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CHAPTER I

INTRODUCTION



The chemistry of the unstable intermediates in the photochemi-
cal reaction has been studied mostly by the flash photolysis
method, wnich was developed by Norrish and Porter.l The electro-
nic absorption spectra of excited molecules and of photoproduced
unstable species have been obtained, and also rise and decay cur-
ves of these spectra have been followed by this method. IFrom
these results the electronic structures of intermediates have
been studied and the mechanism of photochemical reactions has
been made clear.2 Since the time resolution of tne flash photo-
lysis method is few microseconds, no problems on the short-lived
species such as molecules in the excited singlet states and in
ndﬁf triplet states had been solved by an absorption spectroscopy.
However, this limitation has been removed by the application of a
giant pulsg laser. The studies on electronic structure and dyna-
mic behaviaf of short-lived species, whose lifetimes are in nsec
region, have become important and fruitful problems.

The first observation of the excited singlet-singlet (Sl-Sn)
absorption spectra were given by Novak and Windsor.3 They obser-
ved the Sl-Sn spectra of coronene, 1,l12-benzperylene, 1l,2-benzan-
thracene and 1,2,3,4-dibenzanthracene, using an image-converter
camera as the decsector. The Sl-Sn absorption spectra of phthalo-

cyanine and cryptocyanine,4 pyrene,s’s 7,8

E }O were measured successively. The new absorp-

naphthalene, anthra-

cene’ and benzene
tion spectraz of triphenylene, 3,4-benzpyrene, phenanthrene, 3,4-

benzphenanthrene, 3,4,9,10-dibenzpyrene and 1,2,5,6-dibenzanth-



racene in their lowest excited singlet state and the confirmatiocn
on the Sl-Sn bands of coronene and pyrene were given by Porter

and Topp.11 Referringthe above observed S -Sn absorption spectra,

1
the consideration on the electronic structures of tne lowest exci-
ted singlet state and the higher excited singlet state will be
given in the future.

The direct observation on the dynamic behaviors of the excited
molecules in nsec region was firstly given by Porter and Topp.11
They investigated upon.the intersystem crossing, energy transfer
as well as tne effect of oxygen. The fast formation of the hyd-
rated electrop was also observed directly by using a Nz—laser as
an exciting light source.12 At the present stage of nsec flash
photolysis, the studies on the photochemical primery processes and
the dynamic behaviors of the excited molecules are few.13 How-
ever, these problems will be investigated ektensively upon and
solved shortly. - ‘ |

The excited electron donor-acceptor (EDA) complexes and excip-
lexes, upon wnich we have investigated mainly with fluorescence
measurements, are very sensitive to the surrounding solvents. The
effect of charge-transfer on the interactions between the complex
and the surroundings and on the steric configuration must be invol-
ved in the consideration on the excited electronic_states. Then,
the direct observation of the excited complexes in nsec region is

indispensable to study the electronic structures and the dynamic

behaviors of the EDA complexes and exciplexes in their lowest
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excited singlet states. Untill now the Sl-Sn absorption spectra

are observed in cases of benzene and pyrene excimers,
racene-N,N-diethylaniline heteroexcimer16 and the ZDA complexes
of s-tetracyanobenzene (TCNB) and pyromellitic dianhydride with

methyl-substituted benzenes.t' 12

The observed Sl-Sn absorption
spectra of the above ZDA complexes and exciplex are found to be
similar to those of eléctron-acceptor anion. However the obser-
ved spectra are ‘few, and the electronic structures and the dyna-
mic behaviors of the excited ZDA complexes and exciplexes are
left unknown.

In the present thesis, the Sl-Sn absorption spectra of TCNB
complexes with methyl-substituted benzen%}n nonpolar solvents
will be reported and the theoretical study on the excited EDA
complexes, which is applicable to the observed experimental results,
will be given in Chapter II., ©ICNB complexes in their lowest exci-
ted singlet statgs are very sensitive to the solvents and disso-
ciate into ion radicals in polar solvents. This investigation
upon the ionic dissociations of the ZDA complexes in their lowest
excited singlet states, solvent effect on the dissociation and
the influence of the donors to these dynamic behaviorswill be
reported and di?ussed in Chapter III. A particular and interesting
behavior of the excited EDA complexes and exciplexes is the iater-
action between themselves. These interactions will be given in

Chapter IV,



CHAPTER II

THE ELECI{RORIC STRUCTURE OF THE ELECTRON DONQR-ACCEPTOR
COMPLEX IN ITS IOWEST EXCI'ED SINGLET STATE



The properties and behaviors of weak EDA complexes in the grcund
state have been studied in detall, while the investigations of the
excited EDA complexes are rather scarce and performed mainly with
fluorescence and phosphorescence measurements. An exceptionsal
example studied in defail is the 5DA complex of TCNB with substitu-
ted benzene]:’2’3 The study on the excited singlet state of the
TCNB complex was given by Mataga and Muratal They have measured the
effect of temperature and solvent polarity on the wave numbers of
fluorescence spectra, relative fluorescence quantum yield and
fluorescence decay times of the complexes. Prom the results of
their investigations, it was concluded that there arised a consider-
able differencesof thé energies as well és the structures between
the excited PC state and the excited equilibrium state and that
the electronic structure of the fluorescent state was quite polar.

The study on the excited states of the weak EDA complexes hes
a close connection with that on the heteroexcimer (HE). dE is a
kind of the EDA complexes, which is stable in the excited state
while dissociative in the ground state, and consists of different
cbmponent molecules.4 Since HE has a polar structure and probabiy
resembles to the excited singlet state of weak =ZDA complexes, the
EDA interaction of the latter was closely studied in relation to
that of HE.172 On the other hand, the conunection among the EDA
interaction and the electron transfer processes has been examined.6
It is well known that the ionic dissociation of HE or the produc-

tion of ion radicals by the encounter collision in the excited
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state occur rather easily in polar solvents.4’5’6 However, whether
the weak EDA complex in the excited singlet stztes, which resembles
to HE, dissociates or not has not been examined. =Recently, we have
shown that the ionic dissociation of TCNB-toluene complex in the
lowest excited singlet state occurs in acetonitrile.7 Since the
dissociation of pyromellitic di%@ydride-mesitylene complex in the
triplet state into ions has been reported by Potashnik et. al.,8
it has been confirmed that one complex dissociates in the T singlet
state and other in the CT triplet state. “Trhus, the study on the
electronic structure and the EDA interaction of the excited weak
EDA complex and of HE in relation to the stability, geometrical
configuration transformation (from the #C state to the equilibrium
state) and dissociation processes seems to be important and fruitrul.
We have first observed the Sl-Sn absorption spectra of LCuwo
complexes by means of the giant pulse laser photolysis, which is
a direct ianformation on the electronic structure of the excited
singlet state of the complex. In the present paper, the Sl-Sn
absorption spectra znd g?e results of the theoretical calculations
made by considering theAémong the ground, CT, back CT and locally
excited configurations of XCNB anion and donor cation, will be

given.

2-1 Experimental
We have used a Q-switched ruby laser (Japan slectron Optics,

dLR-02A) with the out-put power of ca. 1.5 joule. The exciting
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light pulse of 347 nm produced through the ADP frequency

doubler with conversion efficiency of 8%. The light pulse

has a duration of 15-20 nsec. lhe Sl-Sn absorption spectra were
measured photographically by using the laser-breakdown sparks
produced in O2 and Xe gases as spectro-flashes. Since the sparks
produced in.O2 and Xe have durations of several tens nsec and
about 1}Asec, respectively,.the former spark is exclusively used
to observe the short-lived transient Sl-Sn absorption spectra.

The teé;ical problems on the laser photolysis have been explain-
ed in detail by Novax and Windsor, and Porter and Topp.9 In the
present paper, only the point we have attended to will be mentioned.
Since the optical alignment of the laser photolysis apparatus is
very critical, the burned positions of the coloured paper produced
with the 694 nm and 347 nm pulses were recorded and the opticel
passes of both pulses were reproduced by a He-ile gas laser. Ihe
cell holder and lenses are fixed on the micrometers to make fine
alignment possible. The magnet bases holding micrometers and prisms
are mounted on a heavy steel rail to avoid a warp. whether the
optical matching of the ADP crystal is attained or not, is also
important in the alignment, because the crude matching of the fre-
quency doubler produces a slight shift of the irradiation position
on the sample to be measured, being placed at a distance of 1m from
the separating prism. The optical arrangement is shown in #ig. 1.

