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In order to elucidate the details of elementary processes of photochemical charge transfer and heteroex-
cimer formation processes, and also in order to compare the obtained results with those of transient absorption
spectral measurements, we have examined the following intramolecular heteroexcimer systems by means of ps
time-resolved fluorescence measurements with a mode-locked Nd3+: YAG laser and a streak camera: p-(CHj),-
NGC¢H,~(CH,),~(9-anthryl) (n=0, 1, 2, 3), p-(CH,),NC¢H,~(CH,),~(1-pyrenyl) (n=1, 2, 3) and 9,9’-bianthryl.
Effects of methylene chain length, solvent polarity and viscosity upon the intramolecular charge transfer pro-
cesses have been clearly demonstrated. It is concluded that molecules with sandwich configuration in the
ground state are not recognized in both n=3 compounds, and it takes a few ns for the heteroexcimer formation
in hexane because of an extensive conformation change necessary to take sandwich configuration. Both con-
formation change and solvent reorientation are involved in the heteroexcimer formation processes in polar sol-
vents, and heteroexcimer formation becomes faster with increase of solvent polarity and decrease of its viscosity.
Moreover, two step conformation changes are observed in the case of the heteroexcimer formation of =3 com-
pounds in polar solvents, i.e. a heteroexcimer with loose structure is formed first, and then follows a structural
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change to the one of sandwich type.

In acetonitrile, a strongly polar solvent, formation of heteroexcimer is very

fast, occurring within the time-resolution of the picosecond apparatus.

The nature of CT (charge transfer) interactions in
electronically excited states is a subject under lively
investigation at present,) and the results appear to
be important from the viewpoint of photochemical
as well as photobiological reaction mechanisms.

In order to clarify the details of photo-induced
CT and HE (heteroexcimer) formation processes, we
have been examining intramolecular HE systems such
as p-(CH,),NCH,~(CH,),~(9-anthryl) (A,, n=0, 1, 2,
3), p-(CHg),NCH,~(CH,),—(1-pyrenyl) (P, n=1, 2, 3)
and 9,9’-bianthryl (Bian), by means of ns time-resolved
fluorescence and ns as well as ps time-resolved ab-
sorption spectral measurements.2-10:12,14,18) Tt has been
demonstrated that fluorescence spectra of A;, A, and
P, in nonpolar solvents can be ascribed to the an-
thracene or pyrene part (LE (locally excited state)
fluorescence), and they show HE fluorescences only
in polar solvents due to the solvent-induced change
of electronic state during the excited state lifetime.
Analogous results have been observed also for A,.
For A, P;, and P, HE fluorescences can be observed
not only in polar solvents but also in nonpolar sol-
vents, due to a conformation change from an extended
form to the sandwich or a similar structure during
the excited state lifetime. Moreover, it has been dem-
onstrated that the HE formation process is affected
considerably by solvent polarity. By means of ps
transient absorption measurements of P; in 2-propanol
photoinduced CT has been found to produce at first
a loose HE followed by a structural change to the
more compact one.

In the present study, by means of ps time-resolved
fluorescence measurements we have made direct ob-
servations of CT fluorescence rise curves as well as
LE fluorescence decay curves of the above intramo-

lecular exciplex systems in various solvents of different
polarity, and have provided a systematic interpreta-
tion of photoinduced CT processes in solution.

Experimental

Apparatus and Measurements. The third harmonic (355
nm, 15ps, 1 mJ) of a passively mode-locked Nd3+:YAG
laser was used as an exciting light source. The ps pulse
repeated at 1 Hz. Fluorescence rise and decay curves were
measured with a streak camera (HTV C979), the streak
being digitized by a TV camera/microcomputer system
(HTV C1000). Measurements in a few ns region were
made also by a high speed tandem microchannel plate photo-
multiplier (HTV R1294X) connected to a transient digitizer
(Tektronix R7912). All solutions for the measurements
were de-aerated by freeze-pump-thaw cycles.

Materials. All solvents used were Merck spectro-
grade. Hexane, acetone and acetonitrile were used with-
out further purification. 2-Propanol and butyronitrile were
distilled before use. Bian was the same sample as used
previously.'® A, (n=0, 1, 2, 3) and P, (n=1, 2, 3) were
synthesized and purified as described below.

All melting points are uncorrected. The NMR and MS
spectra were recorded with a Hitachi Perkin-Elmer R-20
or a Varian XL-100 and a Hitachi RMU-7, respectively.

p-(9-Anthryl)-N,N-dimethylaniline (4,). To a Grignard
reagent prepared from p-bromo-N,N-dimethylaniline (20 g,
0.1 mol) and magnesium flake (2.4 g, 0.1 mol) in tetrahydro-
furan, a solution of anthrone (5.82 g, 0.03 mol) in tetra-
hydrofuran was added with stirring over a period of 30 min
at 0 °C under nitrogen atmosphere. After stirring for ad-
ditional 1h, the reaction mixture was worked up. The
crude product was chromatographed on alumina and re-
crystallized from benzene.

