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The static and dynamic properties of the phosphorescent triplet states of quinoxaline and 2,3-disubstituted
derivatives in hexane have been studied at 1.4 K using the methods of optically detected magnetic resonance. In
addition, the absorption and phosphorescence excitation spectra have also been measured to attain the information

about the low lying excited states.

A systematic comparison has been made for the purpose of examining the effect

of substitution. A significant enhancement of the pumping rates for the y spin sublevel observed in the chlorine-
substituted derivatives is concluded to be due to the additional indirect process of intersystem crossing which occurs

from S, of n,n* to T, passing through the intermediate triplet state of 7,7*.

A detailed discussion on the observed

phosphorescence spectra originating from the three sublevels has achieved a satisfactory success in understanding

the mechanisms responsible for the radiative decay processes.

It is concluded that the mechanisms due to vibronic

coupling with closely lying n,n* triplet states are of little importance in the systems studied here.

Quinoxaline is one of the most widely studied aza-
aromatics from a variety of viewpoints. In particular,
the properties of the lowest excited triplet state have
attracted considerable attention!—1% since the method of
optically detected magnetic resonance (ODMR) was
successfully applied to organic compounds.

Optical and magnetic resonance studies’~!3) have
revealed that the interaction between the lowest m,7*
triplet state and low lying n,z* states plays an important
role in the decay and populating processes. However,
with a few exceptions!®1® the studies reported so far
have little information on the detailed mechanisms,
which give rise to the radiative decay from the individual
spin sublevels.

Commonly, in order to obtain much information
about the radiative activity of the spin sublevels at the
vibronic bands, it is desirable to measure the phos-
phorescence spectra coming from the sublevels separate-
ly.  Microwave-induced delayed phosphorescence
(MIDP) method provides a useful procedure to obtain a
sublevel emission spectrum. A set of three sublevel
emission spectra makes it possible to discuss in detail
the radiative properties even for the vibronic bands of
small intensity.

In addition to quinoxaline, three 2,3-disubstituted
quinoxalines are studied here in order to obtain closer
insight into static and dynamic properties of the phos-
phorescent states by a systematical comparison. Besides
the sublevel emission spectra, the kinetic rate constants
are measured by means of the conventional MIDP
method. The results are discussed in terms of the
possible mechanisms of radiative transitions. The
mechanisms operative in the intersystem crossing
process are also discussed. The transition energies of
the excited states are determined from the absorption
and phosphorescence excitation spectra to provide
supplementary information.

Experimental

Quinoxaline, 2,3-dimethylquinoxaline, 2-chloro-3-methyl-
quinoxaline, and 2,3-dichloroquinoxaline were purified by
recrystallization and vacuum sublimation. Hexane of spec-
troscopic grade obtained from Tokyo Kasei Co., Ltd. was
used as received. The equipment and procedure for the

optical and magnetic resonance experiments are essentially
the same as described in previous papers.!® The molecular
structures and axis system for the compounds studied are
shown in Fig. 1.
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Fig. I. Molecular structure and choice of axis system.

Absorption Spectra

The absorption spectra of quinoxaline and the three
derivatives were measured in hexane at room tempera-
ture. The spectra are shown in Fig. 2.

Quinoxaline. As concerns quinoxaline, the analysis
was based on the theoretical prediction about the
transition energies and the moments for the transitions
to the z,n* excited singlet states reported in the litera-
ture.15:16)

The first A, (n,7*) band is observed with onset at
31490 cm-!, and shows a slow decline, extending to
=40000 cm~1, which could be attributed to the presence
of the second allowed m,n* transition of B, symmetry.
Accordingly, the peak found at 32780 cm—! may be
assigned as !B,(m,n*) band, predicted to lie at =32750
cm-1.1%
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band at 46930 cm—! of quinoxaline reduce the intensity
significantly. In fact, the band in the spectrum of 2-
chloro-3-methylquinoxaline is buried in the subsequent
intense band, and the band in 2,3-dichloroquinoxaline is
recognized only as a weak shoulder.

Phosphorescence Excitation Spectra

The phosphorescence excitation spectra of the four
compounds were observed in hexane at 4.2 K. The
spectra are shown in Fig. 3. Itis seen from Figs. 2 and 3
that the lowest excited singlet states of all the three
substituted quinoxalines are also of nz* character in
hexane.

Phosphorescence Excitation Spectra

WAVELENGTH /nm
Fig. 2. The absorption spectra of quinoxalines in hexane
at room temperature.
(a) Quinoxaline, (b) 2,3-dimethylquinoxaline, (c) 2-
chloro-3-methylquinoxaline, and (d) 2,3-dichloroquino-
xaline.

The second distinct structure is seen at 42720 cm—!
and, with reason, associated with the A, (n,n*), which
has been calculated to lie at 42670 cm~1.19 A more
diffuse maximum is noted at =46930 cm~! and followed
by intense band with maximum at =49250 cm~!. The
former is likely attributed to the transition to the
1B, (7z,7t*) state suggested to lie at =47200 cm~11% and
the latter to the 'A,(sm,7n*) predicted at 49500 cm~! 18)
from the results of calculations.

