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Photoinduced electron transfer and geminate recombination
for photoexcited acceptors in a pure donor solvent
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Photoinduced electron transfer and geminate recombination are studied for the systems rhodamine
3B (R3B") and rhodamine 6G (R6Q, which are cations, in neat neutrdl N-dimethylaniline

(DMA). Following photoexcitation of R3B or R6G" (abbreviated as R, an electron is
transferred from DMA to give the neutral radical R and the cation DMBecause the DMA hole
acceptor is the neat solvent, the forward transfer rate is very larges 102 s 1. The forward
transfer is followed by geminate recombination, which displays a long-lived component suggesting
several percent of the radicals escape geminate recombination. Spectrally resolved pump—probe
experiments are used in which the probe is a “white” light continuum, and the full time-dependent
spectrum is recorded with a spectrometer/charge-coupled device. Observations of stimulated
emission(excited state decay—forward electron transfére R neutral radical spectrum, and the
DMA* radical cation spectrum as well as the ground-state bleach recolgaminate
recombination make it possible to unambiguously follow the electron transfer kinetics. Theoretical
modeling shows that the long-lived component can be explained without invoking hole hopping or
spin-forbidden transitions. @004 American Institute of Physic§DOI: 10.1063/1.1712826

I. INTRODUCTION the immediate vicinity of their generation. Because electron
transfer is short range<~10 A), separation of the radicals

ver relatively short distances can lead to the generation of
g-lived radicals.

Liquids are an important medium for electron transfer
processes. In spite of the ubiquity of liquids, understandin
photoinduced electron transfer between donors and accept RN ) o
in liquids remains a challenging problem. In many photoin- Another scenario fo_r electron traqsfe_r in I|qU|d_s occurs
duced electron transfer experimefié,a low concentration When a low concentration acceptor s dissolved in a pure
donor (<10~ M) and high concentration acceptors0.1  liquid that acts as the electron dortBrt” With the donors
M) are dissolved in a liquid solvent. The time dependence ofurrounding the acceptor, photoexcitation of the acceptor
photoinduced electron transfer is determined by the distancgads to very rapid electron transfer. Forward electron trans-
dependence of the intermolecular interactions, which in turri€r has been studied in considerable detail in pure electron
is controlled by the strength of the electronic interaction, thedonor liquids with the emphasis on understanding the donor/
free-energy change upon electron transfer, and the reorgarficceptor electronic coupling matrix eleméhiSome atten-
zation energy® Because the particles are constantly movingtion has be paid to events following forward electron transfer
through the liquid, their relative positions, and therefore, theusing single-color nonlinear spectroscopic techniddes.
transfer rates, and not fixed. The transfer rate from a particu- In this paper, photoinduced electron transfer and back
lar donor to the collection of acceptors is a complex time-transfer(geminate recombinatigrare studied in a pure do-
dependent functiofr0-14 nor liquid using spectrally resolved pump—probe experi-

Following forward electron transfer, geminate recombi-ments. The systems are rhodamine3B (R3Band
nation (electron—hole recombinatiprcan occuf>*®> The  rhodamine6G (R6G), which are cations, in neat neutral
time-dependent concentration of radicals produced by forN,N-dimethylaniline (DMA). R3B" is the ethylester of
ward electron transfer depends on the relative rates of forrhodamine B, which is a carboxylic actfi Following photo-
ward transfer and geminate recombination. Because the spexcitation of R3B or R6G" an electron is transferred from
cies prior to and following electron transfer are not the samepMA to give the neutral radical R and the cation DMAA
the distance-dependent forward and back transfer rates, yeat deal of experimental and theoretical work has been
general, are not the samieFurthermore, for donors and ac- done in a number of solvents on R3BDMA in which DMA
ceptors in a liquid solvent, there is a wide distribution of js in relatively low concentratiof.In the theoretical treat-
initial donor/acceptor separations. For a donor without anments used to describe electron transfer in soltidr419
acceptor nearby at the time of photoexcitation, diffusion isthe species that is in very low concentration and is photoex-
required to bring an acceptor sufficiently close to permitgited is called the donor. Because R3Br R6G' are hole

electron transfer to occdr:®~*A competition exists between gonors. we will refer to them as the donors and DMA as the
geminate recombination and the escape of the radicals frofg|e acceptor.

In the experiments a short pump pulsel00 f9 is used
¥Electronic mail: fayer@stanford.edu to excite R3B or R6G' at 565 nm. A “white” light con-
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tinuum is then used to take the full spectrum from 380 to 65Metween pump on and pump off. The reference spectrum
nm. The spectrum is observed with a monochromator and permits correction for variation over time of the white light
CCD camera. By observing the entire spectrum as a functiooharacteristics. Comparing the spectrum with the pump on
of time, it is possible to examine the dynamics of differentand the pump off determined absolute differences in absor-
features in the spectrum that are not observable in a singldsance.

color experiment/ The time dependence of the ground-state  In an alternative detection configuration, the probe and
bleach, the excited state population, and of particular imporreference beams were directed out of an exit slit on the
tance, the neutral R3B and R6G radicals formed by forwaranonochromator rather than into the CCD. Two photomulti-
electron transfer and the DMAradical cation, can be inde- plier tubes(PMT) were used after the exit slit to measure the

pendently investigated. probe and reference signals at a selected wavelength. Two
gated integrators obtained signals from the PMTs, and the
Il. EXPERIMENTAL PROCEDURES probe signal was divided by reference signal, the log taken

