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Electronic Structure and Dynamics of the Excited State in CT Microcrystals As Revealed
by Femtosecond Diffuse Reflectance Spectroscopy
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Transient absorption spectra of charge-transfer (CT) crystals between methyl- or methoxy-substituted benzene
derivatives and pyromellitic dianhydride (PMDA) were measured by femtosecond diffuse reflectance
spectroscopy, and the electronic structure and dynamics of the excited state depending on the nature of the
electron donor (D) are discussed. For such weak CT complexes, it was confirmed that excitation energy is
localized in one doneracceptor pair and the mixing of CT and locally excited (LE) configurations is important

in the excited CT singlet state. The CT degree of the excited state depends on the oxidation potential of D
and on the mutual configuration of D and electron acceptor (A) molecules. The second-order decay constant
of the excited state was observed under usual photolysis conditions, from which a motion-limited diffusion
was considered. A first-order decay of the transient absorption was obtained, when the excitation intensity
was weak, and ascribed to charge recombination to the ground state. The energsA@pépendence of

the charge recombination rate constadgk)] was confirmed to give a linear relationship betweetkdgY and

|—AG|.

Introduction chanical calculations on the excited state of the tolu€reNB
) ] ] ) complex predicted that CT and LE configurations contribute

_ CT Iinteraction in excited states plays fundamental and gmost equally to the FC excited state, in which the center of
important roles in a number of photochemical and photophysical the benzene ring of toluene is shifted against the center of that
processes in condensed phases such as electron and protofx TcNB2-6 |t was also shown that the high CT degree is
transfer, hydrogen abstraction, photoinduced charge transportygained in the geometrical conformation where two rings are
of organic molecular crystals and amorphous polymer films, symmetrically overlappe®:® A geometrical and electronic
and so orf,and it has been investigated for various kinds of gtrctyral change from the FC excited state to the equilibrium
D—A systems. Among them, the ground-state CT complexes gne including solvation by surrounding solvent molecules,
of weak s-electron D-A pairs, such as methyl-substituted  gpoyid take place. This relaxation was considered in details
benzene 1,2.4,5-tetracyanobenzene (TCNB) aRBMDA com-  yy picosecond and femtosecond transient absorption spectro-
plexes, have been studied as representative systems. scopic method$8 A full CT state (or a contact ion pair) is

The ground-state absorption spectra and the fluorescencegenerated within several tens picosecond after excitation, whose
spectra of such CT complexes have been studied thoroughly indynamics depends on the nature of D and A and on the solvent
solution#¢ Quantum mechanical calculations in the frame- polarity. In polar solvents, the contact ion pair is followed by
work of PPP approximation were conducted for analyzing the dissociation into free ion radicals, competing with charge
spectral bands and for elucidating their electronic structures by recombination to the ground stdt&10-12
Nagakura et at:*°and by us'> A more direct confirmation The similar electronic structure and dynamics of the CT
of the CT character in the excited singlet state is to measure o cjteq state were revealed for the solid crystals composed of
the absorption spectra of the excited state, which was first made,; ek 7-electron D and A molecules by picosecond and
possible by nanosecond laser photolysis technfgtieMore- femtosecond diffuse reflectance spectroscBp§e This spec-
over, recent devglopments of picosecond anql femtoseqondtroscopic techniqué for opaque microcrystalline powder
transient absorption spectroscopy made possible the directy,mpes is useful for transient absorption spectroscopic studies
observation and analysis of the very fast charge separation,t cT crystals, because it does not need a large and transparent
processes Lollowmg photoexcitation of the ground-state CT gampie as required for experiments using transmittance mode
complexes: absorption spectroscopy. The ionic character of the excited state

The wave function of the CT complex in the ground state has been directly proved for several kinds of CT crystals; hence,
consists mainly of nonbonded structure (DA) and partially of it is considered to be an ionic-BA pair generated in an infinite
CT structure (DA™), while that of the excited singlet state is  quasi-one-dimensional array with co-facial alternating stacking
mainly composed of the CT structure according to Mulliken of neutral D and A. It was also confirmed for durefeMDA
theory? However, the degree of CT is less than unity in the CT crystal that the ion-pair-like state was formed within a few
Franck-Condon (FC) excited state of such weak CT complexes picoseconds after excitation and was localized in-aApair.15
as toluene- TCNB and —~PMDA.>"8 Previous quantum me-  The electronic coupling of CT and LE configurations is of
importance even in the relaxed excited state, and large geo-
€ Abstract published ifAdvance ACS Abstractfecember 15, 1996. metrical changes accompanied with the relaxation process from
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the FC excited state to the relaxed excited state, which is % absorptior= 100(1— R/R,)
appreciable in solutions, should be strongly restricted. These

