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Two-Laser Flash Photolysis
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Abstract: The lifetimes of benzophe-
none in the higher triplet excited state
(BP(T,)) and several BP derivatives in
the T, states were measured directly to
be 71,=37+7 ps and 20-33 ps, respec-
tively, by using the nanosecond-pico-
second (ns—ps) two-color/two-laser
flash photolysis method. Based on the
direct measurements of 7, of BP(T,),

carbon tetrachloride (CCly), benzene
(Bz), and p-dichlorbenzene (DCB),
was investigated. The fast TET from
BP(T,) to Q can be attributed to the
lifetime-dependent quenching process,

Keywords: benzophenone - excited
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according to the Ware theoretical
model of the bimolecular energy trans-
fer reaction. The contribution of the
lifetime-dependent term on kigr was
27, 60, and 86% for CCl;, Bz, and
DCB as the Q of BP(T,), respectively,
indicating that the TET from BP(T,) to
Q is influenced not only by 7, but
also by the size of Q.

the triplet energy transfer (TET) from
BP(T,) to quenchers (Q), such as

Introduction

Benzophenone (BP), one of the most important compounds
in photochemistry, has been intensively studied for a long
time.l™>) BP in the lowest triplet excited state (T,) (T,-state
energy, E;=289 kJmol™), generated through intersystem
crossing (ISC) from the singlet excited state (S;) in a 100 %
yield upon photoirradiation, is widely used as the reference
and triplet sensitizer to produce other organic molecules in
the T, state with lower E, than BP(T,).>® Because BP(T,)
is so important, the study of BP in the higher triplet excited
state (T,, n>2) is also very attractive.™ Obi and his co-
workers described the hydrogen abstraction reaction of
BP(T,) from solvent molecules.'” Later, they found that dis-
sociation of BP(T,) depends on the excitation wavelength.
Rapid dissociation of BP(T,) occurred upon irradiation of
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ment of 7r, of several BP derivatives in the T, states by using ns—ps
two-color/two-laser flash photolysis, and spectral changes of BP(T))
during ns—ps two-color/two-laser flash photolysis of BP in CCl, and
Bz.
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BP(T,) with the 308 nm laser, but not with the 532 nm
laser.'2¥] McGimpsey and Scaiano reported triplet energy
transfer (TET) from BP(T,) to benzene (Bz) used as sol-
vent.'!! Recently, we reported the TET from BP(T,) to vari-
ous quenchers (Q) to give Q(T,), and the sequential TET
from Q(T,) to BRIl It was found that in the case of p-di-
chlorobenzene (DCB) as Q, the sequential TET from
DCB(T,) to BP occurred with a yield of 100%; however,
the yield for Bz as Q was not 100 %, because of the compet-
itive reactions from Bz(T,).'"1*1% No sequential TET pro-
cess was observed for carbon tetrachloride (CCl,) as Q, be-
cause of the rapid C—Cl bond cleavage of CCIl,(T,) to give
CCly* and CI. The lifetimes of BP(T,) (t1,) and several BP
derivatives in the T, states have been estimated from the de-
pendence of the quenching efficiency on the concentration
of Q ([Q]).") However, without the direct measurements of
Tr,, the reaction mechanism from BP(T,) to Q cannot be
fully clarified. Here, we report the direct measurements of
the 7, value and bimolecular TET rate constant (krgr) from
BP(T,) to Q by using the nanosecond-picosecond (ns—ps)
two-color/two-laser flash photolysis method.

Results and Discussion

Direct measurement of 7, of BP(T,) by using ns—ps two-
color/two-laser flash photolysis: The transient absorption
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spectrum of BP(T;) with an absorption peak at 525 nm was
observed during the 355 nm laser (laser pulse duration, 5 ns)
flash photolysis of BP (7.0x107>m) in an Ar-saturated aceto-
nitrile (AN) solution at room temperature (Figure 1). The
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Figure 1. Transient absorption spectra observed at 50 ps before (solid
line), 40 ps after (broken line), and 180 ps after (dotted line) the 532 nm
30 ps laser flash, during the ns—ps two-color/two-laser flash photolysis of
BP (7.0x107°m) in Ar-saturated AN at RT by using the pump/probe
system. The time delay of the second 532 nm 30 ps laser after the first
355 nmns laser was 100 ns.