The constructed la§:§r photolysis apparatus was cnecked by

measuring the triplet-triplet absorption of anthracene solusion,
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which has a large value of extinction coefficient. The oscillo-
grams of the relevant measurement are shown in fig. 2.

Fluorescence spectra and fluorescence decay curves at several
wavelengths were observed at the opposite side to the laser exci-
tation, since the re-absorption of fluorescence was mainly examined.
The ordinary fluorescence measurement was made with an Aminco-3Bowman
spectrophotofluorometer.

The photomultiplier used for the optical detection was RCA 1P28
equipped with 50f) resistCr and the time constant of the electronic
circuits was a few nsec. The photogaphical observation and photo-
electric measurements at several wavelengths were performed using
Nalumi R21 spectrograph. The Tlektronix 5854 synchroscope was
triggered by a signal from Hewlett-Pacxard 5082-4220 photodiode
which received the scattered laser pulse. The rapid kinetic analy-
sis in nsec time region was made by using Fuji x-ray and Kodak 2475
recording films. PFuji S3 and SS%?ilms were used to take the photo-
graph. The saturated CuSO4 solusion and Toshiba WV-39 filter were
arranged suitably to remove the scattered pulse.

TICNB was the same sample as used before.1 Benzéne and toluene
(Merck, Spectrograde) was used without further purification.

All other solvents and reagents were purified according to the

1

same method as describved elsewnere. All the solusions measured

were degassed comyletely by means of freeze-pump-thaw method.
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2-2 Results

The Sl—Sn Absorption Spectra of P0NB-Toluene Gomplex by Laser

Fhotolyses.

4 toluene solution of wluB (0.0.~1.0 at 347 nm, which correspond:
to the tail of CT band) was irradiated wita a 347 nm pulse. The
transient spectra photographed by a breakdown spark of O2 zre shown
in Fig.3. Since the CT fluorescence of TCNB-toluence system is not
80 weak as being neglected compared to the O2 sparx and is far stro:
than the usual Xe lamp, it is rather difficult to observe Sl-Sn
absorption spectra. The spectra in #ig. 3 have been corrécted by
calibrating the film blackening due to the fluorescence. Since
this spectra are obtained only with the O2 spark but not with the
Xe spark, it is suggested that the spectra are due to the short-
lived species, i. e., the excited state of LUNB-toluene system.

The observed absorption spectra are similar to those of the LCUB
anion,lO but the behavior of this transient species is different
from that of TCNB anion, which is produced by dissociation froam the
excited state of TCNB-toluene complex in polar solvents such as
acetonitrile. In the former cesse, the laser-induced photocurrent
was not observable, while in the latter case, the photocurrent was

detected.ll

The TQNB anion produced by exciting the LCiB-toluene-
acetonitrile system are detected in a few nsec after the exciting
pulse and this anion decays in the course of several ten pseconds
and the decay process can be photographed also with Xe spark. The

TCNB anion cen be produced more densely than the present short-live
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transient species =nd can be observed uander rather low excitation
density. Some part of the anion%?re gquite stable and observable
even by the usual spectrophotoueter. Because of tne very short
lifetime and no laser-induced photocurrent, the'absorptioﬁ spectra
Sshown in Fig. 3 can be assigned to the Sl—Sn_absorption spectra of
ICuB-toluence complex;* This assignment is confirmed by the inter-
esting observation of CT fluorescence by laser excitation, whica

is described in the following section. Moreover, no absorption band
which is similar to toluene cation in the case of TCNB-toluene
system or no absorption band of toluene cation in the case of TCHNB-
toluene-acetonitrile has been found.

Fluorescence and Sl-Sn_Ahsorption Spectra of TCnB Complex by Laser

Excitation.

Since, in the case of laser ‘Bicitation, the population of the
excited ZDA complex is much lé:rger than that in th%éase of the
ordinary.spectropnotometric measurements, there arises rather
strong re-absorption of the UL fluorescence by the excited complex
itself. Then, the Sl-Sﬁ_absorption spectra have been obtained by
comparing the fluorescence spectra obtained by the laser excitation
with those observed by Aminco-80wman spectrophotofluorometer.

Since the CT fluorescence spectra in the present work are rather
broad and have no structure, the fluorescent light can work as a

good light source for the absorption spectral measurments.12

Concerning the fluorescence decay characteristics at various
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wavelengths, th%?ollowing features should be noted; (1) At longer
wavelengths than 485 nm, the decay curves are exponential and héve
decay times of about 110 nsec. (2) At about 470 nm, the decay
curve is nbt exponential but has a peculiar shape. Though we can-
not determine exact decay times from this curve, the apparent decay
time seems to be rather long (160 nsec). (3) At about 430 nm, the
decay curve is ‘rather close to exponential, while the peculiar
shape of the curve as observed at ca. 470 nm can still be observed.
Two typical decay curves are indicated in fig. 4.

The time-resolved fluorescence spectra obtained by plotting the
fluorescence intensities at various stage of decay, are shown in
Fig. 5. At an earlier stage of decay (0-50 nsec), a characteristic
hollw at about 470 nm are observed, but it disappears at about 100
nsec. Moreover, the fluorescence spectra at later stage of decay
are identical with taose observed by an Aminco-~Bowman spectrophoto-
fluorometer. |

The characteristic hollow in the spéctra and the deviation from
the exponential decay observed at ca. 470 nm, can be ascribed to
the re-absorption of the fluorescence by the high density excited
singlet state produced by the laser excitation. We have carried
out a quantitative estimation of the re-absorption effect as
follows.13

The distribution of the re-absorbing excited EDA complex is, of
course, the same as that of the fluorescent EDA complex. Then, the

extinction coefficient of the re-absorption at (the wavelength at
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which we are observing the fluorescence) is given as,

kp(x) = sélolo-kkx ) ' (1)
where ?Ao is the intensity of 347 nm pulse which is exciting exclu-
sively at the CT band of the complex;_s is a proportionality cons-
tant; x is the distance from the front face of the cell in em; k
is the extinction coefficient of the CT band at 347 nm and is ca.
1.0 in this work.

Since the differential fluorescence Ix’ which is emitted in
the thin layer x~x+dx, is re-absorbed in the thin layer y~y+dy, the
following equation is derived.

dI_ = -My)I dy (2)
where y is the distance from x to the back face of the cell in cm
and,P(y) is an absorption coefficient at y. The dependence off» on
y is the difference betﬁeen the present and usual treatments. In
the present case it caé@asily be derived that

- =K\ x =K.y
M) =k (x+y) = 8 10 T 10 (3)
Putting eq. (3) into eq. (2) and integrating eq. (2) with respect
to y, the differential fluorescence I.x observed at the back face
of the cell is given as follows.
=k\a =kx

-k x logQ s@ (10 ~ -10 " )/k
I (yea-x) = 10 ~ 10 10 *° »

(4)
where Q is the constént and givén as

Q = (N, Fx )k, /4mn’
Since we observe the total of the differential fluorescence, Ix

must be integrated with respect to x from Q to a. Thus the
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fluorescence intensity at X in th%;pposite side to the excitation

is given as follows.

, =k) a

PN a s (10 ~ -1)/ky

apXN)aX = S‘ondXd)"" fQFxO\')kx(l‘_lo | ) AN/ 4% n’s (5)
For the notation in these equation, we refer to Farsterstreatment.l4

In the present case, the excitation intensity'éko is ca. lO16
photons, k,is adjusted to be 1.0, a is 1 cm, and s is calculated to
be 1.6x10'16, assuming the re-absorption coefficient of the Sl-sn
band to be 104, The re-absorption of several tens % of the fluo-
rescence at ca. 470 nm is expected from the estimation by eq. (5)
with these values. +#hen the excitation intensity“@ko is weak, eq.
(5) is reduced to the usual eq. (6). 14
aF(X)ax = pQB, Fr(X)(1-10 e *)ax/atn2s (6).
Since the re-absorption extinction coefficient as well as fluo-

rescence follow the exponential decay, it can easily be derived

that

_ s e 10 -1)/kx
ag(X, t)ax = pQF, (LK, (1-10 O *° )ax/afns (7)
where T is the fluorescence lifetime, and 2&0 and S, satisfy the

following equations, respectively.
_ -t/T |
B o= Fkoe
-t/c (8)

The simulated curves obtained by means of eq. (7), using value

= e
8 So

obtained from the exponentiel decay of the fluorescence are given

in Pig. 4. One can see a good agreement between experimental and
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simulated curves.