In addition, the spectrum of quinoxaline contains a
1B,(n,z*) transition at about 26300 cm~1, which is in
good agreement with the calculated value of 26382
cm~110) The electronic origin of this transition has
been reported previously to lie at 25825 cm-! in a
naphthalene host crystal by Clarke et al.,1”) and at 27071
cm-! in vapor phase by Glass et al.)®

Substituted Quinoxalines. It is seen from Fig. 2
that the absorption spectra of the substituted quino-
xalines are similar to that of quinoxaline. This apparent
similarity permits the analysis to be made easily by
comparison. The effect of substitution shifts the sr,m*
excited singlet states to the red by a considerable
amount.

It is to be noted that in the case of chloro-substituted
quinoxalines, the absorption bands corresponding to the
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Fig. 3. The phosphorescence excitation spectra of

quinoxalines in hexane at 4.2 K.

(a) Quinoxaline, (b) 2,3-dimethylquinoxaline, (c) 2-
chloro-3-methylquinoxaline, and (d) 2,3-dichloroquino-
xaline.

The phosphorescence excitation spectra of the neat
crystals of quinoxaline and 2,3-dimethylquinoxaline were
also measured as shown in Fig. 4. The first absorption
bands in these excitation spectra correspond to the
3B, (7w,7t*)«=S, transitions. The absorption bands found
at 24032 cm™! in the spectrum of quinoxaline and at
25182 cm~! in that of 2,3-dimethylquinoxaline are
assigned to the 3B, (n,n*)«-S, transitions.

The energy separations between the !B, and 3B, (n,n*)
states are very similar in these two compounds, and
about 2350 cm~!. By assuming that these states of all
the compounds studied here are separated by the
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TABLE 1. THE ENERGY LEVELS OF THE EXCITED ELECTRONIC STATES OF
QUINOXALINE AND THE DERIVATIVES (IN UNITS OF cm 1)
Quinoxaline 2,3-Dimethyl- 2-Chloro-3-methyl- 2,3-Dichloro-
quinoxaline quinoxaline quinoxaline
3B, (7, 7*) 21 325% 22 149 21 885% 21 523%
3B, (n,7*) (23 920)® (25 250) ™ (26 150)® (26 500) ™
1B, (n,7*) 26 267° 27 599 28 4959 28 843
1A, (m,7c*) 31 490 31 440 30 480 29 660
1B, (7, 7*) 32 780 32 250 31 790 31 000
1A, (m,7*) 42 720 42 180 41 310 40 150
1B, (m,m*) 46 930 46 280 45 440
1A, (m,m*) 49 250 48 650 46 500 46 930

a) Obtained from the phosphorescence spectra at 4.2 K.  b) The values in the parentheses are estimated ones, see text.
¢) Obtained from the phosphorescence excitation spectra at 4.2 K. Others were determined from the absorption spectra

at room temperature.

Phosphorescence Excitation Spectra at 42K
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Fig. 4. The phosphorescence excitation spectra of (a) the
quinoxaline neat crystal and (b) the 2,3-dimethyl-
quinoxaline neat crystal at 4.2 K.
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amount of 2350 cm~1, the locations of 2B,(n,n*) states
are estimated. All the data for the locations of the
excited states obtained from the absorption, phos-
phorescence excitation, and phosphorescence spectra are
listed in Table 1.

ODMR Results

The zero-field (zf) transitions among the spin sublevels
were measured to determine the zf splitting parameters
D and E by means of the steady state phosphorescence
microwave double resonance (PMDR) technique and/or
the MIDP technique. The zf splitting parameters D
and E are defined in a similar manner used commonly
for naphthalene (Fig. 1). The total decay rates, £,
steady state populations, N{, and relative populating
rates, P;, for the spin sublevels (i=x, y, z) were also
obtained by the MIDP method. The results for all the
compounds are summarized in Table 2 for the sake of
comparison.

Quinoxaline. Only two strong zf ODMR signals
were observed by monitoring the phosphorescence
emission in hexane. The signal at 1.157 GHz is assigned
to the T, T, transition, which has been observed at
1.187 GHz in a durene host” and at 1.132 GHz in a
naphthalene-d; host.®'3 The signal at 3.557 GHz is
referable to the T,<T, transition, which has been
found at 3.641 GHz in durene® and at 3.480 GHz in
naphthalene-d;.® The total decay rates obtained here
are similar to those in durene® and naphthalene-d;?18)
reported by other authors.

