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Transient photocurrent experiments are used to measure the free radical ion quantum yield of a number of
alkylbenzene electron donors with the electron acceptor tetracyanoethylene (TCNE). These experiments are
performed at a variety of photoexcitation wavelengths in dichloromethane, a moderately polar solvent. It is
found that the free ion yields often exhibit a very strong dependence on the excitation wavelength and may
decrease markedly in the center of the charge-transfer band. For example, the free ion yield of the donor
acceptor system, pentamethylbenzeMENE, increases more than 100-fold when the excitation wavelength

is switched from 532 to 397 nm! We show that this result and others are understandable from the following
model. While closely associated electron denacceptor (EDA) complexes account for most of the absorption,
there is an additional, usually small, absorption due to unassociated random donor and acceptor pairs. The
Franck-Condon (vertical) excitation of these random pairs results in radical ion pairs which have center-
to-center distances greater than contact and which have high probabilities for separation. Quantitative analysis
based on Onsager theory indicates that only distantly separated radical ion pairs (ca. 1 nm or more) created
by photoexcitation can escape each other’s Coulombic attraction to produce the free ion yields observed in
our experiments. The photoexcitation of ground-state EDA complexes plays little essential role in this process.
The observed wavelength dependence then corresponds both to variation in the ratio of random pair to EDA
complex absorption and to the distance distribution of radical ion pairs produced. Free ion yields calculated
using Onsager theory and a simple excitation function for the random pairs fit our experimental results quite

well and support this model.

1. Introduction free radical ion (FRI) yields are generally more sensitive to

Photoinduced electron transfer is a fundamental process inchanges in the types of electron donors and acceptds,

many chemical and biological reactions and has been a majormolecular sizéand relative orientation, to solvent polarity, and
topic of research for more than 4 decades. Relationships betweer® {emperatur€ than they are in typical long-distance ET

electron transfer (ET) rates and the energy gap, the separatiorgu(';fnd"ng s;zis;ems. For complexgs form.ed by tr]elatlvely small
distance, the reorganization parameters, and the coupling”"d0nors andz-acceptors, EDA interactions show a strong

element have been found to be important. Basic theories dependence on the distance between donor and acceptor.
concerning these relationships have been established and While there is considerable evidence for long-range optical
confirmed experimentally for many systefid. For example, ~ charge transfer in bridged donor/acceptor systétfisthe
for systems with weak interactions between donors and accep-implications of the distance distribution for photoinduced ET
tors, ET processes involving radical ion pairs (RIPs) can be in unattached EDA systems has not been well-addressed. In an
described well by Marcus theory and its extensions in which earlier work the implications of the distribution of doror
there is a “bell shaped” correlation between ET rates and the acceptor separations for the rate constants of thermal bimolecular
driving force for ET46.7 electron transfers were analyz€dn this work, we will consider

The RIPs generated by ET quenching of excited states at athe implication of the distribution of doneacceptor separations
relatively long distance are “loose” radical ion pairs (LRIF%), ~ for FRI formation in photoinduced ET processes involving

i.e. solvent-separated radical ion pairs (SSRIP§pnd it is unattached EDA systems. We have chosen tetracyanoethylene
believed that, in this case, the electronic coupling interaction (TCNE) and alkyl-substituted benzenes as the acceptor and the
between the donor cation () and acceptor anion (A is donors, respectively, for this study, because TCNE is a well-

relatively weak. When the RIPs are generated by direct known strong electron acceptor with a very compact struéture.
excitation of electron doneracceptor (EDA) complexes, contact Additionally, TCNE complexes with alkylbenzenes exhibit a
radical ion pairs (CRIPs) with a center-to-cente/®~ separa-  large range of formation equilibrium constants.
tion distance of~3.5 A are produced in which there is very So far, most studies of electron-transfer dynamics involving
strong electronic coupling:1® In such pairs, the charge LRIPs and CRIP%1213have been conducted in polar solvents,
recombination (CR) and charge separation (CS) rates and thein which CS of the RIPs competes with CR. For CR processes
. : in many systems, experimental findings have been generally in
Da:t%OJL?ﬁF’eoé‘f'”g author: Fax: (603)646-3946. E-mail: Charles.L.Braun@ accord with theoretical predictions, but for the CS process, no
f Dartmouth College. simple relationship between CS rate constants and driving force
* Brookhaven National Laboratory. has been observé@!®>The difference in the dependence of CS
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30 radical ion pair D/A~ with the same initial separation as in
the ground-state BA pair. In such D/A™ pairs there is strong
/// Coulomb and other interactions, and all interactions show a
/ strong dependence on'B-A~ separation. Figure 1 makes clear
20 | our view that low photon energies excite primarily short-distance

D—A pairs (EDA complexes), while in general, the excitation
of long-distance pairs requires higher photon energies and forms
LRIPs directly.
hv hv, In our present work, transient photocurrent experiments are
used to measure the FRI yields of several donor/acceptor
systems at different excitation wavelengths in dichloromethane.
It is found that FRI yields often exhibit a very strong dependence
o on excitation wavelength. As the excitation wavelength ap-
: ‘ ' y 5 proaches the center of a charge-transfer band, the FRI yield may
be dramatically reduced. We will show that this decrease is due
R (nm) to a decrease in the ratio of random pair to EDA complex
Figure 1. Potential energy curves for ground and excited EDA pair. absorption as well as variation in the distance distribution of
The lower curve is schematic for a-A pair that forms a weakly  the random ion pairs created. When-B pairs which contribute
bound EDA complex, while the upper curve is scaled to give a CT , the apsorption in or near a CT band are excited by photons,

absorption band at ca. 20 000 tinFor donor cation D and acceptor W the | dist DA~ pai hich duced h
anion A~ separations greater than about 0.4 nm, the upper curve is O the long-distance pairs which are produced have

