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Abstract

Excited state dynamics of dual phosphorescent p-chlorotoluene (PCT) was investigated in 3-methylpentane (3MP), methylcyclohexane
(MCH), ethanol/methanol (EtOH/MeOH) and EPA rigid matrices in the temperature range of 77-110 K. Dual phosphorescence was
ascribed to two low-lying triplet states, >77* and *mo™. The rate of intersystem crossing (ISC) from S, to *7#* and *mo™ states depends
both on the temperature and solvent. Mutual conversion process between >77* and *mo* states was observed above 87 K in 3MP, 92 K in
MCH and 105 K in EtOH/MeOH matrices. Non-radiative decay rate constants strongly depend on the viscosity of the solvent; in the more
viscous solvent, non-radiative decay rates become smaller. The activation energies depend on the solvent viscosity and it was ascertained that

the mutual conversion process between *a7* and *mo™* requires conformational change.
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1. Introduction

The phosphorescence spectra of halogenated benzenes in
rigid glass solution were reported to exhibit dual phospho-
rescence originating from two low-lying triplet states, > 7™
and *mo™* [1-6]. Takemura et al. [1] investigated kinetic
behavior of the phosphorescent triplet states of chlorobenzene
(CB), p-dichlorobenzene and p-dibromobenzene. Dual
phosphorescence was composed of a slow-decaying com-
ponent due to the transition > — S, and the fast decaying
component due to the transition *ma™* — S, [7,8]. The phos-
phorescence spectra shift to shorter wavelength with course
of time. The intensity ratio of the dual emissions changes
when temperature varied. The reason is that two triplet states
are converted to each other at high temperature. They deter-
mined apparent activation energies for mutual conversion
process between the two triplet states. Nagaoka et al. [9]
reported potential energy surfaces of low-lying triplet states
of CB using the ab initio unrestricted Hartree—Fock (UHF)
method. They reported the C—Cl equilibrium bond length of
the ™ state was near that of the ground state, while
3mo* states were bonding at much longer C—CI bond dis-
tances, the lengthening amounting to about 0.6 A.
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p-Chlorotoluene (PCT) also emits its phosphorescence
though the phosphorescence was largely shifted to shorter
wavelength compared to CB: these peaks were 420 and 510
nm for PCT and CB, respectively. At 110 K, the peak of the
phosphorescence shifted largely to longer wavelength, with
its peak at 520 nm. Such a large dual phosphorescent behavior
has not been reported among chloroaromatics previously.

Photoreaction of CB has been extensively studied and it
was revealed that the excited triplet states predominantly
photodissociate to the phenyl radical and chlorine atom [ 10~
15}. The photodecomposition quantum yield has been
reported in gas phase [ 10] and in various solvents [11-15].
In hydroxylic solvents like methanol (MeOH), photosubsti-
tution by the solvent simultaneously took place as a minor
process via an excited singlet state [16-18]. Nagaoka et al.
[19] reported photosubstitution of CB by MeOH took place
in the 377 state, while Previtali and Ebbesen [20] suggested
that radical cation formation via a singlet state seemed to be
important in the reaction. On the other hand, few studies of
photoreaction of chlorotoluenes have been reported until
now. Choudhry et al. [21] reported PCT mainly yielded
toluene by photodecomposition and p-methoxytoluene by
photosubstitution as a minor product in MeOH when it was
sensitized by triplet acetone. Ichimura et al. [22,23] reported
photodecomposition took place mostly via triplet levels even
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in the S, state excitation and it took place only in its triplet
state in the S, excitation but photosubstitution reaction took
place both in its singlet and in triplet states in MeOH with a
small yield. In gas phase, they also observed benzyl radical
by the photolysis of o-chlorotoluene [24,25]. o-Tolyl radical
was to be an intermediate species and it converted into benzyl
radical by an intramolecular hydrogen transfer reaction. Our
group observed benzyl radical when PCT was photolyzed in
non-polar solvent at 77 K, implying that C-Cl bond cleavage
took place to yield p-tolyl radical.’ While Tokumura and Itoh
[26] reported that excited triplet PCT gave p-chlorobenzyl
radical in hexane at room temperature, photodissociation
occurred in C—H bond in a methy! group. Thus the dual faced
triplet states of PCT seem to be responsible for yielding var-
ious photoproducts via its triplet states depending on the
experimental conditions.

