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Click chemistry has been widely employed for the construction of many functional materials such as
polymers and topological macromolecules, surface modifications and biomaterials. Polymers fabricated
via a click reaction have been explored as nonlinear optical (NLO) materials with high NLO
hyperpolarizabilities. However, this is very demanding for the thermostability of molecules and
chromophores, which might be degenerative at elevated temperatures for processing techniques such
as electric poling. Herein, second-order NLO crystals have been fabricated from an organic compound
synthesized using facile click chemistry. Two noncentrosymmetric crystal phases of the target
compound exhibit promising NLO performances with strong second harmonic generation (SHG)
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Introduction

Click chemistry was first proposed by Sharpless et al. in 2001"
that defined a group of chemical reactions for connecting
carbon heteroatoms characterized by high yields, mild reactions,
wide scope, high stereospecificity and few byproducts.>® Click
chemistry, as an effective synthetic method, has been widely
employed for construction of many functional materials such as
polymers and topological macromolecules, surface modifications
and biomaterials.”™® Recently, click chemistry has been also
taken advantage of in the fabrication of nonlinear optical (NLO)
materials, including linear polymers, hyperbranched polymers,
dendrimers and dendritic hyperbranched polymers with high
NLO hyperpolarizabilities."*™® Second harmonic generation
(SHG) is one of the most developed and widely applied second-
order NLO effects, which requires noncentrosymmetric molecular
arrangements in their aggregated solid state to realize macro-
scopic NLO activity.>*® The aforementioned click polymers
require techniques such as electric poling to realize the required
noncentrosymmetric alignment of NLO chromophores.**®
However, this is very demanding for the thermostability of molecules
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the application of click chemistry in the construction of organic NLO crystals.

and chromophores, which might be degenerative at elevated
temperatures upon electric poling.>”*

Organic crystals demonstrate their superiority as NLO materials
on account of their rich self-assembly behaviours with synergistic
noncovalent interactions.>® Accurate information on crystalline
molecules could be obtained with the assistance of single
crystal X-ray diffraction analysis, which is highly beneficial for
the investigation of structure-performance relationships.****
Among all the NLO materials, organic molecular materials have
drawn broad attention owing to their larger nonlinear coeffi-
cient, faster response speed, lower relative permittivity, and
easier processability than those of inorganic materials.**** In
particular, organic n-conjugated molecular systems are widely
employed as second-order NLO chromophores owing to their
delocalized n-electrons, high optical susceptibilities, and opti-
mal band gaps.**™*! The delocalized n-electrons and the charge
transfer between the electron donor and acceptor groups play a
decisive role in the optimization of NLO susceptibility of the
organic molecules, but the pursuit of high polarizability often
endows the compounds with long absorption edges, leading to
the so-called “nonlinearity-transparency tradeoff” effect.*>™**
Therefore, the design and synthesis of organic second-order
NLO compounds with a large NLO response and good optical
transparency have been one of the hot topics in the molecular
engineering of organic NLO materials in recent decades.

Organic small molecules such as urea with chromophoric
groups containing only n—-t molecular motifs (—C—0, -N—N-,
=C—N-, and -N=—0) can better balance this “nonlinearity—
transparency tradeoff” compared with the extended m-conjugated
molecules.”” Furthermore, the internal forces between these

This journal is © The Royal Society of Chemistry 2023
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special units increase the intermolecular interactions and could
induce the preferred molecular packing.***” The click reaction is
a facile and efficient method to synthesise 1,2,3-triazole analogous
compounds, which includes n-n molecular units such as -N—=N-
and might have promising NLO properties. A few triazole based
organic compounds have been indeed reported to be NLO
active.**>° However, the NLO properties of these triazole based
compounds have been mainly studied in the powder form, which
limits their practical applications and lacks structure-property
correlations. In this work, we have taken advantage of the azide-
alkyne click chemistry and synthesized the 1-benzyl-4-phenyl-
1,2,3-triazole (BPTA) compound involving n-n motifs. BPTA can
be readily fabricated into well-defined crystals with three different
polymorphic phases, among which two polymorphs have been
identified to be noncentrosymmetric and been demonstrated to
exhibit strong second-order NLO responses, along with high
thermal stability and wide optical transparency. It is expected
that the facile synthetic strategy of click chemistry can be readily
expanded to other functional groups and could provide new
options for the construction of organic NLO crystals.

