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Mechanisms of the intermolecular electron transfer process in the electronically excited
states of solute molecules have been studied in relation to the fluorescence quenching reactions
in solution, employing pyrene as a fluorescer and some aromatic amine and cyano compounds

as quenchers.

The quenchers showed various strengths of the quenching actions which were

classified and discussed on the basis of a new theoretical model of electron transfer process in ex-

cited state.

Tetracyanoethylene showed a quite strong quenching action which was interpreted
in terms of a long range electron transfer from excited pyrene to tetracyanoethylene.

The re-

lation between the exciplex formation, the electron transfer reaction due to the short range inter-
action and that due to the long range interaction have been discussed.

The mechanism of fluorescence quenching in
solution has been studied for a long time.» Al-
though there are diverse mechanisms of the lumi-
nescence quenching reactions, the intermolecular
electron transfer or charge transfer processes in
the excited state seem to be one of the most im-
portant mechanisms for fluorescence quenching
reactions.? The mechanism may be connected
with the fact that the electron affinity of a mole-
cule is larger and its ionization potential is smaller
in the electronically excited state than in the ground
state and, the electron donor-acceptor interaction
can arise in the excited state even though there is no
interaction in the ground state. Recent studies?
on exciplex (or heteroexcimer) luminescence are
making important contributions to this fluorescence
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quenching mechanism.

The results of observations concerning exciplex
fluorescence have indicated that the exciplex
formed in a polar solvent by the encounter colli-
sion between the fluorescer (F*) and the quencher
(L) molecule gradually shifts to the solvated ion-
pair or to the dissociated ion-radicals during the
lifetime of the excited state as follows:

Ky k3 _ _
F* + L = exciplex —> F§--L§ — F§ + L§
k

2

ey
Although Eq. (1) seems to be important for
fluorescence quenching due to the electron transfer,
it might not be correct to say that the electron
transfer in the fluorescence quenching reaction
occurs always via the formation of a ‘“‘complex”
where the interaction between the electron donor
and the acceptor is considerable. In principle,
it may be possible for the electron transfer to
occur by very weak interaction in a quite loose
encounter complex, so weak that the states of the
system before and after the electron transfer can
be regarded as independent stationary states be-
tween which the quantum mechanical transition
occurs.®  Accordingly, it is necessary and impor-
tant to examine various quenchers of different
strengths in detail for the elucidation of the electron

transfer processes.
In the following, we show the results of our
measurements on the quenching of pyrene fluo-
rescence by various quenchers in various solvents.

Experimental

chromatographed on
and extensively

Materials. Pyrene was
activated alumina and silica gel,

3) N. Mataga and O. Tanimoto, Theoret. Chim.
Acta, 15, 111 (1969).
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zone-refined.  N,N-Dimethylaniline  (DMA)  was
refluxed with acetic anhydride, washed with water,
dried over potassium hydroxide, and distilled in a vac-
uum several times. G. R. grade tetracyanoethylene
(TCNE) was recrystallized from monochlorobenzene
and sublimated several times in a vacuum. 1,2,4,5-
tetracyanobenzene (TCNB) was synthesized and
purified in this laboratory.) Isomeric dicyanobenzenes
(DCNB) were recrystallized from ethanol and subli-
mated in a vacuum. n-hexane was passed through a
column of activated silica gel and distilled. Pyridine
was refluxed with 289, aqueous solution of sodium
hydroxide, dried over sodium hydroxide and potassium
hydroxide and after refluxing with potassium hydrox-
ide distilled carefully. Ethanol was treated with sul-
furic acid and silver nitrate, dried over aluminium
amalgam and activated silica gel, distilled carefully.
Acetonitrile was refluxed repeatedly over phosphorus
pentoxide, distilled into potassium carbonate and
distilled from it. Spectrograde N,N-dimethylformamide
(DMF) was used without further purification.

All solutions for the measurement were carefully
deaerated by freeze-pump-thaw cycles.

Apparatus and Measurements. Fluorescence
spectra were measured with an Aminco-Bowman
spectrophotofluorometer which was calibrated to ob-
tain the correct fluorescence quantum spectrum. Ab-
sorption spectra were measured by a Cary 15 spectro-
photometer.

