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On account of the high T4 symmetry of the optically active [PO4] motif, the birefringence of ultraviolet
(UV) nonlinear optical (NLO) phosphates is extremely small. Here, two UV-transparent phosphates
(C4H7NL)(HoPO4) and (CsHsN,)(HLPO,) exhibiting pseudo two-dimensional (2D) intercalated layers were
successfully synthesized by simultaneously introducing planar and tetrahedral motifs. The arrangements
of planar and tetrahedral motifs within the pseudo 2D intercalated layers change from the inverse pairing
mode to the uniform pairing mode, resulting in the structural evolution from centrosymmetric (CS)
(C4H7NL)(HoPO,) to noncentrosymmetric (NCS) (CsHsN,)(H,PO,4). Compared with the CS phosphate
(C4H7NL)(HoPO,) (0.12 at 546 nm, 5.21 eV), the NCS (CsHsNL)(H,PO4) exhibits larger birefringence (0.15 at
546 nm), a blue-shifted band gap (5.41 eV), and a phase-matching second harmonic generation.
Structural analysis and first-principles calculations indicate that the large birefringence in the (CsHsN)
(HoPO4) crystal is caused by the closely antiparallel arrangement between adjacent pseudo 2D interca-
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1. Introduction

Birefringence (An) and optical band gap (E,) are two important
performance parameters of nonlinear optical (NLO) crystals
since they can influence the phase-matching ability of the crys-
tals and determine the wavelength region of the crystals.' >
The non-n-conjugated [PO,] motif is one of the most promising
building blocks for NLO materials. The resultant phosphates
include well-known NLO crystals, such as inorganic KH,PO,
(KDP),"* KTiOPO, (KTP)"* and semi-organic (H,N),CNH
(CH,);CH(NH;)COO-H,PO4-H,0 (LAP)," as well as newly devel-
oped Ba;P;0,,X (X = Cl, Br),"®* AMgPO,-6H,0 (A = Rb, Cs, NH,,
K),""'® K,Mg,(P,0,);," LiCs,P0,;,?° and RbNaMgP,0,.*"

“China-Australia Joint Research Center for Functional Molecular Materials, School of
Chemical Science and Engineering, Tongji University, Shanghai 200092, China.
E-mail: chizhang@tongji.edu.cn, wuc@tongji.edu.cn

bTechnical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing
100190, China

“Research School of Chemistry, Australian National University, Canberra, Australian
Capital Territory 2601, Australia

“Department of Chemistry, Graduate School of Science and Research Center for
Materials Science, Nagoya University, Furo-Cho, Chikusa-ku, Nagoya 464-8602,
Japan

tElectronic supplementary information (ESI) available: Details of crystallo-
graphic data, measurements of physical properties, and theoretical calculations.
CCDC 2252377 and 2252378. For ESI and crystallographic data in CIF or other
electronic format see DOI: https:/doi.org/10.1039/d4qi02245a

{These authors contributed equally to this work.

This journal is © the Partner Organisations 2024

lated layers, in which the planar (CzHsN2)* motifs play a dominant role in optical properties.

