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Photoinduced hydrogen abstraction (HA) processes of 1-(4-anilinophenyl)-2-(4-benzophenoxy)eth-
ane, 1-(4-anilinophenyl)- 3-4-benzophenoxy)propane, and 1-(4-anilinophenyl)- 8- (4-benzophenoxy)octane
(BP-0O-(CH2)n-O-DPA: n=2, 3, and 8) in benzene, acetonitrile, and N,N-dimethylformamide solutions
were investigated by means of picosecond transient absorption spectroscopy. In benzene solution, apparent
mechanism of the hydrogen abstraction reaction was “direct” process and no absorption spectrum of the
charge separated state was observed. The decay of triplet benzophenone moiety (3BP*) was regulated by the
dynamic rearrangement process of the mutual geometry between 3BP* and DPA to a more compact one.

In polar solutions, the electron transfer (ET) from DPA to 3BP™ moiety took place in addition to the
direct HA from DPA by *BP™*. The rate of the ET reaction was regulated mainly by the distance between
the reactant moieties. Moreover, the intra-ion pair (IP) proton transfer (PT) resulting in the HA product
formation was observed, although such PT process in the IP state between the unlinked 3BP* and the
secondary amine was not observed. By integrating the present results on the linked systems with those of
the unlinked systems, the role of the ET or CT interaction in the HA process of 3BP* from the secondary
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amine was discussed.

Electron transfer (ET) and related processes play
fundamental roles of crucial improtance in many pho-
tochemical reactions taking place in condensed phase
and a number of experimental as well as theoreti-
cal investigations have been perfomed from various
viewpoints.—® Hydrogen abstraction reaction of ex-
cited benzophenone (BP*) from aliphatic and aro-
matic amines (AH) in solutions is one of the most
typical reactions closely related to these fundamen-
tal processes.” 2 In general, BP* abstracts hydrogen
from various kinds of compounds, among which the
yields of the reaction with amines are very high and
the rate constants are close to the diffusion-controlled
ones. On the basis of these experimental results, it was
proposed that the stable ion pair (IP) and/or charge
transfer (CT) state between BP* and AH, BP~---AH™,
participate as an important intermediate species in the
hydrogen abstraction.®

#Present address: Department of Polymer Engineering and
Science, Kyoto Institute of Technology, Matsugasaki, Sakyo-
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Hommachi 1-8-4, Nishi-ku, Osaka 550.

The elucidation of the role of ET and/or CT inter-
actions in the hydrogen abstraction of BP*, which is
the main object of the present work, may also provide
significant information on the ET mechanism itself as
pointed out in the following. In general, proton transfer
(PT) and hydrogen atom transfer processes are much
more sensitive to the mutual geometry such as the in-
termolecular distance and orientations of donor (D) and
acceptor (A) than the ET reactions. Hence, the PT
process in the IP state produced by the ET and/or the
hydrogen abstraction reaction with the aid of the CT
interaction may be strongly affected by the structure of
the intermediate transient charge separated states. Ac-
cordingly, investigations on these reactions could pro-
vide conversely the structural information on the tran-
sient charge separated state, its relation to the energy
gap for the charge separation (CS) and the mode of the
IP formation ET at encounter or by excitation of the
ground state CT complex, and so on. Along this line,
we have been performing hitherto picosecond and fem-
tosecond laser photolysis studies on the photoreduction
processes of BP by amines as follows.!5—2%)

It was revealed!®!6:??) that the reaction mechanism
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on the hydrogen abstraction of triplet BP* (3BP*)
from secondary amines such as diphenylamine in var-
ious kinds of solutions at room temperature was repre-
sented by the following scheme.

BP* + AH — (BP™---AHY)
N\
(BPH---A) —» BPH+ A (1)

where BP~ and BPH are anion and ketyl radicals of
BP, and AH* and A are the cation and the hydrogen-
abstracted neutral radicals of AH, respectively. That
is, the hydrogen abstraction reaction and the stable IP
and/or CT state formations compete with each other
at encounter collision. In addition, the PT process in
the stable IP produced by the ET between BP* and
AH does not occur and only the ionic dissociation was
observed in polar solutions.

On the other hand, the mechanism of the hydrogen
abstraction from tertiary aromatic amines in strongly
polar solutions such as acetonitrile was given by,

*BP* +AH — (BP™---AH') - BP™, + AH™,

N
BPH---A —»BPH+A

(2)

where intra-IP PT process took place in competition
with the ionic dissociation terminating in free ions
(BP~5 and AH™).1"1%=21 In addition, it was con-
firmed that intra-IP PT rate was strongly dependent
on the energy gap for CS, —AGgs: with increase of
—AGgs, the PT rate dramatically decreased together
with the slight increase of the rate constant of the ionic
dissociation. These results indicated that the CS proc-
ess took place at longer encounter distance for larger
—AGes, leading to the decrease of the intra-IP PT
rate and increase of the ionic dissociation rate.'®—29 It
should be pointed out here that, for the reasonable in-
terpretations on the energy gap dependence of the CS
reaction between the excited and quencher molecules
at encounter, it is necessary in general to take into
account the donor—acceptor distance distribution and
the dependence of the average distance upon —AGcs,
as demonstrated by detailed theoretical investigations
recently.23—2%

Since the intersystem crossing time constant of ex-
cited singlet state of BP, 'BP*, is very short (ca. 10
ps), studies on the photochemistry of BP has been fo-
cused on the reactions of 3BP*. However, in the con-
centrated solutions of AH as usually employed for the
picosecond laser photolysis studies, CS between BP*
and AH as well as the excitation of the weak CT com-
plex between BP and AH formed in the ground state,
which also results in the production of IP state, are not
negligible. From detailed investigations on the reaction
mechamisms of each IP,'*—21) it was revealed that the
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mode of the production of IP also strongly affected the
subsequent PT rates even if the same AH was used as
hydrogen donor. That is, the IP produced by the ET
between *BP* and AH, IP formed by ET between !BP*
and AH, and IP via the excitation of the ground state
CT complex show dynamic behaviors quite different
from each other. These experimental results strongly
indicate that the mutual geometry between the excited
BP and AH at the CS plays a crucial role in the subse-
quent processes.

On the basis of these findings, we have reconsidered
the difference in the apparent reaction mechanism de-
pending on the structure of amines. Although the ap-
parent mechanism is the “direct” hydrogen abstraction
(HA) process for the reaction of BP* with secondary as
well as primary amines, CT or ET interaction seems
to play an important role in the HA process at en-
counter since the HA reaction yield and the rate con-
stant are much larger in the reaction with primary and
secondary AH than those with other compounds such
as 2-propanol.