Thus, it is evident that the characteristic hollow in the
fluorescence spectra and the non-exponential decéy at about 470
nm are due to the re-absorption of the fluorescence by the
excited singlet state of the EDA complex. Then, we can obtain
the Sl-Sn_absorption spectra of the complex by comparing the fluor-
escence spectra observed by an Aminco-3owman spectrophotofluoro-
meter and those observed by laser excitation. The results in the
cases of TCNB-toluene and TCNB-benzene complexes are given in
Pig. 6 and Fig. 7, respectively. These are the first observation
of the Sl—Sn absorption spectra of EDA complex which is stable
in the ground state. The spectra of the TCNB toluene system are

identical with those observed by laser photolysis.
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2-3 Jiscussions

In general, the electronic structures of the excited states are
usually discussed with the SCF molecular orditals of the ground
state, assuming that the geometry of the excited state are the
same as that of the éround state. However, in the case of EDA
complexes, the effect of CT on the interactions with solvents and
on the steric configuration must be i@:kolved in the consideration
on the excited electronic states. Untill now the electronic
structures of the exé}ed states of weak =#DA complexes have been
investigated mainly with fluorescence measurements. 1t has been
shown that the Stokes shifts of the fluorescence spectra of 1CinB
and pyromellitic dianhydride (PilDiA) complexes are anomalously

largels15,16,17,18

it is also confirmed that the observed fluore-
scence lifetimes of TCNB—foluene and ''CiB-benzene complexes at
room temperature are much longer than the radiative lifetimes
calcuiated from the intensity of the absorption band at room
temperature!"18 These experimental results have lead to the con-
clusion that the considerable change of the electronic structures
of the cbmplex occurs during the fluorescence lifetime at room
temperature where the molecular rearrangement motions including
the surrounding solvent molecules can easily occur.

Now, direct observation of the electronic structure of the
weak EDA complex in theeexcited state are made possible by laser

excitation. The above mentioned Sl-Sn absorption spectra of 1CNB-

toluene and TCiHB-benzene complexes are quite similar to tna absorp-
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tion spectra of LCNB anion. Hecently, the Sl—Sn_absorption band
of these complexes observed by Nz-laser excitation have been repor-
téd}g and they are in a good agreement with our present results.
In the case of PMDA-:mesitylene complex, the absorption spectra in
the lowest excited singlet state are similar to those of riMDA ani-

19

on. Foreover, the Sl-Sn absorption spectra of anthracene-N,N,

dimethylaniline HE is also reported?o and its spectra are similar
to those of anthracene anion. These circumstance seem to be common
to all the complexes which have weak or no EDA interaction in the
ground state. Thus, it has been directly confirmed that the elect-
ronic structures of these complexes in the lowest excited singlet
states are quite polar and seem to be ‘contact ion-pairf

Until now, there has been no theoretical study on the ZDA comp-
lexes which is applicable to the above experimental results on the
excited EDA complexes. Accofding to the detailed study made on the
ground state complex by Iwata et. al.‘?l the local excited and CI
configu:ations contribute equally to the lowest excited singlet
state in the case of TCNB-toluene complex. Althééh this excited
state, of course, corresponds to the excited FC state and not to
the fluorescent étate, this theoretical expectation differs from
the experimental results. <Lhen, the theoretical consider;£ions
based on the wavefunctions in the ground state appear to be invalid
ié&he study of the excited EDA complex and some different theoreti-

cal method for the excited weak EDA complex must be proposed. We

have made é theoretical consideration on the excited electronic
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structure of the weak 5DA complex in solution, based on the re-
arrasngement process in the solute-solvent interactions and also

based on the interaction between the donor cation and acceptor anion.

Theoretical

Our theoretical calculation consists of the configuration inter-
action (CI) among ground, CT (pure ion-pair, no bond between the
ions); locally excited and back CT configurations. The wave func-.
tions of these configurations are giVen as follows, referring to

21 22

Iwata et. al. and ikasuhara et. al., concerning the notations

and numberings of the molecular orbital's (MO's).
G = 16,6,6.8.6,6:9.8 - ,5,| &
ke =p(l686.666,08 9,8, 66.6,6,0,0;95 -~ 991) $CT
Eaney = =10.5,6.8. 65,95 - 48,5, 1-1856:5:59,9, 5. %51 a>+3)
~(166.6.5, 6,5,58, %8, |-108.6.6,6:9,9,8, - 9,5,])  B(8ic)
Vaioy ==(105:6:6.0,6:0.8, 58,1~ 09 6:0:6:6:98, - 9,8,]) A(32)

2

!

2
bré !
te (221) = =
’

!

Tacriean) =73:'-(19:§; 6.6. 5;59‘?;@,“"%2971-IE!E/H; g‘,zgﬁf;@,‘? e @y (?,7 /) BCT(8-4)
where notations on the right hand side are abbreviations for the
configurations. &, SCL, A and B, A', and BCT represent ground
configuration, CT configuration, locally excited configurations
(of LCNB anion), locally excited configurations (of donor cation),
and back CT. configuration, respectively. The energies of each
configufation were evaluated by taking the energy of SCT as the
standard. | |

The local excitation energies of TCWB anion and donor cation were

taken from the observed values of Ishitani and Nagakura,23
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and Shida and Hami1124, respectively. Open shell.SCF calculations
were performed to determine the correspondence between the locally
excited configurations and the observed transition energies of ion

radicls. The results are shown in Table 1 and 2.

Table 1. 'The Absorption JSpectra of LCNB Anion.

Eobs.23 E(SCF ¢1)23 E(SCF)

2.684 eV 1.941 ev x'2/ 2.042 e¥  B(8310)
3.306 3.379 v 3.495 B(8411)
3.492

4.444 4.413 y 3.806 A(798)
4.779 4.592 x 4.386 A(698)

(a) x and y represent the transitions polarized along the long and

short axes, respectively.

Table 2. <r<he Absorption sSpectra of Ioluene Cation.
a 24

o Boug E(SC#)
1.070 x 0.429 A'(253)
2.694 y 3.409 A'(153)

The details of open shell SCF calculstion were the same as those
reported by Masuhara et. al.22 In the case of toluene cation, the
valence state ionization potential of the }ing carbon atom which
is connected with methyl group, was intentionally lowered a little
to treat MO's in C2v symmetry. It is difficult to estimate the
transition energy of back CT, because orbital energies of open

shell SCF MO cannot be regarded as representing the ionization
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potential and €lectron effinity. although the experimental
valuss of oxidation-r:duction potentials in solution are available,
they do not give information on higher MO energies. Then, we have
evaluated empirically the energy of the back CT configuration by
means of the rearrangement energy accompanying the electron transfe:
process., The details of the procedure will be described later.
The energy difference between configurations SCT and G was taken
to be the energy of the 0-0 band of the fluorescence.

The non-dizgonzls terms of CI secular equation were evaluated
theoretically by using open shell SCF MO's and STO's for inter-
molecular electrogkatic interactions and for ovérlap integrels,

25 The point-charge approximation was adopted for the

respectively.
former calculation. Instesd of the overlap integrals between the
carbon A0's of the donor cation and ' the nitrogen 40's of LCNB anion
those between carbon A0's were used. <The differences between C-N
and C-C overlap integrals are calculated to be negligible in the
present case.26

The bond length of C-C and C-N were assumed to be 1.39 an&H
1.36 Z, respectively. The C-C=N angle was téken to be 180o and
‘all’éthéf bond anzles were assumed to be 120°. The';;éonance in-
tegrals ﬁcc and FEN were taken as -2.39 and -3.28 eV, respective-
ly.21 The calculations were made for three geometrical models
(i)ﬁ?l.aoﬁ, dy=0.695;t, and sz3.40f\ (11)B_=1.204, R =0 and #=
3.40A (iii) Bx=Ry=O and £, =3.4A. In the model (ii), we have exami-

ned also the case of much longer value of RZ Rx’ Ry and Rz re-
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present the coordinate of tne center of one benzene ring, taking

the center of the openzene ring as origin of the coordinate.

The Rearrangement Znergy and the 3ack ¢T Transition

In general, solvent effects on the electronic spectra can be
devided into two parts. The first is due to the electronic polar-
ization of the/solvent, which can follow the electronic transition
of the solute. The second depends on the atomic plus orientation
poiarization which cannot follow the electronic transition. The
stabilization energy of the solute due to the latter polarization
during the lifetime of the excited state is called the re-orienta-
tion energy. However, things are different, in weak sDA complexes
and EDA ion-pairs.27 In the case of TCNB-toluene, the local exci-
tation configuration of TCNB and CT configuration contribute equa-

21, while the fluorescent state is found

1lly to the excited FC state
to be very polar according to the present laser'investigation.

