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Photoreduction processes of excited benzophenone (BP) by N,N-dimethylaniline (DMA) in acetonitrile
solution were studied by means of picosecond-femtosecond laser photolysis and time resolved transient

absorption spectroscopy as well as transient photoconductivity measurement.

Proton transfer process in the

triplet ion pair formed by electron transfer (ET) at encounter between 3BP* and DMA, competing with the ionic

dissociation process was observed.

It was clearly demonstrated that, in addition to the triplet ion pair, the ion

pair produced by the excitation of the CT complex between BP and DMA formed in the ground state and that
produced by ET reaction between !BP* and DMA played important roles in the reaction processes of excited

benzophenone.
elucidation of reaction mechanism of each ion pair.

The behaviors of the three kinds of ion pairs were investigated in detail, leading to the
The reactivity characteristic of each kind of the ion pair

and its relation to the structure of the ion pair were discussed.

The photoinduced electron transfer (ET) and related
processes are of fundamental importance in photo-
physical and photochemical reaction processes in
condensed phase.1=4 The photoreduction of excited
benzophenone in solution is one of the most impor-
tant photochemical reaction related to this fundamen-
tal process and has been studied extensively for a long
time.5-18)  Especially, much attention has been paid
to the hydrogen abstraction process of excited triplet
benzophenone (3BP*) from aliphatic as well as aro-
matic amines. The yield of the ketyl radical in the
reaction of 3BP* with the amine is usually very high
and the reaction rate is rather close to that of the
diffusion-controlled reaction, while the rate for the
hydrogen abstraction from 2-propanol is about 103
times smaller than those from amines. On the basis
of such results, Cohen et al. proposed? the reaction
mechanism for the hydrogen abstraction of 3BP* from
amines, which assumed the CT complex or ion pair
formation followed by proton transfer;

3BP*+ AH 3BP~ - AHY) (BPH+ A),

electron
transfer

proton
transfer

where AH is an amine and BPH is a ketyl radical.

In an early research by means of a nanosecond laser
photolysis, 39 it was suggested that the CT or the ion
pair (IP) state prior to the solvation was the species
undergoing the proton transfer leading to the BPH
formation, i.e., the proton transfer in the IP state
competed with the solvatlon leading to the ionic
dissociation.

The direct measurement on the picosecond dynam-
ics of the excited benzophenone and the amine system
was reported by Peters and co-workers.10-13)  On the
basis of the observed time-dependent spectral shift of
the benzophenone anion radical, they concluded that
the structural change of the solvent separated IP
formed by the ET between 3BP* and amine, to the

contact IP was the key process for the proton transfer
to take place.

On the other hand, we have recently reported the
results of the picosecond laser photolysis studies on
the reaction of the excited benzophenone with diphen-
ylamine (DPA) in several solvents of different polar-
ity.18 In this investigation, it was demonstrated that
the hydrogen abstraction and charge transfer (CT) or
ion pair (IP) state formation by electron transfer were
competing at encounter between triplet benzophenone
(3BP*) and DPA both in nonpolar and polar solvent,
and the CT or IP state relaxed with respect to the
donor acceptor configurations and solvation did not
contribute to the ketyl radical formation. In addition
to this, it was also revealed that the ET reaction of
benzophenone in its excited singlet state (:BP¥) and
the ion pair formation by the excitation of the CT
complex produced in the ground state were very
important in considering the mechanism of the pho-
toreduction of the excited benzophenone.

It is plausible that the properties of those IP’s such
as the rate of proton transfer and that of the charge
recombination depend on their structures (the dis-
tance between the ions in the pair and their mutual
orientations including the surrounding solvents),
energy gap between the IP and ground state and spin
multiplicity, etc. In fact, recent investigation on the
CR rates of IP revealed that the CR rate of IP formed
by excitation of various CT complexes showed an
essentially different energy gap dependence from the
bell-shaped one obtained in the case of IP formed by
charge separation (CS) at encounter in the fluores-
cence quenching reaction.!” Hence, it is absolutely
necessary to discriminate the different kind ion pairs
and their subsequent reactions for the elucidation of
the photoreduction process of the excited benzophe-
none, especially in the concentrated solution of the
amine.
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In this study, we have examined the photoreduction
process of excited benzophenone by N,N-dimethyl-
aniline (DMA) in acetonitrile solution by means of
picosecond and femtosecond laser photolysis. As
will be presented later, IP produced by the CT band
excitation of the ground state complex, IP formed by
CS at encounter between BP* and DMA, and that
produced by CS at encounter between 3BP* and DMA
exhibit quite different behaviors dependent on the
mode of the production. On the basis of those exper-
imental results, the different reactivity of IP dependent
on the mode of its formation and on its spin multi-
plicity will be discussed. In addition, the conven-
tional mechanisms of the hydrogen abstraction reac-
tion of 3BP* will be reconsidered including the
contributions from !BP* and the excited state of BP-
amine CT complex.

Experimental

A picosecond laser photolysis system with a repetitive
mode-locked Nd3* : YAG laser was used for transient absorp-
tion spectral measurements in the 10 ps to a few nanosecond
region.'819) The third harmonic pulse (355 nm) with 22 ps
fwhm or Raman scattering light (397 nm) obtained by
focusing the 355 nm pulse into cyclohexane liquid was used
for exciting the sample solutions. The method for the
picosecond laser-induced transient photoconductivity mea-
surements was similar to those reported before.20 For the
measurement in short time region, a femtosecond laser
system was used.42) In this femtosecond photolysis,
second harmonics (355 nm) with 500 fs fwhm of pyridine 1
dye laser (710 nm) was used for the excitation.