In order to elucidate more details of the role of the
ET or CT interaction in the HA of BP* from sec-
ondary amines, we have performed picosecond laser
photolysis studies on the intramolecular reaction proc-
ess in acetonitrile solutions of BP and AH linked
by spacers, where the mutual geometry between BP
and AH is restricted both in the ground state static
configuration and in the course of dynamic proc-
ess in the excited state. The observed results of
photoinduced HA processes of 1-(4-anilinophenyl)-
3-(4-benzophenoxy)propane (BP-0O—-(CHz)3;—O-DPA:
BO30D) and 1-(4-anilinophenyl)-2-(4-benzophenoxy)-
ethane (BP-O—(CH3)2—O-DPA: BO20D) in acetoni-
trile solution®? revealed that almost all BPH produc-
tion was via the PT in the IP state formed by the pho-
toinduced ET in the case of BO20D, as represented by
the following consecutive Scheme 1la.

3BP*-DPA — BP-DPA* — BPH-DPN  (la)

where — represents the spacer, —O—(CHz),—O-, and
DPN is the hydrogen-abstracted neutral radical of DPA.
On the other hand, in addition to the proton transfer
(PT) process in the IP state, direct hydrogen abstrac-
tion process whose time constant was practically iden-
tical with the decay of 3BP* and the rise of the IP state
was observed for BO30D. That is, the apparent pho-
toreduction profile of BO30D was represented by the
hybrid of Scheme la and the following direct reaction
Scheme 2a of the competition between ET and HA.

3BP*~-DPA — BP~-DPA™*

N
BPH-DPN (2a)

The part of the BPH formation via the intra-IP PT in
its whole yield was almost half, 0.51, in BO30OD. These
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results indicated that dependences of ET and the di-
rect HA or intra-IP PT reaction rates on the mutual
distance and orientation of the reacting moieties and
dynamics of changes in those mutual geometries regu-
lated the apparent photoreduction mechanisms of the
linked BP-DPA systems.

On the basis of the above findings, we have con-
ducted more detailed investigations on the photoreduc-
tion processes of the linked BP-DPA systems with re-
spect to the following problems: 1, the solvent polarity
effect which affects the dependences of the ET process
on the mutual geometry,? 2, the solvent viscosity ef-
fect which will regulate the dynamic rearrangement of
the mutual geometry, and 3, temperature dependence
of the photoreduction process which may be related to
both 1 and 2. In the following, by integrating obtained
experimental results with those on the intermolecular
hydrogen abstraction processes and mechanisms of the
general ET phenomena, we will discuss the role of the
ET reaction and/or the CT interaction in the hydrogen
abstraction of BP* from the secondary amine.

Experimental

Apparatus and Samples. A picosecond
laser photolysis system with a repetitive mode- locked
Nd**+: YAG laser was used for transient absorption spec-
tral measurements.?>?®) The third harmonic pulse (355
nm) with 22 ps fwhm was used for excitation. Synthesis
and purification of 1-(4-anilinophenyl)-2-(4-benzophenoxy)-
ethane, (BP—-O—(CH3)2—O-DPA), 1-(4-anilinophenyl)-3-(4-
benzophenoxy)propane (BP-O—(CH2)3—O-DPA) and 1-(4-
anilinophenyl)-8-(4-benzophenoxy)octane (BP—O—(CHaz)s—
O-DPA) were described elsewhere.?” Acetonitrile, benzene,
and N,N-dimethylformamide (DMF) (Merck Uvasol) were
used without further purification. All sample solutions were
deaerated by repeated freeze-pump-thaw cycles. Since the
change of the concentration of the sample from 5x1073
to 2x1072 M (1 M=1 moldm~3) did not affect the time
evolution of the observed spectra, the intermolecular proc-
ess seems negligible in the time regions investigated in the
present work. In order to change the temperature, a hand-
made apparatus combined with the temperature controller
(Neslab, RTE-18) was used.

Extinction Coefficients of the Transient Species.
The extinction coeflicients used for the estimation of the
reaction yields are as follows; 6500 M~'cm™! at 525 nm
for *BP*, 4600 M~'cm™" at 555 nm for BPH, and 31500
M~ 'em™! at 690 nm for the IP state, 3(BP~-.-DPA*). Al-
though detailed discussion on the determination of the ex-
tinction coeflicient of each species was presented in the pre-
vious paper,® it is worth noting here the estimation of the
BP™ extinction coefficient in the following.

Recently, Peters and Lee discussed®® the extinction co-
efficient of BP™ on the basis of the picosecond laser photol-
ysis studies of the photoreduction process of BP with 1,4-
diazabicyclo[2.2.2]octane (DABCO) in acetonitrile solution
where no BPH formation takes place and only the charge
separation (CS) reaction occurs. They compared the inten-
sity of transient absorption spectrum of >BP™ in acetonitrile
without DABCO and those of BP™ in the solution contain-
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ing various concentration of DABCO (0.05—1.0 M) at 4 ns
after the excitation with a picosecond 355 nm laser pulse.
They found that the ratio of the intensity of the absorption
of BP™ at an absorption maximum, ca. 715 nm, to that of
SBP* in the amine free solution decreased with increase of
[DABCO]. They interpreted this decrease as due to the par-
ticipation of !BP* in the quenching of the excited singlet
state of BP by DABCO on the basis of our previous results
on the photoreduction process of BP with various kinds of
amines.'"19721) Since the singlet IP can undergo the effec-
tive charge recombination (CR) process, the relative yield of
BP~ compared to 3BP* observed at long delay times may
decrease as we have pointed out in previous papers.*7192)
Hence, qualitatively speaking, their interpretation is in ac-
cordance with our previous studies. By the comparison of
the absorption intensity of 3BP* in amine free solution with
those of BP™ in the solution containing DABCO whose con-
centrations are rather small, 0.05—0.1 M, they concluded
that the extinction coefficient of BP™ is 0.92 times as large
as that of SBP™; in other word, the extinction coefficient
of BP™ at an absorption maximum is smaller than that of
SBP*.

