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Mechanisms of hydrogen atom abstraction reactions by triplet state p-chloranil (3CA) from durene (DH)
were studied by picosecond and nanosecond laser photolysis and transient photoconductivity measurements.
3CA was quenched by DH through diffusional encounter to form a triplet ion pair (IP) between CA and DH,
p-chloranil semiquinone radical (CAH*), and 2,4,5-trimethylbenzyl radical (D+). Ionic dissociation of IP was
observed in 1,2-dichloroethane (DCE) as well as in acetonitrile. However, no transient species was observed by
direct excitation of a charge-transfer (CT) band of the electron donor-acceptor (EDA) complex between CA and
DH. The H-atom transfer leading to production of CAH+ was found to proceed through two distinct mecha-
nisms; H-atom transfer via IP (Mechanism I) and a more rapid transfer competing with IP formation (Mecha-
nism II). The quantum yields of CAH- produced by Mechanisms I and II and the first-order rate constants for
proton transfer, ionic dissociation, and intersystem crossing competing with one another in the IP state were
estimated to be (0.1 and 0.2) and (2, 5, and 13)X10%s7!, respectively, in DCE at room temperature.

In the case of the photochemical hydrogen abstrac-
tion reaction of triplet ketones or quinones, two dif-
ferent and noteworthy mechanisms have been reported.
One is the two-step mechanism of electron transfer
followed by proton transfer via ion-pair (IP) state
(Mechanism I). This is the case of triplet benzophe-
none and several amines in high-polarity solvents? as
well as the case of the excited singlet pyrene-aromatic
amines.? Another is the rapid H-atom transfer in
nonrelaxed encounter complex competing with IP
formation (Mechanism II) as observed in the system
of triplet state 2,6-diphenyl-p-benzoquinone and
aromatic amines.? Since most of the triplet state
quinones are strong electron and hydrogen acceptors,
it is not easy to determine which mechanism is pre-
dominant in their H abstraction reactions. Very care-
ful examinations based on direct observation of short-
lived transient species are neccesary to elucidate the
reaction mechanism.

In the course of our investigations concerning
photo-reduction of 3CA by several electron and hy-
drogen donors,? we observed in the CA-DH system that
CAH. radicals were produced simultaneously with the
formation of IP between CA and DH and also grew up
concomitantly with the decay of IP. We have examined
the mechanism of this reaction mainly in DCE solution
by means of picosecond (ps) and nanosecond (ns) laser
photolysis and transient absorption measurements as
well as transient photoconductivity studies in the ns
time region. Results show coexistence of Mechanisms
I and II.

Experimental

Transient absorption spectra in the ps and ns region were
measured using a mode-locked ruby laser system (A 347 nm,
FWHM =30ps, energy =10mJ)® at 25°C and a conventional
ns ruby laser system® at 2011 °C unless otherwise stated. Pho-

tolysis at 502 as well as 532 nm was also performed by using a
flash-lamp pumped dye laser (dye: Green-4 of Phase-R Co.,
pulse width =250ns, energy =110mJ)® and a ps Nd3+: YAG
laser system,” respectively. Transient photocurrents were
measured using the same type of quartz cuvette with two Ni-
or Pt-plate electrodes as utilized previously.® The DC vol-
tage (90—540V) was supplied between the electrodes from a
bank of dry batteries. The output signal across a 50 () load
resister was fed into a 200 MHz oscilloscope (Iwatsu, SS-6200)
through AC coupling. The ground state absorption spectra
were recorded on a Hitachi Model 200 spectrophotometer.
All solutions were carefully degassed by freeze-pump-thaw
cycles.

p-Chloranil (CA: tetrachloro-p-benzoquinone) was purified
by the same method as described elsewhere.4® The GR grade
durene (DH: 1,2,4,5-tetramethylbenzene) was recrystallized
twice from cyclohexane and sublimed in vacuo. Solvents: 1,2-
dichloroethane, acetonitrile, and ethyl acetate were purified
by the usual methods.

