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Electron transfer from an optically excited donor (rubrene) to randomly distributed acceptors (duroquinone) has been investigated
experimentally. The forward electron-transfer process under the influence of diffusion in liquid solution (diethyl sebacate)
is compared with that in solid solution (sucrose octaacetate). Steady-state fluorescence yield and time-resolved fluorescence
measurements were used to measure the excited-state population of the donor (rubrene). The parameters were used to analyze
the electron-transfer dynamics under a variety of acceptor concentrations. The agreement between theoretical predictions
and experiments is very good. The forward transfer parameters (afand R,) in liquid solution are almost identical with those
obtained in solid solution.

I. Introduction
Photoinduced electron transfer from a donor molecule to an
acceptor molecule is responsible for an important class of chemical
reactions. Following the transfer of an electron from an excited
neutral donor to a neutral acceptor or neutral donor to an excited
acceptor, the highly reactive radical ions can go on to do useful
chemistry.I4
In this paper, we present a study of the influence of molecular
diffusion on photoinduced electron transfer. Steady-state
fluorescence yield and time-resolved fluorescence measurements
are used to measure the population of the donor’s excited state.
Since electron transfer quenches the fluorescence from the initially
excited state, fluorescence provides a direct observable for the yield
and time dependence of the electron-transfer process. The excited-state population was analyzed by using a method that included donor-acceptor and acceptor-acceptor excluded volume
and the appropriate donoracceptor reflecting boundary condition.
Photoinduced electron transfer between randomly distributed
donors and acceptors embedded in solid solution has been studied
and experimentally.lq8 Recently, diffusion-influenced electron transfer has also been treated the~retically”~
and e ~ p e r i m e n t a l l y . ~Here
* ~ ~ we compare the results obtained
in solid solutions to the results in liquid solution for the same donor
and acceptor molecules. The comparison to solid solution provides
an important control for judging the applicability of the theoretical
model to the problem with diffusion. For a wide range of acceptor
concentrations, theory and experiment are in very good agreement.
The parameters used to characterize the electron-transfer dynamics
in liquid solutions are virtually identical with those used in solid
solutions.
11. Experimental Procedures
The donor was rubrene (RU) and the acceptor was duroquinone
(DQ). The rubrene was dissolved in solvent, either acetone for
the solid solution or diethyl sebacete (DS) for the liquid solution,
and then filtered to remove dust. No other purification steps were
used. The DQ was twice sublimated and also dissolved in solvent
and run through a filter. For the samples in solid solution the
method of preparation has been described previously.8 The liquid
( I ) Guarr, T.; McLendon, G. Coord. Chem. Rev. 1985,68, I .
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samples were made by using serial dilution to obtain the desired
concentrations for RU and DQ. Typically, the RU concentration
was
M (an optical density of =0.2 at 532 nm) and the DQ
concentration ranged from 0 to 0.33 M. The solvent diethyl
sebacate was filtered. Each sample was placed into a I-mm optical
cuvette. The cuvette had an adaptor for a vacuum line so the
sample could be freeze-pumpthawed (3-5 cycles) to remove
oxygens to prevent RU decomposition in the presence of oxygen
and light.
The viscosities of the pure diethyl sebecate (DS) and DQ/DS
solutions were measured with an Ubbelohde viscometer. At the
highest concentrations of DQ, the viscosities of the solutions
differed from pure solvent. The measured viscosities were used.
The time-resolved fluorescence decays were measured by
time-correlated single photon counting. The laser system and the
single photon counting instrument have been described in detail
previo~sly.’~Briefly, the frequency-doubled (532 nm) output
from an acoustooptically mode-locked YAG laser is used to
synchronously pump a cavity dumped dye laser. The excitation
wavelength is 555 nm. The fluorescence is detected in a 60-nm
window centered a t 590 nm. Scattered light is blocked from
entering the detector (a multichannel plate) by a 1-mm antislit
placed in the position normally occupied by the center slit of a
subtractive double monochromator. The broad spectral bandwidth
of this arrangement essentially eliminated solvent relaxation effects
on the time dependence of the emission. The instrument response
of the system is =70 ps. The output of the instrument is transferred to computer for data analysis. The detection polarization
was set to the magic angle from the excitation polarization to
remove the influence of rotational relaxation of the donor molecules on the time dependence of the fluorescence.
The fluorescence yield data were taken, using the frequencydoubled (532 nm) single pulses from a CW pumped acoustooptically mode-locked and Q-switched Nd:YAG laser. The
fluorescence was collected by a lens, and the output went through
a set of three 532-nm cutoff filters. The broad-band fluorescence
was detected by a phototube, and the signal was sent to a lock-in
amplifier. To obtain the relative yield accurately, all the samples
were positioned the same way relative to the excitation-detection
setup. For each sample a corresponding yield was measured for
a sample that just contained RU/DS. Dividing the fluorescence
intensities of the DQ/RU/DS samples by the plain RU/DS
sample after correcting for their optical density differences in RU
gave the relative fluorescence yield.
111. Theory

