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The exploration of crystal materials for optical manipulation by nonlinear optical (NLO) and anisotropic
light—matter interaction is of paramount importance in modern science and technology. However, in
(SHG),
birefringence, and the bandgap presents a significant challenge. In this contribution, we employ

such crystal materials, finding the right balance between second harmonic generation

extended octupolar m-conjugated groups devoid of intrinsic dipole moments to construct melonate-
based inorganic—organic hybrid crystals, thereby achieving simultaneous large optical nonlinearity and
anisotropy. In accordance with this strategy, Rbz[CgNZ/(NCN)z]-3H,0 (1) and Cs3[CgN/(NCN)sl-3H,O (1)
were obtained and subjected to detailed investigation. Strong SHG responses of ~9x KH,PO, and
a large birefringence of at least 0.6@546 nm were observed for | and Il crystals, respectively, together

with a suitable bandgap for visible-UV application. Theoretical calculations indicated that octupolar
Recelved 27th August 2024 [CeN7(NCN)5J*~ f1and I di llel configuration exhibit a discrete 7 elect
Accepted 31st October 2024 6N s1°~ groups of | an arranged in a near parallel configuration exhibit a discrete  electron

distribution, resulting in enhanced NLO susceptibilities and maximal polarizability difference. This work

DOI: 10.1038/d4sc05756b underscores the potential of octupolar structures with extended m-conjugation as a promising avenue
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Introduction

As an important component of cutting-edge optical materials,
nonlinear optical (NLO) and birefringent crystals have plentiful
frontier applications in the military, medical, and aerospace
fields."” However, the development of high-performance
optical functional crystal materials with strong second-
harmonic generation (SHG) and large optical anisotropy
continues to face significant challenges.®"® High-performance
optical materials rely on special functional units with a signifi-
cant microscopic SHG response and optical anisotropy, and
achieve their optimal spatial arrangement within the lattice.
The design of non-centrosymmetric (NCS) heteroanionic groups
such as [BO;F],"* [SO;NH,],'>** [PO;F]," [PO;NH;],"* [M00,0,],'
[SbO,F,],"” [YO5F;],*® [SbO,F,],"® and MF, (M = Zr, Hf)® has
been a recent hot topic in the study of NLO and birefringent
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for the discovery of NLO and birefringence crystals.

materials. A common feature of these asymmetric functional
units is their large intrinsic dipole moments, which usually lead
to strong microscopic NLO polarizability. However, as the
dipole functional units usually produce dipole-dipole interac-
tions in the crystal leading to antiparallel arrangements, they
eventually form centrosymmetric (CS) materials that are SHG
inert. In addition, such antiparallel arrangements also cancel
out optical anisotropy, resulting in limited birefringence.'”**
Recently, small flat w-conjugated groups have been widely
adopted as the basic building units (BBUs) to design optical
materials. Borates containing planar m-conjugated [BO;]*~ and
[BsO6]’~ groups have been considered a treasure trove of UV
NLO materials,? such as the classical NLO materials KBe,BO;F,
(KBBF),* Sr,Be,B,0;,** and B-BaB,0, (BBO).* In subsequent
studies, a series of cyanurates containing organic planar -
conjugated [C3N;05]*” groups similar to [B;O¢]>~ have been
reported to have excellent linear and nonlinear properties,* e.g.,
Caz(C3N303), (CCY)* and B-Sr3(C3N303), (B-SCY).>® Meanwhile,
the Cs;C3N;3(NCN);-3H,0 crystal containing the triazine [C3N;]-
nuclear derivative [C3N3(NCN);]°~ exhibits a strong SHG
response and large birefringence.”® By extending the m-conju-
gated system, the derivative of the heptazine [Ce¢N;]-core,
[CeN,O;]°7, was also proved to be an excellent high-
performance NLO moiety.*® It is interesting to point out that
these m-conjugated anionic groups are octupolar moieties, and
are organized into a two-dimensional (2D) layered structure that
exhibits a strong SHG and significant birefringence.'”*"*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The comparison of |8|avg 6. and Eg for diverse octupolar t-conjugated structures.

Nevertheless, achieving a balanced trade-off among SHG, bire-
fringence and the bandgap remains a significant challenge,
with considerable scope for further optimization.

