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Abstract 

The conformations and electron distributions of four merocyanines were investigated by ‘H NMR spectroscopy in low-polarity solvents 
and CS INDO calculations on the isolated molecules. The two approaches gave consistent results. Some information about the torsional 
dynamics of these dyes in the ground state was obtained from a rough ‘H NMR line shape analysis, and ‘H NMR experiments performed on 
photolysed samples made it possible to identify the conformations of the longest-lived photoisomers of three compounds and to provide an 
estimate of their lifetimes. 

The effects of an increase in the solvent polarity on the structures and absorption spectra of the four dyes were investigated by, respectively, 
measuring their ‘H NMR spectra in three more solvents with increasing dielectric constants, and CS INDO CI calculations of the electronic 
spectra, including solvent shift effects, evaluated within the classical solvaton model. All the results related to the medium polarity effects 
could be interpreted according to the generally accepted description of the merocyanine chromophore as the resonance hybrid of a neutral and 
a charge-separated form. 0 1997 Elsevier Science S.A. 
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1. Introduction 

The chromophore of merocyanine dyes consists of a poly- 
methine chain terminated by a carbonyl and a dialkylamino 
group. An example of open chain merocyanines is shown 
below. 

Ia Ib 

The large difference between the electronegativities of the 
nitrogen and oxygen terminal atoms confers a strong asym- 
metry to the electronic structure of these dyes, which can be 
described in terms of resonance between forms Ia and Ib, the 
degree of charge separation being influenced by the polarity 
of the molecular environment [ 13. This, together with other 
remarkable properties of these compounds, such as the often 
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strong solvatochromism in the visible spectral region [ 2 1, 
the high second order polarizability [ 3,4 3, and the ability to 
photosensitize the formation of singlet oxygen [5], are 
exploited for a number of applications of these dyes. The 
dyes are, in fact, employed in medicine as diagnostic and 
therapeutic agents 161, as probes in studies of biological 
membranes [7] and as indicators in biochemical analysis 
[ 81, as silver halide sensitizers in photography [9] and as 
electrophotographic receptors [ lo], in non-linear optical 
materials for second harmonic generation [ 3,4], and as part- 
ners of spiropyrans in the coloured-colourless pair of pho- 
tochromic materials [ 111. 

The experimental observations most largely employed to 
probe the response of the electronic structure of merocyanines 
to a change in polarity of the medium have been the W- 
visible 12,121, ‘H NMR [ 121 and “C NMR [ 131 spectra. 
Radeglia and Dtihne showed that, although the dependence 
of the maximum absorption wavelength of the simple mero- 
cyanines I (R is CH3, R’ is H, II = 1,2,3) on the number of 
double bonds was less than linear in low-polarity solvents, 
i.e., similar to the behaviour of polyenes, it became linear, as 
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&served with symmetrical polymethine cyanines, in polar 
solvents [ 121. The reference to the two model chromo- 
phores-polyenes, characterized by alternation of the mbond 
orders and uniformity of the T electron densities at carbon 
atoms, and polymethine cyanines, having uniform 7~ bond 
orders and alternate n electron densities at the carbon atoms 
of the chain-provided a sounder basis to the early explana- 
tion of Rrooker and coworkers for the observed solvatochro- 
mism of merocyanines [ 11: the neutral form Ia prevails over 
the zwitterionic form Ib in low-polarity solvents, giving non- 
uniform T bond order distribution and polyene-like spectra- 

scopic behaviour. On the other hand, as a result of the increase 
of the relative weight of structure Ib, a more uniform distri- 
bution of T bond orders and polymethine-like spectroscopic 
behaviour, with a bathochromic shift of the lowest energy 
band, are obtained in polar solvents, so that positive solva- 
tochromism is observed. However, negative solvatochro- 
mism can arise when the terminal nitrogen and oxygen atoms 
form parts of larger groups or heterocycles having stronger 
electron donating and/or electron accepting abilities [ 1,14 1. 
As a result, the contribution of the zwitterionic structure is 
already comparable with that of the neutral form in low- 
polarity solvents and becomes overwhelming upon increas- 
ing the solvent polarity, so that a h!ue shift of the 
lowest-energy absorption band results. Indeed, for merocy- 
anines having strong, but not too strong, electron donating 
and accepting terminal groups, an inversion of solvatochro- 
mism could be observed [ 14 ] ) the inversion point being inter- 
preted as the solvent polarity at which the electronic structure 
of the dye was closest to the polymethine cyanine model. 