results clearly demonstrate that the relaxation dynamics and thewhere R and R, represent intensities of the diffuse-reflected
resultant electronic structure of the equilibrium excited state white-light continuum of the probe pulse with and without
differ from those of the same -PA pair in solution. excitation, respectiveli{f Typically, the spectral data were

In the present work, we have prepared a series of CT crystalsaveraged over 300 measurements. It is well-known that the
of various methyl- or methoxy-substituted benzene derivatives value of % absorption is not proportional to the concentration
and PMDA and have measured the transient absorption spectraf transients species for the high values of % absorpfidtie
with excitation of the CT absorption band by femtosecond examined a linearity of the value against excitation intensity
diffuse reflectance spectroscopy. By changing D in a series of and a transient absorption spectral deformation under high
the PMDA CT crystals, their crystalline form, i.e., local excitation conditions for some powders. In the case of durene
geometrical conformation between D and A, may change from PMDA crystal, for a representative example, a saturation
one to another. Also, the energy level of the CT configuration tendency in % absorption was observed above 25%. In this
varies with the oxidation potential of D. From these viewpoints, region, the transient absorption spectral shape became much
transient absorption spectral data were examined. Interestingbroader than those in the weak intensity region. Therefore, we
features of the transient absorption spectra and the dynamicsadjusted the excitation intensity so that the maximum %
depending on the nature of D, are presented and discussed. absorption was less than 25% in the measurements; typically,

the excitation intensity was less than 0.5 mJém
Experimental Section Time-Resolved Fluorescence Spectra and Fluorescence
. Decay Curves. Fluorescence decay curves were measured by

Samples. PMDA (GR grade, Tokyo Kasei) was recrystal- 5 picosecond 2-D streak camera (C4334, Hamamatsu). A
lized several times from ethyl acetate. Durene, 1,3,5-tri- femtosecond pulse train (76 MHz, 1 W, 150-fs fwhm) from a
methoxybenzene (135TMB) (GR grade, Tokyo Kasei), and ¢ self-mode-locked Ti:sapphire laser (Mira 900, Coherent),
p-dimethoxybenzene (pDMB) (GR grade, Nacalai tesque) were \yhich was pumped by an Arlaser (Innova 310, Coherent),
purified by recrystallization fr(_)m ethanol. 1,2,4-Trimethoxy- ~was dumped to a 4-MHz train by a pulse picker (Model 9200,
benzene (124TMB), hydroquinone (HQ) (GR grade, Nacalai coherent). The obtained laser pulse was frequency doubled
tesque), and hexamethylbenzene (HMB) (zone refined, Tokyo ang ysed as an excitation light source. The excitation wave-

Kasei) were used as received. CT crystals were grown from jenqgih was about 390 nm and its intensity was less than 1 nJ/
their acetonitrile or methyl ethyl ketone solution containing  se.

equimolar amounts of benzene derivative and PMDA by slowly
evaporating the solvent or by slowly cooling the hot solution.
In the cases of durerg pDMB—, and HQ-PMDA complexes,
rather large crystals were grown from the acetonitrile solutions.
In other cases, only microcrystals of the CT complexes were
obtained. Durene and pDMB microcrystals doped a little with
PMDA were prepared by heating their mixture at@under
deaerated conditions, followed by rapidly cooling the molten
mixture. The concentration of PMDA was diluted to about“.0
and 102 M for durene and pDMB mixtures, respectively.