Here, we proposed an idea to create high-performance
optical materials by extending the octupolar m-conjugated
system. This perspective is informed by the following consid-
erations: (1) octupolar structures that are frequently encoun-
tered in C; or S, point groups (or subgroup) are eventually NCS
structures without an intrinsic dipole moment.*® Therefore,
they can retain a favorable NCS spacing arrangement without
unwanted dipole-dipole interactions in the crystal, leading to
a large SHG.***” (2) The higher degree of = electron delocal-
ization helps enhance the NLO and birefringent properties.> (3)
Given that a colossal m-conjugated system would result in
a reduction of the bandgap, an extended or discrete m-conju-
gated system could be a viable alternative for achieving
balanced comprehensive properties.*® To verify this strategy, we
compared the calculated average first-order hyperpolarizability
(I8lavg), polarizability anisotropy (), and energy gap (Ey)
between the highest occupied molecular orbitals (HOMOs) and
the lowest unoccupied molecular orbitals (LUMOs) for diverse
octupolar w-conjugated structures including [C3N;05]°7,
[CeN,03]* 7, [C3N3(NCN);J* 7, and [CeN,(NCN); >~ (Fig. 1). It is
known that |8|ag, 6, and E, are important parameters for
reflecting the bulk SHG, birefringence, and bandgap, respec-
tively. It was found that |8|,,y and d increase significantly as the
number of Tt-conjugation atoms increases, while reduction of E,
is acceptable.

To evaluate the m-bonding properties of the above octupolar
T-conjugated structures, the localized orbital locator integrated
over the 7 plane (LOL-7t)* has been plotted using the Multiwfn
code® (Fig. 2 and S17). The visualization reveals a favorable
delocalization path of 7 electrons. It is clear that 7 electron

© 2024 The Author(s). Published by the Royal Society of Chemistry

populations on the cyanurate and heptazine core show delo-
calization features, while a more localized 7 electron distribu-
tion within C=N bonds is observed in the side arms of
[C5N;3(NCN);PP~ and [CeN,(NCN);]>~ groups. The electron
localization function over the 7 plane (ELF-7t) isosurface anal-
yses* further identify the degree of 7 electron delocalization of
these systems. Unlike [C;N;0;]*~ and [C¢N,0;]*7, there are two
adjacent ELF-it domains in [C3N3(NCN);J*~ or [CoN7(NCN); P~
as the isovalue increases to 0.6. Owing to the linear (N-C=N)
side arms, the 7t electron distribution in the latter two cases are
discrete, which could help increase the induced polarizability
while retaining the relatively large E,. Compared with other
octupolar 7-conjugated structures, [CeN,(NCN);]*~ shows the
largest discrete 7 electron distribution, leading to more
dispersed electron density over the whole anion, and eventually
reached higher NLO susceptibilities, larger optical anisotropy
and suitable HOMO-LUMO gaps.

By adopting the above strategy, we prepared two excellent
optical functional materials, Rbs[C¢N,(NCN);]-3H,O (I) and
Cs3[CeN,(NCN);]-3H,0 (II). Interestingly, I and II not only
demonstrate a strong SHG response (~1.5x BBO) but also
exhibit substantial birefringence (~0.6@546 nm), which stand
out among other nonlinear and linear optical materials. This
work points out a new strategy to construct high performance
optical crystals for nonlinear and anisotropic optical
application.

Results and discussion

Single crystals of I and II were grown from water solution by
slow solvent evaporation and the antisolvent diffusion method,
respectively (see the Experimental section in the ESI{). We
provide alternative synthesis routes for melonate salts

Chem. Sci., 2024, 15, 19496-19503 | 19497
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Fig. 2 (a) The planar [CeN/(NCN)sI*~ group; (b) LOL-7 color-filled map of the [CeN/INCN)sl*~ group; (c) ELF- isosurface map of the
[CeNZ(NCN)31~ group (isovalue = 0.6); (d) the ESP of the [CsN,(NCN)31>~ group; the inclination of the adjacent [CsNZ(NCN)s]*~ groups in | (e) and
11 (f); (g) the 3D network structure of | consisting of multiple zig-zag [CeN7(NCN)s].. pseudo-layers arranged in parallel along the b-axis.

compared to previous reports.*** Both I and II crystallize in the
NCS orthorhombic space group of Prna2, (no. 33). Since I and II
are isostructural, the structure of I is described in detail as
a representative. In the crystal structure of I, the planar
[CeN,(NCN);]*~ groups are the BBUs (Fig. 2a). The electrostatic
potential (ESP) map indicates that the [CeN,(NCN),;]*~ group is
non-dipole (static dipole moment u is very close to zero), and its
maximum and minimum potential regions are octupolar
distributed (Fig. 2d). In the bc-plane, the adjacent
[CeN,(NCN);]*~ group is inclined at an angle of 11.93° (12.12°
for 11, Fig. 2e and f), forming a zig-zag [C¢N,(NCN);]. pseudo-
layer. Owing to the symmetry operations of space groups, the
[CeN,(NCN);]*~ group undergoes a vertical flip in the unit cell
(Fig. S2at), and the neighboring [C¢N,(NCN);]. pseudo-layers
also vertically flip with a torsion angle of 28.9°, resulting in
the formation of two types of layers, A and B. Multiple zig-zag
[CeN;(NCN)z]w pseudo-layers are arranged parallelly in the b-
direction following an ABAB pattern. Metal ions (Rb" and Cs")
and water molecules populate the interlayers, creating the 3D
network structure by ionic and hydrogen bonding, respectively
(Fig. 2g). The distances between the pseudo-layers are 3.37 A for
I, and 3.72 A for II.

