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Abstract
The novel, 1-methyl-4-[2-(4-hydroxyphenyl)ethenyl]pyridinium dihydrogenphosphate salt was synthesized and its structure and properties
elucidated spectroscopically, thermally and structurally, using single crystal X-ray diffraction, linear-polarized solid-state IR spectroscopy
(IR-LD), UVevis spectroscopy, TGA, DSC, DTA and MS. The compound crystallizes in the monoclinic P21/c space group and exhibits a pseudo
layer structure with molecules linked by strong OH/OeP intermolecular hydrogen bonds of length 2.593 Å. The dihydrogenphosphate anions
themselves form infinite chains through strong OH/OeP intermolecular hydrogen bonds of lengths 2.636 and 2.658 Å. The crystallographic
disorder of these systems and its effect on IR-LD spectra in the solid state are discussed. Solutions of different polarity show a significant CT
band shift of up to 70 nm, corresponding to a molecular first hyperpolarizability value.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Interest in pyridinium salts during recent 30 years has been
due to many of the derivatives possessing large second-order
molecular hyperpolarizabilities. Studies of the second harmonic
generation (SHG) from powders and LangmuireBlodgett films
of these merocyanine dyes have attracted much attention due
to their application in various areas of nonlinear optics. Second-
order nonlinear optical properties of these materials are very
sensitive to the symmetry of the structure [1e4]. It has been
found that the variation of the counterion in organic salts pro-
vides a simple and highly successful approach to create
* Corresponding author. Tel.: þ49 234 32 24190.

E-mail address: bkoleva@chem.uni-sofia.bg (B.B. Koleva).

0143-7208/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.dyepig.2007.12.007
materials with larger c values. This methodology has been
also supported by the observed crystal structure and properties
of DAST [1].

We now present a spectroscopic and structural elucidation of
the novel salt 1-methyl-4-[2-(4-hydroxyphenyl)ethenyl]pyridi-
nium hydrogenphosphate (Scheme 1) as part of our systematic
study of new materials with potential NLO application [5e8].
The relationship between structural and spectroscopic properties
is elucidated using single crystal X-ray diffraction, UVevis and
fluorescence methods, polarized linear-dichroic infrared (IR-
LD) spectroscopy of oriented colloid suspensions in a nematic
liquid crystal, mass spectrometry, TGV and DSC methods.
The usual observed crystallographic disorder and the effect
of the aromaticequinoide equilibrium of these compounds on
the optical spectroscopic characteristics are discussed.
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Scheme 1. Chemical diagram of 1-methyl-4-[2-(4-hydroxyphenyl)ethenyl]pyr-
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2. Experimental
2.1. Materials
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Scheme 2. Reaction scheme.
The starting compounds for the synthesis of 1-methyl-4-[2-
(4-hydroxyphenyl)ethenyl] pyridinium iodide, 1,4-dimethyl-
pyridinium iodide and 4-hydroxybenzaldehyde were Merck
(Germany) products. The reaction scheme (Scheme 2) for ob-
taining 1-methyl-4-[2-(4-hydroxyphenyl)ethenyl] pyridinium
iodide is as follows: 2.35 g (10 mmol) 1,4-dimethylpyridinium
iodide is mixed with 1.22 g (10 mmol) 4-hydroxybenzaldehyde
in 50 ml toluene. Acetic acid (5 ml) and 0.77 g (10 mmol)
ammonium acetate are also added to the reaction mixture.
Thus obtained suspension is stirred for 24 h at room tempera-
ture. Then 0.5 ml concentrated HI and 10 ml ethanol are added
and the obtained reaction mixture left to stand for 16 h at room
temperature. The orange precipitate received is filtered off,
washed with C2H5OH and dried on R2P5 at 298 K. Yield
73%. M.p. 274e275 �S and TLC factor of Rf¼ 0.16 (Al2O3/
CH3OH). Found: C, 49.6; H, 4.2; N, 4.16; [C14H14NOI] calcd.:
C, 49.0; H, 4.2; N, 4.16%. 1-Methyl-4-[2-(4-oxocyclohexadie-
nilydene)ethylidene]-1,4-dihydropyridine is then obtained in
the following way: 10.0 mg of iodide salt is dissolved in
10.00 mmol ethanol and then 5 ml 1.0 M KOH is added. The ob-
tained lilac solution is heated for 2 h at a temperature of 70 �S,
and then is kept at 4 �S for 16 h. The obtained violet precipitate
is filtered off, dried on R2P3 at 298 K. Yield 98%. M.p. 222e
224 �S and Rf¼ 0.45 (cellulose/CH3OH). Found: C, 75.6; H,
6.2; N, 6.7; [C14H13NO] calcd.: C, 75.5; H, 6.2; N, 6.7%.
Finally, 1-methyl-4-[2-(4-hydroxyphenyl)ethenyl]pyridinium
dihydrogenphosphate is obtained by mixing equimolar amounts
of the quinoide derivative and H3PO3 in 20 ml solvent mixture
of water:methanol 1:1. The obtained mixture is stirred for
10 h at 40 �C. The obtained solution is cooled at 4 �C for
10 h. Finally the obtained orange precipitate is filtered off,
washed with methanol and dried on P2O5 at 298 K. Yield
61%. Found: C, 54.4; H, 5.2; N, 4.4; [C14H16NO5P] calcd.: C,
54.4; H, 5.2; N, 4.5%.
TGV and DSC analyses in the range 300e500 K indicated
that no solvent was included in any of the obtained
compounds.

