
JournaE of Photochemistry, 5 (1976) 479 - 487 
@ Elsevier Sequoia S.A., Lausanne - Printed in Switzerland 

479 

DIRECT AND ANTHRAQUINONE SENSITIZED truns --+ cis PHOTO- 
ISOMERIZATION OF NAPHTHYL-PYRIDYL-ETHYLENES 

P. BORTOLUS 

Laboratorio di Fotochimica e Radiazioni di Alta Enegia de1 Consiglio Nazionale delle 
Ricerche, I-40126 Bologna (Italy) 

F. MASE’ITI 

Institute of Physical Chemistry, University of Peru&a, 06100 Perugia (Italy) 

G. GALIAZZO 

Institute of Omanic Chemistry, University of Padoua, 35100 Padova (Italy) 

{Received March 22, 1976) 

summary 

Direct and anthraquinone sensitized tram + cis photoisomerization of 
naphthyl-pyridyl-ethylenes has been investigated. Oxygen and temperature 
effect on fluorescence and direct photoisomerization quantum yields have 
also been studied. The nitrogen positional isomerism affects the photophys- 
ical and photochemical parameters in different ways. From the results it may 
be deduced that both singlet and triplet excited states are involved in the 
direct photoisomerization and that radiationless deactivation is not a negli- 
gible process. 

Introduction 

There is in the recent literature an increasing interest in photochemical 
[l] and photophysical [2] behaviour of heteroaromatic nitrogen compounds. 

The study of photophysical and photochemical behaviour of styryl- 
pyridines [ 31 and dipyridylethylenes [4] in solvents of different polarity 
has shown an interesting correlation between the changes of trans + cis (a,) 

photoisomerization and fluorescence (af) quantum yields of the trans 
isomers. These studies emphasize the importance of n,n* states in the de- 
activation pathways of these excited aza-aromatics even if no definitive con- 
clusion on the excited state responsible for the photoisomerization process 
could be deduced. 

We have studied recently the photochemistry and fluorescence of the 
two positional isomers of tmns-styrylnaphthalenes 151. For these compounds 
a triplet mechanism for the photoisomerization process was deduced on the 
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basis of the different influence of oxygen on fluorescence and photoisomer- 
ization yields (the oxygen quenches the fluorescence and increases the photo- 
isomerization yield) and of the comparison between the direct and the photosen- 
sitized process. Moreover, the quantum yield of trans + cis photoisomeriza- 
tion of P-styrylnaphthalene (P-StN) increases with its concentration; no con- 
centration effect was detected in the photoisomerization of a-StN, 

The effect of the introduction of a nitrogen in the molecular skeleton 
might, owing to a probable involvement of n,n* states in the deactivation 
pathways, modify, remarkably too, the photophysical and photochemical 
behaviour of StNs. To obtain information on this role of n,rr* states, the 
photochemistry and fluorescence of trans naphthyl-pyridyl-ethylenes 
(NPEs) have now been investigated in n-hexane with the aim, also, of having 
insight into the excited state responsible for the photoisomerization. 

Experimental 

Nomenclature, synthesis, purification and U.V. spectral characteristics 
of NPEs are reported in a previous paper [6] . 

n-Hexane (RS Carlo Erba) and anthraquinone (RP Carlo Erba) were 
used without further purification. Benzene (RS Carlo Erba) was stirred over 
concentrated H2S04 for three days, washed with sodium bicarbonate solu- 
tion and then washed several times with water. The benzene was dried over 
anhydrous MgSO, and then distilled. The middle portion was used. 

The light source was a stabilized high pressure xenon lamp, Osram XBO 
150, from which the exciting wavelengths (310 nm and 409 nm for the direct 
and the sensitized isomerization, respectively) were isolated by narrow band 
Balzers interference filters. Ferrioxalate actinometry was used [ 71. 

Direct bans + cis photoisomerizations were performed in n-hexane in 
conditions of total absorption of the incident light (cNPE = 10m4 M). Anthra- 
quinone sensitized photoisomerizations were performed in de-aerated 
benzene solutions containing 5.5 X 1 0p3 M anthraquinone and lo- 2 M 
naphthyl-pyridyl-ethylene (this olefin concentration ensures a practically 
complete capture of the sensitizer triplets 151). 

When the quantum yields were determined in de-aerated solutions, the 
oxygen was removed by bubbling with pure nitrogen. 

