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We report on the design of the nonlinear optical organic phenolic polyene crystals for tailoring
their physical properties to achieve optimized crystals for applications. New phenolic OH2 (2-(3-
(4-hydroxystyryl)-S5-methylcyclohex-2-enylidene)malononitrile) molecules keep the main supramolec-
ular interaction sites and the high hyperpolarizability of the previously studied state-of-the-art OH1
(2-(3-(4-hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene)malononitrile) and OH3 (2-(3-(4-hydro-
xystyryl)cyclohex-2-enylidene)malononitrile) molecules but contain different substituents in the non-
m-conjugated part of the molecule, which affects the crystal packing and the physical properties. The
acentric OH2 crystals exhibit an improved molecular ordering compared to OHI crystals, lead-
ing to a high order parameter cos 0 = 0.92, which is close to optimal for electro-optics and terahertz
generation applications. They also exhlblt a considerably improved solution growth characteristics
compared to the isomorphous OH3 crystals, based on the increase of the solubility by a factor of 2.
The acentric OH2 crystals exhibit a large macroscopic nonlinearity with up to twice the second
harmonic generation efficiency of OH1 and OH3 crystals as well as the possibility to grow bulk cry-
stals suitable for optical investigations. Furthermore, we evaluate theoretically that the head-to-tail
intermolecular hydrogen bonds occurring in phenolic polyene crystals may enhance the hyperpolar-

izability of the molecules by 50% or more.

Introduction

Organic molecular crystals, having three-dimensional
spatial ordering of constituent molecules in contrast to
amorphous materials having only short-range molecular
ordering, are very attractive in numerous areas from fun-
damental science to industrial applications.' ~* To obtain
desired physical properties by crystal engineering, the
molecular design is most challenging due to the tendency
of imperfect molecular ordering in the crystalline state.*
In many cases, a small variation of the chemical structure
of the constituent molecules is accompanied with a large
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change of molecular ordering in the crystalline state and
may lead to a substantial change of the macroscopic phys-
ical properties.”° This is crucial for second-order nonlinear
optical materials’ interesting for integrated photonics®
and terahertz wave applications,’ which require acentric
molecular ordering in bulk materials. For these applica-
tions, most often a high diagonal nonlinear optical sus-
ceptibility element is required, for which the optimal
crystal structure is the one with the perfectly parallel
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chromophore orientation. Therefore, up to now only a
few organic crystals exhibiting large macroscopic optical
nonlinearity have been developed.'®”'®> These include
the widely investigated ionic stilbazolium salts based on
Coulomb interactions'®'" and the recently developed con-
figurationally locked polyene (CLP) crystals based on hydro-
gen bonds.*”!° The state-of-the-art organic nonlinear
optical crystals are the organic salts DAST (V,N-dimethyl-
amino-N'-methylstilbazolium 4-methylbenzenesulfonate),'”
DSTMS (N,N-dimethylamino- /N -methylstilbazolium 2,4,6-
trimethylbenzenesulfonate),''* and other stilbazolium salts'!
as well as the hydrogen-bonded CLP crystal OH1 (2-(3-(4-
hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene)malono-
nitrile),'> which are the only commercially available
nonlinear organic crystals'® with very large nonresonant
nonlinear optical susceptibility y?;i(—2w,w,w) > 240 pm/V
at 1.9 um and large electro-optic coefficient rj; > 50 pm/V at
1.3 um."” These crystals also exhibit best figures of merit for
THz generation by optical rectification or difference fre-
quency generation, which is because of their high diagonal
%'? susceptibility element as well as a low dielectric disper-
sion important for the phase matching between the pump
optical and the generated THz waves.' %1% For the same
reason and the possibility for phase matching between
optical and electric signals, these crystals are also very
suitable for highly efficient and ultrafast electro-optics
with bandwidths beyond 40 GHz.'™

For practical applications, not only a large macro-
scopic nonlinearity with optimal molecular ordering is re-
quired but also other crystal characteristics including
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crystal growth, solubility,''* thermal properties'** in-
cluding the melting point and the thermal stability are
important. However, due to the challenging design of
highly nonlinear optical molecules exhibiting a desired
acentric molecular orientation in the crystalline state,
there are only few successful systematic studies of the molec-
ular design to achieve tailored physical properties.