Benzophenone (Wako, Special Guarantee) was purified by
repeated recrystallization from ethanol and sublimation in a
vacuum. N,N-dimethylaniline (DMA) (Wako, Special
Guarantee) was refluxed with acetic anhydride, washed with
water, dried over potassium hydroxide, distilled under
reduced pressure, and stored under vacuum. Acetonitrile
(Merck Uvasol) was used without further purification for
the time resolved transient absorption spectral measure-
ments. In the measurement of laser-induced transient pho-
toconductivity, this solvent was dried by contacting with
molecular sieves and distilled in a vacuum. All sample
solutions were deaerated by repeated freeze-pump-thaw
cycles. The BP solution and DMA were deaerated separ-
ately and DMA was added to the BP solution by distillation
in a vacuum line. All measurements were performed at
2242 °C.

The extinction coefficients used for the estimation of the
reaction yields are as follows; 6500 M~ cm~! at ca. 525 nm
for 3BP*, 4600 M-! cm-! at 545 m for BPH, and 10000 M-!
cm-! for BP™ around 700 nm. Detailed discussion on the
determination of the extinction coefficient of each species
was presented in the previous paper.6)

Results and Discussion

As mentioned in the introductory section, there
exist at least three pathways leading to the ion pair
formation: (1) the excitation of the weak CT complex
formed in the ground state, (BP~---DMA™)com, (2) the
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electron transfer (ET) reaction between the excited
singlet benzophenone (1BP*) and DMA, YBP-..
DMA*)enc, and (3) the ET reaction between 3BP* and
DMA, 3BP~---DMA*)en.. It is of crucial importance
to get precise information on the role played by each
ion pair for the elucidation of the reaction mecha-
nisms of the photoreduction processes of benzo-
phenone.

In the following, first, we examine the reaction of
3BP* with DMA leading to the ketyl radical formation
and make clear the role of the triplet ion pair in this
reaction. Second, we demonstrate the CT complex
formation between BP and DMA in the ground state
and the dynamic behaviors of this complex in its
excited state. Third, we show results obtained by
femtosecond laser photolysis, where the ET reaction
of 1BP* and DMA is discussed. Finally, we discuss
the differences among the reactivities of 1BP*, 3BP*,
and three kinds of ion pairs by integrating the experi-
mental results obtained here.

1. Photoreduction Processes of 3BP* by DMA in
Acetonitrile Solution. Figure 1 shows the time
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Fig. 1. Time-resolved transient absorption spectra
of BP(0.01 M)-DMA(0.05 M) system in acetonitrile
solution excited with a picosecond 355 nm laser
pulse.
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resolved transient absorption spectra of BP(0.01 M)-
DMA(0.05 M) (1 M=1 mol dm-3) system in acetonitrile
solution excited with a picosecond 355 nm laser pulse.
A transient absorption spectrum with an absorption
maximum at 525 nm, which is assigned to 3BP*,22
decreases with increase of the delay time after the
excitation and new bands at 475 nm, 545 nm, and ca.
700 nm appear. These new absorption bands can be
assigned to each species as follows; the 545 nm band to
BPH,52% the 475 nm band to DMAT,24 and that at 700
nm to BP-,2 respectively. The transient absorption
spectra in Fig. 1 indicate that 3BP* gradually evolves
with increase of the delay time into BPH formed by
the hydrogen abstraction reaction and 3(BP~---DMA™)
produced through the electron transfer reaction.

In Fig 2, we exhibit the time profiles of 3BP*, BPH
and 3BP~---DMA), which were obtained by analys-
ing the observed spectra into these three components
on the basis of their individual reference spectra. In
this figure, the ordinate represents the concentration
of the individual species calculated by using each
extinction coefficient given in the Experimental. As
shown in this figure, the decay time of 3BP* coincides
with the rise time of BPH radical and the yield of BPH
from 3BP* was obtained to be 0.73. The concentra-
tions of ion pairs also show gradual increase along
with the decay of 3BP*.  Since the observed rise of the
photoconductivity was nearly equal to the response of
the apparatus (a few ns), the absorption signal
ascribed to ionic species in a few ns after the excitation
is mainly due to the dissociated ions. The yield of
the ionic dissociation was 0.17.

We have examined also the solution of BP in ace-
tonitrile containing DMA of higher concentration (0.3
M) by picosecond laser photolysis exciting with 355
nm laser pulse (Fig. 3). As can be observed in Fig. 3,
the concentration of 3BP* with its absorption maxi-
mum at 525 nm decreases and that of BPH radical
with its absorption maximum at 545 nm increases
with increase of the delay time after the excitation. It
should be noted here that the transient absorption
spectrum at early stage after the excitation shows a
rather large amount of the absorption signal due to
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Fig. 2. Time profiles of 3BBP* (O), BPH (@), and BP~
and DMA™ (A) of BP(0.01 M)-DMA(0.05 M) system
in acetonitrile solution excited with a picosecond
355 nm laser pulse (see text).

Femtosecond-Picosecond Laser Photolysis Studies on the 3387
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Fig. 3. Time-resolved transient absorption spectra
of BP(0.01 M)-DMA(0.3 M) system in acetonitrile
solution excited with a picosecond 355 nm laser
pulse.
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Fig. 4. Time profiles of 3BP* (O), BPH (@), and BP~
and DMA™ (A) of BP (0.01 M)-DMA(0.3 M) system
in acetonitrile solution excited with a picosecond
355 nm laser pulse (see text). Solid lines are calcu-
lated curves based on Scheme 1(a), and on Scheme
2(b) (see text).
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(BP~---DMAY) compared to that observed in the solu-
tion containing 0.05 M DMA. This rapid production
of ion pairs is partly due to the formation of }(BP~--
DMA*)enc, via the electron transfer reaction between
IBP* and DMA, and the formation of 1(BP~--
DMA™*)eom, by the excitation of the CT complex
formed in the ground state. More details on these
species will be described later.