Unfortunately, the T4 symmetry of the tetrahedral [PO,] motif
hinders the response of polarizability anisotropy, which
seriously impedes phase-matching ability and thus affects the
application of second harmonic generation (SHG). From the
perspective of structure determining performance, structural
motifs with large polarizability anisotropy are a prerequisite
for materials to obtain large birefringence, and the key to
achieving large birefringence lies in the oriented arrangement
of structural motifs with large optical anisotropy in the lattice
or the utilization of low dimensional structural frameworks
like one-dimensional chains and two-dimensional layers.**™°
In order to solve the problem of exceedingly small birefrin-
gence, several feasible strategies are to regulate the non-
n-conjugated optical active motifs by introducing functional
metal cations to form polar metal-centered polyhedra,®** and
eventually synthesizing inventive types of large birefringence
NLO crystals with the well-oriented arrangement: (i) the regu-
lation of d’-transition-metal cations (Ti*", Ta®*, Mo®', Nb**,
etc.) includes related examples, such as ATiOPO, (A = K, Rb)
(An = 0.0921, 0.0884 at 1064 nm),*>>° Na,TaP,0, (An =
0.1101),” K,ZnMoP,0,, (An = 0.0534 at 450 nm),*®
Na;,(NbO);(PO,); (An = 0.03);*° (ii) the moderation of stereo-
chemical active lone pair cations (e.g., Pb*>", Bi**, Sb**, sn*"),
for instance, A;PbBi(P,0-), (A = Rb, Cs) (An = 0.031, 0.020 at
1064 nm),** A;BaBi(P,05), (A = Rb, Cs) (An = 0.025, 0.025 at
1064 nm),*" A,Sb(P,0-)F (A = K, Rb) (An = 0.157, 0.150 at
546 nm),**** Sn,PO,Cl (An = 0.162 at 546 nm);** (iii) the
adjustment of highly polarizable d'® transition metals (Cd*",
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Zn**, Hg™", etc.), namely p-Cd(POs), (An = 0.059 at 1064 nm),"
(NH,4);3(H30)Zn4(PO,), (An = 0.032 at 1064 nm),*® LiHgPO, (An
=0.068 at 1064 nm).*® In addition, the “zipper” arrangements
of the [PO,] motifs are building blocks that can lead to the
enhancement of birefringence of the phosphate materials, for
example, a-YSc(PO,), (An = 0.102 at 1064 nm).*” However, the
introduction of metal cations with d-d and f-f orbital inter-
actions in non-t-conjugated motifs (i.e., phosphates) may lead
to a red-shift ultraviolet (UV) cut-off edge (Acytorr) Of the com-
pound, which has been observed in KTP (Acyor = 350 nm).*®
Therefore, it is imperative to explore new short-wavelength UV
NLO materials with excellent linear optical properties and
develop innovative strategies for them.

n-Conjugated planar motifs with strong covalent bonds and
p~—P» interactions provide a good platform for the develop-
ment of UV NLO materials with superior optical
properties.*>* Our previous studies have shown that the [C
(NH,);]" motif offers tremendous possibilities for the manipu-
lation of optical properties. The resultant crystal [C
(NH,);]6(PO4),-3H,0 simultaneously displays short Acyeofr, mod-
erate birefringence, and strong SHG response.’® In this work,
two UV phosphate materials with pseudo 2D intercalated
layers were successfully synthesized by employing the planar
and tetrahedral motifs. Due to the different arrangement of
planar and tetrahedral motifs within the pseudo 2D interca-
lated layers, the centrosymmetric (CS) 1-methylimidazolium
phosphate (C,H,N,)(H,PO,) was varied into the noncentrosym-
metric (NCS) imidazolium phosphate (CsH;N,)(H,PO,).
Compared with the typical n-conjugated motifs ((BO;)*,
(CO3)*7, and (NOj)7), the (C3HsN,)" motif exhibits greater
hyperpolarizability, wider highest occupied molecular orbital-
lowest unoccupied molecular orbital (HOMO-LUMO) gap, and
larger polarizability anisotropy, indicating that the planar
(C3H5N,)" motifs serve as a novel optical active building block
in the design of UV NLO materials (Fig. 1). Therefore, the

3—o— Polarizability anisotropy (J)
—o— Hyperpolarizability (|B,,.x)

45| ——HOMO-LUMO gap (E,)

(BO,)
90

60
45

(C5HaN,)" /4‘2§ (COy*

(NO,)
Fig. 1 Polarizability anisotropies, hyperpolarizabilities, and HOMO-

LUMO gaps for typical =m-conjugated functional motifs and the
(CzHsN,)* cation.