Coulombic with a dielectric constant of 2.03 which corresponds to the @ chance to separate into free ions. Because all electronic
optical dielectric constant (square of refractive index) for dichloro- excitations obey the FranelCondon principle, i.e., are vertical,
methanehw, represents excitation in the CT band, while represents photoexcitation of B-A pairs that happen to be distantly
excitation of a random B-A pair to give a D'---A~ excited state of  separated (ca. 1 nm or more) makes a large contribution to the
the same separation. FRI yield by resulting in distantly separated radical ion pairs

. . which can escape each other’s Coulombic attraction.
and CR processes on driving force has led to the conclifsion

that th_e interion_ic dis_tance distr_ibu_ti_on in the RIPs should be 5 Experimental Section

taken into consideration as a significant factor for the under-

standing of the mechanisms of subsequent reactions of RIPs.  Tetracyanoethylene (TCNE) from Acros was used as acceptor
Given that interionic Coulomb interaction in weakly polar in this study. Donors used were benzene (BEN; Fisher, 99.9%),
solvents is stronger than that in strongly polar solvents, CS andtoluene (TOL; Fisher, 99.8%), 1,4-dimethylbenzene (DMB;
CR rates and FRI yields will be more sensitive to interionic Fisher, 99.8%), 1,4-diethylbenzene (DEB; Aldrich, 96%), 1,4-
distances in weakly polar solvents. However, a disadvantagedi-tert-butylbenzene (DBB; Aldrich, 98%), 1,3,5-trimethylben-
in using nonpolar or weakly polar solvents is that the CS process zene (TMB; Aldrich, 98%), 1,3,5-triethylbenzene (TEB; Aldrich,
will be too slow to compete with CR and the FRI yield will be  98%), 1,3,5-tritert-butylbenzene (TBB; Aldrich, 97%), 1,2,4,5-
very small. In fact, for EDA complex photoexcitation in weakly tetramethylbenzene (DUR; Aldrich, 98%), pentamethylbenzene
polar solvents, the CRIPs after relaxation undergo simple single- (PMB; Aldrich, 98%), and hexamethylbenzene (HMB; Aldrich,
exponential CR decay, and time-resolved transient absorption99%). Dichloromethane (Aldrich, 99.9%) was used as the
cannot detect any dissociation to free ighs. solvent.

However, the transient photocurrent technique is a very Absorption spectra were recorded using a Perkin-Elmer
sensitive method for unambiguous detection of free ions in Lambda 9 Spectrophotometer. In transient photocurrent experi-
photoinduced electron-transfer reactions and offers an attractivements, excitation of sample solutions was performed by using
alternative to transient absorption. It is capable of measuring a nitrogen laser (337 nm) (Laser Science Inc. VSL-337), or third
FRI quantum yields as small as0depending on the solvett. harmonic generation (THG, 355 nm), or second harmonic
In recent work, FRI yields from the excitation of the ground- generation (SHG, 532 nm) from an MPB Technologies Orion
state complex ofrans-stilbene/fumaronitrile in a variety of  SE-R Nd:YAG laser with full width at half-maximum (fwhm)
solvents were measurédlt was found that the observed FRI  of 0.4 ns, or a Spectra Physics Quanta Ray GCR-11 Nd:YAG
yield is much greater than that expected for CRIPs separatinglaser with fwhm of 8 ns. Raman shifted pulses (397 nm) were
in a Coulomb field. To understand such a phenomenon, it was obtained by focusing THG from the Quanta Ray GCR-11 Nd:
proposed that some kind of “initial” LRIP might be important YAG laser into cyclohexane. Dye laser pulses (441 or 485 nm)
in the FRI formation process. Given that the formation of LRIPs were obtained by pumping Coumarin 440 or 485 solutions with
might be determined by the distance distribution of ground- THG output from the Quanta Ray laser. Pulse energies were
state D-A pairs, we could achieve different FRI yields within ~ between 10 and 4Q.J within a 0.015 crh spot size. A

Relative Energy (cm”’)10°
°

the same B-A system if we could find a way to excite-PA continuous-flow cell consisting of two parallel stainless steel

pairs of various separations selectively. As suggested by Figureelectrodes, separated by 0.96 mm, with a 1.0 cm optical path
1, we will demonstrate that selective excitation of B pairs length was used in the present study. The experiment was
of varying separation can be achieved. conducted in the charge displacement mode using a high

Suppose D and A form a 1:1 EDA complex, while free D impedance probe (1 B4) as the load resistor. A detailed
and A species are present in the solution only as random ordescription of the photoinduced current measurement has been
“statistical” pairs. The random pairs will have, in general, a reported previously’®18 All experiments were performed at
range of donor/acceptor separations from a fraction of a room temperature (2% 1 °C). The concentrations of donors
nanometer to infinity, and their binding energy will be smaller and acceptors used depended on the formation constants of the
than their thermal energksT. Upon Franck-Condon photo- EDA complexes. The usual concentration of TCNE was 0-006
excitation, an electron is transferred from D to A to form a 0.012 M; the concentrations of donors ranged from 0.004 to
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0.12 M, depending on the equilibrium constants of complexes.
In 1 cm cells, such concentrations gave absorbances ef 0.3
1.0 at wavelengths used for transient photocurrent experiments.
i : 1.5
Neither the concentrations of donors or acceptor nor changes
in laser pulse energy or intensity had a noticeable effect on FRI
yields. o
g
1.0 {
3. Results g
Q
By themselves, TCNE and the alkylbenzenes of Chart 1 have 4
no absorption in the visible region. However, TCNE can form <
EDA complexes with alkylbenzenes which exhibit broad 0.5 F
absorption bands in the visible and near-UV. Figure 2 gives
the absorption spectra of EDA complexes of TCNE with the
alkylbenzenes used in this work (see Chart 1). The transition
energy maxima of these complexes decrease as the number of 0.0
methyl substituents on the benzene ring increases and the a s
alkylbenzene becomes easier to oxidize. Some of the spectra Wavenumber(cm )/10
exhibit two peaks, which arise from electronic transitions from Figure 2. Absorption spectra of EDA complexes of alkylbenzenes
the a and hy orbitals of the benzene ring to the orbital of with TCNE in dichloromethane at room temperature. Donor concentra-

