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Photochemical decomposition of amidobiphenyls in highly excited
triplet states studied by stepwise two-color laser photolysis

Minoru Yamaji ∗, Minoru Nishio
Department of Chemistry and Chemical Biology, Graduate School of Engineering, Gunma University, Kiryu, Gunma 376-8515, Japan

Received 8 May 2007; received in revised form 23 June 2007; accepted 6 July 2007
Available online 22 July 2007

bstract

Photochemical decomposition of amidobiphenyls (R–AN; R = Me, Et and PhCH2) in highly excited triplet states (Tn with n over 2) was
nvestigated in solution by using stepwise two-color laser photolysis techniques. Upon direct excitation, R–ANs underwent photodecomposition
n excited singlet states (S1) with a quantum yield (Φ254) of ca. 0.015. Triplet sensitization using acetone (Ac) was employed for efficient formation
f the lowest triplet states (T ) of R–AN and for determining molar absorption coefficients of the T ←T absorption. No photochemical reactions
1 n 1

ere found in the T1 state. Upon 355-nm laser flash photolysis of the T1 states of R–ANs, they underwent decomposition. The quantum yields
Φdec) for the decomposition of the molecules in the T1 states were determined to be ca. 0.08. The photodecomposition of the T1 state was proposed
o be responsible for CO–N bond cleavage in the Tn state.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Photoinduced bond dissociation of aromatic carbonyl com-
ounds is one of well-known reactions in photochemistry
nd photobiology. Norrish types I and II reactions, and
arbon-heteroatom bond dissociation that occurs at the �- and
-positions of aromatic carbonyl compounds have been widely
tudied by means of product analysis and time-resolved tran-
ient measurements [1–9]. Shizuka et al. reported that anilide
ompounds undergo CO–N amide bond dissociation at the �-
osition of the carbonyl group [10]. It was shown that this bond
issociation proceeds in the excited singlet state, which is fol-
owed by photo-fries rearrangements [10–12]. However, less
ttention has been paid to bond dissociation processes in the
riplet states since the triplet states would not be formed upon
irect photoexcitation of amide compounds due to the occur-
ence of efficient photoreactions in excited singlet states.
Triplet sensitization technique using triplet energy transfer
as been widely used to investigate photochemical properties in
he triplet state of molecules showing small triplet yields. Ace-

∗ Corresponding author. Tel.: +81 277 301212; fax: +81 277 301212.
E-mail address: yamaji@chem-bio.gunma-u.ac.jp (M. Yamaji).
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er triplet state

one, acetophenone or benzophenone whose triplet energies are
a. 78, 74 or 69 kcal mol−1, respectively, have been used as typi-
al triplet sensitizers [13]. However, we are unable to investigate
hotoreactions of triplet acetanilide by using those sensitizers
ue to the large triplet energy of acetanilide (78 kcal mol−1). One
f the methods to produce triplet anilides by using these triple
ensitizers would be to keep the triplet energy of the anilides
ower than that of a triplet sensitizer by modifying the aromatic
ings. That is, a phenyl group has been attached to acetanilide to
ake biphenyl derivatives whose triplet energies of biphenyls

re known to be ca. 65 kcal mol−1 [13,14].
In this context, we have investigated photochemical reac-

ions of triplet anilides having a biphenyl moiety (R–AN).
ecently, bond dissociation processes in highly excited triplet

Tn) states of aromatic compounds are surveyed by means
f two-color two-laser photolysis techniques [15–17]. The
ethod of multi-step excitation has been widely used to study

hotophysical and photochemical processes in highly excited
tates [18–23]. In the present note, the photochemical properties
ot only in the lowest triplet (T1) state but also in the Tn state

re studied using sequential excitation with 308 and 355-nm
aser pulses. The first 308-nm laser photolysis was performed to
fficiently create the T1 states by triplet sensitization of acetone
Ac). Upon the second 355-nm laser pulsing, the molecule

mailto:yamaji@chem-bio.gunma-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2007.07.016
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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
M. Yamaji, M. Nishio / Journal of Photochemistry

n the T1 state was further excited into the higher triplet
tates.

