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Abstract

Radical enhanced intersystem crossing (EISC) of S;—T and T;—S, in excited molecule-radical systems was investigated by observing chemically
induced dynamic electron polarization of radicals with a time-resolved (TR) ESR method. Time profiles of CIDEP were observed in excited
coronene—radical systems, where the radical was 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO), 2-phenyl-4,4,5,5-tetramethylimidazoline-3-
oxide-1-oxyl (PTIO), 1,1-diphenyl-2-picrylhydrazyl (DPPH), 1,3,5-triphenylverdazyl (TPV) or galvinoxyl (Galv). In two systems containing
TEMPO and PTIO radicals, signals due to the quenching of coronene in both S; and T, states were observed, while in other three systems
containing DPPH, TPV, and Galv radicals only the signals induced by triplet coronene-radical pair interaction could be observed. To make the
quantitative analysis on CIDEP created in S;- and T;-quenching processes, a pulsed ESR method was applied for a coronene—Galv system chosen
as a model system. The absolute magnitude of CIDEP of Galv radical created by S;- and T,-quenching processes (| P?*| and | PP?|, respectively)
were determined to be 7P.q and 0.8 P, respectively, where P, is the equilibrium Boltzmann polarization at room temperature. According to the
CIDEP theory, the large | P2®/ PPP| ratio of ca. 9 indicates that the S;~T; EISC occurs through a long distance interaction which is mediated by
intermolecular charge transfer state, while | P®°| of 7P, indicates T;—S, enhanced ISC is promoted by exchange interaction at the nearly contact
coronene—Galv pair. Another system of pyrene—Galv pair was also discussed to confirm the proposed interaction model for the enhanced ISC.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Quenching of an electronically excited molecule is one
of the most important and fundamental processes in pho-
tochemistry. Among various quenching pathways through
electron interaction, electron transfer, energy transfer and
so on, enhanced intersystem crossing (EISC) induced by
paramagnetic species such as free radical and molecular oxygen
is crucial to electronic relaxation and plays a central role in
photochemistry. Since pioneering works on EISC reported by
Porter and his coworkers [1], many EISC processes have been
investigated on the basis of kinetic rate constants measured by
optical techniques [2]. Nevertheless kinetic data do not provide
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microscopic information on exchange interaction to induce
the EISC itself. It was then required to obtain experimental
information to promote better understanding of the EISC
processes.

In 1980s, the chemically induced dynamic electron polar-
ization (CIDEP) creation accompanied by the EISC processes
was found as another observable phenomenon [3]. The CIDEP
signals were created on radicals through electron interaction
between a triplet molecule and a doublet radical. The signal anal-
ysis, therefore, gave us further details about electronic quench-
ing; intermolecular potentials of radical-triplet pairs, energy
gaps between quartet and doublet states of radical—triplet pairs,
signs of exchange interaction, and so on. Microscopic infor-
mation became available from a viewpoint of electron spin
dynamics.

Paul and coworkers assumed that zero field splitting inter-
action within a triplet (T1) manifold causes the CIDEP [4].
Kawai et al. successfully explained that the CIDEP is induced
by nonadiabatic transition along intermolecular potentials [5].
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Fig. 1. Molecular structures of free radicals used in the present study and their abbreviations.

The CIDEP due to singlet (S1)-quenching by a radical was also
observed with the phase opposite to that due to Tj-quenching
[6]. After these experimental findings, theoretical studies started
as well [7,8]. Shushin formulated a stochastic Liouville equa-
tion on the basis of a diffusion model and derived formulas to
determine absolute spin polarization [7].

In this paper, the CIDEP generated by quenching of photoex-
cited coronene in the S| and T states was studied for five radicals
shown in Fig. 1 to obtain the detailed information on a CIDEP
creation mechanism or the enhanced intersystem crossing.

The present results obtained by a time-resolved (TR) ESR
method are classified into two types of CIDEP signals: one due
to T;=S¢ EISC and the other due to both S;-T; and T;-Sg
EISCs. Relative CIDEP intensities due to S;—T; and T;-Sp
EISCs strongly depend on a radical employed. To make the
quantitative analysis for a coronene—galvinoxyl (Galv) sys-
tem, the CIDEP time profile was measured by a pulsed ESR
method and kinetically simulated. Absolute spin polarization
was determined and interpreted in terms of a theoretical model
proposed by Shushin. The analysis suggests that the CIDEP
due to S;-T; EISC is created through a long distance inter-
action of coronene in the S; state and Galv radical. The present
results for a coronene—Galv system are compared with those for a
coronene—2,2,6,6-tetramethyl- 1-piperidinyloxyl (TEMPO) sys-
tem [9]. A pyrene—Galv system was also examined by a pulsed
ESR method. A proposed quenching model is discussed.