In order to measure the fluorescence decay times,
the specimens were excited by a pulse which was made
monochromatic through a monochromator (335 mg).
The fluorescence pulses were received by a photomulti-
plier of 1P28 type. Responses from the photomulti-
plier were guided to a synchroscope(Tektronix 585A)
and the decay curve was photographed, or they were
led to a sampling oscilloscope(Tektronix 661) and the
decay curves were recorded on a X-Y recorder.

The exciting pulsed lights were produced by dis-
charging a specially designed capacitor (of a few hun-
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dreds pF and charged up to 2000—4000 V) through
a gap of about 0.5 mm between small platinum elec-
trodes in air. The half width of the pulsed light was
about 15 ns.

The measurement of the temperature effect on the
fluorescence was conducted by using a metal dewar
with quartz windows (for the temperature range below
—50°C) or by using a quartz dewar which contains
purified ethanol as a refrigerant (for measurements
above —50°C). In the case of the former, the tem-
perature of a solution in a quartz cuvette placed in the
dewar was controlled by a constant flow of cold nitrogen
gas. The flow of the gas was controlled by heating
liquid nitrogen, and the temperature of the solution was
measured by a thermocouple. In the case of the latter,
the temperature of the solution in the cuvette was con-
trolled by dropping appropriate amounts of liquid
nitrogen into the refrigerant.

The measurements of the absorption spectra of transi-
ently produced ion radicals were made by means of
an ordinary flash photolysis apparatus. Both the
first and the second flash lights have a half-value width
of 3 usec. The spectra were photographed by using
a Shimazu GE 100 type spectrograph.

Experimental Results and Discussion

In such polar solvents as ethanol, DMF and
acetonitrile, the fluorescence of pyrene is quenched
by DMA completely. As an example, the quen-
ching curves in acetonitrile and DMF are shown
in Fig. 1, where the simple Stern-Volmer equation
(2) is well satisfied with respect to the fluorescence
quantum yield as well as the fluorescence decay
time.

7'plnE = t'p/tr = 1/(1 + yk7e[L]) 2
where y=k,/(ky+k;) according to Eq. (1).

I.0~L

0 A 1

T'plTR

10°*

mol/!

Fig. 1.
and DMF (2) at 300°K.
®, O: 7'v/nr A, A: T's[TF

7'rlyr or T'p[tr vs. [L] relations for pyrene - DMA system in acetonitrile](1)

[Pyrene]: 1x 105 mol/l

4) N. Mataga and Y. Murata, J. Amer. Chem. Soc., 91, 3144 (1969).
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The quenching rate constants yk, at 300°K for
the pyrene-DMA system were 1.3X 10 //mol-
sec in acetonitrile, 5.7x10°//mol-sec in DMF
and 6.9x10°//mol-sec in ethanol, respectively.
Similar results have been obtained also in the case
of the quenching of pyrene fluorescence by TCNB
and isomeric dicyanobenzenes in polar solvents.
In the case of pyrene- TCNB system in aceto-
nitrile, the quenching curve can be reporduced
accurately by Eq. (2) and the pk; value at 300°K
has been evaluated to be 1.6x 10 //mol-sec.

When isomeric dicyanobenzenes are used as
quenchers, the quenching curves are not exactly
reproducible by Eq. (2), but 7'p/yr value is a
little smaller than t'p/tp value at the same [L]
value, although 7'g/tp= (1+ yk,rp[L])L

It is well-known that a more detailed consider-
ation based on the diffusion-controlled encounter
process of Eq. (3), leads to Egs. (4) and (5).%

ky k
F*¥ + L &= F* ... L i intermediate —  (3)
k2
7'rlpr = 6/(1 + ykyTe[L]) (€]
0 = exp [—4n(yRo)*{Drr(y'r/7r)}/2N'[L]] < 1
w'p/tr = 1/(1 + ykyor[L]) ®

where, D=Dg++D;, the sum of the diffusion
coefficients of F* and L, N’ is the Avogadro num-
ber per 1 ml/ and yR, is the effective encounter
distance. When the electron transfer interaction
in the encounter complex is a sufficiently short
range one, Eq. (4) is reduced to the simplest case
of Eq. (1) because d6=~1.

From the results, the mechanism of Eq. (1)
seems to be correct at least for the pyrene-TCNB
systems.