‘H and 13C NMR spectroscopy were also employed to 
reveal solvent polarity-induced changes in the electronic 
structure and geometry of merocyanines. Radeglia and Dtine 
found that the ‘H and 13C chemical shifts of the polymethine 
chain atoms of two merocyanines of type I and the corre- 
sponding vicinal H-H scalar spin coupling constants changed 
regularly, almost linearly, with the solvent polarity measured 
by the ET empirical parameter [ 121. Such changes were 
observed closely to parallel (respectively) the changes in w 
electron densities and in w bond orders obtained from two 
approximate quantum chemical calculations, and were inter- 
preted in terms of the neutral zwitterionic structure &scrip_ 
tion, the weight of the latter increasing with solvent polarity. 
Similar observations were made and similar explanations 
were given for two merocyanines containing a benzene ring 
in the polymethine chain and also showing positive solvato- 
chromism [ 151. 

Numerous theoretical studies, attempting to describe the 
solvent effects on the electronic structure and spectra of mer- 
ocyanines, have been reported during recent decades [ N- 
211 ?? A mnmon aspect of almost all these papers [ 16- 
WW11 ~8s the study of the same prototypical merocy- 
anine M (R is H, CHS) . regarded as a resonance hybrid of a 
neutral (quinonoid) form Ma and a charge-separated (ben- 
zenoid) form Mb, representative of the molecule in the 
extreme cases of apolar and strongly polar media. 

Ma Mb 

The cited papers, however, differed from one another in the 
model employed to incorporate the solvent effects into the 
SCF calculations. Such models, generally implemented at a 
semiempirical T electron [ 161 or all valence electron [ 17- 
21 ] level, were based either on a continuum [ 17,19,21] or 
on a discrete [ 181 picture of the solvent, but even more 
elementary simulations of the solvent were attempted 
[ 17,201. Leaving aside any detailed analysis of theoretical 
work on merocyanines, here we note that no homogeneous 
picture has been provided until now for the changes in struc- 
ture and spectra accompanying a change in solvent polarity. 
As an example, for the merocyanine M, the virtual charge 
model, as applied by Botrel et al. [ 171 within the CNDOI’S 
method, predicted that, with increasing solvent polarity, the 
colour band would initially shift to the red (positive solva- 
tochromism) and then to the blue (negative solvatochro- 
mism), whereas, according to the reaction field model 
recently applied by Albert et al. at the INDO level [ 211, the 
solvatochromism of M should be positive in the whole range 
of solvent polarity. On the other hand, experiments performed 
in pyridine-water [ 1 ] (b) and chloroform-methanol [ 161 
mixtures revealed a negative solvatochromism throughout 
the solvent binary composition range. The behaviour in less 
polar solvents, however, remained unexplored because of 
solubility limitations. Thus, although the interpretation of the 
observed properties of merocyanines in terms of the reso- 
nance of a neutral and a zwitterionic structure, the relative 
weights of which change with the polarity of the solvent, is 
qualitatively acceptable, the application of this scheme 
requires caution considering that the corresponding theoret- 
ical framework is still fragmentary, and that each compound 
can reveal its specificity by showing deviations from the 
predictions of the model. 

With this paper, we undertake a combined, experimental 
and theoretical, study of the photochemical behaviour and 
the excited-state properties of the fourmerocyaninesin Fig. 1. 
Of these, N 1 and N2 are prototype compounds representative 
of the tri- and pentamethine chromophores, and N3 and N4 
are new merocyanines, each featuring a specific modification 
of the original pentamethine chromophore: N3 incorporates 
a fused benzene ring, and N4 features a double, locally sym- 
metric carbonyl termination. Our purpose is, similarly to our 
previous work on three asymmetric cationic polymethinecya- 
nines [ 221, to investigate the consequences of the large dif- 
ference in the electronic properties of the end groups of 
merocyanines for their excited-state properties, thus showing 
their similarities with the two reference models, the polyene 
and the polymethine cyanine, and their specificities. The pres- 
ent paper is introductory to the photochemical study and has 
a twofold purpose: we first establish, through ‘H NMR spec- 
troscopy, the conformations of the most stable ground-state 
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Fig. I. The merocyanines investigated. 

isomers and of the longest-lived photoisomers of merocyani- 
nes N l-N4, also obtaining information about their electronic 
structures and how these depend on the solvent polarity; the 
interpretation of these observations is supported by the results 
of CS INDO calculations of the structures and electron den- 
sity distributions of these compounds. We shall then discuss 
their solvatochromism on the basis of selected experim_entai 
data and a simple theoretical approach using the soivaton 
model [ 231 as an introduction to a forthcoming study of this 
problem based on a more comprehensive theoretical 
treatment. 

