Bull. Chem. Soc. Jpn., 69, 1517 — 1526 (1996)

1517
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The Chemically Induced Dynamic Electron Polarization (CIDEP) mechanisms in the hydrogen abstraction reactions
of excited azaaromatic compounds; quinoxaline, phenazine, and quinoline are investigated in detail. It is shown that several
polarization mechanisms are involved and the observed CIDEP spectra vary strongly depending on various factors such
as the concentration, the temperature, the delay time, and the excitation light intensity. The net emissive spin polarization
is ascribed mainly to the radical-triplet pair mechanism (RTPM), which is strongly dependent on the concentrations of the
radical and triplet molecules. It is shown that the triplet molecules are long-lived and the condition to produce the RTPM
polarization is satisfied. The observed time evolutions of the transient EPR signals are qualitatively explained on the basis
of the rate equations, which include the RTPM polarization and the relaxation.

In the last three decades, time resolved EPR (TREPR)
studies have been carried out in numerous photochemical
systems.'™ The phenomena of chemically induced dynamic
electron polarization (CIDEP) have been investigated exten-
sively from both experimental and theoretical points of view.
Several CIDEP producing mechanisms have been proposed
and they are now well-established. Historically, an STy
mixing radical pair mechanism (RPM)*® was the first to
be proposed, then followed by a triplet mechanism (TM)"®
and an ST1 mixing RPM soon after.*'? It is rather recent
that other mechanisms such as a spin-correlated radical pair
(SCRP)'""'» mechanism and a radical—triplet pair mechanism
(RTPM)"*—'9 were suggested. In most of early TREPR stud-
ies the observed CIDEP spectra were explained in terms
of the combination of the TM and the STy mixing RPM,
without paying much attention to the contributions of other
mechanisms. Therefore, some of the interpretations of the
CIDEP spectra might have been erroneous. With better un-
derstanding of the CIDEP mechanisms, it seems worth while
to reexamine some of the puzzling CIDEP phenomena in
early studies.

CIDEP spectra of some azaaromatic compounds
(azaaromatics) such as quinoxaline and phenazine are among
such cases. These compounds were investigated in early
TREPR studies.'*'” In the photolysis of quinoxaline and
phenazine in 2-propanol totally emissive CIDEP spectra were
observed and assigned to the quinoxalinyl and phenazinyl
radicals, respectively, which were produced by hydrogen ab-
straction reactions of the triplet states from 2-propanol. It
is known that the excited triplet states of most of azaaro-
matics, including quinoxaline and phenazine undergo hy-
drogen abstraction reactions in the presence of appropri-
ate hydrogen donors.'*~'? Since the intersystem crossing
favorably populates the top spin sublevels of these 3mm™
azaaromatics,'!"??) the net emissive (E) spin polarization

was ascribed to TM. However, the reaction rate of triplet
quinoxaline in 2-propanol was estimated to be 1.8x10° s~!
by the transient absorption method.'®!¥ This rate is far too
slow to produce an effective TM polarization, because the
spin-lattice relaxation rate of an organic triplet state molecule
is usually on the order of 10—10° s~!. This situation is dif-
ferent from the case of pyrazine where the hydrogen abstrac-
tion rate of *nt™ pyrazine is very fast and the involvement
of the TM is well established.!*~'*?? Thus the origin of the
net emissive polarization of >mtst* azaaromatics is uncertain.
Considering a relatively long lifetime of triplet quinoxaline
in 2-propanol, the RTPM appears to be a possible cause of
the emissive polarization.

The spin polarization due to the RTPM is produced through
the interaction between doublet radicals and triplet state
molecules. The generation mechanism of the RTPM po-
larization is explained on the basis of the doublet—quartet
mixing in a radical-triplet pair. Recent studies suggested
that the RTPM includes two mechanisms, one generating a
net polarization and the other producing a hyperfine depen-
dent polarization, which resemble the ST_ and ST, mixings
in the RPM, respectively.'*" Detailed studies of the RTPM
may provide useful information not only about the interac-
tions in radical—triplet pairs but also the quenching processes
of excited states by radicals that have not been studied in de-
tail by other methods. Most of the published reports on the
RTPM, however, have been concerned with the spin polar-
ization generated by the interaction between stable radicals
such as nitroxides and excited triplet state molecules. The
importance of the RTPM polarization in the CIDEP spectra
of reaction intermediate radicals has not been clearly rec-
ognized except in the cases of benzil,"® 1-naphthol,” and
Ceo->® The main reason for this is the difficulty to satisfy
the condition under which collisions between radicals and
triplet molecules are sufficiently frequent with long corre-
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lation times required for effective RTPM interactions. This
requires relatively long lifetimes of triplet molecules and suf-
ficient concentrations of both radicals and triplet molecules.

