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Intramolecular charge-transfer systems are classi-
fied as exciplexes (complexes stable only in the ex-
cited state) or electron donor-acceptor (EDA) com-
plexes (also stable in their ground state). EDA com-
plexes? are formed in the dark, upon mixing a solu-
tion of a molecule having a low ionization potential
(electron donor, D) with a solution of a molecule of
high electron affinity (electron acceptor, A). The ap-
pearance of a new electronic absorption band in the
mixed solution, which is not observed in the sepa-
rated systems, is indicative of complex formation.

The energy of the new band is found to be corre-
lated with the ionization potential of the donor ()
and with the electron affinity of the acceptor (E,),
indicating that the transition involves charge trans-
fer from D to A. The energy of the excited (singlet)
state, 1(A—-D*)*, is approximated by eq 1, where C
E.=1, - E,—C (1)

€

is a Coulomb energy interaction factor.

Intramolecular charge transfer in the excited state
was long ago proposed to account for fluorescence
quenching phenomena.? It was later unambiguously
shown3-¢ that fluorescence quenching in nonpolar
solvents may proceed via an excited CT complex
(“exciplex” or “hetero excimer’’), characterized by a
new, red-shifted, emission band. Solvent effects on
the complex emission spectrum,? as well as the cor-
relation of both spectrum® and enthalpy of forma-
tion? with the oxidation-reduction properties of the
fluorescer and quencher, are indicative of the charge-
transfer (CT) nature of such exciplexes.

The common guantum mechanical description of
EDA complexes and exciplexes is based on the va-
lence-bond (resonance structure) treatment of Mul-
liken.8 The first approximation deals with the inter-
action between the ‘“no-bond” ground state (AD)
and the ‘“dative” charge-transfer structure (A-D+),
leading to the expressions 2 and 3 for the ground

¥y = ai¥(AD) + ay(A"D¥) o ~a~1( (2)
Yo = a;'Yy(AD) + as'w(A"D?) e’ ~ a3 =0 (3)
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state (y,) and the first excited singlet state (y,). Ac-
tually, additional states such as higher excited CT
states®® and locally excited states of the no-bond
structure®® should be included, a more general ex-
pression being eq 4, where the ij summation is over

\,b = aM(AD) + ZaZijx//(DfAj_) +
| ;askw(D*A) + > aaP(DAY) (@)
!

the possible states of the (D+A-) structure. The k
and [ summations are over the possible excited states
of Dand A.

In spite of extensive theoretical and experimental
data dealing with excited EDA complexes® and exci-
plexes,* little was known of some fundamental as-
pects of these systems. Experimental difficulties had
prevented direct access to problems such as the de-
tection of higher complex excited states, the dynam-
ics of solvation of the fluorescent state, as well as the
mechanisms of ionization and intersystem crossing
(ISC) which are both important in understanding
the photochemistry of CT systems.

However, in the past few years, Q-switched solid-
state and pulsed gas lasers became available for exci-
tation in flash photochemical experiments with
nanosecond time resolution.1® Such techniques were
extremely useful in providing further insight into the
photophysics of CT systems. This Account describes
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progress in this important area of interaction be-
tween light and chemical systems. Excluding inter-
molecular interactions,’* we shall emphasize the
contributions of laser excitation techniques to the
understanding of both radiation (absorption and
emission) and radiationless (ionization and ISC) pro-
cesses in the excited state of organic CT complexes.

Spectroscopy

Absorption Spectra. A nitrogen-laser photolysis
apparatus!? employed in this laboratory for the de-
tection of fast transient absorbance changes in the
nanosecond rangel3-15 consists of a collinear optical
arrangement in which both the exciting laser beam
and a synchronized analyzing light pulse from a
xenon arc are focussed on the solution within an area
of ~3 X 0.8 mm. The analyzing beam is transmitted
to a photomultiplier and its transient intensity vari-
ations, due to absorbance changes induced in the so-
lution by the exciting laser pulse, are displayed on
an oscilloscope.

As an example of the application of the pulsed
laser technique to EDA complexes, we consider those
formed between sym-tetracyanobenzene (TCNB)
and benzene or toluene.l® In such systems the
337.1-nm Ny laser line lies within the range of the
— Y charge-transfer band. Exposure to the 10-nsec
laser pulse leads to transient absorption spectra
around 470 nm whose lifetimes exactly coincide with
those of the corresponding 500 nm (~100 nsec) CT
fluorescence (Figure 1). The laser-induced absorb-
ance is therefore attributed to the fluorescent state
of either the TCNB-benzene or the TCNB-toluene
complex. As shown in Figure 1, the spectrum of the
excited complex is essentially identical with that of
the (TNCB)- radical anion prepared by convention-
al alkali-metal reduction techniques. The same con-
clusions were also obtained by Masuhara and Mata-
ga by studying the self-reabsorption of the (laser-
induced) fluorescence by the emitting state.1?