2. Computational details 

In the theoretical part of the work, we calculated structures 
and electronic spectra of the stable isomers of N2, N3 and N4 
(Fig. 1) using the CS INDO CI method, which has proved 
reliable in predicting conformational and spectroscopic prop- 
erties of large conjugated molecules ( [ 241 and references 
cited therein). The general description of the CS INDO 
method can be found in ref. [ 24). Here we give only a few 
details concerning parametrization, geometries and configu- 
ration interaction (CI) . Briefly: 

The CS INDO screening constants k,,, defined on a hybrid 
A0 basis set ( (Y, p = Q, 7r, n) [ 251, were given the foi- 
lowing values: k,, = 1, k,, = 0.55, k,, = 0.68, k,, = 0.64, 
k no = 0.74, ktl, = 0.7 1. 
The two-centre repulsion integrals were calculated 
according to Ohno and to Kiopman [ 261. 
For the calculations of the core repulsion energy fig 
[24a], the atomic pair parameter %o was taken equal to 
1.25 (a.u.) - ’ on the basis of C-O bond length optimi- 
zation in some test molecules. All other aAB parameters 
were kept equal to 1, as in the previous CS INDO 
applications. 

4. The bond lengths of the chromophoric chains were opti- 
mized at the CS INDO SCF level, and fixed standard 

5. 
values were assigned to ail other geometrical parameters. 
Transition energies, oscillator strengths U, and electronic 
distributions of the ground and excited states werederived 
from CI calculations, both limited to single excitations 
(S-CI) and including single plus double excitations 
( S -+ D-CI) . Fok. the single excitations the MO active 
space included ail the MOs of 7p (ti) and n types, 
whereas for the double excitations a MO active space of 
smaller dimensions was used. 

The solvent shift effects on the electronic spectra were 
calculated within the simple solvaton model, in the impraved 
version proposed by Heidrich et al. [ 231, already adopted by 
us to evaluate the electrostatic solvation energy at equilibrium 
[ 24b,27,28]. In practice, according to this model the equiiib- 
rium solute-solvent interaction energy in an electronic state, 
say the ground state So, is expressed by 

where E is the static dielectric constant of the solvent, Q,+ and 
Q, are the net charges on atoms A and B in the vacuum, RAB 
is the interatomic distance, and Rcff is an average effective 
atomic radius (taken equal to 4 a.u.) . 

Following the Franck-Condon transition to the excited 
electronic state, the net atomic charges instantaneously 
change ( = lo-” s) from QA to Qz, but the solvaton charges, 
representing the local reaction fields generated by the oriented 
solvent dipole distribution, retain the values acquired in the 
starting equilibrium state. Thus, the difference between the 
solute-solvent interaction energy in the excited state E”* 
and that in the ground state Exs is given by 

where QA= Qz - QA. The transition energies in a solvent 
with a given dielectric constant E (A Es) were obtained by 
adding AExs to the transition ecergy calculated for the iso- 
lated molecule (A E,) . 

3. Experimental section 

Compounds Nl-N4 were synthesized and purified as 
described previously [ 29-3 11. Highly deuterated benzene, 
toiuene, acetone and methanol (Aldrich) were employed for 
the NMR measurements. Carbon tetrachioride, cyciohexane 
and dimethyl suiphoxide (Merck) were of either analytical 
or spectrophotometric grade. 

Ail NMR spectra were measured on a Bruker AMX 400 
WB spectrometer operating at 9.395 T, equipped with a 5 
mm X/H inverse probe-head. Proton and carbon-13 spectra 
were acquired by standard pulse sequence. In the case of 
carbon- 13, a WALTZ- 16 sequence (proton soft pulse length 
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100 ps) was employed for proton broad band decoupling. 
Proton-proton nuclear Overhauser effects (NOES) were 
measured as steady-state NOES, obtained as the difference 
between the on-resonance selective saturated spectra and the 
corresponding off-resonance irradiated spectra. Saturation of 
irradiated multiplets was obtained by a saturation pulse train 
of 3.2 s total length composed of 100 ms pulses whose fre- 
quencies were swept cyclically over all the peaks constituting 
the irradiated multiplets. 

Solutions of Nl, N2 and N3 in benzene-& and methanol- 
d4 were photolysed at room temperature with a glass-filtered 
medium-pressure mercury lamp. Because of the shorter 
lifetime of the N4 photoisomer, toluene-ds and methanol-d4 
solutions of this merocyanine were photolysed with the same 
apparatus at about 2 15 K. The ‘H NMR spectra were recorded 
at different irradiation times and at different delay times after 
irradiation. UV-vis absorption spectra were measured on a 
Perkin-Elmer A15 spectrophotometer. 