Here we present a brief description of the theory. Although
this theory for the forward transfer is not in itself new,*i3 it does
contain the appropriate boundary conditions (reflecting) and does
have for the first time not just donor-acceptor excluded volume
but also acceptor-acceptor excluded volume. In the model, the
( I S ) Stein, A. D.; Peterson, K. A.; Fayer, M. D. J . Chem. Phys. 1990,92,
5622.
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Letters
donors and acceptors are randomly distributed a t t = 0 when the
sample is excited. It is assumed that the donor has only one
accessible electronic excited state and the acceptor has only one
acceptor state. The transfer rates are exponentially decaying
functions of d i ~ t a n c e . ’ *After
~ * ~ pulsed excitation, two processes
can occur from the excited state: decay to the ground state by
fluorescence and nonradiative relaxation and electron transfer.
Rubrene, studied here, is reported to have essentially unit quantum
yield for fluorescence.16 The rate constants are
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where R is the donoracceptor separation. & and af are molecular
parameters that characterize the distance scale of the forward
transfer rate.lV8 T is the donor excited-state lifetime in the absence
of acceptors.
There are two steps involved in calculating the excited-state
population. The first is deriving the survival probability for a single
donor-acceptor pair as a function of initial separation,”I3 and
the second is using the survival probability to perform the ensemble
average over all initial distances for all of the acceptors to obtain
the state populations in the thermodynamic limit.9-13
In solid solution, the survival probability is given by5-8

P,,(@,t) = exp(-t/r) exp(-KF(@)t)
(2)
where @ is the donor-acceptor separation. In solid solution the
donor-acceptor separation does not change with time. In liquid
solution, the Fick diffusion equation is used and we obtain the
following resuIt+13

a

-Pex(@,t) = DV2P,,(@,t) - Kr(Ro) Pex(@,t)
at

(3)

where D is the sum of the donor ( D d ) and the acceptor (D,)
diffusion constants and V z for the spherically symmetric case is
2 a +a2
v2
(4)
Ro dR’
dRo2
Equation 3 must be solved numerically.
The ensemble-averaged excited-state population in the thermodynamic limit for point particles is given by1*”

( P e x ( f )=) exp(-t/T) exp(-4uCxm[1 - Pex(@,t)]Ro2
dRo)
(5)

where Cis the concentration of the acceptors. For solid solution,
P,,(@,t) is given by eq 2 and for liquid solution is obtained from
eq 3. For donors and acceptors of finite size the excited-state
probability is5*17J8
(PeJt)) =
4u Pk
--E-]
[l - P,,(Ro,t)]kRoZ dRo
d3k=1 k R,

-

where R, is the sum of the donor and the acceptor radii, d is the
diameter of the acceptor, and p = Cd3.
The relative fluorescence yield is obtained by integrating the
excited-state population over time8
(7)

There are seven parameters in the problem: Ro, af, T , R,, d ,
D, and C. The concentration, C, is measured spectroscopically.
The molecular sizes, R, and d, are obtained from X-ray crystallographic data.19 The diffusion constants, Dd and D,, are
(16) Birks. J. 8. Photophysics of Aromatic Molecules; Wiley-Interscience:
London, 1970.
(17) Blumen, A.; Manz, J. J . Chem. Phys. 1979, 71, 4694.
(18) Blumen, A. J . Chem. Phys. 1980, 72, 1632.
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Figure 1. A Stern-Volmer plot of the fluorescence yield data. Error bars
are shown for two points. The others are smaller than the data square.
The best fit (solid line) gave ut = 0.22 A and Ro = 12.8 A. The other
parameters are given in the text.

obtained by combining the measured viscosity (Ubbelohde viscometer) of the solvent with the molecular sizes in the StokesEinstein equation. The lifetime, T , of the donor’s excited state
is measured by time-resolved fluorescence. The remaining two
parameters are obtained by analyzing the time-resolved fluorescence quenching and the relative yield data with eqs 6 and 7.