2. Experimental

Coronene (Tokyo Kasei) and pyrene (Kanto Chemicals) were
photoexcited to the Sy and T; states. Trans-stilbene (Tokyo
Kasei) was used as a triplet quencher. Toluene and anisole (Kanto
Chemicals, GR-grade) were used as solvent. Four radicals of
TEMPO, 2-phenyl-4,4,5,5-tetramethylimidazoline-3-oxide-1-
oxyl (PTIO), 1,1-diphenyl-2-picrylhydrazyl (DPPH), and Galv
were obtained from Tokyo Kasei. A 1,3,5-triphenylverdazyl
(TPV) radical was synthesized according to the literature [10]
and purified with column chromatography. The synthesized
radical presented the CW-ESR [10] and optical absorption
[11] spectra reported for TPV. Sample solutions, except for
coronene—TPV solution degassed by freeze—pump—thaw cycles,
were degassed by Ar and flowed through quartz cells. All exper-
iments were performed at room temperature.

Pulsed ESR signals were detected by an X-band ESR spec-
trometer (Brucker Elexsys E580, 9.65 GHz). The microwave

was pulsed by a pin-photodiode and enhanced by a traveling
wave tube amplifier. Pulsed ESR signals were enhanced by a
video amplifier and integrated by a digitizer. Pulsed ESR spec-
tra were obtained by Fourier-transformation of free induction
decay (FID). CIDEP time profiles were obtained by measuring
FID intensities as a function of delay time between laser and
pulsed MW irradiations. A phase cycling, CYCLOPS [12], was
performed to remove artificial noise.

Transient TR-ESR signals generated by the pulsed laser irra-
diation were detected by a diode of a conventional X-band
ESR spectrometer and were transferred to a boxcar integra-
tor (Standard Research Systems SR-250) for measurements of
TR-ESR spectra or a transient memory (Tektronix TDS 350)
for ESR signal time profiles without magnetic field modulation
(100 kHz). The width of the gate time of the boxcar integrator
and microwave power were suitably set in each measurement.
A homemade wide band amplifier (LH0032, 10 MHz) was used
to improve S/N ratios.

A time-resolved thermal lensing method [13] was used to
determine the quantum yield of S;—T; EISC. A He-Ne laser
(NEC GLG-5780) was used to monitor time-resolved ther-
mal lensing signals. The monitoring light traveled approxi-
mately parallel to an excitation light (355 nm) through a sam-
ple cell, was detected by a photomultiplier tube (Hamamatsu
R928), and was measured with a transient memory (Tektronix
TDS620B).

Time-resolved fluorescence was measured to determine flu-
orescence lifetimes and fluorescence quenching rate constants.
The experimental setup was essentially the same as that used in
the previous papers [9,14].

The third harmonics (355 nm) of a nanosecond Nd**:YAG
laser (Continuum Powerlight 8000, 10 Hz for ESR and time-
resolved fluorescence methods/Continuum Surelight I-10, 1 Hz
for a time-resolved thermal lensing method) was used for an
excitation light source except for a coronene—PTIO system.
The 297 nm light was used for an excitation light source in a
coronene—PTIO system. The laser powers were 0.5—-12 mJ/pulse
for ESR and time-resolved fluorescence methods, and attenu-
ated for a time-resolved thermal lensing method. Initial con-
centrations of excited molecules were on the order of 107> M
(M =mol/dm?). A quartz columnar cell with 3.0 mm diameter,
a quartz flat cell with 0.5 mm width and a quartz rectangu-
lar cell with 10 mm width were used for ESR, time-resolved
fluorescence, and time-resolved thermal lensing methods,
respectively.
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Fig. 2. TR-ESR spectra of coronene (2.0 mM)-radical systems. (a) TEMPO
(3.5mM), (b) PTIO (0.50 mM), (¢) DPPH (0.29 mM), (d) TPV (1.0 mM), and
(e) Galv (0.10 mM). Samples were dissolved in toluene except (d) TPV dissolved
in anisole.

3. Results and discussion

3.1. CIDEP signals generated through electronic
quenching by various radicals

Fig. 2 shows the TR-ESR spectra obtained by a UV laser
excitation of coronene-radical systems, where the radical is
(a) TEMPO, (b) PTIO, (c) DPPH, (d) TPV, or (e) Galv. In
each system, the hyperfine structure exactly coincides with
the pattern predicted for the corresponding radical and the
continuous wave ESR (CW-MW ESR) spectrum, which sug-
gests that a spin-polarized signal is created on the radical of
interest.

Fig. 3 shows the CIDEP time profiles obtained in these
coronene-radical systems.

