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Absolute rate constants for intersystem crossing (ISC) in exciplexes formed between cyanoanthracenes as
acceptors and alkylbenzenes as donors in solvents with low to moderate polarity have been measured. The
extent of charge transfer in these particular exciplexes has been determined previously, and thus the dependence
of the ISC rate constant on this parameter is obtained. A smooth transition of exciplexes with high locally
excited state character to those with essentially pure charge-transfer character argues in favor of a mechanism
of intersystem crossing involving a spin-forbidden return electron transfer process to form the locally excited
triplet directly. The proposed mechanism is supported by the observed energy gap dependence of the rate
constant, and by deuterium isotope effects. External heavy-atom effects in chlorinated solvents are observed.
Analysis of the rate constant for intersystem crossing for the pure charge-transfer exciplexes using electron-
transfer theory allows determination of the matrix element for the spin-forbidden electron-transfer reaction.

It is found to be roughly 3000 times smaller than the matrix element for corresponding spin-allowed electron
transfer in similar systems. General principles for the factors that control the mechanisms of intersystem
crossing in excited charge-transfer states are discussed.

I. Introduction SCHEME 1

Exciplexes (Ex) are bimolecular excited states formed K AD + hv
between electron acceptor and donor molecules that are
characterized by varying degrees of charge-transfer (CT) ['A'D =— aD"| Z Kk . aAD
charactet. Their usual description is as a mixture of pure locally Kisc

excited, pure charge (electron) transfer and pure ground 3tates.
This is illustrated in eq 1 for the case of an electron acceptor

(A) and an electron donor (D). solvation process that may result in the formation of separated
_ . — et radical ions® and in other cases, chemical reactions may otcur.
W(EX) =, P(A'D) + c,W(A" D) + c;W(AD) (1) However, the processes in Scheme 1 are those that most likely
. . o b0 be encountered for exciplexes in less polar solvents. Ideally,
In this example, the locally excited state of the acceptor (A*) the factors that control the rates of these various processes should
is lower in energy than that ofihe donor (D), and the pure CT pe ynderstood so that the reactivity of exciplexes can be
state is a radical-ion pair (AD*"), corresponding to complete  predicted. However, with the possible exception of the radiative
transfer of an electron from the donor to the acceptor. Usually, rate, ki, very few systematic studies of these processes have
(C1 + ¢2) is much greater thaws, and the exciplex may be  peen reporteds In particular, there have been essentially no
desc_rlbed qualltatlvely as a resonance mixture of IO(_:aIIy excited quantitative studies of the way that these processes depend on
and ion-pair states; see Scheme 1. The exciplex in Scheme lchanges in the extent of charge transfer and upon the driving
would be formed via bimolecular reaction of the locally excited {qrce for pairs with high CT charactér.
singlet state of the acceptdA*, with the donor D. Previously we described a series of exciplexes formed
The photophysical processes that characterize exciplexes arganyeen 9,10-dicyanoanthracene (DCA) and 2,6,9,10-tetracy-

the same as those of excited states in general, i.e., radiative andnoanthracene (TCA) as electron acceptors and various methyl-
nonradiative decaykg andks) and intersystem crossingid,),

Scheme Z.1n polar solvents, exciplexes can also undergo a CN CN
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substituted benzenes as donors in homogeneous solution at room 10 T T T T T T T
temperaturé Depending on the particular acceptor/donor/solvent :‘
combination, exciplexes with varying extents of charge-transfer
character were obtained, ranging from essentially zero (i.e., for
the pure cyanoanthracene locally excited states, A*D) to
essentially 100% as cyanoanthracene radical anion/alkylbenzene
radical cation pairs, AD**.6 The radiative rate constantk)(
decreased smoothly with increasing charge-transfer character.
A complete theoretical analysis of the data was possible, and
from this a quantitative determination of the extent of charge
transfer in each exciplex was obtairfed.

Intersystem crossing as illustrated in Scheme 1 is possible
when the energy of the exciplex is higher than that of a locally
excited triplet staté.”8 The energies of the cyanoanthracene
triplet states are lower than those of the corresponding alkyl- 0
benzene exciplexes in a wide range of solvents, and indeed 500 600 700 800
formation of the cyanoanthracene triplet states can be detected Wavelength, nm
as one of the decay paths of DCA excipleRé$ Here we Figure 1. Quantitative absorption spectra of (upper dashed curve) the
describe the results of a detailed and quantitative study of thefirst excited singlet state and (lower solid curve) first excited triplet
triplet-forming process in cyanoanthracene exciplexes, with an state of 9,10-dicyanoanthracene in dichloromethane solvent at room
emphasis on the mechanism of the intersystem crossing procesgémperature.
the factors that control the intersystem crossing rate constants,
ke, and the influence of the extent of charge transfer on the several methods. In initial experiments, relative quantum yields
intersystem crossing mechanism. General conclusions concernwere obtained by directly observing the signals duéDGA*
ing the mechanisms of intersystem crossing in excited CT statesand *TCA* for various combinations of DCA or TCA with

in dichloromethane

Extinction Coefficient, 103

are given. different alkylbenzenes in different solvents using nanosecond
. . transient absorption spectroscopy. The small extinction coef-

