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The behavior of electronically excited chloranil interacting with the titled vinyl compounds and solvents

has been studied by means of the nanosecond laser photolysis technique.
anions have been detected as transients except in the system containing styrene.

Semiquinone radicals and/or chloranil
Careful observation and analysis

of the kinetic behavior of the transient absorptions reveal that these transients are brought about by the interac-

tion of excited triplet state of chloranil with vinyl monomers and/or solvents.

The logarithms of the quenching

rate constants and rate constants of the formation of transients are linearly related to the ionization potentials
of the vinyl monomers and solvents used. The mechanisms of the triplet quenching and transient formation can rea-
sonably be interpreted by taking the relaxed triplet-state complex with a charge-transfer character into account
as the precursor leading to the production of semiquinone radicals, chloranil anions, and other intermediate com-

pounds.

Several investigations of the behavior of the chloranil
(CA) molecule, as a representative quinone, have been
performed with reference to electron donor-acceptor
(EDA) complex formations,? photochemical reactions,?
electronic states,® and electrical conductivities.4)
Among these, the photopolymerization mechanism in
which the excited state of CA plays an important role
is one of the most interesting. Mikawa and his co-
workers®% have reported, in their studies concerning
the photosensitized polymerization mechanism of N-
vinylcarbazole (VCZ) by CA, that electron transfer oc-
curs from VCZ to excited CA, producing the CA anion
(CA-) and the VCZ cation, and that VCZ cations be-
have differently depending as the polarity of the solvents
used; in a polar solvent such as acetone cyclodimeriza-
tion occurs,?® but in a nonpolar solvent such as benzene
catonic polymerization occurs without any induction
period.®) In contrast to their studies, we have con-
firmed” that acrylonitrile (AN), methyl methacrylate
(MMA), and styrene (ST) react with excited CA and
that radical polymerization occurs after a well-defined
induction period, during which addition compounds be-
tween CA and the vinyl monomers used are produced
both in polar and in nonpolar solvents. The difference
in the polymerization mechanisms between the two
series of systems mentioned above seems to be originally
attributable to a difference in the ionization potentials
of the vinyl monomers. Mikawa and his co-workers
used vinyl monomers with relatively small ionization
potential values, while we used vinyl monomers with
relatively large ionization potentials. It is well known
that, because of their strong electron-accepting and
hydrogen-abstracting properties, CA molecules in the
excited states interact with various electron and/or
hydrogen donors, even with some solvents as well,
to produce semiquinone anions and/or radicals.®-14)
Furthermore, the presence of the excited triplet state
EDA complex has been suggested by Tsubomura and
his co-workers,!® who used a microsecond flach-photo-
lysis technique in a fluid solution of CA-benzene and
CA-acetone systems.

Since the excited CA behaves, as has been mentioned
above, in very different ways as systems studied vary,
very careful experiments should be performed to deter-
mine the photosensitized polymerization mechanisms,

with special attention paid to the interaction between
the excited CA and the vinyl monomers in both the
presence and absence of solvents.

In this work, as a part of our studies of the polymeri-
zation mechanisms photosensitized by CA, nanosecond
ruby laser photolysis has been carried out, with special
attention paid to the detection of transients, tracing
their origins, and making sure of the kinetic behavior
of the transients produced by the interactions between
excited CA and AN, MMA, ST, and tetrachlorohydro-
quinone in the presence and absence of dichloroethane,
trichlorotrifluoroethane, and acetonitrile as solvents.
The interactions of excited CA with dichloroethane, tri-
chlorotrifluoroethane, and acetonitrile have also been
studied in order to obtain further knowledge.

