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Abstract

Photochemical decomposition of amidobiphenyls (R-AN; R=Me, Et and PhCH,) in highly excited triplet states (7, with n over 2) was
investigated in solution by using stepwise two-color laser photolysis techniques. Upon direct excitation, R—ANs underwent photodecomposition
in excited singlet states (S;) with a quantum yield (®5s4) of ca. 0.015. Triplet sensitization using acetone (Ac) was employed for efficient formation
of the lowest triplet states (7) of R—AN and for determining molar absorption coefficients of the 7,, <— 7' absorption. No photochemical reactions
were found in the 7; state. Upon 355-nm laser flash photolysis of the 7 states of R—ANs, they underwent decomposition. The quantum yields
(Dgec) for the decomposition of the molecules in the T1 states were determined to be ca. 0.08. The photodecomposition of the 7' state was proposed

to be responsible for CO-N bond cleavage in the 7, state.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Photoinduced bond dissociation of aromatic carbonyl com-
pounds is one of well-known reactions in photochemistry
and photobiology. Norrish types I and II reactions, and
carbon-heteroatom bond dissociation that occurs at the a- and
B-positions of aromatic carbonyl compounds have been widely
studied by means of product analysis and time-resolved tran-
sient measurements [1-9]. Shizuka et al. reported that anilide
compounds undergo CO-N amide bond dissociation at the a-
position of the carbonyl group [10]. It was shown that this bond
dissociation proceeds in the excited singlet state, which is fol-
lowed by photo-fries rearrangements [10-12]. However, less
attention has been paid to bond dissociation processes in the
triplet states since the triplet states would not be formed upon
direct photoexcitation of amide compounds due to the occur-
rence of efficient photoreactions in excited singlet states.

Triplet sensitization technique using triplet energy transfer
has been widely used to investigate photochemical properties in
the triplet state of molecules showing small triplet yields. Ace-
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tone, acetophenone or benzophenone whose triplet energies are
ca. 78,74 or 69 kcal mol !, respectively, have been used as typi-
cal triplet sensitizers [13]. However, we are unable to investigate
photoreactions of triplet acetanilide by using those sensitizers
due to the large triplet energy of acetanilide (78 kcal mol~!). One
of the methods to produce triplet anilides by using these triple
sensitizers would be to keep the triplet energy of the anilides
lower than that of a triplet sensitizer by modifying the aromatic
rings. That is, a phenyl group has been attached to acetanilide to
make biphenyl derivatives whose triplet energies of biphenyls
are known to be ca. 65 kcal mol~! [13,14].

In this context, we have investigated photochemical reac-
tions of triplet anilides having a biphenyl moiety (R—AN).
Recently, bond dissociation processes in highly excited triplet
(T,) states of aromatic compounds are surveyed by means
of two-color two-laser photolysis techniques [15-17]. The
method of multi-step excitation has been widely used to study
photophysical and photochemical processes in highly excited
states [18—23]. In the present note, the photochemical properties
not only in the lowest triplet (77) state but also in the T}, state
are studied using sequential excitation with 308 and 355-nm
laser pulses. The first 308-nm laser photolysis was performed to
efficiently create the T states by triplet sensitization of acetone
(Ac). Upon the second 355-nm laser pulsing, the molecule
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in the 77 state was further excited into the higher triplet
states.

ve
R)LN
H

R-AN

R = Me; 3'-Phenyl-acetanilide (Me-AN)
Et; 3'-Phenyl-propioanilide (Et-AN)
PhCH,; 3'-Phenyl-phenylacetanilide (Bzy-AN)

2. Experimental

3/-Phenyl-acetanilide (Me—AN), 3’-phenyl-propioanilide
(Et-AN) and 3’-phenyl-phenylacetanilide (Bzy-AN) were syn-
thesized by a reaction of m-phenyl aniline with acetyl chloride,
propionyl chloride and phenylacetyl chloride in benzene,
respectively. Acetanilide was commercially purchased. These
compounds were purified by repeated recrystallizations from
hexane. Acetonitrile (ACN), methanol and ethanol were dis-
tilled for purification. ACN was used as the solvent while a
mixture of methanol and ethanol (1:1, v/v) was used as a matrix
at 77 K. Absorption and emission spectra were recorded on a
U-best 50 spectrophotometer (JASCO) and a Hitachi F-4010
fluorescence spectrophotometer, respectively. A XeCl excimer
laser (308 nm, Lambda Physik, Lextra 50) was used as the first
excitation light source while the third (355 nm) harmonics of a
Nd3*+:YAG laser (JK Lasers HY-500; pulse width 8 ns) was as the
second excitation light source. The fourth harmonics (266 nm)
from the Nd**:YAG laser was used as a light source for direct
excitation. The details of the detection system for the time pro-
files of the transient absorption have been reported elsewhere
[24]. The incidence direction of the second 355-nm laser beam
was kept parallel to that of the first 308-nm laser light. The tran-
sient data obtained by laser flash photolysis were analyzed by
using the least-squares best-fitting method. The transient absorp-
tion spectra were taken with a USP-554 system from Unisoku
with which can provide a transient absorption spectrum with one
laser pulse.

