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Intermolecular photoinduced electron transfer between Rhodamine 3B catiorf)(R88 dimethylanaline

(DMA) is studied in a variety of solvents using pumprobe spectroscopy from ultrashort timeslQO0 fs)

to long times €10 ns). Excitation of R3Bresults in the transfer of an electron from DMA and the production

of the neutral radical R3B and the DMAradical cation. Using a very broadband continuum probe, the
generation of the R3B neutral radical is observed (430 nm) as well as the ground state bleach (550 nm), an
excited state absorption (445 nm), and stimulated emission (620 nm). A good spectrum of the R3B radical
is obtained by removing the overlapping excited state absorption. The forward electron transfer is examined
by monitoring the time dependence of the stimulated emission. The data are analyzed with a previously
presented detailed theory of through-solvent electron transfer for diffusing donors and acceptors, which includes
the influences solvent structure and the hydrodynamic effect. Previous studies have shown that the theory
works well for times>100 ps. Itis found that in a non-hydrogen-bonding solvent (acetonitrile) and in mixtures

of hydrogen-bonding solvents, the theory works well down to a few hundred femtoseconds with only one
adjustable parameter, the contact electronic coupling matrix element. However, in pure hydrogen-bonding
solvents, it is necessary to increase the solvent hard sphere radius used in the radial distribution to theoretically
describe the data, which suggest a larger solvent structural unit than a single solvent molecule.

I. Introduction distance dependence of the transfer rate. The distance depen-
dence of the transfer rate depends on the strength of the
electronic interaction, the free energy change upon electron
ﬁransfer, and the reorganization enetgyBecause the donors
and acceptors are constantly moving through the liquid, their

The transfer of an electron from a donor to an acceptor is
the fundamental step in a wide range of chemical and biological
processes. As a result, electron-transfer reactions have bee

focus of numerous theoretiéaf and experimentét® efforts \ . :
aimed at understanding the kinetics and mechanism of therelat|ve positions, and, therefore, the transfer rates, are not fixed.
The transfer rate from a particular donor to the ensemble of

transfer event. Photoinduced electron transfer makes it possible tors i lex function that d d h ii ¢
to study electron transfer with a well-defined initiation time. In acceplors IS a complex function that depends on the position o

many cases, electron transfer takes place through bonds tha he particles, the solvent properties, and the electronic interaction
’ i 1,23-26

link the donor to the acceptd?. However, in many other etweer? thg particles? .

situations, the donor is not directly connected to an accep- | he diffusion of the molecules cannot be treated as if it takes

tor 92021 Electron transfer takes place because of the “through Place in an isotropic continuum. Because electron transfer occurs

solvent” distance dependent intermolecular interactions that canOver & relatively short range<(~10 A), the structures of the
couple the states of a donor and an acceptThe solvent first few solvent shells surrounding a donor play an important
may be a liquid~1° a micellel™15 or a proteiris-18 The solvent role in dete.rmln_lng _the spatlgl distribution of acceptors ab.o.ut a
is any medium in which the pathway for the electron transport donor!:?* Diffusion is constrained by the fact that the equilib-
is not directly through covalent bonds. Because the intermo- "um d|§tr|b_ut|o_n of acceptor molecules must follow the_solv_ent’s
lecular interactions fall off steeply with distance, the spatial radial distribution functiong(r). As a result, molecular diffusion
distribution of acceptors relative to a donor is critical in OCcurs within a potential of mean forcelf [g(r)]) rather than
determining the rate and efficacy of electron tran&fér. freer.2.7v.28The effects are strongest within the first solvent shell.
Liquid solvents are an important medium for electron-transfer !N @ddition, as a donor and acceptor approach each other, the
processes. Despite the ubiquity of liquid solvents, understanding €ffective diffusion constant is reducéét The reduction of the
the interplay of factors that influence photoinduced electron diffusion constant on close approach is called the hydrodynamic
transfer between donors and acceptors in liquids remains aeffect?®*® and it is included in the theory via a distance-
challenging problem. In the experiments described below as well dependent diffusion constari(r).
as in other experimenf£22la low concentration donor and The influences of distance dependent transfer rate, diffusion,
high concentration acceptors are dissolved in a liquid. The time the radial distribution function, and the hydrodynamic effect
dependence of photoinduced electron transfer depends on théiave been incorporated into the theory of electron transfer in
concentration of the species, the diffusion constants, and thesolution'821as well as into the theory for electron transfer for
donors and acceptors in the headgroup regions of micélfds.
T Current address: Softmatter Nanotechnology and Advanced Spectros-Experimental tests of the theoretical description of electron