Figure 4 shows the time profiles of three kinds of
transient species, 3BP*, BPH, and ion pairs, obtained
by the analysis of the spectra in Fig. 3 with the same
method as used in the analysis of the spectra in Fig. 1.
Solid lines in Fig. 4(a) exhibit the calculated curves on
the basis of the following reaction scheme,

SBP*+ DMA — 3(BP™---DMA*)en. — BP5+DMAY

(BPH"---DMA’) - BPH' + DMA"
Scheme 1.

where DMA' indicates the neutral radical produced
after the abstraction of a hydrogen atom from DMA.
We can see clearly from the results in this figure that
rise of BPH radical is slower than the decay of 3BP¥,
and the time profiles of 3BP* and BPH radical cannot
be reproduced consistently by the calculated curves
based on the Scheme 1. Accordingly, the mechanism
of Scheme 1 is not adequate to the reaction of 3BP*
with DMA in acetonitrile solution, although this
direct abstraction mechanism competing with the ion
pair formation was suitable for the hydrogen abstrac-
tion process of 3BP* from diphenylamine.16)

On the other hand, the time profiles calculated on
the basis of the Scheme 2 are indicated in Fig. 4(b).

3BP*+ DMA —3BP~--DMA™)en. — BP5+DMAT

(BPH"--DMA’) - BPH' + DMA'
Scheme 2.

Scheme 2 represents the successive mechanism for the
hydrogen atom transfer; the ion pair produced by the
electron transfer proceeds to proton transfer reaction
competing with the ionic dissociation process. The
parameters for the transient species such as the life-
time of the triplet ion pair and reaction yields of the
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proton transfer and the ionic dissociation were deter-
mined respectively in such a manner that the time
profiles of 3BP*, BPH radical, and the ion pair were
consistent with each other. In addition, parameters
such as the lifetimes of the singlet ion pairs, their
initial yields, and their proton transfer reaction yields
were also included in this curve fitting-procedure.
More details on the singlet ion pairs will be described
in the later part of this paper.

As shown in Fig. 4(b), the time profile of each
species is well reproduced by the calculated curve
based on the Scheme 2. The lifetime of 3(BP~---
DMA*)enc was 130 ps, and the reaction yield of the
proton transfer and that of the ionic dissociation were
0.75 and 0.22, respectively. These reaction yields
were in accordance with those obtained for the solu-
tion containing 0.05 M DMA (Fig. 1 and 2). In this
way, the consecutive reaction mechanism (Scheme 2)
for the reaction of 8BP* with DMA in acetonitrile was
found to fit the observed time profiles over a wide
range of DMA concentration.

The lifetime of the ion pair, reaction yields and rate
constants for the proton transfer and the ionic dissoci-
ation in acetonitrile solution with various concentra-
tions of DMA, which were obtained by this curve-
fitting procedure, are listed in Table 1. Results in
this table show clearly that similar values were
obtained for the ion pair lifetime and the reaction
yields over a wide range of the DMA concentration.
This fact indicates that the reaction mechanism for the
hydrogen abstraction reaction of 3BP* from DMA in
acetonitrile solution can be described by Scheme 2.
In addition, the rate constant for the ionic dissocia-
tion, 1.4X10° s-1, was similar to those obtained for a
number of organic radical ion pairs produced by the
electron transfer at encounter collision.28) This result
also shows that the values of the lifetime and reaction
yields of 3(BP~---DMA™). obtained by this analysis
and the extinction coefficients used here are
appropriate.

Peters et al. also reported the results of the pico-
second laser photolysis studies!? on the photoreduc-
tion process of the excited benzophenone by DMA in
acetonitrile solution. Although the reaction scheme
concluded from the results in the present work is

Table 1. Properties of 3(BP~ - DMA™)en, in Acetonitrile Solutions with Various Concentrations

of DMA. 1t Lifetime, ¢pr and kpr: Reaction Yield and Rate Constant of the Proton Transfer,
¢ and kip: Reaction Yield and Rate Constant for the Ionic Dissociation

[DMA] T/ps drr ¢ kpr/s71 kin/s1
0.05M 150 0.73 0.17 4.9X10° 1.1X1090

0.1 M 150 0.72 0.18 4.9X10° 1.2X10°
0.3 M 130 0.75 0.22 5.8X10° 1.7X109
0.6 M 140 0.76 0.21 5.4X109° 1.5X10°
1.0M 120 0.73 0.16 6.1X109° 1.3X10°
Average (140£13) 0.7410.016 0.19+0.026 (5.410.51)X109 (1.4£0.23)X10°
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similar to theirs, the ion pair lifetime and reaction
yields obtained by them are quite different from ours.
This is because they ignored the contribution of the
singlet ion pairs to the reaction even in the very
concentrated solution of DMA (1.0—5.0 M). This
problem of the singlet ion pairs will be discussed in
detail in the later part of this paper.

In any way, the hydrogen abstraction of 3BP* from
DMA in acetonitrile solution can be described by the
reaction mechanism of Scheme 2 which is different
from the mechanism of the reaction where the diphen-
ylamine is used as hydrogen donor.® This differ-
ence may be ascribed to the difference in the structure
between the secondary and tertiary amine. In addi-
tion, the structure of the intermediate ion pair state,
which depends on the oxidation potential of the
amine and the solvent, may affect the reaction mecha-
nism. For example, the hydrogen abstraction of
3BP* from DMA in 2-propanol was found to be des-
cribed by the reaction mechanism of Scheme 1.27

2. Excited State Dynamics of the Weak CT Com-
plex Formed in the Ground State. Figure 5 shows
the ground state absorption spectra of BP (0.05 M) and
DMA in acetonitrile. The absorbance in the wave-
length region longer than 350 nm, especially the
absorption tail in the region longer than 380 nm,
increases with increase of concentration of DMA.
This change of absorption spectrum can be attributed
to the weak CT complex formation between BP and
DMA in the ground state, since the excitation at the
absorption tail leads to the rapid formation of the ion
pair, (BP~---DMA™*)com (see Fig. 6). The equiriblium
constant of this complex formation, K,, was estimated
to be 0.1—0.5 by Benesi-Hildebrand plot.