According to previous studies [9], the CIDEP time profile in
a coronene—TEMPO system contains two opposite phase sig-
nals due to (1) Sj-radical encounter in an earlier time region
and (2) Ty-radical encounter in a later time region. In Fig. 3,
upward and downward components correspond to CIDEP sig-
nals created by the radical quenching of coronene in the S;
state (S;-quenching) and the quenching of coronene in the T
state (T1-quenching). The CIDEP signal due to Ti-quenching
was easily assigned, because it was quenched in the pres-
ence of triplet quencher such as molecular oxygen or trans-
stilbene.

Sl-radica] (a)

Tl-radical

(b)

Intensity/a.u.
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Fig. 3. Time profiles of TR-ESR signal due to electronic quenching of
photoexcited coronene by various radicals. Upward and downward compo-
nents indicate signals due to Sj—radical and Tj-radical systems, respectively.
The applied magnetic fields were fixed at the peaks with asterisk () in
Fig. 2. (a) Coronene-TEMPO, (b) coronene—PTIO, (c) coronene-DPPH, (d)
coronene—-TPV, and (e) coronene—Galv.

All the relaxation processes and rate constants related to the
present quenching processes are described below:

Slkﬂc Sp, fluorescence and internal conversion (IC) )]
k;
S 25T, intersystem crossing (ISC) 2)
keiC
S +R—Sp + R, enhanced IC 3)

kEIsc

S1 +REXT, +R*,  EISC 4)

kT
T—>Sp, ISC (3)
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kT
T; + R—5So + R¥,  EISC (6)

The S; molecule produced by laser irradiation relaxes
through process 1 (fluorescence and S;—Sq IC), process 2 (S1-T
ISC), process 3 (S;—Sp enhanced IC), and process 4 (S;—T;
EISC). The T1 molecule relaxes through process 5 (T1—Sg ISC)
and process 6 (T1—Sg EISC or T;-quenching). The CIDEP sig-
nals are created on radical through processes 4 and 6. The
symbols, R” and R*#, stand for spin-polarized radicals gener-
ated by processes 4 and 6, respectively. The spin-polarized R*
and R have opposite phases of CIDEP. Since R” is gener-
ated through S -quenching process, the R” signal appears earlier
than the R* signal generated through T;-quenching. Fig. 3a of
coronene—-TEMPO system shows a good example of this type
spin polarization generation. The TR-ESR signal of TEMPO
starts with the positive signal due to the Sj-radical encounter
until 1 s, and then the negative signal due to the Tj-radical
encounter appears after 1 js.

Similar feature was observed in a coronene—PTIO system as
shown in the inset of Fig. 3b for an enlarged view near =0 ps,
though the CIDEP signal due to R became extremely weak.
Unfortunately, no clear R” signals due to S1-quenching process
were seen in other coronene-radical systems as seen in (c) a
coronene—-DPPH, (d) a coronene-TPV, and (e) a coronene—Galv,
where only the CIDEP signals due to R* were observed. To
observe clear R” signals due to Si-quenching in these systems,
one of the experimental procedure is to increase radical con-
centration. However, PTIO, DPPH, TPV, and Galv have strong
light absorption bands and selective photoexcitation of coronene
becomes difficult when the concentrations of these radicals
increase. We consider that the CIDEP intensity is related to the
nature of quenching processes, and more quantitative analysis
will give us some unique information on both S;- and Tji-
quenching processes. Therefore, we will evaluate the absolute
magnitudes of CIDEP in both Si- and T-quenching processes
and their creation mechanisms by analyzing the CIDEP time pro-
files measured accurately by pulsed-ESR technique on the basis
of kinetic constants governing these photochemical systems.

3.2. Quantitative analysis by pulsed ESR

A CIDEP time profile was obtained with a pulsed ESR
method. Magnetization along z-axis consisting of CIDEP and
equilibrium Boltzmann polarization was turned to xy-plane. The
FID intensities were measured as a function of delay time (¢) with
a pulse sequence: laser pulse——m/2 MW pulse—FID detection.
Fig. 4 shows a CIDEP time profile (a) of TEMPO measured by a
pulsed ESR method, together with a time profile (c) of TEMPO
monitored by a TR-ESR method.

A pulsed ESR signal was normalized by the signal inten-
sity due to thermal magnetization of TEMPO. As described for
the explanation of Fig. 3, the upward and downward components
mean signal intensities due to R” and R* generated by processes
(4) and (6), respectively. The fast rise due to the S;—radical inter-
action appears in an early time region and then the Tj-radical
interaction appears in a later time region.
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Fig. 4. Time profiles of TEMPO signal in a coronene~TEMPO system in anisole.
(a) Pulsed ESR (experiment), (b) pulsed ESR (simulation), and (c) TR-ESR
(experiment, the same as Fig. 2a).

