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A zwitterionic cyanine dye of formula is reported with its crystalHOCH2CH2(NC5H4)CHCH(C6H4)O (M
2
)

structure. Crystal data : monoclinic a \ 15.038, b \ 5.385, c\ 17.301 b \ 111.68, Z\ 2. The nonlinear(P21), Ó,
optical properties are investigated through solvatochromism and found to be very similar to those of a related
cyanine dye having an extremely high molecular hyperpolarizability (b). INDO calculations performed on(M

1
)

both crystal structures indicate small modiÐcations in the electronic properties, but which result in a large
modiÐcation of the hyperpolarizability in the solid : In addition, the hydroxyethylb(M

2
) \ 2.5 ] b(M

1
).

substituent can be employed for engineering the chromophore into acentric environments. Therefore, increasing
NLO responses may be expected at both the molecular and macroscopic levels with such systems.

Over the last two decades, intense activity in the Ðeld of
organic synthesis and material engineering has demonstrated
the relevance of organic materials for second-order nonlinear
optical (NLO) properties.1h4 In molecular materials, the sus-
ceptibility tensor (v(2)), which determines the second-order
response, is related to the underlying molecular hyperpolar-
izability tensor (b).5 A large value of b is, therefore, the Ðrst
prerequisite for high NLO efficiency in a molecular material.
The dependence of b on the nature of organic compounds has
been extensively explored, both theoretically6,7 and experi-
mentally,8 and the search for new NLO molecular structures
is still a very active research area.9 Many efficient chromo-
phores in the 4,4@-disubstituted stilbenes family have been
investigated. In this series, the merocyanine dye (SchemeM

11) has the largest b value determined in solution
(B1000 ] 10~30 cm5 esu~1).10 However, this result is based
on an approximate dipole moment and is very solvent depen-
dent.11 In fact, measurements of the molecular NLO response
are sometimes questionable, because of the modiÐcation of
electronic properties caused by environmental interactions.
This e†ect is especially important for the merocyanine dye

which exhibits one of the largest solvatochromic shiftsM
1
,

ever reported (e.g., nm in chloroform and 442 nmjmax\ 620
in water).12h14 The ground state of can be viewed as aM

1combination of two resonance forms (Scheme 1), both with
distinct bond lengths between neighboring carbon atoms. To
date, although the crystal structure of has beenM

1published,15 calculations of the electronic properties were per-
formed on optimized structures only.16h18 Difficulties encoun-
tered in measuring b encourage theoretical investigations of

Scheme 1

¤ Non-SI units employed : 1 esuB 3.33] 10~10 C; 1D B
3.3] 10~30 C m.

the NLO response based on reliable crystal structures to
rationalize the origin and true extent of the properties.

The present paper reports on 1-(2-hydroxyethyl)-4-(4-
hydroxystyryl)pyridinium betaine Our motivation forM

2
.

studying this molecule was based on the opportunity to
provide one more functional substituent (e.g., hydroxy) for
further chemical developments on the promising structure,M

1such as bonding it to a chiral group or a polymer. In addition,
the hydroxy group may be used to embody tentatively the
chromophores into acentric environments through hydrogen-
bonding networks. As our study was in progress, wasM

2brieÑy reported without synthetic details.19 Contrary to what
is reported in ref. 19(a), is not an amorphous compound.M

2We present here its synthesis and crystal structure. andM
1turn out to have similar electronic properties. TheirM

2hyperpolarizabilities are investigated in solution (from
solvatochromism) and in the solid state (from INDO calcu-
lations performed on isolated molecules having the same con-
formation as in the crystal).

Experimental
Materials and equipment

Starting materials were used as purchased without further
puriÐcation. UV/VIS spectra were recorded on a Hewlett
Packard 8452A spectrophotometer and 1H NMR spectra on a
Bruker AM 250 spectrometer. Elemental analysis were per-
formed by the Service de Microanalyses du CNRS Labor-
atoire de Chimie de Coordination, Toulouse. Thermal
measurements were performed by TG/DTA (thermogravi-
metric/di†erential thermoanalysis) on a Setaram-TGDTA92
thermoanalyser. The experiments were conducted under nitro-
gen on 5 mg of sample (heating rate : 10 ¡C min~1).