Steady-state photolysis was carried out by using a low-
pressured mercury lamp (254 nm). The photonflux at 254 nm
was determined by using N-methyldiphenylamine in aer-
ated methylcyclohexane as a chemical actinometer. The
quantum yield for the formation of N-methylcarbazol from N-
methyldiphenylamine has been established as 0.42 [25]. The
procedure to determine the quantum yields of photodecompo-
sition of R—AN was the same as that described in the literature
[26].

All the samples for transient absorption measurements were
prepared in darkness, and degassed in a quartz cell with a path
length of 1 cm using several freeze-pump-thaw cycles on a high
vacuum line. The concentration of R—AN for 266 nm laser pho-
tolysis was adjusted to maintain the optical density at 266-nm
being ca. 0.8 in ACN. Usual measurements were carried out at
295 K. The number of the repetition of laser pulsing was kept
less than four pulses to avoid excess exposure. Several transient
data obtained at the same concentration systems were averaged,
and the experimental errors in the values were kept within +5%
deviation.

3. Results and discussion
3.1. Absorption and emission measurements

Fig. 1 shows absorption and fluorescence spectra of Me—AN
and acetanilide in ACN at 295 K and phosphorescence spectra
in a glass matrix of a mixture of methanol and ethanol (1:1,
v/v) at 77 K. It was confirmed that the excitation spectra for the
emission agreed well with the corresponding absorption spectra.
The absorption and fluorescence spectra of R—ANs used in the
present work were very similar to each other in the shape and
maximum wavelengths. The energy levels of the lowest triplet
(T) state were determined to be 65.3 kcal mol~! for R—~AN and
78.1kcal mol~! for acetanilide from the phosphorescence ori-
gins while those of the lowest excited singlet states of R—ANs
were evaluated as 93.1 kcal mol~! by averaging the energy val-
ues of the 0-0 origins of absorption and fluorescence spectra.
Fluorescence from acetanilide was not observed at 295 K. From
the similarity in the fluorescence and phosphorescence spectral
shapes of R—ANs with those of biphenyl derivatives [14,16], it
is inferred that the excited energies of the lowest singlet (S1) and
triplet states (77) are localized on the phenylanilino moiety, and
that the electronic configurations of the S| and 7 are of .

3.2. Photochemical profiles in the S; and T states

To elucidate the photochemical profiles of R—ANs,
stationary-photolysis was carried out in degassed ACN, and the
photochemical features were compared with that of acetanilide.
Fig. 2 shows changes of absorption spectra of Me—-AN and
acetanilide upon 254-nm light irradiation of the ACN solutions.
With an increase of irradiation time, the absorption spectrum
of Me—AN changes showing an isosbestic point at 267 nm to
provide a broad absorption band at 300 nm. We were unable
to identify the final products from the absorption spectra. Sim-
ilar changes in absorption spectra of Et- and Bzy-ANs were
obtained. In contrast, photoproducts of acetanilide are known
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Fig. 1. Absorption and fluorescence spectra in ACN at 295 K and phosphores-
cence spectra in a mixture of methanol and ethanol (1:1, v/v) at 77 K for Me—AN
(a) and acetanilide (b).



290

to be 4-amino and 2-aminoacetophenones (Amax at 303 and
355 nm, respectively) due to photo-fries rearrangement of rad-
icals produced upon the CO-N bond cleavage in the lowest
excited singlet (S1) state [10]. The quantum yields, @354 of pho-
todecomposition upon 254-nm light irradiation were determined
to be 0.015£+0.001 for Me—AN, 0.017 = 0.001 for Et-AN and
0.015 4+ 0.001 for Bzy-AN, which are comparable with that in
ethanol (0.03) or smaller than that of acetanilide in cyclohex-
ane (0.15) [10a,b]. The yields thus determined were not affected
by the amount of dissolved oxygen. Since the initial reaction
of acetanilide is reported to be the CO-N bond dissociation
in the §; state [10], it is plausible that the decomposition of
R-AN is due to the corresponding CO-N bond rupture in the
S state.