The time profile (a) is simulated by the following three
equations:

sz _ (Mz B Peq[R])
- R

+ | PYPIk; friRIS1]

dr T,
— [P |k} [R][T1] (@)
d[S
Ol - 6§+ RIS ®)
d[T
[dt” = (kisc + keisc[RDIS1] — (kg + kj [RDIT1] ©)

where M, is magnetization along z-axis. TR is spin-lattice
relaxation time of a radical. |P,PP| and |P,§5P| are absolute
magnitudes of CIDEP, spin polarizations, due to S;—radical and
Ty-radical systems, respectively. Peq is equilibrium Boltzmann
polarization. [S;], [T1], and [R] are the concentrations of Sy,
T}, and radical.

Using kinetic constants reported [9], we simulated the time
profile with two parameters, |P,]l)P | and |P,?P|. The experimental
time profile (a) is well reproduced by the simulation (b) where
|P,'?P| and |P,?P| values are 1.8P¢q and 2.2P.q, respectively.
Table 1 lists these values and | PQ¥/ PPP| ratio, which will be
discussed later.

These values agree well with previous results obtained from a
traditional TR-ESR method [9]. Reliable | P,?Pl and | P,P P| values
were obtained from much simpler analysis based on the present
pulsed ESR experiment. Thus, the pulsed ESR method is con-
firmed to be useful for the analysis of CIDEP created in excited
molecule-radical systems.

Two types of CIDEP time profiles were created in
coronene-radical systems. In (a) coronene-TEMPO and (b)
coronene—PTIO systems, the CIDEP signals due to both

Table 1

Spin polarizations, \P,?Pl and |P,PP| in a coronene—~TEMPO system in anisole
P P

1P |PPFI P/ PPY)

2.2P¢q 1.8P¢q 1.2
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Si—radical and T;-radical encounters were obtained. In (c)
coronene—-DPPH, (d) coronene-TPV, and (e) coronene—Galv
systems, the CIDEP signals due to only Tj-radical encounter
were obtained. To discuss the details of the electronic quench-
ing processes, we decided to compare quantitatively two extreme
cases of (a) coronene~TEMPO and (e) coronene—Galv systems.
The former (a) system was already investigated and we know the
experimental results [9]. In the present study, the coronene—Galv
system was examined by a pulsed ESR method and the results
were compared with the previous results for coronene—-TEMPO.
Furthermore, another pyrene—Galv system was examined in
addition to the coronene—Galv system, because CIDEP time
profile in a pyrene—radical system also depends on radical: both
CIDEP due to S1— and T;-radical encounters were observed
in pyrene-TEMPO and —PTIO systems while CIDEP of only
Tj-radical encounter were seen in pyrene-DPPH, TPV, and
—Galv systems.

3.3. Pulsed ESR measurement of CIDEP in coronene— and
pyrene—Galv systems

Fig. 5b shows Fourier-transformed spectrum of Galv, which
was obtained from the FID presented in Fig. Sa.

As the hyperfine structure corresponds to CW-ESR spectrum
of Galyv, the spectral carrier responsible for Fig. 5b is Galv with-
out doubt. Spectral feature of Fourier-transformation spectrum
measured at various delay times from 1.0 to 2.5 s was all the
same, which implies that we measured the CIDEP of Galv and
nothing else at any delay time in the coronene—Galv system. It
should be mentioned here that we also observed the same of Galv
spectra in a pyrene—Galv system as in the above coronene—Galv
system.

3.4. Determination of kinetic constants

Before we analyze the CIDEP time profile created in
coronene— and pyrene—Galv systems, it is necessary to deter-
mine various kinetic constants in Egs. (7)—(9). The kg (=k¢ + kic)
and k; (=kgrc + kgisc) values were obtained to be 8.1 x 100 s~!
and 1.45x 10'°M~'s~! for a coronene-Galv system, and
16 x 10°s~! and 6.4 x 10'°M~!s~! for a pyrene-Galv sys-
tem by a time-resolved fluorescence method and from a
Stern—Volmer analysis, respectively. The kgisc value for a

ﬂ e T€al part
............ imaginary part
&
z
w
=
a
£
= 0
[
0 400 800 1200
(a) Time / ns
T -radical
r v T ¥ 1
-0.03 0.00 0.03
(b) Relative frequency / GHz

Fig. 5. Free induction decay (FID) and the Fourier transformed ESR spectrum.
(a) Real and imaginary parts of FID of Galv. The 7/2 MW pulse was irradi-
ated at 1.4 s after laser irradiation. (b) FT-ESR spectrum of Galv. A coronene
(2.0 mM)-Galv (0.10 mM) systems in toluene was used.

