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It is well recognized that emission spectra from the reactions of excited-state electron acceptors (A*) with
hexamethyl Dewar benzene (D) are typically dominated by fluorescence from exciplexes of its valence
isomerization product hexamethylbenzene (B) (i.e-,BAY). We were able to obtain well-defined emission
acceptors by
subtraction of the dominant*AB** fluorescence from the total emission. Interestingly, a comparison of band
shapes and maxima between the exciplexes of D and B reveals that the reorganization energy for return
electron transfer in AD*" is much larger than in AB** (~1.2 vs 0.57 eV). Furthermore, a comparison
between exciplexes of D and of 1,2-dimethylcyclobutene as a model compound showed that a greater

spectra of the AD*t exciplexes with several cyanonaphthalenes as the excited-state electron
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reorganization energy is associated with return electron transfer fronttBeAexciplexes. DFT calculations

identified much of the “excess” reorganization energy mx* with a change in the dihedral angle (flap

angle) between the two cyclobutene moieties, whick12° smaller in D' than in D. Approximately one-

fourth of the total reorganization energy ofL.2 eV for the D exciplexes is due to this angle deformation.
Spectra of the exciplexes of B and of model olefins were analyzed by using a familiar two-mode model

whereas those of D required a three-mode model to account for the intermediate frequency (Y 9thanke

associated with the flap angle deformation. Remarkably, although the driving forces for return electron transfer
are nearly identical for the exciplexes of D and B with the same acceptor, the rate constants for nonradiative

return electron transfer are predicted to be 4 to 5 orders of magnitude greater for ¢ Axciplexes

because of their larger reorganization energies.

Introduction SCHEME 1: Electron-Transfer-Induced Isomerization

. . of D to B via a Chain Mechanism in Polar Solvents
An attractive feature of photoinduced electron-transfer reac- .
.

tions and, in particular, isomerization reactions is the potential A A

for chemical amplification via subsequent chain reactibAs. Al . WE DT

early example of such “gquantum amplification” is the valence . -

isomerization of hexamethyl Dewar benzene (D) to hexa- P ——si

methylbenzene (B) (Scheme 4 polar media, D reacts with B*+0D —— B+ D*

an excited electron acceptor A to produce separated radical ions

(A*~ and D), and the radical cation ‘D isomerizes to B, Moreover, the reactions in such solvents have additional
which then oxidizes another D to generate another. Dhe spectroscopic features that can be used to investigate the kinetics.
resulting chain reaction can lead to quantum yields (amplifica- The geminate pair, the primary intermediate in these photo-
tion factors) in excess of 100. induced electron transfer reactions, is an exciplex with largely

ionic character (see below) admixed with some contribution

from the locally excited state of the acceptor (i.et?y B <

A*D). For brevity, the exciplexes of D and B will be denoted

z simply as A D*t and A~B*".

In less polar media, three reactions of Bt have been
identified by previous investigators (Schemé Zhese reactions

D B are decays to A+ D (return electron transfer), an

unusual

) o ) . isomerization-coupled return electron transfer leading directly
Because of complicated kinetics caused by the chain reactionig A + B, and the so-called “adiabatic” isomerization leading

in polar solvents, the rate constant for isomerizatior (B~ to the geminate pair AB*+. The last reaction is indicated by

B*¥) should be easier to study in less polar solvents, where thehe similarity of the exciplex emission spectra resulting from

primary geminate pair does not dissociate into free radical ions. ;a5ctions oftA* with D and of 1A* with B.3 This conversion

* Corresponding authors. E-mail: jpd@chem.rochester.edu, gmyoung@ of free D to B*T in polar solvents
yahoo.com, samir.farid@kodak.com. )
T University of Rochester.

of A*"D** to A*"B** is presumably analogous to the conversion

Although the exciplex emission from reactions'éf with

* Eastman Kodak Company. D is usually dominated by AB** fluorescence, there are
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SCHEME 2: Simplified Scheme for the Photoinduced
Isomerization of D to B in Low-Polarity Solvents?