In the present study, the kinetic behavior of the phospho-
rescent >7rr* and *wo* states of PCT has been investigated.
The phosphorescence decays were measured in 3-methylpen-
tane (3MP), methylcyclohexane (MCH), ethanol (EtOH)/
MeOH (1:1 vol.%) and EPA solvents at different tempera-
tures between 77 and 110 K. Rate constants and activation
energies were determined for the dissociative and mutual
conversion processes in or between the two triplet states
concerned.

The resulting kinetic data strongly depend on the solvent
used. In the high viscous solvent, such as EtOH/MeOH and
MCH, mutual conversion process occurs in the temperature
range above 90 K. On the other hand, in the low viscous
solvent like 3MP and EPA, the conversion process occurs at
above 77 K. The relationship between activation energies and
solvent viscosity at low temperature are discussed.

2. Experimental

PCT (Wako Chemical G.R.) was purified by a vacuum
distillation. 3MP ( Tokyo Kasei, spectral grade) was purified
by distillation. EtOH (Kanto Chemical UVasol), MeOH
(Kanto Chemical UVasol), MCH (Wako Pure Chemical
spectral grade), diethylether (Kanto Chemical UVasol) and
isopentane (Kanto Chemical UVasol) were used as received.

Absorption spectra were measured by using a Hitachi
U3300 spectrophotometer. Emission spectra were measured
by a Hitachi M-850 spectrofluorometer. Time-resolved phos-
phorescence spectra and phosphorescence lifetimes were
simultaneously obtained using a UNISOKU TSP 601H
nanosecond laser photolysis system with a Nd®>*:YAG laser
(266 nm output of fourth harmonic, pulse width 3 ns, GCR-
130, Spectra Physics) and an oscilloscope (GOULD 4090).

' H. Nakatsuka, Master Thesis, Gunma University, unpublished result,
1995.

3. Results and discussion

Fig. 1 shows the emission spectra observed by 270 nm
excitation of CB at 77 K and PCT at 77, 85, 87, 89 and 90 K
in 3MP. Observed emission exhibits phosphorescence spectra
in the wavelength range from 350 to 700 nm. All emission
bands are broad and no prominent vibrational structure was
observed. Emission bands of PCT were observed in shorter
wavelength region compared to CB. It is seen that at high
temperature phosphorescence of PCT shifts to longer wave-
length. Since all excitation spectra determined by monitoring
the emission coincided with each other, and emissions were
observed after excitation light was cut off, all emissions are
assigned to the phosphorescence of PCT. It has been reported
[1,2] that the phosphorescence of CB is composed of two
emissions; the shorter wavelength emission in the range
between 400 and 500 nm is due to the phosphorescence from
37rar* and the emission between 450 and 600 nm is originated
from *mg*. Emission of CB at 77 K turned out to be mainly
due to 37ro* phosphorescence. Assuming that the low-lying
triplet states are similar to those of CB, main emission of
PCT is ascribed to 77 phosphorescence [1]. At higher
temperature, shorter wavelength emission from *m7* was
quenched and *so™* phosphorescence became dominant.
Therefore, it is concluded that PCT reveals dual phosphores-
cence in analogy to CB and each contribution from low-lying
two triplet state depended on the temperature.