If the mechanism of Eq. (1) is correct and the
ion radicals are formed, we should be able to ob-
serve the absorption spectra of transiently produced
ion radicals by means of the flash photolysis me-
thod. Actually, we have observed such spectra
for pyrene - DMA system in acetonitrile as well as
in ethanol (Figs. 2 and 3).

In Fig. 2, we see clearly the absorption peaks
due to pyrene anion radical at 20.3x 103, 22.0 x
103 and 26.0x10®cm~'. The peak at ca. 24X
103 cm~! may be ascribed to the T-T absorption,
while shoulders around this peak can neither be
ascribed to the absorption of radicals nor the T-T
absorption. The small shoulder at ca. 21.3x
10® cm~* might be assigned to the absorption band
of DMA cation radical.

In the case of Fig. 3, we can observe more clearly
the absorption bands of both ion radicals. The
spectrum in Fig. 3c where no added DMA is pre-
sent is due to the T-T absorption. In the pre-
sence of DMA((a), (b)), the absorption bands at
22.0x 10 and 20.3x 10% cm~! due to pyrene anion

5) A. Weller, Z. Phys. Chem. N. F., 13, 335 (1957);
ibid., 15, 438 (1958); ibid., 18, 163 (1958).
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Fig. 2. Transient absorption spectra of pyrene -
DMA system in acetonitrile.

el 1 A A 1
400 450 500 mu
1 1 1 1 1 1 1
25 20
yx10-3 cm—?

Fig. 3. Transient absorption spectra in ethanol.
(a), (b): pyrene-DMA system, the intervals
between the peaks of the main flash and second
one were 3 usec(a) and 50 usec(b)

(c): T—T absorption bands of pyrene, the
interval between the two peaks was 3 usec
[Pyrene]: 1x10-3mol/l, [DMA]: 1x10-2 mol/

radical as well as those at 22.2x 10% and 21.3X
103 cm~! which can be ascribable to DMA cation
radical have been observed. From comparison
of Fig. 3b and Fig. 3a, we see that in ethanol, py-
rene anion is rather unstable and decays more
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rapidly compared with DMA cation. Contrary
to this, the spectrum DMA cation can hardly be
observed in the case of acetonitrile solution. Pre-
sumably, the ion radicals will decay partly due to
the reaction with solvent molecules or unknown
impurities in the solvent in addition to the bimole-
cular recombination reaction between anion and
cation radicals (electron transfer from anion to
cation). At any rate, the ion radical formation
according to the mechanism of Eq. (1) has been
confirmed experimentally.

The fluorescence of pyrene is quenched com-
pletely even in a non-polar solvent by the strong
quencher, TCNE. The quenching curve in n-
hexane is shown in Fig. 4. This quenching curve
of pyrene - TCNE - n-hexane system can be well
reproduced by Eq. (2); yk,=2.5x 10 //mol-sec
at 300°K. However, the formation of ion radicals
cannot be observed by means of flash photolysis
studies on this system. Presumably, the ion radi-
cals are extremely unstable in this non-polar sol-
vent. Therefore, the encounter collision may
lead to the formation of charge transfer type com-
plex which is non-fluorescent.

k
F* + L - Complex —— Product 6)

Because there is a large energy difference between
the state (F*+L) and the complex, the back re-
action from the complex to the (F*+L) state can
be neglected. The energy difference is estimated
to be ca. 13X 10®cm~—! from the CT absorption
band of pyrene-TCNE CT complex and the ex-
citation energy of pyrene.

The fluorescence of pyrene is strongly quenched
by TCNE in acetonitrile solution. In contradis-
tinction to the case of n-hexane solution, there is
a quite large difference between the quenching
curve for the fluorescence quantum yield and that
for the decay time as shown in Fig. 5. Namely,
7'r/np<tg'/tr for the same [L] value in general.
The quenching curves in acetonitrile can be re-
produced by Egs. (4) and (5). In this polar sol-
vent, the electron transfer from excited pyrene to
TCNE may occur and ion radicals may be pro-
duced. We have confirmed by flash photolysis
the transient production of TCNE anion radical
in addition to the formation of pyrene cation
radical with absorption band at 22.2 X 102 cm~1.

