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Intermolecular photoinduced electron transfer between C60 and twobis-diphenylamino (diphenylpolyenes) in
dilute solutions was measured using step-scan Fourier transform spectroscopy which yielded extremely smooth
temporal data. A mechanistic model containing a single intermediate and treatment of the kinetics generates
a total quantum efficiency for free ions that can be factored into two terms, a quenching efficiency,ΦQ, and
an efficiency for formation of free ions out of the intermediate,ΦSI. Two methods for extractingΦSI are
provided and the dependence on solvent polarity and other parameters is investigated.

1. Introduction

Electron transfer (ET) between two species is a field of
fundamental importance in biological photosynthesis and in
materials work as well as a discipline with intrinsic scientific
interest.1-3 Photoinduced electron transfer (PET), studied by
laser flash photolysis and time-resolved techniques, has led to
a better understanding of general features of ET mechanisms,
but several problems that have been identified still remain.4

Frequently, there are difficulties in separating diffusional and
electron-transfer contributions to the rate, and in some cases
the nature of the charged state that is formed (whether it is a
partial charge-transfer complex, an associated ion pair, or
solvated ions) is not clear. A significant body of work has
emerged that investigates organic donors in dilute solutions using
C60 as a photoinduced acceptor.5-24 C60 is convenient for this
purpose for three reasons: it can be pumped at the doubled
Nd:YAG wavelength of 532 nm; it undergoes efficient inter-
system crossing to3C60* which is sufficiently long-lived to
permit diffusion and donor-acceptor encounters to occur in
dilute solution, and the3C60* is a reasonably strong acceptor.

The PET process is generally believed to follow a mechanism
as shown in Scheme 1. The excited species diffuses, forms an
encounter complex with the donor, then undergoes electron
transfer eventually resulting in solvated ions. In dilute solution
studies involving fullerenes, the lifetime of the3C60* typically
shows a linear dependence on the donor concentration indicating
that quenching of the excited triplet is a diffusion-limited
process. Because the donor cation rise is dependent on the3C60*
decay, it is often assumed that the overall electron-transfer
process in dilute solution is diffusion-limited as well. However,
it is known that electron-transfer rates vary over many orders
of magnitude25 so careful consideration of the influence of
intermediates on the overall rate, and the quantum efficiency,
may be warranted.

In this work, we investigate the kinetic treatment of diffusion-
limited PET in dilute solutions and illustrate data treatment
methods that separate forward and back ET26 (BET) processes,
and give a clearer indication of whether the overall mechanism
is truly diffusion limited. This treatment also permits separation

of the quantum efficiency of quenching from the quantum yield
for formation of solvated ions from the intermediate, the latter
perhaps being a truer measure of electron-transfer efficacy than
the total quantum yield. Additionally, we report on use of step-
scan Fourier transform photoinduced absorption methods27-29

as a powerful experimental tool for study of PET and on two
specific oligimers of a new class of organic electron donors,
the bis-diphenylamino(diphenylpolyenes).30

2. Experimental Section

The bis-(diphenylamino)diphenylpolyenes used as electron
donors in this study were synthesized by the Charles W.
Spangler research group. C60 (acceptor) was obtained in a purity
of 99.5% from Aldrich and used without further purification.
Linear, ground-state absorption spectra were taken of solutions
of C60 alone, donors alone, and both in solution together.
Comparison of these spectra indicated no evidence of ground-
state coupling.

All photoinduced absorption (PIA) measurements were
performed in solution in 1 cm quartz cuvettes. Solutions were
de-oxygenated by bubbling N2 gas for 15 min resulting in3C60

lifetimes of around 22µs (in C60 only solutions, without donor
present). A 50 w continuous tungsten filament lamp was used
as the broadband probe source and was focused with F/5 optics
through the center of the cuvette. A Coherent Infinity Nd:YAG
laser frequency doubled to 532 nm was used as a pump
(typically 2 mJ/pulse) in a quasi-coaxial geometry with the probe
light. After passing through the sample, the broadband light was
refocused on an aperture where only the middle 20% of the
laser spatial profile was sampled to reduce excitation gradients
and their resulting problems, such as thermal lensing.