Experimental

Apparatus and Measurements. The nanosecond laser
photolysis apparatus used in the present study is shown sche-
matically in Fig. 1. A giant pulse of 694 nm, with an output
of ca. 2 J, was generated with a ruby laser (JEOL, JLS-R3A)
Q-switched by a rotating prism and passed through an ADP
frequency doubler to obtain a second harmonic for excitation.
After the elimination of an undoubled fundamental pulse with
a 10-mm cell containing a saturated cupric sulfate solution,
the doubled laser pulse of a 23 ns half-duration, with a wave-
length of 347 nm, was supplied into a sample in a 10-mm
quartz cell mounted on a cell holder. The output energy
of this laser pulse was measured with a thermopile (TRG,
Model 107) combined with a recorder (Hitachi, Model 056)
through a microvolt meter (Ohkura Electric Co., AM-1001).
The power of the pulse through the sample cell was also
measured with the same thermopile each time photolysis was
done. In each measurement, the spectra of the transients
were easily corrected to the same laser intensity by this way
after confirmation of the absorption arising through the one-
photon process.  Since the laser intensity effect on the absorp-
tion intensities of transients should be checked beforehand,
a small part of the exciting pulse, which was reflected with
a beam splitter placed between the solution filter and the
sample cell, was simultaneously monitored by means of a
photomultiplier, PM-1 (HTV, 1P28) with a high response.
Glass plates were employed to reduce the intensity of the
exciting pulse. A xenon flash of ca. 600 ys half-width from
a stroboscope (SUNPACK, Model 107) was used as an
analysis flash for the detection of the transients; its peak
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Fig. 1. Schematic diagram of the apparatus for nano-
second laser photolysis. LA: ruby laser, P: power
supply and timing circuit, DV: degital voltmeter
(Hitachi, Type 028-0010) by which supplied voltage
to a pumping flash is externally read out. A: ADP
frequency doubler, F: CuSO, aq filter, BS: beam
splitter which is removed in ordinary experiments, C:
sample cell, T: thermopile, V: pV meter, R:
recorder, ML: monitor flash lamp, L: lens, GF:
glass filter, S: wvariable slit, M: monochromater,
PM-1, 2, and 3: photomultipliers, PD: photodiode,
AT: light attenuator, OS: oscilloscope.

0s

was synchronized electronically with the laser pulse. After
crossing through the sample cell at right angles with respect
to the laser beam, this analyzing light was collected by a
lens and focussed onto the slit of a grating monochromator
which was a part of a Hitachi UV-VIS spectrophotometer
(model 139). An appropriate combination of glass filters at
the front of the cell was used not only to remove the second-
order stray light, but also to prevent the sample solution
from being illuminated undesirably. The exit light from the
monochromator was received by a photomultiplier tube, PM-2
(HTV, R446), loaded with a 75() resistor. The output
signal from this tube was displayed on a 200 MHz oscillo-
scope (Iwatsu, SS-6200) which was triggered externally by
the pulse from a photodiode (EG & G, SGD-100A) monitoring
the laser pulse scattered from the ADP crystal. The rise
and decay profile of a single sweep of the signal was photo-
graphed on X-ray films. Further, a third photomultiplier
tube, PM-3 (HTV, 1P28), was used to correct the intensity
fluctuation of the analysis lamp. The response of the photo-
multiplier which was exposed to the analyzing flash, atten-
uated by half-transparent papers, was guided into the second
channel of the oscilloscope; thus, a reference signal to the signal
corresponding to a 1009, transmittance of the analyzing light
was obtained. Operation using the chopped-sweep function
of the oscilloscope made it possible to photograph this reference
signal and the decay of the transient absorption simultaneously.
Then decay patterns of the long-life transients could be
analyzed accurately, even in a time region where the intensity
of the analyzing flash was no longer ‘steady.” In addition,
air conditioning was needed to obtain a constant output of
second harmonics, because the best matched axis of the ADP
crystal to the fundamental laser beam was quite sensitive
to room temperature. The variation in the temperature in
an operating room was controlled in the range of +1.0 °C
during laser photolysis. Thus, the nanosecond time resolu-
tion was obtained by the use of this instrumental system and
the transient spectra, and the rise and/or decay curves could
be followed up quantitatively over the time range from the
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starting time of laser oscillation to ca. 200 ys.

When samples were photolyzed at the temperature of
liquid nitrogen, the cell holder was replaced by a quartz
vessel with three flat windows at right angles with each other.
In the present study, all the experiments, except for the
system of CA and MMA in EPA (ethylether : isopentane :
ethanol=5 : 5 : 2 in volume), were carried out at room tem-
perature.