2,3-Dimethylquinoxaline. The zf transitions are
observed at 1.239 GHz for the T,~T, transition and
at 3.731 GHz for T,«T,. The total decay rates for all
the three sublevels of 2,3-dimethylquinoxaline are

TABLE 2. THE ZERO FIELD SPLITTING AND KINETIC PARAMETERS OF QUINOXALINE AND THE DERIVATIVES

2,3-Dimethyl-

2-Chloro-3-methyl- 2,3-Dichloro-

Quinoxaline quinoxaline quinoxaline quinoxaline
|D]/em-1 0.0993 0.1075 0.1017 0.1017
|E|/cm-! 0.0193 0.0207 0.0189 0.0179
kyfs™t 12.340.3 7.234-0.14 3.544-0.09 3.2940.12
kyfs-t 1.1440.06 0.674-0.06 5.04+0.10 6.1840.10
kyfs™t 0.86+0.02 0.34+0.03 0.454-0.03 0.38-+0.01
N? 1 1 1
N? 0.904-0.08 0.9940.06 0.80+0.05 0.78+0.05
N? 0.644-0.07 1.6140.15 0.824-0.06 0.484-0.03
P, 1 1 1
P, 0.084 0.091 1.14 1.45
P, 0.045 0.075 0.10 0.055
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smaller by a factor of about 0.6 than those of quinoxaline.
2,3-Dichloroquinoxaline. The observed zf transi-
tions at 2.510 and 3.586 GHz can be assigned to the
T,~T, and T,~T, transition, respectively, which
have been reported to be at 2.467 and 3.515 GHz in a
durene host crystal.1®20 The total decay rates of the
sublevels determined here are somewhat smaller than
those obtained in other crystal systems.}®*~2? It is to be
noted that the relative populating rate of the y sublevel
is as large as that of the z sublevel.
2-Chloro-3-methylquinoxaline. As in the case of
2,3-dichloroquinoxaline, the zf ODMR signals found
at 2.483 and 3.616 GHz are attributed to the Ty«Ty
and T,~T, transition, respectively. The total decay
rate for the y sublevel is smaller to a certain extent than
that of 2,3-dichloroquinoxaline, while with respect to
the z and x sublevels, there is little difference between
these compounds. The pattern of populating process

Phosphorescence Spectra in hexane at 4.2K
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Fig. 5. The phosphorescence spectra in hexane at 4.2 K.
(a) Quinoxaline, (b) 2,3-dimethylquinoxaline, (c) 2,3-
dichloroquinoxaline, and (d) 2-chloro-3-methylquino-
xaline.
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is also characterized by high selectivity for both the z
and y sublevels, as in the case of 2,3-dichloroquinoxaline.

Phosphorescence Spectra

The phosphorescence spectra of quinoxaline and the
three derivatives in hexane are characterized by well
resolved feature (FWHM=0.3 nm). The spectra
obtained at 4.2 K are presented in Fig. 5. Assignments
of the vibronic bands in the spectra were made in
reference to the vibrational assignments of the IR and
Raman spectra reported in the literature.23-2%)

Quinoxaline. The spectrum obtained in hexane
differs from those observed in the naphthalene-dg'® and
durene?:10:12) host crystals. The vibronic bands at 180,
260, and 904 cm~! from the origin appear with con-
siderable intensity in hexane. However, the corre-
sponding bands are far from being observable in the
other host crystal systems.?»10:1%13)

2,3-Dimethylquinoxaline. There is noticeable dif-
ference between quinoxaline and 2,3-dimethylquino-
xaline. The intensity of the vibronic band at 0—467 cm—!
exceeds those of the vibronic bands such as 0—525 cm—!
involving totally symmetric vibrations, in contrast with
quinoxaline.

2,3-Dichloroquinoxaline. There is some difference
between the spectra obtained in hexane and in
durene.1%22) The vibronic bands observed at 197, 459,
510, and 695 cm™! from the origin appear with con-
siderable intensity in hexane, whereas in the durene
host, these bands appear as nothing more than weak
traces. The vibronic bands found at 0—197 and 0—695
cm-! are due to the b, vibrations, corresponding
probably to the frequencies of 180 and 725 cm™! of
quinoxaline. The band at 0—459 cm~! is attributed to
the vibronic band involving a, vibration corresponding
to that of 647 cm~! of quinoxaline. The remaining band
at 0—510 cm™1 is assigned to the vibronic band due to
totally symmetric vibration.

2-Chloro-3-methylquinoxaline. The frequencies of the
vibrations appearing in the spectrum of 2-chloro-3-
methylquinoxaline are in excellent correspondence to
those in that of 2,3-dichloroquinoxaline. This enables
one to readily analyze the vibrational structure by
comparing the spectra of these compounds. It is to be
noted that the origin band appears intensely in the
spectrum of 2-chloro-3-methylquinoxaline, whereas in
2,3-dichloroquinoxaline, the intensity of the 0,0 band is
quite small.