The light was then directed into a Bruker IFS 66 or IFS 88
step-scan interferometer to acquire the time and frequency
resolved PIA spectrum. A Si diode or InSb (liquid N2 cooled)
detector and broad-band beam splitter were used in the experi-
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ments and the transient signals were acquired with a 12 bit, 40
MHz digitizer. The typical three-dimensional spectrum produced
consisted of 400 traces with 200 or 300 cm-1 spectral resolution,
and 25 or 50 ns temporal resolution generated by averaging 80
pulses at each interferometer mirror position.

3. Results and Interpretation

Figure 1 shows a typical time and frequency resolved
photoinduced absorption (PIA) spectrum from the step-scan FT
system for a solution of C60 and bis-(diphenylamino)diphen-
ylethene (n ) 1) in o-dichlorobenzene (o-DCB). At early times,
the strong photoinduced absorption peak centered at∼13 400
cm-1 that dominates the spectrum is due to3C60* absorption
for which the extinction coefficient is known.19,31-33 As this
peak decays, a very broad transition grows in the near-IR (6750
cm-1) which can be attributed to the intervalence band34 of D+,
the singly charged donor cation. This band is in the same region
as other bis(triarylamine) intervalence bands35 and its high
degree of asymmetry indicates class III behavior, i.e., the charge
is delocalized in the cation.36 D+ also shows an absorption band
near 16,000 cm-1 and both the visible and IR absorptions have
been confirmed by doping the donor with a strong oxidizing
agent (SbCl5) to chemically generate the cation. Also present
in the spectrum is a 9240 cm-1 (1082 nm) peak which is the
well-known C60

- absorption.19,37,38 Because extinction coef-
ficients are known for both3C60* and C60

-, these two species
can be used to determine concentrations. Presence of the
distinctive intervalence band, which will only exist in the singly
charged species in these donors, and the C60

- peak are proof of
intermolecular electron transfer in this system. Shown in Figure
2 are spectral traces of3C60* and D+ at early and late times
which were extracted from the 3-D data set.

3C60* Decay.The D+ spectrum has a broad peak centered in
the visible whose tail slightly overlaps the3C60* absorption band.
This contribution can be removed by scaling the D+ intensity
in this region at late times, long after the3C60* decay, to the
intervalence band intensity. Then the intervalence temporal
behavior scaled by this factor, is subtracted from the3C60* decay
curve to provide a more accurate fit. The time-profiles of3C60*
measured at 745 nm (Figure 3) indicate that the decay rates of

3C60* increase with increasing donor concentration. We can
write the differential equation for the disappearance of the
excited acceptor, A*

Measurement of the decay rate of3C60* in solution without the
donor yieldskr. As mentioned above, the decay of3C60* in a
solution containing donor, D, is also exponential, indicating that
the second term in eq 1 is pseudo first order due to negligible
changes in the donor concentration during the course of the
reaction. Hence, eq 1 reduces to

wherekQ ) kd[D]. Integration yields the expected exponential
decay

Measurement of the decay in the C60 with donor solution yields

Figure 1. Time and frequency resolved photoinduced absorption (PIA)
spectrum from the step-scan FT system for a solution of 0.25 mM C60

and 0.25 mM bis-(diphenylamino)diphenylethene (n ) 1). The rapidly
decaying peak centered at 13500 cm-1 is due to3C60* absorption. The
broad, near-IR band which peaks at 6750 cm-1 is the intervalence band
of the singly charged donor cation. The 9240 cm-1 band is the C60

-

absorption. The solvent used in this figure is a 1:1o-dichlorobenzene/
benzonitrile solvent mixture, but most of the following figures are in
o-dichlorobenzene.

Figure 2. Spectral traces at different times extracted from a 3-dimen-
sional time and frequency resolved data set similar to Figure 1. These
data is for a solution of 0.2 mM C60 and 0.2 mM bis-(diphenylamino)-
diphenylethene (n ) 1) in o-dichlorobenzene solvent pumped by a 2
mJ, 5 ns 532 nm pulse.