Solvents (SDS or Carlo Erba) for the spectroscopic studies
were used without further puriÐcation. As is extremelyM

2sensitive to traces of acid, it was essential to maintain the
solvent basic by addition of a small amount of amine accord-
ing to the procedure already reported.12,14

Synthesis of merocyanine dye M
2

20

2-Iodoethanol (3.44 g, 2 ] 10~2 mol) was mixed with 10 ml
(large excess) of 4-picoline and stirred overnight at room tem-
perature. The excess of picoline was carefully removed under
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vacuum. To the residual yellow oil were successively added
50 ml of 2-propanol, 2.44 g (2] 10~2 mol) of 4-
hydroxybenzaldehyde and 2 ml of piperidine. The resulting
red mixture was reÑuxed for 24 h. After cooling down, a large
amount of solid was Ðltered o†, washed with cold 2-propanol
and dried under vacuum (90% yield). Red crystals were
obtained by recrystallization in an aqueous solution of

(10~1 mol l~1). 1H NMR (DMSO) : d 3.86 (t, 4.9 Hz,K2CO32H), 4.34 (t, 4.6 Hz, 2H), 6.25 (d, 8.6 Hz, 2H), 6.66 (d, 15.8 Hz,
1H), 7.43 (d, 8.8 Hz, 2H), 7.67 (d, 6.4 Hz, 2H), 7.81 (d, 15.2 Hz,
1H), 8.30 (d, 6.5 Hz, 2H). Elemental analysis calcd (found) for

C, 69.48 (69.5) ; H, 6.61 (7.2) ; N, 5.40C15H15NO2 ÉH2O:
(5.3)%. TG analysis indicates a weight loss of 7.097% located
at 105 ¡C, which corresponds to the loss of 1 perH2O M

2molecule.

X-Ray structure determination

The data were collected at 160 K on a Stoe Imaging Plate
Di†raction System (IPDS) equipped with an Oxford Cryo-
systems cooler device. The crystal-to-detector distance was 80
mm. One hundred and twenty-Ðve exposures (5 min per
exposure) were obtained with 0 \ z\ 200¡ and with the crys-
tals rotated through 1.6¡ in z. Coverage of the unique set was
over 99% complete to at least 24.2¡. Crystal decay was moni-
tored by measuring 200 reÑections per image. The Ðnal unit
cell parameters were obtained by the least-squares reÐnement
of 5000 reÑections. Only statistical Ñuctuations were observed
in the intensity monitors over the course of the data collec-
tion. Owing to the rather low lx value, 0.01, no absorption
correction was considered.

The structure was solved by direct methods (SIR92)21 and
reÐned by least-squares procedures on H atoms wereFobs .located on di†erence Fourier maps, but those attached to C
atoms were introduced in the calculation in idealized positions
[d(CH)\ 0.96 and their atomic coordinates were recalcu-Ó]
lated after each cycle. They were given isotropic thermal
parameters 20% higher than those of the carbon to which
they are attached. The coordinates of the H atoms attached to
the O atoms were not reÐned and their isotropic thermal
parameters were Ðxed to 0.08 Least-squares reÐne-Uiso Ó2.
ments were carried out by minimizing the function &w( oFo o

where and are the observed and calculated[ oFc o )2, Fo Fcstructure factors. The weighting scheme used in the last reÐne-
ment cycles was where w@\w\ w@[1[ *F/6p(Fo)2]2with 3 coefficients for the Chebyshev poly-1/&1nArTr(x) Arnomial where x was Models reachedArTr(x), Fc/Fc(max).22
convergence with and Rw\R\ &(pFo o [ oFcp)/&( oFo o )

having the values listed in[&w( oFo o [ oFc o )2/&w(Fo)2]1@2Table 1. Criteria for a satisfactory complete analysis were that
the ratio of rms shift to standard deviation be less than 0.1
and that no signiÐcant features be present in Ðnal di†erence
maps. Details of data collection and reÐnement are given in
Table 1.

The calculations were carried out with the CRYSTALS
package of programs23 running on a PC. The drawing of the
molecule was realized with the help of CAMERON.24

CCDC reference number 440/055.