Results and Discussion

EDA Complex Formation in the Ground State. The
DCE solutions of CA (0.001—0.002 moldm—3) and DH
(0.075—0.40 moldm—3) showed a CT band (Amax 480 nm;
€ 2650%+100 dm3mol—'cm™1!) due to the EDA complex
(CA---DH) with the formation constant K=0.8910.03
dm3mol~! (at 20°C) which was determined using the
Benesi-Hildebrand method. The thermodynamic quan-
tities, AH (—18.1x1.2 kJmol-!) and AS (—63+4 J mol—?
K1), were obtained by the measurement of the temper-
ature dependence of K in the range 4—57°C. These
values are comparable with those for the same com-
plex in carbon tetrachloride reported previously.? The
absorption spectra of the complex and uncomplexed
CA involved in the DCE solution are illustrated in Fig.
1.

Picosecond and Nanosecond Laser Photolysts. The
laser photolysis at 502 as well as 532nm, where exclusive-
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Fig. 1. Ground state absorption spectra of the CA
(2.0X10~2 mol dm—3) and DH (0.15 mol dm3) system
in DCE at 18°C. (a): observed spectrum, (b):
spectrum of uncomplexed CA (1.76X10-3mol dm—3)
present in the solution, (c): spectrum of the EDA
complex alone obtained by (a)—(b).
Wavelengths of lasers used for excitation are indi-
cated by arrows.
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Fig. 2. Time-resolved absorption spectra obtained by
the picosecond laser photolysis for the CA and DH
system in DCE:
[CA]=3.0X10"3 mol dm~3, [DH]=0.20 mol dm=3,
The absorbance is not corrected for shot-to-shot
variations of the exciting-pulse intensity.

ly the CT band was excited (indicated by arrows in
Fig. 1), did not give any transient absorption over the
time range from picosecond to several microseconds.
No permanent change of the ground state absorption
spectrum was recognized after several laser shots. These
findings suggest that the S; state of the complex decays
so rapidly through inteinal conversion that its detec-
tion is not possible even by means of the ps laser photo-
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Fig. 3. a) Transient absorption spectra obtained by
the nanosecond flash photolysis for the CA-DH-
DCE system.

[CA]=3.0X10"3mol dm~3, [DH]=0.20 mol dm™3; (1)
60ns and (2) 335ns after the beginning of laser
oscillation.

b) Reference absorption spectra.

(1): 3CA in DCE, (2): CAH. in DCE, (3): CA" in
acetonitrile.

lysis method. Some discussions will be given later
concerning this result.

In the following we show results of the photolysis
at 347nm where excitation of uncomplexed CA is
possible. Figure 2 presents time-resolved absorption
spectra for the solution containing CA (3.0X10~2 mol
dm™2%) and DH (0.20 moldm~3) observed by the ps ruby
laser photolysis. Figure 3a shows transient absorp-
tion spectra measured by the ns flash photolysis and
Fig. 3b gives reference spectra of 3CA,%® CAH.
and p-chloranil radical anion (CA™).10

The absorption band around 510nm in the spec-
trum observed at Ops (Fig. 2a) resembles that of 3CA.
After reaching the maximum intensity, the absorbance
around 510nm decreases while a new band around
450nm grows up. The latter absorption band is similar
to that of CA™. The spectra observed at several delay
times from 100ps to 1.5ns could be reproduced by the
superposition of the spectra at Ops (A) and 3ns (B),
which has been performed by a microcomputer using
the least-square method. An example for the spectrum
at 500ps is given in Fig. 4, where the agreement be-
tween the calculated spectrum (b(1)) composed of A
and B and the observed one (a) is satisfactory. The
time dependence of each component obtained by such
procedure is indicated in Fig. 5. The decay time of A
and the rise time of B are estimated respectively to be
about 0.7 and 0.6ns, being in agreement with each
other. This indicates that the species responsible for
the spectrum B is produced from the transient which
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Fig. 4. Comparison of the spectrum observed at 500
ps with the spectrum obtained by superposition of A
and B.

a): observed spectrum, b): (1) calculated spectrum
(A+B), (2) component spectrum A, (3) component
specturm B.

shows the spectrum A.