Figure 3. Main figure: 3C60* decays as a function of donor (n ) 1)
concentration in ODCB; lines are exponential fits, points are experi-
mental data. Only half the data points are plotted to allow the fit line
to be seen. All solutions are in ODCB and pumped by a 2 mJ, 5 ns
532 nm pulse. Inset: Stern-Volmer plot of the decay rate vs donor
concentration.

d[A*]
dt

) -kr[A*] - kd[A*][D] (1)

d[A*]
dt

) -kr[A*] - kQ[A*] ) -(kr + kQ)[A*] (2)

[A*] ) [A*] 0e
-(kr + kQ)t (3)
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an observed rate constant that is

wherekobs is the observed first-order decay rate constant of the
triplet (fit with a single exponential),kr is the rate constant
without donor present, [D] is the concentration of the donor,
and kd is the bimolecular quenching rate constant A Stern-
Volmer plot of kobs vs [D] (inset of Figure 3) yields a straight
line, which indicates that thetriplet quenchingis diffusion
limited. A quenching rate constant ofkd ) 3.5 × 109 M-1s-1

was obtained from this fit.
Donor Cation Behavior. The data clearly suggest that the

triplet quenching is diffusion limited, but that does not neces-
sarily mean the entire electron-transfer process is. If we assume
theoVerall reaction is diffusion limited, that means all processes
for intermediates in Scheme 1 will be fast compared tokd, and
the time constant of the D+ signal rise should be nearly equal
to the3C60* decay (τrise = τdecaywhereτdecay) 1/kdecay). In such
a case, it may not be possible to track the formation and
concentrations of the intermediates even with high temporal
resolution techniques because the relative rates will dictate very
low concentrations of the intermediates at any time during the
reaction. On the other hand, completely ignoring the existence
of the intermediates will result in erroneous treatment of the
source of certain efficiencies in the process. In this case, it
becomes reasonable to approximate the mechanism with a
simpler one that models multiple, undetectable intermediates
in Scheme 1 with a single intermediate, as shown in
Scheme 2. This has the advantage of simplifying the kinetic
equations, retaining all measurable species, yet acknowled-
ging that recombination processes for the intermediate ulti-
mately affect quantum efficiency for formation of separated
ions.

We now treat the kinetics for this simpler, approximate
mechanism. The differential equations for the disappearance of
A* still hold. A differential equation can also be written for
the time dependence of the D+ concentration

where [I] is the concentration of the intermediate, shown as
(Aδ-- - -Bδ+) in the mechanism. If the steady-state approxima-
tion is applied to the intermediate, we have

and

Substitution into (4) yields

The quantum efficiency for formation of solvated ions from
the intermediate is

Substitution into eq 8 generates

or

wherekd andkrec are diffusion rate contants, andkrec(1 - ΦSI)
) kbet is the observed rate constant for back electron transfer.
The quantitykdΦSI ) ket is equivalent to the observed forward
electron-transfer rate constant reported in some of the literature.
It should be pointed out that thespecificquantity (1- ΦSI) in
eq 11 arises because of the simplified mechanism, and this is
one respect in which the second mechanism should be consid-
ered approximate that the relationship betweenkbet andkrec may
have different factor than 1- ΦSI if the dominant path to
neutrals in the forward direction is different than in the reverse.
However, this term is conceptually important in that it illustrates
that the experimentally determined rate from a second-order plot
does not yield the truekrec, but instead yields a value modified
by some forward term.

It is useful to look at the two terms in eq 11 in the light of
what can be measured experimentally. At times long compared
to the quenching lifetime, the concentration of the photoprepared
species will be zero ([A*]t>5×τdecay≈ 0), eliminating the first
term. Additionally, because of charge conservation, [A-] )
[D+]. These two factors simplify the equation to

After integration this yields

Thus, at times long compared to the decay of3C60*, the BET
and decay of the ion PIA signal should follow second-order
kinetics. A plot of 1/[D+] vs time yields a straight line with a
slope of the observed BET rate constant ofkbet (Figure 4).