4. Results 

4.1. ‘H NMR spectral data 

The ‘H chemical shifts 6 and H-H scalar spin coupling 
constants J of the merocyanincs Nl-N4 in four different 
solvents are reported in Tabl.; 1. The reported assignment of 
the signals and the identification of the most stable isomers 
as the ones depicted in Fig. 1 resulted unambiguously from 
NOE spectra in carbon tetrachloride (Nl ) and in benzene 
(N2-N4). In fact, a NOE was observed in all cases between 
Hi and Hz on one side and the N( CH& protons on the other. 
A NOE was also observed, with comparable intensities, 
between the CH3C0 protons and both Hi and H2 of Nl and 
Hs and H4 of N2, indicating that, at room temperature, the 

two conformations in Fig. 1 are present in comparable 
amounts in solutions of these two compounds. As the same, 
narrow singlet is observed for the CH&O protons in all 
solvents, we conclude that twisting about the C,-C, bond of 
Nl and the C,-C, bond of N2, leading to the interchange of 
the two sketched conformers, always occurs rapidly com- 
pared with the NMR time-scale: assuming a frequency dif- 
ference Au between the CH,CO signals of the two 
conformers of the order of 50-100 Hz, deduced from the 
separation between the N-methyl signals of Nl in methanol 
( 104 Hz) and of N4 in all solvents (from 40 to 120 Hz, see 
Table 1). we may estimate the room temperature rate con- 
stants for the Nlao Nlb and N2a* N2b interchanges to 
be much larger than their coalescence values [ 321, 
2npAv= 1 S&300 s - ‘, p being the mole fraction of the start- 
ing conformer and taken equal to 0.5. This, in turn, combined 
with the assumption of a typical range of values for a mon- 
omolecular pre-exponential factor, 10’1-10’4 s-‘, sets an 
upper limit to the activation energy for the twisting about the 
C,-C, bond in N 1 and about the C4-Cs bond in N2 of 60 f 10 
kJ mol-’ . On the other hand, the appearance of the N( CH& 
proton signals is more variable and suggests significant dif- 
ferences in the dynamics of twisting about the N-C, bond in 
different merocyanines and solvents. In fact, whereas for N2 
and N3 only one signal is observed in all solvents, suggesting 
an extension of the previous kinetic estimates to the torsion 
about the N-C, bonds of these compounds, two well sepa- 
rated, narrow signals are observed for N4 in all solvents, with 
some broadening only in carbon tetrachloride. Therefore, the 
previously estimated 60 f 10 kJ mol- * activation energy is a 
lower limit in this case. For N 1, a singlet with a halfwidth of 
= 5 Hz is found in benzene; it broadens to = 15 Hz in carbon 
tetrachloride, to 5: 30 Hz in acetone and finally splits into two 
rather broad signals with halfwidths of about 20 Hz in meth- 
anol. Therefore, the temperature of the samples in these 

Table I 
‘H NMR spectral data for merocyanines N l-N4. Svalues are in ppm, Jvalues in Hz. Solvents: C = carbon tetrachloride, B = benzene, A = acetone, M = methanol 

Compound Solvent 4 62 s, 4 s N-Ml9 s, et4.m 512 J 13 534 

Nl C 6.61 4.22 2.28 1.29 12.8 
B 7.57 5.18 2.20 2.35 12.8 
A 7.56 5.12 2.98 2.10 12.9 
M 7.83 5.30 3.32,3.Q6 2.27 12.7 

N2 C 5.89 4.34 6.32 5.03 2.22 1.38 12.8 11.3 14.9 
B 6.15 5.15 7.59 6.35 2.22 2.39 12.8 11.4 14.8 
A 7.05 5.29 7.38 5.84 3.06 2.18 12.7 11.6 14.6 
M 7.22 5.47 j.63 5.94 3.15 2.34 12.5 11.6 14.6 

N3 C 6.07 4.43 6.67 2.27 12.65 12.2 
B 6.36 5.29 8.32 2.28 12.5 11.9 
A 7.18 5.43 7.66 3.14 12.5 12.2 
M 7.35 5.60 7.88 3.21 12.24 12.28 

N4 C 6.49 6.43 6.92 2.45.2.55 12.5 12.1 
B 6.37 7.78 8.51 1.9.2.1 12.2 12.9 
A 7.80 7.37 7.89 3.27.3.5 12.1 13.3 
M 8.02 7.52 8.08 3.39,3.55 11.7 13.8 
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Table 2 
Polymethine-proton NMR data of the photoisomers of compounds N2-N4. Solvents: B = benzene, T = toluene, M = methanol. N4p data were measured at 210 
K, N2p and N3p data at 300 K. 725 is the estimated photoisomer lifetime at 25°C 

Compound 

NIP 

N3P 

N4P 

Solvent 6, 62 s, 64 JK! J23 53.5 725 

B 6.30 7.52 6.59 5.88 12.9 =12 10.6 days 

B 6.39 7.74 6.64 13.5 11.2 25 min 

T 10.55 5.0 8.71 all 311 seconds or shorter 
M 10.16 5.92 7.99 11.5 12 

experiments, 300 K, roughly coincides with the coalescence 
temperature for the interchange of the N-methyls, and 60 + 10 
kJ mol- ’ is now, subject to the validity of the mentioned 
assumptions, an estimate of the activation energy for twisting 
about the N-C, bond of Nl in the more polar solvents. 