The conversion percentages, which never exceeded lo%, were deter- 
mined by U.V. spectrophotometry after suitable dilution; single beam 
Hitachi-Perkin-Elmer 128 and double beam Perkin Elmer 356 spectrophoto- 
meters were used. Control experiments showed the absence of any impor- 
tant side photoreaction in both de-aerated and air saturated solutions. Two 
examples of the variation of the absorption spectrum of trans isomer with 
increasing irradiation time are reported in Figs. 1 and 2 for a,2-NPE and 
p,Z-NPE isomers. Sensitized quantum yield values are corrected for the back 
reaction [ 81. No correction was made on the values for the direct process; 
however, since the stationary states (although not precisely determined) 
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Fig. 1. Spectral changes of a n-hexane solution of a,2-NPE irradiated at 310 nm for in- 
creasing times; - - - -, spectrum of the cis isomer. 

Fig. 2. Spectral changes of a n-hexane solution of /3,2-NPE irradiated at 310 nm for in-, 
creasing times; - - - - -, spectrum of the cis isomer. 

contain cis percentages greater than those for the sensitized process and the 
irradiations were carried to low conversions, correction should raise quantum 
efficiencies by no more than 5%. Sensitized photostationary state composi- 
tions were reached from both sides. Analysis was either by u-v. spectrophoto- 
metry and gas chromatography (a Perkin-Elmer model F 11 equipped with 
flame ionization detector was used; column SE 30 5% on Chromosorb G). 

Fluorescence measurements were made by a Perkin-Elmer MPF-3 with 
an accessory for spectra corrections; some spectra were checked on a Turner 
210 absolute spectrofluorimeter; good agreement was found between the 
fluorescence quantum yields obtained with the two instruments. Fluores- 
cence quantum yields were obtained relative to a-NPD in cyclohexane (cPt = 
0.58 [9] ); refractive index corrections were made to adjust for the different 
solvents used. Fluorescence lifetimes were measured by the pulse sampling 
technique using an apparatus with resolution time of about 1 ns described 
elsewhere [lo] . 

Results and discussion 

The deactivation of the excited states of truns NPEs in dilute solutions 
occurs with fluorescence emission (no phosphorescence is detectable even 
at low temperatures) and geometrical isomerization. This latter phenomenon 
can occur on direct excitation and by a triplet energy donor’s sensitized p_ro- 
cess. 
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TABLE 3 

Anthraquinone sensitized trans --f cis 
isomerization of naphthyl-pyridyl- 
ethylenes in de-aerated benzene solution 

Compound @ Stationary state 
{% cis) 

ar, 2-NPE 0.38 45 
IY, 3-NPE 0.48 5’7 
CY, 4-NPE 0.48 53 
0, 2-NPE 0.50 54 
p, 3-NPE 0.45 52 
0, 4-NPE 0.49 56.5 

The quantum yields of anthraquinone sensitized photoisomerization of 
trans NPEs are collected in Table 1 together with the cis percentages at the 
photostationary state. The $ values experimentally found are in good agree- 
ment with those calculated by multiplying the ck percentages at the photo- 
stationary composition by 0.9 (@ Isc of anthraquinone [ 81). This confirms 
that the anthraquinone sensitized isomerization of NPEs occurs following 
the general mechanism of the isomerization of olefinic compounds photo- 
sensitized by high triplet energy donors [ 111 ; according to this mechanism, 
trans and cis triplets of the olefins, populated by energy transfer from the 
sensitizer, decay rapidly and efficiently to a common twisted form of lower 
energy which deactivates giving the two geometrical isomers. The quantum 
yields are practically the same for the isomeric NPEs and very similar to that 
of the corresponding hydrocarbon [ 5] (only the cY,2-isomer has a lower 
value) indicating that the presence and the positional isomerism of the ni- 
trogen scarcely affects the triplet reactivity. 

In Table 2 are collected the trans + cis photoisomerization (@*) and 
fluorescence (af) quantum yields in de-aerated and air saturated n-hexane 
solutions and the fluorescence lifetimes in de-aerated solutions of NPEs. No 
concentration effect on G’t was found in the range 10m4 - 10e3 A-2. Styryl- 
naphthalenes are characterized by a very high radiative deactivation yield 
and a quite low isomerization yield in de-aerated solutions. Introduction of 
a nitrogen in the benzenic ring lowers the fluorescence yield, particularly 
when the heteroatom is in positions 2- and 4- (ortho and para positions) with 
respect to the ethylenic bond. Correspondingly, the yield of the photochem- 
ical process increases; once again the effect is more pronounced for 2- and 
4- isomers and for the Q than the /3 ones. This positional isomerism effect of 
the nitrogen on cPf and ckt parallels that found in the isomeric styrylpyridines 
in which the isomer containing the nitrogen in the meta position with respect 
to the ethylenic double bond has photochemical behaviour more similar to 
that of the parent hydrocarbon, the stilbene [ 3, 121. 