In the present work, we have investigated the CIDEP spec-
tra obtained by the photolysis of quinoxaline, phenazine, and
quinoline in 2-propanol in detail. Both TREPR and transient
absorption experiments have been made on these systems at
various concentrations and temperatures. Time dependent
changes of the CIDEP spectra show involvements of vari-
ous CIDEP mechanisms. Relatively long-lived triplet states
of these molecules satisfy the condition to observe the po-
larization due to the RTPM. We have tried to clarify the
CIDEP mechanisms and dynamics of spin polarization from
an analysis of the time evolution of the transient EPR signals.
We show that the observed net E polarization is consistently
explained by the RTPM.

Experimental

TREPR measurements were carried out with a modified JEOL
EPR spectrometer as reported before.!” DC detected EPR signals
taken without field modulation were amplified by a wide band
preamplifier and fed to a boxcar integrator (Stanford Research Sys-
tem SR-250) for recording CIDEP spectra, or a digital oscilloscope
(Tektronix TDS 520 or 2430A) for recording the time evolution of
transient EPR signals. The output signals of a boxcar integrator
were digitized by an A/D converter and stored in a personal com-
puter. The time evolution data were also stored and processed by a
personal computer. For taking these data the microwave power was
kept low (usually 0.2 mW or less) to avoid the effect of transient
nutation. Transient absorption experiments were carried out with a
lab-built spectrometer of conventional design. A 150 W Xe lamp
was used as a reference light source operating with a flash. A light
transmitted through a sample was analyzed by a monochromator and
detected by a photomultiplier tube (Hamamatsu Photonics). Time
evolution signals were recorded with a digital oscilloscope and data
were stored and processed by a personal computer. A XeCl ex-
cimer laser (Lumonics Hyper 400, 308 nm, 7.5 Hz) was used for
photoexcitation of samples in both EPR and transient absorption
experiments.

Sample solutions were deoxygenated by bubbling nitrogen gas
before and during the experiments, and flowed in a quartz flat cell
(optical path 1 mm) in an EPR cavity. The sample temperature was
controlled with cold nitrogen gas flow.

Quinoxaline, phenazine, and quinoline were commercially avail-
able special grade reagents (Nacalai Tesque) used as received. Spe-
cial grade solvents were used without further purification.

Results and Discussion

1. CIDEP Spectra under Different Conditions. First,
we show the CIDEP results in the photolysis of quinoxa-
line, phenazine, and quinoline in 2-propanol under different
conditions.

In the photolysis of quinoxaline (Qx) in 2—pr6pano] the
photochemical reaction is believed to proceed by the follow-
ing scheme.'s—1?

D *Qx* +(CHs3),CHOH — -QxH + (CH3),COH
(I) (CHs3),COH +Qx — -QxH + (CH3),CO

Triplet state quinoxaline produced by photoexcitation ab-
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stracts a hydrogen atom from 2-propanol, and produces
quinoxalinyl and 2-hydroxypropan-2-yl radicals. The 2-
hydroxypropan-2-yl radical is quickly quenched by ground
state quinoxaline and produces another quinoxalinyl radi-
cal as reported before.!¢~1%? QOther azaaromatics such as
phenazine and quinoline, are known to react via similar re-
action schemes (reaction I and II).