bleaching of the BP(T);) absorption at 525 nm and complete
recovery were observed upon the second 532 nm laser (laser
pulse duration, 30 ps) irradiation at 100 ns after the first
355 nm laser irradiation (Figures 1 and 2). Because BP(S,)
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Figure 2. Time profiles of the transient absorption at 525 nm, assigned to
BP(T),), during the irradiation of one laser (open circles) and two lasers
(closed circles). The delay time of the second 532 nm 30 ps laser after the
first 355 nmns laser was 100 ns. The inset (open squares) shows the time
profile obtained by subtraction of the open circles from the closed circles.
The solid line is a fitted curve, assuming the single exponential function.

has no absorption at 532 nm, only BP(T)) is excited with the
second 532 nm laser irradiation. The bleaching of BP(T,) in-
dicates that BP(T)) is excited to give BP(T,). The complete
recovery indicates that BP(T,) decays to reproduce BP(T)).
The 71, value was estimated to be 3747 ps, by applying the
single exponential function to the recovery of transient ab-
sorption of BP(T,) (Figure 2 inset). The recovery of BP(T))
can be attributed to the internal conversion (IC). According
to the energy gap law, 7, can be expressed as 7p, '=kic
~10" exp(-aAE), in which AE(eV) is the energy gap be-
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tween the T, and T, states, and a is a constant less than
5eV~LE The T, state energy (Er,) of BP was calculated to
be 403 kJmol™!, by assuming that a=5eV~'. Because the
532 nm photon energy (225 kJmol™") is larger than the
energy gap between the T, and T, states (AEq, =
114 kJmol™), the 532 nm laser irradiation of BP(T,) gener-
ates BP(T,,, m>n), from which the IC process generates
BP(T,), followed by BP(T};) (Scheme 1).

Tm
S IC 1, Er: 403 kJ mol™
n n Etnt mol
Ic
s hoa §8 4k 37 7 ps
1sC " ade Ty Er: 289 kJ mol™
h 100% i
“ fisc
So v
BP
o
BPs: | = | S
X %

X: H, CH30, CHs, F, CI, CF3, CH30, CHs, F

Y: H, H, H, H, H, H, CH30, CH3, F

Scheme 1. Schematic energy diagram of BP: Av,, the first 355 nm ns laser.
hv,, the second 532 nm 30 ps laser; dotted lines indicate radiationless
processes; IC, internal conversion; ISC, intersystem crossing; BPs, BP de-
rivatives.

Usually, the ki values from the S, state to the S, state, or
from the T, state to the T, state, are expected to be in the
range of 10''-10"* s~.®) However, the electronic deactivation
from BP(T,) to BP(T,) occurs slowly at kjc=7y, '~3x
10°s7!. The small k;c may be attributed to a “strongly
avoided” crossing between two potential surfaces of BP(T,)
and BP(T,). Large AEy, 1 values (~110 kImol™") lead to
the slow transition from BP(T,) to BP(T,)."! The slow elec-
tronic deactivation of anthracene and its derivatives in the
T, state to those in the T, state has been reported, because
of the large AEq, 1 (~130 kImol™) values.'’"*! Recently, a
lifetime of chrysene(T,) of 45+7 ps was measured directly
by using the ns—ps two-color/two-laser flash photolysis
method.™ The electronic deactivation from chrysene(T,) to
chrysene(T;) occurs at kjc=1y, '~2x10'"s!. Therefore, the
slow electronic deactivation from the T, state to the T, state
is not unique to BP. The slow internal conversion from the
T, state to the T, state could be observed for various com-
pounds with a large AE+,_r; value.

Similarly, the 71, values of several BP derivatives in the
T, states (BPs(T,)) were measured directly (Figure S1, Sup-
porting Information), and the Ey, values were also calculat-
ed, as summarized in Table 1.

It was revealed that the introduction of a substituent to
BP tends to decrease the 7, value. This tendency was pre-
dicted from results of our previous work based on the bimo-
lecular quenching of BPs(T,).!*!
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Table 1. The lifetimes (zy,) of BP and several substituted benzophenones (BPs, p—X—C,H,C(=0)C,H,~Y—p’) in the T, states (BP(T,) and (BPs(T,), re-
spectively), the energies of the T, and T, states (Ey, and Ey,, respectively), and the energy gap between BPs(T,) and BPs(T,) (AEy, ).