8814 | Inorg. Chem. Front, 2024, 11, 8813-8823

View Article Online

Inorganic Chemistry Frontiers

(C3HsN,)(H,PO,) exhibits large birefringence (An = 0.15 at
546 nm), wide optical band gap (5.41 eV), and phase-matching
SHG response (0.1 x KDP at 1064 nm). The theoretical calcu-
lation of (C3HsN,)(H,PO,) shows that the optical anisotropy
related to birefringence is dominated by the planar (C3H;N,)"
motifs within pseudo 2D intercalated 2[(CsHsN,)(H,PO,)]
layer, and the optical band gap is contributed by the synergis-
tic effect of planar (C;H;N,)" and tetrahedral (H,PO,)” motifs.

2. Experimental section
2.1 Reagents

The reagents operated in this work were purchased commer-
cially without any further purification: phosphoric acid
(H3PO,, Tansoole Chemical Reagent, 85 wt% in H,O solution),
imidazole (C3HyN,, Tansoole Chemical Reagent, 95%), and
1-methylimidazole (C4HgN,, Energy Chemical Reagent, 95%).

2.2 Synthesis of (C,;H,N,)(H,PO,)

The stoichiometric materials of C;HgN, (729 pL, 10.0 mmol)
and H3;PO, (538 pL, 10.0 mmol) combined with deionized
water (10.0 mL) were stirred and transferred into a 20 ml
beaker. After 14 days, colorless block-shaped (C,H,N,)(H,PO,)
crystals were obtained by utilizing the slow evaporation
method in a clean fume hood with a yield of 80% (based on P)

(Fig. S17).

2.3 Synthesis of (C;H5N,)(H,PO,)

A similar procedure was followed for the synthesis of colorless
plate-shaped (C3H;N,)(H,PO,) crystals mixed in a molar ratio
of 1:1 of C3H,N, (0.681 g, 10.0 mmol) and H3PO, (538 pL,
10.0 mmol) with deionized water (10.0 mL) in a yield higher
than 86% (based on P). The (C3;HsN,)(H,PO,) crystals were
exposed at room temperature conditions for more than
3 months without any decomposition (Fig. S17).

2.4 Single crystal X-ray diffraction

The single crystal X-ray diffraction data from high quality
(C4H,N,)(H,PO,) and (C3H;N,)(H,PO,) crystals were collected
through a Bruker D8 VENTURE CMOS X-ray source equipped
with graphite-monochromatic Mo-Ka radiation (4 = 0.71073 A)
at 293(2) K. APEX III software was executed to deal with the
data collection and reduction. The absorption correction was
performed using a multiscan-type method. The structures of
(C4H,N,)(H,PO,) and (C3H;5N,)(H,PO,) crystals were solved by
direct methods, which were refined on F* by full-matrix least-
squares methods via the OLEX2 software package.’®™®
Anisotropic displacement parameters were applied to refine all
atoms other than hydrogen. Based on the PLATON program,
none of the possible higher symmetry was found in the absol-
ute structures.’® The crystallographic data of (C,H,N,)(H,PO,)
and (C3H;N,)(H,PO,) are listed in Table 1. More detailed crys-
tallographic data are shown in Tables S1-S5,1 including the
selected bond distances (A) and angles (°), atomic coordinates

This journal is © the Partner Organisations 2024
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Table 1 Crystallographic data and refinement details for (C4H;Ny)
(H2PO,4) and (CzHsN,)(HLPO,4)

Formula (C4H,N,)(H,PO,) (C3H5N,)(H,PO,)
Formula weight 180.10 166.08
Temperature (K) 297(0) K 279(0) K
Crystal system Monoclinic Orthorhombic
Space group P24/n (no. 14) Pna2, (no. 33)
a(A) 8.1708(5) 8.3021(6)

b (A) 9.9677(6) 17.5648(12)

c (&) 9.8120(5) 4.7203(3)

a(°) 90 90

B () 95.695(2) 90

r(° 90 90

V(A% 795.18(8) 688.34(8)

z 4 4

Peale. (g cm™) 1.504 1.603

# (mm™’ 0.317 0.359

F (000) 376 344

0(°) 2.92-27.10 2.71-27.86

Limiting indices

-10<h<10,-12 <
k<12,-12<I1<12

~10<h<10,-20<k
<23,-6<I1<5

Rint 0.048 0.0213
Reflections collected/  9014/1758 4216/1549
unique

Goodness of fit on F*  1.046 1.083

Ry, WR, [I> 26()]*
Ry, WR, (all data)