The EDA complex formation in the ground state between
CA and the vinyl compounds was examined by measurements
of the absorption spectra using Hitachi 124 and 139 spectro-
photometers. To describe the results briefly in this section,
spectroscopic evidence for complexing in 1,2-dichloroethane
was not observed in the CA-AN system. On the other hand,
in the CA-MMA system a new broad band appeared around
315nm as a shoulder of the falling branch of the intense
n-n* transition of uncomplexed CA, which has a maximum
at 292 nm, and in the CA-ST system a band having its maxi-
mum at 420 nm was remarkably observed. Both of the
latter bands can be reasonably interpreted as charge-transfer
(CT) bands by the aid of the Benesi-Hildebrand equation,
the Ketelaar equation, and the linear relation of CT-band
energies against the ionization potentials of the donors.

Materials. The chloranil (Tokyo Kasei, G. R. grade)
was purified by a recommended method,® i.e., recrystallized
twice from benzene and chromatographed on freshly baked
calcium carbonate, using purified benzene as the eluant in
order to eliminate any acidic impurities. After one more
recrystallization, a vacuum sublimation was undertaken just
before use. The acrylonitrile (Wako, G. R. grade) was
washed with 5% NaOHaq, phosphoric acid, and distilled
water, three times each. After drying over potassium carbo-
nate, it was fractionally distilled twice in an atmosphere of
nitrogen under reduced pressure. Methyl methacrylate
(Wako, G. R. grade) was purified by the method described
elsewhere.’®2 The styrene (Wako, Practical grade) was
treated with 59, NaOHaq, washed with distilled water, dried
over calcium chloride and barium oxide, and purified twice
by fractional distillation in a nitrogen atmosphere under
reduced pressure. These vinyl monomers were passed through
a short column of molecular sieves (Zeolite) and silica gel
immediately before use. The tetrachlorohydroquinone (CA-
H,) (Tokyo Kasei, C. P. grade) was purified as follows. The
faint pink substance which was obtained by two recrystalliza-
tions from glacial acetic acid and successive washing with hot
water was treated with an aqueous solution of sodium sulfite
in order to reduce, chemically, a little amount of contami-
nated CA to the corresponding hydroquinone. The precipi-
tates which were obtained by adding an adequate amount of
hydrochloric acid to the aqueous solution were washed
throughly with ethanolic water and dried. The raw product
was sublimed under a vacuum. A pure white material was
thus obtained; it was found by usual analytic methods, to
be tetrachlorohydroquinone. The benzophenone, which was
used as a standard to estimate the extinction coefficient of
the triplet chloranil, CA(T), was purified by the method
described elsewhere.'$® The 1,2-dichloroethane (DCE),
acetonitrile, trichlorotrifluoroethane, ethyl ether, and iso-
pentane used as solvents were purified by ordinary methods,”)
while the ethanol (Kanto Chemical Co., G. R. grade) was
used without further purification. The solutions subject to
laser photolysis were deaerated carefully by the freeze-pump-
thaw cycle method. The concentration of CA in the solu-
tion was controlled in the range of (1—3) % 10-3 mol dm-3.

Results and Discussion
Identification of Transients. CA-DCE  System:
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Fig. 2. Time resolved transient spectra for CA-DCE
system: [CA]=2Xx10"2moldm=3. The delay time
from the laser pulsing, (1) 0, (2) 2, (3) 4, (4) 8 ps.

