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bstract

The radiative and reactive excited state relaxations of the ZE and ZZ geometrical isomers of 1,2-distyrylbenzene [1,2-(PhE)2B] and two hetero-
nalogues, where the side phenyl groups were replaced by 4′-pyridyl or 2′-thienyl groups, were studied and compared with the photobehaviour of

he EE isomers previously investigated.

The ZE and ZZ isomers of the hydrocarbon photoisomerize by a predominant adiabatic mechanism (a “one photon – two bonds” process is also
perative in the case of ZZ) whereas the contribution of the adiabatic pathway is reduced for the thienyl-analogues, which isomerize by a mixed
diabatic/adiabatic) mechanism, whereas a prevalent diabatic mechanism characterizes the behaviour of the pyridyl analogue.

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

The photobehaviour of E,E-1,n-distyrylbenzene [EE-1,n-
PhE)2B, with n = 2, 3 or 4] has been widely investigated in the
ast decade because of the interest in their photoisomerization

echanism and potential applications, f.i., as laser dyes, scintil-
ators and building blocks of polyphenylenevinylene materials
sed in optoelectronics [1–3]. Most information concerns the
ompounds bearing the two styryl substituents in the para (n = 4,
inear conjugation) and meta (n = 3, crossed conjugation) posi-
ions. Both series of compounds with n = 3 and 4 display a very
ow photoisomerization yield and decay predominantly by the
adiative pathway. For them, the presence of conformational
quilibria and their role on the photobehaviour have been also
nvestigated (for some representative articles, see Refs. [1,4–9].
he non-conjugated ortho-positional isomer, EE-1,2-(PhE)2B,
as been relatively less investigated. Its photobehaviour has

een mainly studied under severe experimental conditions (light
ose, concentration) [10] whilst only scattered information are
vailable under mild experimental conditions [4,11,12].

∗ Corresponding author. Tel.: +39 075 5855575; fax: +39 075 5855598.
E-mail address: faby@unipg.it (A. Spalletti).
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The effect of replacement of the side phenyl rings with
′-pyridyl (4P), 2′-thienyl (2T) and 2′-furyl (2F) rings on the
ompetitive radiative/reactive relaxations of the EE geometrical
somers of 1,2-(PhE)2B has been recently investigated in our
aboratory [12]. On the line of the previous study, the photobe-
aviour of the corresponding cis isomers (ZE and ZZ) of 1,2-
PhE)2B and its 4P and 2T analogues has been here investigated.

Due to the lack of conjugation, the main relaxation pathways
f these cis compounds is internal conversion (IC) accompa-
ied by substantial geometrical photoisomerization to EE (from
E) and to ZE (from ZZ), whilst the radiative deactivation was
ardly observable at low temperature only. Important adiabatic
ontributions to the photoreaction have been evidenced, which
re of the “one photon – two bonds” type in the case of the
Z → EE process. A comparison with the results previously
btained on the EE isomers allowed a general description of
he photobehaviour of this series of compounds to be obtained.

. Experimental
The compounds investigated are shown in Scheme 1. They
ere synthesized at the Padua laboratory for previous works. The
eometrical isomers were separated from the synthesis mixture

mailto:faby@unipg.it
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ers of the investigated compounds.
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Scheme 1. Geometrical isom

nd carefully purified by preparative HPLC. The EE isomers
ere characterized by 1H NMR spectrometry [11,12].
The solvent used was a mixture of 9/1 (v/v) methyl-

yclohexane/3-methylpentane (MCH/3MP) from Fluka, spec-
rophotometric grade, except otherwise specified for solubility
easons. The solvents were further purified by standard proce-
ures.

A Perkin-Elmer Lambda 800 spectrophotometer was used
or the absorption measurements. The fluorescence spectra were
arried out by a Spex Fluorolog-2 F112AI spectrofluorimeter
nd the fluorescence lifetimes by an Edinburgh Instrument 199S
pectrofluorimeter, using the single photon counting method.
,10-diphenylanthracene in de-aerated cyclohexane was used as
uorimetric standard (φF = 0.90 [13]).