0.0480/0.0974
0.0756/0.1111
0.23 and —0.33

0.0256/0.0668
0.0287/0.0697
0.19 and —0.25

Largest difference
peak and hole (e A™%)

“Ry = T |Fo| = |Fel [/ X|Fol; WRy = [Zw(Fo” = FP Y[ Zw(Fs"YT".

equivalent isotropic displacement parameters, hydrogen bond,
and n—x stacking interactions.

2.5 Powder X-ray diffraction

Powder X-ray diffraction for (C,H,N,)(H,PO,) and (C3;HsN,)
(H,PO,) crystals were analyzed by a Bruker D8 X-ray diffract-
ometer installed with Cu-Ka radiation (1 = 1.5418 A). The scan-
ning was conducted with the 260 from 5 to 70° and a scan step
width of 0.02°. The peak positions of (C,H,N,)(H,PO,) and
(C3H;5N,)(H,PO,4) determined by the powder X-ray diffraction
patterns are consistent with those simulated from CIF data
obtained by single crystal X-ray diffraction (Fig. S2t), indicat-
ing the pure phases of two compounds.

2.6 Infrared (IR) spectroscopy

IR spectra of (C4H,N,)(H,PO,) and (C3HsN,)(H,PO,) com-
pounds were measured with a Nicolet iS10 Fourier transform
IR spectrometer, with a wavenumber range of 400-4000 cm ™"
and a resolution of 4 cm™. The measured samples were pre-
pared by mixing crystalline samples (C,H,N,)(H,PO,) and
(C3H;5N,)(H,PO,4) with KBr, respectively, with a mass ratio of
about 1: 100.

2.7 UV-Vis-NIR diffuse reflectance and transmittance spectra

The UV-Vis-NIR diffuse reflectance spectra of (C,H,N,)(H,PO,)
and (C3HsN,)(H,PO,) crystalline powders and the UV-Vis-NIR
transmittance spectra of (C,H,N,)(H,PO,) and (C3;H;N,)
(H,PO,) crystals were recorded at ambient temperature. Data

This journal is © the Partner Organisations 2024
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of their UV-Vis-NIR reflectance spectra and UV transmittance
spectra were collected on a Cary 5000 UV-Vis-NIR spectro-
photometer scanning in the range 200-1500 nm and
200-400 nm, respectively.

2.8 Thermal analysis

The thermogravimetric properties of (C4H,N,)(H,PO,) and
(C3HsN,)(H,PO,) were tested using a Netzsch STA 409PC
thermal analyzer. The two compounds were heated from room
temperature to 600 °C with a rate of 15 °C min~" under a nitro-
gen atmosphere after putting powder samples into platinum
crucibles.

2.9 Second-order NLO measurements

Powder second harmonic generation (SHG) of (C3;H;N,)
(H,PO,) was tested by the Kurtz-Perry method using a
Q-switched Nd:YAG laser with 1064 nm.*° Crystalline (C;HsN,)
(H,PO,) were sieved into the following five particle sizes
(50-74, 74-105, 105-150, 150-200 and 200-280 pm) because
SHG efficiency is influenced by the crystal particle size.
Crystals KDP with the same particle size ranges were used as
the benchmark.

