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ABSTRACT: The crystallization from different solvents of TBl
homologues of 1,3-diethyl-2-thiobarbituric acid and p- , ’ M
dimethylaminobenzene with different lengths of the poly-

methine bridge between donor and acceptor groups (TB[n])
produced three pairs of polymorphs with the number of C=C

bonds in the chain n = 1, 3, and 5. The homologues with the 4 J’7
shortest (one methine unit) #-conjugated bridge were )
presented by two concomitant (obtained simultaneously) e’ /J—kz

polymorphs. Bond length alternation values calculated using

X-ray data and evaluation using NMR data showed that some \Q%ﬁ ;w W @K\;@@ ﬁtﬁ }}ggj
homologues possesses a very high hyperpolarizability. It was % ‘»@’% Wg @ m gt (
shown that the increase of polarizability is related to the

increase in the length of the 7-conjugated bridge that was

supported by experimental hyper-Rayleigh scattering data. Density functional theory calculations of HOMO/LUMO molecular

energy levels indicated that compounds with a longer 7-conjugated bridge have a higher thermal stability.

B INTRODUCTION In many cases, crystallization from different solvents brings
about the formation of different polymorphs."®” It is known
that variation of molecular positions and/or molecular
conformation inside three-dimensional (3D) crystalline space
brings significant variation of crystal properties. In the case of
pharmaceutically active compounds, it is important to mention
the differences in polymorph thermal stability, melting points,
solubility, and bioavailability."~'° For potential nonlinear
optical (NLO) polymorphic materials, thermal stability is

As in many other research groups, studying polymorphism and
applications of crystal engineering in our group was to a great
extent inspired by Joel Bernstein. In addition to his deep
knowledge, huge scientific intuition, and personal charm, our
generation of crystallographers was educated from his book
Polymorphism in Molecular Crystals.' Some of us were
extremely lucky since Joel Bernstein allowed us to translate
and publish his book into Russian.” Information collected on

phase transitions, crystalline polymorphism, and applications of also important, but in this case, the molecular packing mode in
these phenomena is very wide. On the other hand, even crystals is more important since only acentric crystals can
knowing the physical fundamentals of these phenomena, it is produce second-order NLO effects.’ ~'* The influence of
still impossible to completely predict polymorphism, since too molecular packing in polymorphs on electrical, magnetic, and
many factors are involved in formation of new polymorphs, spectral properties are important for many materials, including
and the crystal energy landscape generated to predict crystal charge transfer (CT) materials, that can be used in organic
structure gives many possible solutions, and only some of them light-emitting diodes (OLEDs), photovoltaic, and biomedical
represent possible polymorphs.”~> Because of that, exper- devices.'*™*
imental studies of polymorphs of different groups of
compounds should be continued for the accumulation of Received: July 19, 2019
new knowledge as a basis for a stronger correlation between Revised: ~ November 21, 2019
theory and experiment. Published: December S, 2019
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In this publication, peculiarities of the molecular structure
and molecular organization in crystals of several homologues of
push—pull molecules with the 1,3-diethyl-2-thiobarbituric
group as an acceptor, p-dimethylaminophenyl group as a
donor, and a polymethine chain with the number of C=C
bonds from 1 to S are presented. In those materials,
thiobarbituric acid groups are strong electron acceptors
because they gain aromatic stabilization upon reduction.”!
They can be used along with amine group donors to obtain
molecules with high nonlinear optical activity. The search for
new organic materials with NLO properties has been of great
interest for photonics and optoelectronics for more than four
decades. For organic materials to have significant second-order
NLO coefficients, they should possess a high concentration of
hyperpolarizable chromophores. The great variety of organic
chromophore compounds offers exceptional versatility upon
design of new materials for NLO application. Organic
chromophores should not only have high optical nonlinearities
but also possess decent thermal and chemical stability and low
optical loss (high transparency).”” In general, these properties
are mutually exclusive. A compromise can be achieved through
replacing the aliphatic dialkylamino donor groups with
diarylamino groups resulting in a substantial increase in the
thermal stability of a wide range of compounds without
damaging the nonlinearity of the chromophore. Furthermore,
experimental results on thermal stability were explored with
computational methods using principal component analysis
(PCA).>* The results demonstrated a strong dependence
between thermal stability and HOMO orbital energy: less
negative HOMO energy leads to higher thermal stability.
Attempts have been made to relate the thermal stability and
NLO properties of these compounds with their structure. The
quantitative structure—property relationships (QSPR) model
was presented to predict decomposition temperature (T)
values for a diverse set of chromophores using various
descriptors such as size, shape, and intramolecular charge.”*
Mean relative error for the prediction was 4.46%, and R* of the
correlation was 0.9642. The presented model relies solely on
descriptors derived from the chemical structure of the
molecule and thus is applicable to regular NLO chromophores
of any chemical nature.