coronene-Galv system was derived to be 9.9 x 10° M~!s~!
from a time-resolved thermal lensing method according to the
procedure described previously [9]. A fraction (f7) of S;-T;
EISC in Si-quenching for a coronene—Galv system is deter-
mined to be 0.68 by:

k
EISC (10)

fr=
kg

It might be worthy of note that the fr value of 0.68
for a coronene-Galv system is comparable to 0.71 for a
coronene-TEMPO system. Nevertheless, we observed strong
CIDEP in an S coronene-TEMPO system but negligibly weak

Table 2
Kinetic constants used for analysis in coronene—Galv and pyrene—Galv systems in toluene
K 7y asc (57" G kS (Mt sy keise (M~'s™h) ky =t~ T (ps)*

Coronene-Galv 8.1 x 10° 5.2 x 10° 6.0 x 10° 1.45 x 1010 9.9 x 10° 5.4 x 10° 2.2
Pyrene-Galv 16 x 10° 5.9 x 10° 25%10° 6.4 x 10°¢ 6.4 x 10°f 47 % 10° 22

2 Determined by a fluorescence method.

b The values were calculated by using @15c =0.64 (coronene—Galv) [9] and 0.37 (pyrene—Galv) [15] as follows: kjsc = kg X Pigc.

¢ Determined by a transient absorption method [16].

4 Determined by an inversion recovery method.

¢ Since the reference value was measured in n-hexane, we corrected the value by considering viscosity of solvent as kj(toluene) = kg(hexane) X zz:ﬁﬁ:ﬁz =

1.2 x 10'°M~1 s~ [17] x 0.294 mPa s/0.553 mPas [9].
f The fr value is assumed as 1.0.
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Fig. 6. Time profile of Galv signal in a coronene (2.0 mM)-Galv (0.077 mM)
system in toluene. The simulation (broken lines) was carried out for the best fit
at |P2 ) PPP| = 9, together with the results for | P2 /PPP| = 4and 14.

signal in an S; coronene—Galv system as seen in Fig. 3e. A
TlR value for a Galv radical was determined to be 2.2 us by
an inversion recovery method. All the experimental values are
summarized in Table 2, together with the data necessary for a
pyrene—Galv system.

3.5. Determination of |P,l,)1D | and |P,,QP| in coronene— and
pyrene—Galv systems

Fig. 6 shows a CIDEP time profile in a coronene—Galv system
obtained by monitoring FID intensity as a function of delay time
between laser and MW pulses.

Experimental and simulated time profiles are plotted by solid
and broken lines, respectively. Contrary to the time profile in
a coronene—-TEMPO system, the CIDEP signal of R created
in a Sj-radical encounter seems extremely weak in the over-
all CIDEP signal. As already discussed in a coronene-TEMPO
system (Fig. 4a), both signals of S;— and Tj-radical sys-
tems could appear because a coronene has a relatively long
S lifetime of 120ns and there should be a large number of
Si-radical encounter for CIDEP creation. This observation
means the spin polarization in coronene—Galv system due to
the Sj-radical encounter is much lower than that due to the
Ti-radical encounter, namely |P,?P| < |P,?P|. To discuss this

Table 3
Experimental and calculated values of spin polarizations, |P,?P| and \P,Ppl in
coronene—Galv and pyrene—Galv systems in toluene

Experiment Calculation
1P| |PPP PP PR R
Coronene-Galv (742)Peq  0.8P¢q 9 (B-9)Peq (0.2-0.6)Peq

Pyrene-Galv (2£0.5)Peq 0.2Pe4 10 (3-10)Peq  (0.2-0.7)Peq

point more quantitatively, we performed simulation of the time
profiles on the basis of Bloch Eq. (7) and kinetic Egs. (8) and
(9). Using the kinetic constants listed in Table 2, we simulated
the time profile with a parameter of |P,(12P /P,PP|. The ratio of
| PQP / PDP| was changed until the good agreement between sim-
ulation and experiment was obtained. The best agreement was
obtained with the ratio, | PQ / PPP| = ca. 9. The simulations with
other values such as |P'/ PPP| = 4 and 14 do not reproduce
the observed time profile as shown in the figure. The | PQ| and
|P,?P| values in a coronene—Galv system were thus determined
to be 7P¢q and ~0.8P¢q in the unit of Pey. In the same manner,
| PQP/ PDP| | PDP| "and | PQP| values in a pyrene—Galv system
were determined to be ca. 10, 0.2P¢q, and 2P, respectively.
These values are summarized in Table 3.

The | PP/ PPP| ratio of ca. 9 for a coronene-Galv system is
larger than the ratio of 1.2 for a coronene—-TEMPO system. Even
though the excited molecules are the same, the spin polarization
ratio is found strongly to depend on radical employed.