W —D A+D
+ hv'or A
B eff=n
A
A+B
A+B
+ hv'ora

aThe two highlighted contact radical-ion pairs (exciplexes) are the
key intermediates.

SCHEME 3: - and f-Substituted Cyanonaphthalene

Electron Acceptors (la-c and 2a and b}
CN
CN

1c
Ered -1.96 -1.88 -1.27
CN

2a 2b

gred -1.98 —-1.67

2 The reduction potentials, measured in acetonitrile, are in V vs SCE.

indications of an additional, very weak emission thought to be
from the A~D*" exciplex32€In connection with a detailed study

Kiau et al.

N

Acceptor: OO

(1b)

Solvent: Diethyl ether

Normalized Intensity

600 700

Wavelength, nm

Figure 1. Spectrum 1: emission of a solution &b and 0.41 M
hexamethyl Dewar benzene (D) in aerated diethyl ether from which
the residual fluorescence of excitéth was subtracted. Spectrum 2:
analogous emission of a solutiont$ and 0.08 M hexamethylbenzene
(B). Spectrum 3: spectrum 1 minus spectrum 2. Spectrum 4: spectrum
3 multiplied by 13.4.

because of the large displacemerBQ nm) between the two
spectra. As evident from Figure 1, most of the low-energy half
of the A~Dt spectrum is well-defined because of the low
contribution from A Bt in this region. To enhance the
reliability of the high-energy half of the ‘AD** spectrum,
conditions were chosen to maximize the contribution from this
component. For more details, see Experimental Section.
The A~D** spectrum is structureless, typical of an exciplex,
but much broader than that of the ZB** exciplex. Examples
of the spectra, in reduced form and normalized to unity, are
shown in Figure 2. A reduced spectrum is proportionaj+o?3,

of the kinetics and the parameters controlling the reactions of wherel, is the measured emission intensity in photons/(nm s)

A*"D**, it was important to identify and analyze the weak

and v is the wavenumber.A factor of v=2 convertsl; to a

emission from this intermediate for several reasons. First, an spectrum in photons/(cm s). An additional factor ofy~!
analysis of the spectral band shape can provide information reduces that spectrum to a Frarc®ondon weighted density

about the reorganization energy for return electron trartsfer.
Second, from the radiative rate constdg), the electron-transfer
matrix element ) can be evaluatet ¢ Third, from the

of states, FCWD, the form most suitable for spectral compari-
sons?

Listed in Table 1 are the maximalmna, and the average

reorganization energies and the matrix element, the rate constanyayvenumbers (first momentsYay, of the reduced spectra. The

for nonradiative return electron transfér§) can be predicted.
Finally, the kinetics of the reactions in Scheme 2, which remains
largely unexplored, can be investigated by analyzing fluores-
cence decay data.

Results and Discussion

As the first part of a study of these reactions, we have
examined the A'D** and A~B*t exciplex emissions with

1"y are uniformly smaller than the correspondirigay by 480

+ 30 cntl, a reflection of the asymmetry (and degree of
deviation from a Gaussian line shape) of the spectra. Both the
maxima and the average wavenumbers of the reduced spectra
of the A~D** exciplexes are at lower energies than those of
the corresponding AB*" exciplexes by 4700 to 5800 crh

(0.58 to 0.72 eV) (Table 1). For each acceptor, the two
exciplexes (A"D** and A~B**) should have nearly equal free

several cyanonaphthalene derivatives as the acceptors (Schemenergies AG) relative to that of the neutral ground state because
3) in diethyl ether. The reduction potentials span a range of the oxidation potentials of B and D are nearly identftdhe

~0.7 V. In these systems, the efficiency of radical ion
isomerization 4) (Scheme 2) is in the range of 0.2 to 0.5.
1. A~ Dt Exciplex Emission.After subtracting residudiA*

fluorescence from the total emission, the normalized exciplex

emission spectra for the sarh&* reacting with D and B were
compared. The latter represents the authentidA" exciplex.

shift of ~0.6—0.7 eV in1'max corresponds, therefore, to the
differencein reorganization energies for return electron transfer
between A'D** and A~B**.