IIl. Results and Discussion ficients of these species (Figure 1), however, meant that the
IILA. Detection of Intersystem Crossing in Cyanoan- experiments were difficult to perform accurately when the

thracene/Alkylbenzene ExciplexesAll of the experiments quantum yields were low. Higher accuracy, however, was
discussed in the present work were performed in solvents of achieved by carrying out the experiments in the presence of
sufficiently low polarity (cyclohexane, carbon tetrachloride, rubrene, capitalizing on the higher extinction coefficient of its
trichloroethylene, dioxane, and fluorobenzene) that separationtriplet state at 490 nr The relative quantum yields for

to form separated radical ions is not importametection of formation of locally excited cyanoanthracene triplet state from
the cyanoanthracene triplet states formed from decay of thethe corresponding exciplexes were obtained simply as the
exciplexes was accomplished in a number of ways. Nanosecondrelative amounts of rubrene triplet formed. Furthermore, yields
transient absorption spectroscopy results in observation of afrom DCA exciplexes could be compared directly to those from
species with a lifetime of several microseconds, and with TCA exciplexes, since the same transient, rubrene triplet, was
absorption maxima at ca. 670, 735, and 810 nm, and anotherobserved in each case.

shorter wavelength absorption with a maximum lower than 450  As a check on the relative quantum yields, time-resolved
nm that could not be accurately determined due to absorption photoacoustic calorimetry experiments were also performed on
by the DCA ground state. Picosecond excitation of DCA in exciplexes of DCA with alkylbenzenes in various solvents:
methylene chloride results in formation of the DCA singlet state  Under the conditions of the experiment, the energy release due
with an absorption maximum at ca. 620 nm; see Figure 1. In to the reaction of the DCA excited singlet and formation of the
the presence of 0.1 M hexamethylbenzendg &M iodoethane,  exciplex was not resolved, but the energy retained by the long-
this absorption is rapidly replaced with the same absorption lived triplet state was determined (see Experimental Section).
observed on the microsecond time scale in the nanosecondvieasurements of the relative amounts of energy stored by the
experiments (Figure 1). This absorption is assigned to the triplet triplet states allowed relative quantum yields for triplet formation
DCA based on the following observations. The species is to be determined. The photoacoustic, direct triplet observation,
relatively long-lived, with a lifetime of several microseconds and rubrene trapping methods were in good agreement.

in deaerated solution, and has an absorption spectral feature in  gjng these three methods, relative quantum yields for
common with those from previous observatidh3he species  formation of DCA and TCA triplet states for a variety of

is also readily quenched by oxygéhlt is formed from the  gxciplexes, and also from tH®DCA* and TCA* states in
singlet state of DCA by the addition of hexamethylbenzene and yarigus solvents in the absence of added alkylbenzene donors,
the heavy-atom-containing iodoethane. Finally, addition of \yere determined. The relative quantum yields were converted
rubrene results in an increase in the rate of decay of the speciegnto absolute yields using triplet sensitization actinometry.
observed at 810 nm and the corresponding formation of the Triplet energy transfer to rubrene from the triplet state of the

known rubrene triplet state at 490 nm at the same rafehis ketocoumarinl!s in trichloroethylene solvent was measured
process is assigned to energy transfer fBGA* to rubrenetla

Corresponding experiments using TCA gave a spectrum for the OCH, ©

triplet state that was similar to that shown in Figure 1 for DCA,

except that the absorption peaks for DCA at ca. 670, 735, and O = O

810 nm were red shifted to ca. 700, 770, and 850 nm for TCA. HsCO 0 X0

Relative quantum yields for formation of the cyanoanthracene
triplet states from different exciplexes were determined using 1
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TABLE 1. Average Emission Frequency,va,, Lifetime, 7, obtained using the different methods described above. Inter-
Intersystem Crossing Quantum Yield, ®is., and Rate system crossing quantum yields for the DCA and TCA acceptors

Eggfé%ntsrgtrelsntgfr%yige_gi &Lfﬁ;?g#;ggefg; t(hDeClil\;sztir%nglet in the different solvents in the absence of added donors were
2,6,9,10-Tetracyanoanthracene (TCA) in Various Solvents at ~ also determined. The results are summarized in Tabte 1

Room Temperature As a check, another method was also used to determine the

acceptor solvefAt vy, (1cm™) 7(ns) @i ksc (1P s7Y) absolute quantum yields for triplet formation. Excitation of DCA
DCA CHX 22 27 115 0012 104 in trichloroethylene in the presence of 0.2 M pentamethylben-
DCA Diox 21.58 12.8  0.012 0.94 zene resulted in formation of the DCA triplet on the microsecond
TCA Diox 21.27 6.9 0.021 3.03 time scale. Experiments were performed in which the absorbance
DCA FB 21.57 123 0.014 114 of the triplet state at 450 nm was measured as a function of
E%i E? c ﬁég ﬁg 8-8%2 i-gg added iodoethane. Heavy atoms are well-known to enhance
DCA TCE 2163 112 0023 505 intersystem crossingand indeed, increased yields of triplet
TCA TCE 21.47 118 0.08 6.78 DCA were obtained with increasing iodoethane concentration,

as shown in Figure 2. In an independent experiment, iodoethane
was found to quench the fluorescence of this exciplex with a
bimolecular rate constarkg, of 3.8 x 108 M~! s™1. We make
under identical light absorption conditions to the DCA/hexa- the reasonable assumption that quenching of the exciplex by
methylbenzene/rubrene system in the same solvent. the iodoethane results in formation of the locally excited triplet
The intersystem crossing quantum yield fovas determined ~ state with 100% efficiency. A mechanism that explains these
to be 0.96+ 0.02 (see Experimental Section), and thus the observations is given in Scheme 2, which is the same as Scheme
absolute quantum vyield for the DCA/hexamethylbenzene/ 1 with the addition of the iodoethane-induced transition from
trichloroethylene exciplex was determined to be 0.58. Using the exciplex to the triplet state. On the basis of Scheme 2, the
this number, absolute yields for all of the other exciplexes dependence of the measured intersystem crossing quantum yield
studied,®jsc, were determined by averaging the relative yields on the iodoethane concentration shown in eq 2 is obtained.

a CHX = cyclohexane, Diox= dioxane, FB= fluorobenzene, CTC
= carbon tetrachloride, and TCE trichloroethylene.