Here we report on the rational design of organic phe-
nolic configurationally locked polyene (CLP) crystals for
tailoring their physical properties. Previously studied
phenolic CLP crystals exhibit partially nonoptimal phy-
sical properties. OH1 crystals exhibit an excellent crystal
growth and good but not optimal molecular ordering with
the order parameter of cos3(0p) = 0.69, where 0, is the
angle between the charge transfer axis of the chromo-
phores and the polar axis of the crystal.'> On the other
hand, the derivative OH3 crystals (2-(3-(4-hydroxystyr-
yl)cyclohex-2-enylidene)malononitrile) exhibit molecular
ordering with an almost perfect order parameter of
cos’(6,) = 0.93 but poor crystal growth due to the low solu-
bility.?! We have designed new phenolic CLP crystals
containing different substituents in the non-s-conjugated
part in the cyclohexene ring for maintaining the main
supramolecular interactions existing in OH1 and OH3
but modifying the molecular ordering and other physical
properties. The microscopic and macroscopic nonlinea-
rities of the CLP crystals are investigated experimentally
and theoretically. New OH2 (2-(3-(4-hydroxystyryl)-5-
methylcyclohex-2-enylidene)malononitrile) crystals with
two polymorphic forms have been obtained, with the acen-
tric monoclinic space-group symmetry Cc (OH2-(I)) and
centrosymmetric monoclinic space-group symmetry P2,/n
(OH2-(I1)). OH2-(I) crystals exhibit a very large macro-
scopic nonlinearity with up to twice the second harmonic
generation efficiency of OH1 crystals, which is attributed
to optimal molecular alignment with a high order para-
meter cos’ 0, = 0.92. Moreover, OH2 crystals in contrast
to OH3 crystals show a good crystal growth with about
twice the solubility in methanol, and therefore OH2 bulk
crystals suitable for optical investigations could be suc-
cessfully grown.

Experimental Section

Synthesis. The phenolic OH2 chromophore was synthesized
by Knoevenagel condensations with 4-hydroxybenzaldehyde
and the intermediate 2-(3,5-dimethylcyclohex-2-enylidene)mal-
ononitrile according to the literature.'>** The materials were
purified by recrystallization in methanol and ethylacetate.

OH?2 (2-(3-(4-Hydroxystyryl)-5-methylcyclohex-2-enylidene)-
malononitrile). "H NMR (CD;OD, 6): 1.07 (3H, s, —CH3),
22-24 (3H, —CH,—, —CH—), 2.8—3.0 (2H, m, —CH,—),
6.76 (1H, s, -C = CH—), 6.78—6.81 (2H, d, J = 8.7 Hz, Ar—H),
6.94—6.99 (1H, d, J =18 Hz, —CH=CH-), 7.16—7.22 (1H, d,
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J = 18 Hz, —-CH=CH-), 7.46—7.49 2H, d, J = 8.7 Hz, Ar—H).
Elemental analysis for C;gHsN>O: (%) caled. C 78.24, H 5.84,
N 10.1, O 5.79; found: C 78.29, H 5.82, N 10.2, O 5.77.

X-ray Crystallographic Data. OH2-(I) Crystal. C1gH¢N>O,
M, =276.34, monoclinic, space group Cc, a = 10.9906(10) A,
b =13.9947(10) A, ¢ =9.9856(9) A, f=93.944(3)°, V'=1532.3(2) A°,
Z =4,T=290(1) K.

OH2-(II) Crystal. C1gHsN,O: M, = 276.34, monoclinic, space
group P2;/n,a = 9.2223(4) A, b = 13.3508(6) A, ¢ = 12.1780(7) A,
B =94.461(2)°, V = 1494.87(12) A>, Z = 4, T = 290(1) K (see the
Supporting Information).

Further details of the crystal structure investigation(s) may
be obtained from the Cambridge Crystallographic Data Centre
(CCDC, 12 Union Road, Cambridge CB2 1EZ (UK); tel.:
(4+44)1223—336—408, fax: (+44)1223—336—033, e-mail: deposit@
cede.cam.ac.uk) on quoting the depository number CCDC-682356
for OH2-(I) and CCDC-785661 for OH2-(II).