As shown in Figure 2, the spectra of the D exciplexes are
significantly broader than those of B (by1300-2000 cnt?,
Table 1), again in agreement with a much larger reorganization

On the long-wavelength edge, the spectra with D showed aenergy for A~D** than for A~B**. In addition, whereas the
higher intensity than those with B, and subtracting an appropriate spectra for exciplexes of B all have very similar band shapes

fraction of the authentic AB** spectrum yielded a well-defined
spectrum for the A'D** exciplex (Figure 1f. Despite the
relatively small contribution of A'D*" emission relative to that
of A*~B*T, it was possible to extract reliable spectra of B*™

(fwhm ~ 4400 cntY), the spectra for exciplexes of D seem to
fall into two groups. The spectra of D with all-substituted
cyanonaphthalenedd—c) have virtually identical band shapes
(fwhm = 5700 cn1?), and so do those with-cyanonaphthalenes
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30 28 26 24 22 20 18 16 14 12 respect to bendmg dlstortlons_ mDand*_DTo mvestlgatethe_
—_—— structural effects in more detail, one cyclic and one simple olefin

Donor: jii y were studied as model donors, 1,2-dimethycyclobutene (DMCB)
Acceptor: CN and 2,3-dimethyl-2-butene (DMB). Their radical cations are even
1L [~ 473 — “ | more localized than ), but they lack the somewnhat flexible
OO bridging structure of B and D. The exciplex spectra of DMCB
(1b) and DMB with1b are considerably broader (fwh#s 5600 and
Solvent: 5400 cnt?, respectively) than that of the B exciplex (4400
v Diethyl ether cm~1). Although one of these exciplexesb*"DMCB*", has

almost the same fwhm as dog&k*~D**, the spectra differ in
8 more subtle ways, indicating that the reorganization energies
are different (see below).
3. Theoretical Fitting of Spectra (Two-Mode Model).
Exciplex energies AG) and reorganization energies can be
evaluated by fitting emission spectra to a theoretical model. In
L the simplest realistic model, the familiar two-mode md&déf
——r . given by eqgs +3, the total reorganization energy, is represented
Iﬁ( by contributions of one low-frequency (mostly solvent and
librational motion,As) and one high-frequency (skeletal vibra-
Acceptor: 579 — tions,A,) mode with a frequency() typical of a carbor-carbon
stretch. The emission is characterized by a vibronic progression
(stick spectrum) in the, mode, with Franck Condon factors
Fq representing transitions from the lowest vibrational sublevel
of the exciplex to thgth vibrational sublevel of the neutral
ground state. Each spectral line is given a Gaussian line shape
with a rms width ¢) corresponding to the value df. The
resulting FCWD, for a general energy argumenis FCQ).
The reduced spectrurhy 3, is proportional to the FCWD as a
function of photon energy relative to the free energy of the
exciplex, FCtw — AG). The other quantities in eqs—B, (h,
ks, T) have their usual meanings.

FWHM: J:(;/\/
—

—T

Donor:

Solvent:
Il y-3 | Diethyl ether

> %

FWHM:

030 28 26 24 22 20 18 16 14 12
Wavenumber, 10 3 cm~" |/1V_3 OFCHhv — AG) (1)

Figure 2. Normalized, reduced emission spectra in diethyl ether of

the exciplexes olb and of2b with hexamethylbenzene (B) and with o (g + AS + jhyv)2

hexamethyl Dewar benzene (D) vs wavenumber. The spectral shift FC() = FO_(O-EI)—l exd-————| (@

between the B and D exciplexes db (4.73 x 10 cm™) is = ! 207

accompanied by an increase in fwhm (1.8200° cm™). The larger

spectral shift for the exciplexes &b (5.79 x 10° cm™) is also el

accompanied by a larger increase in fwhm (2020° cm™?), consistent o= (2 kBT)llz .= e °g g="v ?)