2.10 Birefringence measurements

The birefringence of (C4H;N,)(H,PO,) and (C3;HsN,)(H,PO,)
were assessed by a ZEISS Axio Scope 5 polarizing microscope
equipped with a Berek compensator under a 546 nm light
source. The birefringence was determined according to the
function: AR (retardation) = |N. — N,| x T = An x T. The optical
path difference is AR, the measured birefringence is An, and
the crystal thickness denotes T. The relative retardation was
provided the positive and negative rotation of
compensation.®®> The thicknesses of crystalline samples
(C4H;N,)(H,PO,4) and (C;HsN,)(H,PO,) were measure on a
Bruker D8 VENTURE diffractometer.

2.11 Theoretical calculations

The first-principles calculations based on pseudopotential
density functional theory (DFT)®®* methods of the NCS com-
pound (C3;HsN,)(H,PO,) were assessed by the CASTEP
package.®® Perdew, Burke, and Ernzerhof (PBE)*® proposed the
generalized gradient approximation (GGA) function®” that was
carried out to describe the correlation-exchange terms in the
Hamiltonian. A kinetic energy cutoff of 489.80 eV and the
Monkhorst-Pack k-point meshes®® with a density of (2 x 1 x 4)
points were opted in the Brillouin zone. The electronic struc-
ture of (C3;HsN,)(H,PO,) was calculated from the experi-
mentally obtained crystal structures, and its optical properties
were calculated by the scissors-corrected PBE method.®
Accordingly, its real part was determined by the Kramers-
Kronig transform’®’" after the imaginary part of the dielectric
function ¢, was calculated. The refractive indices n and the
birefringence An were consequently obtained. Under the
restriction of Kleinman’s symmetry,”® the static and dynamic
second-order nonlinear susceptibilities y** (—2w, w, ) were
employed the length-gauge formalism.”*’* In the SHG-

Inorg. Chem. Front., 2024, 11, 8813-8823 | 8815
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weighted electron cloud calculations, the probability densities
of all occupied (valence) or unoccupied (conduction) states
projected onto real space are multiplied by a weighting factor
that is related to the contribution to SHG efficiency, while the
orbitals vital to SHG are intuitively highlighted in real space.”
In real-space atom-cutting analysis, the contribution of each
NLO-active motif to the SHG coefficient is obtained by exclud-
ing the wave functions in a sphere with a radius encompassing
all atoms except the focused unit, that is, y*(4) = 4* (all atoms
excluded except the focused unit).”® With the assistance of
Gaussian16 software,”” the electronic structure properties of
the asymmetric units of crystals and (C3HsN,)' cation at the
molecular level were obtained by using the DFT calculation of
B3LYP/6-31G method.

3. Results and discussion
3.1 Crystal structure of (C,H,;N,)(H,PO,)

The CS compound (C4H;N,)(H,PO,) crystallizes in the mono-
clinic space group P2,/n (no. 14) with cell parameters of a =
8.1708(5) A, b = 9.9677(6) A, ¢ = 9.8120(5) A, f = 95.695(2) A,
and V = 795.18(8) A (Table 1). The asymmetric unit of
(C4H7N,)(H,PO,) is composed of the positive-valence 1-methyl-
imidazolium planar cation (C4H,N,)" and the negative-valence
tetrahedral dihydrogen phosphate anion (H,PO,)”, which are
joined by the hydrogen bond N,-H,--O, (Fig. 2a). The
(H,PO,)™ anions are connected to each other through the O;-
H;---O3 and O,-H,g:--O, hydrogen bonds and form a one-
dimensional (1D) inverse L[H,PO,] chain (Fig. 2b). The dis-
tance between two adjacent ! [H,PO,] chains is 9.76 A, in
which the planar (C,H,N,)" motifs are incorporated and are
fixed by the N,-H,:-:O, and C,-H,---O3 hydrogen bonds, and
the planar (C,H,N,)" motifs are alternately antiparallel, where
the distance between the centroids of the cations along the
a-axis direction is 3.68 A and 4.63 A (Table S5t). The pseudo
2D intercalated layer of the crystal (C,H,N,)(H,PO,) is formed