Sublevel Emission Spectra

The sublevel emission spectra of all the four molecules
measured by means of the MIDP method are shown in
Fig. 6. The relative radiative decay rates for the 0,0
and some vibronic bands of interest were also deter-
mined. The results are shown in Table 3, where experi-
mental errors are estimated to be about +209, for the
k2 and k% values larger than 0.02 and about +100—
—509, for those less than 0.02. Itis to be noted that the
sublevel spectra in Fig. 6 show only the qualitative
feature of the spin selectivity of each sublevel; in other
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TABLE 3. RELATIVE RADIATIVE DECAY RATE
CONSTANTS FOR SOME VIBRONIC BANDS

Band
Av/cm- K K ke Assignment
(a) Quinoxaline
0 1 0.008 0.011 0,0
260 1 0.024 0.012 a, v skel. dist.
467 1 0.013 0.018 a, y skel. dist.
489 1 0.014 0.015 b, v skel. dist.
528 1 0.007 0.015 a; [ skel. dist.
652 1 0.012 0.020 a, 7 skel. dist.
870 1 0.013 0.015 b, 7 CH bend.
1056 1 0.009 0.018 528x%2
(b) 2,3-Dimethylquinoxaline
0 1 0.032 0.049 0,0
186 1 0.024 0.059 b, ring wag.
424 1 0.031 0.064 b, 7 skel. dist.
467 1 0.025 0.057 a, 7 skel. dist.
612 1 0.039 0.060 a; P skel. dist.
828 1 0.033 0.061 b, B skel. dist.
1216 1 0.026 0.056 a, B CH bend.
1375 1 0.028 0.054 a; CHj, sym. dist.
1404 1 0.029 0.046 a; B CH bend.
1571 1 0.032 0.032 a, pring str.
(¢) 2,3-Dichloroquinoxaline
0 1 0.29 0.07 0,0
91 1 10.2 0.30 a,
197 1 0.35 0.09 b, ring wag.
269 1 12.7 0.26 a, 7 skel. dist.
314 1 2.85 0.32 b,
459 1 1.65 0.20 a, 7 skel. dist.
488 1 1.17 0.26 b, 7 skel. dist.
510 1 1.59 0.28 a; P skel. dist.
541 1 7.12 0.24 a,
600 1 0.97 0.12 a; fskel. dist.
653 1 3.67 0.14 a,
695 1 2.00 0.13 b, 7 CH bend.
870 1 11.7 0.29 a, 7 CH bend.
895 1 4.18 0.19
1060 1 1.99 0.20
(d) 2-Chloro-3-methylquinoxaline
0 1 1.56 0.13 0,0
101 1 5.00 0.35 a’’(a,)
188 1 1.39 0.19 a”(b,)  ring wag.
276 1 5.88 0.35 a”(a,) 7 skel. dist.
465 1 2.17 0.17 a’’(a;) 1 skel. dist.
486 1 2.44 0.24 a”(b;) 7 kel. dist.
598 1 2.33 0.21 a’(a;) P skel. dist.
692 1 0.56 0.11 a”’(b;) 7 CH bend.
869 1 1.89 0.21 a”(a,) 7 CH bend.
1059 1 1.20 0.20
1396 1 1.56 0.14 a’(a;) B CH bend.
1567 1 0.79 0.13 a’(a;) P ring str.

a) The correlation of species of the C,; and C,, symmetry
groups is shown in the parentheses.

words, the spectra are not compatible with the data
in Table 3, because some of the spectra were taken with
different slit widths.

Brief comments on some of the specific experimental
findings are described in the following.

The Triplet States of Quinoxaline and Its Derivatives
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Quinoxaline. It is clearly seen in Fig. 6(a) that
the intensity of the vibronic bands such as 0—260, 0—
904, 0—1380, and 0—1618 cm~! relative to the 0,0
band is significantly larger in the y and x sublevel
spectra than z. On the other hand, no spin state selec-
tivity is noted with regard to the intensity of the bands
such as 0—467,0—527,0—651, and 0—1576 cm~1. The
vibronic bands involving b, vibrations have a certain
intensity in the y and x sublevel spectra.

2,3-Dimethylquinoxaline. The emission spectra of
the spin sublevels resemble each other. It is found that
the vibronic bands due to the b, vibrations such as 185,
424, and 490 cm™! appear more intensely in all the
three sublevel spectra in comparison with those of
quinoxaline.

2,3-Dichloroquinoxaline. The vibronic bands in-
volving a, or b, vibrations appear more strongly in all
the three sublevel spectra than those of quinoxaline.
On the other hand, the vibronic bands due to the b,
vibrations have a considerable intensity only in the y
sublevel spectrum. By examining carefully the change
in the intensity, it is found that as concerns the y sublevel
spectrum, the bands such as 0—269 cm~! are affected
by chlorine substitution to a more extent than the bands
such as 0—459 cm~!, although these vibrations are
classified into the same species of a,. With respect to
the vibronic bands due to b, vibrations, a similar situa-
tion is found by comparing, for example, the bands at
0—197 and 0—488 cm-!. This can be seen more
clearly in Table 3(c).

2-Chloro-3-methylquinoxaline. Although both the
a, and b, species in Gy, point group are reduced to the
a” species in C;, the distinction between these species
remains with regard to the radiative decay process, with
an exception that the y sublevel emits strongly at the
0,0 band. This indicates clearly that the radiative decay
process of 2-chloro-3-methylquinoxaline is governed by
the mechanisms similar to those of 2,3-dichloroquino-
xaline.