A, yelloe granulars, 1.1 g (12.3%), mp 260—260.5 °C,
NMR (CDCl,) é 3.11 (s, CH;), 7.0—8.4 ppm (m, ArH).
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Found: C, 88.94; H, 6.23; N, 4.729%,; MS (m/e) 297 (M*).
Calcd for C,,H,,)N: C, 88.85; H, 6.44; N, 4.71%; M, 297.38.
p-Arylmethyl-N,N-dimethylaniline (A,, P,). A mixture
of N,N-dimethylaniline (2 ml) and 9-(bromomethyl)anthra-
cene'® (500 mg, 1.9 mmol) was stirred overnight at room
temperature and at 40—50 °C for 30 min. After adding
10 ml of methanol to the reaction mixture, resulting pre-
cipitate was collected and washed with methanol. Re-
crystallization of the precipitate from acetone gave pale
yellow plates of A; (180 mg, 30%), mp 133—134 °C. NMR
(CDCL) 6 2.75 (s, CH,), 4.82 (s, CH,), 6.68 (m, ArH of
phenyl), 7.0—8.3 ppm (m, ArH of Anthryl). Found: C,
88.45; H, 7.06; N, 4.50%, MS (mfe), 311 (M*). Calcd
for Cy,Hy,N: C, 88.70; H, 6.80; N, 4.50%; M, 311.41.

In a similar manner, P, was prepared. P;: colorless
needles from acetone, mp 103—105°C. NMR (CDCl;)
d 2.86 (s, CH,), 4.62 (s, CH,), 6.85 (m, ArH of phenyl),
7.7—8.4 ppm (m, ArH of pyrenyl). Found: C, 89.30; H,
6.23; N, 4.06%; MS (m/e), 335 (M*). Calcd for CyH,y;N:
C, 89.51; H, 6.31; N, 4.18%; M, 335.43.

p-(2-Arylvinyl)-N,N-dimethylaniline (I4,p). To a stir-
red suspension of phosphonium salt (2.7 g, 5 mmol) in ben-
zene, prepared from 9-(bromomethyl)anthracene'® and tri-
phenylphosphine, was added an ethereal solution of phenyl-
lithium (1 moldm=3, 5 mmol) under nitrogen. To this
mixture a solution of p-dimethylaminobenzaldehyde (0.75
g, bmmol) in benzene was added dropwise for 5 min.
Stirring was continued overnight at room temperature.
After working up in the usual manner the crude product was
recrystallized from acetone to afford yellow needles of I,
(500 mg, 319%), mp 178—180 °C. Found: C, 88.89; H,
6.37; N, 4.26%. Calcd for C,,H,N: C, 89.12; H, 6.55;
N, 4.33%.

The synthesis of Ip was done in the same manner. Ip:
yellow granulars from benzene-acetone, mp 193.5—195 °C.
Found: C, 89.90; H, 6.08; N, 3.91%,. Calcd for CysH,,N:
G, 89.87; H, 6.09; N, 4.03%,.

p-(2-Arylethyl)-N,N-dimethylaniline (A4,, Py). Catalytic
hydrogenation of I, (3.23 g, 10 mmol) in benzene was car-
ried out by stirring with 5% Pd-C (200 mg) for 30 h. The
reaction mixture was worked up and chromatographed on
silica gel to afford yellow solid A, (1.97 g, 60.6%). A,:
yellow needles from acetone, mp 119.5—120.5 °C. NMR
(CDCL,) 6 2.92 (s, CH;), 2.8—4.0 (m, CH,), 6.9 (m, ArH
of phenyl), 7.1—8.4 ppm (m, ArH of anthryl). Found:
C, 88.50; H, 7.11; N, 4.26%; MS (m/e), 325 (M*). Calcd
for C, H,,N: C, 88.57; H, 7.12; N, 4.30; M, 325.43.

The preparation of P, was accomplished in a similar man-
ner. P,: pale yellow granulars from acetone, mp 118—120
°C. NMR (CDCl;) 6 2.92 (s, CHj), 2.9—3.7 (m, CH,),
6.94 (m, ArH of phenyl), 7.8—8.4 ppm (m, ArH of pyrenyl).
Found: C, 89.41; H, 6.64; N, 3.999%, MS (m/e) 349 (M+).
Calcd for C,gH,yN: G, 89.36; H, 6.63; N, 4.019%,; M, 439.45.

p-(3-Aryl-3-0x0-7-propenyl ) -N,N-dimethylaniline (Il4,p).