Calculation of NLO response of M
2

The all-valence INDO/S (intermediate neglect of di†erential
overlap) method,25 in connection with the sum-over-states
(SOS) formalism,26 was employed. Details of the computa-
tionally efficient INDO-SO-based method for describing
second-order molecular optical nonlinearities have been
reported elsewhere.7b Calculations were performed using the
INDO/1 Hamiltonian incorporated in the commercially avail-
able MSI software package INSIGHT II (4.0.0). The mono-
excited conÐguration interaction (MECI) approximation was
employed to describe the excited states. The 100 energy tran-

Table 1 Crystal data for M
2

Formula (C15H15NO2)2 , 2H2OFW/g 518.61
Shape (color) needle (red)
Size/mm 0.75, 0.13, 0.06
Crystal system monoclinic
Space group P21a/Ó 15.038(2)
b/Ó 5.3846(5)
c/Ó 17.301(2)
b/¡ 111.68(1)
U/Ó3 1301.9(3)
Z 2
Temperature/K 160(2)
Radiation MoKa (k \ 0, 71073)
q (calcd)/g cm~3 1.323
l (MoKa)/cm~1 0.862
R(F0)a 0.0527
R

w
(Fo)a 0.0553

Total reÑections 8064
Independent reÑections 3972
ReÑections used [I[ 2r(I)] 2011
ReÐned parameters 334

a R\ &(pFo o [ oFcp)/&( oFo o ), Rw\ [&w( oFo o [ oFc o )2/&w(Fo)2]1@2.

sitions between the ten highest occupied molecular orbitals
and the ten lowest unoccupied ones were chosen to undergo
CI mixing. The atomic coordinates used for the calculation
were the crystallographic data for and the present dataM

1
15

(Table 2, molecule 1) for No other data were introducedM
2
.

to take into account possible intermolecular interactions in
the crystals.

Results and Discussion
Description of the structure

The molecular structure is shown in Fig. 1 with the atomic
numbering scheme employed, while atomic coordinates and
selected bond lengths are gathered in Tables 2 and 3, respec-
tively. An intricate hydrogen bonding pattern maintains the
cohesion of the crystal. As shown in Fig. 1, the asymmetric
unit is built up from two molecules linked by a hydrogen
bond. Moreover, there is another H bond between the
hydroxyl O1 atom and the O11 of the twofold axis related
molecules, resulting in an inÐnite zig-zag chain (Fig. 2). Finally,
one of the water molecules, O100, exhibits H interactions with
the symmetry-related O21 atoms, whereas the second water
molecule, O200, establishes H links between two di†erent
chains. Except for the hydroxyethyl groups, molecules areM

2planar, the largest deviation of [0.083 being observed atÓ
the C273 atom.

The averaged length of the central CwC bonds (1.316 Ó)
implies a high double-bond character, while the averaged
CwO bond length of is closer to the phenolic length1.295Ó
(1.36 than to the CxO double bond value (1.21 TheseÓ) Ó).
structural data are in agreement with the structure of the
related dye (see Table 2) and suggest that the zwitter-M

1
15

ionic structure a (see Scheme 1) is dominant in the ground
state of both andM

1
M

2
.

Optical spectra of merocyanine M
2

Electronic spectra in methanol are shown in Fig. 3 for andM
1It can be seen that both dyes exhibit similar features :M

2
.

same energy transition (E) with recorded at 383 nmkmax (M
1
)

and 388 nm and same oscillator strengths ( f \ 0.68) cal-(M
2
)

culated through the relation27 f \ 4.315] 10~9 / e dm, where
the integration extends over the entire absorption band, m
being the frequency (cm~1).