IV. Results and Discussion
The molecular sizes used for the analysis are R, = 9.0 A and
d = 7.2 A.I9 The viscosity of the solvent varied slightly as a
function of DQ concentration. For the concentrations used here
the diffusion constants are as follows: C = 0.031 M, D = 18.3
A2Ins;C = 0.1 1 M, D = 18.4 A2f ns; C = 0.21 M, D = 18.6 Azfns;
and C = 0.33 M, D = 18.8 A2/ns. The fluorescence lifetime of
RU in diethyl sebacate is T = 14.4 ns and in sucrose octaacetate
is T = 15.0 ns.
Equation 3, the differential equation for the survival probability
of the excitation with an acceptor a t a distance Ro at f = 0, was
solved numerically by using the Crank-Nicholson methodZoand
also using a master equation method.2’ Both methods gave the
same results. Care was taken to make sure the results were stable,
accurate, and converged. These depend on the spatial and temporal step sizes used in the calculations. Typically, the spatial
step was less than 0.5 A but was made much smaller to test for
convergence. The temporal step was typically less then lo4 ns.
The integrations in eqs 5-7 were performed using Gaussian
quadrature.20 All programs were written in the C language and
run on a DECstation 3100.
At t = 0 RU is excited. As time progresses, there is decay to
the ground state with a rate constant of 1f T , and there is forward
electron transfer to the radical ion state with the rate constant
Kf(R). In liquid solution the pair separation, R, is a function of
time. All states are singlets.
Figure 1 shows the experimental and theoretical inverse of the
steady-state relative fluorescence yield (a Stern-Volmer plot) in
diethyl sebacate (liquid solution). The theoretical curve was
calculated by using the inverse of eq 7. The error bars are as
indicated. The symbols are the data. For the first three concentrations the error bars were smaller than the symbol for the
data points. The curve is the best fit. As can be seen, the curve
goes essentially through the middle of the error bars. This fit is
obtained when uf = 0.22 A and Ro = 12.8 A. The other parameters are stated above. The yield data taken in sucrae octaacetate
(solid solution) has been previously reported* and rechecked during
these experiments. In contrast to the data taken in liquid solution,
it is known that the fit to the solid solution data is only sensitive
to the Ro value.7 In solid solution Ro = 13.1 A.8
~~
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Figure 2. Time-resolved fluorescence decay (data and fits) in diethyl
sebacate (liquid solution). The best fit through a!l the concentrations
gave the same parameters as the Stern-Volmer plot; see Figure I . Curve
A is 0.031 M,B is 0.1 1 M,C is 0.21 M,and D is 0.33 M duroquinone,
respectively.

The time-resolved fluorescence quenching data in diethyl sebacate are presented in Figure 2. The calculated excited-state
population (P,(t)) given in eq 6 is convolved with the instrument
response function and then compared to the data. The appropriate
equation is

I ( t ) = x m l R ( r- t ? ( P , , ( t ? ) dr'

(8)

where IR(t) is the measured instrument response. The parameters
af and Ro were adjusted to fit the experimental data. The initial
values of arand Ro were taken from the values determined previouslys in solid solution. Either af or Ro can be adjusted or both
can be adjusted to fit the data. All of these procedures were used
to analyze the data. It is found that the best fit is obtained for
both the time-resolved fluorescence quenching and the fluorescence
yield when af is the same as in the rigid glass while Ro differs
slightly. The slight difference from the rigid result is most likely
due to differences in the nature of the solvent, for example, dielectric properties. The best fit gives af = 0.22 A and Ro = 12.8
A. This is identical with that obtained from the fluorescence yield
data. The calculated fits are shown in Figure 2 along with the
data. In some of the curves it is difficult to distinguish the data
and the fit.
Timaresolved fluorescence data were taken, using single photon
counting on rubrene and duroquinone in sucrose octaacetate in
solid solution, confirming previous results. A detailed study of
the solid solution results have been presentedes The results yield
of = 0.22 A and Ro = 13.1 A. The agreement between theory
and experiment is also very good. In the case of rigid solution,
only af is adjusted to fit the time-resolved data. The & parameter
is found by a Perrin plot (natural log of the relative yield vs
concentration) of the yield data. These two parameters are thus
found independently in solid solution.* Comparing the solid (no
diffusion) and liquid (diffusion) results shows that the of values
are identical and the Ro values differ by =2%.
af and Ro are molecular parameters describing the forward
transfer dynamics.'-* Therefore, af and Ro are expected to be the
same for the same donor-acceptor pair under different diffusion
environments (ignoring solvent relaxation effects). However, since
the electron-transfer dynamics are effected by the solvent reorganization energy,' it is not surprising that these parameters
are slightly different from one solvent to another due to differences
in the solvent's dielectric properties. The fact that very similar
electron-transfer parameters are obtained for liquid diethyl sebacate (ar = 0.22 A and Ro = 12.8 A) and rigid sucrose octaacetate (af = 0.22 A and Ro = 13.1 A) solutions indicates that
af and Ro are good molecular parameters to characterize the
forward transfer process.
In a recent related work, Eads et al." measured the relative
yields and time-resolved fluorescence decays of the rhodimine
B/ferrocyanide/water system. The concentration of their anionic
donor (ferrocyanide) ranged from 0.1 to 0.4 M. The relative
diffusion constant for their system was 125 A2/ns. They analyzed
their results using a variety of methods. They analyzed the early
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Figure 3. Calculation of the time dependence of donor quenching by
electron transfer for the solid (curve A) and the liquid (curve B) solutions
(equivalent to those studied experimentally). The excited-state lifetime
decay is not included so that the electron transfer can more directly be
compared. C = 0.27 M, Ro = 13 A, and the other parameters are the
same as those used in Figure 2. For curve B, D = 18.6 A2/ns. Diffusion
results in a large increase in electron transfer.