: : - - i log processor. The ratio was fed to a lock-in
Pump—probe experiments in which a particular wave-USiNg an ana . .
length is used for the pump and a continuum is used as th@?op“f'eerr ;Toi[kgztiflteerd toklﬁesr'gr;?; at 3I(')s(v)a l_:z.sﬁtir:eﬁgaz:lgi?-l
probe were performed using a Ti:Sapphire regenerative an’f— pper & | at 500){4 pump p ' 9

plified source, and optical parametric amplifi@PA) and erence signal a Z:

either CCD detection systertbroadband detectignor a " 'Lm:e reS(?[II:Jtlon of thelsyste;néhthatr:_st trll_er::trossbcorre;la-
lock-in amplifier systenm{narrow-band detectionA double- lon between the pump pulse and the whité ight probe pulse,

pass BBO OPA pumped by the output of the Ti:Sapphirewas determined by fitting the rising edge of the pump—probe

regenerative amplifief800 nm, ~85 f9 was used to make S9nal of R3B' in ethanol solution to be-200 fs. The shift

1.9 um light. The leftover 800 nm pulses were then summed" 1€ Position of the rising edge as a function of wavelength
with the ~1.9 um pulses in another BBO crystal to produce was used to .determme the influence of chlrp. of the white
the 565 nm pump pulses at a repetition rate of 1 kHz. Thi%'ght on the time dependence measured at different wave-
wavelength is on the red side of the R3Bnd R6G ab- engths. .
sorption spectra. The intensity of pump light was attenuated A\l data were taken at room temperature, 21°C. The

using a half-wave plate and polarizer combination. TheCeIIS were made of fused silica anddha 1 mmpath length.

oump energy(0.3-0.4 w)/pulsé was chosen to make sure Each sample contained 0.05 mM R3Br R6G" (Exciton).

that the signal was linear in the pump intensity and that ther@'\/IA ((jAIdr|ch,d9?).5+%) waltsf used as recetl\r:ed. Sarlnples q
was no sample degradation. All measurements describelfc'® degassed Dy several freeze—pump—thaw cycles an

here were performed at the magic angle between the pum caled undetr)lvachuum. Alltﬁamgles v;/_ere stor(tad n ;ht(?] d?rk.
and probe beams unless otherwise specified. 0 measurable change In the absorption spectra and the tran-

A white light continuum, used for the probe, was gener_sient spectra were observed over the period of the experi-

ated by focusing 1-2uJ of 800 nm light onto the back mental measurements.
surface of a rotating CaFcrystal. A half-wave plate/
polarizer combination was used to attenuate the 800 nm t!)”' RESULTS AND DISCUSSION
give the most stable white light. Rotation was necessary to  Features associated with the RBBpectrum and the
avoid rapid damage to the CaFUse of Cak with the 800  R3B neutral radical spectrum can be identified by examining
nm pump permitted continuum to be generated from the neaR3B* in a nonparticipating solvent without and with DMA
IR to somewhat beyond 380 nm. The white light was sepain the same solvent. Figure 1 displays three pump—probe
rated into two beams by a beam splitter. One beam was usaetifference spectra taken with the CCD. The solvent is pro-
as the probe crossed with the pump in the sample, and theylene glycol and the probe delay is 8 ps. The solid curve is
other one, which passed through an unpumped spot in thier R3B" taken with no DMA in the solution. The negative-
sample, was used as a reference to monitor the intensity argbing peak at~570 nm is the ground-state bleach. The
spectral characteristics of the white light. Probe and referpositive-going peak at-445 nm is an excited state—excited
ence beams were collimated and then focused into thsetate absorption. The broad, low amplitude negative-going
sample. The pump and probe beams had the spot sizes fefature to the red of~600 nm is stimulated emission induced
about 100 and 5@m, respectively. The delay between the by the probe. Measurements of standard absorption and fluo-
pump and probe was achieved by passing the pump beamescence spectra show that the peak of the stimulated emis-
down two delay lines, a high-resolution delay withl fs  sion (fluorescenceis at ~590 nm. At this wavelength there
resolution and a long low-resolution delayl p9 that pro- is overlap between the absorption and the emission. By 600
duced a maximum delay of12 ns. nm the absorption has fallen to zéfoTherefore, measure-
The probe and the reference beams, after passingents presented below at 620 nm do not contain any contri-
through the sample, were focused into two optical fibers bybution from the ground-state bleach. R3Bolutions in sev-
two microscope objectives. The outputs of the fibers are a¢ral solvents without DMA acceptors show the same
the entrance slit of a 0.3 m monochromator with a 300 linefeatures’® The dashed curve in Fig. 1 shows the spectrum
mm. The dispersed outputs of the two input beams are dewith a DMA acceptor concentration of 0.3 M. A new feature
tected by a 1348 100 pixel CCD detector. The probe and is evident at~430 nm. This feature arises from the genera-
the reference produce separately readout stripes on the CCiigpn of the R3B neutral radical via electron transfer from a
which are used to obtain the difference absorption spectruPMA.2! The region of stimulated emission, which reflects
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FIG. 1. Pump—probe difference spectra at 8 ps delay in propylene glycol@bsorption.