Results and Discussion

Design of Phenolic Polyene Crystals. We have chosen
configurationally locked polyene (CLP) molecules'*'*
with phenolic electron donor groups due to their tendency
of acentric molecular ordering in the crystalline state and
high thermal stability.!> The chemical structures of the
phenolic CLP chromophores are shown in Figure 1. In
both previously investigated OH1 and OH3 crystals, the
main supramolecular interactions are strong head-to-tail hy-
drogen bonds of —OH...NC— groups, which build polymer-
like polar chains in the crystalline solid."*' The -conjugated
part of the chemical structure of these chromophores is
equivalent and the difference is in the presence of methyl
groups on the non-z-conjugated part in the cyclohexene

R, R, Abbr.
CHs CHs OH1
CH; H OH2
H H OH3

Figure 1. The chemical structure of the investigated CLP chromophores
with phenolic electron and hydrogen bond donor.
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ring. The crystal structure of OHI and OH3 has been
shown to strongly depend on the existence of the axial
methyl group. The axial methyl group in OH1 molecule,
which has two methyl groups, forms weak hydrogen
bonds —CH...NC— in the crystal structure, and leads to a
crosslike packing of the polar molecular chains, in con-
trast to the perfectly parallel packing of the polar chains
of OH3 molecules without methyl groups.”' Resulting
from the small difference in the chemical structure, the
order parameter, which is essential for the macroscopic
second-order nonlinearity, is considerably higher in OH3
compared to OH1.">! However, although OH3 crystals
show an almost perfect molecular ordering in the crystal-
line state, due to a low solubility and a very poor crystal
growth, OH3 bulk crystals suitable for optical experi-
ments could not be grown. On the other hand, large
bulk OH1 crystals with size of 18 x 17 x 4 mm?® were
grown by a relatively simple solution growth method.*°
To achieve optimal physical properties and crystal char-
acteristics by combining advantages of OH1 and OH3,
we designed a new phenolic CLP chromophore without
changing the main supramolecular interaction sites
(i.e.,—OH and —CN groups), by introducing only non-
axial (i.e., equatorial) methyl substituent®* on the cyclo-
hexene ring. It is therefore expected that this small
chemical modification can change the weak intermolecu-
lar hydrogen bonds in the crystalline packing compared
to OH1, potentially keeping the optimal structure achieved
in the OH3 crystal structure, but the other physical proper-
ties can be improved compared to OH3 crystals.

Single Crystal Structures. Single crystals of OH2 crys-
tals were grown from methanol or acetonitrile solution by
the slow evaporation method. The single crystal structures
of OH2 crystals were determined by X-ray diffraction. We
observed two polymorphs of OH2 crystals: OH2-(I) phase
with acentric monoclinic space group symmetry Cc (point
group m) when grown from methanol and OH2-(II) with
centrosymmetric monoclinic space group symmetry P2;/n
(point group 2/m) when grown from acetonitrile (see
Table 1). The OH1 and OH3 crystals have acentric ortho-
rhombic space group symmetry Pna2; (point group mm?2)
and monoclinic with space group symmetry Cc (point
group m), respectively; for both OH1 and OH3 no poly-
morphs were observed. The crystal packing diagrams of

Table 1. Summary of Crystallographic Data for the Phenolic Polyene Crystals

OHI [15] OH2-(I) OH2-(1) OH3 [21]
formula C19H13N20 C13H16N20 C18H16N20 C17H14N20
formula weight 290.37 276.34 276.34 262.31
crystal system orthorhombic monoclinic monoclinic monoclinic
space group Pna2, Cc P2y/n Cc
a(A) 15.4408(6) 10.9906(10) 9.2223(4) 10.9927(8)
b(A) 10.9939(3) 13.9947(10) 13.3508(6) 12.5852(9)
c(A) 9.5709(3) 9.9856(9) 12.1780(7) 10.1326(6)
o (deg) 90 90 90 90
p (deg) 90 93.944(3) 94.4610(16) 94.3637(19)
Y (dﬂeg) 90 90 90 90
V(A”) 1624.70(9) 1532.3(2) 1494.87(12) 1397.73(16)
VA . 4 4 4 4
volumer (A%/molecule) 406.2 383.1 373.7 349.4
hydrogen bond length (O- - -N) 2.96 2.87 2.90 2.81