Although they compared simply the observed absorption
intensities, their interpretation and analysis for the determi-
nation of the extinction coefficients are not clear, contain-
ing some problems. First, they used the time constant of
20 ps for the 'BP* —*BP* intersystem crossing (ISC) in
acetonitrile solution on the basis of their picosecond laser
photolysis studies. As was observed in the pioneering stud'y
by Hochstrasser et al.,?®) it is well known that the transient
absorption spectrum of 3BP* immediately after the excita-
tion shows broad spectral shape, followed by the sharpening
due to the cooling process in several tens of picosecond time
region. These effects of the vibratinally hot state on the
transient absorption spectrum and the time constant of the
cooling have been reported for various kinds of molecules in
solutions.?630—32) Hence, the determination of the ISC time
constant should be carefully performed by taking into ac-
count the effect of the cooling process. In our previous stud-
ies on the determination of the ISC time constant by means
of subpicosecond laser photolysis, the time profiles covering
wide wavelength region were analyzed and the wavelength at
which the effect of cooling process is small was selected. The
ISC time constant thus obtained for *BP* in acetonitrile so-
lution was 9 ps.!” Recently, Tamai et al. reported the ISC
time constant of 9.6 ps for *BP™ in acetonitrile solution by
applying the femtosecond transient grating method.?® The
ISC time constant of 20 ps estimated by Peters and Lee,
which is roughly twice longer than values estimated by us
and by Tamai et al., seems to be mainly due to the cool-
ing process. Accordingly, the estimation of the contribution
from the singlet ion pairs in the absorption spectrum of BP~
based on this ISC time constant may not lead to the distinct
conclusion. In addition, they ignored the contribution from
the excitation of the CT complex between BP and DABCO
formed in the ground state.

In order to avoid the ambiguity in the estimation, we have
confirmed the correctness of our extinction coefficient in the
following simple manner. The decay time profile of 3 BP* ab-
sorbance obtained in the diluted solution of DABCO (<0.05
M) gives the decay time constant of 3BP* and, by extrapo-
lation, the value of the absorbance at 0 ps if the time origin
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is determined by the cross correlation or some other meth-
ods. In the condition where the decay time constant is not
so short but more than nanosecond, such a severe determi-
nation of the time origin is not required for the estimation
of the absorbance by extrapolation to 0 ps. Midpoint of the
rise curve of the S, «— S; absorbance of typical aromatic
hydrocarbon can give the time origin with the experimental
error less than the pulse width. By comparison of this ex-
trapolated absorbance of 3BP* with the absorbance of BP~
at delay times when the quenching process has finished, we
obtained the relative ratio of extinction coefficient of BP~
to that of 3BP™ to be ca. 1.3. We have examined also ef-
fect of the DABCO concentration on this ratio and have
confirmed that the ratio does not appreciably depend on
the concentration of DABCO when it is not so high.'® The
same type of the comparison was performed for the photore-
duction process of BP with N,N-diethyl-p-toluidine (DET)
in acetonitrile, where only the production of the ionic species
was observed as in the photoreduction of BP with DABCO
in acetonitrile. Also in this system, the relative intensity
of BP™ is ca. 1.45 times larger than that of the initial ab-
sorbance of *BP* at absorption maxima.'® Hence, the ex-
tinction coefficient of BP™ at an absorption maximum may
be estimated to be 8500—9500 M~! cm ™! by assuming that
the extinction coefficient of 3BP* is 6500 M~ cm ™ and all
of the quenching results in the production of the ion pair.
At any rate, the extinction coefficient of 10000 M~! em ™!
we have been employing for the absorption maximum of the
BP™ has been confirmed by the above estimation.

Hence, we have used our previous values of the extinction
coefficients for the analysis. Although the introduction of
functional groups into BP and diphenylamine moieties may
affect more or less the extinction coefficients of the transient
species, the discussion and the interpretation on the experi-
mental results and analysis may not be seriously affected by
these substitutions.

Results and Discussion

Conformations of BP—O—(CHz),—O-DPA Sys-
tems. Prior to the discussion on the dynamic be-
haviors, we exhibit in Fig. 1 the distribution of the
conformation of BP-O—(CHy),-O-DPA (n=2, 3, 8)
at 20 °C calculated by means of the direct enumera-
tion method weighted by the Boltzmann factor of each
conformation.®® A part of these results are reported in
the previous paper.?” The abscissa represents the dis-
tance between the oxygen of the carbonyl group of BP
moiety and the hydrogen attached to the nitrogen atom
of DPA moiety. The results for n=3 (middle frame) in-
dicates that the distribution of the O---H distance may
be divided roughly into two groups; the distribution at
short distance with its maximum at ca. 6.5 A and the
more distant one with the maximum at ca. 13.5 A. On
the other hand, the result for n=2 (upper frame) does
not show such a clear separation of the distribution into
two groups, although several local maxima are observed.
The averaged distance over the whole distribution for
n=2 was 11.8 A and that of n=3 for the distribution
with the distance longer than 8 A was 13.3 A. Since
this method of calculation does not include the effect of
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Fig. 1. Calculated distribution of the distance be-
tween the oxygen atom of carbonyl group of BP moi-
ety and the hydrogen atom attached to the nitro-
gen of DPA moiety in BP—O—(CH32);—O-DPA (a),
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the solute-solvent interaction, it may not be adequate
to quantitatively evaluate the fraction of each distance.
However, it is worth noting here that the n=3 com-
pound can take the distribution with shorter distance
than n=2 compound.

In the case of n=8, wide and rather continuous dis-
tribution with the averaged distance at 16.0 A was ob-
served, indicating that, compared to the results of n=2
and n=3, the averaged distance is large and the geomet-
rical restriction is rather loose. This result suggests that
the mode of the reaction of BOSOD may be similar to
those in the intermolecular reaction process, although
its dynamics accompanied with thermal motion of the
chain may be slowed down considerably.

Photoreduction Process of BOnOD in Ben-
zene Solution at Room Temperature. In benzene
solution, the energy gap (AG) between 3BP* and the
IP, BP~-DPAT, in the unlinked system is estimated
to be +0.59 eV by means of the conventional proce-
dures with the oxidation and reduction potentials of
DPA and BP including the correction term for the sol-
vation energy calculated by the Born equation.? In this
estimation, the inter-ionic distance was set to be 7 A.
Hence, the ET in such a loose configuration as observed
in strongly polar solvents like acetonitrile!3—*!) seems
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rather difficult to take place in this non-polar solvent
and geometrical rearrangements are required for the ET
as well as the PT and hydrogen abstraction (HA) proc-
esses.

Figure 2 shows the time resolved transient absorp-
tion spectra of BO30OD in benzene solution at 22 °C,
excited with a picosecond 355 nm laser pulse. Dotted
line in the first frame shows the T, — T; absorption
spectrum of 4-methoxybenzophenone (4MtBP) in ben-
zene obtained in the amine-free condition. Time evo-
lution of the absorption spectra indicates that 3BP*
gradually decays together with the rise of new absorp-
tion bands at 555 and 740 nm. The former absorption
at 555 nm can be assigned to the ketyl radical of BP
moiety since the spectral band shape and its peak po-
sition are identical with those of ketyl radical of MtBP
and related compounds.'®?':%%) The latter absorption at
740 nm is ascribable to the neutral radical of hydrogen-
abstracted DPA moiety since the absorption maximum
and band shape are very close to those reported for un-
linked DPA.'*>21%5) Strong absorption around 700 nm
due to the charge-separated state as observed in aceto-
nitrile solution was not detectable in benzene solution.