Figure 2 shows the time-resolved spectra after laser ex-
citation for the system of CA alone in DCE. Observed
bands with maxima at 510 and 370 nm in the spectrum
immediately after pulsing closely resemble those of
CA(T) in several solvents illustrated in Fig. 1 of Ref. 10
and discussed in Ref. 9. From an examination of the
exponential decay of the 510 nm band, its lifetime was
determined to be 5.6 ps in the deaerated solution and
0.45 ps in the aerated solution. These values are nearly
equal to those for other solvent systems previously
reported.®%) This is other evidence that this band
belongs to CA(T). According to the investigation by
the authors of Ref. 10, the 370 nm band is also attributa-
ble to CA(T). From the standpoint of these authors,
we may also regard this band as belonging to CA(T),
although, in our case, the band around 370 nm behaves,
after a lapse of time, in the somewhat complicated man-
ner to be described below. With the lapse of time,
the spectrum is gradually replaced by another with band
maxima at 430 and 360 nm. As regards these two
bands, we obtained the following information: (a)
Both of these bands had a relatively long life, and they
decayed with similar time profiles. (b) Both the shape
of the 430 nm band and the position of the 360 nm
band closely resemble those studied in Ref. 10, which
were attributed to semiquinone radicals. (¢) Our ex-
periments, performed by replacing the DCE by trichlo-
rotrifluoroethane (with no hydrogen atom), revealed the
non-existence of these bands. Using the microsecond-
flash-photolysis technique, in which the irradiation of
light over a broader range of wavelengths than in the
case of nanosecond-laser photolysis is not avoided,
Tsubomura and his co-workers!®) have reported the
appearance of the bands attributable to the semiquinone
radicals produced by the chlorine atom transfer to CA-
(T) from the Diflon S3 used as a solvent. This seems
to indicate that the quite high excess vibrational energy
in the lowest excited electronic state might be required
for the abstraction of a ‘heavy’ chlorine atom in this
system. An inspection of this information allows us to
consider these two bands as belonging to semiquinone
radicals of CA, CAH-, which have been produced by
hydrogen-atom abstraction from the solvent.
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Fig. 3. Time resolved transient spectra for CA-AN-
DGCE system: [CA]=2x10-3moldm-3, [AN]=0.76
moldm—3. The delay time from the laser pulsing,
(1) 0, (2) 2, (3) 4, (4) Bps.
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Fig. 4. Time resolved transient spectra for CA-MMA~
DCE system: [CA]=2X%10-2moldm—3, [MMA]=
0.94 moldm~3. The delay time from the laser pulsing,
(1) 0, (2) 0.1, (3) 0.2, (4) 0.4 ps.
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‘Fig. 5. Time resolved transient spectra for CA~-ST-DCE
system: [CA]=1.7x10-3moldm-3, [ST]=0.87x
10-3mol dm=3. The delay time from the laser pulsing,
() 0, (2) 0.2, (3) 0.7, (4) 1.5 ps.

CA-Vinyl Monomer—DCE Systems: The transient ab-
sorption spectra changing with the lapse of time are
exemplified for several systems in Fig. 3 (CA-AN-DCE),
Fig. 4 (CA-MMA-DCE) and Fig. 5 (CA-ST-DCE).
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The spectral features of the CA-AN-DCE system
closely resemble those of the CA-DCE system (Figs. 2
and 3). In the CA-MMA-DCE system containing a
high concentration of MMA the 510 nm absorption of
CA(T) decays rapidly and scarcely no spectral compo-
nents of CAH- remain (Fig. 4). In the CA-ST-DCE
system containing a high concentration of ST (=0.1 mol
dm=3), no transient could be observed at all. How-
ever, in the same system containing a low concentra-
tion of ST, where ground-state EDA-complex forma-
tion is negligible, the initial spectrum rapidly disap-
pears, keeping its spectral aspects without any bands
attributable to semiquinone radicals being distinguisha-
ble (Fig. 5).

Kinetic Behavior of the 425 nm Band. The behavior
of the absorption band monitored at 425 nm in the CA-
DCE and CA-AN-DCE systems was followed from the
time just after pulsing to ca. 10 ps (Fig. 7a). The decay
of this absorption apparently obeyed the second-order
kinetics after a rapid rise just after pulsing. The absorp-
tion intensity at the pulse end was recognized to be
linearly related with the power of the laser for excita-
tion. This means that this band arose through a one-
photon process. It was observed that the 510 nm band
also arose through a one-photon process. Since species
bearing the 425 nm absorption in our systems are CA-
(T) and CAH-, it is important to check if CAH- comes
from the singlet excited state of CA, CA(S) or from
CA(T). This problem can be clarified by observing
and analyzing the addition effect of ST, CAH,, and
MMA, as will be described below.