Results and discussion
Synthesis and preparation

The target compound BPTA was synthesized via a copper-
catalysed click reaction of benzyl azide and phenylacetylene
in a high yield (see the Experimental section for details in the
ESI,t Scheme $1).°" 'H and C NMR spectroscopy, mass
spectrometry (MS), as well as elemental analysis have been
utilized to characterize the target compound (Fig. S1, ESIT). The
result of thermal gravimetric analysis (TGA) indicates that BPTA
does not undergo decomposition until 300 °C (Fig. S2, ESIT),
revealing its high thermal stability. Single crystal X-ray diffraction
(SCXRD) analysis reveals that three crystal phases of BPTA could
be obtained using a solvent-vapour method. Two of these poly-
morphs are noncentrosymmetric, crystallizing in the Pra2,
(referred to as the a-phase) and P2, space group (referred to as
the f-phase), respectively. The o- and f-phase crystals could be
facilely obtained by volatilizing the solution of BPTA in toluene
and acetone, respectively. The third polymorphic phase of BPTA is
centrosymmetric (in the P2,/c space group, referred to as the
y-phase, Fig. S3, ESIT), which could be obtained by volatilizing its
solution in ethyl acetate. The characteristics of the solvent, such
as polarity, molecular size and molecular structure might affect
the structure and morphology of crystals due to the specific and
non-specific interactions between the solvent and the solute
molecules.’*>* The measured powder X-ray diffraction (PXRD)
patterns agree well with the simulation patterns (Fig. S4, ESIT),
suggesting their high phase purity. Herein, we focused on the
study of the «- and f-phases of BPTA because they are noncen-
trosymmetric and are suitable for second-order NLO applications.

In the a-phase, there are four BPTA molecules in a unit cell
(Fig. 1a), connected by C-H:--n interactions and C-H:--N
hydrogen bonds. There is a net complex C-H- - -n interaction
among adjacent molecules, mainly distributed along the aob
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Fig. 1 Crystal structures and morphologies of the self-assembled poly-
morphic crystals from BPTA. (a) Molecular packing in a unit cell of the
a-phase, viewed along the crystallographic c-axis. (b) The microscopy
image of the a-phase crystal and its corresponding polarized microscopy
image. (c) Molecular packing in a unit cell of the fi-phase, viewed along the
crystallographic b-axis. (d) The microscopy image of the f-phase crystal
and corresponding polarized microscopy image.

plane (Fig. S5, ESIf). The intermolecular C-H---N hydrogen
bonds (2.56 and 2.64 A) are contributed by the triazole moiety
and drive the molecular packing along the crystallographic
c-axis (Fig. S6, ESIT). The calculated morphology of the o-phase
indicates that the crystal growth direction of the o-phase is
preferred along the crystallographic c-axis, where the hydrogen
bond is located (Fig. S7, ESIf). This matches well with the
experimentally observed microrod-like morphology of the
o-phase crystal (Fig. 1b). The f-phase has two BPTA molecules
in its unit cell (Fig. 1c). However, the intermolecular interactions
of the f-phase are concise and loose, which mainly involve
C-H---N hydrogen bonds (2.67 and 2.68 A) between successive
BPTA molecules in the aob plane and drive the molecular
packing along the crystallographic b-axis (Fig. S8, ESIt). The
calculated crystal growth direction is along the building direc-
tion connected by hydrogen bonds (Fig. S9, ESIt). The observed
microplate-like crystal of the f-phase is also consistent with the
calculated morphology (Fig. 1d). Hirshfeld surface analysis
shows that the C-H---N interactions have a larger proportion
in the f-phase (Fig. S10, ESIt).

Theoretical calculations

In order to understand the structure-packing-performance
relationships of the two polymorphic phases, theoretical calcu-
lations have been carried out. First of all, we performed density
functional theory (DFT) calculations on the BPTA molecule by
using the Gaussian16 program package.>* The orbital spatial
distributions of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
for the BPTA molecule are shown in Fig. 2a. While in the
HOMO the electron density of BPTA is mainly localized in the
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Fig. 2 (a) Calculated electronic structures and band gap of the BPTA
molecule. (b) Normalized UV-vis absorption spectra of BPTA in CH,Cl,
solution (10~ mol L™ and in powder.