We obtain from Egs. (4) and (5),

Iné = In [(5's/7r)(zr/r'F)]
= —4n(yRy)(Dvr)"/2N'(y'r/7pF)*/?[L] @

From the plot of In[(7'p/7r)(zr/t'r)] against (1p'/
7r)¥/?[L], we can obtain the value of 47n(yR,)2-
(Dtp)Y/2N’(=v). As we can evaluate pyk; from
the quenching curve of (¢'p/ty) and yk,=4nyR,-
DN, the yR, value can be given by

YRy = [0*/4mykyreN']3 ®
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Thus, it is possible to evaluate (yR,) experimentally
without knowing the value of the diffusion coeffici-
ent which, in general, does not seem to be known
accurately. The yR, value obtained in this way
was 47+8A irrespective of the temperature at
which the measurement was made. This »R,
value is so large that one cannot regard R=yR,
as physically meaningful for the actual encounter
distance in the loose complex F*...L.

It might be argued that the pyrene - TCNE CT
complex is formed in the ground state, which causes
the large difference between 7'g/yr and t'w/7F

values. However, this possibility can be rejected
10} q10
= 4 e
s Rl
=05} 405 =
S A e
1 1 1 1 - O
107° 1078 107 107

mol/l

Fig. 4. Fluorescence quenching curve for pyrene -
TCNE system in n-hexane at 300°K.
[Pyrene]: 1x10-%mol/l, O: »'s/yr, A: T'FlTE

1L0f 10
< &“
= osf 105 %,
- -
0 L A . ] 0
107° 107 107 107
mol/l
Fig. 5. Fluorescence quenching curve for pyrene --
TCNE system in acetonitrile at various tem-
peratures.
: at 25°C, ———: at 0°C, -——-: at —40°C

O: 3'vlyr, A: v'r[tp [Pyrene]: 1x10-%mol/l

because of the fact that the absorption spectrum:
does not show any change in the range of TCNE
concentration used here, and because of the more-
important fact that the extent of the quenching
with respect to both of the quantum yield and the
decay time is greater at higher temperatures.
One should note that Eq. (4) and, accordingly,
(7) and (8) contains rather drastic approximations.
One should not regard R, as the actual intermole-
cular distance in the encounter complex, in gene-
ral. These approximate equations may not be:
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wvalid for this quite strong quenching action of
TCNE in acetonitrile. Nevertheless, the quite i
strong quenching and the anomalously large R,
value seem to indicate a long range interaction
between the fluorescer and the quencher. 9F
The diffusion equation for the encounter and
electron transfer process may be written as

LR s
ot
1 1Tk
+OR, )+ I W(R - RDOR, D) (9 %
TF i - [
| o
where @(R,t) is the distribution function for F* S T o 4
and W(|R—R;|) is the electron transfer proba- X

bility.
In the case of the long range electron transfer
caused by the very weak interaction, W(|R—R;|)

(3]
T
f
w

represents the electronic transition probability L
which depends on the intermolecular distance
|R—R;| between the fluorescer and the quencher. °\0~o\0_o 9
If W is hard core type, i.c., 3t M
W=0 at |R — Ri| > yR, 10 0—0-0—0 6 5 4
W=1 at!R—Rilg}'Ro L L 1 I A L i 1 L L :
. . 35 4.0
then the bimolecular reaction rate constant should 1/T % 10-3

be proportional to the diffusion coefficient D.

However, if W has a long range part, the bimole-

cular ra’te constant shoguld gf)e ppro,portional to TCNE system in acetonitrile.

D™, where m<1. Such a long range effect was [TCN_E]: (D)0, (2) 2x107% (8) 4x107% (1)
s ) > ! 9% 10-4mol/l, [Pyrene]: 1x10-5mol/l

actually observed in the case of the singlet excita-

tion transfer from pyrene to perylene in fluid solu-

tion,® where W has been proved to be proportional

to inverse sixth power of |R—R;|.” Namely,

it has been confirmed that the bimolecular rate

constant for the quenching of pyrene fluorescence 2

caused by the excitation transfer is proportional L

to D when the D value is relatively large, while

it is proportional to D3 at relatively small values

of D in accordance with the theoretical conside- 100

ration.®)

From the viewpoint of the above consideration, 3
we have examined the dependence of yk, value
(which can be determined accurately by the mea-
surement of the decay times) on the diffusion coef-
ficient for the pyrene - TCNE - acetonitrile system.

