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Abstract—Static dipole polarizabilities and hyperpolarizabilities of benzoid and p-quinoid molecular forms of
vanillin were calculated using quantum-chemical method B3LYP/cc-pVTZ. The dominant benzoid tautomers
much exceed in hyperpolarizability the m-nitroaniline molecule. Tautomeric transformations and conforma-
tional changes significantly affect the vanillin hyperpolarizability. Quinoid tautomers generated by the
topochemical reaction of proton transfer between neighboring molecules in a vanillin crystal can promote the
second harmonic generation of infrared laser light only as an element of supramolecular nanostructures (linear

defects) with a high hyperpolarizability.
DOI: 10.1134/S1070363212030127

The investigation of single crystals of vanillin (3-
methoxy-4-hydroxybenzaldehyde) showed a high
conversion efficiency of the laser radiation at a
wavelength of 1060 nm (energy of infrared quant 27
kcal mol ") into the visible light with a wavelength of
530 nm [1]. By its efficiency of the second harmonic
generation, vanillin exceeds m-nitroaniline, which is
commonly used as a model for evaluating the materials
with nonlinear optical properties [1-3].

The high vanillin hyperpolarizability is due to the
combination in its molecule of electron-donor phenol

H H
o~ o~
H 0 H 0
e
H H H H
H o 0” “H
(2)-B1 (E)-B1
0 0
H 0 H 0
CH, cH,
H (l) (|) H
H H
(2)-Ql1 (£)-Ql

fragment and electron-acceptor formyl group. In a
crystal, the vanillin molecules form a chains with
intermolecular hydrogen bonds O-H,. O, and the crystal
symmetry [4] is low enough to prevent the manifesta-
tion of nonlinear optical properties due to the first
hyperpolarizability inherent in these molecules [1, 2].

It was found in [5] by quantum-chemical method
B3LYP/cc-pVTZ that along with the low-energy
benzoid forms of vanillin (£)-B1, (E)-B1, (£)-B2, and
(E)-B2, it may exist in p-quinoid forms (2)-Q1, (£)-Q1,
(2)-Q2, and (£)-Q2, with greater dipole moments and
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Table 1. The principal values of polarizability (o, o, 0..), the average polarizability (a,,), optical anisotropy (8%), the
module of the hyperpolarizability vector (|bl), its projection (b,) and the module of the dipole moment vector (|p|), a.u.

Molecule Oy 0, 0. Oy 8% % [b] b, [ul
m-NA* 122 105 44 90 14 396 —374 2.19
CHCl, 54 54 34 47 4 36 36 0.44
(2)-B1 142 120 54 105 13 858 -851 1.14
(E)-Bl 146 117 54 106 13 821 -387 2.02
(2)-B2 141 123 54 106 13 891 -620 1.35
(E)-B2 144 120 54 106 13 823 -723 1.33
(2-Q1 176 111 55 114 19 388 56 2.90
(B)-Ql1 178 109 55 114 19 61 51 2.99
(2)-Q2 171 112 55 113 18 287 -61 2.07
(B)-Q2 173 111 55 113 18 57 44 1.99

*m-NA corresponds to meta-nitroaniline.

energies exceeding that of the form (Z)-B1 with its intra-
molecular hydrogen bond by 21.5-22.8 kcal mol™ in a
vacuum and 14.7-16.7 kcal mol ™" in aqueous solution.

In this paper, using the same quantum-chemical
method B3LYP/cc-pVTZ and GAUSSIAN-03 software
[6] we performed quantum-chemical calculations of the
dipole polarizability tensors and first hyperpolarize-
bilities of the vanillin benzoid and p-quinoid forms.

The molecule polarizability is characterized by the
principal values o, o,,, 0., of the polarizability tensor
a with the average value o, = 1/3 (04 + oy + 022) =
1/3Spur(a) and optical anisotropy &° = 3|l — oty 1|/
Spur(0) = [(th — iy + (o — 0 + (0, — 0 W0t +
a,, + a..)°. The value of 5 is manifested in the optical
Kerr effect and Rayleigh light scattering [7]."

The first hyperpolarizability is completely sym-
metric third-rank tensor B. Due to the molecule
symmetry tensor contains no more than six different
non-zero components (Bxxx: Byyya Bxxy: Bxyya szza Byzz)-
The B tensor convolution results in the vector b with
the components: by = By + Bryy + Brzzs by = By + By +
Byzz; bz =0.

The module |b| characterizes the first hyper-pola-
rizability value as a whole, and the projection b, = b-p/
In| of vector b on the direction of the dipole moment p
is of interest in the discussion of nonlinear optical

' Checking calculation of the tensor polarizability of anthracene
molecule gave the average polarizability oy, = 170 au = 25.2 A?,
that is close to the experimental value 25.3 A®, and the optical
anisotropy & = 26%, which is twice the experimental one (11%).

properties of a solution in a sufficiently strong external
electric field. Sign of the projection b, determines the
character of the dependence of the nonlinear optical
properties of a polarized solution on the concentration
of the solute with non-zero first hyperpolarizability,
and this dependence may be not a monotonic one [8].
So, the difference in the b, signs of the solvent
molecule and solute suggests that the efficiency of
second harmonic generation by the solution with
increasing concentration initially will decrease and
then increase.