Many chromophores containing barbituric acid groups have
been described in the literature. Among them, a set of organic
molecules with huge nonlinearities ($(0) up to 911 X 107%
esu), which are promising building blocks for electro-optic
modulator materials, was found.”® It was demonstrated that
derivatives containing diethyl-thiobarbituric group can exhibit
very large nonlinearities in comparison to nitro or carbonyl
acceptors. Hyperpolarizability values measured in Marder’s
work were later used as a benchmark for the NLO calculation
scheme.”®

Recently, barbiturate derivatives have been used as organic
sensitizers for fabrication of dye-sensitized solar cells.”’
Efficiency of the molecules with barbituric and thiobarbituric
acceptors has been compared. It was found that the presented
efficiency of these photovoltaic cells was not high. However, it
was pointed out that this efficiency might be improved by
elimination of molecular aggregation that might be achieved by
introduction of long hydrophobic chains in such molecules.

In this paper, synthesis, single crystal X-ray diffraction
(except for TB[4]), spectroscopic studies, and DFT calcu-
lations of the series of chromophores—thiobarbituric acid
derivatives TB[1]—TB[S] (Figure 1) are presented. Crystal-
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Figure 1. Molecular structure TB[1]—TB[5]: n = 0 for TB[1],n =1
for TB[2], n = 2 for TB[3], n = 3 for TB[4], and n = 4 for TB[S].

lization from different solvents allowed us to reveal and
describe polymorphism for three homologues: TB[1], TB[3],
and TB[S]. Nonlinear optical characteristics of compounds,
based on X-ray and NMR data, hyper-Rayleigh scattering, and
solvatochromic behavior of these materials are discussed as
well.

B EXPERIMENTAL SECTION

Crystal Growth. All materials and reagents were commercially
available and used as received except where noted. Starting aldehydes
for the syntheses of TB[1]—TB[S] were prepared as reported in our
previous publication.”® Additional synthesis details are presented in
Supporting Information. Crystallizations of samples suitable for X-ray
studies have been conducted using several different methods, solvents,
and mixtures of solvents with consideration of the solubility of
compounds studied.”” Methods that produced crystals of quality
sufficient for X-ray studies are presented below. Single crystals of
TB[1] were grown by vapor diffusion of hexane or cyclohexane into a
saturated solution of TB[1] in either chloroform or acetone.
Additionally, single crystal growth was accomplished by layering
ethanol on top of a saturated solution of TB[1] in dichloromethane.
The crystal growth took approximately 3 weeks and yielded crystals
that were brilliant red in appearance. Single crystals of TB[2] were
grown by layering ethanol on top of a saturated solution of TB[2] in
dichloromethane. Crystal growth took place over 4—6 weeks and gave
lustrous, prism-shaped crystals that were purple and silver in
appearance. Single crystals of TB[3] were grown by the slow
evaporation of a saturated solution of TB[3] in ethyl acetate
(TB[3]a) and layering ethanol on top of a saturated solution of
TB[3] in dichloromethane (TB[3]f). Crystal growth took place over
3—4 weeks and gave prism-like, blue and gold crystals (TB[3]a) as
well as blue transparent needles (TB[3]/). Single crystals of TB[S]
were grown by the slow evaporation of a saturated solution of TB[S]
in ethyl acetate (TB[S]a) and layering ethanol on top of a saturated
solution of TB[S] in dichloromethane (TB[5]f). Crystal growth took
place over 5—6 weeks and gave yellowish-green, plate-like crystals
(TB[S]a) as well as black opaque needles (TB[S5]f).

