. Fayer, J. Chem. PI8&.2242(1985.
1986. ®0R. C. Dorfman and M. D. Fayer, J. Chem. Ph98, 7410(1992.

25, Weller, Z. Phys. Chem., Neue Folg@3 93 (1982. SLA. I. Burshtein, Chem. Phys. LetL94, 247 (1992.

25T, Yamazaki, |. Yamazaki, and A. Osuka, J. Phys. CheniOB 7858  S2A. 1. Burshtein, A. A. Zharikov, and N. V. Shokhirev, J. Chem. P86
(1998. 1951(1992.