As can be seen from Fig. 3, no absorption band
around 510nm corresponding to A was observed by
the ns laser photolysis since the transient species
responsible for A was quenched by DH of high concen-
tration (0.20 moldm™3) very rapidly. The spectrum
(C) observed immediately after excitation by the ns
pulse (Fig. 3a(1)) is quite similar, in the 420—500nm
region, to the spectrum B. Therefore, it is plausible
that C is substantially the same as B. Comparison
of C with B in the wavelength region less than 420nm
was not possible because of the absence of observed
band in the case of B owing to the low intensity of
the ps probe pulse.

The spectrum C is replaced completely by the spec-
trum (D) with definite absorption maxima at 435 and
365nm and a shoulder around 448nm at the delay
time of 335ns. The decay profile of the absorbance at
448nm is shown in Fig. 6, which indicates the existence
of two components. Since the long-lived component
did not show decay in 100ns domain, we subtracted its
absorbance (D«) from the observed total absorbance D.
A straight line (b) obtained by plotting log (D—Dw)
against time yields the decay time (74) of 491+2ns at
20°C of the transient species responsible for the band
at 448nm. The 74 values were independent on [CA]in
the (0.81—3.65)X10—*moldm=2 range, [DH] in the
0.05—0.20 moldm3 range, and on monitoring wave-
length in the 448—480nm region, within experimental
accuracy.

Assignment of Transient Spectra and Reaction Mechanism.
Since no transient absorption was observed by direct
excitation of the EDA complex, only free CA present
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Fig. 5. Time dependence of absorbances of specturm
A at 510nm (A) and spectrum B at 448nm (O).
Absorbances are corrected for variations of the laser
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Fig. 6. Semi-logarithmic plots of absorbance at
448 nm vs. time in the CA-DH-DCE system. (a): log
D vs. t, (b): log (D~Dw) vs. t.

in the solution seems to contribute to the appearance
of A. Excited CA is known to cause rapid intersystem
crossing (ISC, kisc =3X101s71, @i5c=1) from S; to T
in acetonitrile.!? We have also confirmed that ISC is
also rapid (>3X10%9s7!) in the DCE solution of CA
(0.003 moldm™3)-diphenylamine (0.1 moldm=3) sys-
tem in a separate experiment performed by means of
the Nd3+: YAG laser photolyisis.!? Therefore, the spec-
trum A can be assigned to that of 3CA.1®

As shown in Fig. 3b, CA™ shows a strong band with
maximum at 448nm where CAH. shows only a negli-
gibly weak absorption. Therefore, the absorption
band at 448nm in B, C, and D can be attributed to
CA~. Figure 5 shows that CA™ in question is produced
in the course of the collisional quenching of 3CA by
DH, since 3CA is quenched by DH with nearly diffu-
sion-controlled rate.¥ However, the transient species
showing the 448 nm absorption in C (i.e., B) is not free
CA™ because its decay obeys the first-order kinetics
(Fig. 6b). Accordingly, this absorption band at 448nm
can be assigned to CA~ of the triplet ion pair 3(CA™--
DH*). The spin state should be assigned to the triplet
state because the observed species with a fairly long life
was produced from the triplet state precursor while no
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CT singlet state }(CA™---DHT), which should be pro-
duced by the direct excitation of the CT band, was ob-
served. That no absorption band due to the counter
ion DHT was detected is probably due to its low inten-
sity in the visible region.!® The ion-pair formation
may be rationalized also from the following estima-
tions concerning the free energy change AG of the reac-
tion 3CA+DH—3(CA;---DHY) or 3(CA™---DHY),, where
3(CA:---DHY) represents the solvent-separated ion pair
and 3(CA~™-.-DHY); refers to the contact ion pair or the
triplet exciplex with nearly complete CT character.
The quenching of 3CA is not attributable to the T-T
energy transfer, 3CA+DH—CA+3DH, in view of the
fact that the energy of 3CA above the ground state
(E1(3CA)=2.13eV19) is much lower than that of 3DH
(E1(3DH)=3.37eV).1? The AG values of the ion-pair
formation in DCE are estimated approximately to be
—0.43eV for 3(CA7---DHY) by the equation :1®