TCNE2 This is obvious in the spectra of DMB, DEB, DBB, tions are 0.11, 0.11, 1.% 1072 55 x 1073, 2.7 x 1073, 0.11, 0.11,
and DUR. For BEN TMB TEB TBB and HMB thezand 0. 22, 2.4x 102, 4.4 x 1&2, and 0.2 M for BEN, TOL, DUR, PMB,

HMB, DMB, DEB, DBB, TMB, TEB, and TBB, respectively; while
by orbitals are degenerate, and the CT bands have only one the TCNE concentration is 1.8 1072 M except when the donors are

maximum. A fully optimized calculation for the BENTCNE DBB and TBB, where the TCNE concentrations are 2.0.0°2 and
complex at the HF/6-311G** level with GAUSSIAN 90 4.0 x 1072 respectively.

indicates that the complex has a symmetrical structure with a

center-to-center separation of 3.724 A in the optimized geom- Ay, of the former is larger than that of the latter. For example,
etry® A Gaussian fits the BENTCNE spectrum well on its  Ayy, of TBB—TCNE whose spectrum appears to be dominated
low-energy side, but, on the high-energy side, the fit reveals a by random pairs is 9600 criy, while Avy;, for the TMB—TCNE
long tail. For other systems, such as TMB, TEB, TBB, and HMB T band is 5500 crrt. Similarly Avy, of HMB—TCNE is 5400
with single-peak CT bands, similar results are observed. As cm1 while Av,; of the sterically hindered hexaethylbenzene
suggested by Figure 1, such a deviation from Gaussian band(HEB) with TCNE is 8400 cm4a |t is useful to introduce a

shape can come from the excitation of distantly separated parameterq, which describes the contribution of the “random”
D---A pairs in the high-energy region of a CT band. pairs to a CT band.

TMB and TBB have similar structures and their oxidation
potentials are nearly the same (2.11 vs SCE for TMB, 2.10 for
TBB).2° The main difference between them is that TMB can
form an EDA complex with TCNE but TBB does not appear
to form a stable complex. For TMBTCNE, vmax Of the CT
band appears at 21 300 cf while vmax of the random pairs
of the TBB—TCNE system appears at 23 300 cirand the
absorption band is much weaker. That is, the random pairsWhere DA and D--A denote EDA complexes and random
produce an absorption “band” that is blue-shifted from that of (Statistical) solvent-separated pairs, respectively. In the statistical
the TMB complex by 2000 crt (see Figure 2B). The small ~ Pairs of interest, the donor and acceptor may be separated by
difference in oxidation potentials would contribute only 80ém  either a part of a solvent molecule, a single solvent molecule,
to such a shift; the major contribution to the blue shift appears or several solvent molecules. At any wavelength, the absorbance,
to come from the fact that transition energy depends strongly A= A(DA) + A(D---A). The fraction,a, of the photons incident
on the distance between D and A in the @ pairs (Figure 1).  at any wavelength which are absorbed by-B pairs is given
A greater photon energy is needed to excite a distantly separatedy
pair. Another significant difference between the spectrum of
random pairs and that of an EDA complex is that the bandwidth, o= A(D---A)/A (2a)

For the systems studied here, the following equilibria exist:
D+A=DA K¢ (1a)

D+A=D-A Kgl) (2a)



Photoexcited, Random Electron Donors and Acceptors J. Phys. Chem. A, Vol. 104, No. 49, 20001515

4 4
A

—AO— log(10‘x o)
3H -O-iog(10°xY) 0]

T
w

v

9

Absorbance
. l
(A %, 01)Bo] 10 (0 x p})Bo)

Wavenumber{cm )10°

Figure 3. Values ofa for TMB—TCNE and TEB-TCNE CT bands
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If we let A(D-++A) = «[D][A], where « (M2 cm™1) =
Zessir) Ksser) characterizes the absorbance by speciestD
and [D] and [A] are the molar concentrations of free donor and
acceptor, we have

v

Absorbance

o = «[D][A)( ecdDA] + «[D][A]) (2b)

9

where ecp (M~tcm™1) is the molar absorption coefficient of
ground-state complexes and [DA] is their concentration. Using
Kcp = [DAJ/[D][A], we have 0 10

(A x _0L)Bog 10 (v x o} )60o|

a= K/(GCPKCPJ’_ K) (3) 14 16 18 20 22 24 26
Wavelength(cm ')/10°

Thus the frac_t|orx_1 does not depend on t_he_concentratlons Figure 4. (A) Absorption spectrum, log plot of FRI yieldrj and log
of DA, D, or A; i.e. it does not depend on dilution. Moreover, g ys excitation wavenumber for PMBTCNE in dichloromethane. (B)
the relatively small values d{cp, and [D] and [A] used in this  Absorption spectrum, log plot of FRI yielér( and loga. vs excitation
study ensure that [DAK [D], [A]. Thus the stoichiometric wavenumber for HMB-TCNE in dichloromethane.
concentrations of D and A can be used to calculgtence
A(D:-+A) is known.