Fig. 3a shows transient absorption spectra at 100ns after
266-nm laser pulsing in the ACN solution of Me—AN. The
shape of the transient absorption spectrum at 375 nm resem-
bles those of triplet biphenyl derivatives and the intensity of
the absorption band was decreased in the presence of dis-
solved oxygen. Therefore, the obtained absorption spectrum
can be ascribed to the T, <— T absorption of Me—AN. Similar
triplet absorption spectra were obtained for Et- and Bzy-ANs.
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After decay of the triplet absorption, appreciable absorption
spectra were not seen at wavelengths longer than 330nm
although the formation of m-phenylanilino radical (PAR) and
the corresponding radical (RCO®) due to the CO-N bond
rupture was expected. This may be because of the very small
yield (©254=0.015) and small molar absorption coefficients
of the radicals. Based on these observations, it seems that
photoexcited R-ANs undergo the CO-N bond cleavage in the
excited singlet states and the triplet formation.

Absorbance

Wavelength / nm

Fig. 2. Absorption spectral changes upon 254 nm photoirradiation of ACN solu-
tions of Me—AN at 0, 1, 2, 3, 5 and 18 min (a) and acetanilide at 0, 20, 40, 60,
80, 120 and 240's (b).
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Fig. 3. (a) A transient absorption spectrum at 100 ns obtained upon 266-nm
laser pulsing in ACN solutions of Me—AN. (b) A time profile of absorbance at
375 nm obtained upon 308-nm laser pulsing in an Ac (0.6 mol dm~3)/Me-AN

(2.0 x 1073 mol dm~3) system in ACN.
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In order to efficiently produce triplet states of R—-ANs, we
performed triplet sensitization by using acetone (Ac) as a triplet
energy donor upon 308-nm laser photolysis. Since the triplet
energy of Ac is higher by 74.0kcalmol™! than those (ca.
65 kcal mol~!) of the used compounds [13], R-AN possibly
gains the energy from triplet Ac. Fig. 3b shows a time profile
of absorbance at 375 nm obtained upon 308-nm laser pulsing
in a Ac(0.6 mol dm’3)/Me—AN(2.O x 1073 mol dm—3) system.
The intensity of the absorbance increases with a first-order rate,
kobsd of 3.8 % 10°s~!. A transient absorption spectrum obtained
at 850 ns after laser pulsing in the Ac/Me—AN system was due
to the presence of triplet Me—AN. The growth of the absorp-
tion in Fig. 3b, therefore, is caused by the triplet energy transfer
from triplet acetone to Me—AN, resulting in the formation of
triplet Me—AN. The transient absorption spectra obtained upon
308-nm laser photolysis of Ac/Et-AN and Ac/Bzy-AN systems
were the same as those of the corresponding triplet R—AN. The
similarity in the shape of the triplet absorption spectra of R—ANs
indicates that triplet exciton is localized on the m-phenylanilino
moiety, irrespective of the substituents, R.

Fig. 4a shows rates (kophsq) of the growth of triplet Me—AN
plotted as a function of the concentration, [Me—AN] of Me—AN.
Since the plots give a straight line, the kqpsg can be formulated

by Eq. (1):
kobsd = ko + kq [Me-AN] (D

where ko and kg, respectively, represent the decay rate of triplet
Me-AN in the absence of Me—AN and the rate constant for
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Fig. 4. (a) The rate (kopsq) for the growth of triplet Me—AN plotted as a func-

tion of [Me—AN] upon 308-nm laser photolysis in Ac (0.6 mol dm~3)/Me-AN

systems in ACN. (b) Plots of the maximum absorbance at 375 nm (AA;[;ST)

as a function of [Me—AN] obtained upon 308-nm laser photolysis in Ac
(0.6 mol dm—3)/Me—AN systems in ACN. The solid curve was drawn by Eq.
).

quenching of triplet Ac by Me—AN. From the intercept and the
slope of the line, the values of ko and kq were determined to be
8.7 % 10°s~! and 1.5 x 10° dm> mol~! s~!, respectively.