Such observations constitute direct evidence for
the charge-transfer nature of the fluorescent state
since, if the latter is essentially composed of the two
ions A~ and D+ (eq 3), it will in first approximation
exhibit an absorption spectrum showing the charac-
teristic bands of the separated ions. Such expecta-
tion agrees with the above laser-photolysis observa-
tions since, in these systems, the contribution of D+
to the absorption is negligible. We may therefore
postulate that CT fluorescent states of EDA com-
plexes and exciplexes will exhibit two types of transi-
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(1967); (b) G. Porter and M. R. Topp, Nature (London), 220, 1228 (1968);
(c) A. Miller, Z. Naturforsch. A, 23, 946 (1968); (d) R. Bonneau, J. Jous-
sot-Dubien, and R. Ben Sasson, Chem. Phys. Lett., 3, 353 (1969); (e) D. S.
Kliger and A. C. Albrecht, J. Chem. Phys., 50, 4109 (1969); (f) C. R.
Goldschmidt and M. Ottolenghi, Chem. Phys. Lett., 4, 570 (1970).

(11) H. Masuhara and N. Mataga, Chem. Phys. Lett., 7, 417 (1970); T.
Kobayashi, K, Yoshihara, and S. Nagakura, Mol Phys., 21, 573 (1971).

(12) C. R. Goldschmidt, M. Ottolenghi and G. Stein, Israel J. Chem., 8,
29 (1970).

(13) C. R. Goldschmidt and M. Ottolenghi, Chem. Phys. Lett., 4, 570
(1970).

(14} C. R. Goldschmidt and M. Ottolenghi, J. Phys. Chem., 75, 3894
(1971).

(15) C. R. Goldschmidt and M. Ottolenghi, J. Phys. Chem., 74, 2041
(1970).

{16) R.Potashnik and M. Ottolenghi, Chem. Phys. Lett., 8, 525 (1970).

(17) H.Masuhara and N, Mataga, Chem. Phys. Lett., 6, 608 (1970).

Accounts of Chemical Research

OOBL

SCnsec:

O

006+

— _¥L_L k... l_l

004+

ABSORBANCE

002+

1 1 Py ™y
350 400 450 500 550
A, nm

Figure 1. Characteristic oscillograms and transient spectra in the
Ny laser photolysis of the TCNB-toluene complex. The upper
trace in the insert was recorded in the absence of the monitoring
light. The 10-nsec pulse is fired after one horizontal division,
exciting the complex fluorescence which appears as a nega-
tive voltage deflection on the oscilloscope screen. The original
level of the trace is recovered after the complete decay of the ex-
cited state, ~200 nsec after excitation. The lower trace was taken
in the presence of the monitoring beam and has been corrected for
the contribution of the fluorescence scattered light. The light to
dark reflection before triggering the laser is 250 mV. This value
decreases (the voltage deflection is positive) after firing the laser,
due to light absorption by the transient excited complex. Note
that the recovery time of the original absorption matches that of
the fluorescence. In the spectral curve the points represent the
laser-induced absorbance change ~20 nsec after triggering. The
solid line is the absorption spectrum of the (TCNB)- radical
anion produced in an alkali metal-tetrahydrofuran solution (data
taken from ref 16).

tions, eq a and b. Obviously, in these transitions, the

h
YD*A™)* — YD**A"), localized excitation within D* (a)

YD*AT)* L (D*A™¥), localized excitation within A™. (b)

CT nature of the complexes is maintained.

When similar laser experiments were extended to
exciplexes, excited-state absorption spectra were ob-
served which could not be rationalized by a simple
superposition of the A- and D+ bands as in the case
of the excited EDA complexes reported above.18:19 A
complete analysis of the numerous bands in the exci-
plex absorption was carried out by considering ‘‘re-
verse CT transitions” to states in which excitation is
localized at the donor or the acceptor!® (eq ¢ and d).

hy
YD*TAT)* —> (A’D*), excitation to states in which the
donor is locally excited (c)

hv
"YD*A™)* = (*A*D), excitation to states in which the
acceptor is locally excited (d)

Apparently the CT state, 1(D*A-)* contains
enough (AD#*) and (*A*D) character (and vice versa)
to make the above transitions allowed. The analysis
assumes, however, that the degree of mixing between
the corresponding zero-order states (A-D+) and,

(18) R. Potashnik, C. R. Goldschmidt, M. Ottolenghi and A. Weller, J.
Chem. Phys., 55, 5344 (1971).
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Figure 2. Schematic molecular orbital diagram representing the
principal optical transitions in the spectrum of an excited CT
complex. The numbers refer to the transitions as described in the
text.

e.g., (A'D*) is too small to affect significantly their
energies, The various transitions are shown in a
schematic molecular orbital diagram in Figure 2.

An example clearly demonstrating the above con-
siderations is that of the TMPD-biphenyl exciplex.1?
Transitions of type a are expected to be represented
by the characteristic, closely spaced, absorption
bands of TMPD+ at 620, 580, and 540 nm. All three
bands are present, though slightly shifted, in the ex-
ciplex spectrum presented in Figure 3. Localized ex-
citations within A~ are predicted at the characteris-
tic 405-nm and 630-nm bands of the biphenyl nega-
tive ion. They are clearly reflected in the exciplex
spectrum by the 410-nm peak and by the 650-nm
shoulder. Among the transitions to locally excited
states only one, involving the S3(*B) state of biphen-
yl, is expected to yield an exciplex band in the 400-

900-nm range. Its 0-0 energy lies around 450 nm,"

fairly coinciding with the 450-nm absorption band of
the exciplex.