The most intensive signal in the mass spectrum of the title
compound is that of the peak at m/z 213.31, corresponding to
the singly charged cation [C12H15NO]þ with a molecular
weight of 213.27.
2.2. Methods

2.2.1. X-ray diffraction
The X-ray diffraction intensities were measured in the u

scan mode on a Siemens P4 diffractometer equipped with
Mo Ka radiation (l¼ 0.71073 Å qmax¼ 25�). The single crys-
tal X-ray diffraction data and the structure were solved by
direct methods and refined against F0

2 [9,10]. An ORTEP
plot illustrates the anion and cation structures at the 50% prob-
ability level. Relevant crystallographic structure data and
refinement details are presented in Table 1, selected bond
distances and angles in Table 2. The hydrogen atoms were
constrained to calculated positions and refined using riding
models in all cases. As there are no atom types heavier than
oxygen in the structure, the absolute structure could not be
determined with Mo Ka radiation.



Table 1

Crystal data, data collection and refinement conditions for C6H7N3O2

Empirical formula C14H16NO5P

Formula weight 309.25

Temperature 173(2)

Wavelength 0.71073 Å

Crystal system, space group Monoclinic, P21/c

Unit cell dimensions a¼ 7.581(3) Å, b¼ 16.191(7) Å,

c¼ 11.532(5) Å, b¼ 91.42(3)�

Volume 1415.0(10) Å3

Z 4

Calculated density 1.452

Absorption coefficient 0.216

F(000) 648

Crystal size 0.28� 0.31� 0.48 mm

q Range for data collection 2.98e24.97�

Limiting indices �8� h� 8, �19� k� 14, �13� l� 10

Absorption correction 0.11319

Refinement method Full-matrix least-squares on F2

Goodness-of-fit on F2 1.084

Final R indices [I> 2s(I )] R1¼ 0.0585, wR2¼ 0.1605

R indices (all data) R1¼ 0.0662, wR2¼ 0.1693
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2.2.2. Conventional and polarized IR spectroscopy
The IR spectra were measured on a Thermo Nicolet

OMNIC FTIR spectrometer (4000e400 cm�1, 2 cm�1 resolu-
tion, 200 scans) equipped with a Specac wire-grid polarizer.
Non-polarized solid-state IR spectra were recorded using the
KBr disk technique. The oriented samples were obtained as
a suspension in a nematic liquid crystal (MLC 6815, Merck)
with the presence of an isolated nitrile stretching IR band at
about 2245 cm�1 additionally serving as an orientation indica-
tor. The theoretical approach, experimental technique for pre-
paring the samples, procedures for polarized IR spectra
interpretation and the validation of this new linear-dichroic
infrared (IR-LD) orientation solid-state method for accuracy,
precision and the influence of the liquid crystal medium on
peak positions and integral absorbances of the guest molecule
Table 2