Since, for any B-A pair, Kcp is independent of wavelength
and concentrations, ardis independent of concentration, the
only way to change is to changeKcp by changing the donor
or acceptor, the temperature or the pressure. For a typical CT
band, this makes it difficult to separate the absorbance contribu-
tions of the random pairs from that by EDA complexes.
Moreover, in an EDA complex, the electronic coupling between
donor and acceptor is relatively strong, while such interaction
within a random D--A pair is much weaker<< kgT).

However, for systems with similar donor structures, the decay
of electronic coupling with B-A separation should be similar
from donor to donor. Thus, given that TMB, TEB, and TBB
have similar structures and oxidation potentials, it is reasonable
to use the absorption spectrum of TBBCNE to calculatec
for 1,3,5-trialkylbenxene TCNE random pairs. Such values of
« are then used to calculate for TEB—TCNE and TMB-
TCNE. Figure 3 shows the variation afwith excitation energy

for TMB—TCNE and TEB-TCNE;« in eq 3 is calculated from o : ;
L . TCNE, CT spectra exhibit two bands, i.e, £and CT, which
the spectrum of TBBTCNE by dividing each absorbance in as discussed above arise from electronic transitions from;the a

Figure 2B by [D]A]. In Figure 3 it is seen that shows a very and h orbitals of the benzene ring to the orbital of TCNE,

strong dependence on excitation energy. At the high-energy side . 4
of a CT band, the random pair excitation probability is high, respectively In these cases;, and for the two CT bands

hil is at o t th . fa CT band. and are calculated by using the procedure above and Gaussian fits
while a 1S at a minimum at iné maximum ot a and, and 4 the two absorption bands; thervalues for the observed CT
then rises again at lower energy.

. . : band are obtained from eq 5.
The electronic coupling matrix elementyHs expected to
exhibit an exponential dependence upon the distametween o= (0,Act T 0L AT)/A (5)
donor and accept®¥22 ! z

We will assume that, for all the BA pairs of this studyf
values are the same. Maxima in the random pair absorption
spectra are expected to be shifted from that of THEENE
for other donors. But under the assumption of constawe
will assume that the spectral shape for random pairs is donor-
independent if the spectrum of the TCNE complex of the donor
is similar to that of TMB-TCNE or TEB-TCNE. Thus we
will obtain the spectra of other random pairs by appropriately
shifting the spectrum of TBBTCNE which we assume to be
that of random pairs alone. For example, the maxima in the
EDA bands of PMB-TCNE and TMB-TCNE are located at
19 500 and 21 500 cm, respectively. Therefore, the spectrum
of the random pairs of PMBTCNE was obtained by shifting
the spectrum of TBBTCNE to lower energy by 2000 cri
prior to calculating thea curve by the procedure described
above. Parts A and B of Figure 4 show plots of the logarithm
of oo against excitation energy for PMBICNE and HMB-
TCNE.

For DMB—TCNE, DEB-TCNE, DBB—TCNE, and DUR-

From Figures 35, it can be seen that ait curves have
HapdHan1 = expl=4(r, — r)/2] (4) similar shapes. In other words, the random pair excitation
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Figure 5. (A) Absorption spectrum, logy, and loga vs excitation
wavenumber for DMB-TCNE in dichloromethane. (B) Absorption
spectrum, logr and loga. vs excitation wavenumber for DEBTCNE
in dichloromethane.

probabilitya is always greater on the high-energy side of a CT
band, while, at the band maximum,is at a minimum before
recovering at lower energy. This behavior provides us the
opportunity to study the effect of the -BA pair distance
distribution on the free ion yield.

The experimental FRI quantum yield, is calculated from
photocurrent measurements ds= N¢/Naps WhereNgps is the
number of photons absorbed by the solution afdis the
number of free ion pairs producedl; is obtained from the
extrapolated signal amplitudemax by using®

N

o = P [y + 0 )eVeRI ™ (6)

Zhou et al.

whered is the distance between the two electrodess the
charge of the electron/y is the voltage appliedR is the load
resistor, andu+ and u— are the positive and negative ion
mobilities?® The FRI yields ¥) of different D—A pairs at
various wavelengths are collected in Table 1. It is clear that,
apart from BEN-TCNE, which shows no detectable wavelength
dependence ilY, all other systems exhibit a strong wavelength
dependence. To allow comparison of the wavelength dependence
of Y with that of o, the variation of logy with excitation energy

is also plotted in Figures-35.

4, Discussion

The data presented above offer evidence that photogeneration
of ion pairs in alkylbenzenesTCNE solutions in dichloro-
methane depends principally on photoexcitation of relatively
distant donor-acceptor pairs that interact via an incident photon.
This photoinduced ET is a vertical excitation that produces a
donor cation D and an acceptor anionAat the same initial
separation as in the original ground-state pair. As developed in
Results, the wavelength-dependent factgris the probability
that a photon is absorbed by a “random” donacceptor pair
even though most photons are usually absorbed by close-contact
EDA complexes.

Figures 3-5 show that, for all alkylbenzene donors, the FRI
quantum yieldY increases as increases, especially on the high-
energy side of CT absorption bands. Photoexcitation of ground-
state EDA complexes appears to drmunteproductive to free
ion formation, at least in a solvent of medium dielectric constant
like dichloromethane.