X-ray Study. The single-crystal X-ray diffraction data for samples
TB[1]a, TB[1]3, TB[2], and TB[3]a were collected on a Bruker
SMART APEX II CCD diffractometer (1(MoKa)-radiation, graphite
monochromator, @ and ¢ scan mode) and corrected for absorption
using the SADABS.*® Sample TB[3]f was analyzed with Rigaku
Oxford Diffraction SuperNova, Dual, Cu at home/near diffractometer
(A(CuKa)-radiation, mirror monochromator, @ scan mode) and
corrected for absorption using CrysAlisPro.*" Diffraction data for
samples TB[S]a and TB[S]f were collected using Bruker Venture
Duo with Photon II diffractometer (1(MoKa)-radiation, @ and ¢
scan mode) and corrected for absorption using the SADABS.*

For details, see Table 1, Supporting Information. The structures
were solved by the intrinsic phasing modification of direct methods,”
and refined by a full-matrix least-squares technique on F* in
anisotropic approximation for non-hydrogen atoms. The hydrogen
atoms were placed in calculated positions and refined within the
riding model with fixed isotropic displacement parameters [Uy,(H) =
l.SUeq(C) for the methyl groups and 1.2Ueq(C) for the other groups].

All calculations were carried out using the OLEX* program suite.>
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Figure 2. Photos of the TB[1] samples (@ polymorph) obtained using solvent set I (acetone/hexane) (a), set II (dichloromethane/ethanol) (b),

and set III (chloroform/cyclohexane) (c).

B COMPUTATIONAL METHODS

Computations of molecular geometries, energies, dipole moments and
HOMO and LUMO energy levels were carried out at the B3LYP/6-
311+G(d, p) level of theory using GAUSSIAN 16 software.>* For the
sake of comparison, two sets of initial coordinates (optimized
geometry and X-ray geometry) were used for computations.

Crystal lattice energies (kcal/mol) were calculated using empirical
force field approach implemented in the CLP-PIXEL computer
program package by A. Gavezzotti (ver. 3.0, available from http://
www.angelogavezzotti.it).>>*® Default force field parameters were
used, and the hydrogen atom positions were assigned by the software.
Results are presented in Tables S4—S6, Supporting Information.

Spectroscopic Characterization. Linear absorption measure-
ments were performed using either a UV—vis-NIR scanning
spectrophotometer (UV-3101PC, Shimadzu). Steady state fluores-
cence measurements were conducted using a scanning spectrofluor-
ometer (Fluorolog-2, SPEX). All spectra were measured in 1 cm
special optical glass cuvettes (SOG, Starna cells).

Hyper-Rayleigh scattering (HRS) measurements were conducted
on a home-built Hyper-Rayleigh scattering/two-photon induced
fluorescence setup. The light source for the HRS measurements
consisted of a Ti:sapphire regenerative amplifier (Solstice, Spectra-
Physics, 800 nm, 3.7 W average power, 100 fs pulse width, 1 kHz
repetition rate). The amplified laser was used to pump a computer
controlled optical parametric amplifier (OPA, TOPAS-C, Light
Conversion). The OPA can be continuously tuned from 1100—
2600 nm (fwhm 10—30 nm), and the second harmonic of the OPA
can be used in the range of 550—1100 nm (~30 mW average power).
The range of excitation energy, at the sample, varies between 2—12.5
#J and is limited below the onset of higher order nonlinear optical
effects such as white-light generation. Before entering the sample
enclosure, the beam is filtered using appropriate long pass filters
(typically 850 nm long pass) to remove stray 800 nm light. The beam
then passes through two orthogonally oriented cylindrical lenses and
into the sample cell (1 cm path length, Special Optical Glass, Starna
Cells). The cell holder was attached to a movable stage allowing the
cuvette to be positioned such that the focus of the beam was just next
to the wall of the cell, in order to minimize reabsorption. The
generated light was collected at a right angle by means of a
condensing lens (focal length = 8.0 mm, KPA016-C, Newport
Corporation) and was passed through appropriate short pass filters
needed to remove scattered light from excitation beam as well as two-
photon fluorescence from the sample. The filtered light is collected by
fiber collimators (F810SMA-543, Thorlabs) and sent through a two-
leg fiber bundle (13 fibers per bundle oriented in a line, Leoni) to an
imaging fiber adapter (FC-446-030, Princeton Instruments) that was
coupled to a monochromator (SpectrPro-150, Acton). The HRS
signal was detected on a liquid nitrogen cooled CCD camera (LN/
CCD-1100PB, Roper Scientific, controller: ST-133, Roper Scientific).