The time-resolved phosphorescence spectra of PCT in
3MP observed at 77 and 90 K are shown in Fig. 2. The
phosphorescence intensity at 77 K decreased with time and
the peak wavelength shifted from 450 to 420 nm. Phospho-
rescence spectra at 90 K is shown in Fig. 2b. Spectral peak
shift was not observed at this temperature. The phosphores-
cence behavior at different temperature is explained by
mutual conversion process between two low-lying triplet
states, namely, >r7* and *mo™*, similar to the case of CB.
The phosphorescence time profiles at 450 and 670 nm at 90
K are shown in Fig. 2¢. Phosphorescence at 450 nm decayed
rapidly between 10 and 25 ms, whereas slight rise of phos-
phorescence at 670 nm was observed in the same time range.
This is attributed to the population change from *z7™* to
3mo* state. In Fig. 3 energy diagram is schematically shown
for halogenated benzenes [1].
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Fig. 1. Phosphorescence spectra of CB (dashed line) at 77 K and PCT (solid
line) in 3MP at 77, 85, 87, 89 and 90 K.
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Fig. 2. Time-resolved phosphorescence spectra of PCT in 3MP at 77 K (a)
and 90 K (b). Spectra at 77 K are observed at 2, 4, 8, 16 and 32 ms after
the laser excitation and spectra at 90 K are observed at 10, 40, 80, 160 and
320 s after the laser excitation. Phosphorescence decay time profile at 90
K observed at 450 and 670 nm (c)
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Fig. 3. Schematic potential energy curves of Sy, S,, *mar* and o™ states
of halogenated benzenes.

Takemura et al. {27] and Birks [28] analyzed mathemat-
ically the excited states kinetics and demonstrated that
phosphorescence time profiles could be expressed as biex-
ponential decay. At the temperatures concerned in this study,
the phosphorescence decays monitored in the range 350700
nm were found to be biexponential. At a particular tempera-
ture, the decay profile of the phosphorescence intensity (/,,)
monitored at a wavelength A can be expressed in the form,

LA(D)=C(M)e” ¥ +Cr(A)e™ ", (1)

where 6, and 6 are decay rate constants with 6,< 6 i.e., s
and f refer to the slow and fast decay components of phos-
phorescence, respectively. C; and C; are pre-exponential fac-
tors of the slow and fast components of phosphorescence. It
was confirmed experimentally that the decay constants 6, and
B¢ are independent of the monitoring wavelength . The decay
constants §; (i=s or f) may be expressed in the form,

0,=00+ A, SEVRT (2)

where 6, is temperature independent radiative and non-radi-
ative rate constant. A; is a frequency factor, and AE; is an
activation energy. The second term in Eq. (2) is supposed to
be mainly due to temperature dependent non-radiative decay
process [1]. The values of 8°, A; and AE; were determined
from the results in Fig. 4 and 6~6, (i=s or f) are plotted
against the inverse of 7. The results are summarized in Table
1.

We then found that phosphorescence decay rate constants
largely depend on the solvent used. Furthermore, it was found
the temperature range in which spectral red shift was observed
depended on the solvent. Fig. 5 shows the time-resolved
phosphorescence spectra of PCT in EtOH/MeOH and MCH
at temperature range 80-110 K. Fig. 5a—c shows the phos-
phorescence spectra in EtOH/MeOH at 80, 100 and 110 K.
Phosphorescence spectra even at 100 K showed almost the
same contour at any delay time and no red shift was observed.
Above 105 K shift to longer wavelength began to be observed.
In Fig. Sc time-resolved emission was shown at 110 K. At
110 K in 3MP and EPA, no phosphorescence could be
observed. Similar tendency was also observed when MCH
was used as a solvent and the results are shown in Fig. 5d-f.
In this case the phosphorescence shift was observed between
90 and 92 K.

The constants, ~-6,° in EPA, EtOH/MeOH and MCH are
also plotted against 1/7 in Fig. 4. The results are also given
in Table 1. The values obtained in MCH are essentially the
same with those of CB in 2-methylpentane [1]. The decay
constants in 3MP are compared with those of EtOH/MeOH
and MCH. Phosphorescence decay rate constant 6; at 90 K
are widely dispersed from 1.5 X 10%t0 1.0 X 10*s ™', whereas
6.°, which denotes radiative rate for the most part, and tem-
perature independent non-radiative rate have constant values
of 22 s~ ' for non-polar solvent and about 100-140 s~ ' for
polar solvent, respectively. These data indicates that the phos-
phorescence lifetimes of the *7r7r* are governed by the non-
radiative decay process, especially mutual conversion
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Fig. 4. Plots of 69 vs. 1/T (i=s or f) in (a) 3MP, (b) EPA, (c) MCH and (d) EtOH/MeOH, O and ® denote fast and slow component, respectively.

process from *mm* to *mo* state. The values of AE; were
also found to depend on the solvent. AE; values obtained in
3MP are 22 kJ mol ™! for both AE, and AE;, and are smaller
than those in EtOH, 35, 42 kJ mol ~ !, and in MCH, 26, 34 kJ
mol ™', respectively.