The rise in the ion signal is due to the first term in eq 11. As
mentioned above, for a diffusion-limited process the time
constant of the D+ signal rise should be nearly equal to the
3C60* decay (τrise = τdecay). But a fit of the rise for the raw
experimental data will not provide an accurate measure because
of the recombination term in eq 11. Because we can measure
the effect of the second term independently at long times, we

SCHEME 2 d[D+]
dt

) kSI( kd

kSI + kGR
)[A*][D] +

kSI( krec

kSI + kGR
)[A-][D+] - krec[A

-][D+] (8)

ΦSI )
kSI[I]

kGR[I] + kSI[I]
)

kSI

kGR + kSI
(9)

d[D+]
dt

) kdΦSI[A*][D] + krecΦSI[A
-][D+] - krec[A

-][D+]
(10)

d[D+]
dt

) kdΦSI[A*][D] - krec[A
-][D+](1 - ΦSI) (11)

d[D+]
dt

) -kbet[D
+]2, (t > 5τdecay) (12)

1

[D+]t

) kbett + 1

[D+]tmax

(13)

kobs) kr + kQ ) kr + kd[D] (4)

d[D+]
dt

) kSI[I] - krec[A
-][D+] (5)

d[I]
dt

) 0 ) kd[A*][D] + krec[A
-][D+] - kSI[I] - kGR[I] (6)

[I] ) ( kd

kSI + kGR
)[A*][D] + ( krec

kSI + kGR
)[A-][D+] (7)
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can extrapolate this temporal behavior to early times and correct
for the kbet [A-][D+] term resulting in the equation

Recalling that [A*]t ) [A*] 0e-(kr + kQ)t, eq 14 becomes

Integration from 0- t yields

given that [D+]t)0 ) 0.
Thus, we see that if we assume a diffusion-limited mecha-

nism, the argument for the exponential rise of the cation is
identical to that of the decay of the excited acceptor in eq 3if
the data is corrected for BET.This provides a good criterion
for determination of whether the process is diffusion limited,
but use of uncorrected data will not provide an accurate
determination, as illustrated in Figure 5. We compared the rise
of the D+ signal and the decay of3C60*. For corrected data
these values are in good agreement within 4%, but without the
BET correction, the errors are approximately 40%, (Table 1).

We now define some additional useful quantum efficiencies.
The quantum efficiency for production of the intermediate from
the photoexcited species is the same as the quantum efficiency
for quenching for the simplified mechanism

The overall quantum efficiency for production of solvated ions
from 3C60* is the product ofΦSI andΦQ

This factoring of total quantum yield into two components is

similar to the treatment by von Raumeret al.39 and substitution
into eq 16 yields

Equation 18 also suggests a method of determining the total
quantum efficiency. If we take time,t f ∞, D+ will have its
maximum value and the exponential term will equal zero. We
then see

Figure 4. Plot of the inverse of the donor cation concentration vs time
showing straight-line behavior after essentially complete decay of the
excited acceptor (3C60*), marked as 5τ. The slope of this line is the
observed back electron-transfer rate constant,kBET. This second-order
behavior indicates that the charged species detected in the experiment
are solvated ions.

Figure 5. Decay of3C60* (÷5, triangles) compared to the rise of the
bis-(diphenylamino)diphenylethene donor cation (D+) along with fits
(solid lines). Both the raw D+ rise (squares) and the back electron
transfer corrected rise (circles) are shown. Only half the data points
are plotted to enable viewing of the fit lines. Eliminating the decay of
the D+ signal due to BET changes the best fit rise time constant
significantly, andτdecay, C60) τcorrected rise, D+, indicating that the overall
electron-transfer mechanism is diffusion limited.

TABLE 1: Rate Constants, Lifetimes and Quantum
Efficiencies for Photoinduced Electron Transfer between C60
at 0.25 MM and Bis-Diphenylamino(diphenylstilbene) (n )
1), and Bis-Diphenylamino(diphenylbutadiene), (n ) 2) at
Several Different Concentrationsa