A mixture of 9-acetylanthracene (27.5g, 125 mmol), p-di-
methylaminobenzaldehyde (18.5g, 125 mmol), and potas-
sium cyanide (3 g, 45 mmol) in ethanol was heated under
reflux for 4 h. The resulting precipitate was collected and
recrystallized from toluene to yield ketone II, (39g, 90%),
orange granulars, mp 188—189 °C. Found: C, 85.64; H,
5.76; N, 3.819%,. Calcd for C;;H,;NO: C, 85.44; H, 6.02;
N, 3.99%.

The preparation of IIp was done in the same manner.
ITp: orange plates from acetone-benzene, mp 171.5—172.5
°C. Found: G, 86.12; H, 5.32; N, 3.63%. Calcd for
CyH;,NO: G, 86.37; H, 5.64; N, 3.73%.

p-(3-Aryl-3-oxopropyl )-N,N-dimethylaniline (Ill4,p).
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The ketone II, (20 g, 57 mmol) was reduced with lithium
aluminium hydride (4 g, 110 mmol) in boiling diethyl ether
for 20 h using an extractor of Soxhlet-type. After removal
of the solvent, the residue was recrystallized from acetone
to give pure III,, yellow granulars, 17.4 g (87%), mp 103—
103.5°C. Found: C, 84.79; H, 6.41; N, 3.92%,. Calcd
for CosH,NO; G, 84.95; H, 6.56; N, 3.96%,.

In the same manner IIlp was prepared. IlIp: yellow
plates from acetone, mp 142—143 °C. Found: C, 86.09;
H, 6.09;, N. 3.729%. Calcd for C,H;;NO: C, 85.91; H,
6.14; N, 3.719%,.

p-(3-Arylpropyl ) -N,N-dimethylaniline (A;, Pg). The di-
hydroketone III, (2g, 5.6 mmol) was added to a stirred
suspension of lithium aluminium hydride (0.38 g, 9.8 mmol)
and aluminium chloride (2.66 g, 19.6 mmol) in diethyl ether
(50 ml). After stirring for 2 h under reflux, ethyl acetate,
water, and 5% aq sodium hydroxide were successively added
to the reaction mixture. It was extracted with diethyl
ether, and the organic layer was worked up in the usual
manner. The residual yellowish brown solid was chromato-
graphed on silica gel to give A; (34 mg, 18%). A,;: colorless
granulars from acetone, mp 105—106 °C. NMR (CDCly)
6292 (s, CH,), 1.9—3.8 (m, CH,), 6.95 (m, ArH of phenyl),
7.3—8.3 ppm (m, ArH of anthryl). Found: C, 88.65; H,
7.29; N, 4.10% MS (mfe), 339 (M*). Calcd for CyHpsN:
C, 88.45; H, 7.42; N, 4.13%; M, 339.46.

In the same manner P, was prepared. P,: pale yellow
powder, mp 97—97.5°C. NMR (CDCl,;) 6 2.9 (s, CHy),
2.0—3.5 (m, CH,), 6.89 (m, ArH of phenyl), 7.1—8.2 ppm
(m, ArH of pyrenyl). Found: C, 89.12; H, 6.95; N, 3.90%,
MS (mfe), 363 (M*). Caled for C,HyN: C, 89.21; H,
6.93; N, 3.85%; M, 363.48.

Results

Ag and Py in Hexane Solution. Fluorescence spec-
tra of A; and P, in hexane are shown in Fig. 1. Decay
times (7,) of LE fluorescence measured in the wave-
length region of 390—420 nm and rise time (t,) of
HE fluorescence observed through a filter transparent
for the region longer than 550 nm are listed in Table
1. Both 7, and 7, values of each compound agree
within experimental error.

It should be noted here that the rise curve of the
HE fluorescence measured at 540 nm contains a con-
siderable amount of the rapid component. However,
the rapid component is negligible if the fluorescence
is observed through a filter which is transparent above
550 nm (Fig. 2).

(1)

1 1 1 1 1 1 1

Fluorescence intensity (a.u.)

300 350 400 450 500 550 600 650 700
Wavelength/nm

Fig. 1. Fluorescence spectra of A; and Py in hexane.
(1): Ag, (2): P,
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TaBLE 1. Decay TiMEs oF LE FLUORESCENCE AND RISE
TIMES OF HE FLUORESCENCE OF A; AND P; IN HEXANE

Td/ns Tr/m
A, 2.3£0.1 2.64£0.4
P, 4.6+1.0 3.9:£0.6

A

Fluorescence intensity (a.u.)