For photochemical measurements (potassium ferrioxalate
n water as actinometer), a 150 W high pressure xenon lamp
oupled with a monochromator was used. The photoreaction
solute concentrations ∼10−4 M) was monitored by HPLC using

Waters apparatus equipped with analytical Simmetry C18
4.6 × 250 mm; 5 �m) and Prontosil 200-3-C30 (4.6 × 250 mm;
�m) columns and UV detector. Further details on the experi-
ental measurements are reported elsewhere [12].
All measurements were carried out in de-aerated solutions

y purging with nitrogen. The parameters reported in the Tables
re averages of at least three independent experiments with mean
eviations of ca. 15% and 10% for fluorescence quantum yields
nd lifetimes, respectively, and ca. 10% for the photoisomer-
zation quantum yields. A larger uncertainty is expected for the
erived adiabatic contribution to the overall photoisomerization
uantum yield.

The theoretical calculations were performed using the Hyper-
hem computational package (version 6.1). The heats of

ormation and dihedral angles between the ethenic bridge and
he central aromatic ring were obtained for the geometries opti-

ized by the PM3 method. The electronic spectra (transition
nergy and oscillator strenght) were calculated by ZINDO/S.

. Results and discussion

.1. Spectral and photophysical behaviour

The spectral behaviour of the three geometrical isomers of the
ydrocarbon at room temperature is shown in Fig. 1A. It is rea-

onably well described by the theoretical calculations reported
n Table 1 that collects the spectral properties (transition energy
nd oscillator strength), heats of formation and other structural
nformation for the most stable (according to PM3 calculations)

Fig. 1. Absorption and emission spectra of the geometrical isomers of 1,2-
(PhE)2B and two heteroanalogues in MCH/3MP at room temperature.
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Table 1
Calculated spectral properties, heats of formation (�H0

f ) and dihedral angles between the styryl (or etheroaryl-ethenyl) moieties and the central ring for the most
stable rotamer of the three isomers of the investigated compounds

Compound Isomer Angles (◦) �H0
f (kcal/mol) λ f Sn

1,2-(PhE)2B EE −0.34/0.88 99.12 334 1.11 S1

285 0.33 S3

284 1.00 S5

ZE −39.4/10.2 103.88 316 1.04 S1

305 0.17 S2

280 0.23 S4

278 0.30 S5

ZZ −60.2/96.9 106.52 282 0.01 S1

267 0.57 S4

235 0.17 S5

1,2-(4PE)2B EE −0.23/1.03 113.31 331 1.11 S1

282 1.29 S3

ZE −39.7/10.0 117.91 314 1.01 S1

302 0.16 S2

280 0.36 S3

ZZ −33.2/87.3 121.24 278 0.007 S1

258 0.51 S6

219 0.13 S12

1,2-(2TE)2B EE 0.15/0.34 116.72 372 1.04 S1

325 0.16 S2

312 1.15 S3

ZE −7.15/37.12 121.47 353 1.16 S1

321 0.21 S2

317 0.23 S3
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ZZ −73.5/43.8

onformer (see below). The first band, at 318 nm for EE and hyp-
ochromically shifted at 309 nm for ZE, is rather intense (f > 1).
he second band at ∼280 nm (related to two very close energy

evels, according to calculations) is also intense for EE, less for
E. The first band of ZZ is weaker and shifted to even shorter
avelengths (286 nm), as expected for cis geometries. The sec-
nd band is partially overlapped and observed as a shoulder at
62 nm in Fig. 1. The better resolution of the spectra recorded
t 80 K (see below) led to a complete separation of the two
omponents, the second band showing there a net maximum at
280 nm.
The room temperature absorption spectra of the compounds

earing 4P and 2T groups are shown in Fig. 1B and C. The two
rst bands of the EE and ZE isomers of the 4P derivative are
imilar (only slightly blue-shifted) to those of the hydrocarbon
hilst those of the 2T derivative are red shifted by ∼25 nm, as

ommon for compounds bearing 2T groups [14]. In the case of
Z, the bathochromic shift was no longer observed for the 2T
erivative (286 and 265 nm) whilst the 4P one has again a blue-
hifted spectrum (276 and 254 nm). According to calculations,
he first transition of ZZ is partially allowed for 2T but forbidden
n both the hydrocarbon and its 4P derivative. For the ZE iso-

er of the three compounds investigated at room temperature,
he same fluorescence spectrum as found for EE was obtained

nd the fluorescence excitation spectra overlapped the absorp-
ion spectra of the irradiated compounds. This clearly indicated
he occurrence of adiabatic photoisomerization producing the
xcited EE isomers (see below). Also under irradiation of the ZZ

o
h
e
p

4.13 312 0.21 S1

288 0.21 S2

284 0.75 S3

somer of the hydrocarbon, the measured fluorescence spectrum
verlapped that of EE.