Thus, absorption spectra of excited CT complexes
provide us with a new direct criterion for the charge-
transfer nature of the excited state. Hopefully, if put
on a more quantitative basis, such absorption mea-
surements may be used to evaluate the degree of
charge-transfer contribution to the emitting state of
exciplexes and EDA complexes.20 The question
arises as to additional information which may be de-
rived from the excited-state absorption spectroscopy
of CT systems. It appears that such spectral mea-
surements may provide a new route to the experi-
mental observation of excited singlet molecular
states of D or A, which are not detectable in the ab-
sorption spectra of the ground state (Sg), or of the
lowest excited singlet (S;) of the corresponding iso-
lated molecules. :

(20) H. Beens and A. Weller, Acta Phys. Pol., 4 (10), 85 (1968).
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Figure 3. Exciplex absorption spectrum recorded 20 nsec after
triggering the nitrogen laser, in a 2 X 10-3 M TMPD-0.1 M bi-
phenyl solution in methylcyclohexane (data taken from ref 19).

As an example, let us consider the anthracene-
N, N-diethylaniline (DEA) exciplex whose absorption
spectrum is shown in Figure 4. The same figure
shows the analysis of the nine bands observed in the
available 450-1000-nm spectral range. Two bands
(465 and 700 nm) are attributed to transitions of
types a and b. Two more are assigned to excitation
of the donor (transitions of type‘c). Out of the five
remaining bands, four fairly coincide with transitions
to locally excited states of anthracene. Two of such
states (1Bsy,™ and Bj,*) are known from the
ground-state absorption spectroscopy of the mole-

-cule, and two (*A;1,~ and 1By;~) from excited sin-

glet-singlet laser spectroscopy.l©e:13 The remaining
band at 650 nm is attributed to an anthracene 1By, *
state, predicted theoretically by Pariser,2? which
cannot be optically populated from either So or Sy.
Such arguments still await to be generalized in the
cases of other exciplex systems.

In the above discussion we have considered the
fluorescent CT singlet state. The question arises as
to the nature of the corresponding triplet-triplet ab-
sorption spectra of the complexes. In view of their
relatively long lives, the absorption of triplet states
can be recorded by conventional flash-photolysis
techniques. Early measurements of this kind led to
the detection of triplets which were essentially local-
ly excited states.??2 Emission from predominantly
charge-transfer triplet states was first reported by
Iwata, et al.,2® and by Beens and Weller.2¢ The CT
character of the phosphorescent states was subse-
quently quantitatively established by esr studies.25

As to the corresponding absorption spectra, an
analysis such as presented above for the fluorescent
(CT) singlet state should also be applicable to the
case of complex triplet states which are predomi-
nantly CT in nature. This has been recently con-
firmed b_y Matsumoto, et al.,28 and by Masuhara, et

(21) R. Pariser,J. Chem. Phys., 24, 324 (1956).

(22) K. B. Eisenthal, J. Chem. Phys., 46, 3268 (1967); G. Briegleb, H.
Schuster, and W. Herre, Chem. Phys. Lett., 4, 53 (1969); Z. Teitelbaum,
R. Potashnik, and M. Ottolenghi, Mol. Photochem., 3, 107 (1971).

(23) Z. Iwata, J. Tanaka, and S. Nagakura, J. Chem. Phys., 47, 2203
(1967).

(24) H. Beens and W. Weller, “Molecular Luminescence,” E. C. Lim,
Ed., New York, N. Y., 1969, p 203.

(25) H. Hayashi, S. Iwata, and S. Nagakura, J. Chem. Phys., 50, 993
(1969).
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Figure 4. Absorption spectrum of the anthracene-DEA (A-D) ex-
ciplex (bottom) and proposed identification of the observed tran-
sitions (top). Shaded areas are beyond the experimental observa-
tion limits. Closed bars denote anthracene levels observed by
ground state (So) spectroscopy. Striped bars are levels observed
by 8; absorption spectroscopy (laser photolysis). Open bars are
levels unobserved by either one of such techniques. With the ex-
ception of the 650-nm band, all marked wavelength values are
those predicted for the exciplex (0-0 or peak) transitions. The
reader is invited to compare them with the observed spectrum at
the bottom (data taken from ref 18).
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al.,?” who recorded the absorption spectra of the CT
triplets in various TCNB complexes. The presence of
the 475-nm band of (TCNB)- 27 corresponds to the
triplet analog of process a: 3(D+*A~)* - 3(D+A-%),
In contrast to observations reported above for the
singlet fluorescent state, the triplet spectrum of the
TCNB-toluene complex exhibits additional bands
above 500 nm. In agreement with the previous analy-

(26) S. Matsumoto, S. Nagakura, S. Iwata, and J. Nakamura, Chem.
Phys. Lett., 13, 463 (1972).