with a further increase in reorganization energy; see text. s 0 j! hv

TABLE 1: Full Width at Half Maximum (fwhm),

Wavenumber at Maximum (v may), and Average An exact formula_for the total reorganization enngy/lsf
Wavenumber (,,) of the Reduced Spectra of Av), and an approximate formdldor the fwhm are given in
Cyanonaphthalene Exciplexes with Hexamethylbenzene (B) egs 4 and 5. Within the model, the total reorganization energy
and with Hexamethyl Dewar Benzene (D) in Diethyl Ethet is exactly equal taAG — ', and reliable conclusions about
A B A D+ the relative values ofi¢ + A,) can be drawn from comparisons

of the displacement div',, relative toAG. However, because
Av and s contribute to fwhm with different weights lfv, and

2a 4.46 26.53 26.01 6.38 21.69 21.17 . . .

1a 439 25,77 2596 570 2101 20.58 2kgT), the wu_jth _of a spectrum is not a simple measure of the

1b 438 2538 2485 570 2065 2017 total reorganization energy.

2b 436 2374 2321 638 17.95 17.48
ic 450 20.88 2037 570 1572 1528 A+ 4, =AG -, (4)

a All values are in 1000 cr.

A fwhm Y max Vay fwhm Y max Vv

fwhm?® ~ (8 In 2) (w4, + 2ksTAY (5)

(23, b) (fwhm = 6380 cntl) (Table 1). The different band-
widths suggest that these two sets also have somewhat different As mentioned above, the reduced spectra of all B exciplexes
reorganization energies. have very similar spectral distributions, which implies similar

2. Exciplexes of Model Donors.The fact that the D reorganization energies. Assuming a typical value of 1400'cm
exciplexes have much larger reorganization energies than thefor v,, a least-squares fitting of the spectra gave valued for
B exciplexes in a low-polarity solvent indicates that the of 0.33+ 0.02 eV and forl, of 0.24+ 0.01 eV (Figure 3 and
difference in geometry between the radical cation and the neutralTable 2). The charge-transfer character of these exciplexes
donor is greater for the pair'lYD than for the pair Bf/B. One undoubtedly changes with the reduction potential of the accep-
obvious difference is the greater degree of charge/spin localiza-tors. Nevertheless, the spectral distribution and hence the
tion in D" than in B™; another is the greater flexibility with  reorganization energy for the exciplexes with higher energy and
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Figure 3. Normalized, reduced emission spectra of the exciplexes of
1b and of2b with hexamethylbenzene (B) and with hexamethyl Dewar €xciplexes, again as functions &%

Wavenumber, 10 3 cm~’

Kiau et al.
3.8 o
3.6 AG (A™B™)
34
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—Ered,, Vvs SCE
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Figure 4. Energy AAG) of the exciplexes (AB*") of cyanonaphthalene
acceptors (A, Scheme 3) with hexamethylbenzene (B) in diethyl ether
plotted vs the reduction potential of the accep®Ief,). Also included

are plots of the average emission wavenumber,f for A*"B**
fluorescence and the correspondimg,, for the hexamethyl Dewar
benzene analogues (M**) vs E %. The lines are the best fits with

a slope of unity. The displacements betweenAl@and thehw',, lines
(0.57 and 1.19 eV, respectively) correspond to the total reorganization
energies for return electron transfer.

reasonable agreement with the value expected from a correlation
of A with the dielectric constant) of the solvent (0.14 eV for
diethyl ethere = 4.2)11 This correlation was derived empiri-
cally from a combination of absorption spectra of several charge-
transfer complexes and emission spectra from the corresponding
contact radical-ion pairs. The approximate slopes of unity for
the correlations shown in Figure 4 again indicate that these
exciplexes are of high ionic charcater.

Figure 4 also shows the values b#",, for the B and D
. The approximately

benzene (D) in diethyl ether plotted semilogarithmically vs wavenum- uniform differences betweehG andhvfav for the B exciplexes
ber, solid curves. The dashed curves are spectra calculated usingeflect the nearly constant value of the total reorganization
parameters obtained from Tables 2 (for the B exciplexes) and 4 (for energy for A"B** (~0.57 eV). Thehv'y, values for the D

the D exciplexes).