by inverse .[H,PO,] chains and planar (C,H,N,)" motifs

P P
il o W
iy |
Inverse J[HQF'OA] chain
© e
1[H,PO,] chain * '?{i?g ;:
A0 PEREE o
d= 976A0\H‘0 c '§A{j@ ‘z

gt 1 it d
dwpoesinii . i H. ;

d=463A d=368A layer A layer A’ layer A layer A
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(Fig. 2c). The 3D crystal structure of the compound (C,H,N,)
(H,PO,) is stacked by pseudo 2D intercalated layers in an -AA'-
mode, as well as interlayer hydrogen bonds, namely Cj;-
H;---O; (Fig. 2d).

3.2 Crystal structure of (C;HsN,)(H,PO,)

The NCS compound (C3HsN,)(H,PO,) converges to polar ortho-
rhombic space group Pna2, (no. 33), which contains cell para-
meters of a = 8.3021(6) A, b = 17.5648(12) A, ¢ = 4.7203(3) A,
and V = 688.34(8) A® (Table 1). The asymmetric unit of
(CsH5N,)(H,PO,) contains the positive-valence imidazolium
planar cation (C;H;sN,)" and the negative-valence tetrahedral
dihydrogen phosphate anion (H,PO,)”, which are intercon-
nected by hydrogen bond N,-H,--O; (Fig. 2e). The (H,PO,)
tetrahedron possesses P-O bonds in the range of 1.5043(15)-
1.5739(18) A, and the tetrahedra are linked by the O,~H,g-+-O;
hydrogen bonds along the c-axis to build a uniform L[H,PO,]
chain (Fig. 2f). The distance between adjacent L [H,PO,]
chains is 8.78 A, in which the planar (C;HsN,)" motifs are
introduced and are firmly fastened through hydrogen bonds
(i.e., C;—Hyp -0y, Cy—Hja+ -0y, and N,-H,---04), and the planar
cations are aligned in a uniform manner, where the distance
between the centroids of adjacent cations is 4.72 A (Table S51).
The pseudo 2D alternating intercalated layer is constructed by
uniform % [H,PO,] chains and the planar (C;HsN,)" motifs in
the bc plane (Fig. 2g). The resultant 3D framework is packed by
pseudo 2D intercalated layers in a -BB'- pattern, and two
kinds of hydrogen bonds between layers, namely N;-H;:--O;
and O,-H,---O3 (Fig. 2h).

3.3 CS (C4H,N,)(H,PO,) vs. NCS (C3H;5N,)(H,PO,) structures

Compounds (C,H;N,)(H,PO,) and (C3H;sN,)(H,PO,) have
similar structural skeletons, which are 3D crystal frameworks
constructed by pseudo 2D intercalated structures with
L [H,PO,] chain arrangements and planar motif introduction.
The difference between the structures of compounds (C,H,N,)
(H,PO,4) and (C3H;5N,)(H,PO,) is the arrangement of L [H,PO,]
chains, which is attributed to the different hydrogen bonding

layer B layer B’ layer B layer B’