To further understand the relationship betw&esnd excita-
tion energy, it is helpful to show that FRI formation depends
on the history of the RIPs which are initially formed after laser
excitation in a CT band. It is well-known that the CR processes
of RIPs produced by excitation of CT complexes show a strong
dependence on the polarity of the solvent. CR is relatively slow
in nonpolar solvents, but it is very fast in polar solvett&n
the other hand, in highly polar solvents, the solvation of
photoinduced RIPs is exoergic, which makes SSRIPs more
stable than CRIPs and enables further separation to produce
FRIs. As solvent polarity is reduced, the CRIPs are more
important, since solvation to form SSRIPs becomes endd&fyic
and is thus less likely to occur.

A consequence of these solvation effects is, of course, higher
FRI yields in polar solvents than in nonpolar solvents. In the
medium-polarity solvent, dichloromethane, picosecond transient
absorption experiments on CT complexes indicate that the

TABLE 1: Free lon Quantum Yields () of D—A Pairs for Alkylbenzene Donors with TCNE in Dichloromethane at Different

Wavelengths

donor Ka Y(337nm}y Y(355nm) Y(397nm) Y(441nm) Y(485nm) Y(532nm)
molecule  Amax  (M7Y) (29 700 cm?) (28 200 cnm?) (25 200 cnt?) (22 700 cntY) (20 600 cn?) (18 800 cn?)

BEN 385 0.12 1.6¢< 10 19x 10+ 1.8x 10 1.2x 10

TOL 410 0.28 3.2 10 1.6x 104 5.3x 1075 16x 10°

DMB 0.41 2.4x 10 8.0x 107 2.3x10° 1.6x 10°° 3.6x 10°®
DEB 0.16 4.4x 104 1.0x 10 16x 10°° 1.8x 10°° 2.8x 10°°
DBB 1.1x 1073 5.3x 10

TMB 465 1.56 1.7x 10 6.8x 107 5.0x 1075 7.4x10°
TEB 473 0.27 2.% 10 6.7 x 107 49x 105 5.2x 10°°
TBB 429 15x 1073 7.6x 10

DUR 480 4.27 2.3 10+ 2.0x 10°° 1.9x10° 1.2x10°
PMB 510 4.49 5.% 10 3.9x 107 25x 10° 42x 1078
HMB 540 20.74 3.8x 104 2.6x 10°° 2.6x 10°° 4.7x 1078

aTaken from ref 14aP Values are preliminary and are corrected to zero applied electric field according to theory. In all transient photocurrent
experiments, locally excitation of alkyl benzenes or TCNE gives a contribution of less than 0.5% to the total absorption; its effect on the FRI yield

can be ignored.
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formation of the “ion pair” is instantaneous, and the decay of
the ions is also very rapid (within 60 p¥) A similar result
was observed in time-resolved fluorescence studies of tetra-
cyanobenzene (TCNB) EDA complexes by Gould et al. in other
medium-polarity solvents’ For EDA complexes formed be-
tween the strong acceptor TCNE and arenes, recent work

indicates that the CR processes of the photoinduced ion pairs

are even faster with CR rates-ofL0'! s1 in dichloromethan&24
Early work of Masuhara et al. indicates that CS processes
proceed, at least in part, from unrelaxed excited st&thsthis
case, it is frequently assumed that, if a typical EDA complex is
excited at a given wavelength, FRI formation comes from the
direct competition between the CS and CR processes.

According to many previous investigators of charge pair
escape and recombinatiddl! the escape probabilityP¢s) of
RIPs is given by

kin _

esc

P ked(kes + ker)

where kecs and kcgr are time-independent, first-order rate
constants for CS and CR. In nonpolar or medium polarity
solvents,Pesc < 1, i.e. kcs < Ker, SO that

@)

p kin _

esc kCS/kCR (8)
When the EDA complex of TOL with TCNE in dichloro-
methane is excited at either 375 or 400 nm, recent work of both

Tachiya’s group and Kochi's group indicates thak of the
CRIP is 1.0x 101 s19240From Table 1, we can see that the
FRI yield for the TOL-TCNE system is 5.3x 107° if it is
excited at 397 nm and, using eq 8, we calculate #agtis
5.3 x 1P s~L. According to Eigen'® or Tachiya’s treatmer
kcs for a D/A™ pair may be estimated from

kes= Drd{r’exp(rJr) — 11} 9)
wherer. is the Onsager radius, it equa(DscoksT), and it is
63 A for dichloromethane at 293 ¥, D is the sum of the
diffusion coefficients for donor cation Dand acceptor anion
A~ and is calculated to be 1.4 107° m? st in dichloro-
methane, and is the distance between™Dand A .

If excitation results in the formation of CRIPs with a
separation distance of 3.5 fgsis estimated to be 3.2 10
s™1 from eq 9. This is more than $Qimes smaller than that
required by eq 8 in order to give the measured valu¥ of
5.3 x 1079 Clearly, by itself, the direct separation of CRIPs
cannot compete with the CR process and give much contribution
to the FRI yields measured in this work. CR rates are very
sensitive to the extent of electronic coupling, and both CR and
CS rates depend on'®-A~ separation; stronger coupling in
CRIPs will result in much higher CR rates than for relatively
long-distance pairs. At the same time, the CS rate will increase
steeply as the initial pair separation increases because 0
decreased Coulombic attraction at long distances. An ap-
proximate relationship between the FRI yield and the separation
of the D'/A~ pair for TOL—TCNE can be obtained as follows.
If the distance dependence of the energy gap and the reorga

nization energies are neglected compared with the distance
dependence of the electron-transfer coupling element (a poor

assumption particularly for electron transfer in the inverted
regiortd), the result forkcr is 2122

ker = ker’ €XPl=A(r — 1] (10)

f
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Figure 6. Calculated escape probabilitieBe{) for D*/A~ pairs of
TOL—TCNE in dichloromethane as a function of initial separation
distancer using egs 7, 12, and 13. The solid line is calculated from eq
11, the dotted line is calculated from eq 12, and the dashed line is
calculated from eq 7 in combination with eqs 9 and 10.