The solid curve is R3B taken 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 solidnm) is a large shoulder on the side of the R3Bxcited

curve from the dashed curve. The R3B neutral radical spectrum is the peaktate—excited state absorption pgdk5 nm. In Fig. 2, in
at 430 nm. both the 6 and 10 ps spectra, there is no contribution from
the R3B" excited state—excited state absorption peak. Even
in the 0.3 ps spectrum in pure DMAFig. 2), the R3B"
the R3B" excited state population, has decreased#®0%. excited state—excited state absorption peak is only a shoulder
However, the ground-state bleach has decreased much less the side of the R3B neutral radical peak. By 0.5 ps, the
Forward electron transfer quenches the excited state populaentribution from the R3B excited state—excited state ab-
tion, but the ground-state bleach does not recover until elecsorption has shown a further substantial decrease. The'R3B
tron back transfer has occurred to regenerate R3B excited state—excited state absorption is decreased as for-
To obtain a spectrum of the R3B neutral radical, it isward electron transfer depopulates the initially prepared
necessary to subtract the excited state—excited state absoR3B" excited state. By 6 ps, forward electron transfer is
tion band. The excited state—excited state absorption has arakmost complete, and between 6 and 10 ps, back transfer has
plitude that is proportional to the stimulated emission bandbegun to reduce the R3B neutral radical peak at 430 nm. The
because they are both determined by the number of excitefg@atures in the spectra to the red of 550 nm can be under-
states. Therefore, the R3B spectrum is obtained by subtracstood in a similar manner. In the short time spec@& and
ing the no-acceptor spectrufmolid curve from the spectrum 0.5 p9 there is a nonzero tail to the red of 600 nm. This
with acceptorgdashed curveafter scaling it to the spectrum arises from simulated emission, which requires excited state
with acceptors in the region of the stimulated emission. Theopulation. By 6 ps, virtually all of the excited state popula-
resulting spectrum(dotted curveé shows the R3B neutral tion has decayed because of forward electron transfer. The
radical in the region around-430 nm. This spectrum coin- lifetime of the R3B" excited state in the absence of electron
cides with the spectrum of R3Btaken using pulsed radioly- transfer is~2 ns, with some dependence on the solv8in.
sis to produce the R3B neutral radiéalWe can estimate the DMA solvent, the excited state population decay is com-
the extinction coefficient of the R3B neutral radical by pletely dominated by forward electron transfer. There is
comparing the amplitude of the signal at 430 nm to that ofsome contribution to the negative-going peak~&70 nm
the ground-state bleach at 564 nm. The resuk-i3x 10* (mainly due to bleaching of the ground stafeom overlap
M~tcm™ !, which is close to the reported value. We with the stimulated emission band. This was determined
were unable to observe the DMAabsorption in the solu- from the overlap of the absorption spectrum and the fluores-
tion. From the literature it is known that it is peaked atcence spectrum.
470 nm with a maximum extinction coefficient ef4700 While the forward electron transfer is extremely fast,
M~tem 12223 |n the dotted spectrum in Fig. 1, the DMA and complete in a few pgsee beloy, the back electron
would have an absorbance ef0.001, and would be ob- transfer(geminate recombinations substantially slower. By
scured by the R3B neutral radical absorption. However, ob6é ps, the peak at 430 nm arises solely from the R3B neutral
servation of the tail of the DMA spectrum in the pure DMA radical generated by forward electron transfer. The negative
solvent is discussed below. peak at~570 nm is caused solely by the ground-state bleach.
Figure 2 shows pump—probe difference spectra of R3B Between 6 and 10 ps, these peaks begin to decay because of
in pure DMA taken at four different times. Because the sol-back electron transfer. Figure 3 is a schematic of the energy
vent is composed of pure DMA hole acceptors, electrorstates and the kinetics. The system begins in the ground state
transfer is extremely fast. In Fig. 1, where the DMA is in (R"-DMA) and is photoexcited to R*-DMA. The system
moderate concentration, at 8 ps the R3B neutral rad#%0  can return to the ground state without electron transfer with a
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FIG. 4. Data at 540 nniground-state bleach, squaremnd at 430 nm
(circles, which after the first few ps are exclusively the R3B neutral radical.
For short time at 430 nm there is a contribution from R3Bexcited state—
excited state absorption. The inset shows the same data on an expanded
scale. The 540 nm data have been inverted. The decay of the R3B neutral

i . X radical via electron back transfer and the recovery of the ground-state bleach
rate 1f, wherer is the lifetime measured in the absence of 53¢ identical.