The temperature dependences of 1/ry and 1/7'y
values are shown in Fig. 6. These curves were =
obtained by repeating the measurement of the decay
time many times at each temperature and averag-
ing them. The accuracy of the measurement was 96
not so good for curve (4) compared to the others,
because of a little smaller number of measure-

Fig. 6. 1/tg or 1/z' vs. 1/T relations for pyrene -

102

T
—

log vk,

9.8

6) M. Tomura, E. Ishiguro and N. Mataga, J. . L . L .

Phys. Soc. Japan, 22, 1117 (1967); ibid., 25, 1439 45 47 49
(1968). log (T/7)

7) N. Mataga, H. Obashi and T. Okada, Chem. Fig. 7. log yk, vs. log (T|7) relations for pyrene -
Phys. Lett., 1, 133 (1967); J. Phys. Chem., 73, 370 (1969). TCNE system in acetonitrile.

8) M. Yokota and O. Tanimoto, J. Phys. Japan, [TCNE]: (1) 2x10-4, (2) 4x10-4, (3) 9x10-*

22, 779 (1967). mol/l, [Pyrene]: 1x 10-5mol/l
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101
O,
10.0F
£
S 98¢
2
96}
- L | 1 L
4.5 4.7 © 49
log (T'/7)
Fig. 8. log yk, vs. log (T'7) relation for pyrene -

DMA system in acetonitrile.
[Pyrene]: 1x10-5mol/l, [DMA]: 4 10-*mol/!

A 1 1 L 1

45 4.7 49
log (T'/7)

Fig. 9. log yk; vs. log(T/7) relations for pyrene -
TCNB and pyrene - 0-DCNB systems in aceto-
nitrile.

ments. From these values of decay times, the
yk, values have been obtained by means of the
equation pk,=(tg/ty'—1)/7p[L].

In Fig. 7, log yk, values are plotted against log
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100}
95}
[¢)
<
o
=14]
2
9.0}
85F /¢
A i L
35 40 15
log (T'/7)

Fig. 10. Log yk, vs. log (T'|7) relation for pyrene -
p-DCNB system in ethanol.
[p-DCNB]: 1x10-3mol/l,
mol/!

[Pvrene]: 1x10-3

(T/n), where T is the absolute temperature and 7
is the viscosity of the solution. Although the ab-
solute value of pk; for each [L] value is not very
accurate, the shapes of the curves in Figs. 6 and 7
are certainly reliable. Of course, the correction
for the change of the concentration of the quencher
due to the change of the temperature of the solu-
tion has been taken into concideration. As (7/7)
is proportional to the diffusion coeflicient, this
plot will provide the desired information as de-
scribed above.

We see clearly from Fig. 7, that m=~1 in the
range of relatively large (77/7) values, while m<1
at relatively small (7/y») values. Moreover, the
long range effect appears to be more predominant
in the case of higher concentrations of TCNE.
Thus, the long range electron transfer process due
to the very weak interaction seems to play an im-
portant role and the hard sphere model provides
only a poor approximation for the pyrene - TCNE
system in acetonitrile.

As the fluorescence quenching reaction of pyrene-
DMA system in acetonitrile can be reproduced
satisfactorily by Eq. (2) the long range effect may
not be important in this system. Thus, one may
expect a straight line with m=1 when log yk; is
plotted against log (7/7). The relation is actually
satisfied (Fig. 8).

Since quite an analogous result to the case of
pyrene - DMA system has been observed for the
quenching curve of pyrene-TCNB system in aceto-
nitrile, we can expect that m=~1 also for this system.
When p-DCNB and o-DCNB were used as quen-
chers for pyrene fluorescence in acetonitrile solu-
tion, there is a little tendency that 3's/7r <75’ /T5.
By means of Egs. (7) and (8), the yR, values have
been evaluated to be 29A for p-DCNB and 24A
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for o-DCNB in acetonitrile. These yR, values
are much smaller than in the case of the fluores-
cence quenching due to TCNE. Therefore, it is
possible that a similar result to the case of pyrene-
TCNB system (i.e. m=~1) can be obtained also for
the pyrene - 0-DCNB system, because the difference
between the value of 7'p/y9r and that of t'g/typ is
rather small.

