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Photochemical and photophysical aspects of (1) triplet energy transfer (TET) from triplet benzophenone (BP) to
naphthalene derivatives (NpD) and (2) formation and decay processes of triplet exciplexes between *NpD* and BP have
been studied by 355-nm laser photolysis techniques in the liquid phase. As an initial event, TET occurs from *BP* to NpD
competing with H-atom transfer (HT), electron transfer (ET), and induced quenching (IQ) on the nanosecond time scale.
The TET rate constant increases with an increase of solvent polarity while that of HT decreases, indicating that the *(n,
) state of BP is slightly mixed with '(zt, ™) in polar media. After formation of *NpD™* by TET from BP*, chemical
reactions via triplet exciplexes between *“NpD* and BP having loose sandwich-like structures with weak charge transfer
character take place in the microsecond time scale, depending on the substituent groups of NpD. (1) HT from triplet
2-naphthylammoniun ion and triplet naphthol to BP occurs efficiently to yield the 2-naphthylamine cation radical and
naphthoxy radical plus the benzophenone ketyl radical, respectively. The more protic H-atom in NpD is the more reactive
in HT. (2) The proton-induced ET from triplet methoxynaphthalene to BP takes place effectively via the protonated triplet
exciplex to give the methoxynaphthalene cation and benzophenone ketyl radical. (3) Hydrogen bonding-induced ET from
triplet N, N-dialkyl-1-naphthylamine to BP occurs to yield the N-dialkyl-1-naphthylamine cation radical and benzophenone

267

anion radical in the presence of protic solvents.

A large number of studies on the photoreduction of triplet
aromatic ketones by alkanes, alcohols, amines, etc. have
been carried out experimentally and theoretically since such
a photoreaction is preceded by elemental chemical reactions,
H-atom and electron transfers.'—** The mechanism of the
primary photoreduction of benzophenone (BP) has been ex-
tensively studied by means of product analysis and laser
flash photolysis techniques.'***—" The H-atom abstraction
of triplet BP (*BP*) from H-atom donors occurs to yield
the BP ketyl radical (BPK). On the other hand, it has been
shown that the photoreduction of *BP* with amines under-
goes electron transfer, followed by proton transfer to give
BPK.Z,I 1,17,33b,36—42

In the past two decades, we have had considerable inter-
est in photophysical and photochemical behavior of aromatic
compounds in the presence of protons:** proton transfer reac-
tions and proton-induced quenching,**—** a one-way proton-
transfer reaction in the excited state of hydrogen-bonded
complexes,™ and examples of the absence of excited-state
prototropic equilibrium.’! These are photophysical and pho-
tochemical phenomena in the excited singlet state of aromatic

# This work was presented as a plenary lecture at the 2nd Asian
Photochemistry Conference, Tagjon, Korea, June 1999.

compounds upon direct excitation.

In the course of research on the excited-state proton-trans-
fer reactions with proton-induced quenching, in 1983, we
found the H-atom transfer (HT) from triplet 2-naphthylam-
monium ion to the ground state of BP** The HT reaction
from triplet 1-naphthol to BP is shown to proceed via a
triplet exciplex.™ At the initial event, triplet naphthalene
derivatives (NpD) are formed by the triplet energy transfer
(TET) of *BP* on a nanosecond time scale, followed by the
formation and decay processes of the triplet exciplexes on a
microsecond time scale.’*>

Since the first report on the triplet sensitization of naph-
thalene by *BP™ in a rigid matrix by Trenin and Ermolaev,
a large number of investigations on triplet energy transfer
have been carried out experimentally and theoretically.'**"—"
However, until recently, little attention has been paid to the
interactions of triplet-sensitized compounds with the ground
state of energy-donor molecules. We have been interested
in photophysical and photochemical profiles between triplet
aromatic compounds (especially for *NpD*) and BP.

It has been shown that new types of photochemical reac-
tions such as HT,”***”*="" proton-enhanced’*’" and proton-
reduced HT,” proton-induced electron transfer (ET),”**
and hydrogen-bonding-induced ET reaction®' take place ef-
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ficiently via triplet exciplexes having loose sandwich-like
structures with weak charge-transfer (CT) character.">—*!
Upon direct excitation, it is well-known that NpOH and
naphthylammonium ion undergo proton transfer in the ex-
cited singlet state (S;) while in the triplet state (T), HT
occurs efficiently. This may be due to the difference in the
electronic structures between S and T, states. The former
has an ionic structure and the latter has a biradical-like elec-
tronic structure. The proton effects on the triplet exciplexes
have been revealed to be as remarkable as those on the S,
state, where proton-induced quenching (chemical quenching)
takes place.¥—*

This account consists of two subjects. (1) TET from *BP*
to aromatic compounds (mainly NpD) and (2) photophysics
and photochemistry of the triplet exciplexes between *NpD™*
and BP. In the first part, TET of *BP* is explained from the
following viewpoints: solvent effects on TET from 3BP* to
NpD competing with other processes of HT, ET, and induced
quenching (IQ). The dynamic behavior of >BP* for the cases
of the small (or negative) triplet energy differences is also
discussed. In the second part, the formation and decay (HT,
ET, and 1Q) processes of the triplet exciplexes having loose
sandwich-like structures with CT character are explained.
Especially, it is emphasized that protons significantly affect
HT and ET reactions via triplet exciplexes.

[1] Triplet Energy Transfer of Benzophenone

The formation of >BP* [*(n, £*)] produced by intersystem
crossing of the excited singlet state of BP [! (zr, *)] produced
upon 355-nm laser excitation is very fast with a time constant
of ca. 10 ps®*** according to the El-Sayed rule.®* The TET
reaction from 3BP* (triplet energy, Er = 289.1 kJ mol~!)* to
NpD competes with other processes such as HT, ET, and IQ.
After TET, 3NpD* reacts with the ground state of BP to form
a triplet exciplex. In this part, the dynamic profiles of triplet
exciplexes of *NpD™ with BP are discussed on the basis of
kinetic data obtained by nanosecond laser flash photolysis at
355 nm.