Fig. 4b shows the maximum absorbance, AASY of triplet
Me—AN produced by triplet sensitization plotted as a function
of [Me-AN]. The value of AASY increases with increasing
[Me—AN], but the increase is not linear with [Me—AN]. The

max

quantity of A AZZS triplet Me—AN produced by triplet sensitiza-
tion can be formulated by Eq. (2):

AATE = kq[Me-AN]aTpre) s Plae IS (ko + kq[Me-AN]) ™!
()

where aTET, 8§7_5T, @%CC and Iﬁ; are, respectively, an efficiency
of triplet energy transfer from triplet acetone to Me—AN, the
molar absorption coefficients of triplet Me—AN at 375 nm, the
triplet yield of acetone (1.0 [13]) and the number of photon flux
of an incident 308-nm laser pulse absorbed by Ac. The quantity

Table 1

of I,ps was determined by Eq. (3) [27]:

BP _ BP ;BP ;BP
AAT = e Prsclaps ®)
where AABP, ¢BP and ®BF. are, respectively, the initial

absorbance at 520nm for the formation of triplet benzophe-
none obtained immediately after laser pulsing, the molar
absorption coefficient of triplet BP at 520nm in ACN
6500 dm> mol~! cm™! [28] and triplet yield of benzophenone
(1.0 [13]). By using Egs. (1)—(3), and assuming the efficiency of
oTgT being unity, the egfsT value of triplet Me—AN was deter-
mined to be 16,000 = 800 dm> mol~! cm~! at 375 nm. By using
the same procedures, the quenching rate constants, kq for triplet
sensitization of acetone and the molar absorption coefficients,
8§7_5T of the triplets of Et- and Bzy-ANs at 375 nm were deter-
mined, as listed in Table 1. The obtained kq and 8;1:7_5T values are
the same or close to each other. Upon triplet sensitization, only
the formation of triplet R—ANs was seen in transient absorption
spectra. These observations indicate that CO-N bonds in R—ANs
do not cleave in the T states.

3.3. Photolysis of triplet R—-AN upon the second laser
pulsing

Since triplet R—ANs show the absorption at 355 nm, it is pos-
sible to excite the triplets to R—AN in the higher triplet states by
using the second 355-nm laser pulsing. Fig. 5 shows transient
absorption spectra at 850 ns upon 308-nm laser photolysis of
an Ac(0.6 mol dm—3)/Me—-AN(2.0 x 1073 mol dm—3) system in
the absence and the presence of the second 355 nm laser puls-
ing at 700 ns after the first laser pulsing. The transient absorption
spectrum in the absence of the second laser pulse is due to triplet
Me-AN. By employing the second laser pulse, the intensity of
the absorption of the triplet at 375 nm was found to decrease
without showing the recovery to the initial intensity before the
second laser pulsing (see inset in Fig. 5). Any appreciable tran-
sient absorption spectra of photoproducts upon the second laser
pulsing were not seen in the transient absorption. Decomposi-
tion of triplet Et- and Bzy-ANs was also recognized upon the
second 355-nm laser photolysis in Ac/Et-AN and Ac/Bzy-AN
systems, respectively.

A quantum yield (@gec) for the decomposition in the T, state
of R—AN upon the second 355-nm laser pulsing was determined

Photophysical and photochemical parameters for R—AN obtained in the present work

R Er (kealmol™'%) @5, el T (dmPmol~tem™!®) kg (107 dmP mol™!sIP) @y AfH (R-AN)  A{H(RCO®)  BDE(CO-N)
(kcalmol™")  (kcalmol™')  (kcalmol™'¢)

Me  65.1 0.015 16,000 15 0.086% 5.1 -19.0 61.0

Et 65.2 0017 15,600 L5 0.084¢ 12 —24.1 59.8

Bzy 652 0015  17.300 1.4 0.069° 329 10.5 62.7

4 Determined from O to O origin of the phosphorescence spectrum obtained in a mixture of methanol and ethanol (1:1, v/v) at 77 K.

b Errors + 5%.

¢ BDE values for the CO-N bond were determined by Eq. (5) by using the values of A¢H (PAR)=85.1kcal mol~!.

4 Errors 4 0.006.
¢ Errors &= 0.005.
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Fig. 5. Transient absorption spectra obtained at 850 ns upon 308-nm laser puls-
ing an Ac (0.6 mol dm~3)/Me-AN (2.0 x 1073 mol dm~3) system in ACN in
the absence (blue color) and the presence (red color) of the second 355 nm laser
pulsing at 700 ns. A dimple at 355 nm in the transient absorption spectrum in red
color is due to scattering of the second 355 nm laser pulse. Insets; time profiles
at 375 nm in the absence (blue color) and the presence (red color) of the second
355-nm laser pulsing. The spike at 700 ns is due to scattering of the second
355-nm laser pulse.