(27) H. Masuhara, N, Tsujino, and N. Mataga, Chem. Phys. Lett., 12,
481 (1972).
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sis for singlet exciplexes, such bands are assigned?26
to the triplet analogs of type d, i.e.: 3(DtA-)* —
(D3A*).

The failure to observe such reverse CT transitions
in the spectrum of the corresponding singlet EDA
complexes may be due to relatively poor mixing be-
tween the singlet CT and the locally excited configu-
rations. For many EDA complexes, the CT configu-
ration is strongly coupled with the unexcited no-
bond configuration (AD), rather than with excited
structures, a fact which is responsible for the stabili-
zation of the complex ground state.

Time-Resolved Emission Spectroscopy. The flu-
orescence spectra of exciplexes and EDA complexes
markedly depend on both temperature and solvent
polarity. As the static dielectric constant of the sol-
vent increases, the frequency of the fluorescence de-
creases, a phenomenon which is indicative of the
high polarity of the excited state. A quantitative
analysis of the effect,28-30 based on earlier models,3?
attributes the fluorescence spectral shifts to the sta-
bilization of the polar excited state by solvation as
well as to the fact that during emission the solvent
orientation around the complex does not change. A
Franck-Condon state is thus reached which lies
above the relaxed, nonpolar, ground state.

Such treatments, leading to the evaluation of the
exciplex dipole moment, apply when the solvent re-
laxation time (7.) is considerably shorter than the
lifetime of the excited state (7¢), so that emission oc-
curs from a completely solvated complex. At low
temperatures and high solvent viscosities the relaxa-
tion is slowed down, and when 7, ~2= 7;, emission
can take place from nonrelaxed solute-solvent con-
figurations.32 This leads to temperature-induced flu-
orescence shifts such as those cbserved by Mataga
and Murata33 in the case of the low-temperature
TCNB-toluene system. Upon exciting the same
complex with a pulsed N; laser at 147 K, Egawa, et
al.,3% observed that as time elapses in the 10-9-
10-7-sec range the emission band undergoes a red
shift which directly reflects the solvent reorientation
process, from the Franck-Condon to the equilibrium
state of the solvated complex. The data were found
to be in fair agreement with the theoretical expres-
sion of Bakhshiev3® (eq 5), relating the time depen-

I(v,t) = constant x f(v,t) exp(~tfzy) (5)

dence of the fluorescence intensity at various wave-
lengths, I(»,t), with the lifetime of the excited com-

(28) H. Beens, H. Knibbe, and A. Weller, J. Chem. Phys., 47, 1183
(1967).

(29) H. Knibbe, Ph.D. Thesis, Free University of Amsterdam, Amster-
dam, 1969,

(30) N. Mataga, T. Okada, and N. Yamamoto, Bull. Chem. Soc. Jap.,
39, 2562 (1966); T. Okada, H. Matsui, H. Ohari, H. Matsumoto, and N.
Mataga, J. Chem. Phys., 49, 4717 (1968).

(31) E. Lippert, Z. Elektrochem., 61, 962 (1967); J. Czekalla and K. O.
Meyer, Z. Phys. Chem. (Frankfurt am Main), 27, 185 (1961); W. Liptay, Z.
Naturforsch. A, 20, 1441 (19865).

(32) W. R. Ware, P. Chow, and S. K. Lee, Chem. Phys. Lett., 2, 356
(1968).

(33) N. Mataga and Y. Murata, J. Amer. Chem. Soc., 91, 3144 (1969).

(34) K. Egawa, N. Nakashima, N. Mataga, and C. H. Yamamaka,
Chem. Phys. Lett., 8, 108 (1971),

(35) N. G. Bakhshiev, Y. T. Marurenko, and I. V. Piterskaya, Opt.
Spectrosc. (USSR), 21, 307 (1966).
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plex 7:. f(»t) is a parameter representing the time-
dependent shift of the fluorescence spectrum.

The above considerations strictly apply when the
polar fluorescent state of an EDA complex is pre-
pared by the very act of light absorption within the
complex CT band. In the case of exciplexes the emit-
ting state is generated via a bimolecular, usually dif-
fusion-controlled, quenching reaction. Thus, in order
to be detected, the exciplex solvent relaxation pro-
cess ought to be slower than the quenching reaction
which leads from, e.g., 1A*, to1(A-D*)*.

Following earlier studies,%d-36 Nakashima, et al.,37
found suitable experimental conditions for the obser-
vation of solvent relaxation around exciplexes. Time
resolved spectra for pyrene (acceptor) in highly vis-
cous supercooled tri-n-butylamine (donor) at 156 K
showed that, within the first 20 nsec, the maximum
of the exciplex emission band undergoes a red shift
accompanied by a simultaneous increase in intensity
(from a nonzero initial value). The first effect is at-
tributed to some specific {AD) pairs having an initial
geometrical configuration leading to a very fast for-
mation of the exciplex. A solvent reorientation oc-
curs subsequently, leading to the time-dependent red

shift of the fluorescence. The time-dependent in--

crease in intensity is attributed to a rearrangement
of solvent-solute configurations which lacked the ini-
tial geometry required for the immediate formation
of the exciplex. This rearrangement occurs in the
same time range as for solvent relaxation around the
newly formed dipole.