CCDC deposit number CCDC-672263

CCDC-682356 CCDC-785661 CCDC-682357
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Figure 2. (a) Crystal packing diagram of acentric OH2-(I) crystals: OH2 molecules are linked with hydrogen bonds of C=N---H—O with N---H
distances of about 2.06 A, which are indicated by dotted lines. (a) Top view of an acentric chain, (b) top view of a stack of two acentric chains, and (c) top
view of parallel two acentric chains; ¢’ and ¢’ are the projections of the ¢ and ¢ crystallographic axes to the image plane.
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Figure 3. Crystal packing diagram of centrosymmetric OH2-(II) crystals: OH2 molecules are linked with hydrogen bonds of C=N---H—-O with N---H
distances of about 2.09 A, which are indicated by dotted lines. (a) Top view of an acentric chain, (b) top view of a stack of two acentric chains, and (c) top
view of two parallel acentric chains; ¢ and ¢ are the projections of the ¢ and ¢ crystallographic axes to the image plane.

OH2 crystals are shown in Figure 2 for acentric OH2-(I)
phase and Figure 3 for OH2-(II) phase.

Asin OH1 and OH3 crystals, the main supramolecular
interactions of both OH2-(I) and OH2-(II) phases are strong
head-to-tail hydrogen bonds of C=N- - -H-Owith N- - -H
distances of about 2.06 A. Therefore, as expected the small
modification by introducing one methyl substituent does

not affect the main supramolecular interactions. In both
OH2-(I) and OH2-(IT) phases, OH2 molecules form acen-
tric polar chains linked between each ends of the molecules
(see Figures 2a and 3a), and the acentric chains are acen-
trically stacked up one by one (see Figures 2b and 3b). The
difference between OH2-(I) and OH2-(I1) phases results
from minor intermolecular interactions and not from the
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main intermolecular interactions: As shown in Figures 2¢
and 3c, the adjacent acentric chains are aligned parallel in
OH2-(I) and antiparallel in OH2-(II).

Due to the very good acentric molecular ordering of the
OH2-(I) phase, which is promising for second-order non-
linear optical applications, these crystals have been inves-
tigated in more detail. OH2-(I) crystals having one methyl
group in the cyclohexene ring of the molecules have an
isomorphic structure with OH3 crystals without the methyl
group, which is different as for OH1 crystals with two
methyl groups. The reason is related to the existence of the
axial methyl group in the cyclohexene ring: the axial methyl
group in OH1 crystals forms interchain weak hydrogen
bonds that do not exist in OH3.?' The methyl group on the
cyclohexene ring of OH2 molecules has an equatorial posi-
tion in the crystalline state. This results in an equivalent
packing of molecules in OH2-(I) and OH3 crystals.

Although the crystal structures of OH2-(I) and OH3
crystals are similar, a different number of the methyl groups
in the non-r-conjugated part of the molecules influences
the details of molecular ordering. Decreasing the number of
methyl groups results in decreasing the length of the main
supramolecular hydrogen bonds of C=N---H—0 with a
O- - -N distance of about 2.96 A, 2.87 A, and 2.81 A for
OH1, OH2-(I), and OH3 respectively (see Table 1). In addi-
tion, the volume occupied by one molecule also decreases
(see Table 1), which increases the number density of chro-
mophores in the crystalline state, as listed in Table 2. This
may change the physical properties, as discussed in the fol-
lowing sections.