As found for StNs [5] and for dinaphthyl-ethylenes [133, the dissolved 
oxygen differently affects the deactivation pathways of the lowest NPE’s 
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TABLE 2 

Tran-s + cis photoisomerization and fluorescence quantum 
yields in air-saturated and de-aerated n-hexane solutions 
and fluorescence lifetimes in de-aerated trans-naphthyl- 
pyridyl-ethylenes 

Compound Air-saturated De-aerated r(r=) 

@t Qf @t @f 

a- St N” 0.233 0.60 0.16 0.69 - 
(Y, 2-NPE 0.42 0.045 0.42 0.04s 1.8 
(Y, 3-NPE 0.24 0.36 0.24 0.43 2.2 
(Y, 4-NPE 0.56 0.055 0.57 0.057 1.7 
pstNa 0.274 0.25 0.133 0.74 - 
p, 2-NPE O.365 0.05, 0.27 0.06s 5.0 
0, 3-NPE 0.34 0.235 0.15 0.51 9.5 
0, 4-NPE 0.405 0.16s 0.26 0.26 8.5 

aFrom ref. [ 5 1. 

excited singlet state; it generally decreases the fluorescence yield and in- 
creases the photoisomerization yield. The extent of the effect is greater for 
the 13 isomers than the Q! ones. As the fluorescence is concerned, this is 
probably related to the longer lifetimes of the p isomers than the ar ones, but 
other factors, related to the molecular structure, must be operative; in fact, 
the oxygen effect on the fluorescence of the isomer P,2-NPE is proportional- 
ly lower than that on a,3-NPE, although the lifetime of the latter isomer is 
about one-half of that of p,%-NPE. The most consistent explanation of the 
opposite effect of the dissolved oxygen on a’t and *‘f seems to be, in this case 
too, an oxygen induced ISC [ 5,141 to the triplet state of NPEs in which the 
isomerization can occur as demonstrated by the anthraquinone sensitized 
experiments_ 

In Table 3 are reported the fluorescence and photoisomerization quan- 
tum yields of NPEs in de-aerated n-hexane solutions at 20” and 62 “C. It 
may be seen that by increasing the temperature, the photoreaction yield in- 
creases and the fluorescence yield decreases; the two phenomena match 
quite well ( Aat 2: AQf). A similar behaviour has been already found for 
stilbene at low temperatures [ 15j and, more recently, for styrylnaphthalenes 
and dinaphthyl-ethylenes [16] in the same range of temperatures explored 
by us. The positive temperature effect on photoisomerization was attributed 
to the existence of energy barriers in the geometrical conversion pathway. 
If the photoisomerization process occurs in the singlet state, the energy bar- 
rier should be located between the lowest spectroscopic singlet state and a 
twisted singlet state which decays with isomerization. If only the triplet 
state is involved in the photochemical process, the temperature effect could 
be explained as due to an activated intersystem crossing; if one assumes that 
the radiationless decay S, A So is negligible (this hypothesis is widely 
accepted for the aromatic hydrocarbons [17] ), the ISC yield of the process 
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TABLE 3 

Temperature effect on fluorescence and tmns + cis photo- 
isomerization quantum yields of NPEs in de-aerated 
n-hexane solutions 

Compound $ 

20 “C 

@‘t --- - 
62 “C 20 “C 62 “C 

ar, 2-NPE 0.045 0.019 0.42 0.46 
Q, 3-NPE 0.43 0.29 0.24 0.42 
a, 4-NPE 0.057 0.024 0.585 O-622 
p, 2-NPE O.O66 0.025 0.267 0.295 
p, 3-NPE 0.51 0.352 0.15 0.295 
p, 4-NPE 0.26 0.133 0.26 0.42 

S, A T, at a given temperature is ia;& = (1 - @Fc). The increase of 
the conversion yield with the temperature should therefore be obtained by 
multiplying the increase of aIsc (A@,,,) by the yield of the correspond$g 
sens$ized process. Table 4 collects the variations of arsc, Aalsc = (a:&” - 
@$$cc), calculated according to the above assumption and the expected in- 
crease of the photochemical process yield for the various isomers together 
with the variations experimentally found. In all cases, the increase found is 
greater than that calculated; so, on the basis of the above assumption, the 
hypothesis of a temperature enhanced ISC as the only responsible for the 
increase of the photochemical process yield should be disregarded. 