For HRS measurements, samples were dissolved in spectroscopy
grade solvents at concentrations ranging from 1 gM to 10 mM. HRS
spectra were acquired for long exposure times (50—500 s) due to the
weak nature of the HRS signal. All samples were stirred with a micro
stir bar that was carefully placed below the beam. All hyper-
polarizability values were referenced internally to and corrected for
the HRS signal and hyperpolarizability of the corresponding solvent.””
The raw data were processed in MATLAB by first smoothing the data
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using the built-in smoothing protocol and the robust LOESS function,
which was a local regression using a weighted linear least-squares fit
with second degree polynomial model and assigns a lower weight to
outliers. The smoothing function was adjusted to exclude cosmic rays,
typically spanning 0.5—1% of the data. To remove the contribution
from multiphoton fluorescence, the baseline of the smoothed data was
fit by a fifth-order polynomial using manually selected regions of
baseline and subtracted from the raw data.

NMR Study. 'H and "*C NMR spectra were acquired on either a
Bruker Avance III HD-500 MHz (with Prodigy cryoprobe) or a
Bruker Avance III HD-800 MHz NMR spectrometer. All spectra were
referenced internally to their residual solve signal.

B RESULTS AND DISCUSSION

Crystal Morphologies. Four different solvent sets (I —
acetone/hexane, II — dichloromethane/ethanol, III — chloro-
form/cyclohexane, IV — chloroform/hexane) were used for
sample TB[1] preparation. Crystals of samples I, I1I, and IV
were grown by solvent diffusion, while samples of II were
grown by solvent layering. The samples crystallized from
solutions I and III had block shapes, while crystals with needle
shape were obtained from solution II (Figure 2). Crystals from
solution IV had both prism and needle shapes (Figure 3a).

TB[1]a
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Figure 3. Photo of concomitant polymorphs TB[1]a and TB[1]p
obtained using solvent set IV (chloroform/hexane). Calculated crystal
morphologies for TB[1]a and TB[1]f along with characteristic
crystal shapes photos of polymorphs are presented in Figures S1 and
S2, Supporting Information.

Significant differences in morphologies of TB[1] crystals
grown from different solvents have been found. Single crystal
X-ray diffraction studies performed for each sample have
shown that crystals obtained from solutions I-III are, in fact,
the same polymorgh (TB[1]a) that corresponds to one
reported earlier.”””" Figure 2 demonstrates that different
crystal morphologies (needles and blocks) do not always
correspond to different polymorphs. On the contrary, crystals
obtained from solution IV (Figure 3) demonstrate two
different morphologies that, according to X-ray study, are
two concomitant polymorphs TB[1]a and TB[1]4.** Crystals
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of TB[1]a and TB[1]f possess prism and needle shapes,
respectively. Crystal faces of these two polymorphs were
calculated using Mercury software™® (Figures SI and S2, SI),
demonstrating block-like and elongated shape, respectively.
Crystals of TB[2] were obtained by solvent layering of
ethanol onto a saturated solution of TB[2] in dichloro-
methane. The ethanol diffused into the dichloromethane
solution over the course of 4—6 weeks, yielding very large
prismatic crystals that appeared purple and silver on alternating
faces (Figure 4). Only crystals of one form of TB[2] was found