Assignments of Some Vibrations

Most of the vibronic bands in the phosphorescence
spectra are assigned on the basis of the vibrational data
reported previously?*-%%) and confirmed by the experi-
mental findings in the sublevel spectra. Several vibronic
bands, however, are assigned anew. The bands such as
0—197 and 0—695 cm~! of 2,3-dichloroquinoxaline are
assigned only in view of the observed sublevel spectra.
Here, the reasons for the assignments of the bands of
importance are commented briefly.

Although no data of the vibrational assignments from
IR and Raman spectra are available concerning the
vibrations of 197 and 695 cm~! of 2,3-dichloroquinc-
xaline, the vibronic bands due to these vibrations can
be assigned to those of b; symmetry for the following
reasons. First, the 0—197 cm~* band appears with
more intensity than the 0,0 band in the phosphores-
cence spectrum. Therefore, it is reasonable to leave
the possibility of a; or b, species out of consideration.
In fact, there are no vibrational modes of a, or b, species
with such low frequency. Second, the behavior of this
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Sublevel Emission Spectra
a Quinoxaline

-
480 490

470

b  2,3-Dimethylquinoxaline
Tz

—468 o,
526 a;

E

T } |
Ty {’ L l . s.!;

65 55 ¢ & & & 3 B

2% 88 8§ |
J|1||\1 ]

[ R S | |.| l
Tx { .li I I
450 %60 %70 %80

Kazuhiko SucAa and Minoru KiNosHITA

[Vol. 55, No. 6

in hexane at 1.4K

¢ 2.3-Dichloroquinoxaline
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Fig. 6. The sublevel emission spectra in hexane at 1.4 K. (a) Quinoxaline, (b) 2,3-
dimethylquinoxaline, (c) 2,3-dichloroquinoxaline, and (d) 2-chloro-3-methyl-

quinoxaline,

band in the sublevel spectra is different from that of the
vibronic band due to a, vibration such as 0—269 cm1,
but rather similar to that of the band due to b, such as
0—488cm-1. The 0—695cm~! band can also be
assigned to the band due to b, vibration in view of
intensity behavior in the sublevel spectra. In fact, the
corresponding band, 0—692 cm~1, of 2-chloro-3-methyl-
quinoxaline appears with much intensity in the z
sublevel spectrum as well as the 0—188 cm~! band
corresponding to the 0—197 cm~! band of 2,3-dichloro-
quinoxaline, but in contrast to the 0—276 cm~! band
corresponding to the 0—269 cm~! band of 2,3-dichloro-
quinoxaline.

Electronic States

Some comments on the assignment of the low lying
electronic states may be added, although the absorption
and excitation spectra have been discussed briefly above.
The absorption spectra of quinoxaline and 2,3-dichloro-
quinoxaline in hexane have been reported previously

by another author.2® The band at 42720 cm—! of
quinoxaline and the corresponding band at 40150 cm™?
of 2,3-dichloroquinoxaline have been assigned to the
1B,«S, transition in the earlier works.18:28) 1In the
present study, however, these bands are assigned to
the 1A;«-S, transition. This assignment is in good
agreement with the theoretical predictions.15:16)

It is again emphasized that the lowest excited singlet
state is the 1B, (n,%z*) state for all the compounds studied
here. Yamauchi and Azumi?® have suggested that in a
durene host the B,(n,z*) state of 2,3-dichloroquino-
xaline lies at 29520 cm~1, higher by 1210 cm-! than the
1A, (7t,n*) state, even though the transition monent for
the transition to the 1B, state is considered to be much
smaller than that to the 1A;. On the other hand, the
phosphorescence excitation spectrum of 2,3-dichloro-
quinoxaline in hexane obtained here shows that the
1B, (n,m*) state lies lower than the !A, state and is the
lowest excited singlet state without question.

All the results for 2,3-dimethylquinoxaline and 2-
chloro-3-methylquinoxaline are determined anew. The
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locations of the 3B, states of quinoxaline and 2,3-
dimethylquinoxaline are also determined from the
present observation of the excitation spectra of the neat
crystals.

The values of D are all very similar. They differ
from each other only within 49,. The same holds true
for the values of E. The methyl group and chlorine
atom seem to have a little influence on the lowest
excited triplet state with regard to the stationary
properties of the wave function. Thus, it is reasonably
assumed that (1) all the molecules studied here have
essentially the same type of orbital wave function as that
of the parent molecule, quinoxaline, and (2) there
occurs no significant rotation of spin axes by going from
the molecules with C,, symmetry to the molecule with
C,. This latter point is strongly corroborated by the
dynamic measurements. In fact, 2-chloro-3-methyl-
quinoxaline shows the decay pattern similar to that of
2,3-dichloroquinoxaline.

Total Decay Rates

As for the z sublevel of aza-aromatics, the low lying
n,n* states are known to be of importance in the interac-
tions relevant in causing both the radiative and radia-
tionless decays.!~® Therefore, the decrease in £, on
substitution is presumably due to the reduction of the
interaction with n,x* states, resulting from the increased
energy separations.

Quinoxaline and 2,3-dimethylquinoxaline show the
relation of k,>k,. The decay process from the y
sublevel is expected to be determined mainly by the
interactions with n,* states.