T LW 1 Y 1 1 )
0 50 100 150 200 250

Time (channel)

Fig. 2. Fluorescence rise curves of A; in hexane
measured by means of ps streak camera.
A: Observed at 540 nm, B: observed through a filter
which passes the wavelength region longer than 550
nm.

A, and P, in 2-Propanol Solution. Fluorescence
spectra of A, and P, in 2-propanol solution are shown
in Fig. 3. The HE band is shifted to considerably
longer wavelength compared to that in hexane solu-
tion. Decay times of LE fluorescence observed in
the region of 390—420 nm and rise times of HE flu-
orescence observed through a filter which is trans-
parent above 520 nm are given in Table 2 for A,,
P,, A,, and P,. The 7, and 7, values of each com-
pound approximately agree, although there is a tend-
ency that v, value is a little longer than that of 7,
for A; and P;. As a typical example, the observed
decay curve and also the rise curve of P; are shown
in Fig. 4.

For A; and P,, circumstances are somewhat com-
plicated. By detailed observation of P; at 401 nm,
we detected clearly a two-component decay of flu-
orescence as shown in Fig. 5A, from which decay
times were estimated to be 7:=340%20 ps and 7i=
1.140.2 ns.

We examined dynamic features of the HE fluores-
cence at several different wavelength regions. The
measurement through a filter which is transparent
above 680 nm indicated clearly rise and two-component
decay curves (Fig. 5B). By analyzing this result, the
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A

Fluorescence intensity (a.u.)

350 400 450 500 550

Wavelength/nm

600 650 700 750 800

Fig. 3. Fluorescence spectra of A, and P, in 2-pro-
panol.
A: A,, B: P,, (normalized at LE band maxima).
I Al, Pl’ - Azs Pzr — - A3’ Pa-

TasLeE 2. Decay TiMes oF LE FLUORESCENCE AND
rise TIMES OF HE FLUORESCENCE OF A,, P,, A,,
AND Py IN 2-PROPANOL SOLUTION

Ta/Ps 7:/ps
A, 40+ 9 54+ 9
A, 98+ 5 93423
P, 62+ 6 93420
P, 17039 192439
A

El

&

2

4

8

8
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=]
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2 | B

3

=

=
LA AheA 1 1 1 1 1
0 50 100 150 200 250

Time (channel)

Fig. 4. Decay curve of LE fluorescence (A) and rise
curve of HE fluorescence (B) of P; in 2-propanol.

fluorescence rise time and the decay time of the fast
component of the two-component decay curve were
estimated to be t3*=345+50ps and 7i®=1.1%0.1
ns, respectively. We can see a good agreement be-
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Log (fluorescence intensity) (a.u.)

! 1 1

00 15 30 45
Time/ns

Fig. 5. Decay curve of LE fluorescence observed at
401 nm (A) and rise and decay curve of HE fluo-
rescence observed through a filter which passes the
wavelength region longer than 680 nm (B) in the case
of 2-propanol solution of P;. The observed results
were calibrated for variations in the value of ps/
channel in the following way. Conversion of n-th
channel to the delay time ¢(n) was made according

to: t(n)=§i] At(7), where At(i) is the value of ps/

channel of the i-th channel, and the observed intensity
I(Z) at i-th channel was corrected according to:

Icorr(i) =I(l)/At(l)‘

tween 77% and 7i as well as between v%® and <+!.
Therefore, the results in Fig. 5 satisfy the ordinary
kinetics of HE formation and decomposition. How-
ever, the measurement of HE fluorescence in the
region including shorter wavelengths gave rather com-
plicated results due to the contribution from the LE
fluorescence.

Although we have not made such a detailed study
for A; in 2-propanol, the circumstance seems to be
analogous to P, since we have observed two com-
ponent decay of the HE fluorescence by observing
in the region longer than 650 nm and obtained the
approximate 73° value of the fast component to be
1.5 ns.19)

Py in an Acetone Solution. The results were sim-
ilar to those in 2-propanol. However, the observed
7: value was much shorter (60 ps), while the z3®
value was not so much different (=1 ns).

P, and Py in Acetonitrile Solutions. Both LE flu-
orescence decay and HE fluorescence rise times of
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P, in acetonitrile were shorter than 20 ps, the response
time of the apparatus. The LE fluorescence decay
time of P; was also shorter than 20 ps. Thus, the
CT or HE formation becomes very fast in acetonitrile,
a strongly polar and less viscous solvent. However,
the ordinary kinetics for HE formation and decom-
position as observed for P; in 2-propanol was not
recognized clearly in this case.