TB[2]

Figure 4. Crystals of TB[2] obtained from dichloromethane/ethanol
solution.

suitable to X-ray data. Compound TB[3] gave very thin and
long actinic crystals, with almost all solvent systems and
crystallization techniques, which were not suitable for X-ray
analysis. X-ray quality crystals were finally obtained by very
slow evaporation of a saturated solution of TB[3] in ethyl
acetate (TB[3]a) and layering ethanol on top of a saturated
solution of TB[3] in dichloromethane (TB[3]f). Crystal
growth by these methods gave both large, prism-shaped
crystals that were blue and gold on alternating faces (TB[3]a)
and thin, needle-shaped blue crystals (TB[3]8) (Figure S).

TB[3]a
(a)

TB[3]p
o)

Figure S. Crystals of TB[3]a and TB[3]/ obtained from ethyl acetate
solution (a) and ethanol/dichloromethane solution (b). Calculated
crystal morphologies for TB[3]a and TB[3]f along with character-
istic crystal shape photos of polymorphs are presented in Figures S3
and S4, Supporting Information.

Crystals of TB[2] and TB[3]a were both exceptionally
lustrous and almost metallic in appearance. All attempts to
crystallize compound TB[4] were unsuccessful. Crystals of
TB[S] were obtained by slow evaporation of a saturated
solution of TB[S] in ethyl acetate giving yellow-green plates
(TB[S]a), and layering ethanol on top of a saturated solution
of TB[S] in dichloromethane (TB[S]f3) giving thin black
needles (TB[S]p) (Figure 6). Calculated crystal faces for
polymorphs PB[3] and TB[S] are shown in Figures S3—S6,
Supporting Information.
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Molecular Structure. Single crystal diffraction studies
indicated that molecules in crystals TB[1]a, TB[1]5, TB[2],
TB[3]a, and TB[3] have a nearly planar structure except for
ethyl groups. RMS deviations from a plane for molecules are
0.091, 0.111, 0.114, 0.052, and 0.112 A, respectively. The
asymmetric unit of TB[S]a contains two molecules (A and B)
with RMS deviations from a plane of 0.350 and 0.344 A,
respectively, and 0414 A in TB[S]S (see also Figure S8,
Supporting Information). All the above-mentioned data
demonstrate that an increase of length of conjugated bridge
makes molecules less planar, as it was observed for similar
molecules before.”® The molecules can be divided into three
planar fragments that are donor (D), acceptor (A), and -
conjugated bridge (B) (Figure 7). The dihedral angles between
these fragments and selected bond lengths for all samples are
summarized in Table 2, Supporting Information. This table
demonstrates that molecular geometry for all molecules under
study does not deviate from standard for this class of
compounds. In all molecules, the 4-dimethylamino substituted
phenyl ring has quinoid character, and the geometry of the
barbiturate fragment corresponds to the keto form (Table 2,
Supporting Information, Figure 7). Bond lengths distribution
in all molecules demonstrate that extensive molecular polar-
ization occurs in these molecules in the ground state.’

It is important to mention that orientations of ethyl
substituents are different in all polymorph pairs TB[1],
TB[3], and TB[S]. Differences in substituents orientations
can be clearly seeing in Figures 8, 9, 10, and 11. It is reasonably
to suggest that different molecular conformations have an
influence on molecular packing in crystals, so polymorphs
presented here can be considered as conformational
polymorphs.

Molecular Packing in Crystals. Molecular packings in
TB[1]a, TB[1]p, TB[2], TB[S]a, and TB[S]p are defined by
the presence of intramolecular C—H---O hydrogen bonds
described along with intermolecular H-bonds in Table 3,
Supporting Information. Molecule structures, superposition of
molecules in different polymorphs, and packing diagrams for
TB[1]a,p, TB[2], TB[3]a,f, and TB[S]a,p are presented in
Figures 8—11, respectively.