1-1. Solvent Dependence of Triplet Energy Transfer
Competing with H-Atom Transfer between Triplet Ben-
zophenone and Naphthol.>*7%%7  Figure 1a shows the
time-resolved absorption spectra obtained after 355 nm laser
pulsing to the BP (6.7 x 10~3 mol dm—3)-1-naphthol (NpOH;
2.0%x 10~ moldm~?) system in acetonitrile (ACN) at room
temperature.®*%” Ata low concentration of 1-NpOH (1x 1072
mol dm—3), very few complexes between NpOH and BP are
produced in the ground state. The Et value of 1-NpOH is
known to be 244.8 kJmol~!. The T, < T; absorption peak
of BP at 520 nm decreases with an isosbestic point at 463 nm
while that of NpOH at 430 nm increases in intensity. From
the transient spectra, it is concluded that TET from 3BP* to
NpOH occurs efficiently in ACN. On the other hand, the
reaction of *BP* with NpOH in CCl, (dielectric constant,
d = 2.23) is different from that in ACN (d = 37.5). Fig-
ure 1b shows the transient absorption spectra obtained after
355 nm laser pulsing to the BP (6.7x1072 moldm—3)-1-
NpOH (2.0x 1073 mol dm—3) system in CCly.*® With a de-
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Fig. 1. (a) Transient absorption spectra at (1) 35, (2) 80, (3)

150, and (4) 250 ns after 355-nm laser pulsing in the NpOH
(2.0x107% moldm™>3)-BP (6.7x10™> moldm™?) system
in ACN. (b) Transient absorption spectra at (1) 30, (2) 60,
(3) 100, and (4) 200 ns after 355- nm laser pulsing in the
NpOH (2.0x10~* moldm™*)-BP (6.7x10~% moldm™)
system in CCly.

crease of the T, «— T, absorption of BP at 530 nm, both
absorption peaks derived from the 1-naphthoxy radical (1-
NpO-) at 395 nm and BPK at 545 nm appear. From these
spectral changes, it is revealed that in CCly, HT from NpOH
to >BP* predominates over TET from *BP* to NpOH. By
using the molar absorption coefficients (¢) of 31-NpOH*,
BPK, and NpO-, the quantum yields (@Prgr and Pyr) of
TET and HT are determined. The intensity of the incident
laser pulse can be determined by the absorption of 3BP*.
The quantum yield (®yq) of IQ is defined by Eq. 1,%7¢

Do =1~ Prer — Pur ¢))

The decay processes of >BP* in the presence of NpOH are
expressed by Scheme 1.
Figure 2a shows the plots of the quantum yields for TET,

- kyer{NpOH] ) .
BP 3NpOH" + BP
kyr[NpOH
ko ur[NpOH] NpO- + BPK
kig[NpOH]
BP NpOH + BP
Scheme 1.
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Fig. 2. (a) Plots of the quantum yields of TET (O), HT (A),

and 1Q () as a function of d. (b) Plots of the rate constants
of the quenching of ‘BP* (@), TET (O), HT (A), and IQ
(O) as a function of d.

HT, and IQ as a function of the d value of the solvent used.®
The value of @gr increases with an increase of d, and be-
comes almost constant (ca. 0.65) in the region d > 20. On
the contrary, the @yt value decreases with an increase of d,
giving a constant value of ca. 0.1 in the region d > 20. The
@y value seems to be ca. 0.25 independent of d.

The quenching rate constants (k;) of 3BP* by NpOH
are determined in various solvents by laser photolysis tech-
niques. Plots of the observed first-order rate (kohea) for the
decay of *BP* as a function of [NpOH] give a straight line
in all solvents used. Therefore, kqpyg is expressed by Eq. 2.

kovsa = ko + kq[NpOH] (2)

From the slope and intercept of the line, the kq and kg values
are determined.
As shown in Scheme 1, the k; value consists of the rate

constants of the respective processes.
kq = kter + kut + kig 3)

where krer, kut, and kig are the rate constants of TET, HT,
and IQ, respectively. These values are calculated by the
products of k4 and the quantum yield of each process when
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kqINpOH] >> ky is established in the range [NpOH] = 1073
mol dm—3. The obtained values of kq» ktET, K, and kg are
plotted as a function of d in Fig. 2b.* With an increase of
d, the krgr value increases up to 6.0x10° dm’® mol='s~!.
In contrast, the kyr decreases from ca. 6.0x 10 to 1.0x 10°
dm’ mol~' s™! with an increase of d.

As described above, the quenching of *BP* by NpOH
accompanying TET, HT, and 1Q processes takes place in an
encounter complex. The TET rate constant increases with
an increase of the solvent polarity. According to the Dexter
theory,” the electron exchange mechanism which requires
overlap of the electronic orbitals between donor and acceptor
molecules is plausible to rationalize the TET reaction for such
acollisional situation. The theory predicts that the possibility
of TET by the exchange mechanism is proportional to d~.
However, our result is against the prediction. On the other
hand, it has been considered that the rate of HT depends
on the bond energy of the H-atom of the substrates. The
present system employed only NpOH as a substrate. Thus,
the quantum yield and rate constant for HT must be affected
by the solvent polarity.

In order to interpret the solvent effects on TET and HT,
the following possible explanations have been proposed: (1)
The solvent dependence of TET in the present system should
be interpreted in terms of not only the electron exchange
mechanism (Dexter theory)” but also the dipole—dipole in-
teraction mechanism (Forster theory).* In a polar solvent,
the 3(n, ) state is destabilized in energy compared with
that in a nonpolar solvent where the I(m, ) state is stabi-
lized in polar media. Therefore, the energy gap between the
3(n, ®*) and '(m, w*) states of BP in polar media becomes
smaller than that in nonpolar media. The degree of perturba-
tion between *(n, *) and '(st, T¥) states increases with an
increase of the solvent polarity. In other words, the ! (rt, t*)
character in the 3(n, ™) state of BP in polar media increases
through spin-orbit coupling in the more polar solvent, re-
sulting in an increase of the more possibility for the TET
process from *BP* to NpOH to occur by the dipole—dipole
interaction mechanism.* Concurrently, the (n, *) state of
BP mixed with the ' (;t, n*) state in polar media reduces the
HT reactivity of *BP*. (2) The solvent polarity may affect
the selectivity of the configurations of an encounter complex
suitable for TET and HT. It is necessary that the carbonyl
group of *BP* approaches the hydroxy group of NpOH for
the HT reaction to occur in an encounter complex. In a polar
solvent, solvent molecules would solvate around the hydroxy
group of NpOH or the carbonyl group of *BP* to hinder the
approach to each other, resulting in enhancement of the TET
reaction.