1,2,3-triazole and phenyl moiety, it is distributed in the whole
molecular framework in the LUMO. Such an orbital pattern
implies that the HOMO-LUMO transitions for BPTA are accom-
panied by charge transfer in the 1,2,3-triazole and phenyl
moiety, while the benzyl unit shows less distribution of electron
clouds. The band gap between the HOMO and the LUMO is
calculated to be 5.24 eV, larger than those of the phenyl
functionalize fluorenone derivatives.***> The measured absorp-
tion spectra of BPTA display an absorption peak at 216 nm in
CH,Cl,, in agreement with the calculation result (Fig. 2b). The
absorption spectrum of the BPTA powder is similar to that
experimentally measured in the solution, with a slight shift to
289 nm, revealing its high optical transparency. The transition
dipole of the BPTA molecule corresponding to the S,-S; transi-
tion is calculated to be 2.12 D (Fig. 3a). Meanwhile, the
permanent dipole moment of a single BPTA molecule is calcu-
lated to be 4.78 D (Vector: 2.6, —3.43, —2.07; Fig. 3b). Due to
these dipole-dipole interactions, molecules in crystal struc-
tures tend to self-assemble in anti-parallel arrangements,

Fig. 3 Simulations. (a) Electric transition dipole moment of the BPTA
molecule. (b) Magnitude and direction of permanent dipole moment of
the BPTA molecule. Magnitude: 4.78 D. Vector: (2.6, —3.43, —2.07). (c) The
calculated overall inherent dipole moment in the unit cell of the a-phase.
Magnitude: 4.82 D. Direction: opposite to the crystallographic c-axis.
(d) The calculated overall inherent dipole moment in the unit cell of the
f-phase. Magnitude: 30.47 D. Direction: along the crystallographic b-axis.
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leading to a zero macroscopic polarizability.*” The overall inherent
dipole moment in the unit cell of «- and f-phases are calculated to
be non-zero (Fig. 3c and d), thanks to the noncentrosymmetric
arrangements of BPTA molecules. Corresponding to their crystal
structures, the f-phase has a much larger net dipole moment
(30.47 D) than that of the o-phase (4.82 D) in a unit cell. In
addition, the directions of the overall permanent dipole moment
for the two phases are both along the long axes of the microcrystals.
According to the simulations, the amplification of the dipole
moment of the f-phase at the macroscopic level will facilitate its
NLO response.

Nonlinear optical properties

The NLO properties of the - and f-phase polymorphic crystals
of BPTA were studied using a home-built femtosecond laser
system in the reflection geometry.>® In order to compare their
NLO effects, microcrystals of the two polymorphic crystals with
similar thicknesses (~80 um, Fig. S11 and S12, ESIf) were
selected to collect SHG signals under the same measurement
conditions. The crystals were perpendicular to the plane of
incidence and the incident light was perpendicular to the long
axis of the crystals. The SHG mapping presented the overall SHG
intensity of the two crystals, which is consistent with crystal
morphologies (Fig. S13, ESIt). A spot fixed in the strongest area
of each crystal was selected to measure the wavelength-dependent
NLO spectra from crystals of the o-phase (Fig. 4a) and f-phase
(Fig. 4d) from 800 to 1020 nm (excitation wavelengths). As shown
in Fig. 4a and d, both the o- and f-phase crystals exhibit enhanced
SHG signals with the increasing of the excitation wavelength. The
results suggest that BPTA crystals might be suitable as visible and
near-infrared NLO crystals. The SHG intensities of the f-phase
crystal are significantly higher than those of the o-phase crystal
under all measured wavelengths (Fig. 5). At the excitation wave-
length of 860 nm, the intensity ratio of two phases is about 53.
The different intermolecular interactions of o- and f-phases are
responsible for driving molecules in the two non-centrosymmetric
space groups, eventually leading to their distinguishable NLO
properties. The SHG measurements show that the o- and -phase
crystals exhibit different and remarkable SHG response that
confirms their polarizability arising from the different inter-
molecular interactions in the crystal packing. This is also con-
sistent with the result of theoretical calculations that the f-phase
crystal possesses a larger net inherent dipole moment at the
macroscopic level.