Wavelength (nm)

500

Absorbance

a:BP(0.01M)in acetonitrile
b: neat DMA
c: BP in neat DMA

Fig. 5. Effect of DMA concentration on the ground
state absorption of benzophenone in acetonitrile.

Femtosecond-Picosecond Laser Photolysis Studies on the
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Fig. 6. Time-resolved transient absorption spectra
of BP(0.5 M)-DMA(1.0 M) system in acetonitrile
excited with a picosecond 397 nm laser pulse.

In Figure 6, we show transient absorption spectra of
BP (0.5 M)-DMA (1.0 M) system in acetonitrile solu-
tion excited with a picosecond 397 nm laser pulse.
The irradiation at this wavelength selectively excites
the ground state complex as can be seen from Fig. 5.
This figure indicates that a broad absorption spec-
trum with an absorption maximum around 740 nm
arises immediately after excitation, followed by rapid
decrease. This absorption spectrum was safely
assigned to BP~ on the basis of the absorption maxi-
mum and the spectral shape.?s) Hence, the absorp-
tion spectra in Fig. 6 indicate that the excitation of the
CT complex gives the transient ion pair state which
undergoes rapid charge recombination (CR) decay.
The decay process was confirmed to obey the first
order kinetics and the time constant was determined to
be (85%3) ps. After the decay of the ion pair, no
absorption due to BPH was detected. The yield of
the ionic dissociation was estimated to be <3%.
Accordingly, the CR process is the dominant pathway
in the decay of the ion pair {BP~---DMA*)com. It has
been reported that the peak position of BP~ absorp-
tion moves depending on the structure of the ion pair
and the degree of solvation.2829 In the present study,
however, no spectral shift of BP~ absorption was
observed in the course of the CR decay. Therefore, it
may be concluded that the structure of the present ion
pair is unchanged in this recombination process.
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Summarizing above results, we may conclude that the
ion pair produced by the excitation of the weak CT
complex formed in the ground state, (BP~--
DMA™*)com, results in the rapid CR decay without
proton transfer or effective ionic dissociation.

The rapid recombination of the ion pair produced
by the CT band excitation without proton transfer
reaction can explain the following experimental
results concerned with the yield of BPH radical.
First, it has been widely known that the increase of the
concentration of the amine reduces the yield of benzo-
pinacol which is the final product formed by reaction
between BPH radicals.” This well-known fact is
interpreted by the present picosecond experimental
results that the increase of the amine concentration
facilitate the formation of the CT complex whose
reaction yield of BPH formation is practically zero.
Second, Pac et al. concluded on the basis of the analy-
sis of the photoproduct that the excitation at the CT
band of the complex between the BP and some amines
results in no permanent products formation.3® This
result can be also explained by taking into account the
short-lived transient ion pair produced by the CT
band excitation. The structure of this ion pair state
and dependences of the reactivity and the lifetime of
the ion pair on its structure will be discussed later.

3. Photoreduction Processes of 1BP* by DMA in
Acetonitrile Solution. In addition to the charge sep-
aration through the excited CT complex, the ion pair
formation at encounter in the fluorescence quenching
reaction of !BP* was also effective in the concentrated
solution of amine.1®

Prior to the discussion on the electron transfer pro-
cess of 1BP*, we show results of our measurements on
the Sp«S; absorption spectrum and the intersystem
crossing (ISC) process of benzophenone in Fig. 7,
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Fig. 7. Time-resolved transient absorption spectra

of BP(0.05 M) in acetonitrile (a), and in isooctane
(b), measured by exciting with a 500 fs 355 nm laser
pulse.
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where the time resolved transient absorption spectra of
BP in acetonitrile (a), and in isooctane (b) excited with
a 500 fs 355 nm laser pulse are exhibited. The tran-
sient absorption spectrum with an absorption maxi-
mum around 575 nm was observed immediately after
the excitation in each solution. With increase of the
delay time after the excitation, the absorption spec-
trum with a peak at ca. 525 nm increases. The latter
can be safely assigned to the T,« T absorption spec-
trum of benzophenone on the basis of the coincidence
of the absorption maximum and spectral shape to the
T« T, absorption spectrum which we have observed
in each solvent.1®)

On the other hand, the former spectrum observed
immediately after the excitation may be ascribed to the
Sn«S1 transition of benzophenone on the following
reasons. First, this absorption spectrum appeared
with the time constant almost identical with the
response function of the apparatus. Second, this
absorption spectrum was gradually converted into
the T,«T: absorption spectrum and the time con-
stant for this change was independent of the wave-

Absorbance (0.1/div.)

]
500 600
Wavelength (nm)

Fig. 8. Time-resolved transient absorption spectra
of BP(0.05 M)-DMA(1.0 M) system in acetonitrile,
measured by exciting with a 500 fs 355 nm laser
pulse.
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length. The rise time of the Tp«T: absorption
(intersystem crossing (ISC) time) was obtained to be
(9%2) ps in acetonitrile solution and (16x2) ps in
isooctane solution, respectively. These values are
very close to the ISC rates obtained previously3! by
picosecond laser photolysis. The extinction coeffi-
cient of the S,«S; absorption at 575 nm was estimated
to be (36001£450) M-1cm-! by using the following
values; 1.0 for the quantum vyield of ISC and 6500 M-!
s-1 for the extinction coefficient of the T« T; absorp-
tion at 525 nm, respectively.