Selected bond lengths [Å] and angles [�] for C6H7N3O2

N1 C2 1.343(4) C40 C70 1.56(2)

N1 C6 1.346(4) C70 C80 1.498(8)

N1 C1 1.481(4) C80 C90 1.53(2)

C2 C3 1.360(4) C90 C14 1.418(15)

C3 C4 1.373(10) C90 C10 1.422(14)

C3 C40 1.440(16) C10 C11 1.369(4)

C5 C4 1.376(10) C11 C12 1.391(4)

C5 C6 1.375(6) C12 O1 1.361(4)

C5 C40 1.444(16) C12 C13 1.400(4)

C4 C7 1.442(16) C13 C14 1.369(4)

C7 C8 1.359(6) P1 O40 1.497(2)

C8 C9 1.462(14) P1 O10 1.513(2)

C9 C10 1.400(9) P1 O20 1.575(2)

C9 C14 1.406(9) P1 O30 1.576(2)
bands have been presented previously [11e13]. The nature
and balance of the forces in the nematic liquid crystal suspen-
sion system, the mathematical model for their clearance,
morphology of the suspended particles and the influence of
the space system types on the degree of orientation (i.e. the or-
dering parameter) have been investigated [12] using five liquid
crystals and fifteen compounds. The applicability of the last
approach to experimental IR spectroscopic band assignment
as well as in obtaining stereo-structural information has been
demonstrated in a series of organic systems and coordination
complexes of heterocyclic ligands, Cu(II) complexes, poly-
morphs, codeine derivatives, Au(III) peptide complexes and
their hydrochlorides and hydrogensquarates [14e17]. The
theory of IR-LD spectroscopy and the employed polarized
IR spectra interpretation difference-reduction procedure are
given in Refs. [18e21].

2.2.3. Mass spectral data
The FAB mass spectra were recorded on a Fisons VG autospect

instrument employing 3-nitrobenzylalcohol as the matrix.

2.2.4. UV spectra
UV spectra were recorded on Tecan Safire Absorbance/

Fluorescence XFluor 4 V 4.40 spectrophotometer operating
between 190 and 900 nm, using solvents water, methanol,
dichloromethane, tetrahydrofuran, acetonitrile, acetone, 2-
propanol and ethylacetate (all Uvasol, Merck products) in con-
centration of 2.5� 10�5 M, using 0.0921 cm quartz cells.

2.2.5. Quantum chemical calculations
They were performed with GAUSSIAN 98 program pack-

age [22]. The output files are visualized by means of the
ChemCraft program [23].

The geometry of the cation was optimized at two levels of
theory: second-order MollerePleset perturbation theory
C3 C4 C5 119.5(11) C2 N1 C6 120.9(3)

C3 C4 C7 123.2(7) C2 N1 C1 119.1(3)

C5 C4 C7 116.8(7) C6 N1 C1 120.0(3)

C8 C7 C4 127.8(5) C2 C3 C4 119.4(6)

C7 C8 C9 125.0(5) C2 C3 C40 122.4(10)

C10 C9 C14 116.5(9) C4 C3 C40 13.9(18)

C10 C9 C8 116.1(6) C4 C5 C6 118.9(6)

C14 C9 C8 126.9(7) C4 C5 C40 13.8(18)

C3 C40 C5 110.8(16) C6 C5 C40 122.0(10)

C3 C40 C70 111.9(9) N1 C6 C5 120.0(3)

C5 C40 C70 137.3(12) C90 C80 C70 123.1(8)

C80 C70 C40 114.7(8) C14 C90 C10 114.3(16)

C11 C10 C90 120.7(9) C14 C90 C80 117.8(9)

C9 C10 C90 18.2(7) C10 C90 C80 127.9(11)

C10 C11 C12 119.2(3) C11 C10 C9 122.4(6)

O1 C12 C11 122.4(3) O1 C12 C13 118.1(3)

C13 C14 C90 119.4(9) C11 C12 C13 119.4(3)