In TB[1]a, molecules are arranged in stacks of parallel
molecules along the a axis, which form dimers with antiparallel
orientation of the molecules, ie., donor to acceptor and
acceptor to donor (Figure 8c) with two symmetrical hydrogen
bonds between the molecules (Figure 8e). In the crystal of
TB[1]f, molecules form stacks along the a axis; the stacks
surrounding referenced stack are obtained from it by
translations or inversion centers (Figure 8d). Molecules
connected through the inversion center have two symmetrical
hydrogen bonds between them (Figure 8f). Distances between
molecular plains in TB[1]a and TB[1]f are equal to 3.450(4)
and 3.545(2) A respectively, that along with the absence of
overlap Ph and barbiturate planar fragments does not suggest
m—7 interaction between them.

Molecules in TB[2] are packed in layers parallel to the (211)
plane. Two relatively short contacts C—H:-O (2.52 A) are
connecting molecules into centrosymmetric dimers. Overlay of
molecular layers brings the formation of molecular stacks along
the b axis (Figure 9b). Hydrogen bonds for TB[2] are shown
in Figure 9c. The thiobarbituric acceptor ring is partially
disordered with 85% and 15% fractions of the disordered
components. Figures 9a—c show the predominant component
only.
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TB[51p
(b)

Figure 6. Crystals of TB[S]a and TB[S]f obtained from ethyl acetate solution (a) and ethanol/dichloromethane solution (b). Calculated crystal
morphologies for TB[S]a and TB[S]f along with characteristic crystal shapes photos of polymorphs are presented in Figures SS and S6,
Supporting Information.

Donor Bridge In the case of TB[3]a, molecules form dimers that are
arranged into stacks parallel to the ¢ axis, while the stacks form
a parquet-like structure (Figure 10c). Hydrogen bonds for
TB[3]a are shown in Figure 10e. In TB[3]f, molecules form
stacks parallel to the a axis (Figure 10d). Hydrogen bonds for
TB[3]f are shown in Figure 10f. Dissimilar to polymorphs

TB[1]a,p, in polymorph TB[3]a molecular positions, which

suggest m—x interactions between Ph and barbiturate

(e) ®

Figure 8. Molecular structure of TB[1]a (a); superposition of TB[1]a (red) and TB[1]f (blue) molecules showing different orientations of the
ethyl substituents (b); packing diagram of TB[1]a (c) and TB[1]f (d) along the a axis; hydrogen bonds for TB[1]a (e) and TB[1]5 (f).
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Figure 10. Molecular structure of TB[3]a (a); superposition of TB[3]a (red) and TB[3]f (blue) molecules showing different orientation of the
ethyl substituents (b); packing diagram of TB[3]a (c) and TB[3]$ (d) along the c and a axes, respectively; hydrogen bonds for TB[3]a (e) and

TB[3]p (f).

substituents, were found (Figure S7, Supporting Information).
Such interactions were not observed in the crystal of TB[3]p.

In the case of TB[S]a, two symmetrically independent
elongated molecules form stacks that are arranged in pairs with
parallel orientation of the molecules within those pairs. The
stacks are extended along the a axis (Figure 11b). In TB[5]f,
stacks are arranged parallel to the b axis. A significant
difference of molecular conformations in polymorphs
TB[S]a and TB[S]f can be seen in Figure S8, Supporting
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Information. Hydrogen bonds for TB[S]a and TB[5]f are
shown in Figure 11, panels d and e, respectively. There is no
evidence of stacking infractions in both TB[S] polymorphs.
The packing of TB[S]f is similar to that of TB[1]f and
TB[3]p. This observation is consistent with the fact that all the
presented f-polymorphs have needle-like morphologies.
Relative Polymorphs Stability. On the basis of the
obtained data on molecular packing in crystals, lattice energy
for all samples studies was calculated using software developed
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Figure 11. Asymmetric unit of TB[S]a containing two symmetrically independent molecules A and B (hydrogen atoms are omitted) (a), their
packing along the a axis (b), packing diagram of TB[S]/ along the b axis (c), hydrogen bonds for TB[S]a (d), and TB[S]S (e).