By looking at the data in Table 1, we note that the chemical 
shifts of the polymethine protons of Nl, N2 and N3 show a 
uniform oscillatory behaviour: in all solvents, H1 is 
deshielded relative to Ha, which is shielded relative to H3, 
which is deshielded relative to Hq. For N4, the chemical shifts 
of Hr, H2 and H3 still show oscillatory behaviour, but strongly 
reduced relative to the other compounds and with an excep- 
tion in benzene. On increasing the solvent polarity, we 
observe a general and regular deshielding of the polymethine 
protons: the chemical shifts increase by about 1 and 0.2 ppm 
on moving from carbon tetrachloride to acetone to methanol. 
Benzene provides a well known exception in this trend [ 333, 
as it causes a general deshielding of the polymethine protons 
relative to carbon tetrachloride, a solvent with a similarly low 
polarity. The HI-HZ scalar spin coupling constants J12 are 
independent of solvent polarity for Nl , and show a tendency 
to decrease with increasing solvent polarity for the other 
compounds, particularly for N4. .IZ3 also shows a particularly 
pronounced increase for this compound, being lower than J,* 
in carbon tetrachloride and becoming much higher in meth- 
anol. Although it is essentially independent of the solvent for 
N3, Jz3 increases slightly for N2 on increasing the polarity of 
the medium; as J34 slightly decreases, the oscillatory behav- 
iour of the three J values of this compound is slightly damped 
on going from carbon tetrachloride to methanol. 

The room temperature ‘H NMR spectra of compound N2 
in all solvents employed show, in addition to the signals due 
to isomers N2a and N2b (Fig. 1). another series of signals 
attributable to a secondary species which is already present 
at its equilibrium abundance of = 6% as soon as its ‘H NMR 
spectrum could be measured, i.e., a few minutes after sample 
preparation. In benzene, these signals fall at 6.28 ppm (d, 
J= 12.8 Hz), 5.37 ppm (t, J= 12 Hz), 8.18 ppm (dd, 
J= 11.5, 14.5 Hz) and 6.76 ppm (d, J= 14.6 Hz). A NOE 
was observed between the first two signals and the N( CH3) 2 
signal at 2.26 ppm, between the first and third and between 
the second and fourth signals, leading to their assignment to 
protons HI to H,,, respectively. Apparently, the geometry of 
this species is the same as that of the main isomers N2a and 
N2b as far as the (CH3)2N(CH)4 moiety is concerned, a 

conclusion also supported by the generally small deshielding 
of the four signals relative to the corresponding ones of the 
main species (slightly more pronounced for H3) and by the 
c imilarity of the J values. Very similar behaviours were 
tibse..Ted in the other three solvents. In no case could we 
observe a CHJO signal or any NOE between the H3 or H4 
bands and any other signal in the high-field region of the 
spectrum. We cannot, therefore, identify this secondary 
species. 

A secondary isomer was also observed in solutions of N3, 
its amount changing from sample to sample but generally 
increasing with time. It turned out to coincide with the pho- 
toisomer of this dye, as its signals increased upon irradiation 
of its solutions in benzene with a mercury lamp and slowly 
decreased, in the dark, to an equilibrium abundance of S-6% 
of the stable isomer population at 296 K. Its main ‘H NMR 
data are reported in Table 2 and its configuration, obtained 
by twisting of the starting species about the C3-C4 bond, is 
shown in Fig. 2. This assignment results from the observation 
of a NOE between the singlet of N( CH3)* at 2.38 ppm and 
the H, and HZ signals, between H, and H3, and between H3 
and the CH2 signal at 2.92 ppm. The changes in the chemical 
shifts of the polymethine protons relative to those of the 
starting isomer, strong deshielding and shielding for HZ and 
H3, respectively, and a negligible shift of the Hi signal are 

CH3-xH2CH N2p 

3 

CH3\ T12J 4 

CH3 

3 

N3P 
0 0 

Fig. 2. The longest-lived photoisomers of compounds N2-N4. 
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also consistent with the change in the C=O group position 
obtained by photoisomerization to N3p. The back-isomeri- 
zation of N3p to N3 was monitored in benzene by mesting 
ad andysing the ‘H NMR spectra at different times after 
irradiation: a lifetime estimate of = 25 min at 296 K was 
obtained, suggesting, in the assumption of a lOJ3 s - ’ pre- 
exponential factor, a barrier of the order of 92 kJ mol - i for 
the twisting about the C3-Cd bond. 