All transient absorption spectra were obtained for the micro-

crystals prepared by grinding the crystals in a mortar and were  Ejectronic Structure of the CT Excited State. The transient
contained in a quartz cell (2-mm thickness). Their particle sizes absorption spectra of durene HMB—, and pDMB-PMDA
ranged over several micrometers as estimated with an opticalcrystals at 10 ps after excitation are shown in Figure 1. With
microscope. In order to check the effect of the grinding the excitation of the ground-state CT absorption, we observed
procedure upon transient absorption spectral data, we examinedransient absorption spectra with an absorption maximum around
microcrystals with different sizes (several 10 to 10@). As 700 nm which are more or less similar to the absorption band
no clear size dependence was obtained, we concluded that thef pMDA anion radicaf-18 Compared to the anion radical in
surfaces of the small microcrystals and some defects in the spjution, the bandwidth of the crystals is broader and the peak
crystal, which may be generated by grinding the crystals, do position shifts to the longer wavelength. All the transient
not affect the results appreciably. absorption spectra increased within the temporal response of

Transient Diffuse Reflectance Spectra. The details of a  the spectroscopic system (a few picoseconds) and monotonously
femtosecond diffuse reflectance spectroscopic system have beedecayed without any appreciable spectral change. Moreover,
reported elsewher€. Briefly, an excitation light source consists  when the excitation intensity was low, the decay behavior was
of a cw self-mode-locked Ti:sapphire laser (Mira 900 Basic, approximately the same as that of CT fluorescence measured
Coherent), pumped by an Adaser (Innova 310, Coherent), by a streak camera as shown in Table 1. Therefore, it is
and a Ti:sapphire regenerative amplifier system (TR70, Con- concluded that the absorption spectra are due to the relaxed
tinuum) with a Q-switched Nd:YAG laser (Surelight I, Con- excited singlet state (the fluorescence state) and not to other
tinuum). The fundamental output from the regenerative am- ionic species.

plifier (780 nm, 3-4 mJ/pulse, 170-fs fwhm, 10 Hz) was The $—S; absorption spectral shape depending on D is not
frequency doubled (390 nm) and used as an excitation light due to the spectral overlap of the absorption band eventually
source. The residual of the fundamental output was focusedascribed to the countercation of D, since the cation radicals of
into a quartz cell (1-cm path length) containing®o generate  durene, HVB, and pDMB do not have any absorption band in
a white-light continuum as the probe beam. the wavelength range from 600 to 900 AfnThis is clearly
Transient absorption intensity was displayed as the percentageconfirmed by the transient absorption spectra of these CT
absorption given by complexes in solution. As shown in Figure 1B, their transient

Ground-State Absorption Spectra. Absorption spectra of
the ground-state CT crystals were estimated by the Kubelka
Munk reemission functio®’ Diffuse reflectance spectra were
measured using MgO powder (GR grade, Tokyo Kasei) as a
standard, which was recorded with two synchronously driven
monochromators of a fluorescence spectrophotometer (F4500,
Hitachi). For this measurement, CT crystals were diluted to
about 5 vol % with MgO powder.

Results and Discussion
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phonon coupling, and also an appreciable Coulomb interaction
1ok (A) o between generated highly ionic component molectfiés.
% Recently, we compared the transient absorption spectrum of a
1:1 CT crystal of durenePMDA and that of 10 M PMDA-
doped durene crystal and found good agreement between the
spectral® Here, we have further diluted PMDA to 1M in
the durene crystal, but its transient absorption spectrum was
still in accordance with that of the 1:1 CT crystal. Namely,
the absorption band which is broad and red-shifted compared
to PMDA anion radical was observed independent of the
concentration ratio of D and A. A similar result was also
observed for the pDMBPMDA complex. Consequently, we
can conclude that the electronic excitation is localized in one

e Absorption (normalized)

D—A pair and the electronic interactions between the pair and
@ ror (B) neighboring neutral molecules are quite small. Therefore, we
N can treat surrounding ground-state D and A molecules as the
é 0.8 solvent (an oriented-gas model) and consider the excited
5 electronic structure of the CT crystals in terms of a®pair.
= o6 As absorption spectra of the excited state are not identical
3 with the absorption bands of D cation and A anion, we should
S 04 consider the contribution of the LE and the nonbonded ground-
2 state configurations. This was first theoretically shown by
_:2 0.2 Nagakura et at* and later experimentally demonstrated in
< ikt T o solution as men’gloned above. The wave function of a weak

0.0 L il CT complex is given by
500 550 750
Wavelength / nm Weomplex= C1Wg + CoWer + CoW e

F:g,‘\jlrs 1}-3&”8??&‘)?3 ;b;?\;gj:” sp de?tr)a dOf cT 'S:\%’;WSI%S of (@) whereW,, Wcr, andW g represent the electronic wave functions

P - , - , ana (c) durene at ps

after 390-nm excitation and (B) those in ethyl acetate solution. for the nonbonded grouf‘d st?te, the full CT state, _and t_he LE
states of D or A, respectivefiy® In general, the configuration