Ay and Bian in Polar Solvents. In the fluores-
cence spectra of these compounds in polar solvents,
the LE and HE bands are not so distinct as those
of A, and P, (n=1, 2, 3). One can recognize, how-
ever, that the vibrational structure of the LE band
superposed upon the broad CT (HE) fluorescence
band for Bian..12) In accordance with this result,
the decay curve of LE fluorescence in the region,
390—420 nm and the rise curve of CT fluorescence
in the region above 520 nm for Bian were observed
in 2-propanol (Fig. 6). In Fig. 6A, the fluorescence
observed at longer delay times is due to the CT flu-
orescence band superposed upon the LE band. The
decay time (z;) of the LE fluorescence and the rise
time (z,) of the CT fluorescence of Bian in 2-propanol
were estimated to be 7,=80%17 ps and 7,=80+420
ps. These values are in good agreement with each

A
s
&
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2
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2
(5
=
(]
3
=
LMo ' 1 1 1 !
0 50 100 150 200 250

Time (channel)

Fig. 6. Fluorescence decay and rise curves of Bian
in 2-propanol.
A: Decay curve of LE fluorescence observed in the
wavelength region of 320—420 nm. The long life
tail is due to the CT fluorescence extending to this
wavelength region, B: rise curve of CT fluorescence
observed through a filter which passes the wavelength
region above 520 nm.
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other. Both the LE fluorescence decay and CT flu-
orescence rise times of Bian in acetone and aceto-
nitrile were shorter than the response time of the
apparatus (=20 ps).

For A,, the fluorescence spectra in polar solvents
are more broad, and one cannot recognize clearly
the LE fluorescence band.?®) In 2-propanol solu-
tion, we observed a decay curve in the region, 320—
420 nm with the apparent decay time of approxi-
mately =70 ps, and a rise curve in the region longer
than 520 nm with the apparent rise time of approxi-
mately =110 ps. Just as for Bian, both LE fluores-
cence decay and CT fluorescence rise times of A,
in less viscous or more polar solvents like acetone,
butyronitrile and acetonitrile were shorter than the
response time of the apparatus (=20 ps).

Discussion

HE Formation in Nonpolar Solvents. It is well
established now that intramolecular HE formation is
not possible for A,, A,, and P; in nonpolar solvents,
while it is possible for A, and P; even in nonpolar
solvents.1~? It has been confirmed already for P,
in decalin solution that the rise time of the HE for-
mation at room temperature is about 8 ns.%” The
fully slow formation process is ascribed to the internal
rotations around CH,~CH, bonds necessary for the
conformation change and somewhat high viscosity of
decalin. Both internal rotaions and solvent viscosity
are affected by temperature, and the rise time be-
comes much longer by lowering temperature. For
example, for P; in decalin, 7, is 25 ns at —10 °C and
58 ns at —50 °C.47)

Even if a less viscous solvent, hexane, is used, the
rise of intramolecular HE fluorescence still takes a
few ns for both A; and P;, which indicates an im-
portant role of internal rotation for slowing down
the HE formation process. Assuming the reaction
mechanism of Eq. 1, where £, and £, are sum of radia-
tive and non-radiative rate constants, the well-known
Eq. 2 representing time dependence of each species
is obtained.

ke sandwich
S(A* /\/\ D) == HE, - (D)
k-q heteroexcimer

- B
[S] = Cyexp (—4t) + (Go—C) exp (—4st)
[HE,] = Gy[exp (—4¢) — exp (—4xt)]. 2)

The values of 1,~! were determined as shown in Table
1, and these of 1,7 in hexane were given by the pre-
vious study as 130 ns and 87 ns for A; and Pj, re-
spectively.?)

The rapid component in the fluorescence rise curve
observed at 540 nm (Fig. 2A) is indicative of the ex-
istence of ground state Aj; molecules in a sandwich
configuration, which give HE fluorescence immediate-
ly after excitation as reported by Gnidig and
Eisenthal.®) However, this possibility is rejected, be-
cause no rapid component is found when the rise
curve was observed only for the region longer than
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550 nm (Fig. 2B).

Although the S,<S,; spectrum of anthracene itself
does not show any appreciable absorbance at 694
nm where Gnidig and Eisenthal monitored the tran-
sient absorbance of A; HE, we have confirmed by
ps transient absorbance measurements on A, that the
S,<S; spectra of anthracene are affected by alkyl
substitution, and there arises some absorbance around
694 nm.’® Thus, the rapid component observed in
the ps transient absorption of Aj; can be ascribed to
S,<S; spectra, and that shown in Fig. 2A must be
ascribed to LE fluorescence.