On the other hand, in the case of chloro-substituted
quinoxalines, the relation of £,<k, indicates that there
exists an additional mechanism for the decay from the y
sublevel. The 7 electrons are likely to delocalize onto
the chlorine atom(s) in some degree, so that one center
integrals at the chlorine atom are expected to mean
something to the spin orbit coupling matrix elements.
Hence, the y sublevel can mix significantly with the
1g,* state via a one-center spin orbit coupling matrix
element, in addition to the mixing with the In,z* state
via a two-center spin orbit coupling matrix element.
Accordingly, the large activity of the y sublevel in the
decay process observed in 2-chloro-3-methylquinoxaline
is also ascribed to the influence of chlorine substitution
on the spin orbit interaction as stated before for 2,3-
dichloroquinoxaline.1?:22)

Intersystem Crossing

It is seen from Table 2 that in the case of quinoxaline
and 2,3-dimethylquinoxaline, the z sublevel is populated
in much preference to the other sublevels via intersystem
crossing from S,. Considering that the lowest excited
singlet states of these compounds are n,z* states of B,
symmetry, the high selectivity for the z sublevel with
respect to the intersystem crossing process must be, as
stated before,®? a consequence of the efficient spin orbit
coupling between the B,(n,#*) and ®B,(m,m*) states,
by way of which only the z sublevel is coupled directly.
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The situation is quite different for the chlorosub-
stituted quinoxalines. The populating pattern of these
compounds is characterized by highly selective inter-
system crossing to both of the z and y sublevels. Seeing
that the 1B,(n,n*) is the lowest excited singlet state, as
observed above, the direct spin orbit coupling with S;
accounts for P,. The value of P is quite large for the
chlorosubstituted derivatives as compared with that for
quinoxaline and 2,3-dimethylquinoxaline. For a similar
enhancement in the system of 2,3-dichloroquinoxaline in
durene, Tinti and E1-Sayed have suggested two possible
mechanisms which differ depending on the assignment
of the nature of the lowest excited singlet state.l® Cn
the basis of the present n,n* assignment, these mecha-
nisms can be discriminated unambiguously. The
3A,(7,7*) state is expected to lie lower in energy than
the 1B, (n,7z*) state in the case of 2,3-dichloroquinoxaline,
because chlorine substitution shifts 7,* states to the
red and n,z* states to the blue, as mentioned above.
Further, considering the n orbitals to be mixed with
other ¢ orbitals of the aromatic frame (delocalization)
to a certain extent, 3A,(sw,m*) state could couple with
1B,(n,n*) state appreciably. If this is the case, it is
necessary to take into account an indirect process, which
goes from 8, through the intermediate triplet state,
3A,(m,m*), and then to T,. This process can populate
only the y sublevel. Thus, the large value of P, observed
in 2,3-dichloroquinoxaline is surely ascribed to this
additional intersystem crossing mechanism. The same
holds true for 2-chloro-3-methylquinoxaline.

Mechanisms of Radiative Decay

As described above, all the molecules studied here are
considered to have essentially the same type of orbital
wave function. In the following discussion, therefore, it
is assumed that all the molecules can well be charac-
terized by C,, point group symmetry for the purpose
of avoiding unnecessary complications. Including up
to the second order perturbations, the possible mecha-
nisms, which are group-theoretically predicted, are
divided into the following classes.??)

(I)  Spin orbit coupling.

(II) Vibronic coupling in the singlet manifold with
spin orbit coupling.

(III) Spin orbit coupling with vibronic coupling in
the triplet manifold.

(IV) Spin vibronic coupling.

Among a number of the mechanisms group-theoretically
allowed, the mechanisms of little importance are
excluded in view of the following criteria:

(1) Spin orbit, spin vibronic, and vibronic coupling
operators are considered as the sum of one-electron
operators in good approximation;

(2) Asconcerns mechanisms of types (II) and (III),
the perturbing singlet configurations, which have
allowed transitions to the ground state, are limited to
7,7* 5