TABLE 1: Energetic and Dynamic Properties of the Excited interactions among them depend on their energy levels as well
States of the CT Crystals of Methyl- or Methoxy-Substituted as the mutual geometry of D and A. When the LE configuration
Benzene Derivatives and PMDA has an energy level close to that of the CT configuration, the
spectral data of former configuration is involved to a great extent in the excited
PMDA anion-like band state, reducing its CT degree. Since we examined a series of
Eox® Minax® hvfma®  peak,  width?  7a° 7auo PMDA CT crystals of methyl- and methoxy-substituted benzene
donors eV 10cm? 10fcm? nm  1em™ ps ps derivatives, the energy level of the LE configuration is almost
T;?Ar VB 112 1177-25 hh %%% %3382 16-5 f;] constant for each crystal. Therefore, it is predicted that the CT
DMB 134 185 14 688 031 15 <20 degreg varies with the CT energy level, i.e., the oxidation
135TMB 1.49 22.7 16.7 678 039 900 gop Potential of D. _
HMB 159 21.3 18.3 693 0.50 4300 5500 In Table 1, the peak wavelengths and the widths of the
durene 1.78 21.7 18.7 703 0.58 4500 4500 excited-state absorption spectra of the CT crystals are listed.
ion pair 667 0.3 They become close to those of a contact ion pair in solution

a2 Oxidation potential of donorss SCE from ref 19 The energy ~ With decreasing of the oxidation potential of D and with
of the CT absorption maximum of the ground st&t€he energy of lowering of the peak energy of the CT absorption of the ground
the CT fluorescence maximurfiThe absorption spectral width (hwhm)  state. Namely, the electronic structure of the PMDA complexes
of the PMDA anion band with a peak around 700 rfitThe lifetime changes to be more ionic and the CT degree becomes higher in
gf the CT excited state obtained by transient absorption and fluorescencey, o gy citad state for the crystals of D with lower oxidation

ecay measurements, respectivélj contact ion pair in acetonitrile. . . .
h No fluorescence was observed. potential. For the crystal of pDMB, the width is almost the
same as that of the contact ion pair in solution; hence, the LE

absorption spectral shape in ethyl acetate solution is almostconfiguration is negligibly small, and a full CT state should be
independent of D. attained. On the other hand, the absorption peak wavelength

The difference of the S-S, absorption spectra between these of the pDMB—PMDA crystal is still longer than that of the
PMDA complexes is ascribed to the geometrical conformation contact ion pair. This may be ascribed to the difference of the
of D and A and to the electronic nature of D. Namely, the CT surrounding environmental conditions. In the case of the HQ
degree of the excited PMDA complexes is determined by the complex, the peak is red-shifted and the width is broader
crystal structure and the oxidation potential of D. The electronic conversely, although the CT absorption band of the ground state
interaction of D and A can be discussed for the fixed D and A is located in the lowest energy for the crystals examined here.
geometry. Before going on with the detailed discussion, we Some contribution of the ground-state configuration appears to
have to mention whether the excited state is delocalized overbe involved as further lowering of the energy level of the CT
many or several D and A moieties in the crystals as an exciton configuration.
or localized on one BA pair. Hochstrasser et al. and Haarer Generally, the electronic structure of the relaxed excited state
et al. considered that CT excited states of molecular crystals of of a weak CT complex in solution as well as the solid state has
weak D-A complexes are rather localized (self-trapped), been considered, to the first approximation, as one electron
because of its alternating molecular stacks, strong eleetron transferred state from D to A. However, the present results
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Figure 3. Observed time profiles of the transient absorption of durene

(a) (b) PMDA microcrystals at three excitation intensitie®, @70 uJ cnr?;

) O, 310 uJ cnT? A, 150 4J cnT? ). The excitation wavelength and
Figure 2. Crystal structures of CT complexes of (a) dureRMDA probe wavelength are 390 and 704 nm, respectively. Solid lines are
and (b) pDMB-PMDA according to the crystallographic d&tarhe curves calculated by eq 2 with the parametars: 4.5 ns andrfoy)
geometry of the two benzene rings of D and A in the HEMDA =33x 10Ps L 21x 1P s?, and 1.0x 108 s* (top to bottom).
crystal is similar to that in the pDMBPMDA crystal. Durene-PMDA ' '
crystal: monoclinicC2; a=10.734 Ab = 10.566 A,c = 15.562 A, N expl—t/ry)