by Eq. (4):
CAATT . T
Paee = AAAz7s I57 (1 — 1072 ss)ep T “4)

where AAAjz7s, 1355 and AA§5_5T, respectively, represent
an absorbance change at 375nm for triplet R—AN due to
decomposition upon the second 355-nm laser photolysis, the
intensity of the incident second 355-nm laser pulse and
the absorbance of triplet R—AN at 355nm generated upon
Ac sensitization. The quantity of 1855 was determined as
3.7 x 1073 einsteindm ™3 pulse~! by using the triplet-triplet
absorption of benzophenone formed upon 355-nm laser pho-
tolysis in the ACN solution as an actinometer (see Eq. (3)).
By changing the intensity of the first 355-nm laser pulse, we
obtained the AA§5_5T values varied from ca. 0.2 to ca 0.5. Since

plots of AAAs375 as a function of the term of 1 — 10_AA§5TS
showed a straight line, it can be ruled out on our experimen-
tal conditions that multi-photon absorption of the 7 state is
involved upon CO-N bond cleavage in the T,, state. The @gec
value was thus determined to be 0.086 £ 0.006 for Me—AN,
0.084 £ 0.006 for Et-AN and 0.069 £ 0.005 for Bzy-AN.

We propose that the decomposition upon photolysis of the
T, state is responsible for CO-N bond cleavage in the T, state
of R—AN although we were unfortunately unable to observe the
corresponding radicals formed upon the decomposition of the 77
state, presumably due to the small molar absorption coefficients
of the radicals or small @ge. values.

3R — AN*AV/(355 nm)RCO® + PAR

————
The bond dissociation energies (BDE) of the CO-N bonds in
R-ANs were obtained by Eq. (5) on the basis of the heats of

formation (A¢H) for R—AN, RCO*® and PAR computed by using
a semi-empirical PM3 program contained in MOPAC '97.

AtH(R — AN) = A{H(RCO®) + AfH(PAR) — BDE(CO — N)
5

Energy / kcal mol-1
A\f'( 5 nm)

RCOs+ PAR
60 ~63
BDE (CO-N)

So

C-N Bond Distance

Scheme 1. An energy diagram for excited R—-AN including the dissociative
potential.

The AfH value for PAR was 85.1 kcalmol~! whereas those
for R-AN and RCO®* are listed in Table 1 along the estimated
BDE values. The BDE values vary in a small range of ca.
60-63 kcal mol .

Assuming that the decomposition of the 77 state is due to the
CO-N bond cleavage, a schematic energy diagram for triplet
R-AN is depicted in Scheme 1. Upon the second 355-nm laser
photolysis of the T (w,m") state of R—-AN, the 7, (m,m") state
whose state energy is located at 145kcalmol~! is produced.
The molecule in the T}, state will be deactivated through internal
conversion to a dissociative state, TR(Tr,Tr*). It is originally sug-
gested that the bond dissociation in excited states proceeds by
avoided crossings between the reactive excited state with disso-
ciative potential surfaces of the same overall symmetry [29]. In
the present case, the electronic configuration of the dissociative
potential for the CO-N bond rupture is of a o, ¢” type which
is allowed to strongly interact with the Tr(w,m") state, leading
to free radical formation with little thermal activation energies.
In contrast, the absence of fragmentation in the 7 states can
be interpreted by considering a large energy barrier, AE for the
interaction between the T (w,7") state and a dissociative triplet
o, 0 potential [15d].

4. Conclusions

Photochemical features of R—AN in the Sy, 77 and T,
states have been studied. Upon steady-state photolysis, R—ANs
undergo photodecomposition in the S; state with the yields,
@54 of ca. 0.016. Transient absorption measurements upon
266-nm laser pulsing in R—AN revealed formation of triplet
R-ANSs, but intermediates formed as the result of the CO-N
bond dissociation were not recognized in the transient absorp-
tion. Acetone sensitization of R—AN efficiently forms triplet
R-AN, and enabled us to determine the molar absorption coef-
ficients, 8§7_5T. No photochemical reaction proceeds in the T}
state whereas photodecomposition in the T, state is found upon
355-nm laser photolysis of triplet R—AN. The quantum yields,
D¢ of the decomposition in the 75, state are estimated to be ca.



M. Yamaji, M. Nishio / Journal of Photochemistry and Photobiology A: Chemistry 193 (2008) 288-293 293

0.08 which are five times greater than those in the S; state. The
plausible photochemical reaction responsible for the decompo-
sition of triplet R—ANs is suggested as the CO-N bond rupture
in the T;, state. Further studies for direct evidence of CO-N bond
dissociation in higher triplet states are in progress.
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