However, the hypothesis that the radiationless deactivation S1 a SO 
is negligible does not seem reliable in the case of NPEs. In fact, with the 
reasonable assumption that the decrease of the fluorescence yield of NPEs 
in oxygen containing solutions is due to an enhanced ISC, one could calculate 
the increase of the photoisomerization yield of a given isomer by multiplying 

* %sc = Aaf (difference in fluorescence yields in nitrogen saturated and air 
saturated solutions) by the yield of the sensitized process. For all the /3 
isomers, in particular for fl,Z- and 13,4-, the increase of the yield experimental- 
ly found is greater than that calculated. A consistent explanation is that the 
radiationless deactivation is an important pathway of the excited singlet 
state of NPEs and the presence of the oxygen forces a fraction of the mol- 
ecules to decay without emission into another deactivation channel (inter- 
system crossing S1 AM T,). Note that, if consistent internal conversion 
is operative in the case of the a isomers also, the increase of the isomeriza- 
tion yield with the temperature can be compatible with an increase of inter- 
system crossing. 

Radiationless deactivation yields (Qlc) of singlet NPEs are obtainable 
in the following two extreme cases: (1) the isomerization occurs exclusively 
in the singlet state; (2) the isomerization occurs exclusively in the triplet 
state. Following the first hypothesis (@‘f + af) = (I- alc). In the second 
case 
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TABLE 4 

Variations of intersystem crossing yield calculated on the basis 
of temperature effect on *f, expected increases of $ and A@t 
experimentally found 

Compound A%sc AQt (expected) A@ (found) 

q Z-NPE 0.027 0.01 0.04 
q 3-NPE 0.14 0.067 0.13 
QI, 4-NPE 0.033 0.016 0.037 

0.04 0.02 0.03 
0.16 0.072 0.145 
0.127 0.062 0.16 

where (@t)dir. 3 (%sc)~~~~. and (%hens. are the quantum yields of the direct 
photoisomerization, of the inter-system crossing of the sensitizer and of the 
photosensitized isomerization, respectively. The values of (1 - arc) calcu- 
lated on the basis of the second hypothesis for the experiments carried out 
at 20 and 62 “C in de-aerated solutions and at 20 “C! in air-saturated solu- 
tions are collected in Table 5; the values calculated following the first hy- 
pothesis are obtainable from Tables 2 and 3. On the basis of the data of 
Table 5, one must conclude that for (Y isomers the triplet state cannot be 
the only responsible for the direct isomerization because the value of 
(1 - @ro) is generally greater than one; so, for these isomers, a substantial 
fraction of the isomerization process (if not the whole process) must occur 
in the singlet state. For p,3- and p,4-isomers, at high temperature and in 
air-saturated solutions, there is not appreciable internal conversion; only for 
p,2- this process has appreciable yield. Calculations by means of the first 
hypothesis give values of (Pro ranging from 0.3 to 0.7. It is probable that the 
real values are intermediate between those calculated as above; the determi- 
nation of the right value of arc is strictly related to the identification of the 
excited state involved in the photoisomerization. From the data at our 
disposal, one can deduce that both the singlet (see e.g. data for ~1 isomers) and 
triplet state (see anthraquinone sensitized experiments and oxygen effect 
on photoisomerization) are photoreactive, that the fluorescent state is not 
the photoreactive state or that the isomerization can occur in an excited 
state different from the fluorescent state (see temperature and oxygen ef- 
fects on fluorescence and photoisomerization) and finally, that internal 
conversion is not a negligible process. 

For trczns styrylnaphthalenes, fluorescence and tram --t cis isomeriza- 
tion are the only deactivation paths of the excited molecule [16] and some 
evidence has been obtained that the triplet state is responsible for the iso- 
merization [ 5, 18, 191. Therefore, as already found for styrylpyridines, the 
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TABLE 5 

Calculated values of (a=~ + $) assuming that the isomeriza- 
tion occurs exclusively in the triplet state 