TABLE 2: Reduction Potentials of the Cyanonaphththalene
Acceptors (in V vs SCE) and Parameters Obtained from

Fitting the Spectra of Their Exciplexes with B (in eV)
According to a Two-Mode Model (Equations 1-3) Assuming

v, = 1400 cmt
A.—B-+

A - ErEdA AG As )Lv lrotal A2

2a 1.98 3.795 0.33 0.24 0.57 0.225
la 1.96 3.702 0.34 0.23 0.57 0.152
1b 1.88 3.658 0.35 0.23 0.58 0.191
2b 1.67 3.437 0.32 0.24 0.56 0.177
1c 1.27 3.085 0.31 0.25 0.56 0.225
aA = AG — (E¥s — E™%), whereE®g = 1.59 V vs SCE.

exciplexes are displaced from the correspondh(@ plot by
~1.19 eV, indicating a total reorganization energy of this
magnitude for A"D**, which is approximately double that for
the B exciplexes.

Shown in Figure 5 are theoretical spectra for the model olefin
exciplexes withAG, 1s, and A, evaluated by spectral fitting,
again withr, assumed to equal 1400 cin(Table 3). The value
for Ay, ~0.4 eV, for both model donors is larger than that for B
(0.24 eV), supporting the notion thaj is linked to the degree
of localization in the radical cation. The reorganization energies
associated with low-frequency modés)(for the DMCB and
DMB exciplexes (0.45 and 0.33 eV, respectively) are slightly
larger or comparable to those for the B exciplexe8.33 eV).
Although the spectrum dfb*"DMB*" is significantly different
from that of 1b*"B** (v'max Of 24.29 and 25.38 10° cm™1,

more locally excited character appear to be the same as for thefwhm of 5.4 and 4.4x 10° cm™1, respectively), the fitting
exciplex with lowest energy and with charge-transfer character procedure (Figures 3 and 5) gave nearly identit& values
approaching unity. Evidently, all of these exciplexes have high for both exciplexes (Tables 2 and 3). Similar value\& are
enough charge-transfer character to justify the application of to be expected if the exciplexes are indeed highly ionic because
electron-transfer theory.

Values for AG obtained from the fitting show a linear

the acceptor is the same and the donors have similar oxidation
potentialst? The similarity of theAG values thus supports the

dependence, with a slope of unity, on the reduction potential validity of the two-mode electron-transfer model for fitting and
of the acceptorfed,) (Figure 4). The values oAG are larger

than the difference between redox potentials in polar solvents,
Eredy), by an increment of 0.19+ 0.04 eV

E redox — (onB _

(Table 2). This energy incrementy = AG — E™4% s in

interpreting the spectra.

On the basis of the relative degrees of charge/spin localization
in the radical cations, one would expect D to have a total
reorganization energy that is intermediate between that of B
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— T SCHEME 4: Additional Reorganization Energy, 4,
4 | poror: L = l Associated with the Decrease in the Dihedral (Flap)
DMCB 3 Angle, ¢, in the Radical Cation Moiety of A*"D**
] Relative to the Neutral State
0.1¢ " Acceptor: OO _ AO_%Q
v (o) |
Solvent: Diethyl ether ]
0.01 | Y N -
v RN !
DMCB 045 0.41
DMB 0.33 040 N '
0001 L 1 L L L L L L L L L L L 1 L 1 :

32 30 28 26 24 22 20 18 16 14

Wavenumber, 10 3 cm~1

Figure 5. Normalized, reduced emission spectra of the exciplexes of
1b with 1,2-dimethylcyclobutene (DMCB) and with 2,3-dimethyl-2- ¢

butene (DMB) in diethyl ether plotted semilogarithmically vs wave-

number, solid curves. The dashed curves are spectra calculated usings in the fully optimized structure. The resulting valuelpis
parameters from Table 3. ~0.3 eV. The totally symmetric (abending frequency associ-