After the TET from 3BP* to NpOH, the triplet exciplex
formation of SNpOH™ with the ground BP results in the HT
reaction via the triplet exciplex, as described later.

In general, the TET efficiency is shown to be less than
unity.

1-2. Triplet Energy Transfer from Triplet Benzophe-
none to N,N-Dimethylnaphthyl-1-amine Competing with
Induced- Quenching and Electron Transfer; Solvent
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Effects.®”" Judging from the oxidation potential (E,x =0.75
V vs. SCE in ACN)**1¥2 of N,N-dimethyl-1-naphthylamine
(DMNA), we anticipate that ET from DMNA to BP* is
possible, since N,N-diethyl-1-naphthylamine (DENA) with
(E,x =0.76 V vs. SCE in ACN)°' is known to be an electron
donor to *BP* in ACN.*'92 On the other hand, TET from
3BP* to DMNA is also possible since the Er value of BP
(Fr=289.1kJImol ! in polar media)® is greater than that of
DMNA (225.9 kI mol~1).

Figure 3a shows the transient absorption spectra ob-
tained by 355-nm laser photolysis in the BP (6.7x107*
mol dm—3)-DMNA (5.0x10~* mol dm—3) system in ACN
at 295 K.*"" The transient absorption peak at 520 nm ob-
served at 100 ns after laser pulsing is ascribed to the T,, T}
absorption of BP in ACN.”7% With a lapse of time, the
T, < T, absorption at 520 nm decreases in intensity with
increases of absorbances at 550 and 370 nm with an accom-
panying isosbestic point at 535 nm. The transient absorption
spectrum at 540 nm can be assigned to be the T, + T, ab-
sorption spectrum of DMNA (& of *DMNA* at 540 nm
is determined to be 5600 moldm—3 cm™"'). Therefore, the
spectral changes in Fig. 3a show TET from *BP* to DMNA
to produce SDMNA*. Subsequently, SDMNA* reacts with
the ground state of BP to form a triplet exciplex, as discussed
later.

The first-order rates (kqpsq) for the decay of BP* in ACN
give a straight line against [DMNA]. Thus,

kovsd = ko + k[ DMNA] )

From the slope and intercept of the line, the values of k4 and ko
are 1.1x 101 dm® mol=! s~' and 3.7x10° s~!, respectively.
The efficiency (¢rer) for TET from 3BP* to DMNA can be
expressed by use of £ values of the T, — T, absorptions of
BP and DMNA, and the net maximum absorbances (ODs;q
and ODssp) for *BP* at 520 nm and *DMNA* at 550 nm in
Fig. 3a.

PrET = 0D550€5200D5_2(1) Es30 (5)

The @rer value is determined to be 0.58 in ACN. The resid-
ual efficiency of 0.42 is due to the DMNA-induced quenching
of *BP* (¢hg = 0.42). The value of krgr is determined to be
6.4x10° dm*mol~'s~! by use of Eq. 6, which is close to
that in a diffusion-controlled process.

kter = @Prerk, (6)

When the solvent is changed from ACN to ACN-H,0
(4:1 v/v) for the BP-DMNA system, a different reaction
from TET is observed. Figure 3b shows the transient ab-
sorption spectra obtained by 355-nm laser photolysis in the
BP (6.7x107* moldm™*)-DMNA (5.0x 10~ mol dm~)
system in ACN-H,0 (4: 1 v/v) at295 K8 The T,, + T, ab-
sorption band of BP at 520 nm decays with isosbestic points
at 550 and 445 nm, while absorption peaks at 370, 420, and
630 nm appear with a lapse of time. The final absorption
spectrum can be reproduced with the use of those of DMNA
cation (DMNA*") and BP anion (BP~") radicals. The ab-
sorption spectra of DMNA** (£ = 2300 dm® mol~' cm~! at
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Fig. 3. (a) Time-resolved transient absorption spectra at

(1) 100, (2) 220, and (3) 540 ns observed after 355-nm
laser photolysis in the BP (6.7x107* mol dm™*)-DMNA
(5.0x107% moldm™*) system in ACN. (b) Time-resolved
transient absorption spectra at (1) 80, (2) 150, (3) 300, and
(4) 600 ns observed after 355-nm laser photolysis in the
BP (6.7x 107 mol dm~*)-DMNA (5.0x10™* mol dm )
system in ACN-H>O (4 : 1 v/v). (c) The absorption spectra
of DMAN*" (O) and BP™" ((0) in ACN-H,0 (4: 1 v/v).

650 nm) and BP~" (£ = 5500 dm® mol~! cm~! at 630 nm)
are shown in Fig. 3c.

The spectral changes in Fig. 3b, therefore, show that the
ET reaction from DMNA to *BP* takes place in ACN-H,0
(4 :1 v/v) without TET. The values of kp and &, are obtained
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tobe 4.8x10° s~" and 9.1 x 10° dm* mol~' s~ !, respectively.
By kinetic analyses, the efficiency for ET (¢er) is determined
to be unity.

ker = grrky @)

From Eq. 7, the kgr value is obtained to be 9.1x10°
dm®*mol~'s~! in ACN-H,0 (4:1 v/v), which is close to
the diffusion-controlled rate.