3.6. Model calculation 0f|P,,QP|

The spin polarization is deeply related to intermolecular
potentials and spin dynamics of a radical-excited molecule
encounter complex. The spin polarization (|P,?P|) was calcu-
lated on the basis of theoretical model proposed by Shushin [7a].
Shushin derived the formulas of the spin polarization for two lim-
iting cases. Judging from the relative energy of exchange interac-
tion (/) and Zeeman energy (wy), the strong and weak exchange
cases are defined as |3Jp| > wo and |3Jy| <K wo, respectively.
For the strong exchange case CIDEDP is efficiently created on a
radical, while for the weak exchange case CIDEP is not. Then,
the IP,?P| value for a strong exchange case is expressed as:

|SpQP| — lszSLw 1 4 i (11)
n 45 ? aDy \14+ x>  4+4x2) rop
and for a weak exchange case:
v paP| _ 8 D% [3Joldx 1 4 d
" 45 ?>  aD; a+ x2)2 4+ x2)2 rQp
(12)

where x = 1/wg1; and t; is rotational correlation time. To exam-
ine which case is suitable for description of coronene— and
pyrene—Galv systems, each |P,?P | value was calculated by using
both Eqgs. (11) and (12). For calculation of |SP,?P| and |WP,?P|
values, the following constants were employed. The wqg value
is 6.0 x 10'%rad/s under our experimental conditions. Effec-
tive diffusion constants (D;) were obtained using the indi-
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vidual D; values of coronene (2.4 x 107 cm?/s [18]), Galv
(1.7 x 1073 cm?/s for phenanthrene was adopted [19]), and
pyrene (1.7 x 1073 ¢cm?/s for phenanthrene was adopted [19]).
The individual values were modified based on solvent’s vis-
cosity. The resultant D; values of coronene— and pyrene—Galv
pairs are 4.1 x 107 and 3.4 x 1073 cm?/s, respectively. The
rotational correlation time (7,) of coronene was estimated to
be 10ps by introducing the D; value of 1.7 x 107> cm?/s into
Stokes—Einstein—-Debye equation. The exchange interaction (J)
value is expressed as a function of intermolecular distance ()
as:

J(r) =3Jpexp{—a(r — d)} (13)

where d is a distance at the closest approach of an excited
molecule and a radical pair, and normally assumed to be 7 A.
The absolute value of |3Jp| used in a weak exchange case is
5 x 10 rad/s [9]. The rqgp value, at which a triplet molecule
is quenched by a radical, is normally assumed to be equal to
the d of 7A. The o values were assumed to be from 0.8 to
2.5 A1 for both coronene— and pyrene—Galv systems, which
are typical values on radical-triplet intermolecular potentials
[9,16,20]. Zero-magnetic field splitting values (D) of coronene
and pyrene are 0.0971 [15] and 0.0929 cm~! [15], respectively.

By introducing all the values into Egs. (11) and (12),
the spin polarizations were calculated as |5P,?P| = (3~ 9)Peq
and |WP,?P| = (0.2 ~ 0.6)Pq for a coronene-Galv system,
and [*PRP| = (3 ~ 10)Peq and [V PRP| = (0.2 ~ 0.7)P¢q for a
pyrene—Galv system. The results are summarized in Table 3. The
experimental |P,?P | values in both coronene— and pyrene—Galv
systems are close to the |SP,?P| values calculated for the strong
exchange case. Therefore, we conclude that the coronene— and
pyrene—Galv systems belong to a strong exchange case in the
electronic quenching: exchange interaction is much larger than
Zeeman energy and CIDEP is efficiently created in coronene—
and pyrene—Galv systems.

3.7. Model calculation of rpp

We consider the spin polarization due to S1—T1 EISC (| P,I,)P|)
in coronene— and pyrene—Galv systems. The experimentally
determined |P,?P| value is much smaller than the |P,(l2P | value
for a coronene—Galv system as shown in Table 3. The CIDEP
creation mechanism in these electronic quenching processes [9]
is explained by spin dynamics on the intermolecular potentials
of coronene—Galv pair shown in Fig. 7.

A sign of J value is positive. The symbol of |D m) stands
for a doublet spin sublevel built by a singlet molecule and a rad-
ical, where m is a magnetic quantum number of +1/2 or —1/2.
|Q m) and |D m) are quartet and doublet spin sublevels, respec-
tively, built by an encounter pair of a triplet molecule and a
radical, where m is a magnetic quantum number of +3/2, +1/2,
—1/2, or —3/2. The |Q m) and |D m) sublevels cross each other
at the distances of . and r.. Quenching of singlet and triplet
excited molecules by a radical occur at the distances of rpp and
rqp, respectively. In a coronene—Galv system, the excited S;—
and Tj-radical pair potentials lie at ~280 and ~230kJ/mol,