Finally, let us speculate as to the time-resolved
absorption (rather than emission) spectra of exci-
plexes or fluorescent EDA complexes. Our previous
analysis predicts that, since the CT nature is main-
tained, transitions of types a and b will not be signif-
icantly affected by solvent reorganization and will
not exhibit a time-dependent shift. In fact, a recent
observation2” has shown that the 475-nm absorption
band of the fluorescent TCNB-toluene complex is
present, practically unshifted, also at 77 K, when
solvent relaxation does not occur within the fluores-
cence lifetime. On the other hand, the reverse CT
bands ¢ and d, involving a change in complex polari-
ty, should exhibit a time-dependent blue shift, in
complete analogy with the time-dependent fluores-
cence red shift, If verified experimentally, such a
prediction may serve as a powerful tool in discrimi-
nating between transitions of types a and b and
those of types ¢ and d.

Tonization

Exciplexes in Polar Solvents. Upon increasing
the solvent polarity, both the exciplex fluorescence
intensity and its lifetime decrease.38-41 Ultimately,

(36) Y. Yoshihara, T. Kasuya, A, Inoue, and S. Nagakura, Chem. Phys.
Lett., 9, 469 (1971).

(37) N. Nakashima, N. Mataga, F. Ushio, and C. Yamanaka, Z. Phys.
Chem. (Frankfurt am Main) 79, 150 (1972).

(38) H. Knibbe, K. Rollig, F. P. Schifer, and W. Weller, J. Chem. Phys.,
47,1184 (1967).

(39) N. Mataga, T. Okada, and N. Yamamoto, Chem. Phys. Lett., 1,
119 (1967).

(40) S. Murata, H. Kokubun, and M. Koizumi, Z. Phys. Chem (Frank-
furt am Main), 70, 47 (1970).

(41) K. Kaneta and M. Koizumi, Bull. Chem. Soc. Jap., 40, 2254 (1967);
D.Rehm and A. Weller, Ber, Bunsenges. Phys. Chem., 73, 834 (1969).
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in polar solvents such as acetonitrile, the exciplex
fluorescence can no longer be detected and, as shown
by flash photolysis, the quenching process is associ-
ated with the formation of the corresponding radical
ions of the donor and the acceptor.42-44

One desires a detailed model to explain those ob-
servations and especially the fact that the fluores-
cence intensity decreases more rapidly with increas-
ing polarity than does the corresponding fluorescence
lifetime. Weller and coworkers#? formulated a
scheme according to which the yield of formation of
the fluorescent exciplex 1(A-D+)* (from the initially
formed encounter complex, (1A* . . . D), as well as
its lifetime, are reduced in polar solvents due cor-

respondingly to processes 6a and 6b. (2Ag~ « - :2Dgt)
1A =Tyt y%
(A'D7)y* ®)
(a)
'A*-.D — (A7 --DY) — A, + D (8)

is a solvent-shared ion pair which may subsequently
dissociate to the separated ions. An alternative ap-
proach attributed the polarity effects to solvent-in-
duced changes in the exciplex radiative as well as
nonradiative transition probabilities.3? Although
such effects do exist to a certain extent, this inter-
pretation has been criticized on both experimental
and theoretical grounds.2%.45 Experimentally, direct
evidence supporting Weller’s scheme comes from the
recent laser-induced photoconductivity studies of
Mataga and coworkers.46a.> Working with pyrene*
(or anthracene*) + DMA in pyridine (¢ = 12.3) they
observed that most of the photocurrent is present
immediately after the laser pulse, thus confirming
process 6a. However, a small fraction grows in slowly
at a rate matching the decay of the exciplex fluores-
cence, in agreement with eq 6b.

Taniguchi, et al.,%¢ have also estimated, semiem-
pirically, the free-energy difference between the dis-
sociated ions (Ag~ + D7) and the solvated ion pair
(Ag—- - + Dg*). When ¢ ~ 10 this difference amounts
to ~0.2 eV, thus being considerably larger than the
thermal energy at room temperature. Since ions are
still monophotonically generated even in solvents
with dielectric constants as low as ~8, this estimate
led to the suggestion that the fast dissociation process,
circumventing the thermalized exciplex, may take
place from nonrelaxed ion-pair#6a.b or exciplex?
states by-passing also the thermalized ion pair. The
question as to whether ionization does quantitatively
account for the decrease in the population of the fluo-
rescent state 1(A-D+)* at higher polarities is still
open. Recent observations of Mataga and coworkers*?
indicate that the process competing in polar solvents

(42) H. Leonhardt and A. Weller, Ber. Bunsenges. Phys. Chem., 67, 791
(1963); H. Knibbe, D. Rehm, and A. Weller, ibid., 72, 257 (1968).

(43) M. Koizumi and Y. Yamashita, Z. Phys. Chem. (Frankfurt am
Main), 57, 103 (1968).