(a) Concentration Dependence of the CIDEP Spec-
tra. Figure 1 shows the concentration dependence of
the CIDEP spectra obtained in the photolysis of quinoxaline
in 2-propanol at 0 °C. Broad spectra with partially resolved
hyperfine structures were assigned to the quinoxalinyl radi-
cal as reported before.''” The spectrum of the 2-hydroxy-
propan-2-yl radical was not observed at higher concentrations
(Figs. la and 1b), but observed weakly at a low concen-
tration (Fig. 1c). This is because the 2-hydroxypropan-2-
yl radical was quenched quickly (kg=1.1x108 M~'s7!, 1
M=1 mol dm~3) by ground state quinoxaline as represented
by reaction (II).?? The CIDEP spectrum in Fig. 1a shows a
total emission CIDEP. In a previous report,'” the net E po-
larization was ascribed to the TM. However, on the basis of
the slow rate constant (1.4x10* M~!s~!) determined by the
transient absorption, it is difficult to justify this assignment.
As shown in Fig. 1, the spectral pattern changed remarkably
with the concentration of quinoxaline. At a high concentra-
tion of quinoxaline (0.022 M) the spectral pattern was total
emission as reported before, whereas at a low concentration
(0.0027 M) the pattern changed to E/A. The spectral change
is explained by the change in the relative contributions of the
total E and the E/A components. The E/A polarization is obvi-
ously due to the STy mixing of the RPM with triplet geminate
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Fig. 1. Concentration dependence of the CIDEP spectrum

observed in the photolysis of quinoxaline in 2-propanol at
0°C. (a) 0.022 M, (b) 0.010 M, (c) 0.0027 M.
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pair and/or F-pair. The net E polarization decreases drasti-
cally with decreasing the quinoxaline concentration. This
observation cannot be compatible with the assignment that
the emissive polarization is due to the TM.

Figure 2 shows the concentration dependence of the
CIDEP spectrum obtained in the photolysis of phenazine
in 2-propanol at 0 °C. The photoreaction of phenazine pro-
gresses by the scheme similar to that of quinoxaline. Ob-
served spectra are assigned to the phenazinyl radical.'®'” The
2-hydroxypropan-2-yl radical was not observed also because
of the quenching by ground state phenazine. The concen-
tration dependence is similar to that of quinoxaline, but the
extent of the change is not so drastic. The net E polarization
decreases with decreasing the phenazine concentration, but
remains to be dominant even at a low concentration (0.0034
M).

(b) Excitation Power Dependence of the CIDEP Spec-
tra. Figure 3 shows the excitation laser power depen-
dence of the CIDEP spectrum in the photolysis of phenazine
(0.010 M) in 2-propanol at 0 °C. The net E polarization
decreases with decreasing the excitation power. However,
the dependence was weaker compared with the concentration
dependence. The result suggests that the concentrations of
the excited state and/or radical affect the amount of the net
polarization.

2. Mechanism Producing the Net Emission CIDEP.
The relative contribution of the net E polarization is enhanced
by increases of the concentrations of radicals and/or triplet
molecules produced by increases of the initial concentrations
of parent molecules and an increase of the excitation light
intensity. The TM and ST_ mixing RPM cannot explain this
result. On the other hand, the RTPM or the spin polariza-
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Fig. 2. Concentration dependence of the CIDEP spectrum
observed in the photolysis of phenazine in 2-propanol at 0
°C. (a) 0.044 M, (b) 0.010 M, (c) 0.0034 M.
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tion transfer mechanism*—?” may be able to explain it. The
spin polarization transfer to radicals is known to occur in
two situations; one is the case when a spin polarized radical
reacts quickly and produces a secondary radical,** % and
the other is the case when a spin polarized triplet molecule
interacts with a radical through spin exchange or chemical
exchange.?” For these mechanisms to be effective the pri-
mary species must have an effective net polarization and the
transfer process must take place in a time comparable to the
spin-lattice relaxation time. The net spin polarization of the
primary species is usually generated by TM and/or ST_M.
In the present case, the secondary reaction represented by re-
action (II) produces the quinoxalinyl (or phenazinyl) radical,
but the primary reaction rate is far too slow. The spin polar-
ization transfer from the triplet parent molecule is not likely
to occur unless the radical concentration is very high and the
spin polarization of the triplet state is conserved before the
transfer. Therefore, the RTPM is considered to be the most
probable mechanism.