TABLE 3: Parameters (in eV) Obtained from Fitting ated with this mode was calculated to be 492 &ft very
Spectra of 1-Cyanonaphthalene (1b) Exciplexes with Olefins similar to the measuréelvalue of 491 cm?.
in Diethyl Ether According to a Two-Mode Model 5. Theoretical Fitting of A*"D** Spectra (Three-Mode
(Equations 1-3) Asuming v, = 1400 cnr* Model). A frequency of 491 cmt is too high ¢&ksT) to justify
e %5 % 3 g simply lumping thep bending mode with other “classical” low-
# Y o frequency motions that contribute to the low-frequency reor-
ganization energy in the two-mode modelinstead, for any
);L (DMCB) 3955 045 041 0.88 detailed analysis, this mode should be accommodated explicitly
in the FCWD (egs €8, three-mode model). Given the relatively
. small spacing between the energy levels ofgheode, excited
>_< L agre 089 040 o8 states of this mode will be initially populated to some degree.

For symmetry, thermal occupation of the residual high-frequency
(w) mode is also accommodated. Hence, eq 6 includes Boltz-
and those of the model d_onqrs DMCB and DMB._ In fact, mann factors for the two modeB, andP'; (eqs 7 and 8). The
however, the Fotal reorganization energy of the exciplexes of jiial and final quantum numbers for the mode are andj,

D (~1.19 eV) is much larger than those of B (0.57 eV) and of egpectively, and the corresponding FranGlondon factors are
DMCB and DMB (0.86 and 0.73 eV respectively). In particular, F;.. The corresponding quantities for thgmode are’, j’, and

it exceeds the total reorganization energy of the closest analogue':'i,j,_ The reduced spectrum is still proportional to BCE AG)
(DMCB) by ~0.3 eV. (eq 1), and the Gaussian individual line widths still given

To identify the origin of the large reorganization energy, the p, aq 3. It can be shown that the total reorganization energy is
spectra of the D exciplexes were fit to the standard two-mode ) given by AG — hv'a,.

model. Although the resulting values &f (0.3 to 0.4 eV) were

unremarkable, the required values #f (~0.8 eV) were ® oo

surprisingly large. This suggests that the distinguishing feature FC(g) = Z PP, Z Fi F:i,j,(m/;)fl %
of D and its radical cation is a large reorganization (normal- i=0 ji=o

coordinate change and reorganization energy) in a low-frequency [g+ A+ ( — Dhw, + (' — i"hw,)?
mode that is unique to this molecule. A likely hypothesis is exd — ¢
that the large reorganization energy of the D exciplexes is

associated with a “low-frequency” angular distortion of the

207
bridging structure connecting the two olefinic moieties. hv, ihv,
Pi =|1—expg— @ exmg — m (7)

4. DFT Calculation of Angle Deformation Energy. Quan-
tum mechanical calculations predict that the dihedral angle

between the cyclobutene rings in B,(Scheme 4) decreases h i"h
significantly upon one-electron oxidation. At the B3LYP/6- P =1 exd— 24| ex _ )
311+G** level of theory,¢ changes from 11620n D to 104.2 : kT KsT

in D**. This bending distortion (reorganization) is presumably

a consequence of removing an electron from a HOMO that is  Equations for computing the FranekCondon factors were
antibonding between the formally nonbonded carbons belongingtaken from the literaturé’

to the two ethylenic bonds.The reorganization energy associ- Equation 6 is written in a form that highlights its relationship
ated with this mode-specific reorganizatioig)(was estimated  to eq 2, but a more compact equivaléntas used for the actual
from the energy difference between the fully optimized D computations.

structure and a hypothetical D structure in whithvas fixed The spectra of the D exciplexes were analyzed according to
at 104.2 while all other geometrical parameters were the same this three-mode model to evaluateandA4,, holding 4, at the
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TABLE 4: Parameters (in eV) Obtained from Fitting
Exciplex Spectra of Cyanonaphthalene Acceptors with D
According to a Three-Mode Model (Equations 6-8)