(a) As has previously been suggested for the CA-
ST-DCE system, CA(T) is quenched rapidly, keeping
its spectral features, and no observable transient like
CAH- exists during the quanching process. This indi-
cates that the initial appearance of the 425 nm band
is due to CA(T). We will further discuss what would
happen if CAH- is assumed to be produced in CA(S).
The disappearance of CAH- might occur following self-
disproportionation :112)

CAH- + CAH- — CA + CAH, ka, (1)

and/or the conventional mechanism® described below,
which is generally accepted for a radical polymeriza-
tion with an induction period:

CAH: (or ~CA-) + ST — ~ST- &, (2
~ST- + CA —> ~CA- &, 3)
~ST- + ST —> ~ST- k. (4

Here, k,, k,; k,, and £, are the rate constants of Reactions
1, 2, 3, and 4 respectively, and k;=1.4x10°mol-1
dm3s=1 (to be described in detail later), £,=123 mol-!
dm®s=1,18) k,[k,=2040 at 50 °C,*® and k,<k,.'® An
inspection of the values of those rate constants and the
relation between them indicates that the disappearance
of CAH- would be efficiently subject to self-dispropor-
tionation, which, in turn, is very slow compared to the
disappearance of CA(T) under our experimental condi-
tions. On the assumption that CAH- would be pro-
duced from CA(S), therefore, the 425 nm band due to
CAH: should remain during the spectral change in
question. This contradicts the experiments and suggests
that CAH- is not produced from CA(S).
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Fig. 6. Graphical analysis of the decay function of
transient observed at 425nm in CA-CAH,-DCE

system: [CA]=2.36X 10-2 mol dm—3, [CAH,]=2.58
X 1072 moldm=3. Curve (1): observed, (2) triplet
decay, (3): CAH- rise, D(#)=(1)—(2), (4): rate

determining curve for CAH- formation, AD(t)=D,—
D(t); Dpy=0.92.

(b) In order to clarify more distinctly the kinetic be-
havior of the absorption at 425 nm, we examined the
addition effect of CAH, to the CA-DCE system. The
decay profile followed up at 425nm was analyzed kinetic-
ally for this system containing a small amount of CAH,
(2.6 X 10-3 mol dm~3), where no spectroscopic evidence
exists as to a ground-state complex formation between
CA and CAH,. The analyzed results regarding the
kinetic behavior of the 425 nm absorption can be reason-
ably explained by considering that the CA(T) which
is generated at first will be quenched dynamically by
CAH, and that the CAH- will increase through the
CA(T)+CAH,—~2CAH: reaction. In fact, in our ex-
periments, the increase in the 425 nm band was shown
directly on the oscilloscope. Furthermore, this band
was distinctly confirmed to belong to CAH- by an
examination of its position and band shape as distin-
guished from all others in the spectrum. Figure 6 shows
the results analyzed carefully. When the contribution
of CA(T) to the absorbance at this wavelength, (2),
is subtracted from the observed signal, (1), Curve (3)
results; this curve refers to the growth of CAH: itself.
Since the decay rate of the radical is much lower than
that of the triplet (its decay time, t;=73 ns in the
present system), the disappearance of the former can
reasonably be neglected during such a short time interval
as in our experiments. Then, the subtraction of Curve
(3), D(¢), from the peak value, D,, of the observed
curve gives Curve (4), AD(t), from which the time
constant of CAH- formation can be obtained. By
these procedures, it was quantitatively ascertained that
the initial absorption at 425 nm was certainly due to
CA(T) and that the rise time of CAH- (7,=83 ns) was
equal to the decay time of CA(T), within our limits of
experimental accuracy. That is to say, CAH- is cer-
tainly produced via CA(T). Another support to this
reasoning is also obtained from a comparison of the
decay patterns of the 425 nm absorption between the
CA-DCE and CA-CAH,-DEC systems. Figure 7
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Fig. 7. Plots of second-order kinetics for the decay
observed at 425 nm. a: CA-DCE, b: CA-CAH,-
DCE system.