Electronic spectra of and are compared in variousM
1

M
2
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Fig. 1 Unit cell and atom labelling scheme for M
2

solvents in Table 4. It turns out from the examination of these
data that both compounds exhibit strong negative solvato-
chromism (around 140 nm). The solvatochromism of merocya-
nine dyes is well-known.28 The origin of this behavior in M

1

Table 2 Fractional atomic coordinates of the non-hydrogen atoms
and equivalent isotropic thermal parameter U(eq) or isotropic
thermal parameter U(iso). E.s.d.s in parentheses refer to the last sig-
niÐcant digit. U(eq) is deÐned as the cube root of the product of the
principal axes

Atom x/a y/b z/c U(eq) or U(iso)

Molecule 1
O1 0.8179(2) 0.7484(6) 0.0867(2) 0.0335
O11 1.0066(2) 0.4050(7) 0.8341(2) 0.0363
N1 0.7460(3) 0.3803(8) 0.1663(2) 0.0249
C11 0.8011(4) 0.203(1) 0.2151(4) 0.0371
C12 0.8297(4) 0.218(1) 0.3007(4) 0.0440
C13 0.7985(4) 0.417(1) 0.3367(3) 0.0417
C14 0.7396(4) 0.590(1) 0.2835(4) 0.0394
C15 0.7151(4) 0.569(1) 0.2008(3) 0.0390
C16 0.8253(4) 0.466(1) 0.4280(5) 0.0553
C17 0.8821(4) 0.324(1) 0.4843(4) 0.0469
C111 0.7261(3) 0.382(1) 0.0757(3) 0.0332
C112 0.8075(4) 0.4982(9) 0.0590(3) 0.0331
C171 0.9120(4) 0.361(1) 0.5759(3) 0.0331
C172 0.9717(4) 0.183(1) 0.6274(4) 0.0398
C173 1.0042(3) 0.195(1) 0.7127(3) 0.0336
C174 0.9771(3) 0.394(1) 0.7535(3) 0.0302
C175 0.9168(4) 0.576(1) 0.7030(3) 0.0331
C176 0.8842(4) 0.562(1) 0.6173(4) 0.0426
O100 0.6051(3) [0.0869(9) 0.9256(3) 0.068(1)

Molecule 2
O2 0.8938(2) 0.5791(6) 0.9031(2) 0.0297
O21 0.4495(3) 0.882(1) 0.1466(2) 0.0678
N2 0.7614(3) 0.9508(7) 0.8124(2) 0.0224
C21 0.7045(3) 0.752(1) 0.7824(3) 0.0288
C22 0.6614(3) 0.7128(9) 0.6988(3) 0.0238
C23 0.6763(3) 0.876(1) 0.6412(3) 0.0252
C24 0.7369(3) 1.0798(9) 0.6754(3) 0.0246
C25 0.7770(3) 1.1134(9) 0.7586(3) 0.0257
C26 0.6280(3) 0.8272(9) 0.5521(3) 0.0249
C27 0.6351(3) 0.971(1) 0.4909(3) 0.0268
C211 0.8171(3) 0.9758(9) 0.9028(3) 0.0268
C212 0.9108(4) 0.835(1) 0.9247(3) 0.0316
C271 0.5901(3) 0.934(1) 0.4028(3) 0.0225
C272 0.5312(3) 0.730(1) 0.3661(3) 0.0294
C273 0.4864(3) 0.709(1) 0.2813(3) 0.0336
C274 0.4957(3) 0.892(1) 0.2260(3) 0.0352
C275 0.5581(3) 1.093(1) 0.2632(3) 0.0308
C276 0.6025(3) 1.1143(9) 0.3482(3) 0.0263
O200 0.4163(4) [0.523(1) 0.9211(3) 0.089(2)

Table 3 Bond lengths for and E.s.d.s in parentheses(Ó) M
1

M
2
.

refer to the last signiÐcant digit. Data for are from ref. 15 andM
1atoms for are labelled as for to make comparisons possibleM

2
M

1
,

M
2O1wC112 1.419(6) O2wC212 1.428(6)

O11wC174 1.298(6) O21wC274 1.292(6)
N1wC11 1.338(7) N2wC21 1.348(6)
N1wC15 1.346(7) N2wC25 1.361(6)
N1wC111 1.483(6) N2wC211 1.482(6)
C11wC12 1.383(8) C21wC22 1.365(7)
C12wC13 1.404(9) C22wC23 1.410(7)
C13wC14 1.378(8) C23wC24 1.408(7)
C13wC16 1.503(9) C23wC26 1.464(7)
C14wC15 1.345(8) C24wC25 1.351(7)
C16wC17 1.285(8) C26wC27 1.348(7)
C17wC171 1.494(8) C27wC271 1.433(6)
C111wC112 1.495(7) C211wC212 1.518(7)
C171wC172 1.387(8) C271wC272 1.408(7)
C171wC176 1.442(8) C271wC276 1.412(7)
C172wC173 1.373(8) C272wC273 1.374(7)
C173wC174 1.421(7) C273wC274 1.417(8)
C174wC175 1.404(8) C274wC275 1.420(8)
C175wC176 1.381(8) C275wC276 1.377(7)