The ET reaction from DMNA to 3BP* occurs very effi-
ciently in the presence of water in ACN, while TET without
ET takes place in ACN. These reactions may proceed via a
collision complex, probably a triplet exciplex having weak
CT character. Hydrogen bonding may take place at the car-
bonyl group in the exciplex, resulting in an increase of the
electron affinity of BP. Consequently, ET would occur to
yield BP~" and DMNA*". In addition, the solvation ener-
gies for BP™" and DMNA*" increase in the presence of water,
which would enhance the ET reaction.

1-3. Electron Transfer vs. Triplet Energy Transfer be-
tween Triplet Benzophenone and Naphthyloxide Anion.”
In the BP~naphthyloxide (NpO™) system, competitive reac-
tions are anticipated upon photoexcitation of BP at 355 nm:
(1) ET to produce NpO- and BP™" as an electron donor-ac-
ceptor system and (2) TET from *BP* to NpO~ to form
NpO~*. The transient absorption spectrum observed af-
ter depletion of *BP* is due to those of NpO® and BP~"
upon 355-nm laser excitation in the BP—-NpO~ system in
ACN-H,0O (4:1 v/v) with KOH. The efficiency of radical
formation of BP™" is unity. Thus, the quenching of *BP* by
NpO~ is governed by the ET process.

The triplet energy difference between NpO~ and BP is
ca. 52 kJmol~!. On the other hand, the free energy change
(AGgr) for ET is calculated by using the reduction potential
(Eeq) of BP and the oxidation potential (E,x) of NpO™.

AGer =96.5(Eox — Ered) — Ex(BP)  in kJ mol ™" (8)

The AGgr value is ca. —65.3 kJmol~! which allows an
exothermic ET process to proceed.

TET is interpreted in terms of the electron exchange mech-
anism by Dexter,” as stated above. That is, ET and back ET
occur simultaneously or stepwise in a collision complex in
the liquid phase. Considering the Dexter mechanism, the
reaction for the priority of ET over TET in the SBP*-NpO~
system can be expressed as follows. The first step of the
electronic interpretation in the collision complex of *BP*
and NpO~ would be ET according to the electron exchange
mechanism to form the triplet radical pair between BP~" and
NpO-. However, the triplet radical pair would be separated
very quickly and stabilized by solvation in aqueous ACN
before back ET, since the attractive force originating from
the Coulombic interaction in the neutral-anion radical pair
(NpO- and BP™") is very weak compared with that in an
anion—cation radical pair. As a result, NpO- and BP™" are
produced efficiently from the triplet radical pair without back
ET.

1-4. Photochemical Reactions of Triplet Benzophe-
none with Aromatic Compounds without Triplet Energy
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Transfer.””—** The interaction of *BP* with aromatic com-
pounds whose triplet energies are larger than that of BP is
our another interest. The deactivation processes of 3BP* by
toluene derivatives (TD) in benzene are found to be HT and
1Q.%® The quantum yields for the BPK formation ( ®gpx ) are
shown as a function of [TD] in Fig. 4. The Pgpx value is
related with the HT efficiency (ayt) and rate constants.

Dypx = ky[TD] anr Pige(ko + kg [TD]) ™' 9)

where @BP. is the triplet yield of BP (1.0),* k, (3.1x10°
moldm~3s™") and ky (3.3x10° s='). The ayr values are
determined to be 0.77+0.04 by best-fitting Eq. 9 to the ex-
perimental @gpy values. The rate constants (kyr and ki) for
HT and IQ are given by

kit = turky = 2.4 x 10° moldm =" 5™ (10)

kig = kg — kur =7.1 x 10* moldm ™ s~ (1)

For the BP-anisole derivative (AD) system in ACN-H,0
(4: 1 vIv), the decay processes of *BP* are ET and 1Q. These
processes would proceed via a triplet exciplex with CT char-
acter, *(BP®~---RH®*)¥ . as shown in Scheme 2.%

Hydroxyanilinium ion (HAI) has two H-atom donor sites
where the HT reactions of *BP* may take place. Laser pho-
tolysis studies on the BP-HAI system at 355 nm revealed
that the HT reaction occurred not from the hydroxy group
but from the ammonium group.”® The selective HT reaction
of *BP* from HALI is rationalized by considering the CT
character of the collision complex leading to the triplet exci-
plex. It is found that the more protic the H-atom is, the more
reactive for HT by *BP*.

Halogenated toluene derivatives (HTD) have been em-
ployed in laser photolysis studies on the IQ process compet-
itive with HT of *BP* through the heavy atom effects on the
rate constants (kyt and k). It is found that the ki value
increases proportionally with increasing the squared summa-
tion of the spin-orbit coupling constant (§) of atoms involved
in HTD. The kyr values are independent of &. The heavy
atom effects on ki indicate that the 1Q process is intersystem

1
B
=
=
o
N
0 5 10
-3
[TD]/ mol dm
Fig. 4. Plots of the quantum yield of the BPK formation

against [TD] for the BP-TD system in benzene. The solid
curve was calculated by Eq. 9.
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Scheme 2.

crossing induced by the spin-orbit interaction between *BP*
and HTD.

When the exothermic difference (AEr = E2 — Ef) in triplet
energies between the energy-donor and acceptor is more than
ca. 16.7kJ mol~!, formation of sensitized species in solution
is produced by collisions.

Formation of a triplet-equilibrium for the BP—dibenzothio-
phene (DBT) system with AET = —1.3 kJmol~' has been
studied in ACN by 355-nm laser flash photolysis.”” The ab-
solute rate constants for the forward TET from 3DBT* (k, =
3.1x10% dm® mol s~') and the back TET from *DBT* to BP
(k_; =2.0x10° dm*>mols™') are determined. The triplet-
equilibrium constant (K = 1.7) between the *BP*~DBT and
BP—DBT* systems is obtained at 295 K. The ratio of the
rate constants (k;/k_,) is in agreement with the K| value.
It is revealed that the triplet-equilibrium formation in the
BP-DBT system is promoted by the entropy change (AS=8.4
JK=" mol~") rather than by the enthalpy change (AH = 1.3
kJmol™").