by A. Gavezzotti.>*® Molecular energies and dipole moments
characterizing different conformations have been evaluated
using quantum chemical approximation. Obtained results
(Tables S4 and SS, Supporting Information) demonstrated
that polymorphs of TB[1], in spite of differences in molecular
conformations, have very close values of dipole moments and
lattice energy, so it is possible to suggest that those polymorphs
are equally stable. Actually, equal stability of two polymorphs
of TB[1] is supported by appearing of two concomitant
polymorphs for this compound (see Figure 3). For molecules
of polymorphs TB[3], similar dipole moments and close lattice
energies have been found that does not allow us to make
definite conclusion about the relative stability of polymorphs
for this material. For TB[S] polymorphs, based on their lattice
energy, it is possible to conclude that TB[S]a is more stable
than TB[S] . However, if we consider the difference in
molecular conformation energy for two polymorphs, these
polymorphs can be considered almost equally probable. More
information about relative stability of polymorphs and their
phase transition might be obtained from differential scanning
calorimetry (DSC) studies. Such data on powder samples of
TB [1], TB[2], and TB[3] are presented in Figure S9 and
Table S7, Supporting Information. Presented plots are very
similar to the plot describing phase transition for the
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polymorphic system of sulphapyridine' that suggests the
possibility of phase transition for all compounds studied
including TB[2], for which just one crystal form was found
until now.

A known relationship between hyperpolarizability f and
bond length alternation (BLA) is commonly used for
estimating molecular nonlinear optical properties. The BLA
value shows which molecule form is predominant: if the
neutral form prevails in the ground state, then 0 < BLA/A <
0.11, zwitterionic form predominance leads to —0.11 > BLA/A
> 0. Equal mixing of the two limiting resonance forms gives
BLA and f values of 0, while /# is maximal at intermediate BLA
values + (0.05 + 0.01) A.*" Selected bond lengths presented in
Table 2, Supporting Information revealed that all the
molecules possess a pronounced quinoid character of donor
groups. BLA values for molecules of TB[1]a, TB[1]f, TB[2],
TB[3]a, TB[3]f, TB[5]a (molecule A), TB[S]a (molecule B)
and TB[S] are 0.046, 0.043, 0.033, 0.052, 0.055, 0.076, 0.077,
and 0.070 A, respectively. Thus, BLA for TB[1]a, TB[1]p,
TB[3]a, and TB[3]f corresponds to the maximum f value.
However, since all the obtained structures have a centrosym-
metric space group, the molecules of the unit cell cancel each
other out in terms of NLO properties. Thus, using these
molecules for nonlinear optical applications, it would be
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Figure 12. Normalized absorbance spectra of TB[n] series in acetonitrile (left) and solvatochromism of TB[n] series as compared to Reichardt’s
normalized transition energy scale (right).43 Solvents from left to right: carbon tetrachloride, benzene, chloroform, dichloromethane, acetone, and

acetonitrile. For all series, the absorbance maxima of DMSO was excluded.

possible to incorporate them in the polymer matrix and pole
obtained material.

The previously reported polymorph of TB[l]a and its
-N("Bu), analogue are known to possess large first hyper-
polarizabilities.”® Despite the fact that TB[1] contains only a
single methine unit and, thus, BLA values for both polymorphs
are only a rough estimation, structural data are clearly
consistent with the noticeable NLO properties of this
molecule.

The calculated HOMO/LUMO energies for molecules with
crystal geometries and optimized geometries are summarized
in Table 4, Supporting Information. According to the
correlation results on thermal stability”® and calculated values
of HOMO energies, it is possible to conclude that molecules
with longer #-conjugated bridge possess a higher HOMO
energy and thus have a higher thermal stability. This
suggestion agrees with the results on thermal stability for
similar types of compounds with different lengths of z-
conjugated bridge."”