Figure 3 shows the time profiles of 3BP* and BPH,
obtained by the analysis of the observed spectra into
these two species based on each reference spectrum.
Solid lines in this figure are the calculated results based
on the assumption that the HA reaction occurs with-
out the participation of stable intermediate species such
as the CS (IP or CT) state (direct reaction), indicat-
ing that the calculated curves reproduce the experimen-
tal results fairly well. Although the CS state was not
clearly observed and the reaction process was repro-
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Fig. 2. Time-resolved transient absorption spectra of
BP-0O—(CHz)3—-O-DPA in benzene solution excited
with a picosecond 355 nm laser pulse.
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Fig. 3. Time profiles of BP* (@) and BPH (O) of
BP-0O—-(CH2)3—O-DPA in benzene solution excited
with a picosecond 355 nm laser pulse (see text). Solid
lined are calculated curves based on Scheme 2a (see
text).

duced by the direct reaction scheme as in the case of
the reaction between unlinked 3BP* and DPA, there
remains the possibility that the ultrashort lived inter-
mediate CS state may participate in the reaction proc-
esses of both the unlinked'® and the linked systems
of BP and DPA. Since the energy gap for CS between
3BP* and DPA at average distance in the present linked
system was estimated to be positive as discussed above,
it seems to take a long time for the intramolecular ET
reaction, *BP*~DPA—(BP~-DPA™). Presumably, a
little change of the ground state conformation distri-
bution will take place in the excited state, which fa-
cilitates the ET reaction. It seems to take a rather
long time for this change of the conformation distribu-
tion, owing to the internal rotations around the spacer
chains. However, immediately after the ET in a con-
formation with donor and acceptor in a close proxim-
ity to each other, ultrafast PT from cation to anion in
the pair will be accomplished, which makes the detec-
tion of the intramolecular IP state extremely difficult.
Anyhow, at the present stage of the investigation, it is
rather difficult to definitely determine whether the HA
proceeds via the two-step mechanism with real interme-
diate CS state or the direct HA mechanism with no ob-
servable intermediate CS state in benzene solution. The
extremely short lifetime of the intermediate CS state in
the former mechanism can be deduced also from the
fact that, even though the summation of the extinc-
tion coeflicients of the absorption bands of BP~ and
DPA™ locating around 700 nm is several times larger
than those of 3BP* and BPH radical, the CS state was
not observed. Similar results were obtained also for
BO20D and BO8OD in benzene solution.

The lifetimes of 3BP* and the reaction yields for
BOnOD (n=2, 3, and 8) are listed in Table 1, indicat-
ing that the decay time constant of *BP* for BO30OD
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Table 1. The Time Constants and Reaction Yields
of Photoreduction Processes of BO20D, BO30D,
and BO8OD in Benzene Solution, Obtained by the
Direct Reaction Scheme 2a (See Text)

BO20D BO30OD BO8OD

15.2ns 9.0ns 10.5 ns
0.74 0.54

Lifetime of *BP*
Yield of “direct” BPH production 0.69

Experimental errors for each value, except for the sys-
tematic ones arising from the estimation of the extinction
coefficients of the transient species, were estimated to be
ca. £10%.

is the shortest among these three systems and that for
BO20D is the longest. This result of the dependence
of the lifetimes on the length of the methylene chain is
closely related to the systematic investigations on the
photoinduced charge separation (CS) process of elec-
tron donor (D) and acceptor (A) systems linked by
methylene chains,'3"—*Y such as 4-(dimethylamino)-
phenyl-(CHs),~(1-pyrenyl) (n=1, 2, 3: P,) and 4-
(dimethylamino)phenyl-(CHs),—(9-anthryl) (n=1, 2,
3: A,). These studies on the CS process of linked D-A
systems have revealed that, in non-polar solutions such
as hexane, the effective CS was observed only for n=3
systems and the CS time constants were in the order
of several nanoseconds. These results on linked D-A
systems indicate that compact sandwich-like conforma-
tion is required for the CS in nonpolar solutions to take
place and the CS rate constants are regulated mainly by
the geometrical rearrangement process. Present exper-
imental results may be consistent with those results of
the intramolecular exciplex formation of P,, and A, in
nonpolar solvents, since the dynamical rearrangement
to take a compact conformation favorable for the reac-
tion in the excited state is necessary in non-polar sol-
vent, in either case of the participation of the ultrashort
intermediate CS state in the two-step reaction process
or the direct HA.

The yield of BPH radical in BO8OD is slightly
smaller than those in BO20D and BO30OD as shown in
Table 1. Presumably, the deactivation into the ground
state competing with the ET or HA will take place de-
pending on the geometry at the close approach of the
3BP* and DPA groups to each other and this geometry
might be affected by the chain length. At the present
stage of the investigation, however, the reason for this
result is not evident.

Photoreduction Processes of BOnOD in Ace-
tonitrile Solution at Room Temperature. As
stated in the introductory section and in our previ-
ous studies in acetonitrile solution at 22 °C,?? it was
demonstrated that almost all (>90%) production of
BPH radical took place via the consecutive two-step
reaction mechanism (Scheme la) for BO20D. On the
other hand, the photoreduction profile of BO30D was
interpreted by the hybrid mechanism of Scheme 1a and
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the direct reaction Scheme 2a. To elucidate the influ-
ence of geometrical restriction on the apparent reaction
mechanism in a more detail, we have studied the pho-
toreduction process of BO8OD in the present work.

In Fig. 4, we show time-resolved transient absorption
spectra of BO8OD in acetonitrile solution at 22 °C, ex-
cited with a picosecond 355 nm laser pulse. Dotted line
in the first frame is the T,, < T; absorption spectrum
of 4-methoxybenzophenone (4MtBP) measured in the
amine free condition. Time evolution of the absorption
spectra in Fig. 4 indicates that the absorbance due to
3BP* moiety gradually decays, together with the rise
of new absorption band at 555 and 700 nm. The ab-
sorption at 555 nm can be assigned to the ketyl radical
of BP moiety. The latter 700 nm absorption spectrum
can be ascribed to the overlapped one of DPA* and
BP~ absorption bands on the basis of the spectra re-
ported previously.!®2242) The absorption signal due to
the IP state at 700 nm increases in the initial time re-
gion of several nanoseconds, followed by the decrease.
No remarkable evolution of the absorption spectra was
observed in the time region longer than ca. 20 ns after
the excitation.