Then the relaxation process from the exctited FC state to the equi-
librium state consists of the chénge in the electronic structure

‘of the complex as well as the re-orientation stabilization. Of
course, the re-orientation energy should contain that part due to
the cnange in the electronic structure which arises in the course
of the relaxation. We call the total energy change from the excite
PC state to the excited equilibrium state the rearrangement energy

AErea‘ In the case of TCNB-hexamethylbenzene (HMB) complex, the

CT configuration is predominant in thé excited FC stete, and the
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overwhelming ¢T character in the équilibrium state is predic:}ed
from the estimation of the transition dipole of fluoresceace
process;l8 In the case of this complex, the solvent seems to be
oriented to some exteant already in the ground state as well as

in the excited r'C state since the contribution of the CT configura-
tion in the ground state of this complex is coansiderably larger

than that of weaker complex such as ICNB-toluene. Then the rearran-
gement enenrgy in the case of TCNB-HMB éomplex may Dbe relatively
small. +he rearrangement enerzy may be givén as AErea=hv%'hV%,o-o’
where hva and h‘%,o-o represent thgenergy of the VI absorption band
maximum and the O0-0 band of fluorescence, respectively. We have
confirmed that Asrea decreases as the £DA interaction becoumes stron-
ger.

Now, in the back CT, an electron is transfered from the half-
occupied MO of LCNB anion to the vacant MO of donor cation. There-
fore,there arises a large destablization energy of rearrangement due
to this transition. Quite similar consideration on the change of
intermolecular interaction in the excited state of EDAfion-pair'

of metuyl-pyridinium salts has been given by  Briegleb et. a1.27

fhis rearrangement energy AEnea' in the case of back CL is due to
the almost complete one electron transfer, while the differsnce
of CT character between the excited FC state and the excited
equilibrium state of LCnB-toluene system is about 50». Then the
. @ '_ iy Y sl 3 P . 3
assumption that A“rea —ZA“rea (TCNB-Toluene) seems appropriate

and this value of AEre ' does not depend on the strength of donor.

a



A8'indicated in Pig. 8, the transition energy of back CT can be

given as,
[}

*
E(D A)'hvf.O-O*’m?'rea y
E(D*A)-hvf.O_O+2AErea(TCNB-toluene) ()

E(back CT)

where E(D*E) represents the energy of locally excited configuratin
of the donor. The rearrangement energy and the transition energies
of back CT estimated by eq. (9) for TCNB complexes with methyl-

substituted benzenes are listed in Table 3.

Table 3. The Rearrangement Znergies and the Transition Energies

of Back CT.

Donor nv, 1'% ny, oo AE., BE(D'A) AR B(back CT)
Bengzene 4.03eV 3.14eV  0.89eV 4.6leV 1.78(1.84)eV 3.25(3.31)eV
Toluene  3.94  3.02  0.92 4.6l  1.84 3.43
Mesitylene 3.51  2.89 0.62  4.55  1.84 3.50

HMB 2.91 2.58 0.33 4.44 ~ 1.84 3.70

On the other hand, the energy difference between the ground FC
state and the ground equilibrium gtate of YCNB-toluene system is
also due to the rearrangement accompanying one electroé&ransfer
from TCNB anion to toluene cation. Iﬁ this case this stabiliza-
tion energy in the ground state are given as follcﬁs

) .

ABE =AEd

rea = th.o-o'hV%.max. (20)- -

where hV} max represents energy of the fluorescence maximum.
*

es

The theoretical results on the electronic structure of the
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excited ICNB complexes will be given by using the value of back CT
estimated by the former consideration. The effect of the transi-
tion energies of the back CT on the CI calculation will be discu-

ssed later.

A Theoretical Consideration on the Electronic Structures of TCHB

Cbmplexes.

The Sl-Sn transition energies of TCNB-toluene éomplex}aer%éal-
culated by invoking the CI. Because of the similarity of the
Sl-Sn absorptio%@pectsa to those of TCWB anion, the interaction
between configurations B(8-10) and A'(l-3), which have about equal
transition energies in the observed region, seems to be cricial
for the interpretation Sf the spectra. The non-diagonal terms of
At(l-B) with B(8-10) and SCT were calculated to be rather small,
and affect only slightly the results of the CI calculation. Cal-
culated results on TCNB-toluene cdmple;i;hown in fig. 9, comparing
the different geometrical models (i), (ii) and (iii). In the case
of model (i), B(8-10) and degenerate back CT configurations are
mixed each other completely, and the discrepancy between the obser-
ved and calculated energies of Sl-Sn band is large. <Then, the
gimilarity of the Sl--Sn band t0 the absorption of ICNB anion can-
not be interpreted on the basis of this model. In the case of
model (ii), B(8-10) is lifted up because of considerable interac-
tion with SCT. This interaction is due to the intermolecular elec-

trostatic interaction between several MO's of toluene cation and of
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TCNB anion. In this case too, the difference between the observed
energy of the Sl-Sn—band and the calculated value originating from
B(8-10) is rather large.  The centribution of B(8-10) to the
Sn state is ca. 60/%. A better agreement between the observed and
calculated energy of Sl—Sn—transition may be expected if we take a
little larger values of &, . In the case of model (iii), the symme-
try group of the complex is C2v and configurations B(8-10) and SCT
belong to different irreducible representations respectively.
Furthermore, the off-dia;onal tems between these configurations and
the other configurations are rather small. Then, B(8-10, will be
affected only slightly by the ¢I calculation and the calculated
Sl-Sﬁ»absorption spectra will be quite similar to thbse of LCnB
anion. rhus, the similarity of the absorption spectra of the Sl-Sn
‘tansition to those of TCANB anion cén be explained by taking model
(iii) or by assuming (ii) with large R_ values.

In the case of model (ii), rather large value of R/ (~5.04)
required to explain the Sl-Sn absorption spectra. However, at such
a long distance the intermolecular interaction may be screened to
some extent by the intervening solvents. 1hen, it is appropriate
to assume intermediate geometry between (ii) with a longer ipter—
moleculer distance and (iii) to be taken in the fluorescent state.
Since it has been shown that the TCAB complexes in the ground state
are stable in the case of model (i) and (11)21, considerable

differences of the geometrical configurations and of the electronic

structures between the excited FC gtate, where the geometry is the
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Table 4. The Overlap Integrals between MO's of TCNB Anion and Toluene Cation.

Geometry 8(6595)  5(059,3) 5(8,9),) 5(8,95) 8(8,95) 5(8,9);) 8(6.%) 5(6.45) (6.9,
(1) -0.00754  0.00235 <0.00117 -0.00222 0.00349 =0.00006 -0.00125 0.00083 -0.00083
(ii)-1 -0.01041 0.00379 -0.00031 ~=0.00399 =0.00511 0.00011 0.00059 =-0.00027 -0.00013

-2 -0.00183 0.00066 =-0.00006 -0.00068 0.00079 0.00002 0.,00010 =0.00005  0.00004

-3 =0.00027 0.00010 =0.00001 =0,00010 0.00010 O 0.00002 =0,00001 0.00002
(4i1) 0 -0.00078 O -0.01132 O 0.00004 O -0,00024 O

(1), (41)-1, (ii)-2, (ii)-3 and (iii) represent models (i), (ii) with R, 3.4 A,

(i1) with R,

4.2 A, (i1) with R

5.0 A and (iii), respectively.
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game as that in the ground state, and the excited equilibrium
state is indicated theoretically in the present work.

The stabilization energy of the 2DA complex in the ground étate
is due to the overlap between the wavefunctions of two components.
According to the present calculation, the overlap integrals in the
fluorescent state listed in Table 4 are small compared with those
in the ground state.2 This result is in accordance with the gene-
ral argument that the overlap integral between MO's of two compone-
nts takes larger value than that between the higher 1O of one compo
nent and the lower MO of the other component. <Ihe stabilization of
SCT through the overlap is mainiy éttributable to the interzction
with BCl, However, the small value of the terms due to the overlszp
compared with the electrostatic terms and further decrease of the
6ver1ap caused by the CT seems to lead to the increase of the ionic

of

character of the excited equilibrium state. <The contributiongA'a-

rious configurations to the fluorescent are listed in Table 5.

Table 5. The Contributions of various ‘onfigurations to the
Fluorescent 3tate of LCNB-Toluene System.