[2] Formation and Decay Processes of the Triplet Exci-
plexes between Triplet Naphthalene Derivatives and Ben-
zophenone

As an initial event, TET from *BP* to NpD competing
with other processes takes place in a nanosecond time scale.
Subsequently, *NpD* reacts with the ground-state of BP to
produce the triplet exciplexes having loose sandwich-like
structures with weak CT character. The electronic structures
of the triplet exciplexes have weak CT character from NpD
to BP site on the following experimental bases: (1) The
transient absorption spectra of 3NpD* produced by triplet
sensitization of BP are very similar to those of free *NpD*;
and (2) the reaction profiles of triplet exciplexes for HT and
ET are affected by protons and protic solvents through the
carbonyl group of BP site. The decay processes including
HT, ET, and IQ via the triplet exciplexes occur on a microsec-
ond time scale.

2-1. H-Atom Transfer from Triplet 2-Naphthylammo-
nium Ion to Benzophenone via a Triplet Exciplex; Proton-
Reduced H-Atom Transfer.””  The laser flash photolysis
study at 355 nm in the 2-naphthylammoniun ion (NAI) and
BP system has been carried out in methanol (MeOH)-H,0
(9:1 v/v) at 290 K. At first, >BP* is quenched by NAI
in a diffusion process to produce *NAI* competing with
HT from MeOH and NAI. Subsequently, on a microsec-
ond time scale, transient absorption spectrum of the 2-naph-

thylamine cation radical (NpA*") and BPK is obtained after
depletion of >NAI*, as shown in Fig. 5. The radical for-
mation demonstrates HT from *NAI* to BP. The decay
rate (kopsa) of *NAI* increases with an increase of [BP]. At
higher BP concentrations, a leveling off is seen in Fig. 6,
showing that the decay processes of *NAI* with BP pro-
ceed via an intermediate (triplet exciplex). The ks value
decreases drastically with an increase of acid concentration.
The mechanism of the HT reaction can be accounted for
by the intra-triplet-exciplex HT reaction. At higher acid
concentrations, the triplet exciplex, 3(NAI - -BP)* is decom-
posed into NAI, BP and H* by protonation to the carbonyl
site of the triplet exciplex, resulting in suppression of the
rate for HT. The schematic processes of the present HT re-
action are depicted in Scheme 3, where &k (=k; /k_;) =110
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Fig. 5. Time-resolved transient absorption spectra for the

BP (1.12x1072 moldm™)-NAI (3.0x10™* moldm™?)
system with [H>SO4] = (a) 0.015 and (b) 0.5 mol dm™? in
MeOH-H,O0 (9: 1 v/v) obtained by laser flash photolysis at
355 nm on the microsecond time region.
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Fig. 6. Plots of the decay rate (kobsa) of *NATY* as a function
of [BP] in the presence of [H2S04] = (a) 0.015, (b) 0.05,
and (c) 0.2 moldm %

ky[H']
. £ ki | .
NAI" + BP Y(NAI+++-BP)
k,
ko X kyr
eX
NAI + BP NpA*" + BPK
Scheme 3.

moldm=3, kg = 1x10* s7!, k' (= kpr+kex) =5x10% 571,
kb /ky = 40 mol dm~3 (k5 = ko[H*]), and kyr~Kk" are deter-
mined by kinetic analyses. The decay rate (kopsq) of *NAT*
in the HCIQ,4 system is the same as that of the H,SOy sys-
tem, indicating that H,SO4 acted as a monobasic acid in a
MeOH-H;0 (9 : 1 v/v) mixture. No effect of the counter an-
jon SO42~ is confirmed.” At a low acid concentration (0.015
moldm™?), the efficiency for HT is evaluated to be 0.95.
2-2. H-Atom Transfer of Triplet Naphthol to Ben-
zophenone via a Triplet Exciplex; Proton-Enhanced H-
Atom Transfer.>>®  The laser flash photolysis at 355 nm
in the 1-NpOH and BP system with and without H,SOy
has been carried out in ACN-H,0 (4:1 v/v) and methanol
at 290 K.’ For the BP (6.7x107? dm? mol~!)-1-NpOH
(3.0x 1073 dm® mol~!) system containing [H,SO4] =0 and
0.5 mol dm™—3 in ACN-H,O (4: 1 v/v), 3BP* produced upon
355-nm laser excitation is quenched by NpOH in diffusion
processes with the rate constants (8.4x10° and 9.3x10°
dm? mol~!s~!, respectively) for TET, HT, and IQ processes.
3*NpOH* (Et = 244.8 kI mol™') is produced in the nanosec-
ond region by TET from *BP* to NpOH with efficiencies
of 0.73 and 0.39 for [H,SO4] = 0 and 0.5 mol dm~3, respec-
tively. Subsequently, on the microsecond region, the HT
reaction from 3NpOH* to BP occurs to yield 1-NpO- and
BPK with efficiencies of 0.73 and 0.85 for [H,SO4] =0 and
0.5 mol dm™?, respectively. Figures 7a and 7b show the tran-
sient absorption spectra obtained at 0.2—7.0 us after laser

Bull. Chem. Soc. Jpn., 73, No. 2 (2000) 273

008

004
5
=
P 0]
=
S o008
]
=
<

004

1 1 1 1
400 500 600
Wavelength / nm

Fig. 7. The temporal absorption spectra on the microsec-

ond time scale observed after 355-nm laser pulsing in the
BP (6.7x107* moldm *)-NpOH (3.0x10™* moldm™)
system with [HySOs] = () 0 and (b) 0.5 moldm™ in
ACN-H,O (4:1 v/v).