(44) K. Kawai, N. Yamamoto, and H. Tsubomura, Bull. Chem. Soec.
Jap., 42, 369 (1969). X

(45)H. Beens, Ph.D. Thesis, Free University of Amsterdam, Amsterdam,
1970.

(46) (a) Y. Taniguchi, Y. Nishima, and N. Mataga. Bull. Chem. Soc.
Jap., 45, 764 (1972); (b) Y. Taniguichi and N. Mataga, Chem. Phys. Lett.,
13, 596 (1972).

(47) N. Mataga, private communication,
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Figure 5. Dependence of peak photocurrents (P on the laser light
intensity ([) in CT quenched systems (data taken from ref 19):
(A) P ~ I2 dependence in the case of TMPD quenched by 0.1 M
naphthalene (O) or bipheny! (®) in isopentane; (B) linear rela-
tion between P and I in the case of pyrene quenched by 0.1 M
DEA in acetonitrile.

with the formation of i(A-D+)* (from nonrelaxed
states) may be intersystem crossing (see below) rather
than ionization. Evidently, more data are required to
obtain a quantitative picture of the primary processes

in exciplex systems. )
Exciplexes in Nonpolar Solvents. No transient

photoconductivity is detectable when the fluores-
cence of pyrene, excited by the 347.2-nm ruby pulse,
is quenched by dimethylaniline in n-hexane (¢ =
1.89) as solvent.#6 This fits the semiempirical esti-
mates of Taniguchi, et al., which predict for the free
energy of the dissociated ion radical state, (As~ +
Ds*), a value of 4.93 eV which is not only above the
‘energy of the thermalized exciplex (3.28 eV) but also
above the energy of the laser quantum (3.6 eV).

A different situation is, however, encountered in
other donor-acceptor systems. Thus, photoconduc-
tivity is observed when the fluorescence of TMPD in
hydrocarbon solvents, excited by the 337.1-nm N,
laser line, is quenched by aromatic electron accep-
tors such as naphthalene (N) and biphenyl (B).2®
Since the energy requirements for photoionization
cannot be fulfilled by a single light quantum, this
observation can be rationalized only by assuming a
two-photon process. This is in fact confirmed by plot
A in Figure 5, showing a second-power dependence of
the photocurrent (P) on the light intensity (I). Such
a nonlinear behavior characterizes biphotonic pro-
cesses and is in contrast with the linear relationship
between P and I observed, for example, in the case of
pyrene-DEA in acetonitrile (Figure 5 B and ref 46),
where the ionization process (see above) is monopho-
tonic.

As to the detailed mechanism of the two-quantum
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reaction, a detailed analysis!? suggests that ions are
produced via light absorption by the thermalized ex-
ciplex. Schematically

TMPD s 'TMPD* >

h
YTMPD*N")* —Z» TMPD* + N~

Such a mechanism implies a substantial extinction
coefficient of 1{(TMPD+N-)* at the 337.1-nm laser
excitation line. Although due to experimental dif-
ficulties direct measurement of such parameters was
not possible, the previous analysis of the exciplex ab-
sorption spectrum predicts a strong contribution
from transitions of types a and b in the cases of both
Y(TMPD+N-)* and {(TMPD+B~)*,

EDA Complexes. The low fluorescence quantum
yields of EDA complexes at room temperature have
frequently been attributed to ionic dissociation in
the excited state. However, the available evidence
concerning the photoionization of EDA complexes is
still very limited. We shall refer to a few experiments
relevant to this problem. Low-temperature flash ex-
citation of the CT band of the pyromellitic dianhy-
dride (PD)-mesytilene complex leads to the observa-
tion of a growing-in of the (PD)- ion at a rate
matching the decay of the complex CT phosphores-
cence.*® This is indicative of spontaneous thermal
dissociation of the lowest (CT) triplet state.

3PDM)* — (PD)” + M*

Ionic dissociation of the CT singlet state has been
proposed in the case of some EDA complexes on the
basis of laser photoconductivity experiments.4® It
appears that nonrelaxed Franck-Condon excited
states are important in the ionization process.*?
Both triplet and singlet ionization mechanisms ap-
pear to operate in the case of the TCNB-«o-methyl-
styrene complex.5¢ It appears, however, that addi-
tional experimental data, such as the effects of light
intensity and solvent polarity, studied with fast de-
tection techniques, will be necessary to obtain a
comprehensive picture of photoionization mecha-
nisms of EDA complexes.

Intersystem Crossing

“Slow’’ Intersystem Crossing (ISC) in Nonpo-
lar Solvents. We have previously reported pulsed
laser experiments in the TMPD-naphthalene system
leading to the observation of a transient absorbance
change attributed to the H(TMPD+N-)* exciplex. A
residual long-lived change in absorbance, after the
exciplex decay is completed, can be readily attrib-
uted to the triplet state of naphthalene (Apax 415
nm). The result is consistent with previous observa-
tions of triplets following CT fluorescence quenching
in polar3.4b.51,52 gnd nonpolar®® solvents. As to the

(48) R. Potashnik, C. R. Goldschmidt, and M. Ottolenghi, J. Phys.
Chem., 73, 3170 (1969).