copy Group, Chemistry Division, Los Alamos National Laboratory, Los transfer in quuid%l and in micelled!32 have taken place on a
Alamos, NM 87545. .
* Permanent address: Nanophotonics Laboratory, RIKEN, Hirosawa, 20—100 ps to a few ns time scale. The results have shown good
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The previous experiments used time dependent fluorescenceperformed using a Ti:sapphire regenerative amplified source and
spectroscopy that monitored the decay of the donor fluorescencean optical parametric amplifier (OPA) and either a CCD
The theory calculates the time dependence of the excited-statedetection system (broad band detection) or a lock-in amplifier
population decay as a function of acceptor concentration. system (narrow band detection). A double pass BBO OPA
In this paper, we extend the previous experiments to much pumped by the output of the Ti:sapphire regenerative amplifier
shorter times £200 fs). In the experiments, Rhodamine 3B (800 nm,~85 fs) was used to make 1.8n light. The left over
cation (R3B) in low concentration is excited. Dimethylanaline 800 nm pulses were then summed with the.9 um pulses in
(DMA) in high concentration can transfer an electron to R3B  another BBO crystal to produce the 565 nm pump pulses at a
to yield the R3B neutral radical and DMABecause R3Bis repetition rate of 1 kHz. 565 nm is on the red side of the R3B
in low concentration, and it is the species that is excited, we absorption spectrum. The intensity of pump light was attenuated
consider it to be the donor; that is, it is a hole donor, and DMA using a half-wave plate and polarizer combination. The pump
is a hole acceptor. Following excitation of the R3Bhe time energy (0.3-0.4 uJ/pulse) was chosen to make sure that the
dependence is monitored using a broad continuum probe pulsesignal was linear in the pump intensity and that there was no
Spectra are recorded from 380 to 660 nm. In the absence ofsample degradation. All measurements described here were
acceptors, the spectrum of excited R3B dominated by the  performed at the magic angle between the pump and probe
ground-state bleach at570 nm and an excited-state absorption beams.
at ~445 nm. On the red side of the spectrum, in the region in A “white light” continuum, used for the probe, was generated
which fluorescence occurs 600 nm), the transient absorption by focusing 2 xJ of 800 nm light onto the back surface of a
spectrum also displays stimulated emission. When the DMA rotating Cal; crystal. A half-wave plate/polarizer combination
acceptors are added, an additional feature appears in theyas used to attenuate the 800 nm to give the most stable white

spectrum following excitation of the R3Bthe R3B (neutral light. Rotation was necessary to avoid rapid damage to the. CaF
radical) peak at~430 nm. Subtraction of the R3Btransient Use of Cak with the 800 nm pump permitted the continuum
absorption spectrum (no acceptors) from the REBJA to be generated from the near-IR to somewhat to beyond 380
transient absorption spectrum at times after O yields the nm. The white light was separated into two beams by a beam
R3B neutral radical spectrum. splitter. One beam was used as the probe crossed with the pump

The time dependence of the R3B neutral radical spectrumin the sample, and the other one, which passed through an
cannot be used to monitor the forward electron-transfer kinetics unpumped spot in the sample, was used as a reference to monitor
because back transfer (geminate recombination) is occurring onthe intensity and spectral characteristics of the white light. Probe
the same time scale as the forward transfer. The amplitude ofand reference beams were collimated and then focused by two
the R3B peak is proportional to the population of charge-transfer off axis parabolic mirrors. The pump and probe beams had the
species, which involves the combined kinetics of forward spot sizes of about 100 and %0n, respectively. The delay
transfer and geminate recombinatiet?. The forward transfer between the pump and probe was achieve by passing the pump
kinetics can be obtained by monitoring the excited-state beam down two delay lines, a high-resolution delay withfs
population, which decays because of electron transfer and theresolution and a long low resolution delayX ps) that produced
intrinsic lifetime of the excited state. The excited-state popula- a maximum delay of-12 ns.