Figure 8 shows the time resolved transient absorp-
tion spectra of BP-DMA (1.0 M) in acetonitrile solu-
tion excited with a femtosecond 355 nm laser pulse. A
transient absorption spectrum at 1 ps after the excita-
tion clearly indicates absorption maxima at 470 nm
and 575 nm. In addition to these two peaks, a broad
absorption whose intensity increases toward longer
wavelength region than 600 nm is also observed. The
band with a maximum at 575 nm can be ascribed to
the S,«S; transition of BP. On the other hand, the
absorption band at 470 nm and the broad absorption
with increasing intensity toward longer wavelength
than 600 nm are respectively assigned to DMA™* and
BP~ in the ion pair. This rapid formation of the ion
pair is due to the excitation at the CT band overlap-
ping the ground state absorption band of free BP, as
stated in the previous section. With increase of the
delay time, the absorption at 575 nm decreases and the
absorption due to the ion pair gradually increases
together with the increase of a new band at 525 nm

(a)

Absorbance (0.04/div.)

0 50 100
TIME (ps)

Fig. 9. Time profiles of transient absorbance of
BP(0.05 M)-DMA(1.0 M) system in acetonitrile
excited with a 500 fs 355 nm laser pulse and
observed at 575 nm (a), 670 nm (b), and 525 nm (c).
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which is due to 3BP*.

Time profiles of transient absorbance at 575 nm, 670
nm, and 525 nm are exhibited in Fig. 9. The absor-
bance at 575 nm corresponding to the absorption
maximum of !BP* appears within the time resolution
of the apparatus, followed by a rapid decay with time
constant of (5.0+1.0) ps and a much slower decay
whose time constant is longer than a few tens of
picoseconds. The former (rapid decay) can be attrib-
uted to the quenching process of !BP* by amine and
the latter (slow decay) may be due to the decay of 3BP*
and 1on pairs with their absorption bands overlapping
at this wavelength. The lifetime of 1BP* was reduced
to 5.0 ps in 1.0 M DMA solution compared to the
much longer lifetime of 9.0 ps of the amine free
solution. On the other hand, the time dependence of
the ion pair monitored at 670 nm shows the rapid rise
of absorbance within the response of the apparatus
and further increase during ca. 10 ps, followed by the
decrease with the time constant longer than a few tens
of picoseconds. The rapid formation of the ion pair
within the response of the apparatus is due to the
excitation of the CT complex between BP and DMA
formed in the ground state. On the other hand, the
slower rise of the absorbance during ca. 10 ps may be
attributed to the ion-pair production at the encounter
of 1BP* and DMA, since the time constant of this rise
of absorbance, (4.8%0.5) ps, is almost identical with
the decay time of 1BP*.

It should be noted here that the quenching rate
constant of !BP* by DMA is fairly large. The appli-
cation of the simple analysis assuming the usual
bimolecular reaction vyields the rate constant of
1.1X1011 M-1s-1 which is 5 times larger than the
diffusion-controlled rate constant, 2.0X101° M-1s-1in
acetonitrile. Such a rapid reaction process in solu-
tion, which is called transient effect or nonstationary
quenching, is effective in the case where the concen-
tration of the quencher is high and the stationary
bimolecular reaction rate is large. Taking the pres-
ent experimental condition and the strength of the
interaction between BP and DMA into account, this
large rate constant for the quenching may be attrib-
uted to the rapid reaction of 1BP* with the neighbor-
ing DMA which has suitable oorientations for the
electron transfer.

Time profile of the absorbance of 3BP* monitored at
525 nm is shown in Fig. 9(c), indicating that the rapid
increase of the absorbance immediately after the exci-
tation followed by slower rise and much slower decay
of the absorbance. From Fig. 8, we can see clearly
that the rapid rise at this wavelength may be attributed
to the contribution from the absorbances of !BP* and
YBP~---DMA*)cm and slow rise during ca. 10 ps to the
ISC of !BP* to produce 3BP*. The much slower
decay of the absorbance may be due to the quenching
process of 3BP* and the recombination of ion pairs.
The rise time of 3BP*, (4.5£0.5) ps, was identical with
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the decay time of 'BP* within the experimental error
and with the formation time of YBP~---DMA" ),
which indicates that the formation of 8BP* by ISC and
the electron transfer process is taking place competi-
tively in 1BP*.

Integrating above experimental results, we can sum-
marize the electron transfer process of excited benzo-
phenone in short time region as follows.

5
1(BP~---DMA*)eom IBP*+DMA 23 1(BP~... DMA+)ene

hv] § oo lh” SBP*+DMA

Scheme 3.

In this scheme, the ion pair produced by the excitation
of the CT complex formed in the ground state, (BP~--
DMA™)com, is discriminated from the ion pair pro-
duced at encounter of BP* with DMA, (BP-
“DMA™)ene. More detailed discussions on the differ-
ence between two kinds of ion pair will be given later.

By the analysis of the spectrum immediately after
the pulsed excitation into two components, !BP* and
Y{(BP~---DMA™")cm and dividing each spectrum by the
respective extinction coefficient, the fraction of the ion
pair produced by the CT band excitation was obtained
to be 0.30 and that of !BP*,0.70. The yield of }(BP~---
DMA™)eom was fairly large, and it was concluded that
about half of 1BP* resulted in the ion pair formation
by encounter with DMA and remaining part of !BP*
was converted into 3BP*, on the basis of the change of
the lifetime of 'BP* and the concentration of each
species obtained by the transient absorption spectrum.
Consequently, only 35% of the absorbed energy was
used to produce 3BP* in the acetonitrile solution
containing 1.0 M DMA in the case of 355 nm
excitation.

In order to elucidate dynamic behaviors and reac-
tion yields of }(BP~---DMAT)., transient absorption
spectra of the acetonitrile solution containing 1.0 M
DMA were measured by exciting the solution with
picosecond 355 nm laser light (Fig. 10). A large
amount of transient absorption due to ion pairs was
clearly observed immediately after the excitation.
This rapid ion pair formation is mainly due to the
excitation of the CT complex and to the ET reaction
between !BP* and neighboring DMA. With the
increase of the delay time after the excitation, the
absorbance due to ion pairs decreases and reaches a
plateau value which is due to the dissociated free ions
as stated already in the previous sections.