Although no long-lived photoisomer was observed for N 1, 
a very long-lived species was obtained upon irradiation of 
N2 in benzene. Its main ‘H NMR spectral features comprise, 
similarly to N3p, a strong deshielding of H2 and a shielding 
of Hj relative to N2. These, together with the low 5~ value, 
clearly lead, by analogy with the case of N3, to the assignment 
of the photoisomer configuration as N2p in Fig. 2, obtained 
from the starting species by twisting about the C&L+ bond. 
The evolution of this species after irradiation is very slow: its 
NMR signals are still readily measurable several days after 
irradiation, If we assume a lifetime of the order of one day 
for this photoisomer, we get a lower-limit estimate for the 
ground-state C&, torsional barrier of about 100 kI mol- ’ . 

Finally, the photoisomer of N4 in toluene and methanol 
was too short-lived to be observable at room temperature. It 
could be frozen in and investigated by irradiating these sam- 
ples and measuring their ‘H NMR spectra at temperatures of 
about 215 K (Table 2). The spectral signal pattern is the 
same in the two solvents, suggesting that the same photoiso- 
mer is obtained. A strongly deshielded doublet is observed at 
values of 6 higher than 10 ppm, whereas the triplet isdistorted 
and shielded by more than 1.5 ppm relative to the starting 
spectrum. This suggests a configuration of the type N4p in 
Fig. 2 for the photoisomer, obtained by twisting about the 
C,-C, bond. It is obviously a crowded structure, with the Ht 
and 0 atoms very close to each other and significant torsions 
about the polymethine C-C bonds, as confirmed by the 
decrease of both Ji2 and Jz3 and the very low room temper- 
ature lifetime, probably associated with a C&Z, pre-twisted 
configuration. 

4.2. Calculated ground-state structures and absorption 
spectra 

‘Ihe CS INDO ground-state bond lengths and charge dis- 
tributions of the chromophores of compounds N2-N4 are 
reported in Fig. 3. Quite expectedly, the merocyanine N3 and 
its simpler homologue N2 exhibit a very similar pattern of 
bond lengths and charge distribution. They have the same 
negative charge on the N atoms and the same N-C, bond 
length. Proceeding along the polymethine chain, from C, to 
Cs, we find a similarly alternating behaviour of the C-C bond 
lengths, which are only slightly longer in N3 than in N2. The 
net charges on the C atoms are alternatively positive and 
negative and have similar values in the two compounds, with 

the aromatic substituent simply draining some negative 
charge from Ci, C3 and 0 to C2 and C5. A good qualitative 
correlation is found for these two compounds between the 

+.209 +.I32 I +.622 
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I -.I5 -.13 ~138 5751 

q-.712 

O-.716 
fi 

+.269 +.303 I 2 +.571 

Fig. 3. Calculated ground-state bond lengths and corresponding charge dis- 
tributions for the chromophores of merocyanines N2-N4. 

calculated net charges at the polymcthine C atoms and the 
chemical shifts of the II atoms bonded to them, and between 
the calculated polymethine C-C bond lengths and the corre- 
sponding vicinal H-H scalar spin coupling constants meas- 
ured in carbon tetrachloride (compare Fig. 3 and Table 1) . 
On the other hand, merocyanine N4 features, relative to the 
former two compounds, a more pronounced net charge alter- 
nation and more equalized C&, C,-C, and C3--Cd bond 
lengths. Whereas the latter feature is consistent with the closer 
values of Ji2 and .JZs found in carbon tetrachloride with 
respect SO the corresponding values for N2 and N3, the former 
is at variance with the very similar che.mical shifts of the three 
polymethine protons measured in the same solvent. In partic- 
ular, HZ is strongly deshielded with respect to the correspond- 
ing protons of merocyanines N2 and N3. This is probably 
due to the anisotropic shielding effects caused by the neigh- 
bouring carbonyl group, here particularly pronounced as a 
result of the short distance between H2 and the C=O group 
and of their favourable relative positions [ 34 1. 

Some properties of the most relevant singlet and triplet 
states of merocyanines N2-N4, resulting from CS INRO CI 
calculations, are reported in Table 3. As shown, the colour 
band is essentially due to the transition to the 7ri.& state. 
This is the second excited singlet state for the first two mol- 
ecules, whereas it is the third one for compound N4, according 
to the calculations on the isolated molecule. However, the 
solvent shift effects evaluated according to the simple sol- 
vaton model (see Section 2, Computational details) indicate 
that it should become the S, state for N3 and N4 in a highly 
polar medium. This state interchange results from a strong 
stabilization of the ground and excited IP-TP states relative 
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Table 3 
Some electronic properties of the lowest singlet and triplet states of merocyanines N2-N4. A E are the transition energies from the ground state calculated in 
vacuum (v) and in a medium with E= 40 (s), and measured in cyclohexane (c) and dimethyl sulphoxide (d). All values are in eV. f values are the oscillator 
strengths of the transitions and p values are the electric dipole moments in Debye 