pulsing at 355 nm in the BP (6.7 x 10~2 dm® mol ~")-1-NpOH
(3.0x 1073 dm? mol~") system containing [H,SO4] = 0 and
0.5 mol dm~3, respectively, in ACN-H,0 (4:1 v/v) at 290
K. In both Figs. 7a and 7b, the 430 nm band for *NpOH*
decreases with an increase in intensities of the 545 nm and
the 400 nm bands for BPK and 1-NpO-, respectively, with
an accompanying isosbestic point at 490 nm. In contrast
to the case of the NAI-BP system,” the decay rate (Kobsa)
of 3NpOH* linearly increases with an increase of [H»SO4].
As for an increase of [BP], the kopsq Value increases nonlin-
early, which shows a negative curve in both systems with and
without H,SO,. Especially for the methanol solution without
H,S0,, a leveling off is clearly observed at high [BP] (0.5
moldm™3). In the absence of H;SO4, the HT mechanism
from *NpOH™ to BP can be expressed by the intracomplex
HT reaction of the triplet exciplex, *(NpOH:--BP)* with
an equilibrium constant (K; = 6.7 dm® mol~' in ACN-H,0
(4:1 v/v) and 4.2 dm® mol~' in MeOH). The mechanism
of the proton-enhanced HT reaction is explained as follows.
The protonated triplet exciplex, *(NpOH-- -PBP)* formed in
a prototropic equilibrium with the triplet exciplex having CT
character undergoes the intraexciplex ET reaction to give the
triplet radical pair of the NpOH cation radical (NpOH"") and
BPK which rapidly decomposes into NpO-, BPK, and H".
The mechanism of the HT reactions for HT from *NpOH*
to BP and for proton-enhanced HT is shown in Scheme 4.
The electron affinity of BP in the exciplex increases by pro-
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Scheme 4.

tonation to the carbonyl site, resulting in the intraexciplex
ET reaction.

2-3. H-Atom Transfer from Triplet 5-Hydroxy-1-
naphthylammonium Ion to Benzophenone via a Triplet
Exciplex.'  Laser flash photolysis studies on HT from
triplet (5-hydroxy-1-naphthyl)ammonium ion (HNAI) to BP
in MeOH-H,O0 (9:1 v/v) at 295 K have been carried out in
order to elucidate which H-atom of the substituent groups
of OH and NH;3™" is more reactive for HT.'® It is found that
HT to BP from *HNAI* sensitized by *BP* takes place to
yield 5-hydroxy-1-naphthylamine cation radical (HNpA*")
and BPK with efficiencies of 0.92 and 0.48 in the presence
of [H,S04] = 0.015 and 0.5 moldm~>, respectively. The
decay rate (kopsa) of *HNAI* decreases with increasing acid
concentration, approaching a constant value at higher acid.
This behavior is interpreted by the hybrid HT mechanism;
we conclude that the more protic H-atom in NpD is the more
reactive for HT via the triplet exciplex.

2-4. Proton-Induced Electron Transfer from Triplet
Methoxynaphthalene to Benzophenone via a Triplet
Exciplex.”—* A laser flash photolysis study on the
methoxynaphthalene (MeONp)-BP-H;SO, system has been
made in ACN-H,0 (4:1 v/v).” It has been found that the
proton-assisted photoionization of *MeONp* produced by
triplet sensitization of BP at 355 nm occurs efficiently to pro-
duce the corresponding cation radical (MeONp*") and BPK.
The TET reaction from *BP* to MeONp takes place as the
primary event to produce “MeONp*. The 1:1 triplet exci-
plex having a weak CT structure is readily formed between
3MeONp* and BP with an equilibrium constant (K| = 10.1
moldm—2 for 1-MeONp and 4.0 moldm~3 for 2-MeONp
at 290 K). In the presence of protons, the triplet protonated
complex is formed by protonation to the triplet exciplex.

It is noteworthy that the pK, value in the ground state of BP
is very negative (— 5.7)'% showing that the protonation to BP
is extremely difficult. However, the triplet exciplex with CT
character is easily protonated at the carbonyl site in the triplet
exciplex. The protonation to the exciplex seems easier than
that to *BP* (pK;" = 0.18).!? The intracomplex ET reaction
of the protonated triplet exciplex takes place efficiently to
produce the triplet radical pair of MeONp*" and BPK, which
dissociates instantaneously into free MeONp™ and BPK.
Figure 8 shows the time-resolved transient absorption spectra
on a microsecond time scale in the 1-MeONp (3.0x 1073
moldm~3)-BP (6.7 x 1073 mol dm—3)-H,;S804 (1 mol dm~3)

NpO- + BPK
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Fig. 8. (a) Time-resolved transient absorption spectra on the

microsecond time scale observed after 355-nm laser puls-
ing in the BP (6.7x 10" mol dm*)-1-MeONp (3.0x10*
mol dm™*)-H,S04 (1.0 moldm™?) system in ACN-H>O
(4: 1 v/v). (b) Reference absorption spectra of 31 -MeONP*,
BPK, and 1-MeONp*".

system in ACN-H,0 (4 : 1 v/v) obtained after 355-nm laser
pulsing. The T,, — T, band of MeONp at 435 nm (£ = 10500
dm® mol~! em~!') decreases with an increase of the bands
at 600 nm for MeONp** (£ = 3400 dm? mol~' cm~!) and
545 nm for BPK (& = 3220 dm® mol~! cm™") with a lapse of
time.

The mechanism for the proton-induced ET reaction in the
MeONp* and BP system with protons can be accounted
for by Scheme 5. The electron affinity of the protonated
BP (PBP) in the exciplex, 3(MeONp~ --PBP)* becomes large
compared to that of BP resulting in the intraexciplex ET.
In the absence of protons, SMeONp* decays via the triplet
exciplex, *(MeONp---BP)* to the ground states of MeONp
and BP.

When BP is substituted for acetophenone (AP), MeONp*’
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Scheme 5.

is produced only in the presence of protons after the depletion
of *MeONp* formed by TET from *AP*.”* This ET reaction
can be interpreted by the triplet-exciplex mechanism.

The decay process of the triplet exciplexes formed between
*NpD* and BP is found to be promoted by their CT char-
acter since the rate constant of the nonradiative deactivation
process increases with decreasing of the oxidation potentials
of NpD.'”* The intersystem crossing from the triplet exciplex
to the ground states of NpD and BP is enhanced by the CT
character of the triplet exciplex.