A(6-8) B(8-10) A(2-3) G BCT SCT A(7-8) B(8-11) A(1-3)

(1)  0.027 0.112 0.002 0.009 0.001L 0.760 0.006 0.003 0.077

(41)-1.0.035 0.155 0.008 0.033 0.001 0.765 ~O ~0 ~0
-3 0.012 0.060 0.005 -0 ~0 0.921 0 ~0 ~0
(1ii) .o 0 0 0 0.009 0.990 ~0 ~0 ~0
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Since all .the configurations except G and BCT have CT charater,
the strong ionic character of the fluorescent state is clearly
demonstrated.

In the above discussion the value of back CT transition listed
in Table 3 were used. The evaluated back CT transition by using
eq. (7) are given as 2.07eV, 2.13eV, 2.42eV, and 2.37eV for benzen,
toluene, mesitylene and nMB donors, regpectively. Although the
difference between the energy of B(8-10) and that of BCT is rather
small, the effect of BCT on the CI calculation is small because
of the small value of non-diagonal terms between BCT and the other
configurations. ror example, the calculated interaction elements
between B(8-10) and BCT's are -0.105eV -0,153%eV and 0.00024ev for
models (i), (ii) and (iii) respectively. Then the electron donors
are concluded to have little influence on the Sl-Sn absorption
spectra in the observed region. The degenerate BCI's interact with
each other through the intermolecular electrostatic intveraction and

the splitting of them is about 0.1~0.3ev,.

2-4 Summary
The Sl-Sn_absorption spectra of TCNB EDA complexes have becn
Obtained by laser photolysis and by analyzing the re-absorption
effect of the CI fluorescence by the excited EDA complex. oSince
the observed Sl—sn absorption spectra are similar to those of TCHB
anion, the electronic structure 6f LCNB EDA complexes in the lowest

excited singlet state has been concluded to be quite polar. a
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theoretical study on the excited &SDA complex was made by conside-
ring the CI awong the ground,,CT, back CI and locally excited
configurations of TCNB anion and donor cation. The following
results were obtained theoretically. (i) The Slfsn_absorption band
of the complex is similar to the absorption band of.TCNB anion.

(ii) There is a considerable difference of the electronic structures
between the excited FC state and the excited equilibrium state.
(iii) The electronic structure (the polarities) of the excited
equilibrium state of complexes with different donors are almost the

same.
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f'ig., 1. Optical apparatus for laser photolysis.
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fig, 2, Oscillograms of a Xe spark at 425 nm.
(a) With the triplet- triplet absorption of
anthracene.
(b)'without the triplet-triplet absorption of

anthracene.
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The transient absorption spectra obtained by

02 spark.

(a) he emission spectra of 0, spark through
the excited sample.

(b) The total emission of the fluorescence of
LCNB-toluene and of Ozspark through the
unexcited LCiNB-toluene.

(¢) The obtained transient absorption spectra.
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Fig. 4(a). Calculated (—) and observed (o,x) fluorescence

decay curves of ICNB-toluene system.
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fig. 4(p). Calculated (—) and observed (0,x) fluorescence

decay curves of ICiNB-benzene system.
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Fig. 5(a). The time-resolved fluorescence spectra of
LCiNB-toluene system.
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Fig. 5(b). Lthe time-resolved fluorescence spectra of

ICNB-benzene system
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Fluorescence spectra and Sl--Sn

spectra of TCANB- toluene complex.

(a) Pluorescence spectra measured by laser

éxcitation'(o) and by Aminco-Bowman spectro-

photofluorometer (—).

(b) The 5,-5, absorption spectra.
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fluorescence spectra and Sl-Sn absorption spectra
of TCNB-benzene system.
(a) Fluorescence spectra measured by laser :-

excitation (o) and by Aminco-Bowman spectro-

fluorometer (—).

(b} The S,-5, absorption spectra.
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Fig. 9; Caiéﬁlated resulﬁs on fheAekcited TCNB-tolueﬁé
complex, comparing the effect of fhe different
geometrical models.

(a) Ry= 1.205 Ro= 0.695; R, = 3.40 A.
(b) By= 1.20; R_= 0; R, = 3.40 i.
o
(e) Rx= 1.20; Ry= 03 RZ=‘-— 5.0 A.
(a) R, = 0; Ry: 03 R, = 3.40 A.
(e) Without CI calculation.
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CHAPTER III

'fHE IONIC DISSOCIATION CF THE ELECTRON DONOR-ACCEPTOCR
COMPLEX IN ITS IOWEST EXCITED SINGLET STATE
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According to the simple theory of electron-donor-acceptor (£DA4)
complexes,1 tne excited state of the =ZDA complex produced by irra-
diating the charge-transfer (CT) band are in general considered to be
polar. This simpie expectation was confirmed by the preceding
experimental and theoretical study and it has been shown that the
“electronic structures of these complexes in the lowest excited sin-
glet state are quite polar and seem to be "contact ion-pairs".2
This quite polar electronic structure is produced through the re-
laxation process from the Franck-Condon state to the fluorescent
state. This relaxation process consists of the change in the elec-
tronic structure of %he complex'as well as the re-orientation sta-
bilization, and moreover contains the re-orientation of the solvent
due to the change in the electronic structure. On the other hand,
at 77°K the so-called mirror symmetry relation between the fluore-
Sscence and absorption band$of the TCNB complexes holds and such an
extensive solvation as at room temperature does not occur.3 From
these results it has been concluded that the electronic structure
of thﬁlexcited EDA complex are very sensitive to the surrounding
envire?ent. Recently, we have shown that the ionic dissociation
of TCNB-touene complex in the lowest excited singlet state occurs
in acetoﬁitrile.4' Then, whether the CT fluorescence is observed
or not and whether the excited EDA complex dissociates or not
depend on the surrounding enviré%ent. In 6ther words the primary
process of the excited EDA complex is détermined by the delicate

condition of the solvent. Then, the interaction between the exci-
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ted £DA complex and the surrounding solvents is considered to Dbe
important for the primary processes of photochemical reaction of
£DA complexes.

It is well known that the ionic dissociation of heteroexcimer
or the encounter-collisional ionization in the excited states
occur,5 while studies on ionic dissociation of the excited EDA
complexes are few.6’7‘ In both cases the absorption gspectra of

ion radicals have been measured oanly by the cofiventionszl flash

photolysis method and no direct observation on the primary process

of these production of ion radicals in: nsec:region has been per-
formed. However, the study on the primary procesées of ionic
dissociations of ZDi complexes is indispensable to give a general
consiﬁeration on the electronic processes of weak EDA complexes.
In the present paper, the complete examination of the ionic
dissociation of ICNB complexes in their lowest excited singlet
States will be given firstly, using the fluorescence measurement,
the mezsurement of the photocurrent induced by a laser excitation
and nsec flash photolysis method. In the next the effect of sol-
vents on the ionic dissociation will be reported and electronic
processes of weak ZDA complexes will be discussed in detail.,

fhe dissociation of complexes with different electron donors will

be added.
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3-1 Sxperimental

We have used a 347 nm pulse produced through the ADP frequency
doubleﬂés an exciting light source. The out-put power of a 347 nn
pulse was measured with ballistic thermopile YRG model 100 (HADRON).
The absorption spectra of the produced ion were measured with laser
photolysis, on which the explanation was given in section 2-1. Thg
rise and decay curves of ions were observed by the nsec flash pho-
tolysis method. §ince a 504) resistor is equipped to photomultiplie:
to obtain nsec time resolution, the monitoring light intensity ra-
lling onto the photomultiplier must be far greater than that of a
usual conventional flash photolysis method. In nsec region this
high light intensity is also required because tine fluorescence
intensity of the observed system is much higher than that of tne
usual monitoring Xe .or tungsten lamp. This problem has been solved
to some extent by using a Xe flash lamp as a monitoring light. Ihe
duration of the flash lamp was adjusted to be ca. 300 msec by in-
serting appropriate'coil into the electronic circuits of the
power supply. The block diagram of the nsec flash photolysis appa-
ratus is shown in Ffig. 1. The timing circuit using a cathode-couple:
multi, which maxes the control of the delay time to trigger tae
monitoriang flash lamp easily and lineériy,a is saown in PFig. 2.