electron transfer. Forward electron transfer can take place
with the distance-dependent forward r&téR) to the charge
transfer state, R-DMA. The system can return to the rapid drop as the very fast forward electron transfer occurs.
ground state via back electron transfer from the charge trandn the inset, it can be seen that the signal actually decays
fer state R-DMA" to R"-DMA with the distance-dependent rapidly and then shows a small rise-all ps because of the
back transfer rat&,(R). The dynamics of the coupled prob- difference in extinction coefficients.
lem of forward transfer and back transfer in solution have  Following the first few pgsee belowy, forward electron
been discussed theoretically in detit'>242The theory transfer is virtually complete, and the signal at 430 nm arises
will be applied to analyze the data below. The free-energysolely from the R3B neutral radicals. The signal then decays
difference between the ground state and the charge transfbecause of electron back transfer. The 540 nm data are the
state is the difference in donor/acceptor redox potentialsnpverted ground-state bleach. The bleach is created immedi-
AE®. The free-energy difference between the excited statately upon excitation and decays only with the repopulation
and the charge transfer stateA§5, the free energy associ- of the ground state. As shown in Fig. 3, this can occur
ated with the forward electron transfer.is the reorganiza- through excited state population relaxation and electron back
tion energy. For electron transfer in the normal region transfer. However, because the excited state lifetim2 n9
(—AG<N\), a widely used form ok(r) was developed by is so long relative to the time scales under consideration,
Marcus*~® For the forward transfer, the Marcus form of the population relaxation can be neglected, and the 540 nm de-
transfer rate is employed. The back transfer is in the inverteday caused completely by electron back transfer. As can be
regime, and the distance-dependent back transfer rate &een in the main part of Fig. 4 and in the inset, afté ps,
modeled as an exponential. the decay of the R3B neutral radical absorpti480 nrm) and
Figure 4 shows details of the dynamics at two wave-the decay of the ground-state blea&40 nm are identical.
lengths, 430 nm(circles and 540 nm(squares The inset The identical behavior of the neutral radical absorption and
shows that same data with an expanded time scale. The datse bleach is consistent with the model shown qualitatively
at 540 nm is the ground-state bleach. These data, which aie Fig. 3 and which will be used in detailed calculations
negative goindgsee Fig. 2, has been inverted for comparison below. As is clear from the data in Fig. 4, forward transfer is
with the 430 nm data. The 540 nm data are on the blue sidmuch faster than the back transfer. The decay of the bulk of
of the bleach spectrum to avoid any possible contaminatioboth back transfer signals can be characterized by 2% ps
from simulated emission. Equivalent data were also taken axponential. However, even at relatively short times, the de-
560 nm, near the peak of the bleach. They are identical to theay is not strictly exponential, and it does not decay expo-
data taken at 540 nm. At short timésa few pg, the data at nentially to zero. The data have a very long tail that decays
430 nm are a combination of excited state—excited state alincreasingly slowly as time goes on. The nonexponential de-
sorption of R3B" and absorption by the neutral R3B radical. cay and the long tail will be reproduced below using the
As the initially excited R3B is converted to R3B by elec- statistical mechanical theory of forward transfer and gemi-
tron transfer, the excited state—excited state absorption peatate recombinatiof?—1°2425
decays and the neutral radical peak growssee the band Figure 5 displays data taken at 620 nm. The inset shows
shapes in Fig. 1 The extinction coefficient for the R3B  the same data with an expanded time scale. The data have
excited state—excited state absorption is slightly larger at 43Been inverted. As discussed in connection with Fig. 1, the
nm than the R3B neutral radical extinction coefficient.signal at 620 nm is dominated by stimulated emission from
Therefore, at 430 nm, the signal initially displays a smallthe excited donors R3B. Electron transfer converts

reaction coordinate ——»

FIG. 3. Schematic of the energy states and the kinetics.
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FIG. 5. Data at 620 nm. At short time<~2 ps the data are dominated by 540 nm(ground-state bleach, squaxeand 620 nm (DMA radical cation,
stimulated emission from the initially excited state, R3B The decay filled circles for t>25 ps. The data show that the decays of the radicals via
reflects forward electron transfer. A weak absorption at 620 nm from theelectron back transfer and the decay of the ground-state bleach have identi-
DMA™* radical cation contributes to the signal at longer time. Eor cal time dependences. The line illustrates that the decays are not exponen-
~20ps, the signal is the decay of the DMAcaused by electron back tial.
transfer. The inset is the same data on an expanded time scale.

In Fig. 5 aroundt=~0 there are far more R3® (ex-

R3B** to ground-state R3B neutral radicals and eliminatescited statesthan DMA" radicals, which gives rise to the
the stimulated emission. The forward electron transfer thalarge positive peakincrease in light transmitted through the
eliminates the R3B* species is extremely fast and nonex- samplé. The number of excited states decays rapidly due to
ponential. The main decay of signal from0.5 to ~1.5 ps  forward electron transfer. For the first portion of the decay,
can be approximately characterized by an exponential decahe signal essentially reflects the rate of forward electron
with decay time of~0.5 ps. However, the peak amplitude of transfer because the R3B stimulated emission is so much
the signal, which was normalized, is reduced substantially bgtronger than the DMA absorption. Even when the number
the convolution with the instrument respon@80 fs. of excited states is down to 2%, the ratio of the extinction

An obvious feature of the data is that they dip below coefficients will yield a positive signal in Fig. 5. However,
zero, and then recover, decaying toward zerbasproaches once the R3B* concentration becomes small enough and
200 ps. The form of the data can be understood by carefthe DMA* concentration becomes large enough, the signal
consideration of all of the species that contribute to the specwill go negative because the DMAabsorption(decrease in
tra displayed in Figs. 1 and 2. From the literature, the spec620 nm probe transmissipwill be greater than the R3B*
trum and the peak extinction coefficient of the DMA radical stimulated emissiofincrease in 620 nm probe transmission
cation (DMA") are knowr?>?°DMA * has a very weak tail The inset shows that for time past 10 ps, the signal is still
that extends past 620 nm. From the spectrum, the extinctiobecoming more negative. The main body of the figure shows
coefficient at 620 nm was approximately determined. Thehat there is a turnaround between 10 and 15 ps. The broad
absorption spectrum and the fluorescence spectrum of'R3Bnature of the turnaround is in part due to the disparities in the
were measured, and the extinction coefficient of R3Bas R3B™* effective stimulated emission extinction coefficient
determined. The absorption spectrum and its maximum exand the DMA™ absorption extinction coefficient. After25
tinction coefficient, as well as the fluorescence spectrum, arps, there is no contribution to the signal from R3B The
virtually identical to rhodamine B® In addition, we mea- signal arises solely from the DMAradical cations formed
sured the transient absorption spectrum of R3B solution by forward electron transfer. Electron back transfer is re-
without DMA (see Fig. 1 and the fluorescence spectrum sponsible for the decay toward zero.
using the spectrum/CCD instrument under identical condi- The discussions presented above state that following for-
tions. This permitted the “effective stimulated emission ex-ward electron transfer, all of the dynamics observed arise
tinction coefficient” to be determined by comparison to thefrom electron back transfer. Electron back transfer is mea-
bleach spectrum(The Einstein B coefficient for absorption sured by examining the time dependence of three different
is equal to the Einstein B coefficient for simulated observables, the decay of the R3B neutral radical spectrum
emissior’® The effective stimulated emission extinction co- (430 nm), the reformation of R3B measured by the decay
efficient is equivalent to the Einstein B coefficient for simu- of the ground-state bleach at 540 and 560 (ot shown,
lated emission. Using the DMA" extinction coefficient at and the decay of the DMA radical cation(620 nm. In Fig.
620 nm and the R3B effective stimulated emission extinc- 4, it can be seen that the decays at 430 and 540 nm are
tion coefficient at 620 nm, their ratio was determined. At 620identical. In Fig. 6, the data for all three species are presented
nm, the R3B stimulated emission is-70 times stronger on a log plot. The data cover the range of 25 to 90 ps, which
than the DMA" transient absorption if the two species hadis after the turnover is complete in Fig. 5 and before the
the same concentration. signal becomes too small to be useful. Because of the small
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size of the DMA" extinction coefficient at 620 nm, the sig- transfer occurs and then decays as back transfer acts to de-
nal is weak and relatively noisy. Nonetheless, it is apparenplete the radical population. The ensemble averaging tech-
from Fig. 6, that all three species exhibit the identical decay#iques relate the observables to the two particle survival
within experimental error. The line in Fig. 6 reflects an ex-probabilities. For the forward transféi,,(t)) has been de-
ponential decay. Clearly, the three data sets exhibit nonexpdived in detail'®*! The result is