2-5. Intramolecular H-Atom Transfer of 4-[3-(4-Hy-
droxy-1-naphthyl)propyl]benzophenone and Intramolec-
ular Electron Transfer of 4- [3-(4-Methoxy-1-naphthyl)-
propyllbenzophenone via Triplet Exciplexes.””  Laser
flash photolysis studies at 355 nm have been carried out on
the intramolecular HT reaction of 4-[3-(4-hydroxy-1-naph-
thyl)propyljbenzophenone (BP-(CH,);—NpOH) and the in-
tramolecular proton-induced ET reaction of 4-[3-(4-methoxy-
1-naphthyl)propyl]benzophenone (BP-(CH;);—MeONp) in
ACN-H,O (4:1 v/v) at 295 K.”?

As the primary events, intramolecular TET from
BP* moiety to NpOH and MeONp sites yields
BP—(CH,)3—*NpOH* and BP-(CH,);—*MeONp*, respec-
tively. Subsequently, the *NpOH* moiety undergoes in-
tramolecular HT to form BPK—(CH;);-NpO- with a rate
of 9.8x10° 57! (5.1x10° s~ for the deutrated compound,
BP—(CH;)3;—NpOD), as shown in Scheme 6. In this case,
the “Hirayama’s n = 3 rule”'™ holds good. The intramolec-
ular HT is enhanced by protons. The *MeONp™ moiety
undergoes the intramolecular proton-induced ET reaction to
give the corresponding biradical, BPK—(CH;);—-MeONp'*,

Scheme 6.

3 @ * Kl %
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©

Scheme 7.

as shown in Scheme 7. On the basis of the mechanisms for
intramolecular HT and proton-induced ET reactions between
the two chromophores linked with an oligopropyl chain, the
structures of the triplet exciplexes are suggested to be sand-
wich-like with weak CT character.

2-6. Hydrogen-Bonding Induced Electron Transfer
from Triplet N,N-Dialkyl-1-naphthylamines to Benzophe-
none via Triplet Exciplexes.*™  Laser flash photolysis
studies at 355 nm on the photoreactions in the BP and N,N-
dialkyl-1-naphthylamine (DANA, representative of N,N-di-
methyl-1-naphthylamine (DMNA) and N,N-diethyl-1-naph-
thylamine (DENA)) system have been carried out with and
without H,O and MeOH in ACN at 295 K 80

On the nanosecond time scale, TET from *BP* to DANA
occurs with these efficiencies (@rer = 0.74 for DMNA and
0.61 for DENA), regardless of the presence of H,O and
MeOH. After the formation of “DANA™, the triplet exciplex,
3(DANA.--BP)* with weak CT character is produced with
an equilibrium constant, K; (10 dm? mol~! for DMNA and
9 dm?® mol~! for DENA) between *DANA* and BP. In the
presence of H,O and MeOH, it is found that the intraexciplex
ET takes place to give DANA*" and BP™" via the hydrogen-
bonded (HB) triplet exciplex, *(DANA---BP)iz. Scheme 8
shows the mechanism for the formation of DANA*" and
BP~". The kinetic parameters for the triplet exciplex for-
mation and HB triplet exciplexes are listed in Table 1. In
the absence of H,O or MeOH, the triplet exciplex decays to
the ground states of DANA and BP with the rate constants,
ko and k.. The K> values (0.55 dm® mol~! for DMNA and
0.50 dm® mol ™! for DENA) by H,0 are slightly larger than
those (0.45 dm>® mol~' for DMNA and 0.40 dm” mol~! for
DENA) by MeOH. The difference in the K; value may orig-
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Table 1. Kinetic Parameters for the BP-DANA System in ACN and ACN-H,0 Systems”

ko/10* s™'  ke/106s™"  Kyidmimol™'  Ko/dmPmol™' ® kgr/107 57!
DMNA 3.0 2.5 10 0.55 (0.45) 2524
DENA 7.5 34 9 0.50 (0.40) 1.4 (1.3)
a) Data from Ref. 81. b) The values in parentheses are for the ACN-MeOH solution. See text for

details.

inate from the HB ability related to the pK, values of MeOH
(16)'% and H,O (14).'" The efficiency, ¢gr for ET induced
by HB in the triplet exciplex is evaluated to be unity. The
rate constants, kgt for the intraexciplex ET induced by HB
are determined to be 2.5x 107 s~! for DMNA and 1.4x107
s~! for DENA, which are independent of HB species. It
is revealed that the driving force for intraexciplex ET is a
negatively enlarged reduction potential of BP in the triplet
exciplex due to HB to the carbonyl group of BP in the triplet
exciplex.

2-7. Thermochemical Aspects on H-Atom Transfer
from Triplet Naphthol to Benzophenone and Proton-In-
duced Electron Transfer from Triplet Methoxynaphtha-
lene to Benzophenone.®*  Temperature effects (275—320
K) on HT and proton-induced ET via triplet exciplexes in
the 1-NpOH-BP and 1-MeONp-BP systems in ACN-H,0
(4:1 v/v) were studied by 355 nm laser flash photolysis.®
At first, TET from 3BP* (Er = 289.1 kJ mol ") to NpOH
(Et = 244.8 kI mol~!)* takes place on the nanosecond time
scale. Subsequently, the HT reaction from *NpOH* to BP
occurs via the triplet exciplex. The HT rate in the NpOH-BP
system increases with an increase of temperature. The ther-
modynamic parameters for HT via the triplet exciplex are
obtained; the enthalpy change, AH; = —8.4 kImol™', the
entropy change, AS; = —20.0 J K~! mol~! for the formation
of the triplet exciplex, the frequency factor, Aex = 7.7 x10°
s~! and activation energy, AE,, = 14.7 kImol~!, for the in-
traexciplex HT. The negatively small values of AH; and