M
1O11wC174 1.304(3) C16wC17 1.346(4)

N1wC11 1.353(3) C17wC171 1.439(3)
N1wC15 1.347(4) C171wC172 1.408(4)
N1wC111 1.479(3) C171wC176 1.404(4)
C11wC12 1.359(4) C172wC173 1.379(4)
C12wC13 1.405(4) C173wC174 1.414(4)
C13wC14 1.497(4) C174wC175 1.421(4)
C13wC16 1.441(4) C175wC176 1.404(4)
C14wC15 1.361(4)

Table 4 Absorption maxima of the lowest energy optical transition
for merocyanine (taken from ref. 13) and in solvents of di†er-M

1
M

2ent polarities

Solvent kmax/nm M
1

kmax/nm M
2

Water 442 448
Methanol 483 488
2-Propanol 545 548
Acetonitrile 571 571
DMF 582 584
Acetone 585 586
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stacking and hydrogen-bonded network structure forFig. 2 M
2

M
2

is still controversial. It was recently suggested that the solva-
tochromic shift is not due to the dipolarity-polarizability of
the solvent but to its hydrogen-bond donor acidity.12 In addi-
tion, an inverted solvatochromism at low polarity has been
observed in and attributed to a change in the molecularM

1structure with a stabilization of the nonionic form.14M
1
(b)

Various studies were conducted to rationalize the solvation
e†ect in relation to changes in geometry using semiempirical
CNDO calculations16 or within the COSMO model.17 Ade-
quate treatment of solvation e†ects in the UV/VIS spectra is a
complicated task and a general solution of this problem is not
the purpose of the present work.

It may be noted, however, that a negative solvatochromism
is usually associated with a decrease of the dipole moment
upon excitation due to the stabilization of highly(le \ lg),polar forms in the ground state, and as antici-M

1
(a) M

2
(a),

pated from the crystal structure examination. Large dipole
moment changes (*l) between the ground and the Ðrst excited
states are, therefore, strongly indicative of large second-order
optical nonlinearities (vide infra), which has been suggested as
a possible method for determining molecular hyperpolar-
izabilities.29

The comparison of the solvatochromic shifts of both dyes is
drawn in Fig. 4, as a function of the Reichard solvent param-
eter It can be assumed that and exhibit similar(E

T
).30 M

1
M

2molecular shapes, Onsager radii, and dipole moments ; there-
fore, comparing the slopes of the curves in Fig. 4 can amount
to comparing *l.29 Consequently, the slopes ([237 vs. [228)
of the curves in Fig. 4 clearly indicate similar *l values for
both materials. With the relative experimental E, f, and *l
values of both molecules, and within the framework of the
two-level model (vide infra), the calculation gives b(M

2
) \

0.99b(M
1
).

Fig. 3 UV/VIS spectrum recorded in methanol versus that ofM
2

M
1(dotted line)

Fig. 4 Solvatochromism of and as a function of a solventM
1

M
2parameter. Similar slopes are indicative of similar *l values

In conclusion, our measurements allow us to state that the
and chromophores exhibit similar electronic proper-M

1
M

2ties and consequently very closely related optical nonlin-
earities in solution.

Molecular orbital calculations and NLO response in the solid

The molecular orbital calculations conÐrm the dominant zwit-
terionic structure in the ground state of in agreementM

2
,

with the structure data analysis. The Mulliken population
analysis is shown in Fig. 5 for The phenolate fragmentM

2
.

bears a [0.548 charge and is expected to act as a strong
donor, while the pyridinium is the acceptor counterpart. This
important charge delocalization results in a calculated ground
state dipole moment of 27.6 D.