part of their data (0-25 ps) using a single electron-transfer rate
and no diffusion (transfer only at contact). At later times (0-200
ps) they used the Collins and Kimball
which uses a single
electron-transfer rate, and electron transfer can occur in a spherical
shell around the acceptor called the reaction zone. They found
that this fit their data well only up to 0.2 M. The time regime
from 0 to 4 ns they attempted to fit with the Smoluchowski
diffusion-controlled reaction modelgJ4 (where there is an infinite
electron-transfer rate only at contact) and were not able to fit their
data with physically realistic parameters (the contact distance and
diffusion constant). They also tried fitting their data with a model
similar to the one we used here (the diffusion equation with a sink
function proportional to the position-dependent electron-transfer
rate). They took into account donor-acceptor excluded volume
but did not include acceptor-acceptor excluded volume. They
did use the appropriate donor-acceptor reflecting boundary
condition. They were not able to get consistent fits throughout
their concentrations or between the two experiments (yield and
time-resolved fluorescence). They also included a bare Coulomb
potential and determined that was inappropriate for their system
even though they had diffusing ions. They concluded that a
screened potential was necessary. In this paper, transfer between
initially neutral molecules was studied, and it was not necessary
to include a Coulomb potential. Eads et aI.l4 found in their work
that ar = 0.2-0.5 A, which is on the same order as the value
obtained here.
It can be seen by comparing Figure 2 with the data reported
previously8 that the excited-state population decays (electron
transfer) much faster in the liquid solution than in the solid
solution. Figure 3 shows a calculation of the timedependent donor
quenching by electron transfer (excited-state lifetime decay not
included) for the solid and liquid solutions. (The concentration
C = 0.27 M is one used in the solid solution study and falls between
the concentrations used in curves C and D in Figure 2 of this
report.) The difference is dramatic. At short times (<5 ps) when
the displacement of the molecules is negligible, the curves are
identical. At longer times, diffusion leads to faster and more
electron transfer. Diffusion of the molecules has a profound
influence on the transfer process in spite of the fact that the
transfer parameters, af and Ro,are virtually identical in the two
systems. This can be understood qualitatively. In a solid, acceptors
that are too far away from the excited donor to receive an electron
within the donor lifetime do not participate in the transfer dynamics. In a liquid, an acceptor too far from a donor at t = 0
can move in at later times and receive an electron. Because of
the motion, more acceptors pass through the transfer range (in
the lifetime of the excited state) than would normally be there
in solid solution. The net result is that, all other things being equal,
an increased rate of diffusion will increase the rate of depletion
of the excited state.
The agreement between theory and experiment that is displayed
in this study is very good. Comparing the solid and liquid solutions
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provides an excellent control on the study, The theory for the
solid solution is straightforward. Since the solid and liquid solvents
have similar properties, it is expected and found that the transfer
parameters aie virtually the same in the two types of systems. The
parameters obtained from the liquid data are, therefore, not arbitrary fitting parameters. The results demonstrate that, at least
for this system, we have a clear description of the influence of
spatial diffusion on photoinduced electron transfer.
In a
results like those presented above will
be combined with experimental measurements of the dynamics
(22) Dorfman, R. c.; Song, L.;Swallen,
Phys., to be published.
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of electron back-transfer (geminate recombination) and theory.
This will provide a description of the competition between
back-transfer and radical ion separation by diffusion.
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In 1987, Elser and Haddon predicted a vanishingly small 7r-electron contribution to the magnetic susceptibilityof the icosahedral
Cs0molecule (buckminsterfullerene). This result runs counter to intuition and was subsequently disputed on the basis of
ab initio computations. Following the recent discovery of methods for preparing (and purifying) large quantities of Cm,
we here report measurements of the magnetic susceptibility, x, of a solid sample of pure Cm by SQUID magnetometry. The
obtained mass value, x1 = -0.35 X IO”, is far below that of graphite or benzene, consistent with the Elser-Haddon picture

of accidental cancellation of the diamagnetic and paramagnetic contributions to x . An estimate of the unusually large
paramagnetic contribution is in accord with recent measurements of Cm’s electronic excitations. The C70 molecule is also
measured to have xg = -(OS9 f 0.05) X 10”.