Photo-induced CT and HE Formation of A, and P,
(n=1, 2, 3) in Polar Solvents. In general, the
wave equation and the Hamiltonian operator for the
solute—solvent system may be given by

FU=EV, B =Fot F & = —popF. (3

F=pef)ab, £, = Ae=1)[2e+1), &= Tl T,
where, ' represents the solute-solvent interaction,

;op is the dipole operator, Fis the Onsager’s reaction
field and ¢ is the dielectric constant of solvent.
For an excited CT system, a simplified wavefunc-
tion may be given by
UV =C¥cr + C¥Lg, €))

where ¥, represents the CT structure A-D+, and
¥,z the LE structure A*D. By using Eqs. 3 and
4, the following matrix elements are defined:

K = G W onl fop| Tord = Ci-pto
Fer| ZNVer) = For| Zol¥er) + For| | e
= E, — Torl o Fl¥er
= E. — G*(u?/a®)f,
<WCT|% IWLE> = o, <WLEI 4 IwLE> = E,. (5)

With these matrix elements, the secular equations are
written as

C(Ee—GC®(ue*[a®) - f . —E) + Cyx=0
Cix + Cy(E,—E) =0. (6)

By solving these nonlinear equations and by adding
the polarization energy of the solvent to the solution
of Eq. 6, the energies of the states relevant to the flu-
orescence transition can be obtained.!)

For A, and P,, for example, « which is due to the
electronic delocalization interaction between electron
donor and acceptor groups may be negligibly small.
Therefore, the energy of the CT state relaxed with
respect to solvation may be given by,

Ecr = E. — (1/2)(ue*/a%) 1., ™

where ;:“ is the dipole moment of the relaxed CT
state. Egp is higher than E, in nonpolar solvents
for A,, P, and A,. With increase of the solvent po-
larity, Eg; becomes lower than E,. At the inversion
point, there arises the orientational destabilization
energy SETC in the Franck-Condon ground state of
the fluorescence transition.

OB = (1/2)- (u2*/a®) - (fi—Jn)
Jo =2 =1)[(2n2+1). ®)
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Therefore, in more polar solvents than that giving
the inversion point, the frequency of the CT fluores-
cence is given by Eq. 9.

hvy = Const. — (4s%/24°)(2f,—f2) - ®
We have actually observed, for A,, P;, and A,, es-
pecially large red shifts of the HE fluorescence at
the inversion point due to E¥¢,3-5) and have confirmed
that Eq. 9 holds not only for the HE fluorescence of
A, and P, (n=1, 2) but also for A; and P33

In the present work, we are investigating the dy-
namic processes of appearance of the HE state. The
simple picture described above seems to be especially
suitable to the cases of A; and P,. Thus, the time-
resolved fluorescence measurements of these systems
will reflect directly the solvation process in the CT
state.

The results indicated in Table 2 and Fig. 4 for
A, and P, in 2-propanol solution show that the re-
laxation processes of the decay of LE and appearance
of the CT state take about 50—100 ps. These values,
however, are considerably longer than the shorter
reorientational relaxation time'® (<30 ps) of 2-prop-
anol liquid. This result seems to indicate two pos-
sibilities: (a) the relaxation process of the CT state
formation involves not only the rapid reorientational
relaxation of 2-propanol but also slower ones covering
a wider region around the solute molecule and in-
volving hydrogen bond breaking and formation; (b)
the relaxation process involves not only the solvent
reorientation and solvent-induced change in the elec-
tronic structure as outlined by Eqs. 3—7 but also
the geometrical change i.e. internal rotations of the
solute molecule around single bonds connecting the
CH, group with two aromatic groups, and the re-
laxation time is inherent in this conformation change.

However, the fact the relaxation times for the GT
state formation of Bian and A, in 2-propanol are
likewise 50-—100 ps indicates that this relaxation time
is inherent in reorientation of 2-propanol molecules
around the bichromophoric molecule in the excited

b loose
S(A* \/\ D) =— HE,
k-y heteroexcimer

- -
where ks, k4, and k; are sums of rate constants of ra-
diative as well as radiationless deactivations, respec-
tively.

[S] = Glexp (—A-t) + (Gi—Ci) exp (—4-1)
[HE,] = Gifexp (—%-1) — exp (—%-1)]
[HE,] = G5[(4—ks) exp (—4-8) — (L—ks) exp (—Ai-t)
— (—A) exp (—ks-1)]- (1)

In view of the good correspondence between the
7 values, the- time-dependences of fluorescence ob-
served at 401 nm and those observed in the region
longer than 680 nm are assigned to S and 'HE,, re-
spectively, from which 7,=7%*=1',"1~350 ps and
7,=73%=7';"1=1.1 ns were obtained. The assign-
ment of the long wavelength band to the loose HE
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CT state formation rather than its conformational
change.

A little longer 7, value than that of 7, for A, and
P, may be due to the time-dependent red shift of
HE band during the rise of HE fluorescence.