Compound 

N2 

N3 

N4 

State A& AK AeP AEJdP f Lc 

So 9.17 
S, (n-?r*) 3.20 3.85 0.00 3.24 
Sz (%-ti) 4.19 4.12 3.70 3.37 0.71 14.72 
T, (?~~-ti) 2.28 
T2 (n-?r*) 3.09 
So 6.83 
S, (n-fl) 3.65 4.54 0.00 3.32 
Sz (%-ti) 4.27 4.09 3.21 2.84 1.15 12.31 
T, (~-fl) 2.5 1 
Tt (n-n*) 3.47 
So 3.46 
S, (n-?r*) 3.26 4.23 0.00 4.36 
Sz (n-7P) 3.53 4.75 0.00 1.54 
Ss 0Ql-~) 3.88 4.01 3.04 3.01 0.81 6.73 
T, (r,.t-$) 2.23 
T2 (n-ti) 3.14 

to the n-?r* states due to solvation. On the other hand, only 
a small solvent shift is calculated for the ri.,-ti transition, 
slightly positive for N2 and N3, slightly negative for N4. 
These solvation effects agree roughly with the simple expec- 
tations based on the dipole moments calculated for the various 
states of the first two molecules. Indeed, the n-fl and ri..i- 
7rE states have, respectively, the smallest and the largest 
dipole moments, and these retain nearly the same orientation 
as the So dipole moment. For N4, instead, the dipole moment 
magnitudes are closer to each other and bear no direct rela- 
tionship with the calculated solvation effects. In fact, the S1 
and S2 state dipole moments have different orientations from 
So, so that solvation is expected to cause a destabilization of 
these states. On the other hand, the dipole moment of the S, 
( Q--~~) state is larger than that of S,, and parallel to it; in 
spite of this, S3 is also siightly destabilized relative to So in a 
polar medium. Most likely, this indicates that local electro- 
static solute-solvent interactions, which are accounted for in 
the solvaton model but are blurred out in a global dipole 
moment description, become important in this case. To check 
these results, the absorption spectra of the three compounds 
were measured in a low-polarity solvent (cyclohexane, 
E= 2.02) and in a highly polar one (dimethyl sulphoxide, 
E= 46.7). As seen in a detailed analysis to be published 
elsewhere, these solvents do not give any specific effect with 
the solutes. The measured transition energies (Table 3) indi- 
cate that N2 and N3 undergo a moderate positive solvato- 
chromism, in qualitative agreement with the theoretical 
predictions, whereas the absorption spectrum of N4, for 
which a slightly negative solvatochromism is calculated, is 
almost insensitive to the solvent polarity. 

5. Discu~ion 

The picture of the electronic structures and spectra of mer- 
ocyanines Nl-N4, and of their sensitivities to changes in the 

solvent polarity, that results from the reported data is char- 
acterized by gradual changes along the series of compounds. 
However, although similarities prevail among Nl, N2 and 
N3, the derivative carrying two carbonyl groups exhibits sig- 
nificant peculiarities. 

A high room temperature torsional freedom was observed 
in all solvents for Nl and N2 about the C-COCHj bond and 
for N2 and N3 about the C-N(CHs) 2 bond. For N 1, the 
kinetics of the latter torsion matches the kinetics of coales- 
cence of the N-methyl ‘H NMR signals in the polar solvents, 
so that an increase in the N-C, bond order, brought about by 
an increase in the solvent polarity, leads to consequences 
observable at room temperature. The much slower torsion of 
N4 about the C-N(CH3)2 bond indicates a much higher N- 
C, z bond order, a result not reproduced by the bond length 
calculation. These pieces of information can be combined 
with other results, such as the scalar spin coupling constants 
and the back-isomerization kinetics, which reflect the poly- 
methine chain C-C bond orders and lengths, and with the 
theoretical results to analyse the electronic structures of the 
four merocyanines in terms of relative weights of the reso- 
nance structures Ia and Ib and their relationship with the 
polyene and the polymethine cyanine models. Thus, the alter- 
nancy in the J values observed for N2, which is only slightly 
reduced in the polar solvents, together with the calculated 
alternancy in the C-C bond distances and the relatively high 
C3-Cd back-isomerization activation energy ( 2 100 kJ 
mol- ’ in benzene), indicates a prevailing weight of the neu- 
tral form Ia and a polyene-like structure for this molecule, 
with only a small shift towards a more bond order equalized 
structure in the polar solvents. More equalized bond length 
and bond order distributions seem to characterize compounds 
Nl and N3. Although fewer data were collected for the for- 
mer, and the conclusion as to its more polymethine cyanine- 
like structure relative to N2 rests only on the observed slower 