The presence of conformational equilibria in the ground or
xcited singlet states of these molecules could affect both their
hotophysical and photochemical behaviour. However, no exci-
ation wavelength effect on the emission spectra was found thus
uggesting that one of the possible conformers predominates
n solution, the ground-state conformational equilibrium being
argely shifted towards the most stable one [15], as already
eported for the EE isomers [12]. The occurrence of conformer
nterconversion in the excited state could offer an alternative
ypothesis [15]. In this case, the photophysical and photochem-
cal properties and the derived parameters should be considered

ean values of the different conformations which can be specif-
cally involved in the relaxation processes of these excited
eometrical isomers. A more detailed study as a function of
emperature and viscosity is in progress to clarify the role of
onformation in the excited states.

Fig. 2A shows the spectra recorded under irradiation of the
hree geometrical isomers of the hydrocarbon in MCH/3MP at
0 K. Only at the high viscosity of the rigid matrix, when the pho-
oreaction is expected to be inhibited, did the intrinsic emission
pectrum of ZE-1,2-(2PhE)2B become detectable whereas irra-
iation of ZZ displayed a spectrum which did not completely

verlap, but was similar to that of ZE. For the corresponding
etero-derivatives (Fig. 2B and C), irradiation of ZE gave an
mission spectrum very similar to that of EE even at low tem-
erature. The ZZ isomers practically do not emit; the weak
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Table 2
Photophysical and photochemical parameters obtained under irradiation of the
three isomers of 1,2-(PhE)2B and its 4P and 2T derivatives in MCH-3MP at
room temperature

Compound Isomer φF τF (ns) φISO φdis

1,2-(PhE)2B EEa 0.29 26 0.05 (EE → ZE) 0.15
ZE 0.17 26.2 0.40 (ZE → EE)
ZZ 0.04 22.7 0.09 (ZZ → ZE)

0.08 (ZZ → EE)

1,2-(4PE)2B EEa 0.026 1.8 0.30 (EE → ZE) 0.40
ZE 0.0008 1.7 0.23 (ZE → EE)
ZZ – – 0.31 (ZZ → ZE)

0.016 (ZZ → EE)

1,2-(2TE)2B EEa 0.04 4.4 0.095 (EE → ZE) 0.10
ZE 0.008 4.4 0.33 (ZE → EE)
ZZ – – 0.30 (ZZ → ZE)
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observed that the contribution of decay by IC, induced by low-
ig. 2. Fluorescence excitation and emission spectra of the geometrical isomers
f 1,2-(PhE)2B and two hetero-analogues in a rigid matrix of MCH/3MP at
0 K.

uminescence observed under irradiation of the 2T derivative
eing too weak to allow a meaningful assignment.
The fluorescence parameters measured under irradiation of
he three isomers of each compound investigated are collected
n Table 2. The fluorescence decay following excitation of the

l
a
s

0.05 (ZZ → EE)

a From Ref. [12].

is compounds at room temperature was monoexponential with
he same lifetime as EE, confirming the spectral information of
diabatic production of the fluorescent EE isomer. The emission
ields measured under irradiation of the compounds bearing cis
ouble bonds at room temperature (Table 2) are then apparent,
eing assignable to 1EE* adiabatically produced; the yield is
rastically reduced by the presence of the heteroatoms, in this
ase being detectable for ZE only.

.2. Photochemical behaviour

The measured isomerization quantum yields (φISO) of the
hree isomers of 1,2-(2PhE)2B and its two hetero-analogues are
hown in Table 2. Since the photoisomerization of the EE iso-
ers has been reported to be accompanied by non-negligible

ide photoreactions [12], the values of the disappearance quan-
um yield (φdis) are also reported in Table 2. On the contrary,
he ZE → EE photoisomerization was found to be clean if the
rradiation was performed in mild conditions, as indicated by
he maintenance of isosbestic points until a certain degree of
hotoconversion (≤30%). Under longer irradiation times, for-
ation of side photoproducts was detected, indicating that the
E isomer initially produced is the responsible of further pho-