TABLE 2: Average Emission Frequency,va,, Lifetime, z, Intersystem Crossing Quantum Yield, @i, Intersystem Rate
Crossing, kisc, and Percentage Charge Transfer, % CT, for Exciplexes of 9,10-Dicycananthracene (DCA) and
2,6,9,10-Tetracyanoanthracene (TCA) with Alkylbenzene Donors in Various Solvents at Room Temperature

acceptor dongr solvent vay (10° cm™Y) 7 (ns) Disc kisc (1P s71) % CT
DCA Dur CHX 20.33 (37.5) 0.044 1.17 57
DCA PMB CHX 19.80 49.5 0.074 1.50 71
DCA HMB CHX 18.97 70.4 0.074 2.49 83
DCA Dur Diox 18.99 (67.7) 0.133 1.97 83
DCA PMB Diox 18.21 78.5 0.169 2.15 88
DCA HMB Diox 17.31 69.9 0.223 3.19 92
TCA p-Xy Diox 16.85 24.7 0.095 3.85 93
TCA TMB Diox 15.97 16.8 0.082 4.88 95
TCA Dur Diox 14.91 8.7 0.058 6.67 96
TCA PMB Diox 14.45 5.2 0.051 9.81 96
TCA HMB Diox 13.74 2.6 0.043 16.5 97
DCA Dur FB 18.71 (69.4) 0.098 1.41 85
DCA PMB FB 18.04 78.3 0.135 1.72 89
DCA HMB FB 17.08 68.5 0.180 2.63 93
TCA p-Xy FB 17.20 225 0.071 3.16 91
TCA TMB FB 16.21 14.7 0.057 3.88 94
TCA Dur FB 14.91 7.2 0.040 5.56 96
TCA PMB FB 14.45 4.6 0.035 7.61 96
TCA HMB FB 13.52 2.1 0.026 12.4 97

apur = durene, PMB= pentamethylbenzene, HM& hexamethylbenzen@;Xy = p-xylene, and TMB= 1,2,4-trimethylbenzend.CHX =
cyclohexane, Diox= dioxane, and FB= fluorobenzene.

TABLE 3: Average Emission Frequency,v,, Lifetime, r, Intersystem Crossing Quantum Yield, ®;,,, Rate Constant for
Intersystem Crossing,kis, and Percentage Charge Transfer, % CT, for Exciplexes of 9,10-Dicycananthracene (DCA) and
2,6,9,10-Tetracyanoanthracene (TCA) with Alkylbenzene Donors in Chlorinated Solvents at Room Temperature

acceptor dongr solvent Vay (10° cm?) 7 (ns) Disc kisc (10F s71) % CT
DCA Dur CTC 19.83 (39.0) 0.15 3.85 70
DCA PMB CTC 19.25 44.3 0.297 6.70 79
DCA HMB CTC 18.46 40.3 0.53 13.2 87
DCA Dur TCE 19.42 (39.7) 0.20 5.04 77
DCA PMB TCE 18.82 48.1 0.349 7.26 84
DCA HMB TCE 18.02 41.0 0.58 14.2 89
TCA p-Xy TCE 18.41 51.8 0.31 5.99 85
TCA TMB TCE 17.53 54.8 0.326 5.95 90
TCA Dur TCE 16.27 46.6 0.256 5.49 94
TCA PMB TCE 15.83 26.2 0.206 7.86 95
TCA HMB TCE 14.75 12.2 0.194 15.9 96

apDur = durene, PMB= pentamethylbenzene, HMB hexamethylbenzen@;Xy = p-xylene, and TMB= 1,2,4-trimethylbenzené.CTC =
carbon tetrachloride and TGE trichloroethylene® An equilibrium was observed between the exciplex and the locally excited state and the exciplex
lifetime was extrapolated to infinite donor concentration.
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Figure 2. Plot of (left-hand vertical axis) the relative quantum yield
for formation of locally excited triplet state (solid bars indicating Figure 3. Plot of the logarithm of the intersystem crossing rate
experimental erronpis=!), versus concentration of added iodoethane, constantks., as a function of average emission frequengy, for

for the exciplex of 9,10-dicyanoanthracene (DCA) with pentamethyl- (points to the left of the dashed line) exciplexes of 2,6,9,10-tetracy-
benzene (PMB) in trichloroethylene solvent (TCE). The curves through anoanthracene (TCA) and 9,10-dicyanoanthracene (DCA) with alky-
the data are calculated using eq 2 for the absolute quantum yield, with benzene donors in various solvents, and (points to the right of the dashed
values for the parameters given in the text, and three different valuesline) the excited states of DCA and TCA in various solvents in the
for @i 0.37 (thin solid line), 0.35 (bold solid line), and 0.33 (dashed absence of added donor (data from Tables 1 and 2). Filled squares,
line). The best fit to the relative yield data is obtained using 0.35 for TCA in dioxane; filled circles, DCA in dioxane; open squares, TCA
®is.. The absolute yields at the various iodoethane concentrations for in fluorobenzene; open circles, DCA in fluorobenzene; open triangles,
this value of®;s; are indicated on the right-hand vertical axis. DCA in cyclohexane.