whererp, is the van der Waals contact radius. Assuming that
the main contribution to the CR rate in the transient absorption
experiment$24ton the TOL-TCNE EDA complex comes from
CRIPs with a separation distance of 3.5 A, and that 1.1
A-1, then introducing egs 9 and 10 into eq 7 (With= 1.4 x
10°m2 st andr. = 63 A for TOL—TCNE in dichloro-
methane), gives values of the theoretical FRI yidhds§ vs
initial separatiorr as shown in Figure 6. Obviouslies.shows

a very strong dependence on the initial separation of the
D*/A~ pair which is produced by excitation. Note also that when
r is larger than 1.2 nmPes is approximately unity. Such
calculated values oPesc are clearly wrong, and we conclude
that eq 10 is useful only for short-distance pairs. For these the
ET coupling element is the main factor in determining the CR
rate; i.e. diffusion can be neglected. But for long-distance pairs,
the coupling between Dand A~ is weak and diffusion is as
important for the CR process as for CS.

A more realistic alternative to eq 7 is based on the work of
Onsaget! who found a steady-state solution for the fate of a
cation and an anion which are allowed to diffuse on the potential
energy surface provided by their mutual Coulomb and any
applied electric field. Onsager’s equation for the escape prob-
ability of a charge pair which is initially separated byhas
been used in radiation chemisttyand in our worlé® A key
virtue31Pis that Onsager’s result provides a test of its applicabil-
ity, which has no adjustable parameters. The applied electric
field and temperature dependence predictions of Onsager's
theory agree with photocurrent quantum yield experiments for
holes and electrons photogenerated in single-crystal anthf8eene
and for cation-electron pairs produced by photoionizing a solute
in several liquid§2deSolutions to the Onsager diffusion equation
for the time dependence of charge pair separation were provided
by the work of Hong and Noolandi (HNYf.The HN result was
first applied to picosecond geminate charge pair recombination
in the early 19808° The geminate pair decay observed in those
experiments was highly nonexponential; fitting the data required
the work of HN. Both the data and HN theory exhibit the “long-

time tails” which are characteristic of the diffusive-recombina-
tion of geminate charge pairs. Moreover, the picosecond data
provided values of the “initial” radiusy which are in general
agreement with those obtained by applying Onsager theory to
the earlier quantum yield data.

However, the electric field dependence of the free charge
carrier quantum yields for donemacceptor pairs in various
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polymers could be fit only ifro values of 223 nm were the transition dipole moment of a Gaussian-shaped band and
assumed® Such large initial separations were difficult to noting that|(ux(r) — ua(r)| = re yields the familiar Mulliker-
reconcile with a photoexcitation process that was thought to Hush equatiori38.39

produce a nearest-neighbor charge g&it.is now known that

the charge pairs in many polymer photoconductivity experiments — H,(r) = 2.06 x 10 7[€,,,,(F) VinalF) Avy(N)]¥4r  (15)

were produced by long-distance electron transfer and that

photogeneration of YA~ pairs which were favorably oriented ~ wherevmaand the bandwidtiAv,, are in wavenumbergmax

in the applied electric fieRl probably also played a role in is the molar absorptivity, andis in angstroms.

charge pair separation. Evidently similar considerations also In terms of the above formalism, the molar absorptivity for

apply in the present study. D---A at a given separation can be calculated from
Under zero applied field, the following equations for predict- -
ing Pesccan be derived using the work of Onsager (O) or Hong €ma{T) = 2.36x 10°H_ (1) [v,o(r) Avy )] (16)

and Noolandi (HN):
From egs 13 and 16, the normalized absorption distribution,

Pesco = exp(rJry) (11) Pa(r), of D-+-A pairs of various radii for excitation atnax can
be written as

i eSPETIro) + (2 1) expErr,)

g S emadn) P(T) N V(1) Avy(r)
. s . . ma;

In both egs 11 and 12 is the initial separation at which a fm (17)
RIP begins diffusing, andy, is a critical reaction radius; we
chosery, = 3.5 A for the RIP of TOL-TCNE, z = Drd/yrm?, where N is the normalization constant. Using eq 11 the
wherey is the surface CR rate constant defined @s, where distributionPy(r) of initial radii for those radical ion pairs that
7 is the lifetime of the ion pair when separatedrhy For TOL— eventually separate into free ions is
TCNE, zis calculated to be 2.09. With the parameters provided
above, Figure 6 includes ldBesc vs initial formation distance PUr) = PA(r) exprJr) (18)
ro for TOL—TCNE in dichloromethane according to eqs 11 and
12. The maximum of the charge-transfer absorption band at a

From Figure 6, it is interesting to note that whens< 5 A, given donor-acceptor separation can be calculated %
diffusion is not important for CR; eqs 7, 11, and 12 give similar
FRI yields. As pointed out earlier for another systénthe Vimall) = A1) + 4, + AG°(r) (19)

difference between the FRI yield predicted by Onsager theory . . ) .
(eq 11) and that by HN (eq 12) is small, and no difference can nd the corresponding bandwid&tvs/(r) in wavenumbers is
be seen for TOETCNE whenr, is larger than 5 A. However, ~ 9iven by

whenry is larger than 5 A, diffusion cannot be ignored and the

— 12
popular egs 710, which are usually used with the assumption Avyp(r) = [2310@4(r) + 4,)] (20)
that rate constants are independent of time, fail completely. . i
A better estimate is based on the data from FREENE and whereg(r) and A, are the solvent and intramolecular (vibra-
eq 11. UsingY = 1.5 x 103 at 397 nm and equating and tional) reorganization energies, respectively. The solvent reor-