. Experimental

3′-Phenyl-acetanilide (Me–AN), 3′-phenyl-propioanilide
Et-AN) and 3′-phenyl-phenylacetanilide (Bzy-AN) were syn-
hesized by a reaction of m-phenyl aniline with acetyl chloride,
ropionyl chloride and phenylacetyl chloride in benzene,
espectively. Acetanilide was commercially purchased. These
ompounds were purified by repeated recrystallizations from
exane. Acetonitrile (ACN), methanol and ethanol were dis-
illed for purification. ACN was used as the solvent while a

ixture of methanol and ethanol (1:1, v/v) was used as a matrix
t 77 K. Absorption and emission spectra were recorded on a
-best 50 spectrophotometer (JASCO) and a Hitachi F-4010
uorescence spectrophotometer, respectively. A XeCl excimer

aser (308 nm, Lambda Physik, Lextra 50) was used as the first
xcitation light source while the third (355 nm) harmonics of a
d3+:YAG laser (JK Lasers HY-500; pulse width 8 ns) was as the

econd excitation light source. The fourth harmonics (266 nm)
rom the Nd3+:YAG laser was used as a light source for direct
xcitation. The details of the detection system for the time pro-
les of the transient absorption have been reported elsewhere
24]. The incidence direction of the second 355-nm laser beam
as kept parallel to that of the first 308-nm laser light. The tran-

ient data obtained by laser flash photolysis were analyzed by
sing the least-squares best-fitting method. The transient absorp-
ion spectra were taken with a USP-554 system from Unisoku
ith which can provide a transient absorption spectrum with one

aser pulse.
Steady-state photolysis was carried out by using a low-

ressured mercury lamp (254 nm). The photonflux at 254 nm
as determined by using N-methyldiphenylamine in aer-

ted methylcyclohexane as a chemical actinometer. The
uantum yield for the formation of N-methylcarbazol from N-
ethyldiphenylamine has been established as 0.42 [25]. The

rocedure to determine the quantum yields of photodecompo-
ition of R–AN was the same as that described in the literature
26].

All the samples for transient absorption measurements were
repared in darkness, and degassed in a quartz cell with a path
ength of 1 cm using several freeze-pump-thaw cycles on a high
acuum line. The concentration of R–AN for 266 nm laser pho-
olysis was adjusted to maintain the optical density at 266-nm
eing ca. 0.8 in ACN. Usual measurements were carried out at
95 K. The number of the repetition of laser pulsing was kept

ess than four pulses to avoid excess exposure. Several transient
ata obtained at the same concentration systems were averaged,
nd the experimental errors in the values were kept within±5%
eviation.

F
c
(
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. Results and discussion

.1. Absorption and emission measurements

Fig. 1 shows absorption and fluorescence spectra of Me–AN
nd acetanilide in ACN at 295 K and phosphorescence spectra
n a glass matrix of a mixture of methanol and ethanol (1:1,
/v) at 77 K. It was confirmed that the excitation spectra for the
mission agreed well with the corresponding absorption spectra.
he absorption and fluorescence spectra of R–ANs used in the
resent work were very similar to each other in the shape and
aximum wavelengths. The energy levels of the lowest triplet

T1) state were determined to be 65.3 kcal mol−1 for R–AN and
8.1 kcal mol−1 for acetanilide from the phosphorescence ori-
ins while those of the lowest excited singlet states of R–ANs
ere evaluated as 93.1 kcal mol−1 by averaging the energy val-
es of the 0–0 origins of absorption and fluorescence spectra.
luorescence from acetanilide was not observed at 295 K. From

he similarity in the fluorescence and phosphorescence spectral
hapes of R–ANs with those of biphenyl derivatives [14,16], it
s inferred that the excited energies of the lowest singlet (S1) and
riplet states (T1) are localized on the phenylanilino moiety, and
hat the electronic configurations of the S1 and T1 are of �,�*.

.2. Photochemical profiles in the S1 and T1 states

To elucidate the photochemical profiles of R–ANs,
tationary-photolysis was carried out in degassed ACN, and the
hotochemical features were compared with that of acetanilide.
ig. 2 shows changes of absorption spectra of Me–AN and
cetanilide upon 254-nm light irradiation of the ACN solutions.
ith an increase of irradiation time, the absorption spectrum