B = 93.8%&, V = 17711 B, Z = 4. pDMB—PMDA crystal: n(t) = 0 o )

monoclinic;P2;; a= 6.068 A,b=7.765 A,c=16.751 A § = 93.42;
V =787.8 B, Z= 2. HQ—PMDA crystal: monoclinicP2;; a=7.411
A/ b=6.057 A,c=14978 A = 96.13; V= 6685 K, Z = 2. whereny is its initial density ando = k; 1. Fitting this equation
to the data on the assumption thgtwas proportional to the
excitation intensity yielded the solid lines in Figure 3 with the
dparameters ofnpy)~* andtg in the figure caption. The value

of 7o was estimated from the fluorescence decay measurements

under the low-excitation intensity. When the intensity is 470

uJ cnT?, ng was calculated to be & 10 cm2 by using 1000
M~1cmt as the molecular extinction coefficient of the ground
state at the excitation wavelength. From the valuesyand
(ngy)%, ¥ was estimated to be & 107 cm® sL. Since the
density of D-A units is estimated to be approximately 2«4
107 cm~2 from the lattice parameter of the durer@MDA
crystal, the density of the excited state ¢ 10° cm3)
corresponds to the condition in which 1 CT excited state is
created in every 240 BA units.

Singlet-singlet exciton annihilation in crystalline anthracene

has been studied extensiv@l.The bimolecular rate constant
2. These benzene rings are fully overlapped in the case of thewfjrergggrr]tfg qtﬁaa?uﬁ ;i(;:scﬁidsei :;Zﬂamngzzg(r)?]g?gserogulse
crystals of pDMB and HQ, while they are shifted to each other illuminatior?®® and from photoconductivity measuremefits.

in the case of durenePMDA. The relation between the CT The rate constant for the CT crystal is much smaller than that
degree and the geometrical structure indicates that a high CTin the anthracene crystal, which suggests that in the CT crystal
degree in the excited state is attained in the geometry whereth nalet ted stat ' ; ite slowl it diff .
two benzene rings overlapped symmetrically. This is consistent € singiet excited state migrales quite SIowly or 1t dilfuses in
with the prediction of some MO calculations on the excited state a motion-limited manner. The motion-limited diffusion of the

of toluene- and benzeneTCNB complexed? as described excited state will be consistent with its crystalline form with
in the Introduction P guasi-one-dimensional stacks of alternate D and A. The

Decay Dynamics of the CT Excited State.As mentioned diffusion motion along the stack axis is more efficient than that

above, the transient absorption decay of all the crystals examined\g:r']?r?”aizgﬁs de:C;hi:St?glfé alngl s;:g ba ng‘e’atzﬁqeb_gofﬁggrt
here is approximately represented by a single-exponential y y y 9 P

function under low excitation conditions. Eor the crvstal of rate instead of the constant rate. However, quite similar results
HMB —PMDA and durene PMDA. the Iifétime of whigh is were obtained for other CT crystals such as naphthalene

several nanoseconds, an additional fast decay component wagYrene-, and anthracenePMDA; then, the details on the

observed when increasing the intensity of the excitation pulse annihilation mechanism in the CT crystals are discussed
separately elsewhefé.

as shown in Figure 3. Because the fast decay depends on the e 2 . . . .
excitation intensity, it is considered that a bimolecular annihila- The In‘et_lme of the exited state is dr_astlcally cha_nged with D
as shown in Table 1. It decreases with the lowering of the CT

tion of the excited state is involved. In this case, the decay RN oo !
- - energy level. When the excitation intensity is not so high or
kinetics can be described by . .
when the unimolecular decay rate is short, the decay can be

1+ ngyty(1 — exp(—tizy))

and discussion clearly indicate that the excited singlet state of
weak CT crystals is not always a full CT even in the equilibrium
state, and the electronic interaction among the ground, CT, an
LE configurations is still important, leading to the dependence
of the CT degree on the oxidation potential of D.