The purity of the I and II polycrystalline samples was verified
by powder X-ray diffraction (Fig. S31). Needle crystals of I and II
are displayed in Fig. S4a and b.T The compounds were analyzed
using energy dispersive X-ray analysis and uniform distribution
of elements was detected according to the elemental mapping
images (Fig. S4c and dt). In addition, X-ray photoelectron
spectroscopy was used to examine the chemical composition of
I and II (Fig. S5 and S67), and individual elements were iden-
tified in both compounds. The infrared spectra of I and II
further confirmed the typical absorption of [C¢N;(NCN),]*~

19498 | Chem. Sci, 2024, 15, 19496-19503

groups (Fig. S71).*»** I and II maintain good thermal stability up
to 350 K and 370 K, respectively (Fig. S8t). Based on the
ultraviolet-visible diffuse reflectance spectra, the UV cut-off
edge of the two compounds was 325 nm, and the experi-
mental band gaps were 3.24 and 3.20 eV, respectively (Fig. S97).
The crystals of I and II are colorless and could be used in the vis-
UV range.

The second-order nonlinearity of I and II was evaluated by
the Kurtz-Perry powder SHG method,* using a 1064 nm Q-
switched Nd:YAG solid-state laser. BBO and KDP powder
samples with the same particle size were used as the references.
The test results show that the SHG intensity of I is about 1.50x
BBO (9.0x KDP) within the 200-250 pum particle size range, and
the value is about 1.40 x BBO (8.7 x KDP) for II (Fig. 3a). It can be
seen that the SHG response increases with increasing particle
size for both compounds (Fig. 3b), which are type I phase
matchable and suitable for UV NLO applications. I and II have
a stronger SHG response than other UV NLO materials with -
conjugation groups, including KLi(HC3N3;03)-2H,0 (5.1%
KDP),** RbNa(HC;N;0;)-2H,0 (5.3x KDP),* K;C¢N,O;-2H,0
(4x KDP),* and Cs(H,C3N3S3) (4.6x KDP).* The optical prop-
erties were calculated using the first principles theory calcula-
tion.*” According to the Kleinman symmetry*® of the mm2 point
group, there are three nonzero independent SHG coefficients,
and the calculated SHG coefficients for I are —0.38 pm V' for
dys, 25.16 pm V' for dyy, and —24.36 pm V' for ds3; the
calculated SHG coefficients for II are —0.35 pm V' for dis,
24.89 pm V! for d,4, and —24.02 pm V_* for d;;. The calcula-
tions suggest that the experimental powder SHG of I and II
could be substantially undervalued, given the fact that d¢ of
KDP is only 0.39 pm V', The discrepancy between the powder
SHG results and the calculated values may be attributed to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Oscilloscope signals showing the powder SHG intensities of | and II; (b) particle-size dependent SHG intensities of | and II; SHG-

weighted electron densities for (c) occupied and (d) unoccupied electronic states in I; SHG-weighted electron densities for (e) occupied and (f)

unoccupied electronic states in Il.

fine-needle growth habit of I and II (see Fig. S4}), which exhibits
a significant preferred orientation during the measurement
process. The source of SHG for both compounds is also of
interest, and the SHG-weighted electron density of the d,s
orbital has been calculated. Only the virtual electron process to
SHG was highlighted since it is decisive. For the occupied and
unoccupied states of I and II (Fig. 3c-f), the overlap of delo-
calized C 2p, and N 2p orbitals is clearly visualized. In other
words, the SHG-weighted electron cloud is distributed over the
[CeN,(NCN);]*~ group, whereas little SHG-weighted electron
density is observed in the vicinity of the metal ions, and thus it
can be stated that the compounds’ SHG originates from the
[CeN,(NCN);]*~ group.