Studied series of diethylthiobarbituric acid terminated
merocyanines shows electronic spectra typical of donor—
acceptor chromophores, presenting a charge transfer band
which is both strong and quite broad (Figure 12).

The TB[n] series also shows pronounced solvatochromism,
which is characterized as inverted.”> As is shown in Figure 12
and Table S, Supporting Information, in lower polarity solvents
the series exhibits positive solvatochromism, and in higher
polarity solvents it reverses to negative solvatochromism. Also,
it appears in acetonitrile that the solvatochromic behavior
again reverses to positive. As is described by Reichardt,*’
solvatochromism is the result of different solvation of the
ground and excited states of a molecule. Solvatochromism is
typically described in terms of the effects of increasing solvent
polarity on the absorption maxima. Positive solvatochromism
occurs when a bathochromic (red) shift in absorbance occurs,
while negative solvatochromism occurs when a hypsochromic
(blue) shift in absorbance occurs. In terms of energies, positive
solvatochromism is the result of the stabilization of the excited
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state, and negative solvatochromism is due to the stabilization
of the ground state of the chromophore. In the case of the
TB[n] series, the inverted solvatochromism is likely due to a
solvent-induced change in the ground state structure with
increasing polarity."’

Evidence for the change in ground state structure can be
seen by NMR. Vicinal coupling constants in trans-double
bonds are typically about 16.5 Hz but can range between 12—
24 Hz. The typical coupling constant between two
antiperiplanar protons on sp> carbons bound by a single
bond is about 10 Hz. These typical values can be taken as the
extreme values for a bond length alternation approximation.**

H H

€]
D@A -— D@AO
J=165Hz H J=10 Hz J=10Hz H J=165 Hz

Figure 13. Bond length alternation by NMR spectroscopy.

When measures by crystal structure, the formula for bond
length alternation is the average single bond length subtracted
by the average double bond length. This formula establishes a
positive BLA value for the valence bonding structure and a
negative BLA for the charge transfer structure. To keep this
same convention, the formula for bond length alternation by
NMR, AJ to avoid confusion, must be flipped so that the
valence bonding structure has a positive AJ:

A =Toee ~Jec

Using this convention, the limiting AJ values are 6.5 Hz for the
valence bonding structure and —6.5 Hz for the charge transfer
contributor.

The solvent dependence of the AJ values is indicative of a
change in ground state configuration caused by the solvent.
Also, of note in Figure 14, the increase in solvent polarity
dramatically reduces the overall AJ, indicating that the solvent-
based stabilization of the charge-transfer state has a major
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Figure 14. Oscillatory behavior of proton coupling constants along polyene chain from donor end to acceptor end for TB[#] in CD,Cl, (left) and

TB[n] in CD;CN (right).

impact on the electronic structure and solvatochromic
behavior of the TB[#n] series.

Hyper-Rayleigh scattering measurements showed an in-
crease in f with chain length in all solvents. The results are
shown in Figure 15 and summarized in Table 6, Supporting
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Figure 15. First hyperpolarizability of TB[1]—TB[4] in chloroform,
acetonitrile, and N,N-dimethylformamide as measured by HRS at 900
nm.

Information. Degradation occurred during the measurements
of TB[4] in chloroform and in DMF, which was unable to be
mitigated by stirring or a reduction in power.

B CONCLUSIONS

Several crystalline structures of thiobarbituric acid derivatives
were obtained from solutions. It was clearly shown that
variations of crystal shape for samples obtained from different
solvents do not indicate the presence of various polymorphs,
and vice versa different polymorphs can be obtained from the
same solvent (concomitant polymorphism). For all three pairs
of polymorphs, different molecular conformations in crystals
caused by different orientation of ethyl groups were found.
BLA values for some of these crystals correspond to very high
hyperpolarizability values. It was shown that an increase of
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molecular polarizability is related to an increase of the length of
the m-conjugated bridge that was supported by experimental
hyper-Rayleigh scattering data. However, because of the
centrosymmetric space groups in all these structures, NLO
applications of the obtained compounds are possible only in
poled matrixes.
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