In order to elucidate the time profile of each species,
3BP*, BPH, and IP state, the observed absorption spec-
tra were analyzed into these three species on the basis
of each reference spectrum, results of which are shown
in Fig. 5. The ordinate of this figure represents the con-
centration obtained by using the extinction coefficient
of each species given in the experimental section. Solid
lines in Fig. 5a represent the time profiles calculated on
the basis of the consecutive reaction Scheme la. In this
calculation, the decay of 3BP* was assumed to be expo-
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Fig. 4. Time-resolved transient absorption spectra of

BP-0O-(CHz)s—O-DPA in acetonitrile solution ex-
cited with a picosecond 355 nm laser pulse.
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Fig. 5. Time profiles of *BP* (@), BPH (O), and IP
state (A) of BP-O—(CH;)s—O-DPA in acetonitrile
solution excited with a picosecond 355 nm laser pulse.
Solid lines are calculated curves based on consecutive
reaction Scheme la for (a), direct reaction Scheme 2a
for (b), and hybrid model of Schemes la and 2a for
(c), where the contribution of the Scheme 1a is 15%,
(see text).

nential. In addition, parameters of the transient species
such as lifetimes and reaction yields were determined in
such a manner that the time profiles of 3BP* and IP
were consistent with each other in Scheme 1a since the
time profile of IP state can be most clearly identified as
shown in Fig. 4.

As Fig. 5a shows, the calculated curves based on the
consecutive reaction Scheme la does not satisfactorily
reproduce the experimental results with respect to the
rise profile of BPH. The deviation of the calculated
time profile of BPH from the experimental results in
such a way that the experimental results are always
larger than the calculated curve in the course of the
formation of BPH indicated that some part of BPH was
formed rapidly prior to the decay of the IP state. In
addition, it was necessary to assume the value of 2.2 for
the reaction yield of the intra-IP PT process in order to
reproduce the final yield of BPH. Although this absurd
value may be partly due to errors in the estimation of
the extinction coefficients of the transient species, this
unreasonableness is beyond such errors. In view of the
deviation of the calculated time profile of the rise of
BPH from the observed one and the absurd value of
the reaction yield, it may be concluded that the reaction
Scheme 1a is not adequate for the reaction of BOSOD
in acetonitrile, although this Scheme la was suitable
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for BO20D and intermolecular reaction of 3BP* and
tertiary amines in acetonitrile solution.

On the other hand, the calculated results based on
the reaction Scheme 2a show better agreement with the
experimental results for the time profiles of three species
as exhibited in Fig. 5b. This result indicates that most
of the BPH formation occurs with the time constant
identical with the decay of *BP* and the decay time
constant of the IP state is not very much correlated
with the rise profile of BPH. Although it was found
that most of the BPH formation took place via the
Scheme 2a, we have applied also the hybrid mechanism
for the analysis of the experimental results of BOSOD in
acetonitrile, results of which are shown in Fig. 5c. From
these simulations, the contribution of the intra-IP PT
process to the whole BPH production was estimated to
be less than 15%. At any rate, it may be concluded
that most of the BPH production (>85%) occurs with
the time constant identical with the decay of 3BP* for
BO8OD in acetonitrile solution at room temperature.

It should be noted here that, in polar solution, not
all of the IP have disappeared in the time domain pre-
sented here. Actually, it was observed by the nanosec-
ond laser photolysis studies®” that the long-lived IP
decayed in microsecond time domain. The investiga-
tion of the magnetic field effect on the decay process
predicted that the conformation with a large distance
between BP~ and DPA* moieties may be responsible
for such a long-lived IP state. It seems possible that the
long-lived IP is produced either by the initial quench-
ing process of 3BP* via a rather long distance ET or
during the conformational rearrangement process of the
IP in competition with the intra-IP proton transfer. At
the present stage of the investigation, however, it is dif-
ficult to discriminate clearly these formation pathways
of the long-lived IP. In anyway, the contribution from
the long-lived IP to the total yield of the IP is small
and we have analyzed here the experimental results by
assuming the long-lived IP formation during the con-
formational rearrangement process in competition with
the intra-IP proton transfer.

Lifetimes and the reaction yields related to the pho-
toreduction of BO8OD are listed in Table 2, where the
results of BO20D and BO3OD are also collected. As
shown in this table, rates of the decay of 3BP* moiety
and the proton transfer in the IP state and even the re-
action mechanisms are dependent on the length of the
chain. In addition, these results in acetonitrile solu-
tion are quite different from those in benzene solution
as shown in Table 1. :

Photoreduction Processes of BOnOD in DM
Solution at Room Temperature.  Although the
dielectric constants of DMF and acetonitrile are almost
the same, 36.7 for DMF and 37.5 for acetonitrile at 20
°C, viscosity of DMF is almost three times as large as
that of acetonitrile. Hence, the photoreduction proc-
esses of BOnOD in DMF solution may provide the in-
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Table 2.

Picosecond Dynamics of Hydrogen Abstraction

The Time Constants and Reaction Yields of Photoreduction

Processes of BO20D, BO30OD, and BO8OD in Acetonitrile Solution,
Obtained by the Hybrid Model of Schemes 1a and 2a (See Text)

BO20D BO30D  BOSODY
(Reaction profile of >BP*)
Lifetime of 3BP* 0.95 ns 1.75 ns 4.75 ns
Yield of “direct” BPH production 0.07 0.30 0.49
Yield of the stable IP formation 0.65 0.35 0.25
(Reaction of the stable IP)®
Lifetime of the stable IP 9.55 ns 2.75 ns 3.0 ns
Yield of the intra-IP PT 1.00 0.90 (0.4)
Yield of the long-lived IP 0.16 0.18 0.19
Contribution of the PT in
the stable IP to the whole 0.90 0.51 (<0.15)

HA reaction

Experimental errors for each value, except for the systematic ones arising
from the estimation of the extinction coefficients of the transient species, were
estimated to be ca. £10%. a) The summation of the each reaction yield over
unity may be due to over- or underestimation of the extinction coefficients

of the transient species.

b) In the case of BO8OD, the production yield of

IP from 3BP* was low, so that the evaluation of the contribution from the
intra-IP PT to the whole yield of the ketyl radical production was rather

difficult.

formation concerning the effect of the solvent viscosity
on the photoreduction process.

Exhibited in Fig. 6 are time-resolved transient ab-
sorption spectra of BO30OD in DMF solution at 22 °C,
excited with a picosecond 355 nm laser pulse. Dotted
line in the first frame is the T,, «— T; absorption spec-
trum of 4-methoxybenzophenone (4MtBP) measured in
the amine free condition. Time evolution of the absorp-
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Fig. 6. Time-resolved transient absorption spectra of

BP-O—(CH3)3—O-DPA in DMF solution excited with
a picosecond 355 nm laser pulse.

tion spectra in Fig. 6 indicates that the absorption due
to *BP* moiety gradually decreases along with the rise
of new absorption band at 700 nm ascribable to the
overlapped one of DPAT and BP~ and that at 555 nm
due to the BPH radical. The absorption signal due to
the IP state at 700 nm increases in the time region of
a few ns, followed by the decrease in the time region
of a few tens of ns. The absorption signal due to BPH
at 555 nm can be also observed in the time region of
tens of ns. No remarkable evolution of the absorption
spectra can be observed in the time region longer than
ca. 30 ns after the excitation.