f Me–AN changes showing an isosbestic point at 267 nm to
ig. 1. Absorption and fluorescence spectra in ACN at 295 K and phosphores-
ence spectra in a mixture of methanol and ethanol (1:1, v/v) at 77 K for Me–AN
a) and acetanilide (b).
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Fig. 3. (a) A transient absorption spectrum at 100 ns obtained upon 266-nm
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o be 4-amino and 2-aminoacetophenones (λmax at 303 and
55 nm, respectively) due to photo-fries rearrangement of rad-
cals produced upon the CO–N bond cleavage in the lowest
xcited singlet (S1) state [10]. The quantum yields, Φ254 of pho-
odecomposition upon 254-nm light irradiation were determined
o be 0.015± 0.001 for Me–AN, 0.017± 0.001 for Et-AN and
.015± 0.001 for Bzy-AN, which are comparable with that in
thanol (0.03) or smaller than that of acetanilide in cyclohex-
ne (0.15) [10a,b]. The yields thus determined were not affected
y the amount of dissolved oxygen. Since the initial reaction
f acetanilide is reported to be the CO–N bond dissociation
n the S1 state [10], it is plausible that the decomposition of
–AN is due to the corresponding CO–N bond rupture in the
1 state.

Fig. 3a shows transient absorption spectra at 100 ns after
66-nm laser pulsing in the ACN solution of Me–AN. The
hape of the transient absorption spectrum at 375 nm resem-
les those of triplet biphenyl derivatives and the intensity of
he absorption band was decreased in the presence of dis-
olved oxygen. Therefore, the obtained absorption spectrum
an be ascribed to the Tn←T1 absorption of Me–AN. Similar
riplet absorption spectra were obtained for Et- and Bzy-ANs.

fter decay of the triplet absorption, appreciable absorption
pectra were not seen at wavelengths longer than 330 nm
lthough the formation of m-phenylanilino radical (PAR) and
he corresponding radical (RCO•) due to the CO–N bond
upture was expected. This may be because of the very small

ield (Φ254 = 0.015) and small molar absorption coefficients
f the radicals. Based on these observations, it seems that
hotoexcited R–ANs undergo the CO–N bond cleavage in the
xcited singlet states and the triplet formation.

ig. 2. Absorption spectral changes upon 254 nm photoirradiation of ACN solu-
ions of Me–AN at 0, 1, 2, 3, 5 and 18 min (a) and acetanilide at 0, 20, 40, 60,
0, 120 and 240 s (b).
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aser pulsing in ACN solutions of Me–AN. (b) A time profile of absorbance at
75 nm obtained upon 308-nm laser pulsing in an Ac (0.6 mol dm−3)/Me–AN
2.0× 10−3 mol dm−3) system in ACN.

In order to efficiently produce triplet states of R–ANs, we
erformed triplet sensitization by using acetone (Ac) as a triplet
nergy donor upon 308-nm laser photolysis. Since the triplet
nergy of Ac is higher by 74.0 kcal mol−1 than those (ca.
5 kcal mol−1) of the used compounds [13], R–AN possibly
ains the energy from triplet Ac. Fig. 3b shows a time profile
f absorbance at 375 nm obtained upon 308-nm laser pulsing
n a Ac(0.6 mol dm−3)/Me–AN(2.0× 10−3 mol dm−3) system.
he intensity of the absorbance increases with a first-order rate,
obsd of 3.8× 106 s−1. A transient absorption spectrum obtained
t 850 ns after laser pulsing in the Ac/Me–AN system was due
o the presence of triplet Me–AN. The growth of the absorp-
ion in Fig. 3b, therefore, is caused by the triplet energy transfer
rom triplet acetone to Me–AN, resulting in the formation of
riplet Me–AN. The transient absorption spectra obtained upon
08-nm laser photolysis of Ac/Et-AN and Ac/Bzy-AN systems
ere the same as those of the corresponding triplet R–AN. The

imilarity in the shape of the triplet absorption spectra of R–ANs
ndicates that triplet exciton is localized on the m-phenylanilino

oiety, irrespective of the substituents, R.
Fig. 4a shows rates (kobsd) of the growth of triplet Me–AN

lotted as a function of the concentration, [Me–AN] of Me–AN.
ince the plots give a straight line, the kobsd can be formulated
y Eq. (1):
obsd = k0 + kq[Me–AN] (1)

here k0 and kq, respectively, represent the decay rate of triplet
e–AN in the absence of Me–AN and the rate constant for
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Fig. 4. (a) The rate (kobsd) 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 (�AT−T

355 )
as a function of [Me–AN] obtained upon 308-nm laser photolysis in Ac
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0.6 mol dm−3)/Me–AN systems in ACN. The solid curve was drawn by Eq.
2).

uenching of triplet Ac by Me–AN. From the intercept and the
lope of the line, the values of k0 and kq were determined to be
.7× 105 s−1 and 1.5× 109 dm3 mol−1 s−1, respectively.