SCHEME 2 E*

K AD + hv
w0 m ] T
AD
kq [E”]l \kisc

A*+ D

mzq#ﬂ+qm]

; 2
isc ’L’_l + kq[Eﬂ] ( ) X
Here,®is ! is the triplet yield in the presence of iodoethane,

disc is the triplet yield in the absence of iodoethane, and
the lifetime of the exciplex in the absence of iodoethane, which
was measured to be 48.1 ns (Table 3). Fits to the data of Figure A B
2 using eq 2 are shown for three different valuesbeg. It is Figure 4. Energy curves illustrating (A) the relationship between the
clear that the predicted variation in quantum yield is quite average emission energy of an excited statg,and the energy of an
sensitive to the value abisc and that the best fit is fojsc of excited state in a nonpolar (solid upper curiZg), and a polar (dashed
0.35, which is the same value obtained using the ketocoumarinupper curveEs) and the reorganization energy for an excited state
actinometry described above (Table 3). (E*) to ground state (G) transition, and (B) the relationship between

A vaw, the energy of a pure charge-transfer exciplex &), the
II.B. Rate Constants for Intersystem Crossing: A Method o esponding Jocally excited thplot SARALD), the ground heutral

for Comparing Reactions in Dif.fere.nt Solvent_s.The rate state (AD), and the reorganization energy for the exciplex to triplet
constants for intersystem crossing in the exciplexes and theand exciplex to ground-state transitiots,

cyanoanthracene excited singlet states in the various solvents,
kisc, Wwere obtained from the lifetimes of the exciplexes (or isillustrated in Figure 4. As shown in Figure 45, represents
excited states)r, together with the quantum yields as shown the vertical energy difference between the excited state in its
in eq 3 (Tables 13). equilibrium geometry and the ground state at the same geometry.
This energy is equal to the excited-state enekgy minus the
kisc = Pisc'T (3 reorganization energy for the excited state to ground-state
transition,A. For different excited states in the same solvent,
The lifetimes for the exciplexes studied here were determined hv,, decreases with decreasing excited-state ené&gysor the
previously® or as part of the present work (see Experimental same excited state in different solventw,, decreases with
Section), and are included in the tables. increasing solvent polarity. This situation is illustrated in Figure
Shown in Figure 3 is a plot of logisc versus the average  4A for an excited state in a less polar solvent (solid upper curve)
emission frequencyya,, for the DCA and TCA exciplexes in  and a more polar solvent (dashed upper curve). The average
cyclohexane, fluorobenzene, and dioxane as solvents, togetheemission frequency is smaller in the more polar solvéng(
with the corresponding values for the locally excited singlet < hv,,) both because the excited-state energy is smafier<
states IDCA* and ITCA*, in the same solvents (see Tables 1 Es) and also because the reorganization energy is laiger (
and 2). Evaluation of,, is described in ref 6, and its meaning  1).
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For the excited states of Figure 3, we have shown previously ° A
that there is a quantitative relationship between the average r
emission frequency,y and the charge-transfer character of the A
emitting specie8.The extent of charge transfer ranges from zero 6o ’
for the pure locally excited (LE) states to essentially complete R S S T
for the exciplexes that emit with low valuesf,. For the DCA 00 02 04 06 08 1.0
and TCA exciplexes, the energy of the pure radical-ion-pair state Vay = (Epa, eV
(A*"D*") decreases with increasing solvent polarity or by the gigyre 5. Plot of the logarithm of the intersystem crossing rate
use of donors with decreasing oxidation potential. Decreasing constantks., as a function of the energy gap for the exciplex to triplet
the energy of the (&AD*") state decreases mixing with the state transition,y — (E7)a) for exciplexes of 2,6,9,10-tetracyanoan-
locally excited state (A*D) which increases the extent of charge thracene (TCA) and 9,10-dicyanoanthracene (DCA) with alkylbenzene
transfer, and also decreases For an exciplex with the same d_onors in v_arious_solvents (dat_a fro_m Table 2). Filled squares, TCA in
donor and solvent, the energy of the*(R*) state is lower ?Ihoxane; filled circles, DCA in_dioxane; open squares, TCA in

. . uorobenzene; open circles, DCA in fluorobenzene; open triangles,
for TCA compared to DCA, and the TCA exciplex will have a pea'in cyclohexane.
lower value ofv,, and a higher extent of charge transfer. The
extents of charge transfer for the various exciplexes studied heregnergy for the transitiors,. This effect is known as the energy
are given in Tables 2 and 3, and range from ca. 57% to greatergap Jaw, or the Marcus inverted region effect for electron-
than 95%. For the exciplexes withy less than ca. 17.5 10°  yransfer processé8As indicated in Figure 4, the reorganization
cm%, the extent of charge transfer is greater than 90%, and theenergy is a measure of the extent to which the equilibrium
species can be considered to be essentially pure contact radicalyssitions of the nuclei of the excited-state molecules and the
ion pairs, (A"D*). solvent are displaced in the excited- to ground-state transition.