Fig. 2 Diagrams of (C4H;N,)(H2PO,) structure: (a) asymmetric unit. (b) Inverse L [H,PO4] chain. (c) Pseudo 2D intercalated structure in the ac plane.
(d) 3D structure viewed in the bc plane. Diagrams of (C3zHsN,)(H,PO,) structure: (e) asymmetric unit. (f) Uniform L [H,PO4] chain. (g) Pseudo 2D
intercalated structure in the bc plane. (h) 3D structure viewed in the ab plane.
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interactions between the (H,PO,)” motifs within the L[H,PO,]
chains. In compound (C4H,N,)(H,PO,), the adjacent (H,PO,)”
motifs are connected by double hydrogen bonds, forming an
inverse L [H,PO,] chain (Fig. 2b); while in compound (C;H;N,)
(H,PO,), the adjacent (H,PO,)” motifs are connected by single
hydrogen bond, forming a uniform L[H,PO,] chain (Fig. 2f).
In compound (C4H,N,)(H,PO,), the L[H,PO,] chains are
arranged in reverse order, so the planar (C4;H,N,)" motifs are
distributed on both sides of the L[H,PO,] chain through
hydrogen bonds (Fig. 3a). When the L[H,PO,] chains are
assembled into a pseudo 2D intercalated layer, the planar
(C4H,N,)" motifs in the adjacent L [H,PO,] chains are antipar-
allelly arranged, and the distance between the centroids of the
adjacent planar (C4H,N,)" motifs is 3.68 A. This indicates that
the planar (C,H,N,)" motifs exhibit a slight parallel displace-
ment in n-n stacking, and the n-r interactions between them
are extremely strong (Fig. 3b). The n-n stacking of the antipar-
allel pairing mode naturally enhances the giant dipole-dipole
interaction, which results in a deleterious CS structure. The
result is that the dipole-dipole interactions between the adja-
cent (C,H,N,)" cations in the compound (C,H,N,)(H,PO,) are
strong enough to fall into the center-symmetry trap. In com-
pound (C3H;N,)(H,PO,), the L[H,PO,] chains are arranged
uniformly, so the planar (CsHsN,)" motifs are only distributed
on one side of the L[H,PO,] chain through hydrogen bonds
(Fig. 3c). When the L[H,PO,] chains are assembled into a
pseudo 2D intercalated layer, the planar (C3HsN,)" motifs in
the adjacent % [H,PO,] chains are uniformly arranged. The dis-
tance between the centroids of the adjacent planar (C3HsN,)"

View Article Online

Research Article

motifs is 4.72 A, indicating that the (C;HsN,)" cations are in a
completely parallel-displaced n-n stacking arrangement and
the n—n stacking interaction between them can be ignored
(Fig. 3d). Since the distance of the planar (C;HsN,)" motifs is
far away, no dipole-dipole interaction between the planar
(C3H;5N,)" motifs is observed in the (C3H;N,)(H,PO,) structure,
which breaks the central symmetry and successfully forms a
NCS and polar crystal structure. In addition, all pseudo 2D
intercalated layers in the compounds (C,H,N,)(H,PO,) and
(C3HsN,)(H,PO,) are approximately parallel in the opposite
direction. Therefore, the pseudo 2D intercalated layer will
enhance the optical anisotropy of these two compounds,
which can be verified in subsequent tests.

3.4 IR spectra

The infrared vibration frequencies of (C,H,N,)(H,PO,) and
(C3H;5N,)(H,PO,) are shown in Fig. S3.f The O-P-O bending
vibration at 500-550 cm™', the P-O asymmetric stretching
vibration at 945/949 c¢cm™', the P-O symmetric stretching
vibration at 1057/1088 cm™ ', and the O-H stretching vibration
at 3138/3135 cm ™" are ascribed to the characteristic frequen-
cies of the tetrahedral (H,PO,)” anions of (C,H,N,)(H,PO,)
and (C3H;N,)(H,PO,), respectively. The C-H stretching
vibration at 3084 cm™" and stretching vibration at 1587, 1552
and 1471 cm™" of the 1-methylimidazolium skeleton, methyl
C-H stretching vibration at 2962 and 2872 cm™', corres-
ponding to the absorption peak of (C4H,N,)" cations in
(C4H,N,)(H,PO,). The vibration absorption peaks of (C;HsN,)"
cations in (C3HsN,)(H,PO,) contain the N-H stretching

1
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vibration at 3181 cm™', the C-H stretching vibration at
2971 cm™", and the skeleton stretching vibration of imidazole
at 1597 and 1467 cm™'. In addition, the IR peaks at around
2330 cm™" are attributed to hydrogen bonds between (H,PO,)”
anions,”® while the IR peak at 2600-2800 cm™' belongs to
hydrogen bonds between planar cations and (H,PO4)”
anions.”® The assignment of these peaks agrees well with the
compounds (C4H;N,)(H,PO,) and (C3H;N,)(H,PO,).