(3) With respect to mechanisms of type (IV), the
contribution of the mechanisms involing 3z,7* and 17,7 *
states is neglected because of the vanishingly small
magnitude of the matrix elements between these states.
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TABLE 4. ALL THE POSSIBLE MECHANISMS
FOR THE RADIATIVE DECAY PROCESS
Species® Mechanism®
a, 1.1 T,<-s0—'B,(n,7*)
1.2 T,«-s0—1B,(s,7%)
1.3 Tyso—>'A,(n,7*)
1.4 Tyeso>'A,(0,7*)
1.5 T«—so—A, (7,n*)
a, II.1  T,«so0—!B,(n,7*)«v—>'B,(7,7*)
II.2  T,<s0—'B,(0,7*)«v—1B,(w,7*)
III.1 T,«~v—3B,(n,7*)<«-so—>'By(7,7*)
III.2 T,«v—3B,(g,7*)<s0—>!B,(7,7*)
I1.3 T,«——so-—»lAz(n,n*)«—v——»lAl(n',71:*)
I1.4 Ty<——so—>1A2 (0,7*)—v—o1A, (7, m*)
IIL3 T «v—B,(n,n*)«so—>'A,(7,7*)
I114 T,«v—3B,(g,7*)«s0—>A,(7,7*)
b, II.5 T,«<-s0—>'B,(n,n*)«v—1A(7,7*)
II.6  T,<s0—!B,(0,7*)«—v—>1A,(m,7¥)
II1.5 T,«v—3A,(n,n*)«so—>A, (7,7*)
II1.6 T,«v—3A,(g,7*)«s0—A,(7,7*)
IL7 Tyeso>Ay(n,n*)v—1B,y(m,7¥)
I1.8 T «-s0—>'A;(0,7*)v—'B,(m,7*)
IIL7  Tyev—2A,(n,n*)«s0—!B,(m,7*)
III.8 T «v—?A,(0,7*)«s0—1B,(n,7*)
IV.] Tiesv—!B,(n,7*)
IV.2 T,«<-sv—'B,(o,7*)
b, IV.3  Ty«sv—!B,(n,7*)
IV4 T «sv>1B,(o,7*)
I1.9  Tyes0—A(7,7*)«~v—1B,(7,7*)
II1.9 T,y«v—3A,(7,m*)so—'B,(7,7*)

a) The first column shows the coupled vibrational species.
b) The interaction is indicated by the following notations:
so, spin orbit coupling; v, vibronic coupling; sv, spin
vibronic coupling.

Accordingly, the mechanisms, which are listed in Table
4, remain to be taken into consideration.

In the case of chloro-substituted quinoxalines, the
electron orbitals of the aromatic frame are mixed in
some degree with the out-of-plane atomic orbital on the
chlorine atom. This is responsible for the large red-shift
of the z,7* excited singlet states. This also causes the
matrix elements of the spin orbit coupling to contain
integrals over the chlorine atomic orbitals. Since o
orbitals are easily mixed with the in-plane orbitals of
the chlorine atom, the matrix elements between 7,7*
and o,n* states become large through one-center
integrals on the chlorine atom. In view of the localized
character of n orbitals, the integrals over the chlorine
atomic orbitals make relatively small contribution to
the matrix elements between m,m* and n,n* states.
These points are to be kept in mind in the following
discussion.

The 0,0 Band and Vibronic Bands Involving a, Vibrations.
As seen in Table 3(a), the z sublevel has the largest
radiative activity at the 0,0 band in the phosphorescence
spectrum of quinoxaline. As suggested by other
authors,5-8:10-13) there is no doubt to conclude that
the main mechanism, which accounts for the activity
of the z sublevel at the 0,0 band, is mechanism (I.1).
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This is a consequence of not only the efficient spin orbit
coupling from the one-center terms on the N atom, but
also rather small energy separation between the
3By (7,m*) and 1B, (n,z*) states.

In the case of substituted quinoxalines, the spin orbit
interaction between the B,(z,7*) and 1B,(n,n*) states is
expected to be reduced in response to the increase in the
energy separation, AEg. If the magnitude of the spin
orbit matrix element is assumed to be affected by no
means on substitution, the mixing coefficient,
(<|Hgo|>/AEgr)?, is predicted to decrease by factors
of 0.81, 0.56, and 0.46 for 2,3-dimethyl-, 2-chloro-3-
methyl-, and 2,3-dichloroquinoxaline, respectively.
Although the radiative and radiationless parts in the
total decay rates can not be strictly separated for the
lack of quantum yield data for phosphorescence and
triplet formation, the degree of reductions of the total
decay rates k, appears to be in good correlation with
the values estimated above, presumably indicating that
the mixing with the !B (n,n*) state is also the main
source of the radiative activity of substituted quino-
xalines.

In the x sublevel spectrum, the 0,0 band can gain
radiative character through the interaction with
1A, (n,*) state; mechanism (I.5). In view of the ratio
k% |k, the radiative decay rate constants of the x sublevel
for the 0,0 band are found to increase to some degree
on chlorine substitution. This increase is mainly a
consequence of the decrease in the energy difference
between 3B,(7,n*) and 'A,(n,7*), and the increase in
the probability of the transition between the 1A, (7,7*)
and the ground state (see Fig. 2).

On the other hand, the influence of chlorine substitu-
tion significantly enhances the radiative activity of
the y sublevel at the 0,0 band. Therefore, in the case
of chloro-substituted quinoxalines, the major source,
which gives rise to the radiative activity at the 0,0 band,
is concluded to be mechanism (I.4), of which the
matrix element contains one-center integrals over the
chlorine atomic orbitals. The same explanation has
been suggested by other authors for 2,3-dichloroquino-
xaline.??) The large intensity of the 0,0 band in the y
sublevel spectrum of 2-chloro-3-methylquinoxaline is
attributable to the reduction in molecular symmetry to
Cs, where A, symmetry is reduced to A”. Unlike the
chloro-substituted quinoxalines, mechanism (I1.4) is
expected to make a minor contribution, and mechanism
(I.3) is likely to be the main one in the case of 2,3-
dimethylquinoxaline, as stated for quinoxaline.’® In
fact, the rather small energy denominator and the large
contribution of the N atomic orbital to the matrix
element are in favor of mechanism (I.3).