In Fig. 11, we show the time profiles of 3BP*, BPH
radical, and ion pair absorbance, which were obtained
by the analysis of the observed spectra into these
components. It should be noted that the time profile
of the ion pair absorbance comprises contributions
from three kinds of ion pairs and dissociated ions. As
indicated above, the initial yields of {(BP~---DMA™)ey,
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Fig. 10. Time-resolved transient absorption spectra
of BP(0.01 M)-DMA(L.0 M) system in acetonitrile
solution, excited with a picosecond 355 nm laser
pulse.
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Fig. 11. Time profiles of 8BP* (O), BPH (@), and

BP~ and DMA® (A) of BP(0.01 M)-DMA(1.0 M)
system in acetonitrile solution excited with a
picosecond 355 nm laser pulse.

YBP~---DMA*)com, and 38BP* were determined by the
femtosecond laser photolysis, respectively. In addi-
tion, the reaction pathways have been elucidated and
their rate constants have been determined respectively
for 3BBP* and }(BP~--DMA*)com. Taking these values
into account, we analyzed time profiles by the curve-
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Table 2. Properties of the Singlet Ion Pair, }(BP~ -+ DMA™)ey, in Acetonitrile Solutions with Various
Concentrations of DMA. t: Lifetime, ¢pr and ker: Reaction Yield and Rate Constant of the Proton
Transfer, ¢ip and kip: Reaction Yield and Rate Constant of the Ionic Dissociation, ¢cr
and kcr: Reaction Yield and Rate Constant of the Charge Recombination

[DMA] /ps drr ¢ ber kpr/s71 kip/s™1 kcr/s7t
0.1 M 420 0.30 0.40 0.30 7.1X108 9.5X108 7.1X108
0.3 M 550 0.27 0.50 0.23 4.9X108 9.1X108 4.2X108
0.6 M 460 0.33 0.45 0.22 7.2X108 9.8X108 4.8X108
1.0 M 420 0.30 0.40 0.30 7.1X108 9.5X108 7.1X108
Average  (460£60) 0.30+£0.024 0.44:0.048 0.260.043 (6.6+1.1)X108 (9.5+0.03)X108 (5.8+1.5)X108

Table 3. Dependence of the Reaction Rate Constants
of the Ion Pairs upon the Mode of Its Production

kpr/s™1 kip/s™1 ker/s™1t
3(BP~ - DMA ™ )enc 5.4X10° 1.4X10° —
Y{BP~+» DMA* )enc 6.6X108 9.5X108 5.8X108
YBP- -+ DMA*)com <108 <4X108 1.1X1010

fitting method, where the lifetime and the reaction
yields of }(BP~---DMAT).,. were varied as parameters.
The solid lines in Fig. 11 were calculated by assuming
that the lifetime, the reaction yield of the proton
transfer, and the ionic dissociation yield of Y(BP~--
DMA*)en. were 420 ps, 0.3, and 0.4, respectively. The
solid curve for ion pairs in this figure includes contri-
butions from Y(BP~---DMA+)com, {(BP~---DMA*)cs, and
3(BP~---DMA™)cnc, and the calculated time profile for
BPH radical also includes contributions from two
formation pathways via }(BP~---DMA™*).,c and 3(BP~--
DMA)ene.

As indicated in Fig. 11, the experimental values
were reproduced by the calculated time dependences,
and further, parameters for Y{BP~---DMA™)c.. were
almost independent of the concentration of DMA as
shown in Table 2. The averaged lifetime, and the
reaction yields for the proton transfer, the ionic disso-
ciation, and the charge recombination for }(BP~--
DMA™)ene were 460 ps, 0.30, 0.44, and 0.26, respectively.

In Table 3, we list the rate constants for the proton
transfer, kpr, the 1onic dissociation, kip, and the charge
recombination, kcr, for these three kinds of ion pairs.
The rate constant for the charge recombination of
3(BP~---DMA™)enc is not listed in this table, since this
process has very small contribution, and hence, it was
rather difficult to quantitatively determine the rate
constant. The reaction rate constant for each process
in Table 3 is quite different from each other depend-
ing on the mode of the production of the ion pair.
This result indicates that the structure of the ion pair
is different from each other and it does not change
during its lifetime. In the following, we discuss the
difference in detail.

4. The Difference of the Reactivity between the
Singlet Ion Pairs Depending on the Mode of Their

Production. As it is demonstrated above, the dynamic
behaviors of the ion pair produced by the excitation of
the CT complex formed in the ground state, {(BP~---
DMA*)com, was quite different from that produced by
the electron transfer between BP* and DMA at
encounter }BP~--DMA%)e.. This result is closely
connected with the recent investigations which dem-
onstrate the large difference in the dynamic behaviors
of ion pairs (IP) of various donor acceptor systems
depending on the mode of their production.21%26 In
those studies, charge recombination (CR) rate of IP
produced by the excitation of the CT complex and its
dependence on the energy gap between the IP state
and the ground state, AG%,, have been examined in the
case of various CT complexes covering a wide range of
the energy gap by using femtosecond and picosecond
laser photolysis. By these investigations, it has been
revealed that the CR rate of IP produced by the CT
complex excitation shows an essentially different
energy gap dependence from the bell shape one
obtained in the case of IP formed by charge separa-
tion at encounter in the fluorescence quenching reac-
tion.2-426)  Further, the CR rate of IP produced by the
CT complex excitation has been confirmed, in
general, to be greater than that of IP formed by charge
separation at encounter for the same donor (D) and
acceptor (A) pair in acetonitrile.

From these findings, it has been suggested that the
structure of IP’s including the surrounding solvent is
different from each other; the compact or contact ion
pair (CIP) probably with no intervening solvent mole-
cule between A~ and Dt would be produced in the case
of the excitation of the CT complex, while more loose
IP (LIP) with intervening solvent molecules between
A~ and D (solvent-separated IP, SSIP) may be formed
in the CS at encounter in the fluorescence quenching
reaction. Moreover, from the results of those investi-
gaitons, it has been concluded that the structures of
these IP’s could be maintained at least during several
hundreds of picoseconds.