The shapes of polarization-dependent SHG spectra of the
two polymorphic phases are both two-lobed and can be well
fitted by cos” 6,>”°® but their optimum polarization angles are
different (Fig. 4b and e). For the o-phase crystal, the intensities
of SHG reach maxima at 160° and 340°, while the intensities of
SHG reach maxima at 40° and 220° in the f-phase crystal.
Furthermore, the polarization ratio p of the f-phase (94%) is
much higher than that of the a-phase (77%), following the
formula p = (Imax — Imin)/(Imax + Imin), Where I, and I, are
the maximum and minimum values of SHG intensity, respec-
tively. This suggests that the SHG effect of the f-phase BPTA has
a higher sensitivity of the polarization angle than the a-phase.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 NLO properties. (a) Wavelength-dependent SHG spectra of the a-phase in a fixed spot. (b) Polarization-dependent SHG spectra of the «-phase at
860 nm. (c) Logarithmic plot of the power-dependent SHG signals of the a-phase at 800 nm. (d) Wavelength-dependent SHG spectra of the -phase in a
fixed spot. The blue region is the quadratic dynamic range. The orange region deviates from the quadratic linear relationship. (e) Polarization-dependent
SHG spectra of the -phase at 860 nm. (f) Logarithmic plot of the power-dependent SHG signals of the i-phase at 800 nm. The red lines for panels
(b) and (e) represent the cos* 6 fits for SHG. The incident power was 15 mW except for panels (c) and (f). The incident light is perpendicular to the long axis
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Fig. 5 The comparison of SHG intensities between the «- and f-phase
BPTA crystals at different wavelength under the same measurement
conditions. Incident power: 15 mW.

The results of power-dependent measurements show that the
SHG intensities of both the o- and f-phase crystals follow a
quadratic dependence on the incident laser power, owing to the
two-photon nature of the nonlinear optical SHG process (Fig. 4¢
and f). The power-dependent SHG signals of the o-phase
pumped at 800 nm follow a quadratic dependence in the blue
region and deviate from the quadratic linear relationship in the

This journal is © The Royal Society of Chemistry 2023

orange region. The reason for the deviation in the orange region
is due to the saturation of the SHG signal strength. The trend of
SHG intensity increasing with the increase of incident power
indicates that the sample has not been damaged. Both o- and
p-phase crystals generate stable SHG signals even at an incident
power higher than 1000 mW, suggesting the very high laser
damage threshold of BPTA crystals.

We compared the SHG intensity from the f-phase crystal
with that of the benchmark potassium dihydrogen (KDP)
crystal to evaluate the NLO efficiency of BPTA. The SHG signals
from the -phase BPTA and KDP crystals have been collected at
different excitation wavelengths under the same measurement
conditions. The thickness of KDP is about 134 um (Fig. S14,
ESIT). The wavelength-dependent SHG spectra of both crystals
were measured at the selected spots with strongest NLO
responses as shown in their SHG mapping (Fig. S15, ESIf),
under optimal polarization directions at different excitation
wavelengths. The comparison of SHG intensities between the
crystals of the f-phase BPTA and KDP, as shown in Fig. S15a
(ESIT), indicates that the SHG intensities of the f-phase crystal are
comparable with KDP under the excitation wavelength ranging
from 800 to 920 nm. When the excitation changes to longer
wavelengths (from 940 to 1040 nm), the -phase BPTA crystal has
obvious superiority in NLO performances (with the SHG intensity
about 30 times that of KDP at 1020 nm). Such a highly efficient
second-order NLO response of the f-phase BPTA is remarkable in
organic crystals, suggesting the promising applications of click
compounds as potential NLO materials.
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Conclusions

In this work, an organic molecule BPTA has been synthesized
by using azide-alkyne click chemistry. The self-assembled
polymorphic crystals of BPTA with noncentrosymmetric
structures exhibit strong second-order NLO responses, along
with good optical transparency and high thermal stability.
Especially, the f-phase BPTA crystal exhibits highly efficient
SHG response tens of times higher than commercial inorganic
material KDP. It is expected that this short and high-yielding
synthetic strategy of click chemistry can be expanded to other
functional groups and will pave the way for their applications in
organic NLO materials and devices.
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