tion can be monitored by observing the decrease with time of The probe and the reference beams, after passing through
the R3B" simulated emission in the spectral region (620 nm). the sample, were focused into two optical fibers by two
In the experiments presented below, time dependent stimu-microscope objectives. The outputs of the fibers are at the
lated emission is measured for a number of DMA concentra- entrance slit of a 0.3 m monochromator with a 300 line/mm.
tions. The time dependent decays are compared to the previouslyrhe dispersed outputs of the two input beams are detected by
developed theoretical treatment of forward electron transfer in g 1340x 100 pixel CCD detector. The probe and the reference
liquids.”2! Previous experiments on time scales longer than produce separately readout stripes on the CCD, which are used
~100 ps showed good agreement between theory and experito obtain the difference absorption spectrum between pump on
ment?! Here, with better signal-to-noise ratios and a much wider and pump off. The reference spectrum permits correction for
range of times, we show that good agreement is obtained invariation over time of the white light characteristics.
some solvents, butin other solvents, there is significant deviation |y g alternative detection configuration, the probe and
between experiment and theory. The solvents that agree withreference beams were directed out an exit slit on the mono-
theory are a non-hydrogen-bonding solvent (acetonitrile) and chromator rather than into the CCD. Two photomultiplier tubes
mixtures of hydrogen-bonding alcohol solvents. Necessary input (PMT) were used after the exit slit to measure the probe and
parameters for the calculations have been measured previdusly, reference signals at a selected wavelength. Signals from the
leaving only the contact electronic coupling matrix elemégt, PMTs were obtained by two gated integrators, and the probe
as an adjustable parameter with the assumption that the distancgignm was divided by reference signal using an analogue
dependent fall off of the electronic interactigh,in the Marcus  processor. The ratio was fed to a lock-in amplifier that detected
theory® is ~1 A~1.41639°%5 The data taken in three solvents  the signal at 500 Hz. A mechanical chopper blocked every other

are fit with the same value af. In pure hydrogen-bonding pump pulse, resulting in a difference signal at 500 Hz.
solvents, such as ethanol and propylene glycol, the data do not

fit nearly as well for any choice aJ,. However, by adjusting
the hard sphere radius of the solvent, which modifies the spatial
distribution of acceptors about a donor, it is possible to achieve
good fits with the same value df used in the other solvents.

Time resolution of the system, that is the cross-correlation
between the pump pulse and the white light probe pulse, was
determined by fitting the rising edge of the putrrobe signal

of R3B' in ethanol solution to be-150 fs. The shift in the
position of the rising edge as a function of wavelength was used
to determine the influence of chirp of the white light on the
time dependence measured at different wavelengths.

Pump—probe experiments in which a particular wavelength  All data were taken at room temperatureZl All solvents
is used for the pump and a continuum is used as the probe werevere the highest grade commercially available and were used

II. Experimental Procedures
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For the purposes of this paper, it is sufficient to note that back

A) hy transfer is quite rapid, with essentially complete recombination
5’ occurring on a time scale that is very short compared to the

e d\’ experimental repetition rate. Therefore, the system is in the same
£ initial state prior to each laser excitation. The free energy

ZO difference between the ground state and the charge transfer state

Sie
9\ g is the difference in donor/acceptor redox potentiadlg’. The
\6 free energy difference between the excited state and the charge
transfer state iAG, the free energy associated with electron
transfer.] is the reorganization enerdy®
The statistical mechanics theory of forward electron transport
permits calculation of the experimental observable, the excited-
state survival probabilityPey(t)[] [Pey(t) Cis the probability that
a donor, excited at= 0, is still excited at a later time, The
ensemble-averaging technique, which has been derived previ-
A ously, relates the observables to the two particle survival

B)
probability /2122 The result is
D™/A

e /1 /oA Pe,(t) =
- r\‘ """""" -AG exp(-t/7) exp(—MCfR:[l — S,(tIRIIIRIR,” dRy) (1)
e fos=r 45" wherer, C, andR, denote respectively the donor fluorescence
D*/A

lifetime, the acceptor concentration, and the deramceptor
LA o mmmm oo contact distance (sum of their radig(Ry) is the appropriate
donor/acceptor radial distribution functiéi® S.(t|Ro) is the
] ] ) probability that the donor is still excited at timhdor a system
Figure 1. (A) Schematic of the experimental sample. R3i& in which there is only one acceptor locatedRitatt = O.