[n ) 1] 0.1 (mM) 0.2 (mM) 0.3 (mM) 0.4 (mM)

kbet (M-1s-1) 1.2× 1010 1.3× 1010 1.4× 1010 1.3× 1010

τdecay(s) 2.5× 10-6 1.4× 10-6 0.90× 10-6 0.69× 10-6

τrise-raw (s) 1.4× 10-6 0.87× 10-6 0.61× 10-6 0.42× 10-6

τrise-corr (s) 2.4× 10-6 1.4× 10-6 0.89× 10-6 0.67× 10-6

ΦQ (%) 88.8 93.5 95.9 96.9
ΦSI (%) 7.6 7.7 7.4 7.2
ΦQ*ΦSI (%) 6.8 7.2 7.2 7.0
Φuncorr(%) 5.0 5.8 6.1 6.1
Φcorr (%) 6.8 7.3 7.4 7.0

[n ) 2] 0.1mM 0.2mM 0.3mM 0.4mM

kbet (M-1s-1) 8.6× 109 8.6× 109 8.7× 109 8.6× 109

τdecay(s) 2.0× 10-6 1.0× 10-6 0.74× 10-6 0.57× 10-6

τrise-raw (s) 1.2× 10-6 0.67× 10-6 0.48× 10-6 0.36× 10-6

τrise-corr (s) 2.0× 10-6 1.0× 10-6 0.72× 10-6 0.573× 10-6

ΦQ (%) 90.3 95.3 96.6 97.4
ΦSI (%) 11.2 11.1 11.2 11.0
ΦQ*ΦSI (%) 10.2 10.5 10.9 10.7
Φuncorr(%) 7.5 8.6 9.1 9.4
Φcorr (%) 10.1 10.6 10.9 10.8

a There are three quantities reported for total quantum efficiency:
Φuncorr, which is obtained from the uncorrected maximum value method
and is expected to give a value that is too low;Φcorr, obtained from the
corrected maximum value and should be accurate; and (ΦQ*ΦSI),
obtained from the quenching rate and the first derivative plot and which
should yield the same value asΦcorr.

d[D+]
dt

) kdΦSI[A*][D] ) kQΦSI[A*]

(corrected to remove BET) (14)

d[D+]
dt

) kQΦSI[A*] 0e
-(kr + kQ)t (corrected for BET) (15)

[D+]t )
kQ

kr + kQ
ΦSI[A*] 0{1 - e-(kr + kQ)t}

(corrected for BET) (16)

ΦQ )
kQ

kQ + kr
(17)

Φ ) ΦSIΦQ )
kSI

kGR + kSI
*

kQ

kQ + kr
(18)

[D+]t ) Φ[A*] 0{1 - e-(kr + kQ)t} (corrected for BET) (19)

[D+]tmax ) Φ [A*] 0 or Φ )
[D+]tmax

[A*] max

(corrected for BET)

(20)
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Note that [A*]0 is a maximum value and that [D+]t max is the
theoretical maximum ion concentration obtained by correcting
for back electron transfer, not the maximum value in the raw
experimental data. Figure 5 illustrates that the experimental and
theoretical maxima can differ significantly.

We see that the total quantum efficiency containsΦQ, which
will be strongly dependent on the diffusion rate and the lifetime
of the photoprepared species. These properties are not relative
to the intrinsic ET properties of the donor-acceptor system. It
is desirable to determine the quantum efficiency of electron
transfer from the intermediate,ΦSI ) kSI/(kSI + kGR). In dilute
solution diffusion limited cases, the intermediate typically will
not be measurable so the rate constantskSI andkGR may not be
directly determined. ButΦSI can be determined via two methods.
The first method, which we will refer to as the maximum value
method, uses eq 19 to determine the total quantum efficiency,
and lifetime measurements to calculateΦQ from kQ andkr. ΦSI

is then determined from eq 18.
The second method determinesΦSI from a plot the first

derivative of the BET corrected cation concentration vs [A*]
as in eq 14. A plot of d[D+]/dt vs [3C60*] will have a slope of
kdΦSI [D] or kQΦSI. BecausekQ was determined from the3C60*
decay and eq 4 this first derivative plot ultimately yieldsΦSI,
the desired quantity (Figure 6 a). Because even moderate
fluctuations will result in a first derivative plot with very large
scatter and a poorly determined slope, this method of determin-
ing ΦSI requires time-resolved data with very low noise. In a
method analogous to a Stern-Volmer plot, the slopes deter-
mined by the first derivative method for several experiments
run at different concentrations can be plotted vs [D] which will
result in a slope ofkd ΦSI. (See Figure 6b.) An actual Stern-
Volmer plot of the same data yieldskd, so the ratio between
the two providesΦSI.