For Singlet excited Charge-transfer states, two basic mECha-m ideal Casesﬂ can be measured spectroscopica”y from
nisms for intersystem crossing can be considered, as illustratedcorresponding radiative procesd8&!® For excited states with
in Scheme 3:71%17In the first, the CT state undergoes extensive charge-transfer character, such as the exciplexes

intersystem crossing to the triplet CT stal@."", which is studied here, the reorganization energy is mainly due to
followed by return electron transfer in the triplet manifold to  gifferences in solvation between the excited and ground states.
give the locally excited triplet—e.. In the second, intersystem The average emission frequeney, is related to the exciplex

crossing occurs as a result of a simultaneous spin-flip andto ground-state transition, but can also be related to the
electron-transfer proces&s~", and the singlet CT state is  corresponding transition to the locally excited triplet state
converted directly into the locally excited triplet state in a spin- (3a*D). Because of the dominant solvent contribution to the
forbidden electron-transfer reaction. Unless an intermediate stat&reorganization energies for the exciplexes, we can assume that
can be directly detected, or some specific spectroscopic } for the transition from the exciplex to the AD ground state is
information obtained, distinguishing between these mechanismsthe same as that to th#A¢D) triplet state, since both processes
can be difficult. For several covalently linked donor/acceptor jnyolve charge neutralization. This is illustrated in Figure 4B,
excited CT states, direct experimental evidence has beenwhere the ground and triplet states are shown at the same
obtained using time-resolved ESR spectroscopy that demon-(nyclear) displacement on the horizontal (now solvation) axis.
strates that either mechanism may operate, depending upon the'he ground and triplet excited states are displaced vertically
systemt’ For the bimolecular systems studied here, however, by the triplet energy,Hr)a. Thus, the quantityiey — (Er)a)
such experiments are difficult, and useful mechanistic informa- represents the amount of energy that is ercessof the
tion is obtained in a different way, i.e., through the use of a reorganization energy for the exciplex to triplet state transition,
near-homologous series of closely related systems. Specifically,j e, the amount of energy that must be dissipated in the
the dependence of the rate of intersystem crossing on thetransition. Because of the dominant solvent contribution, the
reaction energetics and the extent of charge transfer is examinedreorganization energy will be different in different solvents.
Figure 3 shows a reasonable correlation between the inter-However, reactions in different solvents can be directly com-
system crossing rate constant angd The increase in losc pared usingiay — (Et)a), because the reorganization energy is
with decreasingvay is smooth, from essentially zero charge subtracted from the excited-state energy usiggand only the
transfer (the DCA and TCA singlet states in the absence of excessnergy beyond the reorganization energy is compared,
added donor) to nearly complete charge transfer. The depen-as required in the energy gap/Marcus models of radiationless
dence of logkisc 0N vay is very similar in both the high and low  transitionst82°Plots of logkisc versus ¢ay — (Er)a) for the DCA
regions of CT character, which implies that the intersystem and TCA exciplexes are shown in Figure 5. A value f&f)g
crossing mechanism does not change considerably as the extendf 37.5 kcal mot? is used for both cyanoanthracene acceptors.
of charge transfer changes. The method for determinind=()a is described in the Experi-
Most theories of radiationless transitions describe the loga- mental Section.
rithms of the rate constants as a function of the energy gap The pure locally excited singlet statéA{D) obviously
between the states involved in the procE¥sBhe rate constants  undergoes intersystem crossing directly to the locally excited
are predicted to decrease with increasing exothermicity, providedtriplet state $A*D). When the exciplex is still mainly locally
the energy of the excited state is larger than the reorganizationexcited, intersystem crossing presumably still occurs directly



3520 J. Phys. Chem. A, Vol. 107, No. 18, 2003 Gould et al.

to the @A*D) state, and the rate constant increases with in fluorobenzene solvent and of1.5 for TCA/HMB in dioxane.
decreasing/ay as a consequence of the energy gap effect (see Previously, we studied the effects of deuterium isotope substitu-
further below)!8 As the exciplex becomes more ion-pair like, tion on the rate constants for inverted-region return electron
the mechanism could change to one in which the initial product transfer in solvent-separated radical-ion pé&fsDeuterium

is a triplet charge-transfer statéaA¢ D*") (kisc”T, Scheme 3).  substitution decreased the rate constants for electron transfer in
The energy difference between the pure singlet and triplet those systems also, presumably because of a lowering of the
radical-ion-pair states is not known for the present systems. average frequency of the vibrational modes that accept the
However, in the absence of mixing with LE states, this gap energy associated with the procésQualitatively, the isotope
should not depend on the absolute energy of the gdve D*) effects are the same for both the intersystem crossing and the
and @A*~D*") electron-transfer states; i.e., it should not vary solvent-separated return electron transfer processes, and for other
with (vay — (Er)a). Thus, if the mechanism of intersystem electron-transfer processes studied previotidhThis provides
crossing does change frokaE' to kiscCT (Scheme 3), it would further support for the proposal that intersystem crossing
be expected that the reaction should change from one for whichinvolves a spin-forbidden electron-transfer process.

the rate constant decreases with decreastag= (Er)a) (the I1.D. Mechanisms of Intersystem CrossingThe intersystem
energy gap effect foks™") to one which becomes independent  ¢rossing processsE", Scheme 3, requires the electron-transfer
of vay (Kisc®"). This obviously does not occur (Figure 5) since process to be associated with a spin flip. In the absence of a
the rate constant varies smoothly with decreasing exciplex strong external magnetic field, the most reasonable mechanisms
energy, even in the region o, where the excited states are  for intersystem crossing in general involve either spinbit
all essentially pure radical-ion pairs (their percent CTs are coupling 23 or hyperfine interaction® Spin—orbit coupling is
greater than 95). unlikely to induce the alternate intersystem crossing process
Thus, we conclude that, for the exciplexes with high degrees ki CT (Scheme 3). Lim has shown that in the one-electron
of charge-transfer character, the intersystem crossing processpproximation, spirrorbit coupling between thé4*~D*+) and
can be understood as a spin-forbidden electron-transfer reaction3A*~D*) states is zero, since the orbital occupation is the same
from a state that is essentiallyA*~D**) to the A*D) state, in each system.Thus, the hyperfine interaction is the most
with kisET. This mechanism has been assumed in previous work reasonable mechanism fdA¢—D**) to GA*~D*) intersystem
on exciplexe$:'6the present data provide direct experimental crossing. Indeed, direct evidence for this mechanism has been
support for this mechanism. The rate constants increase withobtained in some covalently linked donor/acceptor systéms.