Molecular and Macroscopic Nonlinearity with Optimal
Molecular Packing. The results of the physical character-
istics, including the thermal properties, absorption prop-
erties, macroscopic nonlinearity, and crystal properties of
phenolic CLP crystals, are summarized in Table 2. Since
the chemical modification is in the non-s-conjugated part
of the phenolic CLP chromophores, OH2 molecule is
expected to have similar electronic properties as OH1 and
OH3 molecules, which affect the UV—vis absorption in
solution and the microscopic molecular nonlinearity. All
phenolic CLP molecules in methanol exhibit a similar
wavelength of maximum absorption 4, of about 424 nm,
confirming that the electronic polarizability properties are
similar. In order to evaluate the microscopic nonlinearity,
the maximal first-order hyperpolarizability f,,., was cal-
culated by quantum chemical calculations™ using the
hybrid functional B3LYP*® with the 6-311+G(d) basis
set. The experimental (EXP) molecules occurring in the
OH2-(I) phase, determined by the X-ray diffraction anal-
ysis, were analyzed by the finite field (FF) method. The
results of the quantum chemical calculations are listed in
Table 2 with more details in the Supporting Information.
As expected, the maximal first-order hyperpolarizability
PBmax (the hyperpolarizability component along the main
charge-transfer direction) of OH2 chromophore is similar
as for the other two chromophores (see Table 2).

(23) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Perdew, J. P.
Phys. Rev. B 1986, 33, 8822.

Table 2. Physical and Structural Data of the Investigated Phenolic Polyene Derivatives®
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“B3LYP/6-311+G(d). ? BALYP/6-31G(d). ¢ The maximal first-order hyperpolarizability fnax determined by quantum chemical calculations using BALYP/6-311+G* or B3LYP/6-31G* and considering EXP
molecules (conformation from the crystal structure). The diagonal component of the effective hyperpolarizability tensor ﬁffktocxf,z,) along the polar axis (8333 for OHI; 811, for OH2 and OH3) calculated from the

hyperpolarizability tensor components f3,,,,,, by considering the orientation of the chromophores in the crystallographic system. Powder SHG efficiency was measured at a fundamental wavelength of 1.9 um relative

to OH1 powder. A, the wavelength of the maximum absorption in methanol solution, 7;: the thermal weight-loss temperature, 7,,: the melting temperature, (D): results considering dimers (see text).
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Figure 4. Crystal packing diagram of the acentric OH2-(I) crystalline
phase projected to the plane containing the charge transfer axis and the
b-axis (a) and to the ac plane (b). The solid vectors present the directions of
the maximum first hyperpolarizability 5,,,.x of four OH2 molecules in the
unit cell as determined by finite-field (FF) calculations, while the dotted
vectors present the direction of the effective charge transfer axis of the
crystal. The angle between the main charge-transfer axis of the crystal,
which is in the ac plane (yp = 75°), and the charge-transfer axes of the
molecules is 6, = 13.3°.

From quantum chemical calculations, taking into
account all tensor component of the zero-frequency hyper-
polarizability tensor f3;,, we calculated the main charge-
transfer directions of acentric chains in the crystallo-
graphic system,?” which are illustrated in Figure 4. As a
consequence of the almost parallel molecular packing of
the chromophores,?! OH2-(I) crystals exhibit only a small
angle between the main charge-transfer direction of the
molecules and the polar axis of the crystals 6, ~ 13°, which
leads to a large order parameter of the crystal, cos® 0, =
0.93, similar as in the isomorphic OH3 crystals, while OH1
crystals possess a lower order parameter cos® 0, = 0.69.
OH2-(I) crystals are therefore expected to exhibit a large
diagonal macroscopic second-order susceptibility element.

The macroscopic nonlinearity of the newly synthesized
OH2 crystals has been estimated by quantum chemical
calculations and measured with the Kurtz and Perry powder
test.* The components of the effective hyperpolarizability
tensor S5 in the crystal have been calculated from the
hyperpolarizability tensor components f3,,,,, of the mole-

cules by using the well-known oriented-gas model”
o 1 e 3 ‘
ﬁ;k = 7N Z Z COS(Q?m)COS(e;n)COS( ;cp)ﬁmnp (1)
n(g ) s mnp

where n(g) is the number of equivalent positions in the unit
cell, s denotes a site in the unit cell, and 63, is the angle

(24) Kurtz, K.; Perry, T. T. J. Appl. Phys. 1968, 39, 3798.
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between the Cartesian axis i/ and the molecular axis m. The
main component of the effective hyperpolarizability tensor
is for all OH crystals the diagonal component along the
polar axis and is listed in Table 2; more detailed results
can be found in Table S2 of the Supporting Information.
OH2-(I) crystals with an optimal molecular packing show
an about 30% larger diagonal component of the effective
hyperpolarizability tensor A than OHI crystals.