The produced ion radicals were also observed by measuring the
Photocurrent induced by laser excitation. Although the problems
of the measﬁrement of fhe photocurreat will be reported by Tani-

guchi and Mataga,g the essential points are given here. The
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direct irradiation on the electrodes was avoided by foccusing the
347 nm pulse. The electrode was a idi plate of 9 mm X 10 mm and
spaced each other by 7fmﬁ. 1o obtain the nsec time resolution a
50fl resistor was used. Ihe supplied dc voltége between electrodes
was adjusted from 90V. to 450V. The dc dark current was omitted

by using the ac coupling of the input of Tektronix 5854 synchro-
écope. The time cons;ant of the electronic circuit is less than

5 nsec. Por examining excitation light intensity effect on the
photocufrent, the normal lasér pulse was adjusted by using\neﬁtral
filters composed of wire gauzes. The filters reduced the light
intensity to 0.3», 8%, 31.6# and 61%, respectively. Lhe weaker
signals of photocurrent were obtained by using lIwatsu cascade am-
plifier CA-2. |

The fluorescence spectra and the relative quantum yields of the
fluorescence were measured with an Aminco-Bowman spectrophoto-
fluorometer.

Acetonitrile and mesitylene were purified by distillation.
Benzene, toluene and enthylether (Merck, spectrograde), and 1,2-
dichloroethane (Nakédrai, spectrggrade) were used witnout further
purification. 1CiB and hexamethylbenzene were the same samples
as used before.3 All the solution were carefully degassed by an

ordinary method.
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3-2 Results

The Absorption Spectra of the fransient 1CsB Anion by Laser

fhotolysis

Lhe absorption spectra of the transient species at room
temperature were measured photographically by using the laser-bre-
akdown sparxs in 02 and Xe as spectro-flashes. The'spectra obtaine
by exciting the TCNB-;oluene complex to its lowest excited singlet
state in acetonitrile solution are shown in PFig. 3. Since the ob-
served ﬁransient absorption spectra are identical with those of 1UWNt

anion,10

it has been proved that excitation of the CT absorption
band of ICNB-toluene complex leads to the ionic dissociation of the
complex in acetonitrile solution. The spectra of anion are observed
more easily than the excited singlet-singlet (Sl-Sn) spectra of
ICNB-toluene system. This anion decays in the course of several
ten Hseconds. Some parts of the anion are quite stable and obser—
vable even by the usual spectrophotometer. No absorption band due
to toluene cation was found, which may be ascribed to the following
fact that the band of the cation is at ca. 460 nmllvand may be hi-
dden behind the band of TCNB anion.

The investigations upon other systems were'performed, fixing the
volume ratio of the donor solvent vs. a polar solvent to 1:2. The
transient absorption spectra of TCNB anion produced by exciting -
the CT band 6f TCNB-toluene complex were also observed in isopro-

pPanol and in ethanol solution. The dissqciation of other 1CNB

complexes were examined, and the absorption spectra of LCNB anion
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in acetonitrile solution were observed with the present laser pho-
tolysis method in the cases of TCNB-benzene and TCNB-mesitylene
complexes. In the case of latter complex the spectra of TCNB anion
were also confirmed by the interesting technique, using the fluore-
scence of cyclohexane.solution of tetraphenylbutadiene as a flash

light.1?

Since this fluorescence has a short lifetime, the flash
lighf has the same shape as an exciting laser pulse and this tech-
nique is convenient to observe short-lived species.

Thns; the ionic dissociations of YCNB complexes caused by exci-

ting the CT bands in polar solvents are observed coamuonly for vari-

ous’TCNB complexes.

The Rise Curve of TCNB Anion by Nsec Flash Photolysis

" The rise and decay curves of TCNB anion was obtained by the nsec
flash photolysis, developed in the present work. The earlier stage
of the decay of ICNB anion at 465 nm are given in #ig. 4. Lthe re-
ferential oscillogram, using a Xe spark as a spectra-flash, are alsc
shown in #ig. 5. These oscillograms show that the laser-induced
production of anion is completed rapidly. Since in acetonitrile
solution no CT fluorescence of LCNB-toluene complex was observed,
the direct kinetic relation between the fluorescence decay and the
rise curve of 1UCNB anion, which is an evidence for the ioaic disso-
clation of the complex in the lowest excited singlet state, was not

obtained for this system.
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Measurements of the Lransient Photocurrent Induced by Laser

SZxcitation

l-Sn_spectra of TCNB-toluene and TCnB-benzene
' 2

complexes have been reported dby us,

Recently, the S
and they are quite similar to
the spectra of TCNB anion. We cannot distinguish the solv§§ﬁed
anion from the "contact ion-~pair" of excited YLCNB-toluene éomplex
by measuring only the absorption spectrum, although the dynamical
behavior of this anion is different from that of the excited LUNB-
toluene complex. wWe have measured the photocurrent induced by
laser excitation of ICNB complexes in various solvents sié; this
may be another usefuﬂ@ethod for examining the photoionization.

It has been shown that the obtained photocurrent is due to the di-
ssociated TCNB anion and toluene cations, by comparing the rise
and decay curves of the photocurrent with those of the absorption
of ICNB anion. The kinetic relation between the transient photo-
current and the transient absorption of the anion are given in .
Fig, 6. “Lhe rising curve and earlier stage of the decay of the
pPhotocurrent are almost the same as those of the absorption of ™
TCNB anion. However, at the later stage of the decay a difference
between the photocurrent and absorption appears. “his difference

» <eactions as well as)
may be due to secondarythe dark current, which is due to dark re--

action occuring at. electrodes because of high applied electric
field.g’13 In spite of the above problem coeerning the measurement
of the photocurrent, the observed photocurrent induced by laser.ex-

citation can be ascribed to the dissociated ion radicals. The rise
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curve in the case of ICNB-toluene-acetonitrile and the excitation
laser pulse are given in #ig. 7. <The shape of the rise curve is
the same as that of the time-integrated function of an exciting
laser pulse. <The same results are obtained in all other TCNB comp-
lexes in various solvents at room temperature.

We can observed both the CT fluorescence of LCNB-benzene complex
and the photocurrent due to the dissociated ions in 1,2-dichloroe-
thane solution. As shown in 7ig. 8, the observed results show that
the lifetime of the fluorescence is very short and the production
of ion radicals is rapid. |

The measurement of the photocurrent of aerated LCiNB-toluene
acetonitrile system was also performedAand it was found that the
production of LCNB anion in aerated system was almost the same &s
fnat in the degassed system. However, the decay of the ion in

aerated solution is faster than that in degassed solution.

3-3 Discussion

Ionic Dissociation of LCNB Complexes in lheir Lowest Excited Singlet

States

Since a laser pulse is an intense exciting light, two-photon
process, a two-step process with the excited singlet state as an
intermediate and the collision process between the excited EDA
complexes followed by ionic dissociation must be examined to eluci-

date the primary process of the dissociation. This problem was
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gstudied by examining the excitation light intensity effect on the
photocurrent, V
In general the photocurrent density is given by14
1(%) =Zizje'hj(t)}.ljﬁ (1)
where Z3s Hj and nj(t) represent an electric charge, the mobility
and the number of the-carrier j in uniggolume, respectively. E
is an applied electric field. In the present system of TCANB
complexes, the charge carriers are LTCNB anions and donor cations,
and eq. (1) is reduced to the following equation.
1(%) = en(t) (U +@m)E (2)
Since both ions are simultaneously produced by laser excitation
and disappear by the recombination reaction, we have eq. (3).

QE = aI-bn2

dt .
where a and b represent the rate constants of production and the

(3)

disappearance of ions, respectively. I is the intensity of the
exciting light. In the present cases of TCNB complexes in various
solvents at room temperature, the dissociation into ion radicails
occurs quite rapidly in nsec region whilé they decay slowly during
the times more than tenluseconds. Then the maximum value of the
Photocurrent, which is obtained immediately after the excitation,
is proportional to the concentrations of the dissociated ions.

The excitation intensity effect on the maxinum value of the
photocurrent of TCNB-toluene-acetonitrile system is given in Fig.

9. The liner relation shows that this ionic dissociation is a
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one-photon process.15 Then, it is concluded that the TCNB comp-
lexes in their excited CT singlet state§dissociates spontaneously
into ions in polar solvents. As mentioned before, the production
of ions were also observed in aerated acetonitrile solution of
ICNB-toluene complex. This experimental result. is also.consistent
with ionic dissociation of the complex in its lowest excited CT

singlet state..

Electronic Processes of 1CNB-benzene and ICNB-toluene vomplexes

in Various Solvents.