As described above, quite similar result has been
obtained also in the present study on BP-DMA sys-
tem. The CR rates of each ion pair have been
obtained to be 1.1X1010 s-1 for }(BP~---DMA™*)com, and
5.8X108 s-1 for Y(BP~---DMA™), respectively. The



3394 Hiroshi Mivasaka, Kazuhiro Morita, Kenji Kamapa, and Noboru MaTtaca

tendency in the dependence of the CR rate on the
mode of the production was similar to those various
DA pairs. Moreover, the energy gap dependence of
CR rate of the ion pair produced by the CT complex
excitation,!” predicts that the CR rate of the ion pair
formed by the CT complex excitation, whose energy
gap is similar to that of (BP~---DMA™) ion pair, —2.5
eV, is in the order of 10 s-1.  The CR rate of 1(BP~--
DMA1)com, 1.1X010 s-1 is in a good agreement with it.
Therefore, from the viewpoint of the AG$, dependence
of the recombination rate, the behavior of the present
{(BP~---DMA™)com is considered to be typical of the IP
produced by the excitation of the CT complex.
Hence, along with the interpretations presented for
the IP’s produced by excitation of various CT com-
plexes, it is suggested that the present ion pair, }(BP~---
DMA)com, has a rather rigid structure which cannot
reorient to take a suitable structure for the proton
transfer before the recombination, while 1(BP~...
DMA™)ene produced by the electron transfer between
1BP* and DMA at encounter has rather loose structure
and, as a consequence of the difference in the structure
and interaction between Dt and A~ in the IP, is long-
lived to form the suitable geometry for ketyl radical
production.

Concerning the structure of the ion pair and its
relation to the proton transfer between BP~ and
DMATY in the IP, Peters and coworkers concluded that
the electron-transfer reaction leading to the formation
of the SSIP was followed by the change of the structure
to the CIP where BPH formation by proton transfer
took place.1? This conclusion was based on the
experimental results that the absorption maximum of
BP~ was blue-shifted with increase of the delay time
after the excitation. In their interpretation, the
absorption band of BP~ with a maximum at 720 nm
was assigned to the SSIP and that at 690 nm to the
CIP. It should be noted that they derived above
conclusion by assuming that the electron-transfer
reaction took place exclusively at the encounter of
8BP* with DMA in concentrated solution (1—5 M),
where, however, various kinds of ion pairs were pro-
duced according to our investigations.

In order to elucidate the mechanism responsible for
this spectral shift, we have examined the transient
absorption spectra of BP(0.01 M)-DMA(1.0 M) system
in acetonitrile solution by picosecond 355 nm laser
photolysis as shown in Fig. 12. We have observed
time dependent shift of the spectral peak, which has
reproduced the previous measurements.’2 However,
the spectrum observed immediately after the excita-
tion involves the contributions from the ion
pair produced by the excitation of the CT complex,
YBP~---DMA™)com, and from that formed by the elec-
tron transfer reaction between !BP* and DMA, Y(BP~--.
DMA*)enc. Moreover, the BP~ band in the spectrum
observed at a few ns after the excitation is due to the
dissociated free ion. Therefore, in order to elucidate
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Fig. 12. Time-resolved transient absorption spectra
of BP(0.01 M)-DMA(1.0 M) system in acetonitrile
solution in longer wavelength region, excited with
a picosecond 355 nm laser pulse.
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Fig. 13. Time-resolved transient absorption spectra
of BP(0.01 M)-DMA(1.0 M) system in acetonitrile
solution in longer wavelength region, excited with
a picosecond 355 nm laser pulse. Contribution of
}(BP~--DMA*)com is removed (see text).
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the mechanism of the spectral shift, the contribution
of the absorption band of (BP~---DMA*)com should be
removed, since }(BP~---DMA*)com shows an absorption
maximum at 740 nm and during the decay process, no
spectral shift can be observed (see Fig. 6). Figure 13
shows the transient absorption spectra of the same
solution, where, however, the spectrum due to }(BP~--
DMA™*)eom was subtracted from Fig. 12 in such a
manner that the initial yield of }(BP~---DMA*)com and
the decay time constant (85 ps) were set to those
indicated in Scheme 3. In Fig. 13, such a clear spec-
tral shift as in Fig. 12 can not be observed, though the
rather broad absorption spectrum of BP~ observed
immediately after the excitation gradually changes its
spectral shape to a sharper one. Accordingly, it may
be concluded that the observed spectral shift is mainly
due to the decay of the absorption band of }(BP~--
DMA™*)com as well as the production of the dissociated
ions. It should be emphasized here that the absorp-
tion band of BP~ with peak at 690 nm should not be
ascribed to the contact ion pair, since the blue-shifted
absorption observed at a few ns after excitation is due
to the dissociated BP~.

Integrating above results and discussions, it may be
concluded that the ion pair which is produced by the
CT band excitation and whose structure is suggested
to be a contact form shows an absorption maximum at
longer wavelength region (740 nm), while the disso-
ciated BP~, }(BP~---DMA™ )¢, and 3(BP~-.-DMA) show
maximum around 690—710 nm. The fact that the
absorption maximum of (BP~---DMA¥)e, and that of
3BP~---DMA™)ey is close to that of the free BP~ ion
but is different from that of (BP~---DMA)com strongly
suggests that the solvation structure of the ion pair
produced at encounter is closer to that of free BP~ than
that of {(BP~---DMA*)com.