The same processes were performed with C60/ bis-(diphenyl-
amino)diphenylbutadiene) (n ) 2). The transient PIA spectrum
shows indicates that there is electron transfer from then ) 2
donor to 3C60*. The n ) 2 donor cation shows a similar
intervalence band in the IR, but the visible absorption band is
red shifted compared to the stilbene (see Figure 7). Table 1
shows rate constants and quantum efficiencies for two different
donors (bis-(diphenylamino)diphenylethene and bis-(diphenyl-
amino)diphenylbutadiene) at four different concentrations. In
all cases, the3C60* decay and the D+ rise exhibit the same time
constant to within experimental error indicating the electron-
transfer process is, indeed, diffusion limited. The two methods
of determiningΦSI yield results that are in good agreement with
each other.

In order to further test the kinetic treatment and the outlined
method of analysis, conditions were changed to produce changes
in the two quantum efficiency terms,ΦQ andΦSI. In the first
case, data were collected as a function of solvent polarity using
mixtures that were 0%, 25%, and 50% benzonitrile (BN) in
o-DCB with 0.25mM concentration of both C60 and bis-
(diphenylamino)diphenylethene. Higher polarity solvents sta-
bilize the intermediate and the solvated ions so will typically
increaseΦSI. This solvent change will have a relatively small
effect on the diffusion rate of the neutral species or the lifetime
of 3C60*, so ΦQ should not be strongly effected. Rates and
quantum efficiencies for the electron-transfer process were
determined and extracted by the methods outlined above (Table
2), and a significant change inΦSI is observed ranging from
7.4% in ODCB to 26.5% in a 1:1 mixture of ODCB/BN. The
quenching efficiency remains at∼0.95 for all three solutions.

Figure 6. (a) Plot of d[D+]/dt vs [3C60*] using BET corrected D+ data
for a 0.2 mM solution in both donor and C60 in ODCB. Equation 14
indicates that this plot has a slope ofkd ΦSI [D] or kQΦSI. (b) A plot of
slopes determined by the method in part (a) vs donor concentration,
analogous to a Stern-Volmer plot. The plot shows excellent linearity.
The [D] dependence is due to thekQ term in the slope andΦSI is
independent of [D].

Figure 7. PIA spectra at various times extracted from a 3-D data set
for a 0.2 mM C60/ bis-(diphenylamino)diphenylbutadiene) (n ) 2)
solution in ODCB.

TABLE 2: Solvent Polarity Dependence Data, 0, 25%, 50%
Benzonitrile (BN) in o-dichlorobenzene (ODCB)a

BN in ODCB 0 25% 50%

dielectric constant 9.93 13.87 17.82
kbet (M-1s-1) 1.2× 1010 6.2× 109 5.2× 109

τdecay(s) 1.1× 10-6 1.0× 10-6 1.0× 10-6

τrise-corr (s) 1.0× 10-6 0.9× 10-6 1.1× 10-6

ΦQ (%) 95.2 95.3 95.6
ΦSI (%) 7.7 18.6 26.5
ΦQ*ΦSI (%) 7.3 17.7 25.4
Φuncorr(%) 5.9 14.0 18.5
Φcorr (%) 7.1 17.3 24.3

a Solutions are 0.25 mM in both C60 andbis-diphenylamino(diphe-
nylstilbene) (n ) 1).
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Additionally, ΦSI values determined via the maximum value
method and the first derivative plot method are in reasonable
agreement.