(49) H. Masuhara, M. Shimada, and N. Mataga, Bull. Chem. Soc. Jap.,
43, 3316 (1970); H. Masuhara, M. Shimada, N. Tsujino, and N. Mataga,
ibid., 45 (1972).

(50) M. Irie, S. Tomimoto, and K. Hayashi, J. Phys. Chem., 76, 1419
(1972).

(61) K. H. Grellmann, A. R. Watkins, and A. Weller, J. Luminescence,
1,2, 678 (1970).

(62) K. H. Grellmann, A, R. Watkins, and A. Weller, J. Phys. Chem.,
76, 469 (1972).
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Figure 6. Transient absorbance changes showing the anthracene triplet-state generation at 430 nm in exciplex systems. (a) Slow growing-in
process in 3.6 X 10-¢ M anthracene quenched by 3 X 10-* M DMA in cyclohexane. Note the matching between the absorbance growing-in
and the exciplex fluorescence decay (data taken from ref 55, ruby laser photolysis). (b) Fast triplet generation for anthracene (10-2 M)
quenched by DEA (5 X 10~1 M) in toluene. Note that the absorbance change at 430 nm is completed prior to any substantial decay of the

exciplex (data taken from ref 60, N2 laser photolysis).

time scale associated with the triplet formation, a
distinct growing-in stage of the absorbance at 415
nm indicates that the triplet is generated at the
same rate at which the exciplex fluorescence disap-
pears (71,2 ~ 60 nsec).?* This establishes that ISC
does occur from the thermalized exciplex in competi-
tion with fluorescence.

L s - kisc N
(D*A™)* — D + A* N

Similar growing-in processes, matching the exci-
plex fluorescence decay, have also been observed for
the triplet state of biphenyl in the system 1TMPD* +
B,5¢ for that of anthracene when the latter fluores-
cence is quenched by dimethylaniline?4-35 (shown in
Figure 6a), and for the naphthalene triplet in the
system i1DEA* + N.% Independent evidence sup-
porting the mechanism of eq 7 is based on experi-
ments* in which triplet yields (¢isc), recorded in
deaerated solutions, are compared with those ob-
served in the same systems in the presence of dis-
solved oxygen (¢1sc(02)). In such systems the exci-
plex fluorescence is efficiently quenched by 03%¢ so
that the observation ¢rgc(O2) < ¢rsc confirms that
ISC and fluorescence emission originate competitive-
ly from the thermalized exciplex.

It can therefore be concluded that, as in the case
of most aromatic molecules, ISC in the above CT
systems occurs in the nanosecond range in competi-
tion with fluorescence. It will be referred to as a
“slow” ISC path.

(563) C. R. Goldschmidt, R. Potashnik, and M. Ottolenghi, J. Phys.
Chem., 75, 1025 (1971).

(54) N. Orbach and M. Ottolenghi, to be published.

(55) E. J. Land, J. T. Richards, and J. K. Thomas, Conference on Ele-
mentary Processes in Radiation Chemistry, Notre Dame, Ind., April 4-7,
1972; J. Phys. Chem., 76, 3805 (1972).

(56) The same is true for the triplet states. However, the nanosecond
time resolution of the laser apparatus allows the measurements of relative
triplet yields even when their lifetime is shortened by the reaction with Oz.

“Slow’’ ISC in Polar Media. Extensive chemilu-
minescence studies57-58 indicate that the recombina-
tion of aromatic radical ions in ethers can lead to the
formation of triplet states (eq 8). We saw above that

A"+ DS — *A*+ D ®)

formation of ions following CT fluorescence quench-
ing is an efficient process at relatively high solvent
polarities. Thus, as long as the energy level of the
separated ions lies above that of the triplet state,
process 8 should be considered as a plausible ISC
path for excited EDA complexes or exciplexes.51.52
In order to observe process 8 directly in photochemi-
cal systems, the rate of bimolecular ion decay (equal
to that of the 3A* evolution) should be faster than
the decay of 3A*, but within the time resolution of
the pulsed photolysis apparatus. Such conditions
have been achieved using the Nj laser as the exciting
source. Thus, a growing-in of the pyrene triplet,
kinetically matching the diffusion-controlled bimole-
cular decay of the ions, has been observed following
the quenching of the pyrene fluorescence by DEA in
acetonitrile as well as in several other systems.54.59
“Fast’’ ISC in Polar and Nonpolar Solvents. A
close examination of the laser photolysis data for an-
thracene* and pyrene* quenched by DEA,53 as well
as for pyrene* and 1,2-benzanthracene* quenched by
DMA,55 indicates that the above ‘“slow” mechanism
is not the only ISC path in CT systems.’3 Thus, in
such cases, the characteristic bands of the corre-
sponding triplets are present immediately after the
laser flash, prior to any substantial decay of the exci-
plex (see Figure 6b). In some cases, e.g., anthracene*

(57) A.Weller and K. Zachariasse, J. Chem. Phys., 46, 4984 (1967).