The prerequisite for the RTPM to be effective is that
both triplet molecules and radicals are sufficiently long-
lived to interact together. We show here that the lifetimes
of the triplet states and the produced radicals are indeed
long enough to cause an effective RTPM interaction. Fig-
ure 4 shows the transient absorption spectrum obtained by
the photolysis of quinoxaline (0.0012 M) in 2-propanol at
room temperature. The absorption bands of the quinoxa-
line triplet and the quinoxalinyl radical are located around
420 nm. In an early time region within 1 us, the spec-
trum is nearly given by the absorption of triplet quinoxa-
line, but in a later time region it shows the absorption of
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Fig. 3.  Excitation laser power dependence of the CIDEP
spectrum of phenazine (0.0010 M) in 2-propanol at 0 °C.
Relative power: (a) 1.2, (b) 1.0, (c) 0.5. Signal intensi-
ties are normalized to similar sizes. (The absolute signal
intensity at 0.5 is much weaker than those at 1.0 and 1.2.)
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the quinoxalinyl radical which perfectly agrees with that re-
ported in literature.'®'® The absorption of 2-hydroxypropan-
2-yl is located around 350 nm, but it is too weak to be ob-
served. The decay of the transient absorption at 430 nm is
also shown in Fig. 4. The decay curve consists of a fast
decay of quinoxaline triplet and a slow one of the quinoxa-
linyl radical, and could be analyzed by two exponential de-
cays at low concentrations. The lifetimes of the quinoxa-
line triplet determined by the least squares fits of the data are
3.0 ps at R.T. and 4.7 ps at —30 °C. The lifetime at R.T.
is in reasonable agreement with the lifetime estimated from
the reported quenching rate constant of triplet quinoxaline.'®)
The lifetime of the quinoxalinyl radical was more than 20 us
at both R.T. and —30 °C. It should be noted, however, that
the triplet decay is strongly dependent on the concentration
of quinoxaline and the excitation power. As the insetin Fig. 4
shows the triplet decays at higher concentrations are remark-
ably faster and cannot be expressed by a single exponential
curve. They seem to be better described by combinations
of first and second order decays. Presumably triplet—triplet
(T-T) annihilation becomes significant at higher concentra-
tions.

Similarly, the transient absorption spectrum obtained by
the photolysis of phenazine (0.0011 M) in 2-propanol at
room temperature shows absorption bands of the phenazine
triplet and the phenazinyl radical around 420 nm, which
agree with the literature.'” The lifetime of the phenazine
triplet determined by a least squares fit of the time evolution
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data are 3.6 us at R.T. The phenazinyl radical is also quite
long-lived.

The results of the transient absorption experiments thus
indicate that the condition for the RTPM to be important is
satisfied.

3. Qualitative Features of the Time Dependence of
the CIDEP Spectra. In this section, we first discuss
time dependent changes of the CIDEP spectra qualitatively.
Figure 5 shows the time dependent changes of the CIDEP
spectra observed in the photolysis of quinoxaline (0.0036
M)/2-propanol at 0, —30, and —60 °C. The CIDEP spectra
show different time dependence depending on the temper-
ature. At O °C the spectral pattern is E/A in all the time
regions of observation. The net component is very weak.
On the other hand, at —30 °C the spectrum initially shows
an A/E* pattern within 0.5 ps, then changes quickly to an
opposite phase, i.e., E/A (1.0 to 2.0 us), and then decays
slowly, changing the phase to E*/A character (>4.0 us) at
last. The contribution of the net E polarization is increased in
a later time region. The spectral change at —60 °C is similar
to that at —30 °C, but the contribution of the net E polar-
ization is considerably larger compared with that at higher
temperatures. These results are qualitatively explained in the
following way.

The A/E polarization observed in the early time region is
explained in terms of the STy mixing RPM of the singlet pre-
cursor provided that the exchange integral J is negative. The
EJ/A polarization observed in the following time region is gen-
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Fig. 4. Transient absorption spectra observed in the photolysis of quionoxaline (0.0010 M) in 2-propanol at room temperature. The
time developments of the transient absorption signals at 430 nm at different quinoxaline concentrations are given in the inset.
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Time evolution of the CIDEP spectra observed in the photolysis of quinoxaline (0.0036 M) in 2-propanol at (a) 0 °C, (b)

—30 °C, and (c) —60 °C. Arrows in (b) indicate the positions at which time evolution of the signal was measured. (see Fig. 7).

erated by the STy mixing RPM of the triplet precursor. The
results suggest that both the excited singlet and triplet states
react competitively. This situation is similar to that found
previously in the CIDEP of acetone in triethylamine.?*?” The
minor singlet reaction is hidden by the major triplet reaction
at higher temperatures, but at lower temperatures (<—30
°C), involvement of the singlet reaction apparently becomes
clear in an early time region, because the triplet reaction be-
comes slower. The triplet reaction increases with time and
becomes dominant in a later time region, changing the A/E
polarization of the singlet geminate pair RPM to the E/A po-
larization of the triplet RPM. The E/A polarization persists
for along time. The E/A polarization observed in a later time
region (>10 ps) is considered to be due to the F-pair RPM,
which should rise with the spin-lattice relaxation rate and
decay with a time constant determined by the second order
decay of the radical.? The net E polarization increases with
decreasing the temperature. The lifetime of the triplet state
of quinoxaline increases with decreasing the temperature as
confirmed by the transient absorption experiments. Then
the RTPM polarization is enhanced, because the chance of
the encounter between the triplet and radical is increased.
Furthermore, the increased viscosity at lower temperatures
prolongs the correlation time of the RTPM interaction, en-
hancing the polarization. The results support the suggestion
that the net polarization is caused by the RTPM.