Asuming vy, = 491 cntt and v, = 1400 cnt?a
A.—D-+
A As }.,;s v Atotal
2a 0.48 0.3 0.38 1.16
la 0.56 0.3 0.29 1.15
1b 0.57 0.3 0.29 1.16
2b 0.59 0.3 0.37 1.26
1c (0.60p 0.3 (0.29% 1.19

aFixed values foAG, equal to those for the corresponding B*+
exciplexes (Table 2), and fixed values foy were used in the fitting.
b These values are less accurate because a larger portion of the spectru
extends beyond the detection limit of 800 nm.

computed value of 0.3 eV ang, at the experimental value of
491 cntl. The exciplex energies\G, were taken to be the
same for A"D** as those determined for*2B** (Table 2)
because in this case the limited range of accurate spectra doe
not allow a reliable determination of all three parameters. The
reorganization energies obtained from the fitting procedure are
given in Table 4. Examples of the theoretical spectra calculated
with these parameters are shown in Figure 3. The fact that the
theoretical model can account for the position, width, and non-

Gaussian shape of each spectrum indicates that the breadth o
these spectra is indeed due to large reorganization energies rather

than, for example, overlapping emissions from more than one
exciplex species.

With the exception oa, which gives a slightly smaller value
than the other acceptorss values for the D exciplexes are
~0.58 + 0.02 eV as compared with 0.38 0.02 for the B
exciplexes?® The high-frequency reorganization energig$or
the D exciplexes with ther- and S-substituted acceptors are
0.29 and 0.37 eV, respectively, as compared with24 eV
for all exciplexes of B. Thus, the large difference-09.6—0.7
eV in the total reorganization energy for the D exciplexes
relative to those of the B exciplexes is mostly due to the
additional angle-bending modg (calculated to be 0.3 eV) and
to a difference ins (0.25 eV). The difference if, is relatively
small (0.05 for then- and 0.13 eV for thgg-acceptors).

The largest difference between the exciplexes of D and that
of the closest analogudb/DMCB, is the additionali, (0.3
eV), present only in the D exciplexes. D exciplexes with
o-acceptors also have somewhat larggralues ¢0.58 vs 0.45
eV), probably representing additional unique modes of distortion
in D/D**, but they have smallet, values (0.29 vs 0.41 eV),
probably because of the higher degree of delocalizatiortin D
The fact that the D exciplexes witt- and -acceptors have
significantly different values of, (0.29 vs 0.37 eV) suggests,
surprisingly, that the skeletal geometry of the radical cation in
the exciplex is influenced somewhat by the nature of the radical
anion or vice versa.

As mentioned above, relative values of the fwhm do not
necessarily reflect the relative values of the total reorganization
energy. The exciplex spectra of D with theacceptors and that
of DMCB with 1b have similar fwhm values (5700 and 5600
cm L, respectively), but the total reorganization energies are
very different ¢~1.17 and 0.86 eV). In this case, the nearly equal
fwhm is accidental. The effects of the additiorigl (0.3 eV)
and als that is larger by 0.13 eV are nearly compensated by a
Ay that is 0.12 eV smaller. The reason for this compensation is
that the fwhm depends much more strongly/qrthan on the

Kiau et al.

two-mode case. In the example of the DMCB exciplex, for
which the two-mode formulation is applicablg, is weighted
~3.4 times more heavily thahs (hvy, = 1400 cnT?l; 2kgT =
410 cnt?).