shows the curves obtained by plotting the reciprocal of
the optical density (D) against the lapse of time for
these two systems. In the CA-CAH,—DCE system (Fig.
7b), after the complete disappearance of CA(T) and the
complete rising of CAH- at the initial stage of time
lapse, the decay of the 425 nm band with reference to
CAH- proceeds along a good straight line (Line b).
In the CA-DCE system, there is apparently a straight
line (Line a) following the second-order kinetics (Fig.
7a). If the transients were the same for both systems,
their decay constants and, accordingly, the slopes of
Line a and Line b would have to be identical. However
there is a remarkable discrepancy between these two
slopes, as may be seen in Fig. 7. Since Line & is the
very realization of the kinetic behavior of CAH-, Line
a does not embody the kinetic behavior of only CAH-.
Moreover, a close inspection of Fig. 7a shows the string
of circles to form a slightly S-shaped curve. We ob-
served, further, a little more striking S-shaped curve for
this system when the kinetic behavior was followed at
430 nm. This decay picture is characteristic when the
absorption of a long-life transient, obeying the second-
order decay kinetics, overlaps that of another transient
decaying exponentially. Therefore, the observations
can be understood by reasoning that, because of the
superpostion of the CAH- rise and decay on the CA(T)
decay, the absorption at 425 nm in the CA-DCE sys-
tem apparently behaves as if the initially formed CAH-
has decayed alone and smoothly with the second-order
kinetics. As has been mentioned in the previous sec-
tion, the 425 nm band in the CA-AN-DCE system also
decayed apparently following the second-order kinetics
from the time immediately after pulsing. This feature
is the reflex of the same situation as that of Fig. 7a.
These interpretations well correspond to those of Kemp
and Porter®® as to the origin of the durosemiquinone
radical produced by microsecond-flash photolysis in
liquid paraffin.2® Now, we can estimate the decay con-

Studies of Chloranil-Vinyl Monomer Systems by Means of Laser Photolysis

1735

stant of CAH- accurately from Fig. 7b. From the slope
of Line b, which strictly obeys the second-order kinetics,
the decay constant wasdetermined to be 2.8 x 105/ mol—!
dm3s-1, where ¢ is the molar extinction coefficient of
CAH: at 425 nm and where [ is the width of the photo-
lyzed part, which was estimated as 0.70 cm from the
size of the second harmonics for excitation. The esti-
mated value, 1.4 X 10°mol-1 dm?s-1, was obtained using
the reference value of &, 7.3 x 103 mol-!dm?cm™1.112)

(c) In the system containing a high concentration of
MMA, the absorption at 425 nm due to CA(T) early
disappears exponentially, and after this rapid decay the
remaining transient, CAH-, gradually decays with a
long life. Although no exact analysis on the growth
of CAH- was done in the DCE solvent, the above be-
havior and the results of kinetic analysis for CA~ and
CAH- in the CA-MMA-CH,CN system described in
the next section may allows us to consider that the
formation of CAH- arises from CA(T). It is note-
worthy that CAH- is surely generated in this system,
also through interaction between CA(T) and MMA.

Therefore, from the above discussions it can safely
be concluded that the origin of CAH- in the CA-DCE
system, regardless of the presence or absence of the
additives (ST, CAH,, AN, and MMA), is the triplet
state of CA.

Production of the Chloranil Anion in the Polar Solvent.

The time-resolved spectra obtained by the laser photo-
lysis for the CA-CH3CN system are shown in Fig. 8a.
CA(T), with maxima at 510 and 370 nm, decays rela-
tively fast, and the absorption bands of maxima at 450,
430, and 360 nm become conspicuous 5 ps after flashing.
These aspects closely resemble those obtained by the
microsecond-flash photolysis for the same system.1® It
has already been known that CA—- has absorption
bands at 448, 422, and 321 nm.?» From this know-
ledge and from a comparison with the results for the
CA-DCE system (Fig. 2), it is possible to deduce that,
among the bands observed, the 450 nm band is brought
about mainly from CA-, the 360 nm band mainly from
CAH -, and the 430 nm band from both CA— and CAH-.
On adding ST to this solution, CA(T) decayed rapidly,
keeping its original aspects and without producing any
transients, in the same way as in the case of the DCE
solution. On the other hand, however, as may be seen
in Fig. 8b, the addition of 1.0 mol dm—3 MMA to the
solution causes a rapid decrease in CA(T) and does
not prevent CA- and CAH- from being produced and
living for a relatively long time. The kinetic behavior
of the band with its maximum at 450 nm was
analyzed carefully in the same manner as in the CA-
CAH,-DCE system. The results revealed that CA-
grow simultaneously with the decay of CA(T). The
kinetic analysis at 420 nm also led to the same result.
Therefore, which one of the two species, CA— or CAH-,
is the primary transient is not proven, but it is elucidated
that both of them come from CA(T).