nential decays.

(Pex(t))=exp(—t/7-)exp( —477Cf [1-S(tIRy)]
Rm
IV. THEORETICAL MODELING

The model system for photoinduced intermolecular elec- X Rgg(Ro)dRo> : @
tron transfer followed by back transf@geminate recombina-
tion) in liquids has been described in detail previod8lY  Here, 7, C, andR,, denote, respectively, the donor (R3B
The theory was derived for donors and acceptors in a solifetime in the absence of acceptors, the acceptor concentra-
vent. The donors, as in this study, are very low in concentration, and the donor—acceptor contact distafmem of their
tion. However, in the theory, the acceptors were taken to beadii). g(R,) is an appropriate donor/acceptor radial distribu-
in moderate to low concentratioto avoid the problem of tion function.S,(t|Ry) is the two-particle excited-state sur-
acceptor—acceptor excluded volume affects in the spatial awival probability, a theoretical construct for a hypothetical
eraging procedur€. Here, the “solvent” is composed of system in which there is one donor and only one acceptor.
pure DMA acceptors. The influence of the acceptor—acceptoBiven that the acceptor is at distanRg from the donor at
excluded volume on the calculations will be discussed qualitime 0, S.,(t|Ry) is the probability that the donor is still
tatively after presentation of the results. excited at timet later. S,,(t|R,) satisfies the well-known
Upon photoexcitation, the donors can undergo forwardlifferential equation, with associated initial condition, and
electron transfer to one of the many acceptors in solution. Imeflecting boundary condition at cont4tt®
relatively dilute solution, which acceptor receives the elec-
tron depends on the spatial distribution of acceptors about
the excited donor and on molecular diffusion in the liquid. Esex(thO):Ll;rosex(thO)_kf(RO)Sex(t|RO)a
While the theoretical treatment is general for any initial
charges on the donors and acceptors, in the experiments de-

scribed here, there are no ionic Coulomb interactions be- Sex(0[Ro) =1, @
tween the donor and acceptors before or after electron trans-
fer. Therefore, the Coulomb term in the theory is set to zero. d
. : : AR5 — Sei(t|Ry) =0
In the most likely scenario, the electron will back transfer 09R, 0 - '
0™ "'m

from DMA™ to R3B, regenerating the ground state. Because

the concentration of donors is low, only geminate recombiwherek,(R,) is a distance-dependent forward transfer rate,

nation is considered. Diffusion can separate the radicahe specification of which is given below;; is the adjoint
formed by forward transfer, giving rise to long-lived radicals. of the Smoluchowski operafé?® 0

Another possibility is that hole hopping could occur between

DMA™ and DMA. This is not considered in the theory be- . 1 )

cause it is energetically unfavorable, and the data can ber,~ gz €XP(V(Ro)) 75-D(Ro)Rg exﬂ_V(Ro))ﬁ_RO: )

explained strictly through geminate recombination and diffu- 0 0

sion. Processes that regenerate the donor excited state avbereV(R,) is the potential divided bkgT, andD(Ry) is

also energetically unfavorable for the systems studied herthe distance-dependent diffusion constahyydrodynamic

and are assumed to be negligible. Comparisons of the expeffect.’0141939-32Numerical evaluation of Eq(2) can be

mental results to the calculations presented below indicatéollowed by integration according to E¢l) to give the for-

that the formation of triplet state radical pairs is not involvedward transfer experimental observable. This observable can

in the kinetics. The three-level systefoonsisting only of be directly compared to experimental measurements of the

ground states, excited donor states, and radical $téges time dependence of donor stimulated emission at 620 nm.

shown schematically in Fig. 3. The inclusion of solvent structure and of a distance-
The goal of the theory is to permit calculation of the dependent diffusion constatttydrodynamic effegtin Egs.

physical observables: the state survival probabilitieg(t))  (1)—(3) has been discussed previou¥ly’ The radial distri-

and (P.(t)). If the donor is photoexcited at time 0, then bution function,g(Ry), appears in both the spatial averaging

(Pey(1)) is the probability that the donor is still excited at and in the diffusional operator. In E¢B), the potential in the

some later time, while (P(t)) is the time-dependent prob- Smoluchowski operator includes the potential of mean force,

ability that the radicals formed by forward transfer still exist. that is,V(Ry) = —In[g(Ry)]. The distance dependence of the

As time evolves, the probability of the donor remaining ex-diffusion constant also appears in the Smoluchowski opera-

cited, (Pg(t)), decays due to forward electron transfer. tor.