AG(CA,” --- DH,*) = E(DH/DH*) — E(CA”/CA)
— Ep(*CA) — e*/eR + (€2/2)(1/R,+ 1/R_)(1/e—1/37.5),
(1
and —0.73eV for 3(CA™...DHT), by®

AG(CA™ ... DHt), = E(DH/DH*) — E(CA"/CA)
— E(*CA) + 0.32 — 0.7[f(c) —0.5f(n?)] @)

in eV unit, where E(DH/DH) and E(CA~/CA) are the
polarographic oxidation potential of DH (1.59 V)29 and
the reduction potential of CA (0.01V)2D respectively,
€ and n are the dielectric constant and refractive index
of solvent respectively, f(x)=2(x—1)/(2x+1), and other
symbols and parameter values are the same as used in
the references. Since both values of AG are negatively
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Fig. 7. Spectrum decomposition for the spectra in

Fig. 3a observed at 60ns (a) and at 335ns (b); (1)
observed spectrum, (2) spectrum of CA™ component

(3) (H—(2).
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large, the electron transfer would occur to form the ion
pairs. Contact and solvent-separated ion pairs have
been discriminated in some EDA systems.!c:3b.22.23)
However, the discrimination between them was not
possible for the present system in DCE solution.
Therefore, we use throughout this paper the term
“triplet ion pair (IP),” without discrimination between
contact and solvent-separated ion pairs, for the species
exhibiting the 448nm band in the spectrum C (and B)
with the lifetime of 49ns.

The spectra C and D in Fig. 3a appear at first glance
to resemble the reference spectra of CA™ and CAH.
respectively but close inspection makes clear the dif-
ferences between them. The ratio of 435 to 448nm ab-
sorbance in C is significantly higher than the corr-
esponding ratio in the reference spectrum of CA™ and
additionally C involves the band at 365nm which is
characteristic of CAH-.. In the spectrum D, the inten-
sity ratio of 365 to 435nm band is small compared
with that of CAH. and the shoulder around 448nm
which is characteristic of CA™ is observed. It is, there-
fore, suggested that both spectra C and D involve the
absorption bands of the two species CAH- and CA~.
The decomposition of the spectrum into CAH- and
CA™ was then performed very carefully and the result is
given in Fig. 7. The procedure for decomposition was
made by normalizing the reference spectrum of CA™
to the observed one at 448nm and then subtracting
the former from the latter. The obtained spectrum
(Fig. 7a (3)) agrees with the spectrum of CAH .. A small
difference between the spectrum of CA™ and the ob-
served one (C) in the wavelength region longer than
448nm seems attributable to a small difference in the
spectra between IP and free CA™. The spectrum D can
be reproduced quite well by superposing spectra of
CAH- and CA~ (Fig. 7b). Since, as is shown in Fig. 8,
the 448 nm absorbance in D shows the second order
decay, this absorption band may be assigned to free
CA™. From the results of the analysis indicated in Fig.
7, it can be concluded that CAH . radicals are rapidly
produced in part competitively with IP formation
and further increase in accordance with decrease of IP.

15
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< 10}
- 0°©
,O’Oy
/O
’c,.o’°
448 nm
5
0 5 10 15
t/ us

Fig. 8. A second-order decay plot for the spectrum D
at 448 nm.
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Fig. 9. Time dependence of 365 and 448 nm ab-
sorbances observed in ethyl acetate solution of CA
(0.0011 moldm=3) and DH (0.20 mol dm~3):

(a) log D vs. t and (b) log (D-Dw) vs. t measured at
448nm, (c) log D vs. t and (d) log (D=-D) vs. t
measured at 365 nm.