Precise experimental determination of the nonlinear
optical susceptibility elements require several crystals cut
and polished along different crystallographic directions
as well as precise determination of the refractive indices
along these directions, which is beyond the scope of this
work. Such characterization has been previously done for
OH1 crystals."” In view of the similar molecular proper-
ties of OH1 and OH2 and the known chromophore pack-
ing, we can expect that the macroscopic nonlinear sus-
ceptibility tensor elements y7 follow the trend of the
calculated f85 elements. In the oriented-gas model, the
macroscopic susceptibility tensor elements are related to

the effective hyperpolarizabilities ?ﬁf as

) \
25 = NFupiy )

where N is the number density of the molecules, and F is
the correction factor due to intermolecular interactions.
Most often, for Fy the local-field corrections due to the
dielectric environment are considered, which gives in
the case of second-harmonic generation the following
expression

SHG n%(zw)+2.n_,2(w)+2.ni(w)+2

e 3 3 3 (3)

where n{w) is the refractive index along the axis 7 at the
frequency w. In first approximation, we can neglect the
difference between the local-field factor F of OH2 compared
to OH1 for the diagonal y® coefficient. In fact, because of
the better alignment and similar molecular polarizabilities of
these molecules (see the Supporting Information), the re-
fractive index of OH2 along the polar axis should be higher
as for OH1, which will lead to an additional enhancement
of the diagonal y'* element along this axis. Only consider-
ing the number density of the molecules and the effective
hyperpolarizability of the crystal, the diagonal %'* coeffi-
cient is expected to be 40% larger in OH2 compared to
OHI crystals. In the same way, the diagonal electro-optic
figure of merit 7%, which is related to the y® coefficient
approximately as n°r ~ 5@ /n, can be expected at least 40%
higherasin OH1 crystals. Note that the electro-optic figure
of merit n*r = 530 pm/V at 1319 nm of OHI crystals is
already very high, very similar as in DAST crystals, which
presents the highest electro-optic figures of merit measured
to date in organic crystals.'’

A simple way to confirm the validity of the above esti-
mations is by measuring the second-harmonic generation
efficiency of the crystalline powder under nonresonant
conditions. The macroscopically observed powder-test
efficiency is proportional to the square of the chromophore

density N and the squared ﬂ,elif components, spatially
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averaged considering the corresponding point group
symmetry.”* The calculated N%(8°™)?) is by a factor of
1.5 and 1.7 respectively larger for OH2 and OH3 com-
pared to OHI, which is a result of the high order para-
meter and more compact chromophore packing.

The Kurtz and Perry powder test experiment®* was
performed at a fundamental wavelength of 1.9 um by
measuring the transmitted nonresonant second harmonic
generation (SHG) efficiency of ungraded powder samples.
While the SHG efficiency of OH3 powder was similar as for
OH1 powder, OH2-(I) powder exhibited a powder SHG
efficiency of 1.5 & 0.5 of OH1, based on several powder
SHG experiments with differently prepared powders for
these phenolic CLP compounds. This result is according to
the theoretical expectations for OH1 and OH2. For OH3
the lower efficiency may be the consequence of the particle
size as well as some other effects like intermolecular inter-
actions, which may influence the hyperpolarizability of a
single molecule in the solid state.