In order to elucidate the time profile of each species,
3BP*, BPH, and IP state, the observed absorption spec-
tra were analyzed into the spectra of these species in the
same manner as performed in Fig. 5, results of which
are shown in Fig. 7. Solid lines in Fig. 7 represent
the results calculated on the basis of the hybrid mech-
anism, indicating that the experimental results are well
reproduced by the calculated results. The application
of the consecutive reaction Scheme la or direct reaction
Scheme 2a did not satisfactorily reproduce the experi-
mental results.

Lifetimes and the reaction yields in the photoreduc-
tion of BO3OD are listed in Table 3, where the results
of BO20D and BO8OD are also collected. Although
the reaction profiles depending on the chain length are
more similar to those in acetonitrile solution rather than
those in benzene, there are still some differences be-
tween these two polar solutions with respect to the
IP production and the direct BPH formation in the
quenching process of 3BP* and the lifetime of the IP
state. In the following, we will discuss the solvent po-
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Table 3.
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The Time Constants and Reaction Yields of Photoreduction

Processes of BO20D, BO30D, and BO8OD in DMF Solution, Ob-
tained by the Hybrid Model of Schemes 1a and 2a (See Text)

BO20D BO30OD BO8OD
(Reaction profile of *BP*)
Lifetime of SBP* 0.35 ns 1.55 ns 9.50 ns
Yield of “direct” BPH production 0.00 0.12 0.35
Yield of the stable IP formation 0.55 0.46 0.32
(Reaction of the stable IP)2)
Lifetime of the stable 1P > 50 ns 13.5 ns 11.8 ns
Yield of the intra-IP PT 1.20 1.15 1.0
Yield of the long-lived IP 0.15 0.14 0.18
Contribution of the PT in
the stable IP to the whole 1.00 0.84 0.48

HA reaction

Experimental errors for each value, except for the systematic ones arising
from the estimation of the extinction coefficients of the transient species,

were estimated to be ca. £10%. a)

The summation of the each reaction

yield over unity may be due to over- or underestimation of the extinction

coefficients of the transient species.
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Fig. 7. Time profiles of *BP* (@), BPH (O), and IP

state (A) of BP~O—(CHz)3-O-DPA in DMF solution
excited with a picosecond 355 nm laser pulse. Solid
lines are calculated curves based on hybrid model of
Schemes la and 2a, where the contribution of the
Scheme 1la is 85%, (see text).

larity and viscosity effects on the photoreduction proc-
ess, considering also the effect of the chain length on
the reaction.

Solvent and Chain Length Dependence of the
Photoreduction Process. As indicated in Ta-
bles 1, 2, and 3, chain length, solvent polarity, and
viscosity affect the rate constant of each process and
even the reaction mechanism. The proton transfer (PT)
process following the charge separation (CS) took place
in strongly polar solvents and the degree of the con-
tribution from the intra-IP PT process in the whole
hydrogen abstraction process varies depending on the
chain length an the solvent, while such PT process in
the CS state was not observed in benzene solution nor
in the intermolecular hydrogen abstraction reaction be-

tween 3BP* and DPA in polar as well as in nonpolar
solutions. In order to interpret these results depending
on many factors, we will discuss the differences among
these systems in the dynamic behaviors after the exci-
tation in the following.

First, we concentrate our discussion on the solvent
effects on the quenching process of *BP* of BOnOD.
The lifetime of 3BP* of BO20D was longest among
these three systems of BOnOD (n=2, 3 and 8) in ben-
zene solution. As stated in the previous subsection, this
chain length dependence of the 3BP* lifetime indicates
that the geometrical rearrangement to take a compact
form favorable for the reaction between 3BP* and DPA
is necessary for the quenching process in benzene solu-
tion. .
On the other hand, the effect of the chain length on
the lifetime of 3BP* was quite different in strongly po-
lar solutions as shown in Tables 2 and 3. The 3BP*
lifetime of BO20D is shortest and the quenching proc-
ess is mainly due to the CS to produce the stable IP
state (IP) in BO20D. Moreover, the lifetime of 3BP*
of BO20D in DMF solution is about three times shorter
than that in acetonitrile although the viscosity of DMF
is much higher. This result indicates that the geomet-
rical rearrangement does not play an important role in
the quenching process of 3BP* moiety of BO20D in
strongly polar solutions and is in qualitatively consis-
tent with the previous results on the photoinduced CS
processes of electron donor (D)-acceptor (A) linked by
methylene chains'*"—*V) in strongly polar solutions. In
these investigations, it was demonstrated that the CS in
P, and A, occurred in the time domain of a few ——
a few tens of a picosecond and the CS rate constant
decreased with increase of the methylene chain.!-3%—41
These results show that, in polar solutions, CS can oc-
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cur in a loose configuration without large geometrical
rearrangement to attain a compact structure’*"—* and
the decrease of the rate constant with increase of the
methylene chain is caused by the decrease of the elec-
tronic tunneling matrix element.!39:4%

The difference of the ET rate of BO20D between
these two polar solutions may be related to the dif-
ference in the solvent reorganization energy, Ag, in the
ET process. Although the static dielectric constants of
DMF and acetonitrile are almost the same, the refrac-
tive index of DMF is ca. 10% larger. Therefore, on the
basis of the equation by Marcus,?*? the )\, in DMF
solution for the CS is smaller than that in acetonitrile
solution. Since AG for the CS between 3BP* and DPA
in these two solvents, which is estimated to be ca. —0.29
eV, is in the normal uphill region, the decrease in Ag in-
creases the CS rate constant. From this reasoning, it is
concluded that the lifetime of 3BP* moiety of BO20D
in DMF solution is shorter than that in acetonitrile so-
lution.

On the basis of the above results and discussion and
by taking into account the fact that the conformation
rearrangement process is in competition with the CS
process in loose configurations in strongly polar solu-
tions, we can classify the competition between the reac-
tion and the dynamic geometrical rearrangements into
two cases. First, in case where the time constant of
the CS in loose configuration is much faster than the
average time staying at a certain geometry (fast CS
case), the probability for 3BP* moiety to undergo the
CS process with DPA moiety may be large while the
direct BPH production may have only small possibility.
The quenching of 3BP* of BO20D in strongly polar so-
lutions may be regarded as one of the examples of this
extreme case. On the other hand, when the CS reaction
rate constant in loose configuration is small and/or the
dynamic rearrangement process to find suitable config-
urations for rapid BPH production is fast compared to
the above CS process (slow CS case), the latter proc-
ess predominates. The reaction mechanism in benzene
solutions may be the example of this case.