decreasing energy gap between te(D*+) and fA*D) states, In some favorable cases, the triplet radical pair state has been
which indicates that the reactions occur in the Marcus inverted directly observed, confirming the mechanisfitHowever, the
region for the electron-transfer procéss. weak hyperfine interactions can only induce intersystem crossing

With very high CT character, it is possible that the mechanism when the energy difference between the singlet and triplet CT
may change again. As the energy of the ion pair decreasesgstates is small, i.e., when electronic coupling is w¥ak. both
mixing of the ¢A*D) and (*A*~D°*) states decreases as the bimolecular and covalently linked donor/acceptor CT systems,
excited state becomes a pure radical-ion pair. However, as theelectronic coupling tends to decrease with increasing separation
energy of the pure ion-pair singlet stafé\{"D**) decreases, distance between the radical sit€s%” In most of the covalently
the energy of the corresponding triplet pdik{ D*) approaches  linked charge-transfer systems that have been studied, the
that of the A*D), and mixing between these two states should distance between the donor and the acceptor is usually large,
occur. It is unlikely that the3@*~D**) decreases below the to reduce electronic coupling and thus enhance the lifetime of
(3A*D) state for the systems studied here, since the observedthe final charge-separated statesnterestingly, ESR experi-
product of intersystem crossing is the separé&f&d which is ments on a covalently linked donor/acceptor system in which
readily observed by transient absorption spectroscopy. If the the separation distance is small, and thus electronic coupling is
(BA*~Dr") did become lower in energy thaRA¢D), then the correspondingly higher, suggest the sparbit couplingkisc="
product of intersystem crossing would be more ionic than locally mechanisnt’9
excited, and it would not be expected to separate efficiently to  In bimolecular CT systems, magnetic field effects have clearly
give A*. Furthermore, if the triplet radical-ion-pair state demonstrated that the hyperfine mechanism is responsible for
becomes lower than théA* state, then the®A* that does intersystem crossing irsolvent-separatedradical-ion pairs,
separate should react with the D molecules in solution. This is SSRIP, i.e.kis .24 Compared to the present contact radical-
not observed. Nevertheless, we cannot rule out the fact thatjon pairs, a solvent molecule separates the radical ions in the
intersystem crossing in the lowest energy exciplexes could SSRIP24e.25and thus the electronic coupling is much weaker
involve a transition from*A*"D**) to a triplet state with some  in the latter compared to the form&Thus, when the electronic
charge-transfer character. coupling is weak, intersystem crossing seems to occur from

11.C. Isotope Effects on Intersystem Crossing.To further singlet to triplet CT state via hyperfine coupling T, and when
explore the intersystem crossing mechanism, we investigatedthe electronic coupling is large, it occurs from the excited CT
the effects of deuterium isotopic substitution on the rate state directly to the local triplet state via spiarbit coupling,
constants for this process. Our approach mirrors that describedkiscE". This is quite understandable. The sporbit mechanism
previously by Lim et al. Exciplexes with DCA and TCA as is also an electron-transfer reaction, and will only be fast when
the acceptors and hexamethylbenzene as the donor were studiedhe electronic coupling is largd.Under these conditions, the
Comparison of the quantum yields for formation of locally singlet triplet splitting in the CT states will be relatively large,
excited triplet were compared for hexamethylbenzene and thewhich will preclude the hyperfine mechanisrksCT. The
fully deuterated analogue, and rate constants for intersystemhyperfine mechanism can only take place when the electronic
crossing obtained as before. In both casesth®alues for the coupling is weak (when the singlet/triplet splitting in the CT
deuterated donors were smaller than those for the nondeuteratedtate is small), and these are exactly the conditions under which
compounds, although the isotope effects were not large. Ratethe spin-orbit/electron-transfer procekgE" will be slow. The
constant ratiogsc/kis?, of ~1.3 were obtained for DCA/HMB choice between the mechanisms of Scheme 3 can thus be
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accounted for by taking into account the strength of the 75 ————T——T——T——T1—
electronic interactions.

II.LE. Intersystem Crossing as an Electron-Transfer Reac-
tion. The rate constant for the spiorbit coupling induced 7.0 +
electron-transfer process can be written as indicated in &6 4.

8
X<
er_ 47, 2 =2
K et =TViSC FCWD (4a) 9 65 .
@ (AG, + jhv, + 4) |
FCWD= Z)Fj(4mlskBT)*”2 exp — 6.0 - .
1= 4/15kBT
(4b) 1 ! 1 1 1 1 L 1 L 1
_ 12 14 16 18 20 22
F, =exp-9 § S= ﬁ Vay: 10 o
! ) hw, Figure 6. Plot of the logarithm of the intersystem crossing rate

constantkis,, as a function of the average emission frequengy).(

it ; ; 1 The points to the left of the dashed line represent (open circles)
Here,A, and s are the reorganization energies associated with exciplexes of 2,6,9,10-tetracyanoanthracene (TCA) and 9,10-dicy-

asingle averaged high-frequenpy vibrational modg, of frequency anoanthracene (DCA) with alkybenzene donors in fluorobenzene
vy, and the low-frequency (mainly solvent) vibrational modes, solvent, (closed circles) exciplexes of DCA in trichloroethylene solvent,
and Vigc is the electron transfer/spirorbit coupling matrix and (closed squares) exciplexes of DCA in carbon tetrachloride solvent.
element responsible for the transitiof. A value for Visc can The points to the right of the dashed line represent the excited states
be obtained using the kinetic data and egs 4, if values are knownof DCA and TCA in the various solvents in the absence of added donor
for the reorganization parametets A, and ». The corre-  (data from Tables %3).