As indicated in Fig. 9, log y%, is linear with log
(T/p) and m=1 for both systems. In contrast
to this, although log yk, is approximately linear
with log (T7/n), m is a little smaller than unity in
the case of pyrene - p-DCNB system in acetonitrile.
We have further examined pyrene - p-DCNB system
in ethanol and also, in pyridine solution. Al-
though 7'g/7p is a little smaller than z'y/7y in ethanol
solution, yk, is proportional to (7/7) and m=1
as shown in Fig. 10. In the case of pyridine solu-
tion, the quenching curve and the change of the
fluorescence spectrum are shown in Figs. 11 and
12, respectively. The quenching curve can be
well reproduced by the simple Stern-Volmer equ-
ation (2). However, as shown in Fig. 12, one can
observe the fluorescence of pyrene-p-DCNB ex-
ciplex. Since the yield of this exciplex fluores-
cence is quite small, it is probable that the ion-pair
formation process (k;) as indicated in Eq. (1), is
competing with the fluorescence transition, the
probability of which may be rather small because
of the very polar structure of the exciplex. In a
more polar solvent such as ethanol, process k; is
certainly much more dominant than the exciplex
fluorescence transitions so that the exciplex fluores-
cence cannot be observed in ethanol solution.

1.0 1.0
= z,
= osf 405 &
S =
& S
[9)
(&)
0 1 [ { O—0 0
107 1079 107
mol/]
Fig. 11. 9's/yr or 7'pltp ws. [L] relation for

pyrene - p-DCNB system in pyridine at 25°C.
O: 3'slyr, At T'slTF

We can summarize the results as follows. In
non-polar and less polar solvents, the exciplex for-
mation occurs between the fluorescer and the
quencher molecules. The exciplex is either fluores-
cent or non-fluorescent. Furthermore, in a slight-
ly polar solvent, there arises a solvated ion-pair
via the exciplex. In the more polar solvents,
there occurs an electron transfer from the fluores-
cer to the quencher and vice versa due to the short
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1
2
3
6
4 7
5
6
P A T S R S
25 20

yXx10-3 cm-1
Fig. 12. Fluorescence spectra of pyrene - p-DCNB
in pyridine at 25°C.
[p-DCNB]: (1) 0, (2) 1x10-4, (3) 5x10-4,
(4) 1x10-3, (5) 5x10-3, (6) 2.5%x10-2% (7)
5% 10 mol/!
[Pyrene]: 1x10-5mol/!

range interaction or the long range very weak
interaction depending on the strength of the quen-
cher. The long range electron transfer process
due to the very weak interaction may be a non-
adiabatic quantum mechanical transition as will
be described below.

Let us denote the energies of the various states
in Eq. (1) as follows: U,=UF*+L), U,=U
(exciplex), U,=U(F§..-L) and U,=UFF+L3)
When U,°>U;° or U,°, the solvated complex will
immediately shift to the solvated ion-pair or dis-
sociate into the solvated ion radicals, where U;®’s
represent the values for the equilibrium state with
respect to the solute-solvent interactions. If the
interaction between the fluorescer and the quen-
cher is not very weak, the reaction will proceed on
the adiabatic potential energy surface and the
probability W may be of a hard core type.

When the interaction between the partners in
the exciplex is weak, its wavefunction may be
written as

Uey(5)D;°(F*---L) + cos)p°(F+---L7)
or an
Urey(s)D;°(F*-.L) + co(s)@f°(F~---L+)
where s symbolizes the nuclear configurations in-
cluding the surrounding solvent molecules. When

the electronic interaction between F* and L in
the loose encounter complex F*...L is very weak
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in a sufficiently polar solvent, the isoenergetic
electronic transition will occur from the state @;°
to @;°. The electron transfer by this process may
be given schematically by configuration coordi-
nate diagrams as shown in Fig. 13. In this figure,
the long range electron transfer is represented by
the quantum mechanical tunnelling through the
potential barrier as indicated by the horizontal
wavy line. In the case of curve (a) for U,, the
barrier may be too high for the tunnelling to occur
while it may be possible in the case of curve (b).
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Fig. 13. Schematic diagrams of the electron
transfer process by very weak interaction.