Figure 6a shows the time evolution of the CIDEP spec-
trum observed in the photolysis of quinoline (0.013 M) in 2-
propanol at —15 °C. The spectrum is assigned to the quino-
linyl radical. The CIDEP spectrum changes with time from
A/E* to net E. Here the contribution of the E/A polarization
appears to be very weak. The result is explained mainly by
the A/E polarization due to the singlet precursor STy mixing
RPM and the net E polarization due to the RTPM. Long-
lived characters of triplet quinoline and the quinolinyl radical
were also confirmed by the transient absorption experiment.

The reaction scheme and the CIDEP generation mechanism
are believed to be similar to the case of quinoxaline, though
the signals were much weaker in quinoline.

The photoreaction and the CIDEP development mecha-
nisms of the phenazine/2-propanol system are considered to
be similar to the quinoxaline system except that the singlet
reaction was not observed. Figure 6b shows the time evo-
lution of the CIDEP spectrum observed in the photolysis of
phenazine (0.0034 M) in 2-propanol at 0 °C. The spectrum
shows E*/A character at all times, in contrast to quinox-
aline which shows almost symmetric E/A character at the
same concentration. Stronger emissive components are also
ascribed to the RTPM. -

The CIDEP producing mechanisms in this series of azaaro-
matics are considered to be common, but the relative con-
tributions of different mechanisms vary depending on the
individual system. For example, whether the singlet precur-
sor RPM is significant or not depends on the competition
between the singlet reaction and the intersystem crossing
process. Thus absence of the CIDEP due to the singlet RPM
in the case of phenazine is presumably due to the more effi-
cient intersystem crossing compared to the singlet reaction.

4. Time Evolution of the Polarization. In this section,
we try to analyze the time evolution of the CIDEP signals
more quantitatively. As the discussion of the previous sec-
tion indicates, several different polarization mechanisms are
involved. Complete quantitative treatments are quite diffi-
cult and accurate analytical expressions cannot be obtained.
Therefore several simplifications are made. Furthermore, in
discussing the RTPM we mainly focus our attention to the net
polarization, because it is very difficult to separate the hyper-
fine dependent RTPM from the RPM polarization. We first
consider various processes involved in the present systems
and give approximate expressions for various concentrations
and polarizations.

(1) Triplet Concentration. = The processes involved in
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Fig. 6. Time evolution of the CIDEP spectra observed in the photolysis of (a) quinoxaline (0.013 M) in 2-propanol at —15 °C and

(b) phenazine (0.0034 M) in 2-propanol at 0 °C.

the production and decay of the triplet state is considered to
be the following.

S B85 T
T X, So
T+ROH ~T+ -R +-ROH
T+Q — quench

kTR
T+-R - quench

T

K
T+T —— quench

Here, k, is the intrinsic decay rate constant, kt is the triplet
reaction rate constant, k'qrs, kiR, and k;” are the quenching
reaction rate constants by the ground state parent molecule,
the radical, and the triplet state itself, respectively. The
production process is considered to be much faster than our
observation time. When the triplet concentration is low,
the second order term may be neglected. Then the triplet
concentration is given by a simple form:

[T] = [Tloexp (—kr1) ey

with
kr =l +kr + kg [Ql+ky N [R]

Here, [T]o represents initial triplet concentration. When the
quenching by the triplet itself cannot be neglected a larger
apparent decay rate constant k7. is observed.