While (P, (t)) decays from a value of 1.Qunit probability Derivation of (P(t)) requires solving the coupled for-

at time 0, (P(t)), the probability of finding the donor and ward and back transfer problem. The techniques for perform-

acceptor in their radical states, builds up from 0 as forwardng the ensemble averages for the coupled problem have
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been presentetf;>*3* and solvent structure and hydrody- exponential distance dependence appears to be able to pro-

namic effects were includeld:** The result is vide information on the distance dependence of the transfer
rate and the rate at contact. That is
© [t
<Pct(t)>=47TCJRJOSct(t—t’IRo)kf(Ro)Sex(t’lRo) kp(R) =K exf Bp(Rm—R) ]. (6)
X(Pe)g(t’»dt’Rgg(Ro)dRo. (4) Equation(6) is equivalent to assuming that the distance de-

pendence of the reorganization energy can be neglected. For

Su(t|Ry) is the two-particle survival probability for the radi- the analysis presented below, which is intended to explicate
cals. Given that at time O the acceptor exists as a radical 40€ major features of the forward transfer and geminate re-
Ry, Su(t|Ro) is the probability that the donor and accep»[Orcombination, but not to extract detailed parameters from the
still exist as radicals at timelater, that is, back transfer has calculations, Eq(6) is adequate. _ _
not yet occurredS,(t|R,) can be calculated using E¢QR) The the_ory briefly outlined above requires a substantial
with the appropriate back transfer rakg(Ry). number of input parameters, some of which are known and

Equation(4) represents the most commonly encounterecfOme are adjusted. For reasons discussed further below, the
experimental situation, in which the donor and acceptor hav€0omparisons between the calculations and the data are only
no Coulomb interaction prior to forward electron transfer. Semiquantitative and are intended for heuristic purposes. The
S«(t|Ry) satisfies a differential equation equivalent to that ofaim is to show that the basic features of the forward and back
Se(t|Ro). However, while the results briefly outlined above transfer data can be understood only in terms of the model
are formally correct for diffusion in a potential of mean Pictured in Fig. 3. The theory calculates two observables,
force, inclusion of any additional potential in the forward Pex(t) (the time-dependent excited state probabilignd
transfer requires modification of the ion survival equationsPc(t) (the time-dependent charge transfer state probability
[Eqg. (4)].1* Furthermore, if the radicals produced by forward Pext) is obtained from the data at 620 nifig. 5 with the
electron transfer have a Coulomb interaction, an additionafontribution for the absorption of the DMAradicals re-
Coulomb term in the potential for the back transfer ismoved. At short time, the 620 nm data refléts(t). The

required ground-state bleach data at 540 risee Figs. 4 and)6is
For the forward electron transfdg(R) is obtained using Scaled to the long-time portion of the 620 nm data, which is
the well-known Marcus resdif due solely to DMA', and subtracted. The(t) data are

obtained from the R3B neutral radical data at 430 (ffig.
—( AGf(R)H\(R))Z) 4) after the short-time contribution from excited state—

2
ki(R)= —Jgf ex;{ excited state absorption is removed using Ehg(t) curve.
hyaAmN(R)kgT Am(R)kgT The result is purd®,,(t) andP(t) curves without contribu-

X exp(— B(R—Ry)), (59  tions from other species. This process will introduce a small
amount of experimental uncertainty in the curves.
where In the calculation, the following constants are employed.
The static and optical dielectric constants of the liquid
e? 1 1\/1 1 2 (DMA) are 5.01 and 2.43, respectively. The DMA viscosity
MR)= 47-,80(8_0‘)_ 8_5) (ﬁd + R, ﬁ) ' (50) s 1.29 cP The molecular radii of DMA and R3B are 0.275

and 0.412 nm, respectivelyUsing the viscosity, the diam-
Jot is the electronic coupling matrix element between a donoeters, and the Stokes—Einstein equation, the mutual diffusion
and an acceptor at contact for forward transfeG«(R) is  coefficient of DMA+R3B is 202.0 A/ns. TheAGs were

the free-energy change for the forward transfer, obtainedetermined from the redox potentials in acetonittiléhe
from the cyclic voltammetry experiments and the Rehm-redox potentials were corrected for dielectric constant using
Weller equation*3*% ¢, and e are the optical and static the standard Weller equatidrt’** This works very well
dielectric constants of the solventy is the permittivity of  when one high dielectric constant is converted to another
free space, an®y and R, are the donor and acceptor radii, high dielectric constant. There is considerably more error
respectively(see Ref. 3 Equation(5a) is appropriate in the when measurements in a high dielectric consta@uetoni-
noninverted regimé.AG; for R3B" and DMA have been trile) are used to determine the redox potential in a low di-
reported in a number of solvertsSince AG; is relatively  electric constant liquid like DMA. Therefore, there is some
small for the forward transfer, Eq5a) is expected to be error in the AG values of AG;=—0.294eV andAG,

accurate. The adjustable parameters are thgrand g, =—1.894 eV. Using Eq(5b), the reorganization energy at
which determine the magnitude and distance dependence obntact\ =0.5821 eV. The normal region of electron trans-
the electronic coupling, respectively. fer is taken to be- AG<\.° Therefore, the forward transfer