Pes® from eq 11, the initial Onsager separation= 9.8 A ganization energy is a function of the radii of the donor and
while usingY = 7.6 x 104 at 441 nm gives, = 8.8 A. For acceptor, their separation, and opticl,f) and static Ds)
TBB—TCNE, the EDA interaction in the ground state is very dielectric constants of the medium. It can be calculated from
weak. This allows us to ignore absorption by-B pairs which  the Marcus two-sphere modelAG®(r) is the standard free-
might be transiently bound and to assume that only pairs, i.e. €N€r9Y change for the optical transfer at the separation distance

random pairs, exist when the donor is the sterically hindered " It equals the value at infinite separation corrected for the
TBB. electrostatic work required to bring the separated RIPs from

Next, we calculate the probability for excitation of such infinity to the separation distanae

random pairs of various radii and their contribution¥@and
then compare the results with the Onsager separations obtained
above. The random pair radius distribution functiB(r) around
a given A with a D-A “contact” radiusry, is simply

AG°(r) = [Ey,(D"/D) — E; (AJAT)]F — eZ/DSr (21)

where F is Faraday constant. For TBBICNE in dichloro-
methaneyy, = ~0.48 nm,rp andra are 0.41 and 0.30 nm,

P(r) dr = 4n(r® — 1.2 dr 13 respectively Dop and Ds are 2.02 and 9.08, respectiveby -
® ol m) (13) (D*/D) for TBB and Eyz(A/A~) for TCNE are 2.11 and 0.24
wherenp is the number density of the donor. V vs SCE, respectively. For consistency with other wttk,

The general relationship between the electronic coupling is assumed to be 0.2 eV in the present calculation. Figure 7
matrix element and the intensity of the charge-transfer transition SNOWSs plots oPa(r), andPy(r) against for 5 = 0.9, 1.0, 1.1,

can be written =28:38.39 and 1.2 A1, It can be seen that, in all four cases, the absorption
is caused mainly by small-radius pairs with separation distances
Ha(1) = [Vmax(r) tger)/(an(r) — (1)1 (14) < 0.8 nm, while FRIs are produced mainly by large-radius pairs

with separation distances 0.8 nm; the small radius pairs make
wherevma(r) is the band maximum for random pairs with a very little contribution to the formation of FRIs. Fgr= 0.9,
center-to-center distance of uqdr) is the transition dipole 1.0, 1.1, and 1.2 AL, thePy(r) vsr plots show maxima at 1.09,
moment, andiy(r) — ua(r) is the difference between the dipole 1.03. 0.97, and 0.92 nm, respectively. The FRI yields for the
moments of the initial and final diabatic states. Substituting for four cases may be calculated by integratingRk@) vsr plots
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the excitation energy increases, whife exhibits the same
tendency.a is at a minimum at the maximum of a CT band
and then rises again in the lower-energy region;flterves in
Figures 3 and 5 exhibit a similar change. While this increase in
Y on the low-energy side is not understood at this time, the
significant increase ilY on the high-energy side is clear evidence
that photoexcitation of random pairs dominates the production
of ionic species which are able to separate and form FRIs.
However, quantitative analysis indicates that there is no
simple linear relationship betwea&tanda—theY curve is much
steeper than that af, especially on the high-energy side of
CT absorption bands. The reason for this is thafives only
the probability of random pair excitation; it does not provide
information about the separatiodistribution of the random
pairs which are excited, while the FRI yield is very sensitive to
the distance distribution of the photoexcited random pairs. Figure
7 indicates that only long-distance random pairs with a
separation of~1 nm make a large contribution to FRI
formation!® From Figure 1 it is clear that excitation on the high-
energy side of a CT band provides a higher probability for the
excitation of long-distance random pairs than does excitation
at a CT band maximum. This can probably explain why BB
TCNE—in which only random pairs are postulated to exist
exhibits a weak wavelength dependenc¥.df also may explain
why, on the high-energy side of the “CT band” for TBB—
TCNE is even larger than that calculated by using the random
pair model withg = 0.9 AL In egs 17 and 18, excitation
coefficients at maxima for different distance random pairs are
used for the calculation @4(r) andPy(r). The excitation energy

E]
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£
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Figure 7. Calculated absorption distributioP4(r)) from eq 17 and

FRI formation distribution Ry(r)) from eq 18 for random B-A pairs

of TBB—TCNE in dichloromethane as a function of separation distance

(r)—for excitation atimax given by eq 19. The electronic coupling

parameterg used for the calculations are 0.9 ¢- —), 1.0 ¢-+), 1.1

(--), and 1.2 A1 (—), respectively.

to give 9.9x 1074 6.8 x 1074, 4.7 x 1074, and 3.4x 1074,
respectively.