The above characteristics of the vanillin tautomers
(Table 1) are invariant with respect to the rotation of
the axes and the translation of the origin.

Calculations of wavelengths and oscillator strengths
of allowed m—m*-transition in the electronic spectra of
the tautomers of vanillin (Table 2)* indicate the
absence of absorption bands in the visible region, that
is, a sufficient transparency of wvanillin at the
prototropic tautomerism and at red shift solvation
effects. The calculated spectra of benzoid forms are in
satisfactory agreement with the experimental spectra of
vanillin solutions [10, 11] and with the results of
earlier semiempirical calculations [11, 12].

Table 3 complements the information on the
spectral properties of the vanillin tautomers: it contains

? Calculations were carried out by TD B3LYP/cc-pVTZ/PCM
method. The cavity boundaries occupied by a molecule in a
dielectric continuum are determined in the frameworks of PCM
model [9] by the radii of spheres (C 1.925, CH 2.125, CH;
2.525,01.75,and H,, 1.443 A) centered on the nuclei C, O,
and H,, respectively.
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Table 2. Wavelengths and oscillator strengths (> 0.004) of allowed electronic transitions

Wavelength, nm Oscillator strength f° Wavelength, nm Oscillator strength f°
Molecule Molecule
vacuum | chloroform | vacuum chloroform vacuum | chloroform | vacuum chloroform
(2)-B1 284 296 0.139 0.212 (2)-Q1 332 339 0.151 0.285
257 265 0.155 0.196 281 292 0.337 0.354
222 226 0.198 0.248 234 237 0.076 0.099
(E)-B1 285 300 0.139 0.189 (E)-Q1 347 357 0.146 0.243
259 265 0.093 0.141 275 285 0.316 0.371
221 226 0.335 0.431 235 238 0.121 0.159
(2)-B2 293 303 0.117 0.187 (2)-Q2 319 333 0.199 0.322
256 264 0.157 0.212 281 291 0.261 0.289
224 228 0.235 0.272 237 238 0.068 0.097
(E)-B2 295 307 0.117 0.168 (E)-Q2 351 359 0.145 0.231
259 265 0.082 0.141 272 283 0.265 0.348
222 228 0.397 0.469 238 239 0.158 0.182
Table 3. The wavelengths of the n—mn*-transitions calculated  structures (linear defects) with a high hyper-

by TD B3LYP/cc-pVTZ, nm

Molecule Vacuum Chloroform
(2)-B1 325 319
(E)-B1 327 320
(2)-B2 326 319
(E)-B2 327 320
(2)-Q1 394 368
(E)-Q1 398 371
(2)-Q2 389 366
(E)-Q2 396 371

calculated wavelengths of (n—mn*)-transitions in the
vicinity of the boundary between UV and visible
spectral region, but of very low intensity and suffering
a blue shift under the influence of polar solvent.

The transformation of benzoid tautomers into the p-
quinoid ones slightly increases the average polariza-
bility and the optical anisotropy of the wvanillin
molecule. The tautomeric transformations and confor-
mational changes affect the vanillin hyperpolarizability
even more (Table 1).

Benzoid tautomers exceed the m-nitroaniline
molecule in hyperpolarizability. The hyperpolari-
zability of p-quinoid tautomers is lower than that of
benzoid tautomers. On the other hand, p-quinoid
tautomers possess relatively low ionization potential
[5] and high electron affinity [5, 11]. Their formation
as a result of topochemical proton transfer reaction
between neighboring molecules along the hydrogen
bonds in the crystal of vanillin can promote of the
second harmonic generation of infrared laser radiation
due to the appearance of supramolecular nano-

polarizability in the crystal lattice of low symmetry.

In contrast to the phase transition due to topo-
chemical proton transfer occurring in the crystal of the
salt formed by 4,4'-bipyridyl and squaric acid [13], the
isomerization of vanillin in the crystal requires rela-
tively high energy and obviously cannot end by the
transition of the entire crystal into a new high-energy
phase consisting of molecules of p-quinoid structure.
Because of the difference in the color of the two
phases, while heating to 180°C of the monoclinic form
of salt Reetz et al. [13] succeeded to observe a move-
ment of the boundary between the low-temperature
yellow phase and the high-temperature red phase from
one edge of the crystal to the opposite with the in-
crease in the length of the modified chain segments of
single charged squaric acid anions and pyridylpyri-
dinium cations connected through the labile hydrogen
atoms.
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