C9 C14 C90 18.2(7) C13 C14 C9 121.0(5)

O40 P1 O10 115.33(12) O40 P1 O30 111.66(11)

O40 P1 O20 106.75(13) O10 P1 O30 105.92(11)

O10 P1 O20 110.30(12) O20 P1 O30 106.60(12)



Fig. 1. The molecular structure of 1-methyl-4-[2-(4-hydroxyphenyl)ethenyl]-

pyridinium hydrogenphosphate, showing the atom-labelling scheme. Displace-

ment ellipsoids are drawn at the 50% probability level.
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(MP2) and density functional theory (DFT) using the
6-311þþG** basis set. The DFT method employed is
B3LYP, which combines Backe’s three-parameter non-local
exchange function with the correlation function of Lee,
Yang and Parr. Molecular geometries of the studied species
were fully optimized by the force gradient method using
Bernys’ algorithm. For every structure the stationary points
found on the molecule potential energy hypersurfaces were
characterized using standard analytical harmonic vibrational
analysis. The absence of the imaginary frequencies, as well
as of negative eigenvalues of the second-derivative matrix,
confirmed that the stationary points correspond to minima of
the potential energy hypersurfaces. The calculation of vibra-
tional frequencies and infrared intensities were checked to
establish which kind of performed calculations agree best
with the experimental data. The DFT method provides more
accurate vibrational data, as far as the calculated standard
deviations corresponding to the groups which did not interact
intra- or intermolecularly of respectively 8 cm�1 (B3LYP) and
24 cm�1 (MP2) are concerned. So, the B3LYP/6-311þþG**
data are presented for above discussed modes, where a modifi-
cation of the results using the empirical scaling factor 0.9614
is made to achieve better correspondence between the experi-
mental and theoretical values. The UV spectra of 1 in gas
phase and in ethanol, water, acetonitrile and methanol solu-
tions are obtained by CIS/6-311þþG** and TDDFT
calculations.

2.2.6. Thermal analysis
The thermal analyses were realized at 25e300 �C by Dif-

ferential Scanning Calorimeter PerkineElmer DSC-7, Differ-
ential Thermal Analyzer DTA/TG (Seiko Instrument, model
TG/DTA 300). The experiments were carried out with scan-
ning rate of 10 K/min under argon atmosphere.

2.2.7. Elemental analysis
The elemental analysis was carried out according to the

standard procedures for C and H (as CO2 and H2O) and N
(by the Dumas method).

3. Results and discussion
3.1. Crystal and electronic structure
1-Methyl-4-[2-(4-hydroxyphenyl)ethenyl]pyridinium hy-
drogenphosphate crystallizes in the monoclinic P21/c space
group (Fig. 1). The molecules are joined into infinite parallel
pseudo layers (Fig. 2) by strong intermolecular OH/OeP hy-
drogen bonds of length 2.593 Å and OH/O angle of 166.45�.
The dihydrogenphosphate anions form infinite chains by
strong (P)OH/O(P) bonds with lengths of 2.636 and
2.658 Å (Fig. 2). The molecule of the dye is absolutely flat
with a deviation of total planarity of 0.2�. The bond lengths
and angles of the benzene ring and the pyridine fragment
are similar to aromatic character. The corresponding values
of geometry parameters (Table 2) correlated with those of
other merocyanine dye derivatives as trans-4-(40-(N,
N-diphenylamino)styryl)-N0-methylpyridinium iodide, 4-[4-
methoxy-a-styryl]-N-isopentylpyridinium bromide sesquihy-
drate as est [24e27]. Similar to other crystallographic studies
of this class of organic compounds crystallographic disorder of
C7 and C8 in the dye leads to the observation of either a central
double (C7eC8) or single bond (C70eC80) due to a deviation
of the high p-conjugated system. Although deviation of the
conjugacy must presumably be intrinsic as in Refs. [28,29],
the presence of a static disorder cannot be ruled out (Schemes
1 and 3). The multitemperature investigations of this phenom-
enon [30,31] led to the conclusions that the shrinkage of the
C]C bond is an artifact of torsion vibration of the Cephenyl
bond. If the amplitude of the torsion vibration is large enough
it gives rise to conformational interconversion and hence to
dynamic disorder in the crystal. In our case we could present
the results schematically (Scheme 3), which is in accordance
with Ref. [31]. The dynamic disorder cannot usually be re-
solved in a routine experiment.
3.2. IR spectra
The observed significant degree of macro-orientation in the
polarized IR spectrum of sample facilitates an adequate inter-
pretation of the polarized IR data and results from the presence
of a pseudo layer structure, which adopts a macro-orientation
in the solid phase toward the orientation director (n) of the
liquid crystal. The detailed IR-LD spectroscopic analysis is
supported by the theoretical vibrational analysis at B3LYP/6-
311þþG**. The non-polarized IR spectrum shows a relatively
intensive band at 3224 cm�1 corresponding to stretching nOH