Therefore, it is confirmed that the H-atom transfer in
problem proceeds through both Mechanisms I and II.

Although in DCE solution the slow rise of CAH . was
established on the basis of the result of spectrum decom-
position, the rise was observed directly by monitoring
the characteristic absorption band of CAH. at 365 or
435nm in other less polar solvents. Figure 9 shows
time dependence of 365nm absorbance, D35, (line c)
together with that of 448nm absorbance, D48, (line a)
observed in ethyl acetate solution. The line b is the
plot of D#8—D48 against t yielding the decay time
(ta) of IP. The line d is the plot of D#5—D35, yielding
the rise time (z;) of CAH.. Here, D48 and D&55 are the
absorbances in the plateau region observed at 448 and
365 nm, respectively. It is clear that CAH. grows up
concomitantly with decay of IP because 7, value (51 ns)
agrees with 74 value (47ns) within experimental ac-
curacy.

The formation of free ions as noted in the discussion
of the spectrum D was examined by transient photo-
conductivity measurement. Figure 10 demonstrates
the oscillograms of photocurrent together with the
temporal behavior of transient absorption. The rise
time (50+3ns from 5runs) of the photocurrent was
in good agreement with the decay time of IP and the
decay of the current followed exactly the second-
order kinetics. It is therefore confirmed that the ionic
dissociation producing free CA™ occurs subsequent to
the IP formation.

In addition to these measurements, we have ob-
served a fairly sharp absorption band around 330nm

Mechanism of H-Atom Transfer in p-Chloranil-Durene System
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Fig. 10. Oscilloscope traces for transient absorption
(T: transmittance) monitored at 448nm (a) and
transient photocurrents (:=0.1 mA/div), (b) and (c),
in DCE solution:

[CA]=0.0025 mol dm~3, [DH]=0.20 mol dm™3.

simultaneously with the bands of CAH.. This obser-
vation suggests strongly the pair production of CAH.
and 2,4,5-trimethylbenzyl radical (D-), because D- has
a sharp band at 330nm.29

From the above described results, the deactivation
processes of 3CA by the interaction with DH may be
schematically represented as follows:

[ ke

IP(®yp)

JIN e

¢d’ kd ¢|a kl ¢p: kp

A

CA™+DHt CAH.+D.
(Dcav) (DEan> Dlan-)

3CA + DH

CA-+DH

(Dca)

Here, the letters @, ¢, and k represent the quantum yield
of transient species from 3CA, the fractional efficiency
of each reaction from IP, and the rate constant of each
reaction process, respectively. The subscriptse, h, p, i,
and d refer in turn to the processes of electron transfer,
hydrogen transfer, proton transfer, ionic dissociation,
and degradation through ISC of IP returning back to
the ground state. @gan. and $Can. denote the quantum
yields of CAH. formation by the mechanism I and II,
respectively. Estimation for these values measured in
DCE solution will be given in the later section.

No Transient Formation by Direct Excitation of the
EDA Complex. We examine here the mechanism
for the result that direct photoexcitation into the CT
band of the complex affords no transient absorption.
The energy levels of locally excited (LE) singlet }(CA*---
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DH) and triplet 3 CA*...DH) states may be approx-
imately the same as those of 1CA*+DH and 3CA*+DH
states which lie in 2.6329 and 2.31eV1® above the CA+
DH state, respectively. The energies of CT singlet }(CA™---
DHT) and triplet 3 CA™---DHT) states may be given approx-
imately as 1.7 and 1.3eV, respectively, from the posi-
tion of onset of the CT band and from the energy of
3(CA™---D*); state estimated by using Eq. 2. Since the
energy gap between zero-order !CT and !LE states is
large, their mixing will be small. This condition re-
sults in small splitting betwecn !CT and 8CT states. In
practice, }(CA™---DHt) and 3(CA™---DHY) states will
lie closer to each other than the expectation from the
above estimation owing to the intra-complex as well
as stabilization induced by solvent reorientation in
}CA™---DHt). In any way, these }(CA™---DHTY) and
3(CA™---DHT) states will be the lowest excited singlet
and triplet states, respectively, and 3(CA*...DH) state
will locate higher than }(CA™---DHY) state.