X H CH,O CH, F cl CF, CH,O CH, F
Y H H H H H H CH,0 CH, F

oo [ps] 3747 2849 3147 3247 3145 2045 3349 3245 3144
Er [kImol ] 289 290 290 292 288 285 292 290 294
Eq, [kJmol '] 403 399 401 403 399 387 404 401 405
AEq, 1 [kImol ] 114 109 111 111 111 102 112 111 111

[a] Eqy, triplet excited-state energy of the T, state, from reference [7]; Ex,, triplet excited-state energy of the T, state, calculated by using the energy gap

law based on the 7y, value with a=5eV .

TET from BP(T,) to Q: Previously, the TET from BP(T,)
to Q, such as DCB, Bz, and CCl,, was investigated by using
ns-ns two-color/two-laser flash photolysis.'*'*! The complete
recovery of BP(T,), due to the TET from Q(T;) to BP, was
observed in the case of DCB, but incomplete recovery and
no recovery were observed in the cases of Bz and CCl,, re-
spectively. To clarify the TET process from BP(T,) to Q, the
ns—ps two-color/two-laser flash photolysis of BP in CCl, and
Bz was performed. A fast-response streak camera detection
system was employed to reveal the photoinduced processes.
The transient absorption spectral changes of BP(T,;) during
the ns—ps two-color/two-laser flash photolysis of BP in CCl,
and Bz are shown in Figure S2 of the Supporting Informa-
tion. The time profiles of the transient absorption of BP(T))
in Ar-saturated CCl, during the ns laser flash photolysis and
the ns—ps two-color/two-laser flash photolysis are shown in
Figure 3.

t/ns

Figure 3. Kinetic traces of AODsys during the 355 nmns laser irradiation
(open circles) and the ns—ps two-color/two-laser irradiation (closed cir-
cles) of BP (7.0x107°m) in Ar-saturated CCl, at RT. The time profile of
a 532 nm 30 ps laser flash is shown as the broken line. The broken arrow
lines show the ratio of unrecovered component of BP(T)).

The bleaching of BP(T;) was observed upon the second
532 nm laser irradiation. After the second laser flash, only
12% of the bleaching was recovered promptly, and 88%
was not recovered (Figure 3). The prompt recovery similar
to 7y, indicates that a part of BP(T,) decays to BP(T;) by
means of IC. The unrecovered component of BP(T;) indi-
cates that the TET from BP(T,) to CCl, (kgr) resulted in
the rapid decomposition of CCl,(T;) through cleavage of the
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Scheme 2. Schematic energy diagram of BP(T,) generation and decay
processes. hv,, the second 532 nm 30 ps laser; dotted lines indicate radia-
tionless and reaction processes; IC, internal conversion; ISC, intersystem
crossing.

C—Cl bond to give CCly and CI' ([Eq.(1)-(3)] and
Scheme 2):

BP(T,)““BP(T,) 1)
BP(T,)+CCl, 2% BP+CCl,(T,) 2)
CCl,(T,) — Cl+CCl, 3)

Similarly, no recovered component of BP(T;) was ob-
served at various [CCl,] (0.1-2.0M) in AN.'"'®! These results
indicate that the k[CCl,] value is sufficiently large for the
competitive occurrence with k- from BP(T,) to BP(T);). The
generation of CCly' and CI' according to Equation (3) was
confirmed by the observation of the Bz/Cl complex with the
absorption peak at 495 nm in the reaction system including
Bz.["")

Kinetic traces of BP(T;) at 525 nm in Ar-saturated Bz
during the ns laser flash photolysis and the ns—ps two-color/
two-laser flash photolysis are shown in Figure 4.