photoexcited and an electron transfers from one of the nearby DMAs s . . . : .
in solution. The species are undergoing spatial diffusion, and their SlIRo) satisfies the differential equation, with associated

distribution is determined by the radial distribution function. () Initial and boundary conditions.
Schematic of the energy states and the kineticsisDhhe R3B “hole

reaction coordinate ——»

donor”. A is the DMA “hole acceptor”. &Sex(t“o) — Lr0+Sex(t|rO) _ kf(ro)sex(t|r0) (2)
as received. The cells were made of fused silica and had 1 mm OR) = 1

path length. Each sample contained 0.05 mM R3Bxciton). SA0IRy) = ®)
DMA (Aldrich, 99.5+%) was used as received. Samples were ) 9

degassed by several freeze-pump-throw cycles and sealed under 4nRy ﬁosex(ﬂ Rolr=r, =0

vacuum. Optical absorption measurements were performed

before and aftgr evacua'Fion and sealing of the samples to ensurqa_r0+ is the adjoint of the Smoluchowski operaf§F®

the concentrations remained unchanged. All samples were stored

in the dark. No measurable changes in the absorption spectra + 1 B 2 9

and the transient spectra were observed over a period of more Lo = 2 exp(\/(ro))a—rOD(rO)ro exp(—V(ro))a—% (4)
then one year. 0

whereV(ro) = —In(g(ro)) is the potential of the mean force,
andD(ro) is the distance dependent diffusion const&rt.
The problem of photoinduced electron transfer between'R3B For electron transfer in the normal region AG < 1), a

and DMA is illustrated in Figure 1. R3Bin low concentration  widely used form ok(r) was developed by Marcds®
is photoexcited. As shown in Figure 1A, the R3Bnd high
concentration DMA molecules are diffusing in a solvent. An k) 27 2 [{—(AG(r) + A(r))?
electron can transfer from a DMA to the R3Ro yield the = 0
neutral R3B and a DMA. Although an electron is transferred hy/ama(nksT MNkeT
from DMA to R3B", to be consistent with the terminology used exppr —ry) (5)
in the development of the theoretical treatmett22R3B" will
be referred to as the donor tPbecause it is in low concentra- ~ where reorganization energy (see Figure 1B) is given by
tion and it is photoexcited. R3Bis a hole donor and DMA is 2

i i i 1 1\f1,1 2
a hole acceptor (A). Figure 1B is a schematic of the energy M) =4+ Ay =4+ ( ')( F) ©)

lll. Theory and Data Analysis

states and the kinetics. The system begins in the ground state 8re, € f\lq T

(D*A) and is photoexcited to DFA. The system can return to

the ground state without electron transfer with a rate\ithere i, the inner sphere reorganization energy can be calcdléted

7 is the lifetime measured in the absence of acceptors. Forwardand measuret-#?In general,l, > 4;, and; has no distance
electron transfer can take place with the distance dependent ratelependence. Therefore, for the experiments described in this
k(r) to the charge transfer state, DAThe system can returnto  paper, which involve the distance dependence of electron
the ground state via back electron transfer from the charge transfer,4; is expected to have a relatively small effect on the
transfer state DA to D'A. The dynamics of back trans- results. Hereld; = 0.10 eV based on values for similar
fer’22:25.26,36.34jl| be discussed in a subsequent publication. moleculeg14%41¢y, and e are the high frequency and static

€op S a
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Figure 2. Pump-probe difference spectra at 8 ps delay in propylene
glycol. The solid curve is R3Btaken with no DMA acceptors. The
dashed curve is the spectrum with a DMA acceptor concentration of
0.3 M. A new feature at-430 nm arises from the generation of the
R3B neutral radical via electron transfer from a DMA. The dotted curve
results from subtracting the solid curve from the dashed curve. The
R3B neutral radical spectrum is the peak~a30 nm.

signal (normalized)

dielectric constants, respectivelsg andr, are the donor and E 0.

acceptor hard sphere radii. The values of these four parameters = 06

for the solvents, and the donor and acceptor studied here have g

been reported previously! AG(r) is the free energy change £ 0

due to forward transfer (see Figure 1B).A, andkg are the E]

fundamental charge, Planck’s, and Boltzmann’s constants, .%0

respectively. Thdy andf parameters characterize the magnitude 0.0 . s e
and distance dependence of the transfer rate, respectively. We 10° 10 10" 10°
assumgd = 1 A~1 because has been found to bel A-1in 1 (ns)

many studie$:’63335 |n addition, previous electron-transfer Figure 3. Electron-transfer data and calculations for four DMA
measurements on the donor and acceptor studied here indicateoncentrations in acetonitrile. Top panel: times out to 5 ns. Middle

that 3 = 1 A-1.2 However, the value of will be discussed panel: expanded time scale out to 0.5 ns. Bottom panel: linear
further below. amplitude but log time scale to make it possible to see the data and