(58) K. Zachariasse Ph.D. thesis, Free University of Amsterdam, Am-
sterdam, 1972.

(59) H. Staerk and A. Weller, to be published.
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Figure 7. lons and triplet-state production in the CT quenching
of pyrene fluorescence by DEA in a polar solvent. Solid line: tran-
sient change in ahsorbance recorded 25 nsec after firing the nitro-
gen laser in a methanol solution of 10-4 M pyrene quenched by 5
x 10-2 M DEA. Dashed line: superimposed spectra of P~ and
DEA+ reproduced from available data in the literature (details in
ref 60). The 415-nm band which is absent in the superimposed
spectra of D~ and A~ is due to the triplet state of pyrene. Insert:
oscillogram taken at the maximum of the pyrene negative ion ab-
sorption band.

+ DMA, the appearance of the triplet growing-in
stage, together with a substantial triplet absorption
immediately after the pulse, indicate that both
“slow” and “fast’” mechanisms may operate simulta-
neously in the same system. Figure 7 shows that a
“fast” ISC mechanism is also occurring in a polar
solvent such as methanol where no exciplex fluores-
cence is detectable. The change in absorbance re-
corded 25 nsec after firing the laser not only exhibits
the characteristic bands of pyrene— (at 495 nm) and
of DEA+ (around 460 nm), but also that of the py-
rene triplet state at 415 nm. After 25 nsec the
bimolecular decay of the ions is still negligible (Fig-
ure 7, insert), so that process 8 cannot account for
the substantial amount of triplets present at this
time.

Independent support for the occurrence of a “fast”
ISC mechanism comes from comparison of tempera-
ture effects on the triplet yields with those on the
yields of exciplex fluorescence (nonpolar solvents)
and ion formation (polar solvents).60 The data are
interpreted by assuming that the initially formed lo-
cally excited encounter pair (1A*...D) (see eq 6)
converts first to a nonequilibrium form of the CT
state, 1(A-D+)z. In a nonpolar solvent this state can
either relax to the fluorescent state, 1(A-D~*)*, or
undergo ISC. This competition determines the rela-
tive yields of the triplet (3A*) and of the fluorescent
state, 2(A~D+)*, In polar systems the process com-

(60) N. Orbach, R. Potashnik, and M. Ottolenghi, J. Phys. Chem., 76,
1133 (1972).
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peting with triplet formation is: *(A-D+) —
(Ag—+++Dgt), leading finally to the separated ions
As~ + Ds*. It is argued that H{A-D+)= is a Franck-
Condon state with excess vibrational energy so that
the observed temperature effects on the various
yields are due to temperature effects on vibrational
relaxation rates.61

Similar conclusions have recently been extended by
Mataga and coworkers to the case of the TCNB-tol-
uene EDA complex27 at 77 K, for which they ob-
served a fast (<20 nsec) generation of the CT triplet,
preceding the population of the fluorescent state. At
77 K the fluorescent state is always nonrelaxed with
respect to its permanent dipole solvation structure;
nevertheless, it does not undergo ISC. This confirms
that the excess energy enhancing ISC in the Franck-
Condon state is intrinsic within the complex rather
than being due to complex-solvent interactions.

Finally, a few words about the high rates involved
in the fast ISC path: it was long ago recognized that
intermolecular CT interactions can provide a general
mechanism for the induction of spin-orbital cou-
pling.%2 But which coupling scheme is relevant in en-
hancing spin-orbit coupling in the CT systems pre-
viously discussed? Also, why is such coupling very
efficiently induced in nonrelaxed levels of the lowest
electronically excited singlet state?

Tsubomura and Mulliken in their treatment of
fluorescence quenching by molecular oxygen®3 have
suggested that, due to the (¢ H'3Ycr) spin-orbit
matrix element, ISC takes place from the localized
lowest excited singlet state of the M-0z CT complex
(*y,) to the CT triplet state (3ycr). Such a process,
followed by the transition to a localized triplet (3y4),
has been also assumed by McGlynn, et al., to be re-
sponsible for the increased ISC rates in various CT
complexes.®¢ However, other coupling schemes due
to spin-orbit matrix elements such as CycrH 3¢,
(MWerH 3¢y, and (*¢crH’3¢n), where 3(¢1) and 3(yn)
are correspondingly the lowest and a higher localized
triplet state, should also be taken in consideration.%2

Discrimination between the various alternatives is
at present impossible. Moreover, it is difficult to
speculate as to the dramatic effect of nonrelaxed
states in enhancing the process. One possibility is
that excess vibrational energy is needed to reach an
intersection point of the two potential energy curves
involved [(e.g., those of 1(ycr) and 3(y))]. Another
possibility is that the excess energy in ycr allows
the transition to a higher triplet state [Y(y¢t) or
1(yn)] which is closer to it in energy than 3¢,. Ob-
viously, much more experimental and theoretical
work will be required for quantitative description of
the prethermalized ISC path.

Most of the experimental data from this laboratory reported in
this Account are from research sponsored by the U. S. National
Bureau of Standards.
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