According to the above classification, the reaction of
BO30OD in strongly polar solutions may be regarded
as an intermediate case and the difference of the re-
action mechanism between DMF and acetonitrile so-
lutions may be interpreted as follows. Although the
quenching of the 3BP* moiety of BO30OD are mainly
due to the CS and the BPH production in both of these
two polar solvents, the CS has larger contribution in
DMF solution than in acetonitrile. This result may be
interpreted as due to the high viscosity to slow down
the dynamic geometrical rearrangement processes and
the small )\ to accelerate the CS process in DMF. As
a result, although the contribution of the direct BPH
production to the quenching of 3BP* in DMF solution
decreased, the total the quenching rate was comparable
with that in acetonitrile solution owing to the increase

Picosecond Dynamics of Hydrogen Abstraction

in the CS rate constant.

The above interpretation seems applicable also to the
dynamic behaviors of BO8OD by considering that the
average distance between the BP and DPA moieties is
rather large and the geometrical restriction is rather
loose. By comparing the lifetime of 3BP* of BO8OD in
acetonitrile with that in DMF, one can find that the life-
time in DMF solution is twice as long as that in acetoni-
trile, while those of BO30OD are almost the same and, in
the case of BO20D, the lifetime is considerably shorter
in DMF, i.e., the quenching in DMF is much more ef-
fective. This result indicates that the importance of
the geometrical rearrangement to take configurations
with closer approach of 3BP* and DPA groups in the
quenching process of *BP* increases with increase of
the chain length even in strongly polar solvents. That
is especially the case for BO8OD, since the averaged
mutual distance is rather long in BO8OD. Although
the lifetime of 3BP* in DMF solution is longer than
that in acetonitrile, the percentage of the CS process in
the whole quenching process of *BP* is larger than in
acetonitrile solution as it is the case for BO30OD. This
result seems to support the interpretation based on the
competition of the dynamic rearrangements with the
CS in loose configurations, since the CS is more feasi-
ble but dynamic change in the configuration is slower
in DMF.

In addition, one more point to be addressed regard-
ing the photochemical reactions of BO8OD is that the
yield of the direct BPH production is the largest among
the three systems of BOnOD (n=2, 3, 8) in both ace-
tonitrile and DMF solutions. This result seems to be
related also to the degree of the restriction in geometries
and their dynamic rearrangements in the excited state.
Since the geometrical restribution in BO8OD is rather
loose and distributed in wide range, the possibility to
find some suitable geometry with short O---H distance
may increase. Moreover, the increase in the methylene
chain length may affect also the mode of motions in the
conformational rearrangements to take a compact ge-
ometry favorable for the reaction in the excited state,
since the distribution is rather continuous. At any rate,
the competition of the CS process with the geometrical
rearrangement seems to affect the dynamic behaviors
also in BO8OD.

Although the time constant of the PT process in the
IP state depends also on the length of the chain and
the solvent, its dependence on the length of the chain
in each of the strongly polar solutions is similar to that
of the decay time constant of 3BP* moiety in benzene
solution; the time constant of BO30D was compara-
ble with that of BO80OD, while the time constant in
BO20D was much longer than those of BO30D and
BO8OD. Since the PT process is much more sensitive
to the geometry in the IP state, geometrical rearrange-
ments in the IP state seems to play an important role in
the intra-IP PT reaction as in the case of the quenching
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process of 3BP* moiety in benzene solution. Actually,
the PT time constant of each BOnOD in viscous DMF
solution is longer than that in acetonitrile. Accordingly,
although the distributions of the geometry of the IP pro-
duced by the ET seem to be dependent on the solvents
and the length of the chain, the chain-length depen-
dence of the PT rate in the IP state in polar solutions is
similar to that of the quenching of >BP* moiety in non-
polar solution in a qualitative sense, probably because
both processes require the geometrical rearrangements
to compact conformations.

Temperature Dependences of the Reaction
Processes in Acetonitrile Solution In order to con-
firm the above interpretation, we have investigated the
temperature effect on the dynamic behaviors of BO30D
in acetonitrile solutions result of which are indicated in
Table 4. The temperature dependence of the extinction
coefficient of each species was not taken into account in
the analysis. The change of the extinction coefficient
due to such small range of temperature variation with-
out phase transition from liquid to solid may be rather
minor.

The probability of the CS in the quenching process
of 3BP* increases with decrease of the temperature as
shown in Table 4. This result seems to support the in-
terpretation given in the previous subsection, since the
temperature lowering increases the solvent viscosity and
the solvent polarity resulting in the decrease of the rel-
ative possibility of the direct hydrogen atom transfer
and the increase of the CS process in loose configura-
tion. In addition, the PT rate in the IP state decreases
by temperature lowering, which is due to the increase
of the viscosity. On the other hand, the opposite ten-
dency was observed with increase of the temperature.
Summarizing above results, it may be concluded that
the interpretation given for the solvent dependence of
the dynamic behavior is consistent with the results of
the investigations on its temperature dependence.

Difference between the Reaction Mechanisms
of Linked and Unlinked Systems.  As stated in
the introductory section and in previous papers,'®9
the PT process in the IP state was not observed in
the intermolecular photoreduction process of BP with
DPA and other secondary as well as primary amines
in nonpolar and polar solutions at room temperature.
The time constant of the production of BPH radical is
identical with the decay of 3BP* and the rise of the
IP state as shown in the Scheme 1. In addition, the
yield of the direct BPH production during the quench-
ing process of 3BP* is more than 70% for the reaction of
3BP* with primary and secondary amines in solutions
at room temperature; the dominant quenching mecha-
nism of 3BP* is due to the direct BPH production. The
IP state produced in competition with the BPH forma-
tion undergoes the ionic dissociation without the BPH
formation in strongly polar solutions.

The fact that the PT process in the IP state or the
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charge-separated (CS) state was not observed in the
intermolecular reaction between 3BP* and secondary
and primary amines in solutions at room temperature
is partly due to the small yield of the production of the
IP or CS state during the quenching process of 3BP*,
which makes it rather difficult to observe the time pro-
files of the IP or the CS state clearly; in nonpolar solu-
tions, the yield is much smaller than 10%. In addition,
the ionic dissociation process determines the lifetime of
the triplet IP state in strongly polar solution; in ace-
tonitrile solution at room temperature, the rate con-
stant of the ionic dissociation is ca. 0.5—2x10% s~1.4%
However, it should be noted that the yield of the di-
rect BPH production during the quenching process of
3BP* is more than 70% for the intermolecular reaction
of 3BP* with primary and secondary amines in solu-
tions at room temperature. Even if the PT process in
the IP contributes to the whole hydrogen abstraction
process in the intermolecular reaction, the dominant
pathway for the BPH production in the intermolecular
reaction is due to the direct abstraction.