The bleaching of BP(T;) was also observed upon the
second 532 nm 30 ps laser irradiation. After the second laser
flash, 41 % of the bleaching was not recovered. In contrast
to the kinetic traces observed in CCly, the slow recovery in-
dicates the TET from Bz(T;) to BP. This slow recovery was
well fitted by assuming pseudo-first-order kinetics. The bi-
molecular rate constant (k'rgp) was calculated to be 1.2x
10"m~'s™!, indicating that the sequential TET from Bz(T))
to BP occurred at the diffusion-controlled rate constant
(kg in Bz (kgr=1.1x10"m"1s7!, 25°C).” The lack of re-
covered component of BP(T,) indicates that the yield of the

Chem. Eur. J. 2005, 11, 6471 -6477
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Figure 4. Kinetic traces of AODs,s during the 355 nmns laser irradiation
(open circles) and the ns—ps two-color/two-laser irradiation (closed cir-
cles) of BP (7.0x107°m) in Ar-saturated Bz at RT. The solid line is a
fitted curve, assuming the pseudo-first-order exponential function. The
time profile of a 532 nm 30 ps laser flash is shown as a broken line. The
broken arrow lines show the ratio of recovered component and unrecov-
ered component of BP(T)), respectively.

TET from Bz(T;) to BP is not 100 % because of other reac-
tion pathways from Bz(T,). The possible pathways are sum-
marized in Equations (4)-(8) and Scheme 3:

BP(T,)“BP(T,) (4)
BP(T,)+Bz-"-BP+Bz(T;) o
Bz(T,)+BPX=%,Bz+BP(T)) ©)
Bz(T;)+Bz — (Bz - - - Bz)(T)) 7
(Bz---Bz)(T,) — 2Bz ®)
T, -, krerlBz]
., 95%
ho kic “_'_T1 Kexc[BZ]
. A....-'.;(,TET[BP] T
f thise  (Bz..BZ)(Ty)
ISC :
So =S, 2%32
BP Bz

Scheme 3. Schematic energy diagram of BP(T,) generation and decay
processes. hv,, the second 532 nm 30 ps laser; dotted lines indicate radia-
tionless and reaction processes; IC, internal conversion; ISC, intersystem
crossing.

As possible competitive processes of the TET from
Bz(T,) to BP, ISC from Bz(T,) to Bz(S,), and other reac-
tions, such as the formation of the Bz triplet excimer
[(Bz--Bz)(T,)] are expected.” ™! The phosphorescence spec-
trum of the halogen-substituted Bz triplet excimer, which is
expected to have a “T” conformation, has been reported to
show a peak at around 500 nm.”2* On the other hand, the
phosphorescence from [3n]cyclophanes (n=2,4,5), in which
two Bz rings are stacked in a face-to-face manner, has been
observed in the region of 470-515 nm.”*! Therefore, the

Chem. Eur. J. 2005, 11, 6471 -6477
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energy of (Bz-Bz)(T,) is expected to be 232-255 kImol *,
which is lower than that of BP(T,). Thus, the formation of
(Bz-Bz)(T,) is a possible deactivation pathway for Bz(T)).
The TET from Bz(T,) to BP only partly occurred, as indicat-
ed by incomplete recovery. The rate constant of the forma-
tion of (Bz--Bz)(T,) (kg,) can be calculated from (kg [Bz]/
(kictkren[Bz])) x ((Kisctkes[Bz])/ (kisc+k e BP]+-

ke [Bz]))=0.41, in which kg is the TET rate constant from
BP(T,) to Bz (see below). The kg, was estimated to be 3.5 x
10'm 's™", based on the reported lifetime of Bz(T,), 470+
50 ns.?”!

The kygp value of BP(T,) to Q depends on 7y, and Q: The
TET from BP(T,) to Q occurred competitively with IC from
BP(T,) to BP(T)). Based on the 7, value, the kpgp value of
BP(T,) to Q can be calculated from the plot of (AAODs,s)™"
vs [Q] " [Eq. (9)].2%*"

(AAODsys) ™! = +B(krertr,[Q]) 9)

in which f is a constant that depends on the experimental
conditions. From the plots of (AAODs,s)~" vs [Q] ™}, a linear
line with an intercept of 8 and a slope of B(kyerTr,) ' was
obtained. The plots of (AAODsy)~! vs [DCB] ™, [Bz] !, and
[CCL,] " are shown in Figure 5.