The back transfer is in the highly inverted regime, foris in the normal region and the back transfer is in the in-
which Eq. (5) is not appropriate. In the highly inverted re- verted region as mentioned above. To reduce the number of
gime, tunneling pathways become dominant, and quantunparameters furtherd in Eq. (5a we assume3=A "1 be-
mechanical treatments are availabf8*° However, cause B8 has been found to be~1 A™! in many
quantum-mechanical treatments require a large number aftudies’*®43~%5|n addition, previous electron transfer mea-
parameters, which, in general, are not known. In the absencirements on the donor and acceptor studied here indicate
of specific knowledge of the necessary parameters, a simplé¢hat 3=1 A 1.3 We have also fixegg=1 A~? for the back
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the donor. The theoretical development does not account for
0.6 (@) acceptor—acceptor excluded volume, which is unimportant
for relatively low concentrations. In relatively dilute solu-
tion, interchanging an acceptor with an adjacent solvent mol-
ecule is a distinct configuration in the ensemble average. In
pure DMA, interchanging a DMA with an adjacent DMA is
not a distinct configuration. Therefore, in pure DMA, the
theory overcounts configurations in the ensemble average. In
an initial study of the R3B/DMA system in a number of
dilute solutions,J,; was found to be~300 cnit.? In a more
4 6 8 g .
t (ps) recent study with improved data that spanned a much wider
(b) range of times, very good agreement was obtained between
the shapes of the decay curves and the calculationsJgand
was found to be~200 cm 129 If a value of J ;=200 cm*
is used in the calculation®,.,(t) decays much too fast. The
reduction inJy used to obtain the semiquantitative agree-
ment shown in Fig. 7 is presumably due to the influence of
107 acceptor—acceptor excluded volume. Redudgglows the
rate of electron transfer, which to some extent makes up for
the inclusion of too many configurations in the ensemble
0 Lo O S L average. However, changinily; does not have the same af-
0 50 10 150 200 . L
t (ps) fect on the shape of the curve as changing the distribution of
spatial configurations of the acceptors. Therefore, reducing

::'t(_;- 7|- (ta)dDeCfiy of the eXICitQ?hSEt)ate RSB [Pt_ex(t)] mea;;"efé f;t] 5?: nm  J slows the decay into the appropriate range but does not
stimulatea emission signal wi MAa sorption removegaan e theo-
retically calculatedP,(t) (see the text (b) Decay of the R3B neutral radi- produce the completely correct shape.

Pedt)

30

20

P_(t) (arb. units)

cal [P(t)] measured at 430 nigshort-time contribution from the R3B The calculatedP(t) in Fig- 7(b) has apprloximately the
excited state—excited state absorption rempvaad the theoretically calcu-  correct shape, but overestimates the amplitude of the long
latedP(t) (see the text tail. A general feature of the calculations is that the long

component does not decay to zero at infinite time. The am-
plitude of the tail at infinite time in the calculation is the

transfer[Eq. (6)]. That leaves only one adjustable paramete,fraction of radicals that escapes geminate recombination. In a
for the forward transfer)y, and one adjustable parameter real system, nongeminate recombination will eventually
for the back transfelk. quench the radicals. From the experimental data, it is pos-

Figures Ta) and 7b) display P (t) and P(t) along sible to estimate the fraction of radicals that escapes gemi-
with calculated curves. The areas of the data curves and tHete recombination. For times longer than the 200 ps radical
calculated curves have been normalized. The valud,pf recombination data shown in Fig. 4, the long-time tail be-
=50cm ! and the value oK=100. Both calculations re- comes increasing flat. By 600 pdata not showp the tail is
produce the data reasonably well but certainly not quantitaflat within experimental error. From the amplitude of the tail,
tively. The calculatedP,(t) decays too slowly at short time we estimate that the escape fraction for R3B/DM#adicals
and then too rapidly at longer time. The decayRf(t) at  is ~3%.
short time is about right and, of most importance, the calcu-  Another factor that comes into play is the orientational
lated P4(t) displays the long tail observed in the data. How- dependence of the electronic coupling. A study of electron
ever, the amplitude of the tail is too great. The long tail in thetransfer between coumarin dyes in aromatic amine acceptors
back transfer is initially somewhat surprising. Because manyncluding DMA showed that there is a significant angular
acceptors are in contact with the donor, it would be expectedependence to the electronic coupling matrix elem@im.
that forward transfer occurs to a contact neighbor followedhe theory used to analyze the data, the coupling does not
by very rapid back transfer. However, the back transfer is irhave an angular dependence. For relatively dilute solutions
the highly inverted region, which slows it down consider- of acceptors, in which there is a broad distribution of dis-
ably. The relatively slow back transfer distance-dependentances and diffusion plays a significant role, the averaging
rate constant permits diffusion to separate the radicalsver distance and orientational relaxation diminish the im-
formed by forward transfer, giving rise to the long tail in portance of the orientational dependence of the dynaffiics.
P.(1). Itis unnecessary to invoke hole hopping from DMA In pure DMA, contact neighbors dominate transfer and the
to another DMA or the formation of a radical pair triplet time scale of forward transfer is so fast that orientational
state, leading to spin-forbidden back transfer to account foaveraging will not occur. Therefore, the lack of knowledge of
the data. the angular dependence of the electron transfer and not hav-