?he ionic dissociation of excited TCNB-benzene and TCNB-toluene
complexes in various solvents were studied in detail, fixing the
volume ratio of the donor solvent vs. a polar solvent to 1:2,
Dielectric constant of the solution was calculated by the equation
8=Z§i€i, where vy and Qi represent the volume fraction and dielec-
tric constant of thé%olvent i, respectively. The relative quan-
tum yields of ionic dissociation were obtained by calibrating an
applied electric field and excitation photons and by comparing the
pPeak photocurrent.

We made an oder estimation of the absolute quantum yield of
dissociation in the following way; (1) The effective diameter of
347 nm pulse at the front face of the cell was determined from the
burned spot of a colour sheet and distribution of the exciting

Photons was assumed to be uniform. (2) The distribution of TCNB

anion in the monitoring portion of the sample cell was averaged.
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(3) The absorption coefficient of TCNB anion at 465 nm was assumed
to be 104r (4) The optical density of TCNB anion obtained imme-
diately after the excitation was used.

The lifetime and the relative quantum yields of fluorescence

wére measured by the usual method.3

All the results for TCNB-
benzene and TCNB-toluene complexes are listed in Table 1 and Table

2.
Table 1. Results on the ionic dissociation and the fluorescence
of TCNB-benzene complex.

, : fluorescence rel. Q.YS of rel. Q.¥. of
solvents

lifetime fluorescence dissociation
benzene 2.3 +100 nsec 1.0 (0.09)®  ~0
ethylether | 4.3 | 0.23(0.02) ~0
1,2-dichloroethane 10.4  «~10 0.04(0.004) 0.01(0.001)
acetone 20.7 - ~0 0.42(0.04)
acetonitrile 37.5 - ~0 1.0 ( 0.1)

(a) rel. Q.Y. is the abbreviation of relative quantum
. yield.
(b) The values in parenthesis are absolute quantum

yields.
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Table 2. Results on the ionic dissociation of TCNB-toluene

complex.
¢ rel. Q.Y. of Appearance of absorption
dissociation of TCNB anion
toluene 2.4 ~0 No
ethylether 4.3 ~0 No
1l,2-dichloroethane 10.4 0.01 No
isopropal 18.3 0.09 Yes
ethanol 24.3 Yes
acetonitrile 37.5 1.0 Yes

Now a general understanding on the electronic processes of the
excited TCiB-benzene and TCNB-toluene complexes may be given as
follows. The effect of the surrounding environments on the excited
EbA complex can be devided intortwo parts. The first is ifs effeét
on tﬁe electronic structure of;thé excited complexes, and the
re-orientation of the solvent as well as the intermolecular confi-
guration transformation of the complex détermine the electronic st-
ructure. Thus, at room temperature the excited equilibrium state
is a "contact ion-pair", while at 77°K the excited state seems not
to be so polar as at room temperature since the mirroﬁ%elationahip

between the fluorescence and absorption bands holds.z’3

The second
is its effect on the electronic processes of excited EDA complexes
at room temperature. Although the electronic structures of EDA

complexes are quite polar even in noRbpolar solvents, electronic pro
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cesses of excited complexes depend upon the polarity of the suroun-
ding solvents. The CT fluorescence is observed in nonpolar solvents,
while ionic dissociations occur in polar solvents.

About a tenth part of the transition from the excited singlet
state to the ground state is effected by the polarity of the surroun-
ding solvents as shown in Table 1. The remaining part of the tran-
sition is the non-fluorescent gpd nondissociative transition, which
may be due to a rather intrinsic character of the EDA complexes.

It is expected that the interaction between two components of the
excited complex is the same order in strength as the solvation in
the case of weak EDA complexes such as TCNB-benzene and TCiNB-tolu-
ene. Detailed studies on the electronic processes are required to

clarify such a problem.

Ionic Photo-Dissociation of TCNB Complexes with Differnt Donors

The ionic dissociation of TCNB complexes with different methyl-
substituted benzenes in acetonitrile solution were studied, fixing
the volume ratio of the donor.solvent vs. acetonitrile to 1:2, ex-
cept the TCNB-hexamethyl benzene (HMB) complex.‘JThe results are
listed in Table 3, where the fluorescence lifetimes were observed
in nonpolar solvents. The yield of ionic dissociation in aceto-
nitrile solution of TCNB complexes decrease from benzene and tolu-

ene donors to hexamethylbenzene donor.
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Table 3. Results on the ionic dissociation of ICNB complexes

with methyl-substituted benzenes in acetonitrile

solution.

rel. Q.Y. of Appearance of absorption fluorescence
donors :

dissociation of TCNB anion lifetime
benzene _ 1.0 - Yes ~100 nsec
toluene 1.08 Yes : ~100 nsec
mesitylene 0.43 ’ Yes 43”nsecl6
HMB 0.05 No S‘nsec16

The Sl—Snlabsorption spectra of TCNB-HMB complex have not been
found, although the Sl-Sn spéctra of TCNB-benzene and TCNB-toluene
complexes and of TCNB-mesitylene complex were observed by analy-
zing the re-absorption of CL fluorescence and by directly measu=~
ring the absorption band with nsec flash photolysis method, res-
pectively. On the other hand, the electronid structure of the
excited equilibrium state of TCNB complex has been shown to depend
little uﬁon the donor according to our theoretical consideration.
Thus, the above results of the ionic dissociation bf various TCNB
complexes appear to contradict with the theoretical consideration.
This contradiction may be removed by considering the fluorescence
lifetimes of these complexes. The lifetimes of the CT fluorescence
of TCNB-mesitylene and TCNB-HMB are 43 nsec and 5 nsec,16 respecti-
vely. Owing to these short lifetimes, it seems to be difficult to

observe the Sl-Sn_abéorption spectra of TCNB-mesitylene and TCNB-
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HMB complexes and the dissociation yields of these complexes may
be low. Rather short lifetimes may be due to the large value of
the intra-complex radiationless transition probability constant.
This considerat%on on the short fluorescence lifetimes is, of
course, the same as that given in the previous section. Although
detailed quantitative studies on the radiationless processes of
the £DA complexes are required for the elucidation of this problem,
a more detailed examination on the electronic processes of weak

EDA complexes will be given in the near future.

3=4 Summary
(1) From the present nsec laser experiments it has been concluded
that the TCNB complexes in their lowest excited singlet states
dissociate spontaneously into ions in polar solvents.
(ii) The effect of the solvents on the electronic processes of
excited TCNB-benzene and TCNB-toluene complexes are elucidated in
detail. About a tenth part of the transition from the excited
singlet state to the ground state is affected by the polarity of
the solvents. The CT fluorescence ié observed in nonpolar solvents
while ionic dissociation occur in polar solvents. The remainig

part of the transition is the nonfluorescent and nondissociative
one, which may be due to a rather intrinsic character of the EDA
complexes. It is expected that the interaction between two com-
ponents of the excited complex is the same order in strepgth as

the solvation.
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(iii) The yield of ionic dissociation in acetonitrile solution
of TCNB complexes decreaseé@rom benzene and tolﬁene donors to
HMB donor. The low yields in the cases of TCNB-mesitylene and
TCNB-HMB are explained well with their short fluorescence life-
time in nonpolar solvents, which may be due to the large value

of the intra-complex‘radiationless transition probability cnstant.
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Fig. 1. The block diagram of the nsec flash photolysis

apparatus. &, ruby; A, ADP frequenby doubler;
P, separating prism; C, sample cell; L, laser
power supply; IC, timing circuit; PS, power
supply; FL, monitoring flash iamp; S, spectro-
graph; PM, photomultiplier; PD, photodiode; O,

oscilloscope.
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Fig. 3.

The transient absorption spectra of ITCNB-toluene-
acetonitrile system., Concentration of TCNB; 6x10_3M.

Volume ratio of toluene vs. acetonitrile, 1l:2,
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Pig. 4. The rise and decay of the absorption of TCNB anion
produced by irradiating TICNB-toluene-acetonitrile

system. Observed at 465 nm.
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Pig. 5. Oscillograms of a Xe spark at 465 nm.

(a) With the absorption of TCNB anion produced by
irradiating TCNB-toluene-acetonitrile system.
(b) Without the absorption of TCNB anion.



0— ~y
(@)

T

T 1| "MW AMAAL.