The krgr value of BP(T,) to DCB was calculated to be
1.4x10"m 's7!. Similarly, the krgr values of BP(T,) to Bz

60 1

(AAODsgs)™"

0 5 10 15
[DCB ™/ M

(<))
o
1

(AAODsgs)™"
N
o

w
o

0.0 05 1.0 15
Bz v’

(AAODsps)™"

T T

0 1 2 3
[ccll™m’

Figure 5. Plots of (AAODys,5)™" vs [DCB]™, [Bz] ', and [CCL,]™".
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and CCl, were calculated to be 4.7x10"m's™! and 2.6x
10"m's™!, respectively. The ratio of the decay of BP(T,)
through the TET and IC in CCl, or Bz can be calculated
from the relationship kg[Q]/(kic+krer[Q]), and was found
to be 0.90, indicating that 90% of BP(T,) decayed through
the TET in CCl,. This result agreed with the observation
that 88% of BP(T;) was not recovered, as seen in Figure 3.
Similarly, about 95% of BP(T,) was quenched by the TET
in Bz, although the recovered component, due to IC from
BP(T,) to BP(T,), was not clearly observed in Figure 4 be-
cause of the minor contribution.

The fast TET from BP(T,) to Q can be attributed to the
lifetime-dependent quenching process, according to the
Ware theoretical model of the bimolecular energy transfer
reaction [Eq. (10)],1*

krer = kgg+kago/ (nD7,)* (10)

in which kgy=4nNoD, N is the Avogadro number, o is the
reaction distance between two molecules, and D is the sum
of the diffusion coefficients for BP(T,) (Dgpr,) and Q
(Dg). The kguo/(nD7tr,)** term was calculated to be 0.7 x
10" 2.8x10", and 1.2x10"m 's™" for CCl,, Bz, and DCB,
respectively, based on kgiz=19x10"M's™ in AN at
25°C."" Therefore, the contribution of the lifetime-depen-
dent term on kqgp was 27, 60, and 86 % for CCl,, Bz, and
DCB as Q of BP(T,), respectively. The various contribution
of the lifetime-dependent term indicates that the TET from
BP(T,) to Q is influenced not only by 7,, but also by ¢ and
D. Because an electron-exchange mechanism operates in the
TET from BP(T,) to Q,”¥! the collision between BP(T,) and
Q occurs in the 7, timescale. Therefore, o can be assumed
to be equal to the sum of the radii of BP(T,) and Q (rp).
The radius of BP(T,) is constant during the quenching of
BP(T,) by Q. The change in o is due to the change in r5. On
the other hand, the D, value can be expressed by Equa-
tion (11),7

Dq = kg T /6mtnrg (11)

in which kg is the Boltzmann constant, 7 is the absolute
temperature, and 1 is the viscosity of AN. D, is proportional
to the reciprocal of r,. Therefore, one of the important fac-
tors in kyuo/(tD7y,)" is ro. The r, values were estimated
from the bond lengths calculated at the PM3 level to be
1.75, 2.49, and 3.01 A for CCl,, Bz, and DCB, respectively.
Therefore, one of the factors governing the rate should be
the molecular size, which suggests that various 7, values
may be obtained by using different Q of BP(T,) in the cal-
culation of the 7, by using the quenching method.
Previously, the 7y, values of BPs(T,) were evaluated indi-
rectly from the dependence of the quenching efficiency on
[DCB] during the ns—ns two-color/two-laser flash photolysis,
and were found to be 110-450 ps.'>®! These calculated 7y,
values of BPs(T,) are almost ten times greater than the 7,
values measured directly in the present study. In Equa-
tion (10), the effect of the kyy0/(mD7y,)"> term on the krgr
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value can be ignored if the 71, value is sufficiently large, for
example, if 71,>10ns. In the case of 7y,<1 ns, the kygzo/
(nD7y,)" term has a considerable effect on the kpgp value.
Therefore, during the calculation of 7y, of BPs(T,) from the
quenching method, the kyuo/(nD7y,)*° term in Equa-
tion (10) must be considered according to the Ware theoreti-
cal model. Consequently, evaluation of 7r, values based on
the TET quenching process of BPs(T,) by Q is not appropri-
ate, and direct measurement of the 7, value is necessary.