Here, we discuss the solvent properties which influence
the rate of the non-radiative decay process. First, an idea that
the solvent polarity influences the decay process is excluded,
because 3MP and MCH are both non-polar solvents. Next,
we consider about viscosity of the organic glasses. The values
of the viscosity of organic glasses were reported by Ling and
Willard {30] and Hutzler et al. [31] and the values are listed
in Table 1.

The relative viscosity 1/1;yp values are 1.7X10'" and
4 10* for EtOH and MCH, respectively. It is found that in
a more viscous matrix, the §~6.° value which mainly denotes
non-radiative decay rate becomes smaller. This is explained
that some particular vibrational motions which is expected to
promote non-radiative process are prevented by the rigidity
of environment around the PCT. The AE; also depends on the
solvent viscosity which means the mutual conversion process
between the triplet states is governed by the vibrational

Table t
Kinetic data and viscosities for various solvents

motions such as the C—Cl stretching. When the temperature
of a matrix is raised, the glasses changes to ‘soft’, and then
the non-radiative process of the mutual conversion should
take place.

The spectral red shifts observed just after the laser excita-
tion at higher temperatures in Figs. 2 and 5 could be explained
by the change of the branching ratio in intersystem crossing
(ISC) from S, to *wmr* and 3o *. The red shift means the
ISC to the *wo* state increases at high temperature. The C-
Cl equilibrium bond length in the *ma* state of CB [9] was
reported to be longer by 0.6 A than that of the *7rr* state,
which is identical to the ground state. In the more viscous
matrices like EtOH/MeOH, the ISC to the *mro-* state accom-
panied with lengthening of the C~Cl bond distance is
expected to be suppressed. Above a particular temperature at
which viscosity of the matrices becomes less enough to allow
for lengthening the C-Cl bond distance and the ISC to the
3o * state becomes feasible.

The concluding remarks are that the dynamics of the
excited state of PCT characterized by the dual phosphores-
cence can be explained by mutual conversion process
between the *77r* and 3o * states, and the branching ratio

Solvent 6, (s 'at90K) 80 (s™" 0-6°(s™" A, AE, (kKJmol™") 7 e
EPA 2.1x10? 1.3x10% 2.0x10° 1.1x10% 21 55%x1072
3MP 6.4x10? 6.0x 10 6.3x10° 8.6x10* 22 1

MCH 3.3x10% 4.0x10 2.9%10? 5.2x10% 22 ~4x10*
EtOH/MeOH (1:1 v/v) 2.1x10 1.5 10 6.0x10 7.1x 10% 27 L7x10"
Solvent 6 (s 'at90K) 6° (s 60" (s ") A¢ AE; (kJ mol ") 7 Tsmp *
EPA 1.3x 10 6.3 x 10 1.2x10* 8.2x10' 21 5.5x1072
3MP 2.7x10* 1.8 x 107 2.7x10* 1.9x10'¢ 22 1

MCH 1.7x10° 2.8 X 10? 1.4x10° 6.4 x 10'3 23 ~4x10*
EtOH/MeOH (1:1 v/v) 13x10° 6.5 % 10 6.5 % 10% 35x10' 23 1.7x 10"

2 From Ref. [29].
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Fig. 5. Time-resolved phosphorescence spectra of PCT in EtOH/MeOH at 80 (a), 100 (b) and 110 K (c), and in MCH at 80 (d), 90 (e) and 92 K (f).

of the ISC from S, to the two states. Both processes should
be influenced by the viscosity of the solvent.
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