Some observations have now established that the
weak EDA complex in a polar solvent is photolyzed
to produce the anion of an electron acceptor due to
ionic dissociation in the first excited singlet state.2!)
However, for the CA-MMA complex in acetonitrile, no
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TABLE 1. QUENCHING RATE CONSTANTS FOR TRIPLET
CHLORANIL BY VINYL MONOMERS AND THEIR
IONIZATION POTENTIALS (I)
Quencher IleV Solvent kq/mol—t dm3 s~1

AN 10.91 DCE 3.1x10%
MMA 9.8 DCE 5.1x108
CH,CN 6.7x108

ST 8.47 DCE 2.5x10°
CH,CN 8.0x10°

indication of the direct production of the anion via the
excited singlet state has been obtained. This may be
interpreted as follows. As the CT band maximum of
the CA-MMA complex is located at a higher energy
than its locally excited band within the CA molecule,
the lowest excited singlet state of the complex is probably
similar in nature to that of uncomplexed CA. Accord-
ingly, a rapid intersystem crossing in the complex may
occur, as in CA, immediately after pumping to the
singlet state, this crossing being then followed by ionic
dissociation.

The Mechanism of Triplet Quenching and Semiquinone
Formation. As is illustrated in Figs. 3, 4, and 5,
CA(T) is quenched by each of the vinyl monomers.

The rate of decay at 510 nm obeyed a Stern-Volmer- °

type relation in the relatively low concentration range
of quenchers: 1/r=1/7y+£,[Q], where 7 and 7, are
the decay times of CA(T) in the presence and absence
of a quencher, Q, respectively, where [Q] is the con-
centration of Q, and where £, is the quenching rate
constant. The values of the rate constants are listed
in Table 1. The values of k, increase with a decrease
in the ionization potentials of the quenchers, and an
increase in the solvent polarity tends to enhance the
quenching by vinyl monomers, especially by ST. This
means that the CT interaction between CA(T) and ST
is quite responsible for the quenching.

For the purpose of estimating the quantum yields of
the transients, we estimated the molar extinction coef-
ficient of CA(T) at 510 nm by comparison with that
of the benzophenone triplet at 532.5 nm in benzene,??
assuming the triplet yield of CA to be unity. The
estimated value was (7.221.3) X 103 mol-! dm®cm~! in
DCE, nearly equal to that of duroquinone triplet in
cyclohexane or benzene.?2) Using this value and that
of CAH-V or CA—,2% the yield, ¢, of the CAH- or CA-
formed from CA(T) can be approximately evaluated
from the time-resolved spectra for the systems shown
in Figs. 2, 3, 4, and 8 and for the system of CA in
neat AN or MMA as well. In this estimation, the
triplet yield of CA has already been assumed to be
unity, and it was assumed that there was no effect of
the solvent change upon the absorptivity of CA(T).
Since the observed ¢ value corresponds approximately
to k,;[M;]z, where £,; is the second-order rate constant
for the transient arising from the interactions between
CA(T) and the reactant, M; (the vinyl compound and/or
solvent), where [M,] is the concentration of M;, and
where 7 is the lifetime of CA(T) under the examining
conditions, one can estimate k£, easily. These results
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Fig. 8. Transient absorption spectra obtained by nano-
second laser photolysis for CA-CH;CN and CA-MMA-
CH,CN systems. a: [CA]=1.5X10"2mol dm—3, b:
[CA]=3x%10-%mol dm=3, [MMA]=1.0x 102 mol
dm=3 in acetonitrile.