Importantly, the ky0/(mD7y,)"> term is also a function of
the o and D values, which relate to the size of Q. In a previ-
ous paper, we assumed the ¢ value to be 6 A,l*') based on
the reported values for the energy transfer.”®*! One of the
factors that induces a large error in 7, is the large o value,
because the TET is governed by an exchange mechanism in
which collision between the donor and acceptor is essential.
The kyyo/(nD1y,)"° value increases as the size of Q increas-
es. This result suggests that a relatively small Q, such as
CCl,, for the TET quenching of BP(T,), gives a small kg o/
(tD7y,)" value (0.7x10"°m's™"), and that a relatively large
Q, such as DCB, gives a large kgy0/(nD1y,)* value (1.2x
10" M 's™).

Conclusion

The 71, values of BP(T,) and several BPs(T,) were mea-
sured directly to be 37+7 ps and 20-33 ps, respectively, by
using the ns—ps two-color/two-laser flash photolysis method.
The introduction of substituents to BP tends to decrease the
T, values. Based on the direct measurements of 7, of
BP(T,), the TET from BP(T,) to Q, such as CCl,, Bz, and
DCB, was clarified. The kqg[Q] value was sufficiently large
for the competitive occurrence with k. from BP(T,) to
BP(T,). According to the Ware theoretical model of the bi-
molecular energy transfer reaction, the lifetime-dependent
quenching process, the kgq0/(mD7y,)"> term, has a consider-
able effect on the TET processes. The present study shows
that the kyqo/(mD7y,)"> term is not only a function of 7,
but also a function of the ¢ and D values, which relate to
the size of the Q. A relatively small Q, such as CCl,, for the
TET quenching of BP(T,), gives a small kyuo/(nD7p,)"’
value (0.7x10""m's™"), and a relatively large Q, such as
DCB, gives a large kyu0/(nD7y,)"* value (1.2x10"m™'s™).
Therefore, the evaluation of 7, values based on the TET
quenching process of BPs(T,) by Q is not appropriate, and
direct measurement of the 7, value is required.

Experimental Section

Materials: Benzophenone and 4-methylbenzophenone were purchased
from Nacalai Tesque. p-Methoxybenzophenone, p-fluorobenzophenone,
p-chlorobenzophenone, p,p’-difluorobenzophenone, p.p’-dimethylbenzo-
phenone, and p,p’-dimethoxybenzophenone were purchased from Tokyo
Kasei Kogyo. p-(Trifluoromethyl)benzophenone was purchased from Al-
drich. All compounds were recrystallized two or three times from ethanol
before use. Acetonitrile (AN), carbon tetrachloride (CCly), benzene
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(Bz), all spectral grade, were purchased from Nacalai Tesque, and were
used directly. Sample solutions were freshly prepared and deoxygenated
by bubbling with argon (Ar) gas before irradiation. A rectangular Supra-
sil flow cell (1 cmx0.5 cmx2 cm) was used to ensure that each laser shot
was irradiated on the fresh sample. All experiments were carried out at
room temperature.

Two-color/two-laser flash photolysis: The first laser flash at 355 nm was
obtained by using a ns Nd:YAG laser (Continuum, Surelite 1I-10; 5 ns
fwhm, 10 Hz). The second laser flash at 532 nm was obtained by using a
ps Nd:YAG laser (Continuum, RGA69-10; 30 ps fwhm, 10 Hz) seeded
by a picosecond diode laser (1064 nm, 5 ps, 100 MHz, time-bandwidth,
GE-100). Two laser flashes were synchronized by using a pulse generator
with a delay time of 10 ns—10 ms, and overlapped through the sample.
Transient absorption spectra and time profiles in the picosecond region
were measured by using the pump and probe method, and the fast-re-
sponse streak camera (Hamamatsu Photonics, C7700) equipped with a
CCD camera (Hamamatsu Photonics, C4742-98) detection system, re-
spectively. In the case of the pump and probe measurements, the probe
pulse generated by focusing the fundamental light of the ps Nd:YAG
laser on a D,0:H,0 cell was detected by using a MOS linear image
sensor (Hamamatsu Photonics, M2493-40) equipped with a poly-
chromator (Hamamatsu Photonics, C5094) after passing through the
sample. The systems were controlled by using a personal computer and
GP-IB interface.
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