The calculated second-order hyperpolarizability of isM
2shown in Table 5 and compared to that of based on theM

1
,

published structure.15 Before comparing the results, it must be
remembered that two molecules are present in the asymmetric
unit cell of The calculations presented in this study areM

2
.

those performed on molecule 1 (Table 2). However, the elec-
tronic properties of molecule 2 show the same general trend as
molecule 1 versus the parent dye, however, to a lesserM

1extent. The calculation is performed at 1.907 lm and at zero
frequency. [Experiments conducted with a laser operating at
1.064 lm would be of no use for second-order NLO applica-
tions, because of the absorption of the second harmonic fre-
quency (532 nm) by the chromophores.] Within the framework

Fig. 5 Mulliken population analysis for M
2

Table 5 Molecular hyperpolarizability (b) calculated at di†erent
laser frequencies for andM

1
M

2

b 10~30 cm5 esu~1

M
1

M
2

k/lm btot b2vlevel btot b2vlevel
O 196 270 431 575
1.907 317 414 829 1036

1088 New J. Chem., 1998, Pages 1085È1091



of SOS perturbation theory, the molecular hyperpolarizability
can be related to all excited states of the molecule and can be
partitioned into two contributions, so-called two-level and
three-level terms.31 Analysis of term contributions to the
molecular hyperpolarizability of and (Table 5) indi-M

1
M

2cates that two-level terms dominate the nonlinearity, which, as
explained below, can be related to a single low-lying electronic
transition. What is immediately striking when the b of andM

1are compared is the disagreement between calculationsM
2and experimental spectra. Table 4 and Figs. 3 and 4 are

strongly indicative of closely related hyperpolarizabilities in
solution. In contrast to these observations, the calculated b
values are roughly 2.5 times higher for than for ThisM

2
M

1
.

important di†erence, at Ðrst surprising, can tentatively be dis-
cussed by considering the possibility of equilibria between
resonant structures (Scheme 1), associated with di†erent geo-
metrical features. The solvent e†ects on the hyper-
polarazability of the NLO chromophore are already
well-known.32h34 Therefore, it is understandable that slight
modiÐcations of the environment (e.g., e†ect of crystal
packing) may result in slight modiÐcations of the molecular
geometry, thus accounting for large di†erences in the elec-
tronic properties in the solid state, as they account for di†er-
ences observed between NLO experiments carried out in
di†erent solvents. These last few years, the e†ect of intermolec-
ular interactions on the hyperpolarizability has been theoreti-
cally investigated and found to be important in some cases.35
In the present study, the calculations were performed on iso-
lated molecules and possible intermolecular interactions were
not taken into account, except by using the experimental
geometry in the calculation. Eventually, it has to be remem-
bered that the electronic hyperpolarizability (this work) is not
the only origin of the total NLO response, which also implies
a vibronic component.36 Vibronic hyperpolarizability, which
has received limited attention in the past, has not been taken
into account in the present paper. However, a recent review
has pointed out its importance for donor-acceptor conjugated
systems.36

According to the well-known and widely used two-level
model,37 it has long been recognized that the longest wave-
length absorption band of disubstituted benzene derivatives is
responsible for the second-order NLO response of the mol-
ecule. In this model, the hyperpolarizability (b) can be
described in terms of a ground and a Ðrst excited state, which
has charge transfer character, and is related to the energy of
the optical transition (E), its oscillator strength ( f ) and the
di†erence between ground and excited state dipole moments
(*l) through the relation b P f] *l/E3.

INDO calculated data are reported in Table 6 for the low-
lying transitions of and In good agreement with theM

1
M

2
.

electronic spectra, this calculation shows that both dyes
exhibit only one intense low-lying optical transition (large
oscillator strength), involving principally the HOMO
] LUMO transition. Contrary to the experiment (Table 4,
Fig. 3), this transition is red-shifted, with a lower oscillator
strength and increasing dipole moment change, upon going
from to This unexpected e†ect might tentatively beM

1
M

2
.

related to geometrical modiÐcations induced by the environ-
ment in the solid state as discussed above.