The energy of the curve U, depends upon the
magnitudes of ionization potential of the donor
and the electron affinity of the acceptor on the one
hand and upon the solvation energies of the ion
radicals on the other hand. Among the cyano
compounds used in the present work, the electron
affinity of TCNE is the largest. Moreover, the
solvation energy of its anion in polar solvent may
be the largest because its molecular radius is the
smallest among others. Therefore, U, may be
the lowest in the case of pyrene - TCNE - aceto-
nitrile system.

The tunnelling efficiency depends also upon the
magnitude of the matrix element of the pertur-
bation Hamiltonian between @,° and @,°. As the
spatial dimension of TCNE is the smallest among
the quenchers employed, the overlap between the
electron donating orbital of excited pyrene and
the accepting orbital of TCNE may be large com-
pared to those of the other systems, which results
in a relatively large value of the perturbation
matrix element.

We have discussed the long range electron trans-
fer in analogy to the long range singlet-singlet
excitation transfer. Let us examine the matrix
elements responsible for the excitation transfer
as well as the electron transfer transition. We
assume both F and L are closed shell molecules
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and denote their MO’s as ¢F’s and ¢L’s respectively,
where the m-th MO’s are the highest occupied ones
in the ground state. The Hamiltonian SZ can be
separated into the core part ZZ.=3f.(i) and the
electron interaction part G=31g(iyj). Then, the
matrix elements for the following excitation trans-
fer processes

F¥(L,) + L — F + L*(L,)
F*(L)) + L — F 4 L*(1L,)
can be written as
Di°CLo)| | 9°(\La)y = 2({Phibhaar | 8| Pliv1 i)
—{Phidher | 8| PRDlis1D) (12a)
Di°CL)) | | @7 °(PLe)> = V' "2 (P2 | &l Phisr O3>
— L Phhe | 8l EE D — {Phidhar | &l Phiv1 D1
+ PP | &) Ph-1Fis1D) (12b)

In contrast to this, the matrix elements for the
electron transfer transitions

F*(1L,)-L — F+...L-
F*(1L;)---L — F+...L-
are given by?®
(Pi°('Lo) | & | @5 °(F* L)) = {Puar | fe | Planr)
+ 2 (PR Ael gl Pl de)

xeh,
- <¢f§+1lklguk¢rlﬁ+x>} + <¢5¢§1+1 13!¢r‘i+1¢5>
(13a)

@ OLY| 10 (F L)y = (s | fel Gl
+ X {<¢f§x+21kigi (/’rr71+1}~k>

Awgh,,
— {Phs2 k| 81 Arin1d} + (PR PRl 2l Phsr PRrd
+ A Phdh | 8l Ph1 5
- 2<¢§t+x¢§s]g|¢};-1¢h+l>]

For the excitation transfer, only the electron
interaction integral plays an important role while
both the core part and the electron interaction part
may be important for the electron transfer. It is
well-known that the Coulomb integral in {(®;°
| #Z |@;°) plays the dominant role for the excitation
transfer. Since the matrix elements in the r.h.s.
of Egs. (13a,b) are roughly proportional to the
intermolecular overlap of MO’, the transition
matrix elements for the electron transfer will be
smaller than the Coulomb integrals (which do
not depend on the intermolecular overlap) in Eq.
(12), at a sufficiently large intermolecular di-
stance. However, the matrix elements in Eq.
(13) have a much longer range interaction than
the corresponding matrix element for the triplet-
triplet excitation transfer, where the electron ex-
change integral which is roughly proportional to
the square of the intermolecular overlap plays
the dominant role.

Although only the electronic part of the in-
teraction is shown in Egs. (12) and (13), @%s are
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also function of the nuclear coordinates of solute
as well as the surrounding solvent molecules. As
U’s are adiabatic potential energies, the tunnel-
ling may be caused essentially by the vibronic
interactions between transferring electron and the
nuclear motions. Presumably, the interaction
process between the polarization motion (mainly
orientational) of the solvent molecules and the
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transferring electron is the dominant mechanism
for tunnelling. This sort of interaction may be
large in a polar solvent such as acetonitrile, which
is in accord with the observed results.

The intermolecular electron transfer by very
weak interaction in the excited state, as demon-
strated here, will be found out for other systems.
Studies along this line are in progress.