The above discussion on the CT character holds well,
assuming that their crystalline structure is common to the
relevant complexes. Some differences in the geometrical
structure were estimated by X-ray crystallographic analysis,
which can be related to the electronic structure of the excited
state. We compare here three crystals of durerEDMB—,
and HQ-PMDA, the details of which will be published
separately. These complexes are crystallized in a similar fashion
to form a cofacial alternating stack of D and A. The geometry
of two benzene rings of D and A is slightly different but with
almost the same distance of about 0.35%s shown in Figure

dn(t) ) ascribed to nonradiative charge recombination to the ground
o = ,n(t) — yn(t) (D) state. In Figure 4, the values kdr (=70 1) are plotted against
—AG between the excited and ground states, which was
wherek; is the rate constant of unimolecular decay anib estimated from the peak energy of the CT absorption band

that of the bimolecular annihilation process. Integration of eq ("%na) and of CT fluorescence bantifmay) by

1 gives the population density of the excited stat@)) as a
function of time: —AG =’ — Ahw/2 )
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Figure 4. kcr vs —AG relation of the CT excited state in CT crystals.
Donors are (1) HQ, (2) 124TMB, (3) pDMB, (4) 135TMB, (5) HMB,
and (6) durene.

2.6

whereAhy represents the Stokes shiftlfya,ax — ). The
values of theAhv of the 124TMB-PMDA and HQ-PMDA
crystals were assumed to be the same as that of the ppMB
PMDA crystal, because the former two crystals were nonfluo-

rescent. The observed dependence can be well represented b

Inker = o0 = f|—AG| 4)

A similar relationship was already reported for the charge

recombination of contact ion-pair states in homogeneous solu-

tion®25and in heterogeneous environmefitsRecently, a study
on the energy gap law for the CT excited state of areENB
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is considered to be important for the relaxation process. It

should be noted that the slope(d In(kcr)/0|—AG|) obtained

here is quite different from that for contact ion pairs in solution;
the former is about 3 times larger than the latter. This
discrepancy will be related to the rigidity of D and A molecules

in the crystal state and also to the lattice vibrational modes

coupled with the charge recombination. A more detail inves-
tigation including other PMDA CT crystals and the temperature
effects is now in progress.

Acknowledgment. The present work is supported by a
Grant-in-Aid for Scientific Research on Priority Areas on
“Photoreaction Dynamics” from the Ministry of Education,
Science, Sports, and Culture, Japan (06239101).

References and Notes

(1) See, for example: (a) Mulliken, R. S.; Person, W.NBlecular
ComplexesWiley: New York, 1969. (b) Foster, ROrganic Charge-

(19) (a) Zweig, A.; Hodgson, W. G.; Jura, W. Am. Chem. S0d.964
86, 4124. (b) Gould, I. R.; Ege, D.; Moser, J. E.; Farid,JSAm. Chem.
S0c.199Q 112, 4290.

(20) Hochstrasser, R. M.; Lower, S. K.; Reid, £.Chem. Phys1964
41, 1073.

(21) (a) Haarer, D.; Philott, M. R.; Morawitz, H. Chem. Physl975
63,5238. (b) Haarer, DJ. Chem. Physl977, 67, 4976.

(22) X-ray crystallographic data was obtained by a Rigaku AFC7R
diffractomater with graphite monochromated Ma Kadiation.

(23) (a) Swenberg, C. E.; Geacinov, N. E. @rganic Molecular
PhotophysicsBirks, J. B., Ed.; Wiley: New York, 1973; Vol. 1, p 488.
(b) Babenko, S. D.; Benderskii, V. |.; Lavrushko, A. G.; Tychinskii, V. P.
Phys. Stat. Solid. (1971, 45, 91. (c) Braun, C. LPhys. Re. Lett. 1968
21, 215.

(24) Asahi, T.; Matsuo, M.; Masuhara, H. In preparation.

(25) Segawa, H.; Takehara, C.; Honda, K.; Shimidzu, T.; Asahi, T.;
Mataga, N.J. Phys. Chem1992 96, 503.

(26) (a) Miyasaka, H.; Kotani, S.; Itaya, A. Phys. Chem1995 99,
5757. (b) Hubig, S. M.; Kochi, J. KJ. Phys. Cheml995 99, 17 578. (c)
Hubig, S. M.J. Phys. Chem1992 96, 2903.

(27) (a) Engelman, R.; Jortner,J1.Mol. Phys197Q 18, 145. (b) Freed,
K. J.; Jortner, JJ. Chem. Phys197Q 52, 6272.

(28) Masuhara, H.; Mataga, Mcc. Chem. Red.98], 14, 312.