SD+1/2>
*D-1/2> S;-radical
Sito
L S 1 +El

)
(

S;-quenching

|D+lﬁ'2> 50
[D-1/2> Tyyto kJ/mol
i T+, Totor
|Q+3/2> Toth, Ty ta
|Q+1/2> T +p
|Q-1/2> T,-radical
|Q-3/2> 230
i } kJ/mol
~ T T)-quenching =~ -
SD+1/2> 4x1073
|SD-1/2> S¢-radical kJ/mol
Spto ES y
So*ﬂ T

Top e e Top

Intermolecular distance

Fig. 7. Schematic diagram to present overall quenching processes and inter-
molecular potentials. The r. and r, are intermolecular distances at the level
crossings. The rpp and rgp are intermolecular distances, around which S; and
T; excited coronenes are quenched by Galv, respectively.

respectively, above the ground Sp-radical potential. The Zee-
man splittings between the spin sublevels are negligibly small as
4 x 1073 kJ/mol. It might be of note that electron spin polariza-
tion is created through the nonadiabatic transitions between the
nearly-degenerated spin sublevels, which occur around a level
crossing region on the Tj—radical pair potentials; |Q +3/2), |Q
+1/2), D +1/2), and |D —1/2). As seen in Fig. 7, the level cross-
ings occur at r; for |Q +3/2) — D —1/2) pair, and r, for |Q
+1/2) — D —1/2) and |Q +3/2) — |D +1/2) pairs.

In general, CIDEP is efficiently created when an excited
molecule is quenched around the level crossing distances (7
or r.), while CIDEP is inefficiently created when the quench-
ing occurs at long distance and far from the crossing region.
Thus, spin polarization strongly depends on quenching distance.
The | PQP| value in the T;-So EISC for a coronene-Galv sys-
tem is expressed by Eq. (11). The |P,PP| value in the S;-T;
EISC is described by the following Eq. (14) corresponding to
the strong exchange case, since exchange interactions in S;—
and Tj-radical encounters occur on the same Tj—radical pair
potential of the strong exchange case.

nD2w0d< 1 4 )d

P = s et
n 45 w2 aDy \ 1 +x2 4+ x2

— (14)
rDP

Eqgs. (11) and (14) are functions of quenching distances, rgp and
rpp, respectively. From the combination of Egs. (11) and (14),
Eq. (15) is obtained as:

PRP

rQP (15)

The rqp value of 7 A which is the closest approach of the pair
is normally assumed because Ti-quenching is slightly slower
than the diffusion-controlled rate and the contact of the pair
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is required [9]. Then, the rpp value of 8.4 A was estimated
for a coronene-TEMPO system [9]. The rpp value is nearly
equal to the r. (=7.8 Z\) and r, (=8.1 /QX) values and though
to be reasonable distances. The rpp values for coronene— and
pyrene—Galv systems were calculated in the same manner. The
rpp values for coronene— and pyrene—Galv systems were esti-
mated to be as large as ~63 and ~70 A from the experimental
values of | PQP/ PPP| These rpp values are apparently too long
to be accepted. Because the kgisc values listed in Table 2 are
close to a diffusion-controlled rate constant, 1.1 x 1010 M~1g~!
(toluene, 20 °C) [15], which means that the S|—T; EISC takes
place upon almost every encounter. It is interesting to note that
efficient S{—T EISC does not result in efficient CIDEP gener-
ation. The estimation of abnormally large rpp (60—70 A) seems
to indicate that the present quantitative CIDEP theory for the S1-
quenching cannot be applied to the coronene— and pyrene—Galv
systems. This limitation of the CIDEP theory may be related to
S1-quenching distance, rpp and thus, we estimated the values
for coronene— and pyrene—Galv systems from the kinetic con-
stants. If we apply a simple diffusion-controlled rate theory and
the nonadiabatic transition probabilities for S1-T; and T1-Sg
EISC processes, the rate constants are expressed as [15]:

kgisc = 471’NAI’DPDr103 (16)
kg = 47TNAerDr103 (17)

in units of M~ ! s~1, where N, is Avogadro’s number. Then, the
rpp value is obtained as:

~ keisc

T
k(l

DP rQp (18)

By introducing the kgisc, k;, and rgp (7 A) values into Eq.

(18), we obtain the rpp values of 13 and 9.5 A for the coronene—
and pyrene—Galv systems, respectively. These rpp values might
be more reasonable than 63 and 70 A estimated by Shushin’s the-
ory of Eq. (15). It is interesting to note that 7pp values of 13 and
9.5 A are longer than r. (7.8 A) and r. (8.1 A) values. For CIDEP
creation, efficient quartet—doublet mixings at the level cross-
ing regions are important. The rpp values of 13 and 9.5 A for
coronene— and pyrene—Galv systems mean that the T{—radical
pair produced after S;—T; EISC locates in the region where
quartet—doublet mixings are inefficient, namely CIDEP is not
created well. This may be why CIDEPs in these S;—radical sys-
tems are very weak, although quantitative calculation of CIDEP
has not successfully done yet.