Head-to-Tail Hydrogen Bonds and First Hyperpolariz-
ability. In order to further understand the reasons for the
different powder SHG efficiency of OH1, OH2, and OH3
crystals, we performed quantum chemical calculations by
using the finite field (FF) methods considering: 1) the
influence of the main hydrogen bonds on the molecular
nonlinearity in the crystalline state and 2) the influence of
the strength of these bonds. To investigate the influence of
forming the hydrogen bonds on the molecular nonlinear-
ity, we first calculated the maximal nonresonant first-
order hyperpolarizability B,,., of a single EXP molecule,
and second the first hyperpolarizability fB,.(D) of an
EXP molecule in a dimer containing the main hydrogen
bond in the crystals using B3LYP/6-31G* (see the inset of
Figure 5). The results are listed in Table 2 and Table S3.
The maximal first-order hyperpolarizability B,.(D) of a
molecule in such a dimer is enhanced compared to a single
EXP molecule, confirming that head-to-tail hydrogen
bonds between the chromophores may enhance the mo-
lecular nonlinearity.?> Moreover, the enhancement of the
maximal first-order hyperpolarizability of a chromo-
phore is different in phenolic CLP crystals: 1.52 times
for OH2 and OH3 and 1.36 times for OH1. Therefore, the
diagonal component of the effective hyperpolarizability
tensor ﬁf;’,—if (D) considering the enhancement of the max-
imal first-order hyperpolarizability in dimers is also en-
hanced and OH2 crystals exhibit the largest diagonal
effective hyperpolarizability tensor element 85 (D), al-
most 50% larger as in OH1 crystals. Note that this is only
an example estimation considering the main interacting
molecule by the strongest hydrogen bond and only on one
side of the molecule, still it shows that the influence of the
intermolecular hydrogen bonds on the hyperpolarizabil-
ity of a single molecule in the solid state may be huge. On

(25) (a) Datta, A.; Pati, S. K. Chem. Soc. Rev. 2006, 35, 1305. (b) Castet,
F.; Champagne, B. J. Phys Chem. A 2001, 105, 1366. (c) Fujiwara,
M.; Yanagi, K.; Maruyama, M.; Sugisaki, M.; Kuroyanagi, K.;
Takahashi, H.; Aoshima, S.; Tsuchiya, Y.; Gall, A.; Hashimoto, H.
Jpn. J. Appl. Phys. 2006, 45, 8676. (d) Kwon, O. P.; Jazbinsek, M.;
Yun, H.; Seo,J. I.; Kim, E. M.; Lee, Y. S.; Glnter, P. Cryst. Growth
Des. 2008, 8, 4021.
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Figure 5. Influence of the strength of the —OH- - - NC- hydrogen bonds
on the molecular nonlinearity. The maximal first-order hyperpolarizabil-
ity fmax Of dimers was calculated with finite-field (FF) method using
B3LYP/6-31G(d). The initial dimer structure is from the OH2-(I) crystal
structure, which is indicated by the vertical dotted line.

the other hand, we did not observe considerable differ-
ences between the OH2 and OH3 dimers, even when con-
sidering other dimers (other neighboring molecules), which
influence the first hyperpolarizability to a smaller extent.

Considering the different length of the strong hydrogen
bonds of OH - - - NC forming main supramolecular inter-
actions of phenolic CLP crystals (O- - - N distance of about
2.96 A, 2.87 A, and 2.81 A for OH1, OH2-(I), and OH3,
respectively), we also investigated the influence of the
strength of these hydrogen bonds on the molecular non-
linearity. The maximal first-order hyperpolarizability S«
of dimers in OH2-(I) crystals was calculated with various
OH- - - NC hydrogen-bond distances. For this calculation,
all atoms were kept in the position as determined from the
X-ray diffraction analysis, where the hydrogen-atom posi-
tions were evaluated by using the riding method. As shown
in Figure 5, the maximal first-order hyperpolarizability
Pmax of dimers is strongly dependent on the strength of this
hydrogen bond with large variations, changing the hyper-
polarizability values of a single molecule by a factor of 2.
The length of the hydrogen bonds of all phenolic CLP
crystals is near the optimum of the intermolecularly en-
hanced first-order hyperpolarizabilities Syax.