The considerably longer relaxation times of A, and
P, compared with those of A; and P; may be explained
as due to more extensive conformational change neces-
sary for the photo-induced CT and for taking the
stable HE configuration.

The behavior of P, in 2-propanol is a good example
of enhancement of photo-induced CT process in polar
solvent, and also of the control or slowing down of
the CT reaction by internal rotations which are neces-
sary to bring A* and D to the mutual distance and
orientation where the CT is possible. The latter ef-
fect of the internal rotations makes it possible to elu-
cidate photo-induced CT processes in solution which
are difficult to study in detail even by ps laser methods
for free A* and D. This difficulty is caused by very
rapid and mutually combined translational and
rotational diffusions, and they make the result com-
plicated.

The faster decay of LE fluorescence and the faster
rise of HE fluorescence of P, in 2-propanol solution
than in hexane solution despite the higher viscosity
of 2-propanol suggest that the photo-induced CT in
polar solvent is possible, even if A* and D are some-
what separated, because the energy of the CT state
is lowered by the interaction with the polar solvent,
and loose HE is formed. Moreover, our previous
semi-quantitative studies of ps transient absorption
spectra of Py in 2-propanol indicated a two step change
of spectra which is probably due to loose HE forma-
tion followed by a conformational change into the
one of sandwich-type.8:10)

The double exponential decay of LE fluorescence
observed at 401 nm and the rise as well as decay of
HE fluorescence observed in the region longer than
680 nm can be well reproduced by assuming the re-
action scheme of Eq. 10 and by Eq. 11 derived from it.

(10)

heteroexcimer

may be supported also by the fact that the ordinary
(time-integrated) fluorescence spectra of P; and P,
in 2-propanol are somewhat red-shifted compared to
those of P, in the same solvent. The latter spectra
can be attributed almost completely to HE, because
of its much longer lifetime (=100 ns) compared with
HE,. Moreover, our recent results of accurate ps
time-resolved absorption measurements on the same
system can be explained quantitatively assuming the
same scheme (10), and they give the same 1’ values.19)

The results of similar measurements in acetone solu-
tion can be interpreted by the same scheme as Eq.
10, with 1’,71=~60 ps and 1;7'=1 ns. Since the po-
larity of acetone is close to that of 2-propanol, it is
necessary to have a similar conformation (HE,) for
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the photo-induced CT to occur. Therefore, the much
shorter value of 1’1 might be due to the considerably
lower viscosity of acetone compared to 2-propanol,
resulting in faster conformation change. However,
the reason why the value of 4';7! is not so much dif-
ferent from that in 2-propanol solution is not so clear
at the present stage of investigation. Presumably, the
HE, formation may occur by solvent reorientation
and a small rotation of two chromophore groups
with only a slight internal rotation around CH,-CH,
bonds, while the HE, formation involves extensive
internal rotations which seem to determine the ve-
locity of the process irrespective of the solvent viscosity.

The photo-induced intramolecular CT process be-
comes much faster in acetonitrile, a strongly polar
and less viscous solvent, since CT may be possible
at longer mutual distance between A* and D due to
the rapid and stronger solvation. In other words,
the extent of the conformation change necessary for
the photo-induced CT may be much smaller in aceto-
nitrile than in 2-propanol.

Thus, both the LE fluorescence decay time and
HE fluorescence rise time of P, are shorter than 20
ps, the response time of the apparatus. The LE
fluorescence decay time of Pj is also shorter than 20
ps, but the corresponding rise of the HE fluorescence
was not observed. The fluorescence from the loose
HE formed immediately after the rapid photo-induced
CT may not be detectable in the case of P; because
of the very small fluorescence yield due to strong
solvation of the ion-pair state.

Behaviors of Bian and A, in Polar Solvents. In-
terestingly Bian shows in the excited state intramo-
lecular CT from one anthracene nucleus to another,
which is caused by the interaction with polar solvent
molecules.’t) This is a solvent-induced “broken sym-
metry” phenomenon, i.e. the lowering of the sym-
metry of the solute molecule due to the interaction
with polar solvent molecules, resulting in the CT
state even if the molecule is composed of two identical
chromophores.’?) Direct confirmation of the intra-
molecular CT was made by transient absorption spec-
tral measurements in polar solvent.!?)

In the present work, we have directly demonstrated
the CT state formation process and decay of the cor-
responding LE state in 2-propanol. Both the CT
state rise and the LE state decay times are ca. 80 ps,
which are considerably longer than the shorter re-
orientational relaxation time of 2-propanol liquid at
room temperature. Just as in the cases of A; and
P, in 2-propanol, two interpretations might be pos-
sible. One is the relaxation process which includes
some contribution from slower processes involving sol-
vent hydrogen bond breaking and formation. The
other involves not only the solvent reorientation but
also the geometrical structural change of Bian, i.e.
the rotation around the 9-9’ bond which determines
the observed relaxation time.