sponding spin-allowed return electron transfer reacfidrr Q™)

to (AD) has been studied previously for cyanoanthracene/
alkylbenzene contact radical-ion paffsRate constants were
measured as a function of reaction free eney—, and
inverted region behavior was observed. The data were analyze
according to eqgs 4, substituting- and AG_¢ for Visc and
AGise. The values of the reorganization parameters that best
describe the spin-allowed electron-transfer reaction are 0.2, 0.55
and 1400 cm? for Ay, As, andwy, respectively, and 1000 crh

for V_e.2° If we assume the reorganization parameters for the
spin-forbidden electron-transfer reactio®{"D*") to (CA*D)

are related to those for the spin-allowed procéss D) to

to compare this value with that obtained for the corresponding
spin-allowed electron-transfer reactidh.¢; of 750 cnrl.25
Clearly, the matrix element for the spin-forbidden process is
O,71uch smaller than that for the spin-allowed process, by a factor
of roughly 3000. In the only other direct comparison of matrix
elements for spin-allowed and spin-forbidden electron transfer
that we are aware of, the spin-forbidden and spin-allowed
‘couplings differed by a factor of roughly 8662

As discussed elsewhetit is interesting that, even though
the matrix element for the intersystem crossing pro¢gsss
much smaller than that fde, (Visc is much smaller thaiV—ey),
I i . 4 intersystem crossing still competes favorably to the extent that
(AD), a quantitative analysis of the intersystem crossing data it can become one of the fastest decay processes for exciplexes.
can be made. This is because althougtisc is small the FCWD term for

Consider intersystem crossing for the system TCA/hexa- intersystem crossing in egs 4 can be much larger than the
methylbenzene in fluorobenzene solvent as an example. Thecorresponding term fok,. In turn this is due to the difference
extent of charge transfer in this exciplex is high95%, Table in exothermicities; i.e.—~AGisc is much smaller thar-AG_e
2). The energy of the exciplex above the neutral AD state is The efficiency of formation of the locally excited triplet state
higher than the value of 2.03 eV for the previously studied CRIP s determined by the competition betwekr. and the rate
(1A'7D'+) in acetonitrile, because of the lower polarity of the constants of the other processes of the exciplex.
fluorobenzene. Using a previously described relationship for the  ||.F. External Heavy-Atom Effects on Intersystem Cross-
energies of radical-ion paif$we estimate the exciplex energy  ing. Experiments were also performed using trichloroethylene
to be ca. 2.13 eV. The free energy change for the exciplex to and carbon tetrachloride as solvents. The data are summarized
triplet state transition is equal to the exciplex energy minus the in Table 3. The rate constants for intersystem crossing in these
triplet energy; i.e.AGisc is given by 2.13 eV- 1.63 eV= 0.5 solvents do not fit well with those in the other solvents. The
eV. The average emission energy for this excipigx,is 13 520 data are compared to data for comparable exciplexes in the
cm™! (1.68 eV); see Table 2. The total reorganization energy nonchlorinated solvent fluorobenzene in Figures 6 and 7. In all
for exciplex to neutral AD transition is the exciplex energy cases, the rate constants in the chlorinated solvents are higher
minus the average emission energy, i.e., 2.13-eV.68 eV= than those in the nonchlorinated solvents. We attribute this to
0.45 eV (Figure 4A). As discussed above, we can assume thatan external heavy-atom effect associated with the chlofnes.
the total reorganization energy for the exciplex to AD transition Heavy-atom effects on intersystem crossing in radical-ion pairs

is the same as that for the exciplex3%*D transition. Taking are well-known, and have been studied previodshhe

the, to be solvent independent and equal to 0.2 eV, o observed effects exhibit complex behavior. The effects on the
be 1400 cm? (see above), we arrive at a value farfor the pure locally excited states are quite different for DCA and TCA
intersystem crossing process of 0.25 eV. Substituting thesein the particular solvents studied. Intersystem crossing is
values for the reorganization parameters and\iGxs. into eqs considerably faster in trichloroethylene compared to the non-

4, together with 1.2< 107 s7* for ki (Table 2), we obtain a  chlorinated solvents for TCA, whereas the increase in rate for
value for Visc of 0.23 cnt?. This calculation requires several DCA in trichloroethylene and in carbon tetrachloride compared
assumptions and may not be very accurate; however, it isto nonchlorinated solvents is much smaller for DCA. The

unlikely to be in error by more than a factor of 2. It is interesting reasons for this are not clear.
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75 T —T——7——T7—— charge-transfer character can now be determined for these
exciplexes. This will be the subject of a future publication.