Tailored Physical Properties and Crystal Growth. Ther-
mal properties and solubility are important parameters
for a reliable crystal growth by melt, vapor, and solution
growth methods.'® Previously developed OH3 crystals
with optimal molecular ordering exhibit poor crystal growth,
and we could not obtain bulk single crystals suitable for
optical experiments.”! On the other hand, OH 1 crystals show
excellent crystal growth characteristics.>? The OH2 crys-
tals also with optimal molecular ordering exhibit physical
properties between OH1 and OH3 crystals (see Table 2).
Thermal properties were investigated by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
(10 °C/min heating rate). All phenolic CLP crystals exhibit a
high thermal stability with the thermal weight-loss tem-
perature 7; > 310 °C. The OH3 crystals reveal a small dif-
ference between the thermal weight-loss temperature 7;and
the melting temperature 7,, (7; = 310 °C, T,, = 283 °C,
AT = T;-T,, = 23 °C), which is practically already limiting
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Figure 6. Bulk OH2 crystals grown by slow evaporation method: (a)
acentric OH2-(I) from methanol solution and (b) centrosymmetric
OH2-(II) from acetonitrile solution. Transmission spectra of a polished
0.3-mm thick OHI1 (black dotted line), an unpolished 0.25-mm thick
OH2(I) crystal (red solid line), and an unpolished 0.3-mm thick OH2(II)
crystal (blue dashed line) using unpolarized light.

the potential for the melt-based crystal growth. OH2-(I)
crystals show a large difference between 7;= 326 °C and
T,=242°C(AT=T;- T,,= 84 °C), which is an advant-
age for applying melt and vapor growth techniques.

One more methyl group on the flexible aliphatic part in
OH2 chromorphore compared to OH3 chromophore af-
fects considerably the solubility. The solubility of OH2 is
about 0.88 g/100 g methanol and of OH3 0.45 g/100 g
methanol at 35 °C. OH2 exhibits almost twice the solu-
bility of OH3 in methanol, which is an advantage for
solution-based crystal growth. As a consequence of the
improved solubility, bulk single OH2 crystals were ob-
tained by the slow evaporation method in methanol solu-
tion for OH2-(I) and acetonitrile solutions for OH2-(II)
as shown in Figure 6a,b. As grown acentric OH2-(I) cry-
stals obtained like this are optical quality single crystals
with up to 6 x 4 x 1 mm in size. Figure 6¢ shows transmis-
sion spectra of an unpolished 0.25-mm thick OH2-(I)
crystal, an unpolished 0.3-mm thick OH2-(II) crystal, and
a polished 0.3-mm thick OHI crystal using unpolarized
light. The unpolished OH2 crystals exhibit a good optical
quality without too much scattering and the transmission
is similar as for polished OH1 crystals. All three OH crys-
tals in Figure 6¢ exhibit a large transparency range from
700 to 1400 nm.
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Conclusions

We have investigated the nonlinear optical organic phe-
nolic CLP chromophores with a different design of the non-
s-conjugated part to achieve desired crystalline packing and
to tailor their physical properties. Newly designed phenolic
OH2 crystals containing different substituents in the non-s-
conjugated part in the cyclohexene ring maintain the main
supramolecular interactions of the previously studied OH1
and OH3 crystals but result in a more optimal packing
compared to OHI crystals and better crystal processing
properties compared to OH3 crystals. Depending on the
solvent, OH2 crystals with two polymorphic forms have
been obtained, with the acentric monoclinic space-group
symmetry Cc (OH2-(I)) and the centrosymmetric monocli-
nic space-group symmetry P2,/n (OH2-(II)). OH2-(I) crys-
tals exhibit a large macroscopic nonlinearity with up to twice
the second harmonic generation efficiency of OH1 crystals,
which is attributed to the molecular alignment with a high
order parameter cos’ 0, = 0.92. This, together with the re-
sults of the theoretical quantum chemical analysis, shows
that the diagonal electro-optic figures of merit of OH2 can be
considerably (~40%) increased compared to the state-of-
the-art values in OH1 and DAST crystals. Moreover,
OH2~(]) crystals in contrast to OH3 crystals show a good
crystal growth with about twice the solubility in methanol,
and therefore OH?2 bulk crystals suitable for optical investi-
gations have been grown, which was not possible with
isomorphous OH3 crystals. Therefore, OH2 crystals are very
promising materials for practical applications, having not
only a large macroscopic nonlinearity with optimal molec-
ular ordering but also good crystal characteristics including
the crystal growth, solubility, and high thermal stability.
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