Fig. 4b shows the maximum absorbance, �Amax
375 of triplet

e–AN produced by triplet sensitization plotted as a function
f [Me–AN]. The value of �Amax

375 increases with increasing
Me–AN], but the increase is not linear with [Me–AN]. The
uantity of �Amax

375 triplet Me–AN produced by triplet sensitiza-
ion can be formulated by Eq. (2):

Amax
375 = kq[Me–AN]αTETεT–T

375 ΦAc
ISCIAc

abs(k0 + kq[Me–AN])−1

(2

here αTET, εT–T
375 , ΦAc

ISC and IAc
abs are, respectively, an efficiency

f triplet energy transfer from triplet acetone to Me–AN, the

olar absorption coefficients of triplet Me–AN at 375 nm, the

riplet yield of acetone (1.0 [13]) and the number of photon flux
f an incident 308-nm laser pulse absorbed by Ac. The quantity

s

o

able 1
hotophysical and photochemical parameters for R–AN obtained in the present work

ET (kcal mol−1a) Φ254
b εT−T

375 (dm3 mol−1 cm−1b) kq (109 dm3 m

e 65.1 0.015 16,000 1.5
t 65.2 0.017 15,600 1.5
zy 65.2 0.015 17,300 1.4

a Determined from 0 to 0 origin of the phosphorescence spectrum obtained in a mi
b Errors± 5%.
c BDE values for the CO–N bond were determined by Eq. (5) by using the values o
d Errors± 0.006.
e Errors± 0.005.
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f Iabs was determined by Eq. (3) [27]:

ABP
T = εBP

T ΦBP
ISCIBP

abs (3)

here �ABP
T , εBP

T and ΦBP
ISC are, respectively, the initial

bsorbance at 520 nm for the formation of triplet benzophe-
one obtained immediately after laser pulsing, the molar
bsorption coefficient of triplet BP at 520 nm in ACN
500 dm3 mol−1 cm−1 [28] and triplet yield of benzophenone
1.0 [13]). By using Eqs. (1)–(3), and assuming the efficiency of
TET being unity, the εT−T

375 value of triplet Me–AN was deter-
ined to be 16,000± 800 dm3 mol−1 cm−1 at 375 nm. By using

he same procedures, the quenching rate constants, kq for triplet
ensitization of acetone and the molar absorption coefficients,
T−T
375 of the triplets of Et- and Bzy-ANs at 375 nm were deter-
ined, as listed in Table 1. The obtained kq and εT−T

375 values are
he same or close to each other. Upon triplet sensitization, only
he formation of triplet R–ANs was seen in transient absorption
pectra. These observations indicate that CO–N bonds in R–ANs
o not cleave in the T1 states.

.3. Photolysis of triplet R–AN upon the second laser
ulsing

Since triplet R–ANs show the absorption at 355 nm, it is pos-
ible to excite the triplets to R–AN in the higher triplet states by
sing the second 355-nm laser pulsing. Fig. 5 shows transient
bsorption spectra at 850 ns upon 308-nm laser photolysis of
n Ac(0.6 mol dm−3)/Me–AN(2.0× 10−3 mol dm−3) system in
he absence and the presence of the second 355 nm laser puls-
ng at 700 ns after the first laser pulsing. The transient absorption
pectrum in the absence of the second laser pulse is due to triplet

e–AN. By employing the second laser pulse, the intensity of
he absorption of the triplet at 375 nm was found to decrease
ithout showing the recovery to the initial intensity before the

econd laser pulsing (see inset in Fig. 5). Any appreciable tran-
ient absorption spectra of photoproducts upon the second laser
ulsing were not seen in the transient absorption. Decomposi-
ion of triplet Et- and Bzy-ANs was also recognized upon the
ystems, respectively.
A quantum yield (Φdec) for the decomposition in the Tn state

f R–AN upon the second 355-nm laser pulsing was determined

ol−1 s−1b) Φdec �fH (R–AN)
(kcal mol−1)

�fH(RCO•)
(kcal mol−1)

BDE(CO–N)
(kcal mol−1c)

0.086d 5.1 −19.0 61.0
0.084d 1.2 −24.1 59.8
0.069e 32.9 10.5 62.7

xture of methanol and ethanol (1:1, v/v) at 77 K.

f �fH (PAR) = 85.1 kcal mol−1.
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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× 10−3 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
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olor is due to scattering of the second 355 nm laser pulse. Insets; time profiles
t 375 nm in the absence (blue color) and the presence (red color) of the second
55-nm laser pulsing. The spike at 700 ns is due to scattering of the second
55-nm laser pulse.