fits over all times, particularly at short time. The calculations have one
IV. Results and Discussion adjustable parameteds.
Figure 2 displays three pumjprobe difference spectra taken spectrum (dotted curve) shows the R3B neutral radical in the
with the CCD. The solvent is propylene glycol and the probe region around~430 nm. This spectrum coincides with the
delay is 8 ps. The solid curve is for R3Baken with no DMA spectrum of R3B taken using pulsed radiolysis to produce the
acceptors in the solution. The negative going peak%t0 nm neutral radicaf® The appearance of the R3B neutral radical
is the ground-state bleach. The positive going peak 445 spectrum demonstrates that the change in dynamics when DMA
nm is an excited-stateexcited-state absorption. The broad low is added to the solutions arises from electron transfer. We can
amplitude negative going feature to the red~800 nm is estimate the extinction coefficient of the R3B neutral radical
stimulated emission induced by the probe. The lifetime varies by comparing the amplitude of the signal at 430 nm to that of
somewhat with solvent. The dashed line in Figure 2 shows the the ground-state bleach at 564 nm. The resul3sx 10* M1
spectrum with an acceptor concentration of 0.3 M. A new feature cm~1, which is close to the reported valtieWe were unable
is evident at~430 nm. This feature can be identified as the to observe the DMA absorption. From the literature it is known
R3B neutral radical generated via electron transfer from a DMA that it is maximum at 470 nm with an extinction coefficient of
(see below). The region of stimulated emission, which reflects ~25 x 10® M~ cm™! in aqueous solutions. In the dotted
the R3B" excited-state population, has decreased~50%. spectrum in Figure 2, the DMAwould have an absorbance of
However, the ground-state bleach has decreased much less>~0.0005 and would be obscured by the R3B neutral radical
Forward electron-transfer quenches the excited-state populationabsorption. The spectra displayed in Figure 2 are virtually
but the ground-state bleach does not recover until electron backidentical in the solvents studied.
transfer has occurred to regenerate R3B Figure 3A displays linear plots of stimulated emission data
To obtain a spectrum of the R3B neutral radical, it is (620 nm) taken in the solvent acetonitrile for four concentrations
necessary to subtract off the excited statgcited-state absorp-  of the DMA acceptor, 0.034, 0.067, 0.10, and 0.48 M (top to
tion band. The excited statexcited-state absorption has an bottom, solid curves). In addition to the data, the figure displays
amplitude that is proportional to the stimulated emission band the best fits to the data (dashed curves) using a single adjustable
because they are both determined by the number of excitedparameterJ,. 8 was fixed at 1 A as discussed at the end of
states. Therefore, the R3B spectrum is obtained by subtractingsection Ill. All of the other parameters were fixed at the values
the no acceptor spectrum (solid curve) from the spectrum with determined previousk In contrast to previous experiments that
acceptors (dashed curve) after scaling it to the spectrum with covered a time range beginning=as0 ps?! here the data extend
acceptors in the region of the stimulated emission. The resultingto a factor of~100 shorter times. Figure 3B is a blow up of
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Figure 4. Data from Figure 3 showing that the concentration scaling
relationship predicted by eq 7 is obeyed.

<
the short time portion of the data out to 500 ps with the fits. To .gﬁ
see the full range of the data and comparison to the fits more
clearly, Figure 3C displays the same data and fits with the
horizontal axis being log Note that the vertical scale is linear,
so that a log scale for the amplitude does not mask deviations R R YRy
between theory and experiment. Although the agreement t (ns)
between theory and experiment is not perfect, the agreement is
very good over a time range of4 decades. The worst 12
agreement is for the very short time portion of the highest 10k
concentration. There is only one adjustable paraméjer,200 '
cm™L. This same value is used in describing the electron transfer — 08
in the other solvents discussed below. In prior experiments on 5 06
this system, the data were fit with = ~300 cnt. However, @ 0.4
in those experiments the time range covered wasdecades 0.2
less and the signal-to-noise ratio was considerably worse. ’
Furthermore, a narrower range of DMA acceptor concentration 00 s - '
was used. 10° 102 10" 10°
As a further test of the agreement with theory, the acetonitrile t(ns)