The theoretical calculations do not reproduce the datang an angular average in the theory may also contribute to
quantitatively. This is not surprising. The theory was devel-the difference in shape of the calculated and experimental
oped for a donor interacting with relatively dilute acceptors,curves.
<~0.5 M. Here, the acceptor is the pure liquid surrounding  Experiments provide some evidence that there is an an-
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FIG. 8. Polarization selective data at 620 nm at longer times showing that

the DMA" radical cation is created with an anisotropic distribution of ori- FIG. 9. R6G data at 420 nm, which after5 ps are exclusively the R6G

entations. Curve labelel pump and probe polarizations parallel. Curve neutral radicalcircles, and data taken at 540 nm, which is the ground-state

labeled.L, pump and probe polarizations perpendicular. bleach. The neutral radical, which decays via electron back transfer, and the
recovery of the ground-state bleach are identical. Compare to Fig. 4, the
equivalent data for R3B.

gular dependence to the transfer rate. Figure 8 shows curves

taken at 620 nm with the pump polarization aligned parallel

to and perpendicular to the probe polarization. In all of thegy qiom \yere fit with single exponentials: fits to the short-

previous data the pump polarization was at the magic anglg,e hortions of the stimulated emission cunggs. 5 and

relative to the probe polarization. In Fig. 8, following the ¢ "\yhich are measures of the forward transfer, and fits to
* . . - . t 1

decay of R3B* signal, the remaining DMA signal shows the longer time portions of the neutral radical de¢gigs. 4

a difference.betvveen the.paralllel and perp.endicular pOIarizaaind 9, which are measures of the back transfer. The theoret-
tions. The difference vanishes 50 ps. Using the Debye— ical model employed in the analysis presented in Fig. 7 was

Stokes—Einstein equation for the orientational relaxation, o ,seq. |t is important to emphasize that the electron trans-
time and the viscosity and radius of DMA, orientational ran-¢a, processes are not exponential. As can be seen in Fig. 6
domization should occur with a time constant ®25 ps,  yha neytral radical decay on the 20 ps time scale is not ex-
which is consistent with the data. The observed d'ﬁerenc%onential and by 200 ffsee Fig. 4the decay is almost flat
between the pfralle_l and perpendicular signals will only ocy, 50q phs(not shown, the neutral radical concentration is
cur if the DMA ra(_jlcals fprm_ed _by Qlectron t_ransft_ar are ot .ostant. Forward electron transfer is also nonexponential.
produced with an isotropic distribution of orientations rela- | o purpose of the single exponential fits is to permit a com-
. S : *
tive to the |n!t|ally excited R3g_ : . . parison of the data for the two rhodamines. Table | gives the
In & previous study of R6Gin DMA using single-color approximate exponential constants obtained for the forward

nonlinear optical experiments, thle 'Or‘lg't'm? rf)ortlpn of theand hack transfer as well as the estimated probability that the
data was attributed to vibrational cooling with a time coN- - dicals escape geminate recombination.

stant of~20 ps!’ The single-color data assigned an electron
back transfer time constant of 4 ps and a forward transfer
time constant of 85 fs. We performed experiments on the
R6G'/DMA system that were identical to those described ;
above. The time-dependent spectrum is almost the same a

ts)

uni
N
o

T

the one displayed in Fig. 2 for R3BDMA except various E 0.8 |
features are shifted 10 to 20 nm to the blue. Figure 9 showsg -
the decay of the R6G neutral radicals at 420 (oircles and 0.6 i
the recovery of the ground-state bleach at 540(squares 04 L
Figure 10 shows the decay at 610 nm of the RBGtimu- L

0.2 |

lated emissior(short-time positive signaland the decay of
the DMA" radical(long-time negative signalFigures 9 and

0.0 [pwait

pump-probe signal - 610

10 should be compared to Figs. 4 and 5. The behavior of [ % SNV
each curve is the same for the RBBnd R6G donors, 02k W“Nﬁ*”‘”"”v
although the nonexponential decays vary somewhat in rate . '6 S é —— '1'0' — '1'5' -~ '2'0- - '2'5- _—y

As shown in Fig. 6, even the long-tin{feens of p$ portions t (ps)
of the decays are not exponential. The previous
experiment¥’ did not spectrally identify the various species FIG. 10. R6G data at 610 nm. At short timé<~1 p9 the data are

and follow their behavior independently, which apparenﬂydominated by stimulated emission from the initially excited state, R6G

led to a misidentification of the decay processes The decay reflects _forwarq electror? transfer. A Wt_eak absorption gt 610 nm
. o y p_ ’ from the DMA™ radical cation contributes to the signal at longer time. For

To make a semiquantitative comparison between the dy~ 5 ps; the signal is the decay of the DMAcaused by electron back

namics measured for R3Band R6G , the data from each transfer. Compare to Fig. 5, the equivalent data for R3B
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TABLE I. Single exponential approximations of the forwaftland backb)  volved in the ensemble average. Therefore, the agreement
transfer times and estimated radical escape probability. between the calculations and the data is only semiquantita-

70 (fs)° 7 (9" Pece tive. Nonetheless, the calculations account for all of the ob-

— served features, including the long-lived radicals. It is not

R3B in DMA 500 25 0.03 necessary to invoke hole hopping or the formation of triplet
R6G 260 22 0.02

radical pairs and spin-forbidden back transfer to understand

¥ rom the short-time decays of the stimulated emis¢feigs. 5 and 10 the long-lived component of the radical population.
PFrom the intermediate time decays of the neutral radi@éilgs. 4 and @
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