y Eq. (4):

dec = ��A375 I355
0 (1− 10−�ATT

355 )εT−T−1
375 (4)

here ��A375, I355
0 and �AT−T

355 , respectively, represent
n absorbance change at 375 nm for triplet R–AN due to
ecomposition upon the second 355-nm laser photolysis, the
ntensity of the incident second 355-nm laser pulse and
he absorbance of triplet R–AN at 355 nm generated upon
c sensitization. The quantity of I355

0 was determined as
.7× 10−5 einstein dm−3 pulse−1 by using the triplet-triplet
bsorption of benzophenone formed upon 355-nm laser pho-
olysis in the ACN solution as an actinometer (see Eq. (3)).
y changing the intensity of the first 355-nm laser pulse, we
btained the �AT−T

355 values varied from ca. 0.2 to ca 0.5. Since

lots of ��A375 as a function of the term of 1− 10−�ATT
355

howed a straight line, it can be ruled out on our experimen-
al conditions that multi-photon absorption of the T1 state is
nvolved upon CO–N bond cleavage in the Tn state. The Φdec
alue was thus determined to be 0.086± 0.006 for Me–AN,
.084± 0.006 for Et-AN and 0.069± 0.005 for Bzy-AN.

We propose that the decomposition upon photolysis of the
1 state is responsible for CO–N bond cleavage in the Tn state
f R–AN although we were unfortunately unable to observe the
orresponding radicals formed upon the decomposition of the T1
tate, presumably due to the small molar absorption coefficients
f the radicals or small Φdec values.

R− AN∗hν′(355 nm)−−−−−−−→RCO• + PAR

he bond dissociation energies (BDE) of the CO–N bonds in
–ANs were obtained by Eq. (5) on the basis of the heats of

ormation (�fH) for R–AN, RCO• and PAR computed by using

semi-empirical PM3 program contained in MOPAC ′97.

fH(R− AN) = �fH(RCO•)+�fH(PAR)− BDE(CO− N)

(5)

fi
s
3
Φ

cheme 1. An energy diagram for excited R–AN including the dissociative
otential.

he �fH value for PAR was 85.1 kcal mol−1 whereas those
or R–AN and RCO• are listed in Table 1 along the estimated
DE values. The BDE values vary in a small range of ca.
0–63 kcal mol−1.

Assuming that the decomposition of the T1 state is due to the
O–N bond cleavage, a schematic energy diagram for triplet
–AN is depicted in Scheme 1. Upon the second 355-nm laser
hotolysis of the T1 (�,�*) state of R–AN, the Tn(�,�*) state
hose state energy is located at 145 kcal mol−1 is produced.
he molecule in the Tn state will be deactivated through internal
onversion to a dissociative state, TR(�,�*). It is originally sug-
ested that the bond dissociation in excited states proceeds by
voided crossings between the reactive excited state with disso-
iative potential surfaces of the same overall symmetry [29]. In
he present case, the electronic configuration of the dissociative
otential for the CO–N bond rupture is of a �, �* type which
s allowed to strongly interact with the TR(�,�*) state, leading
o free radical formation with little thermal activation energies.
n contrast, the absence of fragmentation in the T1 states can
e interpreted by considering a large energy barrier, �E for the
nteraction between the T1(�,�*) state and a dissociative triplet
, �* potential [15d].

. Conclusions

Photochemical features of R–AN in the S1, T1 and Tn

tates have been studied. Upon steady-state photolysis, R–ANs
ndergo photodecomposition in the S1 state with the yields,
254 of ca. 0.016. Transient absorption measurements upon

66-nm laser pulsing in R–AN revealed formation of triplet
–ANs, but intermediates formed as the result of the CO–N
ond dissociation were not recognized in the transient absorp-
ion. Acetone sensitization of R–AN efficiently forms triplet
–AN, and enabled us to determine the molar absorption coef-

T−T
cients, ε375 . No photochemical reaction proceeds in the T1
tate whereas photodecomposition in the Tn state is found upon
55-nm laser photolysis of triplet R–AN. The quantum yields,
dec of the decomposition in the Tn state are estimated to be ca.
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.08 which are five times greater than those in the S1 state. The
lausible photochemical reaction responsible for the decompo-
ition of triplet R–ANs is suggested as the CO–N bond rupture
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