L - -

bt |

100”% o

(a) photocurrnt (b) absorption

fig. 6., The kinetic relation between the transient
photocurrent and the absorption of TCNB
anion, produced by irradiating TICNB-toluene-

acetonitrile system.
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Fig. 7. The rise and decay of the photocurrent in the case of
TCNB-toluene-acetonitrile system. (a) a laser pulse,

(b) the transient photocurrent.
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Fig. 8. The kinetic relation between the photocurrent and the

CT? fluorescence in the case of TCNB-benzene-1l,2-dichlo-

roethane system.
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Fig. 9. <The excitation intensity effect on the peak

photocurrent of TCNB-toluene-acetonitrile

systenm.
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CHAPTER IV -

INTERACTIONS BETWEEN EXCIPLEXES AwD BETWEZEN BXCITsED
ELECTRON DONOR-ACCEPTOR COMPLEXES IN SOLUTION
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Since the irradiation of solutions with some kind of laser can
produce excited states quite densé?y, it may be expected that
there arise some interactions between those excited states;
.Actually, an interaction between pyrene excimers has been deq;;t—
Vrated by using a pulsed N2 laser.l It may be expected also that
an interaction between exciplexes caan be observed not only in the
case of excimer but also in the case of heteroexciuer.

In this paper the results on anthracene-i,N-dimethylaniline
(DMA) heteroexcimer and pyrene excimer wilﬂ%e reported? Anthracene
is an appropriate solute for stué&ng the interaction between the
'heteroexcimers, since it forms no excimer. Pyrene forms excimer
readily and is also appropriate éolute, although its molecular
extinction coefficient at 347 nm is rather small. The high intesi-
ty irradiation of these concentrated solutions leads to the life-
‘éime shortenings and non-exponential decay of exciplex fluqrescence.
The analysis of fluorescence decay curves shows that the bimolecular
interaction between exciplexes contributes to the disappearance of
exciplexes.

The solutions of anthracene-DMA system and those of pyrene were
excited with the 347 nm laser pulse. For the excitation with rela-
tively low intensity light, the laser pulse was adjﬁsted by using
neutral filters composed of wire gauzes. The filters reduced the
light intensity to 0.3/%, 8% and3l.6% respectively. For the high
intensity excitation, the pulsed beam without filters was focussed

on the front face of the solution. In the case of rather dilute
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solutions, such as solutions of 5x10'4M anthracene and 0.1M DMA in
ethylether and of lO-EM pyrene in cyclohexane, the decay curves have
nothing to do with the excitation light intensity and are expone-
ntial. In the case of concentrated solutions, such as benzene
solution of 0.05r anthracene and 2M DMA and toluene solution of
0.25M pyrene, the decay curves agéigggonentiaeonly when the-excit—
ation intensity is reduced to 0.3% of 347 nm out-put. With higher
excitation intensity, however, the fluorescence decay of these
concentrated solutions are shortened and are not exponential.
Nevertheless, in the latter case, the curve is exponential at the
'later stage of the decay and the lifetimes estimated from these
exponential part are identical with those obtained ian the case of
the excitation intensity reduced to 0.3%. The half-value-width of
the fluorescence decay functioa%t 500 nm, at which no monomer
emission is observed, are listed in Table 1. The shape and bhand

position of the rluorescence spectra of exciplexes have nothing to

do with the excitation light intensity.

Table 1. Half-value-width of the fluorescence decay function

Solutions Excitation Light Intensity
' 0.3% 8% 100% focussed
Anthracene 0.05M & DMA 2M 65 ns 45 ns 35 ns 30-37 ns
:I.n.benzeng4 '
Anthracene 5x10° 'M & DMA 85 70 80 65
0.1M in ethylether
Pyrene 0.25M in toluene 40 35 28 25
Pyrene 0.01M in cyclohexane 45-65 65 60 60
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Usually the exciplex fluorescence disappears unimolecularly

and the decay curve is given as follows.

e—at 7. (1)

e ‘ . (2)

where E is the concentratioﬁ:%luorescent state, Eo,is the value
of E at t=0 and a is the rate constant of unimolecular decay.
wWwhen the excié?x is produced densely with laser excitation, it is
expected that the intermolecular interaction of excié?x ¢can occur
and by this interaction the exciplex decays bimoleculzrly. In

. this case, the rate equation can be given as

g'—E=—aE-bE2 (3 )

dt

where b is the rate constant of bimolecular decay. <The integrated

solution of eq. (2) is

(4)

Plotting é against eat, straight lines are expected in both cases

of eq. (2) and eq. (4). The difference between eq. (2) and eq.
(4) is in the value of the intercepts of these straight iines.
Our experimental results were analyzed according to the above

method, as indicated in Fig. 1 and fig. 2. In the case of low
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a _ -
intensity irrdiation of coacentrated solutions and in the case of
A

dilute solutions, the obtained lines pass the origine. However,
in the case of high intensity irradiation of concentrated soluti-
ons, the value of the intercept is negative. Then, it can be
concluded that the intermglecular interaction 9f heteroexcimer as
well as excimer occur in the latter case. an estimation of the
effective concentration of exciplex in the range of thickness
~10'3 cm at the front face gives ca. 5x10'3M. Under this concen-
tration the bizolecular collisinal interaction of exciplexes cont-
rolled by diffusion, can occur.

In the above discussion the bimoleculér collision of exciplexes
is assumed to lead to-thé radiationless degradation of both ex-
ciplexes. But it may also be expected that the excited state of
exciplex is formed under the bimolecular collision in the way simi-
lar to the case of triplet-triplet annihilation. Althogh the pro-
duced excited state of exciplex has a much larger energy compared
to the binding energy of the exciplex, the rapid radiationless
transition to the fluorescent state of exciplex might occur. such
circumstance are similar to those observed when the ground state

&DA complex is excited. The rate equation of these processes may

be written as follows.

de s 1@
— b *
1t ad-bii~ 4cl | (5)
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QE* = 0(bE2-CE* . (6)
at '

where E and E* represent, respectively, the concentrations of
fluorescent and excited states of exciplex, ¢ represents the rate
constant of the radiationless transition from the excited state

to the ground state of exciplex. a and b are the same quantity as
given in eq. (1) and eq. (3), o is the quantum yield of the forma-
tion of the excited state of exciplex due to the diffusion-cont-
rolled collision of the exciplexes. Since eq. (3) can reproduce
the experimental results quite satisfactorily, it may be argued
that the effect of this E-E annihilation process on the fluoresce-
nce decay is very small. However, it may be possible also that
the rate constants in eq. (3) contain implicitly the E-E annihila-
tion effect. For a closer examination of this problem, it should
be necessary to solve the coupled eq. (5) and (6) numerically,
though we do not attempt it here. '

In the case of anthracene-DMA heterocexcimer the higher excited
state of exciplex can be produced also by the irradiation of both
347 nm and 594 nm pulses since the excited Sl&Sn absorption of
heteroexcimer 1s observed in the region of 600~1000 nm. 2 Thus,
we can see whether the excitation of this exciplex affects its
behavior significantly or not. Irradiating the solutions with
347 nm and 694 nm pulses,.the observed decay curves of the exciplex
were the same as those obtained with 347 nm irradiation only.

Therefore the excited state of the exciplex produced by E-E anni-
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hilation or successive two quantum absorption, seems to make a
rapid intérnai conversion to its fluorescent staté éhd no substan-
tial effect specific to it seems to arise.

The higher excited state of s-tetracyanobenzene (TCNB)-benzene
and TCNB=-toluene complexes can always produced by the re-absorp-
tion of the CT fluorescence by the excited complex itself.t The
rate equations of these processes may be written as follows.

dE

i -aE-fE+cE* (D
4B = (fE-cE* (8)
dt

where f represents the rate constant of re-absorption, which is
proportiocnal to the CT fluorescence intensity, i.e., the concent-
ration of the fluorescent state E. Thus, £ = b'E and the eqg. (7)
and eq. (8) reduced to eg. (5) and eq. (6). Thus the Lifetime
shorgéings of these compleges through the re-absorption of the

CT fluorescence can be expected. The problem on the higher exci-~
ted state and interactions of exciplexes and of electron donor-ac-
ceptor complexes will be solved by progress of the laser experi-

ments.
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Pig. 1. Kinetic analysis on anthracene-bMA hetero-
excimer
(a) Anthracene 0.05M and DNA 2l in benzene,
excited witn focussed laser pulse.
(b) Anthracene 0.05M and DMA 2M in benzene,
excited with 0.3# intensity of the pulse.

1

(¢) Anthracene 5x10”%M and DMa 1071w in enthylether,

excited with normal intensity of laser.
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fig., 2. Kinetic analysis on pyrene excimer
(a) Pyrene 0.25M in _toluene, excited with .

focussed laser pulse.

(B) Pyrene 0.254 in toluene, excited with 0.34
intensity of the pulse.

(¢) pyrene 1072M in cyclohexane, excited with

normal intensity of laser.
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