oreactivity [12].
No photoproduction of ZZ was found under irradiation

f both EE [12] and ZE, as previously reported for the 1,4
nd 1,3 analogues [1,7a,11,16]. The substantial reduction in
he fluorescence yield measured under irradiation of the ZE
etero-analogues was not accompanied by an increase of their
hotoreactivity whereas a marked increase in reactivity, particu-
arly in the yield of ZE production, was found under irradiation
f ZZ. An increase in the isomerization yield has been reported
or the EE hetero-isomers, particularly for the 4P derivative [12],
ue to a reduction in the torsional barriers in S1. It can also be
ying (deactivating) n,�* states in 4-styrylpyridine and other
za-stilbenes [17,18], does not play any role here since the n,�*
tates are located at higher energies.
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Scheme 2. Qualitative sketch of the photoisomerization mechanism of the ZE
and ZZ isomers of 1,2-(PhE)2B showing the quantum yields of the derived values
for the adiabatic processes.
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Whilst the isomerization of the EE isomers of the compounds
nvestigated have been reported to occur by the common dia-
atic mechanism (implying S1 → S0 IC or T1 → S0 ISC at the
erpendicular configuration, 1,3EE* → 1,3PE* → 1PE → α1ZE
(1−α)1EE, where the partitioning factor α is ∼0.5 [19]), the
resent results indicate that for the cis compounds the alterna-
ive adiabatic mechanism (1,3ZE* → 1,3EE*, directly in a unique
otential energy surface [20]) becomes operative.

Using the experimental radiative and reactive parameters, the
ontribution of the adiabatic mechanism in S1 to the overall
somerization could be estimated by the equation:

φad
ZE→EE = 1φad

ZE∗→EE∗ × 1φG,EE = φF,ZE

φF,EE
× 1φG,EE (1)

here φF,ZE is the fluorescence quantum yield measured under
xcitation of ZE, φF,EE is the intrinsic fluorescence yield of EE,
φad

ZE∗→EE∗ is the formation quantum yield of 1EE* through the
diabatic isomerization mechanism in S1 under excitation of
E, and 1φG,EE = (1−φdis) is the overall quantum yield of the
on-reactive deactivation to the ground state for the EE isomer.

Replacing ZE with ZZ and using relationships analogous to
q. (1), the yield of the ZZ → EE isomerization through “one
hoton – two bonds” adiabatic mechanism can be derived. The
diabatic contribution to the ZZ → ZE isomerization could be
stimated by the adapted Eq. (1) and/ or by Eq. (2):

φad
ZZ→ZE = 1φad

ZZ∗→ZE∗ × 1φG,ZE = φZZ→EE

φZE→EE
× 1φG,ZE (2)

here φZZ→EE and φZE→EE are the experimental isomerization
uantum yields of the process leading to the EE isomer under
xcitation of ZZ and ZE, respectively, 1φad

ZZ∗→ZE∗ is the yield
f production of 1ZE* through the adiabatic mechanism under
xcitation of ZZ, and 1φG,ZE = (1−φZE→EE) is the overall yield
f deactivation to the ground state under direct excitation of ZE.

The yield of 1ZZ* → 1EE* two-fold adiabatic process can be
lso derived by Eq. (3):

φad
ZZ∗→EE∗ = 1φad

ZZ∗→ZE∗ × 1φad
ZE∗→EE∗ (3)

The adiabatic contribution to the ZZ → EE photoisomeriza-
ion quantum yield was then calculated by Eq. (4):
φad
ZZ→EE = 1φad

ZZ∗→EE∗ × 1φG,EE (4)

or 1,2-(PhE)2B, the adiabatic contributions thus derived
Table 3) overcome at different extents (20%–30%) the exper-

d
t
d
d

able 3
diabatic contributions to the photoisomerization quantum yields of the investigated

ompound X 1φG,X
1φad

X∗→EE∗ 1φad
X→EE

,2-(PhE)2B EE 0.85
ZE 0.60 0.59 0.50
ZZ 0.83 0.13 0.11

,2-(4PE)2B EE 0.60
ZE 0.77 0.032 0.019
ZZ 0.67 0.0022 0.0013

,2-(2TE)2B EE 0.90
ZE 0.67 0.20 0.18
ZZ 0.65 0.03 0.027
cheme 3. Qualitative sketch of the photoisomerization mechanism of the ZE
nd ZZ isomers of 1,2-(4PE)2B showing the derived quantum yields for the
ompetitive diabatic/adiabatic contributions.