These calculated quantum yields may be compared with
experimental values of. For excitation at 441 nm, nedkax
of the TBB—TCNE CT band,Y = 7.6 x 1074 This fits the
calculated FRI yield with typicas values of 0.9 or 1.0 A% and
indicates the plausibility of our assumption that only random

pairs exist in the TBBTCNE system. If there were EDA  dependent distributions of botBa(r) and Py(r) are ignored.
complexes in that system, the experimeatould be smaller When eq 18 is used to predict the FRI yieM) @t the lower
than that predicted from the calculation of Figure 7, because energy side of the peak, the contribution of the long-distance
the short-distance EDA complex makes almost no contribution pajrs will be overweighted. This will make the calculateg,

to FRI formation. For excitation at 397 nm, the FRI yield is yalue larger than that of the experimental one, while, at the
1.5 x 10"%—somewhat larger than that predicted under the high-energy side of the peak, the contribution of the short
random pair assumption; the reason for this will be discussed gjstance pair will be overweighted. This will make the calculated
later. Pesc value smaller than that of the experimental one. The

In work of Jones’ grouff and Hoffman’s grouff on excitation energy dependent distributionsR{(r) and Py(r)

photochemistry of ground-state EDA complexes, it was observed ca|culated by modeling the spectra is in progress and will be
that, for many EDA systems in various solvents, the quantum reported later.

yields of chemical product formation were lower for excitation  congistent with our assumptions, Table 1 shows that, in

at long wavelengths in a CT band than for excitaFion at short generaly decreases dcpincreases from one donor to another.
wavelengths. The wavelength dependence was interpreted tOrps js most noticeable near the center of CT absorption bands
be associated with excitation to upper vibrational levels in a o EDA complexes with a large value &&p and, thus, small

CT band with the resulting enhancement of ionic photodisso- \,5),es ofa, i.e. when most incident photons are absorbed by
ciation. In a typical work of Jones’ grouf§¢ the photoisomer- EDA complexes rather than by random-BA pairs. Unfortu-
ization of EDA complexes of hexamethyl (Dewar) benzene with nately, while the trend of vs Kcpis clear, we have been unable
tetracyanobenzene TCNB and fumaron@tr_ile was studied in iy derive a quantitative relationship betwe¥rand Kep that
d|ch|orpmethang. They foynd that t.he ef.f|c.|ency Of. rearrange- jnclydes results for all donors. This will be the subject of future
ment (i.e. the yield of ionic photodissociation) for irradiation k. Moreover, while the theory underlying eq 17 provides

at shorter wavelengths (CT excitation) approaches, but does NOemiquantitative values affor TBB—TCNE, detailed calcula-
surpass, the yield found for irradiation of uncomplexed TCNB. s also await further work.

For the methyl viologen EDA complex with oxalate, Hoffman'’s

group found that there is a low plateau in the conversion 5. Conclusion

guantum yield near the visible regié#.42This is not expected '

from Jones’ model and implies that a full understanding of the  Transient photocurrent experiments are used to measure the

wavelength dependence, apart from excitation energy effects,free radical ion (FRI) separation quantum yieldsf a number

requires that the initial structure after excitation should also be of alkylbenzene electron donors with the electron acceptor

considered. tetracyanoethylene (TCNE) at a variety of wavelengths in
The results presented here clearly indicate that the exciting dichloromethane. The results indicate that, in genenal,

photon energy is not the only factor to affect the FRI yield. decreases d§increases from one donor to another. To analyze

There is also a clear relationship between FRI yields and the wavelength dependenceYofthe probabilityo that a photon

which can be seen by comparing the profilesYoand o vs
excitation energy in Figures-3®. On the high-energy side of a
CT band, the random pair excitation probability increases as

is absorbed by a “random” doneacceptor pair is introduced.
The data presented show that, for all alkylbenzene donors,
increases aa increases, especially on the high-energy side of
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CT absorption bands. Thus photogeneration of FRI pairs arisesElsevier: New York, 1991; p 19. (f) Gould, I. R.; Farid, Scc. Chem.
principally by photoexcitation of relatively distant random Res-1996 29, 522.

. . . . S (8) (a) Asahi, T.; Mataga, NI. Phys. Cheml989 93, 6575. (b) Asahi,
donor-acceptor pairs that interact via an incident photon. T.; Mataga, N.J. Phys. Chem1991, 95, 1956. (c) Asahi, T.. Ohkohchi,

Photoexcitation of ground-state EDA complexes appears to bem.; Mataga, N.J. Phys. Chem1993 97, 13132.

counteproductive to FRI formation, at least in a solvent of (9) Hubig, S. M.; Bockman, T. M.; Kochi, J. KI. Am. Chem. Soc
medium dielectric constant like dichloromethane. Quantitative 1996 118 3842.

analysis of FRI formation via random pair excitation based on ~ (10) Tachiya, M., Murata, SJ. Am. Chem. S0d994 116, 2434.
Onsager theory indicates that excitation of random pairs with a Chgn? ggg?eéé?édgscﬁyaissbgi \ég’ugl%yl'.E” Suppan, P.; Haselbadh, E.
separation of ca. 1 nm dominates the FRI yield of our systems. (15 (a) Peters, K. S., Lee, J. Am. Chem. Sod993 115 3643. (b)
Free radical ion quantum yields calculated from a simple theory Li, B.; Peters, K. S.J. Phys. Chem1993 97, 7648. (c) Li, B.; Peters, K.

of random pair excitation fits experimental results for TBB ~ S.J. Phys. Cheml993 97, 13145. _
TCNE well. (13) Brunschwig, B. S.; Ehrenson, E.; Sutin, NAm. Chem. S0d984
106, 6858.
(14) (a) Frey, J. E.; Andrews, A. M.; Ankoviac, D. G.; Beaman, D. N.;
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Abbreviations

CR charge recombination
CRIP contact radical ion pair
Cs charge separation

CT charge transfer

EDA Electron donot+acceptor
ET electron transfer

FRI free radical ion

HN Hong and Noolandi

LRIP loose radical ion pair

O Onsager

RIP radical ion pair

SSRIP solvent-separated ion pair
Y experimental free ion yield
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