3.8. Electronic quenching mediated by an intermolecular
charge transfer state

The above-mentioned discussion leads to a conclusion that
rpp in S1-T EISC is longer than rgp in T1-So EISC. We discuss
the reason below by taking an exemplar coronene—Galv system.
The exchange interaction at rpp of 13 A is much smaller than that
at rgp of 7 A. For faster S1-T EISC, another quenching mech-
anism except electron exchange should be considered. If there
is additional energy surface between S;— and Tj-radical pair
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Fig. 8. Model potentials to explain enhanced intersystem crossing from S; to
T states in coronene. (a) Coronene—Galv and (b) coronene-TEMPO pairs.

potentials, additional relaxation pathway from the S;-radical
pair potential will be opened and apparent quenching rate might
become faster. The most probable candidate for this unknown
intermolecular surface will be a charge transfer (CT) potential
[21]. The possibility of the CT contribution is discussed below.

The energy of the CT potential (EcT(r)) in a coronene—Galv
system was estimated as a function of intermolecular distance
(r) as:

Ect(r) = {Ef) (radical) — ET%5(So)

+ AEcor} + {A(r) + Ecoutlomb(7)} (19)

E?/)é(radical) and Eﬁe/%(So) mean half-wave redox potentials of

radicals and coronene, respectively, versus SCE. The reported
values are E?/);(Galv) =40.13V [22], E?}é(TEMPO) =
+0.63V [23], and Erle/%(coronene) = —-2.07V [15]. AE;
stands for correction energy and the AE¢, value of 62 kJ/mol
was estimated by using Born equation [22c]. A(r) is solvent
reorganization energy in Marcus theory [24] and expressed as
() ={5.0 —(5.1 x 107°/r)} kJ/mol, where we used dielectric
constant of 2.379 and refractive index of 1.512. Coulomb energy
(Ecoulomb(7)) is expressed as —5.9 x 10~8/rkJ/mol. In Fig. 8§,
we plot the CT energy (Ect(7)) using Eq. (19), together with
the energies of S1— and T-radical encounter pairs. The S;- and
Tj-excitation energies of coronene are reported to be 280 and
230 kJ/mol, respectively.
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As expected, this crude results show CT potential is found to
be located below S;—Galv surface and above the T1—Galv sur-
face in the intermolecular distance region longer than 12 A. This
means that S1—T| EISC by way of the CT state is exothermic
process in coronene—Galv system. The S;—T EISC occurs pos-
sibly through charge transfer interaction in addition to exchange
interaction, which results in larger value of rpp than rgp.

Another interesting results is that rpp of coronene-Galv
system (13 A) is longer than that of coronene-TEMPO sys-
tem (8.4 A). This is also explained by CT mediated S;-T
EISC mechanism. Fig. 8b shows calculated CT state potential
of coronene—-TEMPO system. This figure shows that the CT
state energy becomes lower than S;—TEMPO pair energy only
when the pair approaches within 13.5 A. This energy relation
suggests that S{—T; EISC can be mediated by both exchange
and CT interactions in coronene—Galv system while only by
exchange in coronene—-TEMPO system when the pairs are at
the long distance of more than 13.5A. This means that rpp
value of coronene—Galv system might be longer than that of
coronene-TEMPO system, which agrees with our experimental
results.

4. Conclusion

Quenching mechanism of S1—T; and T;—Sg EISC processes
was investigated by time-resolved fluorescence, thermal lens-
ing, and ESR methods. CIDEP time profiles in coronene— and
pyrene—Galv systems were measured by the pulsed ESR method
and analyzed to determine spin polarization values. The obtained
|P,?P / P,?P| values for coronene— and pyrene-radical systems
depend significantly on the nature of radicals. The value is close
to a unity in coronene—TEMPO system as reported previously
while is very large in coroene—Galv and pyrene—Galv systems.
The large |P,?P / P,l?Pl value of ca. 9 in coroene-Galv system
is explained by considering quenching distances for S;—T and
T1-So EISC. The former occurs at relatively long distance of
13 A while the latter occurs at short distance of 7 A based on
theoretical analysis and quenching rate constants. This long dis-
tance quenching in S;—Galv encounter results in less efficient
CIDEP creation in S;—T; EISC. According to the estimated
intermolecular CT state energy in coronene—Galv encounter
pair, the long distance quenching in S;—Galv encounter was rea-
sonably explained by CT mediated S;—T; EISC in addition to
electron exchange mechanism.
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