6. Matrix Elements and Return Electron-Transfer Rate
Constants. Rate constants for nonradiative return electron
transfer in the B and D exciplexek—¢)s and k-e)p, can be
estimated from the energy parametefsG( As, 44, and 4y)
together with the electron-transfer matrix elemg&htoupling
the exciplex (charge-transfer) state with the neutral ground state
(eq 9)4516b.20The matrix elemen¥ can be determined from
the corresponding radiative rate constigntwhich is propor-
tional to V2, vy, and|Au|%, whereAu is the difference in the

'Bermanent dipole moment between the two statésn work

to be reported separately, the ratidp¥alues for the two donors
with the same acceptork)p/(ki)s, was found to be nearly the
same (0.28+ 0.01) for all five acceptors used in this work.
The values of/',, for the two exciplexes with a given acceptor
differ by only ~20%. The dipole-moment factorgiu|?, are
ﬁresumably comparable. Hence, the ratio\Bffor the two
exciplexesV?p/\V2g, is ~0.35. From this ratio and the parameters
given in Tables 2 and 4, it is predicted that the nonradiative
decay rate constants for the D excipleXes{p are 4-5 orders

of magnitude higher than those of the corresponding B exci-
lexes k-e)s even though the D and B exciplexes have equal
nergies relative to their neutral ground states.

2
AT\ 2EC(-AG)

Ka="h

—et )

A huge difference irfk_¢; values can already be predicted from
a comparison of the reduced emission spectra, which are
proportional to FOfv — AG) (eq 1). For a given acceptor,
(K—e)p/(k—egp is the product of two factorsV?p/V%s and
FCo(—AG)/FCs(—AG). The first factor, as mentioned above,
is relatively modest;~0.35. The second factor is approximately
the ratio of the reduced emission spectra, extrapolated to zero
frequency (Figure 3). Although the D curve should be multiplied
by a factor of~0.25 for proper comparison with the B curife,
it is clear that this extrapolation will yield vastly different values
for the two exciplexes and a vastly larger value Kog; for the
D exciplexes. Both the shift and the greater breadth of the
A*"D*" spectrum contribute to this result, and both are
consequences of much larger reorganization energies f@rA
than for A~B**. It is a dramatic illustration of the influence of
the reorganization energies that, for pairs of exciplexes with
equaldriving force for return electron transfer, the predicted
rate constants differ bynanyorders of magnitude.

Exciplexes involving cyanoaromatic acceptors and methyl-
benzene donors typically havevalues of~0.1 eV> Assuming
a similarV for the A~B**" exciplexes, then even the lowest-
energy B excipleX.cB** (i.e., the one with the fastest return
electron transfer) is predicted to hake; in the range of only
10* s7L. This value is well below the total rate constant for all
decay processes of this exciplex]1.1 x 107 s71 (lifetime ~
90 ns), and thus is predicted not to contribute measurably to
the decay rate for this or the other B exciplexes. More
importantly, in the context of the radical-ion isomerization
reaction,k_e; values in the 19s-1 range are predicted for the
lowest-energy D exciplexlc~D*+.20¢ Such a largek et is
expected to be competitive with other decay processes of the
D exciplexes, for which preliminary results indicate lifetimes
in the nanosecond range. Indeed, the lifetiméofD** seems

reorganization energies for lower-frequency modes, as indicatedto be noticeably shorter than those of the other D exciplexes,

by the different weighting factors fot, and4sin eq 5 for the

probably because nonradiative return electron transfer should
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be fastest for this pair. Thus, at least in this case, it appears that Acknowledgment. Financial support was provided by the
the large reorganization energy governing return electron transferNational Science Foundation (DMR-0071302 and CHE-

in the A~D** exciplex leads to a reduction in efficiency of the
isomerization of D' to B**.

The complete reaction kinetics of isomerization in these
exciplexes is currently under investigation using a combination
of steady-state and time-resolved experiments and taking
advantage of the distinct emission spectra of the two exciplexes,
A*~B*" and A~D**. The overall kinetic analysis of the reactions
in Scheme 2, including additional processes omitted here for
simplicity, will be reported in subsequent publications.

Experimental Section

Materials. Hexamethylbenzene (Aldrich) was recrystallized
twice from ethanol. Hexamethyl Dewar benzene, D, (Aldrich)
was freshly distilled over lithium aluminum hydride under a
nitrogen atmosphere at 17 mmHg (bp-3® °C). Repeated
fractional distillation of D as well as low-temperature sublima-

9812719).
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