Because the lifetime of3C60* is long compared to the
diffusion process,4,40ΦQ is typically close to 1 when C60 is used
as the photoinduced acceptor. The total quantum yield will then
have a value close toΦSI, as is observed in the data presented
in Tables 1 and 2. For photoinduced species with shorter
lifetimes, or for systems with much slower diffusion rates,
separation of the contributions ofΦQ and ΦSI can yield
information about the efficacy of charge state formation. To
illustrate this point, we changed the degree to which we
deoxygenated solutions and performed new measurements. By
changing the degree of deoxygenation,kr is effectively increased,
making it more competitive withkQ and reducing the value of
ΦQ. Because the intermediates in the electron transfer mecha-
nism are relatively short lived, they should be relatively
insensitive to dissolved oxygen concentration and we would
anticipate thatΦSI would not change appreciably. We measured
the transient absorption of a solution of [bis-(diphenylamino)-
diphenylethene]) [C60] ) 0.25 mM in a 1:1 ratio of ODCB/
BN solvent at same laser pump power with, and without
deoxygenation of the solution. Figure 8 shows a plot of the first
derivative of the BET corrected cation concentration vs [A*]
under these two conditions. Neither the slope,kQΦSI, nor the
initial [ 3C60*] changes. Kinetic data is given in Table 3 which
shows that the total quantum efficiency drops from∼0.25 to
∼0.09 without deoxygenation, butΦSI is unchanged to within
2% as measured by the first derivative method. The change in
total quantum efficiency is due to a reduction ofΦQ from 0.95
to 0.32.

4. Discussion

It is tempting to assume that PET in dilute solutions will be
diffusion limited because the encounter between the photopre-
pared species and the partner species will be. However, ET rates
in other systems can vary over many orders of magnitude and
can occur over fairly long distances,1,3,25 so a test of this
assumption is warranted. When a diffusion-limited mechanism
is assumed, and treated kinetically, several issues arise that will
be discussed in detail in this section.

Test Criterion for Diffusion-Limited Behavior. In the
previous section, it was shown that the time constant for the
rise of the ion signal should equal that of the photoinitiator
decay. This is not at all surprising, but what is easy to overlook
is that the ion signal decay due to BET must somehow be taken
into account to get a reliable determination. In this work, it is
accomplished by fitting the BET at long times, extrapolating
to early times and subtracting. Another approach is to numeri-
cally model the ion signal dependence and extractτrise. This
correction is critical for other factors discussed below.

If the process is not diffusion limited,τrise for the cation will
be less thanτdecay for the photoinitiator, and a measurable
population might exist in one or more of the intermediate states
shown in the first mechanism (Scheme 1). This intermediate
signal should peak before the solvated ion signal, but may be
very difficult to extract because it may highly overlap either
the photoinitiator signal, or the solvated ion signal, depending
on which intermediate has the longest lifetime.

Measurement of Quantum Efficiency. The ratio of the
maximum [D+] value in the raw experimental data to [A*]max

is sometimes used as a measure of quantum yield. This method
generates a quantum yield at one specific time; the point at
which forward and back ET are balanced. (Ultimately, the
quantum yield is zero because the ions recombine.) We have
shown that by correcting for BET and using the corrected
maximum value of [D+], a quantumefficiency related-to-
branching ratios of rate constants (eqs 19 and 17) can be
determined that provides the fraction of photoexcited species
that go on to transfer an electron.

In the simplified, diffusion-limited mechanism, there are two
contributions to this yield, the fraction of photoexcited species
that undergo an encounter with the donor before relaxation,ΦQ,
and the fraction of intermediates that go on to form solvated
ions, ΦSI. The ΦQ term is dictated by the lifetime of the
photoexcited species and the diffusion rate whereas the second
term is a better measure of theintrinsic ET behavior. The data
presented above for solutions that were not deoxygenated in
order to effectively increasekr and reduceΦQ, illustrate this
point clearly. The result of this experiment is that the reduction
in ΦQ results in fewer A*- D encounters and a reduction of
overall quantum efficiency. ButΦSI remains the same within
experimental error, indicating that for the A*- D encounters

Figure 8. (a) Uncorrected D+ behavior for a 0.25 mM bis-(diphenyl-
amino)diphenylethene, C60 solution in a 1:1 ODCB/BN solvent pumped
with 0.2 mJ pulses with (open circles) and without (black triangles)
deoxygenation. Quenching by oxygen strongly affects total ion yield.
(b) First derivative plots (as in Figure 6) for BET corrected part (a)
data. Because both the psuedo-first orderdonorquenching rate constant,
kQ, and the quantum efficiency for formation of solvated ions from the
intermediate,ΦSI, are unaffected by the oxygen, the slopes of the two
first derivative plots are essentially identical.