AS) suggest that the triplet exciplex has a loose sandwich-
like structure. The corresponding parameters for the Me-
ONp-BP system are AH; = —9.2kJmol~' and AS; = —23.3
JK =" mol~! for the formation of the triplet exciplex. Kinetic
parameters obtained in the NpOH-BP and MeONp-BP are
summarized in Table 2. In addition, the enthalpy change
AHgr for the intraexciplex ET to give MeONp*" and BPK
is estimated to be —87.4 kJ mol~!, which is highly exother-
mic. Therefore, once *MeONp™ (Er = 249.8 kI mol™!) is
produced in the presence of BP and protons, ET proceeds
according to the proton-induced ET mechanism.””—* The
frequency factor Agr for ET in the protonated triplet exci-
plex of NpOH is greater than that of MeONp by three orders
of magnitude. The difference in the Agr values may be
caused mainly by the following reasons. (1) Formation of
HB between H,O and NpOH in the protonated triplet exci-
plex enhances the ET process in the former case,'*!%7 and
(2) the distance between NpOH and protonated BPK in the
protonated triplet exciplex of NpOH with a sandwich-like
structure is shorter than that between MeONp and the pro-
tonated BPK in the protonated triplet exciplex of MeONp,
since the methyl group is more bulky compared with the H-
atom. The energy diagram for HT via the triplet exciplex of
NpOH, 3(NpOH---BP)* system without protons is shown in
Fig. 9, where the AFE,, value denotes the activation barrier
for the HT reaction.

Similar energy diagrams for proton-induced HT via the
protonated triplet exciplex of NpOH with proton and for

Table 2. Thermochemical and Kinetic Parameters Obtained for the NpOH-BP and MeONp-BP Systems®

AH, AS) AEq, Aex AH>,+AEer AT
KImol™'  kIK 'mol™! KkImol™' 10°s™' kImol ! s7!IP
NpOH —8.4 —20.0 14.6 7.7 20.1 8.6x 10"
MeONp —-92 —233 15.1 2.9 20.5 1.1x 107

a) Data from Ref. 80. See text for details.

b) In the presence of HySOj.
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Fig. 9. Energy diagram for HT via the triplet exciplex in the
BP-NpOH system without protons.

proton-induced ET via the protonated triplet exciplex of Me-
ONp with proton are obtained.

It is concluded that the negatively small values of AH,
and AS; are due to loose sandwich-like structures of triplet
exciplexes.

[3] Concluding Remarks

From laser flash photolysis studies at 355 nm on TET and
the triplet exciplex formation of BP, the following concluding
remarks can be drawn;

1. The TET reaction from *BP* to NpOH is competi-
tive with HT and IQ. The rate constant of TET increases
with an increase of d, while that of HT decreases with an in-
crease of d, indicating that the 3(n, w*) state of BP is slightly
mixed with the (s, *) state in polar media. Therefore, the
TET reaction of BP proceeds not only due to the electron
exchange mechanism (Dexter theory)™ but also due to the
dipole—dipole interaction mechanism (Forster theory).*

2. The TET efficiency from *BP* to NpD is less than
unity competing with HT, ET, and 1Q. These processes
originate from a triplet exciplex between 3BP* and NpD on
a nanosecond time scale. Solvent effects on the processes
are appreciable.

3. 1t is found that the more protic H-atom in aromatic
compounds is, the more reactive for HT of *BP*. Thus, we
say that the HT reaction occurs via the triplet exciplex rather
than via the H-atom abstraction in these systems.

4. After the TET from *BP* to NpD, intracomplex reac-
tions in the triplet exciplexes between *NpD* and BP having
loose sandwich-like structures with weak CT character take
place on a microsecond time scale.

5. The HT reactions from *NAT* and *NpOH™* to BP oc-
cur efficiently to give NpA*" and NpO- plus BPK, respec-
tively. Proton effects on HT are remarkable. The former
is reduced since the protonated triplet exciplex is unstable
due to Coulombic repulsion, resulting in the dissociation
into NAI*, BP, and H*. The latter is enhanced by protons.
The intracxciplex ET reaction in the protonated triplet ex-
ciplex 3(NpOH.--PBP)* occurs to yield NpOH*" and BPK,
where the former dissociates very quickly into NpO- and
H* (proton-enhanced HT). The electron affinity of BP in the
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triplet exciplex increases remarkably by protonation,

6. The HT reaction is easy to occur for *NpD™* containing
protic H-atom(s).

7. Proton-induced ET reaction from *MeONp™* to BP takes
place effectively via the protonated triplet exciplex to give
MeONp*” and BPK.

8. HB-induced ET reaction from *DANA* to BP occurs
to give DANA*" and BP~". The electron affinity of BP in the
triplet exciplex slightly increases by HB of protic solvents
(H,0 and MeOH).

The reaction mechanisms for triplet exciplexes with CT
character would be applicable to the photochemical reactions
in the triplet state.
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Abbreviation
ACN acetonitrile
AD anisole derivative(s)
AP acetophenone
BP benzophenone
BPK benzophenone ketyl radical
BP~ benzophenone anion radical
CT charge transfer
d dielectric constant
DANA N,N-dialkyl-1-naphthylamine
DANAY N,N-dialkyl-1-naphthylamine cation radical
DBT dibenzothiophene
DENA N,N-diethyl-1-naphthylamine
DMNA N,N-dimethyl-1-naphthylamine
DMNA** N,N-dimethyl-1-naphthylamine cation radical
ET electron transfer
HAI hydroxyammonium ion
HB hydrogen bonding
HNAI 5-hydroxy-1-naphthylammonium ion
HNpA™** 5-hydroxy-1-naphthylamine cation radical
HT hydrogen atom transfer
HTD halogenated toluene derivative(s)
1Q induced quenching
MeOH methanol
MeONp methoxynaphthalene
MeONp** methoxynaphthalene cation radical
NAI 2-naphthylammonium ion
NpA** 2-naphthylamine cation radical
NpD naphthalene derivative(s)
NpOH naphthol
NpOH* naphthol cation radical
NpO- naphthoxy radical
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NpO~ naphthyloxide anion

PBP protonated benzophenone
TD toluene derivative(s)

TET triplet energy transfer

£ molar absorption coefficient
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