(2) Radical Concentration. The radical is considered
to be produced mainly by the reaction of the triplet state,
but it is suggested that the reaction of the singlet excited
state also produces the radical as described in the previ-
ous section. There are several possible processes of radical
quenching which include the second order chemical decay
and the RTPM interaction itself. Then the radical production

and decay are represented by;

gc[ilti] = ke[T) — KI*{TIR] — kar[RT? @

Here, kt is the apparent rate constant of the radical producing
reaction from the excited triplet state. ky; is the second order
decay rate constant. Since the lifetime of the singlet state
is very short, probably less than 20 ns, the concentration of
the radical produced from the singlet precursor is treated as
an initial radical concentration. When the second and third
terms are neglected in Eq. 2, the solution is given by;

[R] = [R], + Z—Z[T]o{l — exp (—kh)} 3)
where [R]p is the initial radical concentration which is given
by the singlet reaction and the steady state concentration.

(3) Polarizations Due to Geminate Pair and F-Pair
RPM. Spin polarization due to the geminate and F-pair
RPM have been discussed in detail in a previous report.”

(a) Geminate Pair RPM Polarization.  Spin polariza-
tion due to the geminate pair RPM is given by;

Prem = Prpm{exp (—t/Tf) —exp(—ket)}
+PRom{l —exp (—1/TH)} @)

Here, P3py; and PR3y, are the initial polarization and the po-
larization at thermal equilibriim of the geminate-pair RPM,
respectively. TR is the spin-lattice relaxation time of the rad-
ical. kr is the growth rate constant of the polarization due to
the geminate-pair RPM.

(b) F-Pair RPM Polarization. = When the initial rad-
ical concentration is high and its decay is determined by
the second order radical decay, the magnitude of the F-pair
polarization is approximately given by,”
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Prrpm = ake[RI3-TY { —exp (—t/T{‘)} %)

1
(kac[R]ot + 1)
(4) RTPM Polarization. The RTPM polarization is
generated when a triplet state and a radical make a collision
and interacts each other. The polarization decays with the
spin-lattice relaxation time. Then, when we can neglect the
second order radical decay, the RTPM polarization (Prrpy) 1S

obtained by solving the following differential equation.’*—?
dPrreM Prrpm — P
T krrpm[TI[R] ~ - (6)

Here, kgrpm is the rate constant of the RTPM and T{{ is
the spin-lattice relaxation time of the radical. P is the
polarization at the thermal equilibrium. Assuming that [T]
and [R] are given by Egs. 1 and 3, respectively, the solution
of Eq. 6 is given by the following equation;

Prrem = aexp (—2kit) — B exp (—kpt) + yexp (——l‘/T?) +P® (7)

kRTPM%[T](Z)
TR Y
ksrow[ Tl ([R]o ¥ ’;—zmo)
R S
y=f—a—P%

The solution represented by Eq. 7 is meaningful under
the condition of 1/TR#k; and 1/TR#2k; which is usually
valid. Then, the time evolution of the RTPM polarization
is represented by three exponential components. The time
development always consists of one rise and two decay com-
ponents. In this case, the rate of one decay component is
much larger than the rate of the rise component, and another
decay component is much smaller. Here, we consider two
cases. One is k7 >1/TR, and another is 2k;>1/TR > k;. In
the former case the rise constant is determined mainly by &}
and the decay constant is by 1/7X. In the latter case the rise
constant is determined by 1/TR and the decay constant is by
kr. In both cases a is positive, and the 27 term represents
a quick decay component which may not appear clearly in
the time evolution of the signal. Therefore, the time devel-
opment of the RTPM polarization should look like one rise
and one decay.

5. Time Evolution of CIDEP Signals. The exact
time evolution of the CIDEP signal observed in a CW time-
resolved EPR experiment is in general complicated because
of the constant interaction of the spin system with the mi-
crowave. Itshould be described by the solution of a modified
Bloch equation, but such a solution cannot be obtained eas-
ily without making simplifications in the present case. In a
CW time-resolved EPR experiment, we observe time depen-
dence of the transverse magnetization M,, but for simplicity
here we assume that M, is approximately proportional to
M, whose time evolution is described by the time evolution
of various polarizations discussed in the previous section.
This approximation is adequate when the microwave power
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Fig. 7. Time evolution of the transient EPR signals obtained
in the photolysis of quinoxaline (0.0036 M) in 2-propanol
at —30 °C. (a) Intensities of signals at a low field position
(—) and the corresponding high field position (--+-), (b)
Intensities of the net component (XS) and the antiphase
component (AS). Simulated time evolution curve based on
Eq. 7 (1/kr=5 ys, TR=3.4 ps, B/a=—2.0) is also shown
by a broken line whose initial value is displaced by —10.

is sufficiently low. We have confirmed that the measured
decay curves are not dependent on the microwave power in
our measuring region (<0.2 mW).