data shown in Figure 4 is replotted using a concentration scaling Figure 5. Data and calculations in two solvents. The calculated curves
relation. As can be seen in eq 1, the electron-transfer portion employno adjustable parameters
of [Peyt)scales exponentially with the concentratid, In ) . .
Figure 4, the contribution form the R3Bexcited-state lifetime of input parameters in t'he calculatllons. that .depend on the
was removed from the data, and all of the curves were scaleqSCIVent. They are the optical and static dielectric constants, the
to an acceptor concentration of 1 M. The scaling relation is  diffusion constants, the solvent hard sphere radius (taken as the
average for mixtures) that determines the radial distribution
1 t oo function, and the difference in the donor acceptor redox
E(ln(Pex) + ;) = _4ﬂme[1 - Sex(t|Ro)]g(Ro)R02 dR, (7) potentials (used to determin®Gp). These inputs are known
from independent measureme#fitsn addition, the donor and
The rhs of eq 7 is independent of concentration. Because theacceptor radii, the inner sphere reorganization enérgngd the
data for different concentrations have different decay rates, the Marcus theorys andJp are input parameters. While not perfect,
convolution with the instrument response results in different theory and experiments agree for almost 4 decades in time
peak amplitudes of the curves. Therefore, the curves were alsowithout adjustable parameters. In both liquids, some deviation
normalized. The theoretical curve (dashed curve in Figure 4) can be seen in the bottom panel for times-10 ps, but the
was not convolved with an instrument response. Its amplitude deviations are small. The theory accounts for the distance
was matched slightly after = 0. The scaling relationship is  dependence of the electron transfer in systems in which the
seen to hold quite well. Because the scaling depends on thedonor and acceptors are undergoing diffusive motion. However,
exponential of the concentration, even small errors in the the spatial dependence of the acceptors about a donor and the
determination of the sample concentration can lead to noticeablediffusion of the donors and acceptors are not described in terms
errors in the scaling. of a featureless continuum. The spatial distribution and the
Figure 5 displays data for R3Band 0.1 M DMA in two diffusion are described in terms of a structured solvent in which
solutions that are mixtures of hydrogen-bonding solvents, 50/ the structure is brought in through the radial distribution
50 v/v ethylene glycol/ethanol and 58/42 v/v propylene glycol/ function.
2-butanol. In addition to the data in the two solvents, calculated The theory and experiments agree quite well in both the non-
curves are shown. The calculated curves were obtairtddut hydrogen-bonding solvent, acetonitrile, and in the hydrogen-
recourse to adjustable parametefhe value oflo = 200 cnt?! bonding solvents that are mixtures of mono and polyalcohols.
found from the experiments on acetonitrile (Figure 3) was used. However, the situation is different for experiments conducted
BecauseJy is the electronic matrix element at the contact in pure hydrogen-bonding alcohol solvents, ethanol, propylene
distance between the donor and acceptor, its value should beglycol, and ethylene glycol. The calculations with no adjustable
essentially independent of the solvent. There are a large numbeparameters show deviations from the data, particularly at short
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tested using eq 7 as in Figure 4. Aggregation would be a

1or nonlinear function of concentration. Therefore, the scaling
0.8 relation given in eq 7 would not be obeyed. It was found that
= the data for the pure alcohols did scale properly, indicating a
& 0.6 lack of aggregation. In addition, in a previous study of R8B
@ 04 DMA in ethylene glycol* the solvent in which the greatest
deviation from theory is observed, absorption spectra of R3B
0.2 were taken as a function of DMA concentration, with the DMA
0.0 concentration ranging from 0 to 0.3 M. No changes were
0 observed in the absorption spectrum that would suggest specific

aggregation.

To further test the possibility that aggregating is responsible
for the form of the data, calculations were performed that
included acceptor aggregation about the ddAcfo model
acceptor aggregation, the radial distribution function was
modified by increasing the first peak (the peak representing the
first shell about the R3B) in height while keeping the total
radial distribution function normalized. In addition, lower bulk
DMA concentrations were tried, to account for decreased

signal

0.0 . , \ . available concentration resulting from aggregation. Increasing
00 01 02 03 04 05 the first peak placed more DMA molecules close to the R3B
t (ns) than would occur without a specific attractive interaction
between donor and acceptor. The increased local concentration
10 caused the short time portion of the decays to become faster,
0.8 but the shapes of the curves were not consistent with the data
for any possible DMA concentrations, regardless of the height
s 06 of the first peak in the radial distribution function. The R3B
2 04 is too low in concentration to aggregate itself. Aggregation in
Rhodamine dyes occurs at concentrations abe¥ex 10-3 mol/
0.2 L.5 Detailed electronic absorption studies of the DMA from
0.0 . . . low concentration to the high concentration were perforfifed.
10° 102 10" 10° No changes in the optical absorption was observed between low
t (ns) and high concentration, indicating that DMA is not aggregating.