vibration of the hydrogen bonded OH-group in merocyanine
dyes, thus correlating with the obtained crystallographic
data. The broad absorption band between 3000 and
1800 cm�1 is attributed to nOH of dihydrogenphosphate
anions. Also corresponding to these species are the stretching
vibration bands at 1270 cm�1 (nP]O) and 1170 cm�1 (nPeO).
Aromatic i.p. modes of benzene and pyridine rings at



Fig. 2. Linkage of the molecules of 1-methyl-4-[2-(4-hydroxyphenyl)ethenyl]pyridinium hydrogenphosphate into infinite layers.
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1623 cm�1 (8a(py)) and 1598 cm�1 (8a(Ph)) are observed in the
range 1700e1600 cm�1 as broad bands. The band at
1338 cm�1 corresponds to the symmetric bonding vibration
of NeCH3 group ðds

CH3
Þ and the obtained value is similar to

those of other merocyanine dyes studied with a difference of
�4 cm�1. The absorption bands belonging to out-of-plane
(o.p.) bending vibrations nC]C, 11-nCH benzene and o.p.
mode of pyridine rings are observed at 966 cm�1, 836 cm�1

and 765 cm�1. However, both in the first and discuss IR
regions the characteristics of quinoide form of the compounds
studied are fined. Low intensive bands at 1550 cm�1,
941 cm�1 and 798 cm�1 could be assigned to nC]C stretch
and out-of-plane nCH modes of tri- and cis-disubstituted
double bonds. The values are typical for quinoide form of
these merocyanine dyes. Spectroscopic support for the X-ray
structure is obtained by application of the reducing difference
procedure to polarized IR spectra, where the elimination of the
bands at 1623 cm�1, 1598 cm�1 and 1338 cm�1 in same
dichroic ratio is possible when the corresponding transition
moments are co-linear oriented (see Scheme 3). On the other
Scheme 3. Visualization of selected transition moment directions.
hand, the disappearance of the bands at 966 cm�1, 836 cm�1

and 765 cm�1 (Scheme 1 and Fig. 3(2)) indicates the co-planar
disposition of the rings and double bonds (Schemes 1 and 3)
and is in good agreement with the crystallographic structure.
The elimination of the bands at 941 cm�1 and 798 cm�1 in
equal dichroic ratio (Fig. 3(3)) confirms the above stated
comments.
3.3. UV spectra
The possible redistribution of the electronic density in these
compounds as typical pushepull systems depends on the sol-
vent polarity. When the electron transition is connected with
intramolecular charge transfer (CT) this leads to a significant
difference between the dipole moment in the ground and ex-
cited states, that determines their significant solvatochromism,
or NLO properties in solution. Depending on the solvent polar-
ity the CT band in 1-methyl-4-[2-(4-hydroxyphenyl)ethenyl]-
pyridinium hydrogenphosphate exhibits a bathochromic shift
of up to 66 nm (Fig. 4) on going from H2O to 1,2-dichlorome-
thane. The obtained negative solvatochromic effect in these
compounds has been explained by both intra and intermolec-
ular charge transfers. In an ethanol:water solvent mixture
(1:1) two bands are registered at 386 nm and 492 nm. The
observation of two bands in acetonitrile, as well as the spectral
changes and the well-defined isobestic points at 450 nm pro-
vide good evidence for an equilibrium between monomeric
and dimeric species [15,16,18,19,23e26]. It is noteworthy
that in addition to the very intense hypsochromically shifted
absorption band for the H-dimer (Scheme 4), a weak band
appears at longer wavelength which can be ascribed to the for-
bidden transition to the lower energy exciton state. The theo-
retically predicted electronic spectra of compounds studied
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show an excellent correlation with experimental data. In our
case the CIS/6-311þþG** method gives a Dl difference of
5 nm, while TDDFT calculations gave better values with dif-
ference less than 3 nm.
3.4. Calculated NLO properties
δ+