TABLE 3: Deoxygenation Dependence Data. Solutions Are
0.25 MM in Both C60 and n ) 1 in a 50/50 ODCB/BN
Solvent

status
deoxygenated

(bubbled N2 gas)
not deoxygenated

(no bubbling)

kbet (M-1s-1) 5.2× 109 5.4× 109

τdecay(s) 0.98× 10-6 0.43× 10-6

τrise-corr (s) 1.1× 10-6 0.40× 10-6

ΦQ (%) 95.6 32.5
ΦSI (%) 26.5 27.3
ΦQ*ΦSI (%) 25.3 8.9
Φuncorr(%) 18.5 8.1
Φcorr (%) 24.3 8.8
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that do occur, the same fraction go on to form solvated ions.
The kinetic treatment presented here shows that even if the
intermediate cannot be measured,ΦSI can be extracted from
PET data by two different methods.

Back Electron Transfer. Equation 12 shows that recombina-
tion of the solvated ions should follow second-order kinetics
as expected, but a plot of 1/[D+] vs t yields a slope of (1-
ΦSI) krec, not a true rate constant. The specific (1- ΦSI) term
occurs because recombination (BET) causes re-formation of the
intermediate. In the simplified second mechanism, the inter-
mediate can then either undergo geminate recombination, or it
can go forward again to form solvated ions with a branching
ratio of ΦSI. In a mechanism with only one intermediate, this
term will look identical to the forward term, but in a more
realistic mechanism, such as in Scheme 1, the dominant path
to neutrals in the forward direction might be different than in
the reverse direction. This would occur ifkRP andkGR are both
greater thankIP andk-IP, resulting in a quantity other than (1-
ΦSI) modifying the recombination rate constant. This can be
true even in a diffusion limited ET process. If all other rates in
the first mechanism are significantly faster thankdiff and krec,
the process will be diffusion limited. But if the relationship
betweenkRP, kGR, kIP, andk-IP mentioned holds, the dominant
path to neutrals will be different in the forward and reverse
directions so the (1- ΦSI) would be incorrect. This is the main
consequence of approximating multiple intermediates with one
in a diffusion-limited mechanism. However, even if the more
complicated mechanism is correct, the slope of the second
derivative plot still wouldnotyield a true rate constant because
it would contain some branching ratio term as a consequence
of re-formation of solvated ions.

Whatever the appropriate branching ratio or quantum ef-
ficiency is in this term, it can potentially have a dramatic
consequence on the effective recombination rate. If the branch-
ing ratio approaches one, recombination will slow significantly
and the ion species will be very long-lived.

5. Summary and Conclusions

Photoinduced electron transfer of twobis-diphenylamino-
(diphenylpolyenes) with C60 as the photoinduced acceptor was
measured using step-scan FT transient absorption techniques.
The method yielded data with exceptional signal-to-noise ratio
that was simultaneously both temporally and spectrally resolved
(as opposed to resolved in one dimension and sampled in the
other). The quality and completeness of this type of data set
allows for accurate spectral and temporal traces to be extracted
even in cases where there is significant overlap of spectral
transitions.

Also presented was a kinetic treatment of a diffusion-limited
mechanism. The mechanism used acknowledges that the
intermediates will play a role in the quantum efficiency of
solvated ion formation, but is approximate in the sense that it
only contains one intermediate. This explicit treatment of an
intermediate is in contrast to the formalism used in much of
the dilute solution PET literature, and it yields some useful new
features. Key among these are as follows: identification of a
criterion for determination of whether the entire ET process (as
opposed to just the photoinitiator quenching) is diffusion limited;
a better measure of the total quantum efficiency that is related
to the relevant rate constants; a quantum efficiency for formation
of ions out of the intermediate that is a truer measure of the
intrinsic ET efficacy of the system than is the total quantum
yield; and the importance of properly correcting for BET in
order to determine many of these quantities. The data reduction

methods required to generate this information were also
presented.
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