5. The Difference of the Reactivity between 3(BP~---
DMA*t)enc and Y(BP~---DMA1)enc. As stated in pre-
vious sections, the reaction mechanism of the ketyl
radical formation in the case of BP-DMA system has
been confirmed to be the successive process of IP
formation followed by proton transfer not only in the
case of the hydrogen abstraction of 3BP* but also 1BP*.
However, their reaction rate constants are quite differ-
ent from each other. The large difference of the
charge recombination rate constant, kcr, between two
kinds of ion pairs can be ascribed to the difference of
the spin multiplicity of the ion pair. On the other
hand, the rate constant of the proton transfer, kpr, of
3(BP~---DMA*)enc was almost 8 times as large as that of
Y{BP~---DMA™).,, which cannot be ascribed solely to
the difference of the spin multiplicity. This differ-
ence of kpr between the two kinds of IP’s may be
related also to the difference of the structure of the ion
pair such as the mutual distance and the orientation of
ions in the pair including the surrounding solvents.
Although it is rather difficult at the present stage of
the investigation to give any definite conclusion on
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the structures of these ion pairs, it is plausible that the
ion pair produced through the electron transfer reac-
tion between !BP* and DMA has a more specific
structure since the electron transfer process between
them is mainly due to the nonstationary quenching
and, as a consequence, the mutual distance and the
orientation of ions in the pair may be somewhat
different from those of the ion pairs produced via the
stationary diffusion process. In addition, the differ-
ence of electronic structure of 1BP* from 3BP* may
affect to some extent the mutual configurations
between donor and acceptor at the encounter.

Especially, the rate constant for the ionic dissocia-
tion process seems to reflect directly the structure of
the ion pair and the attractive interaction between two
oppositely charged species, since this process is
regarded as the thermal diffusive motion of ions in the
Coulombic field in the classical sense where the ions
are treated as small charged spheres in the dielectic
fluids. According to this classical description, decrease
of the rate constant may be interpreted as the decrease
in the distance between two charged particles. It
should be noted that this description is a very approxi-
mate one and more detailed structures such as mutual
orientations of actual molecular ions including the
surrounding solvents should be included in the inter-
pretations of the difference in kip. In spite of these
limitations, the variation of kip depending on the
mode of the ion pair formation directly suggests the
difference of the structure of the ion pair and indicates
that the ion pair which has small dissociation rate
constant may have rather tight structure.

In addition to this, the geometric requirement for
the proton or the hydrogen atom transfer processes
seems to be more severe compared to that for the
electron transfer reaction, since the conformatinal
requirement for the latter process is dependent on the
electronic molecular orbital spreading over a rather
wide region, while the sites for the transfer of proton
or hydrogen in the donor and the acceptor are limited
within the narrow region. Hence, the difference in
the structure of the ion pair seems to strongly affect
the proton transfer probability.

It is worth noting that ker increases with increase of
kip in the three kinds of ion pairs as listed in Table 3.
As discussed above, the ion pair which has large kip
seems to have a rather loose structure and, accord-
ingly, may be able to undergo a small change of
mutual orientations of ions in the pair, which will
facilitate the proton transfer to some extent.

6. The Different Reaction Mechanism Depending
on the Nature of the Amine. As discussed above, the
mechanism of the hydrogen abstraction of 3BP* from
DMA in acetonitrile solution is the successive reaction
as given by the Scheme 2, while the hydrogen abstrac-
tion process of 3BP* from DPA was the direct abstrac-
tion competing with the production of the stable ion
pair.’®) However, we have confirmed that the reac-
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tion mechanism of the hydrogen abstraction of 3BP*
from DMA in 2-propanol is not the successive one but
can be described by the direct abstraction mechanism.
Moreover, we have made also more systematic studies
concerning effects of various factors upon the photo-
chemical primary process of benzophenone-amine
systems in various solvents of different polarities.
That is, we have examined the effect of the oxidation
potential of amine, the effect of the difference in
primary, secondary and tertiary amine, and the effect
of changing the reduction potential of benzophenone
by substitution in phenyl rings on the reaction mecha-
nisms. Results of these investigations indicate the
crucial importance of the transient charge transfer
interaction in a short-lived intermediate formed in the
excited benzophenone-amine systems as the factor
determining the reaction mechanism. Nevertheless,
the transient charge transfer or electron transfer inter-
action in the excited benzophenone-amine systems can
lead to quite different result in the hydrogen abstrac-
tion reaction depending upon the mutual distance
and configurations of reactants pair in the interme-
diate state as we have discussed in some detail in the
above sections in the case of benzophenone-DMA
system and also upon the nature of amine including
its oxidation potential and difference in primary,
secondary, tertiary amine as well as the nature of
solvent.3? It is rather difficult at present to derive a
clear conclusion on the underlying mechanism lead-
ing to such difference in the hydrogen abstraction
reaction depending on the nature of amine and the
solvent. Roughly speaking, it is suggested that the
structure including both reactants at the encounter
collision which is controlled also to some extent by
the nature of the solvent and the oxidation potential
of the amine affects the reaction mechanism.
Concerning the structure and dynamics of the
molecular complex produced through the photoin-
duced charge transfer or electron transfer reaction, it
was reported that the electronic state of the typical
singlet exciplex system such as pyrene-DMA was
strongly dependent on the polarity of the solvent and
this dependence on the solvent polarity was not
accounted for by the meére stabilization of the single
electronic state by the solvation but by the gradual
change of the electronic structure of the complex
depending on the solvent polarity.3® In addition, it
was revealed that the fluorescent exciplex and non-
fluorescent solvated ion pairs was produced competi-
tively, depending upon the solvent polarity, from the
nonrelaxed CT state immediately after the electron
transfer between excited singlet state of pyrene and
DMA.3% Integrating those previous results and the
present ones, it is suggested that the mutual geometry
such as orientation and distance including the sur-
rounding solvent at the encounter between the reac-
tants strongly affect the subsequent behaviors of the
transient charge transfer or the ion pair state. On
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this problem, we are now investigating the system
where mutual configurations are restricted and results
of which will be published in the forthcoming paper.
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