Compound De-aerated solution Air-saturated solution 

20 “C 62 “C 20 “C 

cq P-NPE 1.05 1.12 1.05 
Q, 3-NPE 0.88 1.09 0.81 
QL, 4-NPE 1.17 1.21 1.12 
0, 2-NPE 0.55 0.56 0.72 
6, 3-NPE 0.81 0.95 0.92 
0, 4-NPE 0.76 0.91 0.92 

introduction of a heterocyclic nitrogen strongly affects the photochemical 
and photophysical deactivation paths of StNs. The differences in photochem- 
ical behaviour of stilbene and StPs have been attributed to the presence of 
low lying n,r* states spectroscopically hidden. Also in the spectra of NPEs 
there is no evidence of n,x* states; n,m* transitions, owing to their very low 
oscillator strengths, are probably buried in the high intensity T,W* bands. 
In some StPs and dipyridyl-ethylenes, low lying n,n* singlet states are re- 

sponsible for the photoreduction and photoaddition reactions in hydrogen 
atom donors’ solvents [4] and radiationless deactivation in hydrocarbon 
solvents. The presence of low lying n,n * states responsible for the radiation- 
less deactivation of NPEs is a suggestive hypothesis which, however, con- 
trasts with the high fluorescence yields of these compounds; moreover, the 
results of molecular orbital calculations [ 201 indicate that the n,n * singlet 
state is above the m,n* state for all the isomeric NPEs. 

More definitive conclusions about the contribution of the singlet and 
the triplet state to the isomerization process and on the role of n,n* states 
in the deactivation pathways of NPEs are expected from the results of the 
study of azulene quenching on fluorescence and photoisomerization and 
solvent effects on photoreactivity of NPEs which is in progress. 

Acknowledgement 

The financial support of N.A.T.O. (Research Grant No. 630) and 
C.N.R. is gratefully acknowledged_ 

References 

1 For a review, see P. Beak and W. R. Messer in 0. L. Chapman (ed.), Organic Photo- 
chemistry, Vol. II, Marcel Dekker, New York, (1969) p. 117. 

2 K. K. Innes, J. P. Byrne and I. G. Ross, J. Mol. Spectros., 22 (1967) 125. R. D. McAlpine, 
J. Mol. Spectros., 38 (1971) 441. 



487 

3 G. Bartocci. P. Bortolus and U. Mazzucato. J. Phys. Chem., 77 (1973) 605. 
4 D. G. Whitten and M. T. McCall, J. Am. Chem. Sot., 91 (1969) 5097. D. G. Whitten 

and Y. J. Lee, ibid., 94 (1972) 9142. 
5 P. Bortolus and G. Galiazzo, J. Photochem., 2 (197 3) 361. 
6 G. Galiazzo, P. Bortolus and F. Masetti, J.C.S. Perkin Trans. II, (1975) 1712. 
7 C. G. Hatchard and C. A. Parker, Proc. R. Sot., A235 (1956) 18. 
8 A. A. Lamola and G. S. Hammond, J. Chem. Phys., 43 (1965) 2129. 
9 J. B. Birks, Photophysics of Aromatic Molecules, Wiley, London (1970) p_ 136. 

10 F. Masetti and U. Mazzucato, Ann. Chim. (Italy), 62 (1972) 519. 
11 G. S. Hammond et al., J. Am. Chem. Sot., 86 (1964) 3197. 
12 P. Bortolus, G. Cauzzo, U. Mazzucato and G. Galiazzo, Z. Phys. Chem. (Frankfurt), 

51 (1966) 264. 
13 G. Fischer and E. Fischer, Mol. Photochem., 6 (1974) 463. 
14 A. R. Gutierrez and D. G. Whitten, J. Am. Chem. Sot., 96 (1974) 7128. 
15 S. Malkin and E. Fischer, J. Phys. Chem., 66 (1964) 1153. 
16 M_ Kaganowitch, G. Fischer, E. Fischer, Ch. Goedicke and H. Stegemeyer, Z. Phys. 

Chem. (Frankfurt), 76 (1971) 79. T. Wismonski-Knittel, G. Fischer and E. Fischer, 
J.C.S. Perkin Trans. II, (1974) 1930. 

17 A. R. Horrocks and F. Wilkinson, Proc. R. Sot., A306 (1968) 257. C. A. Parker, 
Photoluminescence of Solutions, ELsevier, Amsterdam, (1968 1. 

18 M. Sumitami, S. Nagamura and K. Yoshihara, C&em_ Phys. Lett., 29 (1974) 410. 
19 G. Gennari, G. Galiazzo and G. Cauzzo, Atti XII Congr. Sot. Chim. Ital. (1975) 233. 
20 G. Orlandi eb al., personal communication. 