Figure 7a shows the time evolution of the CIDEP signals
at a low field position from the center of the spectrum and
the corresponding high field position (indicated by arrows in
Fig. 5b observed in the quinoxaline (0.0036 M)/2-propanol
system at —30 °C. The signals show a strange change with
time. This is because the time developments of the net com-
ponent and the antiphase (E/A or A/E) component are quite
different. A quantitative analysis requires the separation of
the each component. The time evolutions of the E/A (or
A/E) component and the net component of the polarization
can be separated by taking the difference (AS) and the sum
(ZS) of the signal intensities at the low field and the corre-
sponding high field positions shown by arrows in Fig. 5b.
The AS component is considered to include three STy mix-
ing RPM components, singlet geminate pair, triplet geminate
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pair and F-pair. The AS component due to the geminate pair
RPM rises quickly to A/E (singlet precursor) followed by
EJ/A (triplet precursor) with the apparent reaction rate of the
triplet and decays with the spin-lattice relaxation rate. The
E/A component which remains at longer times (over 10 us) is
presumably due to the F-pair RPM. This is possible because
of a large initial concentration of the radical produced by the
singlet reaction. The F-pair RPM polarization should decay
with the second order decay rate constant of the radical as
‘represented by Eq. 5. The spin-lattice relaxation time of the
radical is determined to be 3.4 s by the fits of the decay curve
of the E/A component. On the other hand, the 2§ component
rises to net £ much more slowly than the AS component, and
decays more slowly to a small absorption which is presum-
ably due to the thermal equilibrium signal. The rise time of
the XS is close to the spin-lattice relaxation time of about 3.4
us. The rise and decay curve is simulated reasonably well
with the triplet lifetime of 5 us determined by the transient
absorption experiment (Fig. 7b). Exact agreement between
the triplet decay time determined by the transient absorption
and the decay time of the EPR signal is not expected because
of the difference in the experimental conditions and the ap-
proximate nature of Eq. 7. However, the time evolution of
the net polarization is believed to be determined mainly by
the RTPM dynamics.

There is one puzzling observation about the time evolution
of the AS component. The time evolution of AS is interpreted
on the basis of the contributions of the singlet and triplet
geminate pair RPM. The E/A component due to the triplet
geminate pair rises rapidly within 1 pus. However, the triplet
lifetime is too long to explain this rise. Therefore, there
may be another process to give rise to a fast rising E/A
polarization.

Figure 8 shows the time evolution of the E/A polarization
and the net polarization of the quinoxaline (0.0036 M)/2-
propanol system at 0 and —60 °C. From the temperature
dependence, it is seen that the relative intensity of the net E
polarization increases drastically with decreasing the temper-
ature. The E/A polarization at —60 °C also shows a very slow
decay due to the F-pair polarization dynamics represented by
Eq. 5. The spin-lattice relaxation times estimated by the fits
of the decay of the E/A polarization as described before are
2.5 us at 0 °C and 7.5 ps at —60 °C. At 0 °C, the rise and
the decay times of the net polarization are about 2.5 and 3.5
us, respectively, which are in good agreement with the spin-
lattice relaxation time and the triplet lifetime, respectively.
The results can be explained by the RTPM dynamics model
represented by Eq. 7. On the other hand, at —60 °C the rise
time was around 2 us which is shorter than the spin-lattice
relaxation time. The decay time at —60 °C is around 20 us,
which is considered to be determined primarily by the triplet
lifetime at this temperature. The time development at —60
°C is considered to be mainly due to the RTPM dynamics,
but a quantitative agreement with the prediction of Eq. 7 is
not good in the early time region.