mental value of Table 2. This apparent discrepancy between
he estimated adiabatic contributions and the overall experimen-
al yields can be reasonably ascribed to the uncertainty in the
easured yields which can be magnified by error propagation

n the treatment using Eqs. (1)–(4). In any case, the derived
alues clearly indicate that the photoconversion of the ZE and
Z isomers of 1,2-(PhE)2B takes place by a largely prevalent

or unique) adiabatic mechanism, implying, in the case of the
Z → EE process, a “one photon – two bonds” mechanism.
hese results are resumed in Scheme 2 that shows the processes

n the cis → trans direction.
Application of the same treatment to the two hetero-

erivatives led to smaller adiabatic contributions to the overall
hotoreaction (Table 3). Since the EE compounds were found
ot to have detectable triplet production [12], it was reasonable
o neglect isomerization in T1 even for the compounds with cis

ouble bonds. Therefore, the yield of the diabatic contribution
o photoisomerization in S1 (1φd) could be simply estimated by
ifference between the measured overall quantum yield and the
erived adiabatic contributions (Table 3 and Schemes 3 and 4).

compounds, as derived by Eqs. (1) and (2)

1φad
X∗→ZE∗ 1φad

X→ZE
1φd

X→EE
1φad

X→ZE

0.05

0.22 0.13
0.30

0.21
0.070 0.054 0.015 0.26

0.095

0.15
0.15 0.10 0.023 0.20
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Scheme 4. Qualitative sketch of the photoisomerization mechanism of the ZE
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[
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[19] J. Saltiel, Y.-P. Sun, in: H. Dürr, H. Bouas-Laurent (Eds.), Photochromism:
Molecules and Systems, Elsevier, Amsterdam, 1990, pp. 64–162 (and ref-
nd ZZ isomers of 1,2-(2TE)2B showing the derived quantum yields for the
ompetitive diabatic/adiabatic contributions.

A different behaviour, compared to that of the hydrocarbon,
as found for the 4P derivative where only a very small fraction
f excited cis molecules undergo the adiabatic pathway whilst
ost of them isomerize by the diabatic mechanism. This can

e explained by a stabilization of the twisted configurations in
1 induced by the pyridyl substituent, particularly at the per-
endicular configuration (1PE* and 1ZP*), thus producing a net
inimum in the potential energy curve (the well known “fun-

el”, in the case of stilbene [19]). As a consequence, the torsional
nergy barrier decreases (net increase of the EE → ZE isomer-
zation yield) and the S1 → S0 IC at 90◦, responsible for the
iabatic mechanism, becomes the prevailing reaction pathway
or the cis compounds (Scheme 3).

An intermediate situation was found for the 2T derivative
here the weights of the diabatic and adiabatic mechanisms are

omparable (Scheme 4).
Previous work on the EE isomers had shown that the main

ffect of the heteroatom on the behaviour of the hydrocarbon
as a drastic decrease in the radiative relaxation compensated
y a relevant increase in the reactive pathway (φZE→EE = 0.30)
or the 4P analogue only [12]. The present results on the ZE and
Z compounds show that the 4P and 2T groups affect very little

slight decrease) the φZE→EE values whereas the photoreaction
ield of the ZZ isomers is almost trebled with respect to the
ydrocarbon. This increase favours the production of ZE com-
ared with that of EE, whilst the two contributions are almost
qual in the hydrocarbon.

The discussion of the heteroatom effect in these non-
onjugated 1,2 compounds can be extended by a comparison
ith the corresponding linearly-conjugated 1,4 compounds

7a,9]. It is interesting to note that, despite the marked
tructural difference between the two series of compounds,
he photobehaviour is not much different. In fact, in both
eries the following similarities were observed: (i) the pho-
oisomerization of the cis compounds occurs by a unique
diabatic mechanism in both hydrocarbons; (ii) the het-
roatom produces a drastic decrease in the emission yield
f EE compensated by increased ZE production, particu-
arly for the 4P compound; (iii) the overall reactivity of
E is little affected by the heteroatom (small increase for

he 1,4 and small decrease for the 1,2 compounds) whilst

hat of ZZ increases substantially, particularly towards ZE;
nd (iv) the adiabatic contribution to the overall isomer-
zation yield of both ZE and ZZ decreases markedly in

[

otobiology A: Chemistry 195 (2008) 301–306

he presence of the heteroatoms, particularly for the 4P
erivative.

Moreover, for both 1,4 and 1,2 compounds, an intramolecular
igration of the excitation energy towards one of the ethenic

somerizable double bonds seems to be favoured and the rotation
f the second double bond is found in the direction of EE only
ut never in the opposite direction (“one-way”).
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