Figure 6. Electron-transfer data and calculations for three DMA All of these results demonstrc_’:lte that aggregation doe_s not
concentrations in propylene glycol. Top panel: times out to 5 ns. Middle account for the unusual experimental results observed in the
panel: expanded time scale out to 0.5 ns. Bottom panel: linear pure alcohols.
amplitude but log time scale to make it possible to see the data and no  vgriation of either of two parameter§,and the hard sphere
adjustable parameter calculations over all times. Unlike the data and g /et ragius (the radial distribution functiagr)), could bring
calculations in Figures 3 and 5, the agreement at short time is notgood.,[h data and th lculated curves int reement. T hiev
This is particularly evident in the bottom panel. € dala a e Ca cu a_ €d curves Into agreement. 10 achieve
agreement by varying, it was necessary to hayg= ~0.7

time. The deviations are mild for ethanol, but quite large for A~1 This is a large change ifi. The value is outside of the
propylene glycol and even greater for ethylene glycol. Figure fange that would be expected for the type of system under
6 displays the propylene glycol data and calculations for three Study®*®3¥%%In addition, there is an argument that a value of
concentrations. The deviafions from the calculation become / other tham~1 A~%is not responsible for the deviation between
significant for times< ~200 ps. In previous experiments on the calc_ulated curves and Fhe experimental _data tha_lt is more
R3B*/DMA in propylene glycol that had a time resolution of compelling thgn the numerical value gfrequired to fit the
~100 ps, some deviations were nofddyut the lack of time data. In the mixtures of ethylene glycol and ethajiok; 1 A*_l
resolution did not make it possible to see the full extent of the Produced calculated curves that fit the data quite well with no
deviations from theory. adjustable parameterg.reflects the fall off of the electronic

As with the data presented above, all of the input parameters COUpling between donor and acceptor with distance. It seems
exceptlo andj3 are known. Varying the input parameters around €xceedingly unlikely that the value ¢f = 1 A* that is
their measured valu&sto account for the error bars on the @appropriate for the ethanol/ethylene glycol mixture will be
parameters did not improve the agreement. In particular, the substantially different in the |nd|V|.duaI pure sqlvents, e.th.anol
diffusion constants were varied for the three pure alcohols, but @nd ethylene glycol. The value ffis the same in acetonitrile
the agreement between calculation and theory was not improved@nd in the mixtures of butanol/glycerol and ethylene glycol/
Furthermore, it was found that adjustidgcould not improve ethanol, demonstrating that the difference does not arise for a
the agreement. By makingo very large, the short time single component solvent vs a mixture and does not depend on
agreement was improved at the expense of poor fits at |ongerwhich mixture of alcohols is used. The lack of agreement

times. between the calculations and data only occurs for single com-
One possible explanation for the disagreement is that the Ponent hydrogen-bonding solvents.
DMA aggregates with the R3Bor with itself. This seems It has been shown for hard sphere liquids that a solute’s spatial

unlikely because of the agreement in the mixtures of the alcohol distribution follows the solvent’s radial distribution function,
solvents. Nonetheless, this possibility was examined in detail. g(r).#¢ The donor and acceptors are not in high enough concen-
First, the scaling of the data at different concentrations was tration to independently form a structured distribution; under
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normal circumstances, it is assumed that they follow the
structure determined by the solvent molecdfeRhis is the basic
assumption that is used in describing the spatial distribution of
acceptors about a donor. The distribution of acceptor molecules
about a donor can be modeled using the sohgn}. It is
assumed, as in the hard sphere simulations, that acceptor solutes
track the single molecule solvegfr). Electron transfer calcula-
tions that compared results using a hard sphere radial distribution
function to a radial distribution function obtained experimentally
with neutron scattering showed that the differences were
negligible® That is, the use of a hard sphegg) distribution
function rather than, for example, a Lennard-Joggs$, is an
adequate model of the liquid.