IV. Experimental Section

The cyanoanthracenes and alkylbenzenes were available from
previous studie. The solvents were all spectrograde and
i obtained from Aldrich and used as received. Rubrene was
obtained from Aldrich and used as received. Exciplex and DCA
. and TCA fluorescence spectra and lifetimes were taken from
ref 6, or were obtained using the methods described in that
reference. Other steady-state fluorescence spectra were obtained
. e using a Spex Fluorolog 2-1-2 spectrometer, and fluorescence
12 14 16 18 20 22 lifetimes were measured using an instrument that has been
Yy, 108 om™1 described previously. Picosecond time-resolved absorption

Figure 7. Plot of the logarithm of the intersystem crossing rate spectroscopy was performed using an instrument that has been

constantke, as a function of the average emission frequency).( described previousl§Z The excitat_ion wayelength was 355 nm.
The points to the left of the dashed line represent (open circles) SPectra were recorded as a function of time and subject to global

exciplexes of 2,6,9,10-tetracyanoanthracene (TCA) and 9,10-dicyano-analysis using the commercial software package Spécfit
anthracene (DCA) with alkybenzene donors in fluorobenzene solvent, yield the absorption spectra and kinetics of the principal
??]d (Ck_)Stedt Citrhdes_) ﬁtxcﬂﬁxeds 0;‘] TdCI‘A in trichIorotemylene.tsﬂvetni. components formed upon excitation. The extinction coefficient

€ points 1o the right of the dashed fin€ represent the exciled StaleSyt the ginglet state of DCA in methylene chloride was
?;a?g ﬁo?:qr;ﬁ:slg?tf)]e two solvents in the absence of added donor determinedgrelative to benzophenone tri>|/olet, observed at 525

. 11c i i iTell i
nm2lic The extinction coefficient of the DCA triplet state was

obtained assuming 100% conversion to the triplet state in the
presence of 0.1 M hexamethylbenzena& anM iodoethane.
Nanosecond transient absorption spectroscopy was performed
using two instruments that have been described previdisly.

ing vay (decreasing percentage charge transfer), the intersysterr{zxc'tatlon was elther_at 308 nm using an excimer laser or at
crossing rate constants decrease, but trend to and level off at?0C NM using an excimer pumped dye laser. _

the value for'TCA*. Evidently, the influence of the trichloro- The time-resolved photoacoustic calorimetry experiment has
ethylene is largest when the extent of charge transfer is smallest@en previously describéd=°Photoexcitation was performed
for these systems. For the DCA exciplexes in trichloroethylene &t 420 nm (68.1 kcal/mol) using a nitrogen pumped dye laser
and carbon tetrachloride, the intersystem crossing rate constant@nd argon purged samples at room temperature. The acoustic
also decrease with increasing exciplex energy and also trend toVaves are detected using a PZT transducd.§ MHz). The

the values for DCA in the solvents alone. In these cases, Signalis gmpllfled (Panametrics preamp, Model 5676), digitized
however, the influence of the solvents in increasing the (Tektronix TDS_620), and transferred to a laboratory computer
intersystem crossing rate constants seems to be greater for thé°r data analysis. The waveforms are the average of 50 laser
exciplexes than for the locally excited state; i.e., the effect is Pulses £20uJ). The transducer response function is obtained
largest when the percentage charge transfer is largest. Thes&0m photoexcitation of ferrocene. The optical densities of the
specific solvent heavy-atom effects are obviously quite interest- calibration and sample compounds ar8.3 and are adjusted

ing, but will require further study for a complete understanding. t©© Pe within 1% of each other. Sample absorbances did not
change significantly during the experiment. The time resolution

of the transducer is approximately 100-+&sus. Heat deposi-
tions that occurred faster than 10 ns were not differentiated,
Intersystem crossing rate constants have been obtained fofwhereas those slower tharus were detected.
exciplexes of cyanoanthracenes with alkylbenzene donors in  The triplet energy of DCA was obtained as follows. A DCA
various solvents at room temperature. In general, the ratesolution was excited in the presence of either hexamethylben-
constants eXh|b|t energy-gap-|aw behavior, inCI’eaSiI"lg W|th zene (HMB) or pentamethy|benzene (PMB) and 04 M |odo_
decreasing energy of the exciplex. Smooth trends are observedthane in trichloroethylene solvent. Under the reaction condi-
in the rate constants with changes in the extent of charge-transfekjons, two heat depositions are observett, = —a,En and
character. Together with the energy gap dependence observet\H, = —q,E,,, whereE, is the incident laser energy ang
even when the charge transfer is essentially constant, this isanday, are the fractions of the incident photon energy released
taken as support for a mechanism of intersystem crossing inas heat in the depositions. The experimental enthatpiand
these charge-transfer states as involving a-spiibit coupling ¢, and kinetic,7, < 10 ns andry, values are determined by
induced return electron transfer reaction to give the locally deconvolution of the first 400 points of the acoustic waveforms.
constants are taken as further evidence in support of this|ead to the formation of the DCA triplet state, anu,
mechanism. The spirorbit coupling mechanism is expected  corresponds to its decay. The triplet energy of DCBg)f, is

for the systems studied here, which are characterized by strongca|culated from eq 5, wher&§a and Er)a are the singlet and
electronic coupling. The alternate hyperfine-induced mechanismyiplet energies of DCA.

is only efficient when the electronic coupling is weak.

By combining this intersystem crossing data with that 4 £ —(E — (E).) + ®_((E). — E..) + ®, .E.. +
previously determined for the radiative rate constants, the 2 ™ En ~ Edn) ex(Eda E'iX) IC7EX
dependence of the nonradiative rate constants on the extent of Wisc (Eex — (Epa) (3)

6.0

The data in Figure 7 for the exciplexes of TCA in trichlo-
roethylene show an interesting trend. Tgvalues for the TCA
exciplexes in trichloroethylene are similar to those in the
nonchlorinated solvents at comparablgvalues. With increas-

lll. Summary and Conclusions
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