Introduction
The recent discovery’ of a method for producing (and purifyi n g * ~ significant
~)
quantities of molecular allotropes of carbon,
particularly the celebrated Cm molecule (buckminsterfullerene),
has made possible the measurement of material properties.’O One
such property is the bulk magnetic susceptibility, x, treated
previously theoretically.’,c6 The high symmetry (Ih) of the upique
( 1 ) Elser, V.; Haddon. R. C. Narure 1987,325,792-794; Phys. Rev. 1990,
A36, 4579-4584.

( 2 ) Kroto, H. W.; Heath, J. R.; O’Brien, S.C.; Curl, R. F.; Smalley, R.
E. Narure 1985, 318, 162.
(3) Mallion, R. B. Nature 1987, 325, 760-761.
(4) Fowler, P. W.; Lasscretti, P.; Zanasi, R. Chem. Phys. Leu. 1990, 165,
19.

(5) Haddon, R. C.; Elser, V. Chem. Phys. Lett. 1990, 169, 362-364.
(6) Schmalz, T. G. Chem. Phys. f a . 1990, 175, 3.
(7) (a) Kdtschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. R.
Narure 1990,347,354-358. (b) Kriltschmer, W.; Lamb, L. D.; Fostiropoulos,
K.; Huffman, D. R.;Mackay, A. L. Ibid. 1990, 336-337.
(8) (a) Taylor, R.; Hare, J. P.; Abdul-Sada, A. K.; Kroto, H. W. J. Chem.
Soc., Chem. Commun. 1990, 1423-1425. (b) Johnson, R. D.; Meijer, G.;
Bethune, D. S.J. Am. Chem. SOC.1990, 112, 8983.
(9) Aije, H.; Alvarez, M. M.; Anz, S. J.; Beck, R. D.; Diederich, F.;
Fostiropoulos, K.; Huffman, D. R.; KrHtschmer, W.; Rubin, Y.; Schriver, K.
E.; Sensharma, K.; Whetten, R. L. J . Phys. Chem. 1990, 94, 8630.
(IO) Averback, R. S.,Nelson, D. L.. Bernholc, J., Eds. Marer. Res. SOC.
Proc., in press.

0022-3654/91/2095-3457%02.50/0

structure proposed2 and now ~ o n f i r m e d ~for- ’Cm,
~ Le., a hollow
spherical bonding network resembling the laces of a football,
implies that the susceptibility tensor is determined from a single
measurement of x.
Two theoretical approaches present strongly contrasting pictures
of em’smagnetic properties.l*e6 Kroto et al. first suggested2 that
icosahedral Csashould exhibit strong magnetic shielding from
7r-electron ring-current effects (and by implication a large, negative
x ) ; this quantity has immediate relevance to the N M R chemical
shift of an atom trapped at the center of the icosahedral cage.”
To examine this possibility, Elser and Haddon’ (EH) calculated
the magnetic properties of Cm’s 7r-electrons using the London
method modified to treat Huckel molecular orbitals in three
dimensions. They reported that “the magnetic response of Cm
is unlike that of any molecule yet encountered”: Namely, there
occurs an unusual cancellation of diamagnetic and paramagnetic
contributions, so that the susceptibility is very small and has a
sign that is sensitive to equilibrium geometry parameters (relative
bond lengths).IJ Subsequently, Fowler et al.4 (FLZ) used
,
Hartree-Fock supercomputer calculations to conclude that C
should have a large, negative (diamagnetic) x, analogous to that
( 1 1 ) Haufler, R. E.; Conceicao, J.; Chibante, L. P. F.; Chai, Y.; Byrne,
N . E.; Flanagan, S.;Haley, M. M.; OBrien, S.C.; Pan, C.; Xiao, Z.; Billups,
W. E.; Ciufolini, M. A.; Hauge, R. H.; Margrave, J. L.; Wilson, L. J.; Curl,
R. F.; Smalley, R. E. J . Phys. Chem. 1990, 94, 8634.
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