The above difference between the HA mechanisms of
the linked and un-linked systems may be interpreted
also by the dependences of the ET and direct HA or PT
reaction rates on the mutual distance and orientation
of the reacting moieties, and the dynamics of changes
in those mutual geometries in the excited state. In the
case of the unlinked systems in solutions of usual viscos-
ity, rotational and translational motions of two react-
ing molecules are usually much faster than those in the
linked systems. When the ET process at a certain geom-
etry is slower than the average time for geometry change
to take some structures with shorter distance and favor-
able orientation between reactants, the possibility that
the reaction may start at a configuration more favorable
for the reaction is higher in the unlinked systems. In
addition, if the geometry for ET is also preferable for
the subsequent PT process after taking such favorable
conformations, the possibility of the rapid BPH pro-
duction increases. In the extreme case where the PT
following the ET may proceed prior to the solvation of
the produced IP or in the partial charge transfer state
before full charge transfer is attained by a slight geo-
metrical change, it may be difficult to assign whether
the reaction mechanism is direct or consecutive as dis-
cussed already to some extent in the previous section.
The encounter complex with unfavorable structure for
the PT may terminate in the production of the stable
IP state which undergoes ionic dissociation competing
with PT depending on the polarity of the solvent. In
fact, the intermolecular ET distance depending on the
energy gap of the CS reaction, —A G¢s, producing the
IP affects the subsequent PT process in the intermolec-
ular HA reaction of 3BP* from tertiary aromatic amines
in acetonitrile. "2V

On the basis of the above interpretation, we are now
going on investigating the intermolecular HA process
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Table 4.

Picosecond Dynamics of Hydrogen Abstraction

Temperature Dependence of the Time Constants and Reac-

tion Yields of Photoreduction Processes of BO30OD in Acetonitrile
Solution, Obtained by the Hybrid Model of Schemes 1la and 2a (See

Text)
—-20°C 22 °C 50 °C

(Reaction profile of >BP*)
Lifetime of *BP* 2.75 ns 1.75 ns 0.92 ns
Yield of “direct” BPH production 0.22 0.30 0.35
Yield of the stable IP formation 0.38 0.35 0.30
(Reaction of the stable IP)®
Lifetime of the stable IP 15.5 ns 2.75 ns 1.65 ns
Yield of the intra-IP PT 0.90 0.90 0.62
Yield of the long-lived IP 0.08 0.18 0.24
Contribution of the PT in
the stable IP to the whole 0.67 0.51 0.35

HA reaction

Experimental errors for each value, except for the systematic ones a.risihg
from the estimation of the extinction coefficients of the transient species,

were estimated to be ca. £10%. a)

The summation of the each reaction

yield over unity may be due to over- or underestimation of the extinction

coefficients of the transient species.

from secondary amines in strongly polar solvent at low
temperature where the rotational and translational mo-
tions are slow but the ET rate will be comparable to
that at room temperature due to the increase of the
solvent polarity, change of reaction exothermicity, etc.
Preliminary result*® that the decrease of the yield of
the “direct” HA and the increase of the yield of the IP
were observed with the temperature lowering may in-
dicate that the intermolecular ET takes place prior to
taking closer geometry between the reactants where the
PT after ET is feasible.

Concluding Remarks

The results of the present picosecond laser photoly-
sis studies on the intramolecular photoreduction proc-
esses of BP by DPA linked by spacers demonstrate
clearly that the apparent mechanisms of HA reaction
are strongly dependent on the length of the chain, po-
larity and viscosity of solvents, and temperature. These
complex behaviors may be interpreted consistently from
the viewpoints that the CS reaction in loose config-
uration which is more feasible for larger energy gap,
—AGgs, and in polar solvent takes place in competition
with the dynamic rearrangement processes to a more
compact conformation favorable for the reaction and
that the mutual distance and orientations between the
3BP* and DPA groups immediately before the reaction
are of crucial importance in determining the apparent
reaction mechanisms, i.e., the direct HA, the IP for-
mation by CS followed by PT, and the IP formation
followed by ionic dissociation without PT in polar solu-
tions. Moreover, even in the case of the “direct HA”, it
seems quite feasible that, immediately after the CS in a
conformation with donor and acceptor in a close prox-

imity to each other in a favorable orientation for PT,
ultrafast PT in the pair will take place, which makes
the detection of the IP state extremely difficult.

The above general consideration on the photoin-
duced ET mechanisms of the HA reaction between BP
and DPA are closely related to our previous investi-
gations on the singlet exciplex systems leading to the
concepts of “loose” and “compact” exciplexes and/or
IP’s depending upon solvent polarities and —A Ggs,
etc.37 %146 Tt should be noted here that very detailed
studies concerning the solvent polarity effects on the ge-
ometrical and electronic structures of the exciplex state
have been conducted recently by employing the A-D
systems linked by rigid, semi-rigid and flexible satu-
rated hydrocarbon spacers,*”*® results of which clearly
support those concepts proposed previously.!:37—41:46)
Moreover, recent investigations on the solvent depen-
dence of intramolecular proton transfer, fluorescence,
intersystem crossing, and nonradiative decay in sty-
rene—amine exciplexes show clearly that the observed
results can be attributed to a change in exciplex confor-
mation from compact (folded) one in nonpolar solvents
to loose (extended) one in polar solvents.*®

On the other hand, picosecond laser spectroscopic
and theoretical?* 2 studies on the intermolecular pho-
toinduced ET reaction in polar solutions have extended
our views to include donor-acceptor distance distribu-
tions in the photoinduced CS process leading to the
formation of various geminate ion pairs and exciplexes
with different geometries and established the mecha-
nism of the —A Ges dependence of the inter-ionic dis-
tance distribution in the geminate IP’s, which is essen-
tial for the interpretation of the apparent lack of the
inverted region in the fluorescence quenching reaction

50)
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due to CS in polar solutions. In this respect, it should
be emphasized here that our previous results on the
reduction of 3BP* by tertiary aromatic amines in ace-
tonitrile solution demonstrated that the rate constant
of the intra-IP PT reaction significantly decreased with
increase of —AGgg for the 3IP formation, indicating
the increase of the interionic distance in 3LIP with in-
crease of —AGeg'”'% 2V in accordance with theoretical
studies.?>=2%) When N,N-diethyl-p-toluidine was used
as hydrogen donor, —AGcg was very large, which re-
sulted in practically no intra-IP PT reaction but only
the ionic dissociation in acetonitrile solution.??®) These
results are also important examples of the fact that the
mutual geometry between 3BP* and amine immediately
before the reaction is of essential importance in deter-
mining the apparent reaction mechanisms.
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