δ -

HO
N CH3

H3C N
OH
δ -

δ +

Scheme 4. H-aggregates in acetonitrile solvent.
The calculated ground state dipole moment with the elec-
tron correlation methods (B3LYP) is 12.3052 Debye. As pos-
itively charged molecules, the compounds studied possess
very large dipole moment. The polarity is noted as another
important structural factor for upconversion [29] lasing. The
calculated quadrupole moments in Debye-Å (XX¼ 11.679,
YY¼�70.510, ZZ¼�101.312, XY¼�12.271, XZ¼�0.002,
YZ¼�0.000) and octapole moment in Debye-Å2

(XXX¼ 359.141, YYY¼ 2.513, ZZZ¼ 0.001, XYY¼ 3.879,
XXY¼ 68.879, XXZ¼ 0.007, XZZ¼ 5.768, YZZ¼�1.367,
YYZ¼�0.001, XYZ¼�0.011) are over 8.2 times larger than
the corresponding ones of p-nitroaniline [32e34], independent
of different symmetries of the molecules. The calculated hex-
adecapole moment (Debye-Å3) shown as well a significant
values then used reference material of XXXX¼�4463.293,
YYYY¼�510.839, ZZZZ¼�108.070, XXXY¼�569.562,
XXXZ¼�0.059, YYYX¼�8.225, YYYZ¼�0.001,
ZZZX¼ 0.009, ZZZY¼�0.001, XXYY¼�1055.823, XXZZ¼
�1393.053, YYZZ¼�132.941, XXYZ¼ 0.001, YYXZ¼�0.007

and ZZXY¼�14.292, respectively.

4. Conclusions

The 1-methyl-4-[2-(4-hydroxyphenyl)ethenyl]pyridinium
salt of dihydrogenphosphate has been synthesized, and struc-
turally elucidated by employing single crystal X-ray diffrac-
tion, linear-polarized solid-state IR spectroscopy, UVevis
spectroscopy, and TGA, DSC, DTA and MS methods. The
compound crystallizes in the monoclinic P21/c space group
and exhibits a pseudo layer structure with molecules linked
by strong OH/OeP intermolecular hydrogen bonds with
a length of 2.597 Å. The dihydrogenphosphate anions form in-
finite chains through strong OH/OeP intermolecular hydro-
gen bonds with lengths of 2.630 Å. Similar to other
merocyanine dyes a crystallographic disorder of the central
C]C double bond is observed which reflects a deviation
from a fully conjugated p system. Crystallographic data of
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the partial distortion of aromatic character are supported by
the IR-LD spectroscopy in solid state. It is proved that in par-
allel with the aromatic IR characteristics of the in-plane and
out-of-plane modes, low intensive bands typical for quinoide
form of merocyanine dyes are observed. The UV-spectroscopic
data in solution show the formation of classical H-aggregates
in polar protic solvent mixture. The data in solutions with
different polarity indicate a significant CT band shifting up
to 70 nm, corresponding to a great molecular first hyperpolar-
izability value. The calculations of IR spectroscopic properties
confirm the experimentally obtained data. The theoretically
predicted NLO properties on molecular level and obtained
value of btot, which is 8.2 times higher than the value of p-ni-
troaniline, a harismatic compound with experimentally con-
firmed NLO properties.

5. Supplementary materials

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Centre,
CCDC 651594. Copies of this information may be obtained
from the Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (fax: þ44 1223 336 033; e-mail: deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk).
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