In a previous electron transfer study for the RBBMA
electron-transfer system in ethylene glycol, a similar inability
to fit the data using the theory employed here was repdfted.
As noted above, the previous electron-transfer studies orfR3B
DMA did not cover as broad a range of times and did not have
as good signal-to-noise ratios. In that wdfkthe calculations
were modified by using the solvent hard sphere radius, which

1.0}

signal

signal

determines the hard sphere radial distribution functigr), as 0'%.0 01 02 03 04 05
an adjustable parameter. By increasing the solvent hard sphere 1 (ns)
radius substantially, the data could be fit over the range of times ~
studied. 10
The basic idea of increasing the hard sphere radius is to 08|
account for the possibility that in the pure hydrogen-bonding _
liquids the acceptor concentration does not track the single s 06p
molecule solveng(r). Figure 7 displays the same data shown 2 04f
in Figure 6 but with calculations in which the hard sphere radius
was treated as an adjustable parameter. All of the other 02f
parameters are fixed at the values appropriate for propylene 0.0 . . .
glycol with Jo = 200 cntt andf = 1 A%, as found from the 10° 102 10" 10°
experiments in acetonitrile (Figures 3 and 4) and confirmed by t (ns)

the experiments on the m'Xture_S’ ethylene egcoI/gthanoI_and Figure 7. Electron-transfer data and calculations for three DMA
butanol/glycerol (Figure 5). While the agreement is certainly concentrations in propylene glycol. Top panel: times out to 5 ns. Middle
not perfect, it is far superior to the calculations presented in panel: expanded time scale out to 0.5 ns. Bottom panel: linear
Figure 6. For the two lower concentrations, the agreement is amplitude but log time scale to make it possible to see the data and
quite reasonable. For the highest concentration significant Over all times. Th_e calculations use one adjustable parameter, the sol\{ent
deviation is observed at6 ps. In ethanol, in which the hard sphere radius. The agreement between the data and calculations
deviations are small, changing the hard sphere radius producesIS substantially improved compared to Figure 6 (see text).
very good agreement. In ethylene glycol, the agreement is bonding networks are not polymers. Hydrogen bonds are
similar to that obtained for the experiments in propylene glycol. constantly breaking and being formed. The networks are
The single molecule hard sphere radii of ethanol, propylene dynamics with continually evolving structures. Nonetheless, the
glycol, and ethylene glycol are 2.07, 2.36, and 2.17 A, results indicate that the hydrogen-bonded structures influence
respectively?144 The ratios of the values used to fit the data to the DMA solutes radial distribution function with respect to
the single molecule hard sphere radii for ethanol, propylene the R3B". In going from ethanol to propylene glycol, to ethylene
glycol, and ethylene glycol are 1.7, 2.9, and 3.5, respectively. glycol, the number of hydroxyls per carbon increases, resulting
For comparison, in the previous study of this anomalous in fewer methyl groups per hydrogen bond to disrupt the
behavior in ethylene glycol, the ratio was also found to be8.5.  structure. This may be the reason that the deviation from the
These results suggest that the assumption that solute’s track th&ingle solvent hard sphere radius required to improve the fits
single molecule solverg(r) in pure hydrogen-bonding liquids  to the data increases as the percentage of methyl groups in the
is not valid. solvent decreases. The mixtures (Figure 5) do not require
changes in the average hard sphere radii to obtain agreement
with the calculation using no adjustable parameters. Although
highly hydrogen-bonding, the mixtures will have a high degree
of local structural disorder. It is possible that the local disorder
is the reason that the DMA solute does track the solvent radial
| distribution function in the mixtures. However, there are some
deviations at short time in Figure 5. This may be a hint of the
major deviations seen in Figure 6.

Ethanol forms hydrogen-bonding chains by making two
hydrogen bonds. Almost all of the hydroxyl’s are both hydrogen-
bonding donors and acceptors. This is also true of polyalcohols
like propylene glycol and ethylene glycol. However, in poly-
alcohols, the hydrogen-bonding is more extensive than in
monoalcohols because each of the hydroxyls of a polyalcoho
forms two hydrogen bonds. Thus, the polyalcohols form
hydrogen-bonding networks, while the monoalcohols can only
from chains. If the monoalcohols were envisioned as polymer V. Concludina Remarks
chains, and the polyalcohols were envisioned as crossed liked"* 9
polymer chains, it is clear that a solute would not track the  Experiments and calculations have been presented that
monomer radial distribution function. However, hydrogen- examined photoinduced electron transfer between a photoexcited
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as a featureless continuum. In addition the theory includes the =_(14) Borsarelli, C. D.; Cosa, J. J.; Previtali, C. Rhotochem. Photobiol.

: e .~ 1998 68, 438.
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effect). The large number of input parameters for the theory  (16) Gray, H. B.; Winkler, J. RAnnu. Re. Biochem.1996 65, 537.
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