The fact that no transient formation was observed
in the case of direct excitation of EDA complex means
that ISC does not take place effectively in the complex
from the !CT state to the 3CT state. This is also sup-
ported by the fact that no CT phosphorescence could
be observed at low temperature. ISC between the CT
states is forbidden since the matrix element of spin-
orbit interaction, <!CT|Hso|3CT> which governs the
ISC rate, becomes null in the usual one-electron ap-
proximation. Therefore, ISC may be unfavorable to take
place competing with the allowed internal conversion
from the 1CT state to the ground state. Since no LE state
lies between the !CT and 3CT states, the conclusion
inferred above is in harmony with the selection rule
proposed by Lim et al. for the systems of tetracyano-
ethylene-methylated benzenes and 1,2,4,5-tetracyano-
benzene-methylated benzenes.2® The internal conver-
sion would be so rapid that no transient species was ob-
served even by the present ps time resolution. Similar
results of ps laser photolysis studies have been re-
ported also for the duroquinone-triethylamine,2’®
porphyrin—quinone,?™ and pyrene-pyromellitic dian-
hydride?™ systems.

Yields of IP, CAH -, and CA™ and Rate Constants for
Decay Processes of IP. Estimation of ®ip, ‘PgAH-, ke,

and kn: Since the triplet yield of CA has been known to
be unity,4.11D @ip can be estimated from Fig. 5 using

Eq. 4:

Dyp(3)/e1p
_— 4
Dy (0)/esca ®)
where Dpp(3) is the 448nm absorbance due to IP at
3ns, Dsc, (0) is the 510nm absorbance of 3CA at Ops,
&p is the molar absorption coefficient of IP at 448 nm
(9.0X10% dm3mol-1cm~1)29 and esca is that of 3CA in
DCE at 510nm, (7.31+0.3)X10% dm3mol-1cm~1.29 The
@p value obtained is 0.81 within the error of
about 10%. ®Ean. value is obtained to be 0.19 by the
relation ®Can=1—dp according to (3). By using the

Prp =
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quenching rate constant of 3CA by DH measured at
15°C, approximate values of second-order rate con-
stants, k. and ki, are estimated to be .2.5X10°dm3
mol~1s~! and 0.6X10°dm3 mol-!s-}, respectively.

Determination of O, Oca-, ® Gan and Dca: For the
pupose of obtaining the total yields of CAH . (8% =
Pean+PCan) and Bca~ values, the ns laser photoly-
sis was carried out, under the same laser intensity,
for solutions of CA in the presence and absence of
DH. The absorbances at 347 nm of the solutions were
adjusted equal to each other. The solutions containing
CA alone were used as references for the yield of 3CA.
Then, 8% and Bca- can be expressed by Egs. 5and 6
respectively using transient absorbances measured at
300ns after the laser excitation.

Dgyy./e
total __ CAH:/SCAH-
Pe Dstilesca ’ )
_ Dea~leca
Poar = Dstfesca ’ (©)