The two z-electronic systems of Bian are oriented
perpendicular to each other because of a strong steric
hindrance in the relaxed ground state as well as the
Franck-Condon excited state. It was suggested that
the stable conformation in the excited state may not
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be the perpendicular one but the oblique one.!V  Since
the CT fluorescent state of excited Bian may be con-
sidered as a resonance hybrid of the CT configura-
tion mixed with the LE configuration, its solvation
by polar solvents will oppose the electronic delocaliza-
tion between two chromophores, because the solva-
tion energy increases with increasing charge separa-
tion in the CT system. When the conformation is
the perpendicular one, the electronic delocalization
will become very small. Therefore, the excited equi-
librium conformation in polar solvents will be very
close to that of the excited Franck-Condon state.

The above considerations lead to the conclusion
that the rate of the photo-induced CT state formation
of Bian will be determined by the solvent reorientation
relaxation time and will become faster in a less viscous
polar solvent. Actually, we have found that the LE
fluorescence decay and the CT fluorescence rise times
of Bian in acetone as well as in acetonitrile are much
shorter (<20 ps) than those in 2-propanol.

Although the fluorescence spectra of A, are quite
broad, we were able to observe the LE fluorescence
decay in 2-propanol solution at the shorter wavelength
edge of the fluorescence band, and the CT fluores-
cence rise process in the longer wavelength region.
This result is somewhat analogous to those of A,,
P,, and Bian. Although the CT character of S, state
seems to be evident from the very large red shift of
fluorescence with increase of solvent polarity, another
evidence comes from the measurement of the effect
of solvent polarity upon the S,<S, spectra.®) It has
been confirmed that the S, <SS, spectra in moderately
or strongly polar solvents are comparable to the su-
perposition of those of anthracence anion and DMA
cation.®17)

In this case too, the LE fluorescence decay time
(=70 ps) as well as the CT fluorescence rise time
(=110 ps) in 2-propanol are considerably longer than
the shorter reorientation relaxation time of 2-propanol
liquid at room temperature. A little larger value of
the latter compared with the former can be explained
as due to the time-dependent red shift of the CT flu-
orescence band occuring during the CT state rise
process just as for A; and P;. The fact that the CT
fluorescence rise time agrees approximately with the
LE fluorescence decay time for Bian in 2-propanol
may be explained as due to the much smaller solvent-
induced red shift of the CT fluorescence band of Bian
compared with A,. Namely, the wavenumber dif-
ference between the fluorescence band maxima of
Bian in hexane and 2-propanol is ca. 1.4X103 cm™,
smaller compared with the corresponding value of
Ay, 5.3x10% cm1,

Thus, there arises a similar problem with A,, P,,
and Bian concerning the mechanism of CT state for-
mation in 2-propanol, i.e. the relaxation process in-
cludes some contribution from the slower process of
solvent rearrangements involving hydrogen bond break-
ing and formation, or it involves structural changes
of A,. The possibility of an excited equilibrium struc-
ture of A, in polar solvents where molecular planes
of two moieties are perpendicular to each other has
been discussed already.51®) Moreover, we have also
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confirmed that the LE fluorescence decay time as
well as the CT fluorescence rise time of Ay in less
viscous and polar solvents, like acetone, butyronitrile
and acetonitrile are much shorter than the response
time (20 ps) of the apparatus. Analogously to the
cases of A;, P,, and Bian, the rate of the CT state
formation in polar solvents for A, seems to be deter-
mined by the solvent reorientations.

Summary

We have observed directly by means of ps time-
resolved fluorescence measurements the intramolec-
ular HE formation process and its solvent dependence
for typical hydrocarbon-amine systems and have con-
firmed our prediction of the enhancement of intra-
molecular CT process with increase of solvent polarity.
Existence of loose HE’s as an intermediate during sand-
wich type HE formation in polar solvents has been
demonstrated for three methylene-chain compounds
and we have found that the loose HE emits at longer
wavelength than sandwich type one. Moreover, it
has been found that the loose HE in strongly polar
solvents is non-fluorescent. These results demonstrate
clearly the effect of solvent polarity upon the photo-
induced CT and HE formation processes as well as
upon the electronic and geometrical structures of the
formed HE'’s.

The cost of the present investigation was partly
defrayed by the grants given by Toray Science Founda-
tion and Mitsubishi Foundation, and also by Grant-
in-Aid for Special Project Research on Photobiology
from the Japanese Ministry of Education, Science and
Culture.
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