304 I. Baraldi et al. /Journal of Photochemistry and Photobiology A: Chemistry 105 (I 997) 297-305 

N_CI torsion, the same conclusion about N3 is supported by 
the closer values of & and .&, which become equal in meth- 
anol, and by the lower activation energy for the C& back- 
isomerization ( 5: 92 kJ mol - * in benzene), although it is not 
confirmed by the bond length calculations, which give very 
similar results for N2 and N3. For merocyanine N4, instead, 
two equivalent zwitterionic structures of type Ib can be writ- 
ten ad probably prevail in the description of the electronic 
structure in polar solvents. This is concluded from the very 
slow twisting about the N-C, bond, suggesting a high bond 
order, and the rapidly increasing difference between J12 and 
Jz3 with increasing solvent polarity. On the other hand, the J 
values in the low-polarity solvents indicate an equalized dis- 
tribution of bond orders, i.e., a polymethine cyanine-like 
structure, in keeping with the smoother bond length distri- 
bution and the more pronounced net charge alternation cal- 
culated for the isolated N4 molecule relative to N2 and N3. 
The photoisomer back-isomerization kinetics cannot give 
useful information for N4 because, as already mentioned, it 
is probably strongly accelerated as a result of a pre-twisted 
configuration of the sterically hindered C2-C3 c&like 
photoisomer. 

‘I’he different weights of the resonance structures Ia and Ib 
in different merocyanines and, for the same compound, in 
different solvents are reflected by the theoretical and experi- 
mental absorption spectra. The moderate positive solvato- 
chromism calculated and observed with N2 and N3 is 
consistent with the structural conctiision previously given, 
i.e., that both molecules have essentially a polyene-like Ia 
structure in low-polarity media and increasing polymethine 
cyanine character with increasing solvent polarity, the phe- 
nomenon being slightly more pronounced for N3. On the 
other hand, N4 exhibits almost no solvatochromism and the 
calculated TH --) 7$ transition energy is even higher in the 
polar solvent than in vacuum. These results are consistent 
with the already high polymethine cyanine character sug- 
gested by the structural calculations and the observations in 
weakly polar solvents. The increase in the bond length alter- 
nancy associated with the increased weight of the zwitterionic 
form Ib in polar solvents is confirmed by a corresponding 
alternancy in the J values, but results in a negligible solva- 
tochromism, rather than in a blue shift of the absorption 
maximum. A more detailed analysis of the solvent effects on 
the structure and spectra of merocyanines, based on a more 
comprehensive theoretical description of solute-solvent 
interactions in the ground and the excited state, is the subject 
of a paper in preparation. 

Let us finally spare a few comments about the photophysics 
and photochemistry of merocyanines N2-N4. According to 
the theoretical spectra in Table 3, all isolated molecules have 
Sl states of n-fl nature and T, states of 7r-e nature. This 
suggests low fluorescence and good intersystem crossing 
yields to be expected in low-polarity media, even though the 
quite high WI’* energy gap could result in a reduction of the 
rate of the latter decay process. As a result of the general 
strong stabilization of the TT~$ states due to salvation, an 

increase in the radiative decay rate should occur in highly 
polar solvents for all molecules, and particularly for N3 and 
N4, for which SI becomes rrrn& As to the rate of photo- 
isomerization, which is probably the main S, deactivation 
path, the observation that the photoisomers of N3 and N4 are 
the same in all solvents suggests that no drastic changes in 
the S1 torsional barriers are caused by a large change in the 
polarity of the medium. Work on the excited-state behaviour 
of these compounds is in progress. 

6. Conclusions 

Merocyanines Nl-N4 exhibit structural and solvato- 
chromic properties that can be qualitatively interpreted within 
the classical valence bond scheme based on the resonance 
structures Ia and Ib. A change in their relative weights cor- 
responds to passage from the purely polyene-like form Ia to 
the pure charge-separated form Ib, with the polymethine cya- 
nine-like structure, characterized by equalized C-C bond 
orders and a net charge alternation along the polymethine 
chain and the most red-shifted colour band, intermediate 
between the two. In principle, shifting from a Ia-like structure 
to a Ib-like structure is obtained on moving from an apolar to 
a strongly polar solvent. In reality, each merocyanine covers 
only a region in this range, depending on its intrinsic elec- 
tronic nature determined by the chromophore length and 
geometry and by the nature and position of the substituents. 
Of the four investigated compounds, N2 is closest to the 
polyene-like structure Ia and shows a slight shift towards the 
polymethine cyanine behaviour in polar solvents, as indicated 
by the smoothed J altemancy and the moderate positive sol- 
vatochromism. A similar solvatochromism is exhibited by 
the aromatically substituted compound N3, but its J values 
are closer to each other, indicating a higher polymethine-like 
character. Finally, N4, which carries a double carbonyl ter- 
mination, shows peculiar J distributions and a negligible 
solvatochromism, which indicate, in keeping with the cal- 
culated bond lengths, a polymethine cyanine-like electronic 
structure for the molecule in vacuum or in weakly polar sol- 
vents and a strong shift towards the zwitterionic form in polar 
media. 
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