where Dcan- and Dca~ are the absorbances of CAH.
at 435nm and CA™ at 448nm after the spectrum de-
composition, respectively, and D §as=Dscy - DEa/(D3a
+D¢) is the calculated absorbance of 3CA which
should be produced in the mixed solution of CA and
DH immediately after the excitation. Djsc, is the 510
nm absorbance of 3CA observed in the reference solu-
tion of CA. D%s and D¢ are the 347 nm absorbances of
uncomplexed CA and complex CA---DH respectively
and hence D%A/(DOCA+D8) means the fraction of
absorbance due to free CA present in the mixed solu-
tion to the total absorbance at 347 nm. ¢ecan- is the mo-
lar absorption coefficient of CAH. in DCE (1.0X104
dm3mol~'cm™! at 435nm)3® and eca~ is that of CA™
(9.0X103dm3mol-!cm~?! at 448nm).28%.3V Table | shows
results obtained. Although rather large error (about
20%) was presumed for each @ value, the agreement
among several measurements for each pair of solu-
tions was good (within 10%). Both values of LR
and @Dca- are independent on [CA] as well as [DH].
®Lan- was evaluated to be 0.10 by using the relation
Bean=OER—PCan: with the value of BEan=0.19.
The ®ca value was calculated to be 0.52 by @Pca=1—
DB —Dca=. 1f the quenching of 3CA yielding no
transient species is competing with IP formation in

TaBLE 1. YieLps oF CAH. anD CA™ IN DCE ar 20°C
[CA] [DH] total -
/10-*moldm=® /10-'moldm-3  PCAH- Pea

2.0 0.1 0.29 0.18
2.0 1.0 0.29 0.17
2.0 1.5 0.28 0.19
2.0 2.0 0.28 0.21
2.0 2.5 0.29 0.21
2.5 1.0 0.29 0.20
2.0 1.0 0.30 0.19
1.5 1.0 0.28 0.19

av. 0.29 0.19
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the encounter complex, @ca must satisfy the relation
Dca=1—Pr—Pan<l—Pp=0.19. This relation contra-
dicts the experimental result (@ca=0.52), so that the
deactivation to the ground state competing with IP
formation may be neglected in (3).

Determination of bp, ¢, dg, kp, ki, and ka:  Using the &
values together with the 74 value the efficiencies (¢) for
decay channels of IP and the first-order rate constants
(k) for the corresponding processes could be estimated
as follows:

$p= 0.1y, k= 2x10°s7%,
¢ =0.2,, b = 5x108571, (7)
$a=0.65, kg = 13x 108571,

On the other hand, from the time dependence of
absorbances obtained by the ns laser photolysis alone,
we could also estimate ¢,=0.14 by Eq. 8,

- {Dgan.(300) — D¢y p.(50)} /ecan.
% D45(50)/e1p ®

assuming that Dys (50), the 448nm absorbance ob-
served at 50ns, is due to IP. In Eq. 8, Dcan- (50) and
Dcau- (300) are the absorbances of CAH. at 435nm
(after the spectrum decomposition) measured at 50 and
300ns, respectively, and ecan- and &1p are the same as in
Egs. 5 and 6.

For the purpose of comparison we present here brief-
ly some results obtained in the CA-diphenylamine
(DPA)-DCE system.!? We have found the triplet IP,
3(CA™---DPAY), with a lifetime of ca. 8ns, k=~1X107
s71, and k4=1.1X108 s-1, whereas no proton transfer in
3(CA™---DPAT) has been detected. The kpvalue givenin
Eq. 7 is much less than the corresponding values for
benzophenone (BP)-N,N-dimethylaniline (DMA) sys-
tem (k,=2.0X10°s7! in acetonitrile)? and pyrene (P)-
primary or secondary aromatic amine system (e.g.,
(ky=5X10°s"1 for P-DPA system in toluene).? Although
the number of data of k, value in Mechanism I is still
scarce for any detailed discussion, these data appear
to indicate that the rate of proton transfer in IP de-
creases with increase of the free energy change of this
reaction.?? In Eq. 7, the ki value is larger than the k, value
by a factor of about 2.5. However, the rate of ionic
dissociation in DCE is much slower than that in aceto-
nitrile, where the photocurrent has been found to reach
its maximum intensity immediately after the pulsing