TasrLe 2. YieLp or CAH. anp CA- FOR SEVERAL
SYSTEMS AND RATE CONSTANTS FOR THEIR FORMATION

Transient System ¢ k./mol~* dm? s~1

CAH.» CA-DCE 0.19 3x10°
CA-AN 0.20 7x103
CA-MMA 0.08 4x105

CA-D CA-CH,CN 0.08 9Xx102
CA-MMA-CH,CN 0.15 9x10°

a) The molar extinction coefficients at 435 and 420 nm
in dioxanel) were used for all our systems: &(435)=
7.7%x 103 mol-*dm3 cm~?!, ¢(425)=7.3X 10® mol-* dm?
cm~L b) £(450)=9.7 X 10° mol-* dm?® cm~1! 23 was used.

are summarized in Table 2, along with the correspond-
ing ¢ values. The low yields of CAH- and CA~ imply
that other quanching processes are efficiently competing
with their formation. One of the competing processes
is the rather efficient production of an intermediate
compound during the induction period of the ST or
MMA polymerization photosensitized by CA.” That
is to say, the quenching of CA(T) by vinyl monomers
results mainly in the production of adducts between CA
and monomers, and partly in the formation of CAH-
and/or CA-.

When the logarithms of the formation-rate constants
(k,) of CAH- are plotted against the ionization potentials
of the reactants, a linear relationship is obtained.
Plots of log k, against the ionization potentials of the
quenchers also show a linearity (Fig. 9). An inspec-
tion of these results reveals that the hydrogen transfer
as well as the triplet quenching may be swayed by the
CT interaction.?® Accordingly, the existence of a
triplet state complex as a precursor may be safely as-
sumed, from which the electron transfer, the hydrogen
transfer, the formation of intermediate componds for
polymerization, and a return to the ground state may
be thought to take place. In this connection, the next
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Fig. 9. Plots of log k. and log k,, respectively, against
ionization potentials (I). The horizontal scale a, b,
¢, and d refer to I values of ST, MMA, AN, and DCE,
respectively.

@®: log &k, O: log kg.

observation seems to supply additional support for the

CT character of the triplet intermediate. The photo-

lysis for the CA-MMA complex at 77 K in EPA, where

the ground-state conformation of the complex may be
almost frozen, gave a new, weak, transient absorption
in the 550—650 nm region like that of the triplet EDA
complex between CA(T) and benzene or between CA(T)
and acetone,'® although at room temperature such

a broad band was not found, not even in a more con-

centrated MMA solution. These aspects are shown in

Fig. 10. As the ionization potential of MMA is not

very different from that of acetone, it may be pos-

sible to regard that absorption as the band arising
from the CT interaction between CA(T) and MMA.

The observations and considerations described above
allow us to explain the interaction mechanisms of the
excited state of CA with the vinyl monomers used in
the present work by assuming the following scheme:

CA(T) + M — 3(CA%-...M?+) — CAH. + M’-
(TG)

v N
CA(S,) + M P

where M means the vinyl monomer; TC, the triplet
complex, and P, the intermediate compound which
relates to polymerization. The main features of this
scheme resemble that proposed for the photoreduction
of benzophenone by amines.?526) Whether the semi-
quinones appear or not may be determined by the
relative efficiency of each process under the effect of
surrounding solvent molecules upon the triplet-state
complex. In so far as our present systems are concern-
ed, both electron transfer and hydrogen abstraction by
CA(T) should take place from a relaxed equilibrium
state of the triplet intermediate after solvent reorienta-
tion is realized, because the triplet quenching is rather
slow compared to the diffusion-controlled rate.

This conclusion is very interesting compared to the
assumption?$) of the existence of a non-relaxed triplet-

and/or
CA- + M+
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Fig. 10. Transient absorption spectra immediately after
pulsing for CA-MMA-EPA and CA-MMA-DCE
systems. (1): CA-MMA-EPA system at 77K,
[MMA]=0.48 mol dm~3, (2): CA-MMA-DCE sys-
tem at room temperature, [MMA]=0.94 mol dm-3.

state encounter complex from which hydrogen-atom
abstraction occurs, competing with the ionic dissocia-
tion, for the benzophenone-tertiary amine systems
with relatively low ionization potentials.
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