I and II are biaxial, and their birefringence (An) was
measured by the interferometric color method.* Fig. 4a-c show
the interference colors of I as observed under a polarizing
microscope (Fig. 4d-f for II). The crystals appear black
(complete extinction state) after the insertion of an appropri-
ately tilted compensator (Fig. 4b and e). To improve the visibility
of the extinction state, a 546 nm filter was used to remove the
background color light (Fig. 4c and f). The accuracy of bire-
fringence measurements was further verified by tilting the
compensator in the opposite direction (Fig. S107). The
measured optical path differences are 2043.19 and 1964.21 nm,
and the thickness of the crystals is 3.34 and 3.30 um for I and I,
respectively. Therefore, we could obtain the experimental bire-
fringence values to be 0.612 and 0.595 for I and II, respectively.
Fig. 4h and i show that the density functional theory (DFT)
calculated refractive indices of I and Il are n, > n, > n,.. According
to the calculation results, the theoretical birefringence of I and

© 2024 The Author(s). Published by the Royal Society of Chemistry

II is 0.619@546 nm and 0.589@546 nm, respectively (Fig. 4g),
which are very close to the experimental values. Such large
birefringences of I and II are much larger than those of typical
birefringent materials (An < 0.3 in UV and visible regions, e.g. a-
BaB,0,, CaCOj3, YVO,, and TiO,), and are superior to those of
many T-conjugated optical materials including Cs;C¢Ny-H,O
(0.520@550 nm),”® K;CeN,0;-2H,0 (0.446@1064 nm),*
GU(H,C3N303) (0.419@400 nm),*® and Cs,Mg(H,C3N;S;3),-
8H,0 (0.580@800 nm).** To reveal the mechanisms and origin
of significant anisotropic optical properties, the components of
polarizability tensors were calculated. The «,, perpendicular to
the ring plane direction is 108 a.u., while the a,, and «y, are as
high as 365 a.u. and 354 a.u. parallel to the ring plane direc-
tions. Intuitively, the polarizability anisotropy of the
[CeN;(NCN);J* group is derived from the unit sphere represen-
tation maps® of the polarizability tensor (Fig. 4j). This illus-
tration demonstrates how the external electric field influences
the changes in dipole moment of the [C¢N,(NCN);]*>~ group, i.e.,
the induced dipole moment. The large color arrows in the
center indicate projected total polarizability among XYZ direc-
tions. It is very clear that the polarizability attains a maximum
magnitude parallel to the [CeN,(NCN);]*~ ring plane, and is
much larger than that perpendicular to the plane. Since the
[CeN,(NCN);]*~ group has extensive delocalized 7 electrons
over C and N atoms, the addition of an external electric field
parallel to the system is bound to strongly polarize the 7 elec-
tron distribution, resulting in a significant induced dipole
moment. Since the [CeN,(NCN);]*~ groups of I are more
coplanar in the lattice than those of II (Fig. 2e and f), there is
a more pronounced difference in optical anisotropy parallel and

Chem. Sci., 2024, 15, 19496-19503 | 19499
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perpendicular to the [C¢N;(NCN),;]>~ groups, leading to large
optical anisotropy in I. Moreover, statistics for compounds
containing octupolar m-conjugated structures (Table S71) show
that maximum birefringence is achieved by I in NCS crystals
(Fig. S117).

In order to further analyze the relationship between the
performance and the structure, the energy band structure is
also calculated and the calculated indirect band gaps by using
the GGA method are 3.09 and 3.10 eV, respectively (Fig. S12a
and bt), And the calculated band gaps by using the HSE06
algorithm are 4.15 eV and 4.14 eV for I and II, respectively,
which are close to the experimental band gaps. Based on the
density of states (DOS) and partial density of states (PDOS) of I
and II, it can be seen that N-2p orbitals mainly contribute to the
top of the valence band, and C-2p orbitals occupy the bottom of
the conduction band (Fig. S13a and bf). This suggests that
electrons of C and N atoms show strong hybridization near the
Fermi level. Since electronic transitions near the Fermi level are
closely related to both linear and NLO properties, the excellent
optical properties of I and II are determined by the
[CeN,(NCN);]*~ group, while the contribution from cations and
water molecules is negligible.

Conclusions

In conclusion, an extended octupolar w-conjugation strategy
was proposed to design advance optical materials with large

19500 | Chem. Sci, 2024, 15, 19496-19503

SHG and birefringence. This strategy has been proved by both
theoretical analysis and experimental results. Two materials
with excellent optical properties- M;[C¢N,(NCN);]-3H,O0 (M =
Rb and Cs), have been obtained by two different synthesis
methods. The near coplanar [C4N,(NCN);]>~ BBUs make these
two materials exhibit a strong SHG response (~9x KDP) and
a large experimental birefringence of 0.612@546 nm (for the Rb
analogue), which is a record in reported organic-inorganic
hybrid materials with a simultaneous optimized SHG response
and birefringence. In addition, the DFT calculations confirmed
that the excellent linearity and nonlinearity are due to the
octupolar [C¢N,(NCN);]>~ group. We expect that the multipolar
structures, especially the extended octupolar m-conjugated
groups without permanent dipole moments will be an alterna-
tive system for designing new emerging photonic devices.
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