The Vibronic Bands Involving a, Vibrations. For
the vibronic bands due to a, vibrations, mechanisms
(IL.1), (I1.2), (II1.1), and (II1.2) may contribute to the
z sublevel emission. In the case of naphthalene, the
bands of this type, which are exclusively due to the
interaction involving ¢,7z* states; mechanisms (I1.2)
and (II1.2), have a negligible intensity in the
spectrum.?® Thus, it is reasonable to leave mechanisms
(I1.2) and (IIL.2) out of consideration.

If mechanism (II1.1) plays an important role, the
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intensity of these bands in the z sublevel spectrum in
comparison to that of the 0,0 bands is expected to
decrease significantly in response to the increase in the
energy difference between the 3B,(n,7*) and 3B, (n,n*)
states. If mechanism (II.1) is the case, in contrast,
these bands will increase intensity to a certain extent.

It is easily seen that the bands due to a, vibrations
appear in the z sublevel spectra of substituted quino-
xalines with somewhat more intensity than those of
quinoxaline. In an instant, this leads to the conclusion
that mechanism (II.1) is the main source in producing
the radiative activity of the z sublevel at the bands
involving a, vibrations. The fact that the vibronic
bands due to a, vibrations appear also in the 1B, (n,7* )«
S, absorption spectrum of quinoxaline in a naphthalene
host crystal'? strongly supports the validity of the
inference described above.

With respect to the y sublevel, mechanisms (I11.3),
(11.4), (II1.3), and (II1.4) may make a contribution.
An argument similar to that made concerning the z
sublevel emission may explain the increase in intensity
on chlorine substitution. The increase in intensity
clearly indicates that mechanism (II1.3) can not be of
importance.

By examining the experimental results in detail, it is
noticed that the vibronic bands such as 0—269, 0—541,
and 0—870 cm™! are enhanced by chlorine substitution
more largely than the bands such as 0—459 and 0—653
cm-1. This can also be seen from the relative radiative
decay rate constants (see Table 4(c)). This difference
in the enhancement can be understood in the following
way. The former bands can be associated with mecha-
nisms (I1.4) and/or (II1.4), in which the spin orbit
matrix elements between o,n* and m,m* states are
affected strongly by the large one-center terms on the
chlorine atom(s), whereas the latter bands can be due
to mechanism (II.3), in which the contribution from the
chlorine atom(s) is rather small.

The Vibromc Bands Involving b, Vibrations. The
fact that naphthalene has no activity at the bands due to
b, vibrations?® evidently allows one to limit the possibil-
ity to mechanisms (I1.5) and (III.5) with respect to the
z sublevel. Since the bands of this type appear strongly
in the chloro-substituted quinoxalines as compared with
quinoxaline, there is no doubt to conclude that the z
sublevel gains activity at these bands by mechanism
(11.5). The increase in intensity can be ascribed to the
decrease in the energy difference between the !B, (n,n*)
and A, (7w,7*) states. In addition, the manifest evidence
for the strong vibronic interaction between the 1B, and
1A, states has been found in the 1B, (n,z*)<«-S, absorption
spectrum reported previously.1?

The detailed examination of the y sublevel emission
reveals that the vibronic bands such as 0—197 cm™!
behave in different way from the bands such as 0—488
cm~! with regard to the effect of chlorine substitution.
Accordingly, by an argument similar to that made for
the a, vibrations, it is possible to conclude that mecha-
nisms (I1.8) and/or (II1.8) as well as (II.7) make a
contribution toward producing the radiative activity
at the bands due to b, vibrations.

The x sublevel emission is ascribed to either mecha-
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nisms (IV.1) or (IV.2). The experimental finding that
the chlorine substitution affects the intensity to a great
extent assuredly indicates that the x sublevel gains the
radiative activity through mechanism (IV.2) in prefer-
ence to (IV.1).

The Vibronic Bands Involving b, Vibrations. The
vibronic bands due to b, vibrations are observable in
the y and x sublevel emission. With regard to the y
sublevel, mechanisms (IV.3) and (IV.4) may contribute.
Of the two mechanisms, the former seems to be more
favorable in view of the energy denominators. The
intensity of the bands due to b, vibrations in the y
sublevel emission is by no means affected by chlorine
substitution. This seems to take a side with mechanism
(IV.3).

Mechanisms (I1.9) and (III.9) are predicted group-
theoretically to contribute to the x sublevel emission.
It is worthy to note that the configuration of the perturb-
ing 1B, state is probably z(b,),7n*(a,;). Accordingly, the
experimental finding that the bands due to b, vibrations
appear in the spectrum of 2,3-dichloroquinoxaline with
less intensity than in that of quinoxaline can be
attributed to the decrease in the transition moment
for the transition to the 1B, state, which is readily seen
from the absorption spectra.
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