(Fig. 11). Therefore, the slow dissociation in DCE
- 0+ 50ns/div. .
- -
| | | | 1 1 1 1 1
time
Fig. 11. Transient photocurrent measured in aceto-
nitrile.
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may be largely dependent on a fairly strong binding
by Coulomb force between the ions in IP, which does
not contradict the fact that both k; values for 3(CA~ .
DHT) and 3(CA™---DPATY) are close to each other. Itis
known that the ionic dissociation to free ions occurs
from solvent-separated ion pair (SSIP)22 while the pro-
ton transfer takes place from contact ion pair (CIP).?
From the fact that the rise time of photocurrent is
equal to the decay time of IP, it may be inferred that
IP observed here in DCE comprises both CIP and SSIP
in equilibrium with each other. It is often used that
because of spin-forbidden nature a back electron-trans-
fer in triplet IP leading to the ground state cannot
compete with ionic dissociation. However, in DCE of
moderately polar solvent the back electron-transfer
(ka) can take place effectively rather than the ionic
dissociation (k;). Similar observation about the com-
petition between k4 and ki processes has been re-
ported for various quinone-aromatic amine systems.3
Moreover, the kavalue (=1.1X108s71) for 3(CA™---DPAT)
obtained by us in DCE agrees well with k¢=1.1X108
s7! obtained by a different procedure in benzene-
benzonitrile mixture.3® The kqvaluein3(CA™---DHt)is
of one order of magnitude smaller than that in 3(CA™-.-
DPAT). This tendency is parallel to the linear relation
between log k4 and the energy level of IP above the
ground state,3? since the energy of 3(CA™---DPAY) is
estimated by Eq. 2 to be lower by 0.81eV than that
of 3(CA™---DHT). Hence, it seems to indicate that ISC of
IP obeys the energy gap law of radiationless transition.

Competition of Mechanisms I and I1. Finally we
consider the mechanism of competition of I and II. A
key point determining the mechanism must be involved
in a collision complex between 3CA and DH. Since in
the present case DH approaches by diffusion to 3CA
from random directions, the collision complex with
various donor-acceptor configurations might be pro-
duced. It may be true that an electron transfer occurs
depending principally on the separation distance but
not so severely on the mutual orientation between donor
and acceptor. On the other hand, H-atom transfer will
depend strongly on the local disposition of the transfer
sites in the collision complex. Therefore, difference
in conformations of the collision complexes seems to
reflect the difference in the mechanisms of H-atom
transfer. In the present case, it is supposed that a large
part (about 80%) of the collision complexes can take
conformations favorable to cause the electron transfer
followed by immediate relaxation to the IP state; e.g., a
conformation with face to face approach between the
donor and the acceptor. The other collision complexes
of about 20% would take some special conformations
favorable to undergo the rapid H-atom transfer; e.g., a
conformation with the transfer sites very close to each
other like a hydrogen bonding bridge between O-atom
of the acceptor and H-atom of methyl groups on the
donor. Such a rapid H-atom transfer in the collision
complex has been suggested for the dynamic quench-
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ing in the hydrogen bonding interaction systems
such as 2-naphthol-pyridine-cyclohexane system?® as
well as the quenching of triplet quinones by aromatic
amines.? Recently, very fast Htatom transfer by a two-
step mechanism of electron transfer followed by proton
transfer has been verified both in EDA systems!:2 and
in hydrogen bonding interaction systems.18:39 Taking
these facts into account, it seems that the rapid H-
atom transfer observed here also proceeds through the
mechanism by transitory electron transfer preceding
proton transfer.3® Therefore, it may be interpreted that
the first event of the quenching is an electron transfer
from DH to 3CA and succesively, in the collision com-
plex, a rapid proton transfer and relaxation to the IP
state compete with each other. The net H-atom transfer
by Mechanism I occurs relatively slowly depending
on the rate of proton transfer in IP. This suggests
that a fairly high potential barrier is necessary to take
a conformation favorable for causing the proton
transfer from the relaxed state IP. A detailed study of
the temperature dependence of this process will be
published in a separate paper.
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