Atomic orbital contributions to the HOMO and LUMO
are shown in Fig. 6 for and The intramolecularM

1
M

2
.

charge transfer is enhanced in as indicated by the p elec-M
2
,

tron density on the phenolate and pyridium fragments for the
HOMO and LUMO, respectively. In a previous paper, these
orbitals have been calculated within the CNDO/S scheme16
for in solution as a function of the environment on theM

1basis of changes in geometries induced by a factor, f (e), which
deÐnes the solvent polarity as f (e) \ 1 [ (1/e1@2), where e is
the dielectric constant of the solvent. With the assumption of
a small interaction factor, f (e) B 0, it turns out that both
results are qualitatively similar. In the present study, the
HOMO and LUMO obtained for and on the basis ofM

1
M

2
,

experimental geometries, are equal to what is calculated with
an interaction factor, corresponding to a situation of higher
polarity for than that encountered for In any case, theM

2
M

1
.

results of the calculations are strongly dependent on subtle
changes in geometry due to di†erent packings, upon going
from to and cannot be easily explained in terms ofM

1
M

2
,

polarity di†erences.
Another property modiÐcation occurring from the di†erent

crystal structures is related to the centrosymmetry. Contrary
to (centrosymmetric space group crystallizes inM

1
P21/c), M

2the noncentrosymmetric space group Therefore, the largeP21.molecular hyperpolarizability is expected to give rise in toM
2an observable bulk susceptibility (v(2)). However, the angle

between b and the two-fold axis happens to be close to(21)

Fig. 6 HOMO (bottom) and LUMO (top) for and with theM
1

M
2p electron density on selected fragments

Table 6 Energies oscillator strengths ( f ), dipole moment changes between ground and excited state (*l) and composition of the Ðrst(kmax),excited states of M
2

Compound Transition kmax/nm f *l/D Compositiona of the CI expansion

M
1

1 ] 2 539 2.03 [9.9 0.965v40?41M
2

1 ] 2 613 1.58 [18.2 0.978v46?47
a Orbital 40 is the HOMO and orbital 41 is the LUMO in Orbital 46 is the HOMO and orbital 47 is the LUMO inM

1
. M

2
.
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178¡ for thus cancelling out most of the nonlinearity byM
2
,

symmetry in the solid state. Consequently, no efficiency was
recorded at 1.907 lm (\0.1 times the efficiency of urea in the
KurtzÈPerry powder test38).

Summary and Conclusion
We have reported on a comparison of the NLO properties of
two merocyanine and dyes. From an investigation of(M

1
M

2
)

the UV/VIS spectra, we have provided strong evidence for
optical properties dominated by an intense HOMO] LUMO
transition, exhibiting the same features f and *l), which(kmax ,strongly indicates the same hyperpolarizability for both dyes.
In particular, experimental data indicate that the introduction
of a hydroxyethyl substituent does not a†ect the hyperpolar-
izability of the molecule. On the other hand, calculations per-
formed on the crystal structures show that the
hyperpolarizability is very dependent on the molecular
environment in the solid state. Further investigations of the
modiÐcation of b between solid state and solution could
require hyperpolarizability measurements by the electric-Ðeld-
induced second-harmonic (EFISH) technique and calculations
of the vibronic hyperpolarizabilities. This latter topic, which
has received very limited attention to date, implies the theo-
retical treatment of the action of external electric Ðelds on the
vibrational degrees of freedom of the chromophore. Clearly,
we are just beginning to learn about the quantitative role of
the medium in determining NLO properties in the solid state.
Such calculations could be helpful to rationalize the e†ect of
vibrational motion on the NLO properties in the solid.

Contrary to crystallizes in a polar space group. TheM
1
, M

2long chain substituent (hydroxy) can probably induce the non-
centrosymmetric packing of chromophores, as was already
pointed out in 4-methylthio-4@-(3-sulfonatopropyl)stilbazolium
monohydrate.39 Although dipole-dipole interactions lead to a
quasi cancellation of the nonlinearity in the solid state, the
structure proves that the hydroxy substituent can be used for
promoting acentric alignments of chromophores through
hydrogen-bonded networks.40h43 This strategy, which has
already been successfully used by Bosshard and coworkers,19
appears to be promising. In addition, this substituent might be
used for providing opportunities to bond covalently the
chromophores into polymers.44,45 Both approaches o†er new
challenges for engineering NLO materials with optimal SHG
efficiencies.
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