Figure 9 shows the time evolution of the EPR signal at the
center position of the spectrum observed in more concen-
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Fig. 8. Time evolution of the net component (ZS) and the
antiphase component (AS) of the transient EPR signal of
the quinoxaline (0.0036 M)/2-propanol system at (a) 0 °C
and (b) —60 °C.

trated quinoxaline (0.010 and 0.051 M) solutions at different
temperatures. At these concentrations, the CIDEP spec-
tra show almost total emission with a slight E/A distortion.
Therefore, we can consider the center signal to represent
the net polarization. The rise times of the signals are much
shorter compared with those at a low concentration (0.0036
M). The decay times at 0.010 M are 3.3, 5, and ca. 15 us
at 0, —30, and —60 °C, which agree with those at 0.0036
M, and indicate the triplet lifetimes. At 0.01 M, the rises
are faster and the decays at lower temperatures are some-
what faster. The time developments in later time regions
can be explained by the RTPM dynamics, but the cause for
the fast rise must be found. A most likely explanation is the
involvement of the T-T annihilation at higher concentrations
of the triplet state. The T-T annihilation process reduces the
triplet lifetime drastically in an early time region, increases
the apparent decay rate constant k%, and increases the rise
of the net polarization. As the decay curves in Fig. 4 show,
shortenings of the triplet apparent lifetimes at higher con-
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Fig. 9. Time evolution of the transient EPR signals at the

center of the spectra obtained in the photolysis of quinoxa-
line in 2-propanol at (a) 0.010 M and (b) 0.051 M.

centrations of quinoxaline are clearly seen in the transient
absorption signals. Another possibility is the polarization
transfer from the triplet state to the radical. This mechanism
was recently shown to be important in systems consisting of
metalloporphyrins and nitroxide radicals.”” The relaxation
times of triplet porphyrins are exceptionally long because of
their small zero field splitting constants and large molecular
volumes. In the cases of ordinary organic' molecules, the
triplet relaxation times are less than 10 ns and this process is
unlikely to be important in the present systems.

Figure 10 shows the time evolutions of the net and the
E/A components of the EPR signals observed in phenazine
(0.0036 M) in 2-propanol at 0, —30, and —60 °C. The net po-
larization rises quickly with almost the same rate as the E/A
component, which is close to the response time of our appa-
ratus. The decay rate of the net component is slower than that
of the E/A component. The rise rates of both components are
almost the same at all temperatures, whereas the decay rates
decrease with decreasing the temperature. The slow decay
of the net component is considered to be determined by the
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Fig. 10. Time evolution of the net component (ZS) and the
antiphase component (AS) of the transient EPR signal of
the phenazine (0.0034 M)/2-propanol system at (a) 0 °C,
(b) =30 °C, and (c) —60 °C.

triplet lifetime, which drastically increases with a decrease
of the temperature. The time evolution of the net component
in a later time region (>3 us) can also be explained by the
RTPM dynamics represented by Eq. 7. The rise of the net
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polarization at low temperatures consists of a fast and a slow
component. The slow rise component is explained by the
RTPM dynamics as the rise constant is determined by the
spin-lattice relaxation time, but the fast rising net component
in the early time region cannot be explained clearly. A fast
decrease of the triplet concentration by the T-T annihilation
can also give rise to the fast rise of the RTPM polarization
as in the case of quinoxaline, if the triplet production is very
efficient and T-T annihilation takes place with a diffusion
controlled rate. Another possibility is that a reaction from a
higher excited triplet state takes place via a two photon proc-
ess and the produced radical has a net E polarization of the
TM. Such a case was found in benzil.’**¥ However, further
detailed investigations are needed to clarify the exact cause
of the fast rise in phenazine. On the other hand, the decay of
the E/A component is determined mainly by the spin-lattice
relaxation of the radical. At lower temperatures, the contri-
bution of the F-pair polarization increases. The decay is not
single exponential because it is determined by a combination
of the decays of the geminate pair and the F-pair RPM.

Conclusion

The CIDEP development mechanisms of azaaromatic
compounds, quinoxaline, phenazine and quinoline are inves-
tigated in detail. It is shown that several polarization mech-
anism are involved and the dominant mechanism is strongly
dependent on the concentration and temperature. The net
emissive polarization is explained mainly by the RTPM be-
tween the produced radical and the precursor triplet. At a
low concentration, the time evolution of the net component
agrees reasonably with the prediction of the RTPM model,
which indicates that the rise is mainly determined by the spin-
lattice relaxation rate and the decay by the triplet lifetime.
The RTPM usually gives a net E polarization of a slow rise
and a slower decay compared with those of the TM and the
geminate pair RPM, but at high concentrations the emissive
polarizations are found to show fast rises. This may be due to
T-T annihilation. However, for a more complete understand-
ing of the polarization mechanisms, more precise analysis of
the time developments of the polarizations is needed. The
RTPM polarization is expected to play an important role gen-
erally, when the concentrations of triplet states and radicals
are high and triplet states are relatively long-lived.
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