3.5 UV-Vis-NIR diffuse reflectance and transmittance spectra

The UV-Vis-NIR diffuse reflectance spectra indicate that the
optical band gaps of (C4H,N,)(H,PO,) and (C3;H;N,)(H,PO,)
crystalline powders are 5.08 eV and 5.13 eV, respectively
(Fig. S4a and bf¥), according to the Kubelka-Munk formula
FR) = (1 — R*/(2R).*>®' To determine the accurate optical
band gap,*” we also performed UV transmittance measure-
ments on unpolished single crystals of (C,H,N,)(H,PO,) and
(C3H5N,)(H,PO,), yielding UV cutoff edges at 238 nm and
229 nm (Fig. 4a and b), corresponding to band gaps of 5.21 eV
and 5.41 eV, respectively. Interestingly, the UV cut-off edge of
(C3H5N,)(H,PO,) is blue-shifted, which is related to the conju-
gated effect of different planar motifs. The hyperconjugative
effect is observed in (C,H;N,)(H,PO,) because the C-H bond
electrons in the methyl group overlap with the n electrons of
the conjugated imidazolium motif, which consequently
increases the extent of electron delocalization and induces a
red-shift in the UV cut-off edge. In comparison, there is no
hyperconjugative effect in (C3H;N,)(H,PO,), which leads to a
blue shift in the UV cut-off edge. The Acywosr Of (C3H5N,)
(HyPO,) is shorter than aromatic heterocyclic compounds,
such as (C4HN3)(HyPO3) (Acutofr = 346 nm),>! (CsHoON)(H,PO,)
(Aewtotr = 264 nm),>° and (H,N),CNH(CH,);CH(NH;)
COO-H,P0,4-H,0 (Aeytor = 230 nm).*?

3.6 Thermal stabilities

Fig. S5t shows the results of the thermogravimetric analysis
under a nitrogen atmosphere. Compounds (C,H,N,)(H,PO,)
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and (C3;HsN,)(H,PO,) were stable up to 76 °C and 68 °C,
respectively.

3.7 SHG response

The prerequisite for generating SHG is that the crystal pos-
sesses a NCS structure, so the crystalline samples (C;HsN,)
(H,PO,) are measured at a wavelength of 1064 nm based on
the Kurtz-Perry method. The SHG intensity of (C;H;N,)
(H,PO,) increases with the increase of particle size, indicating
phase-matching (PM) at 1064 nm (Fig. S6at). The SHG signal
of (C3HsN,)(H,PO,) is estimated to be approximately 0.1 x KDP
in a particle size range of 105-150 pm (Fig. S6bt). The reason
for the weak SHG response is that the adjacent pseudo 2D
intercalated layers tend to be antiparallel.

3.8 Birefringence

The birefringences of (C,H,N,)(H,PO,) and (C;H;N,)(H,PO,)
were measured by a ZEISS Axio 5 polarizing microscope at
546 nm. In Fig. 4c and d, two compounds have completely
extinguished, and the experimental retardations were 1.67 pm
and 1.98 pm, respectively. The corresponding thicknesses of
the two crystals are 14.0 pm and 13.6 pm for (C4H,N,)(H,PO,)
and (C;H;N,)(H,PO,), respectively (Fig. S71). According to the
equation AR (retardation) = An x T, the birefringences are 0.12
and 0.15 for (C4H,N,)(H,PO,4) and (C3HsN,)(H,PO,), respect-
ively. The birefringences of (C,H,N,)(H,PO,) and (C3;H;N,)
(H,PO,) are much larger than that of other compounds con-
taining phosphate motifs (Table S61), such as BaP;0,,Cl (An =
0.028 at 1064 nm),'® NaNH,POF-H,0 (An = 0.053 at
589.3 nm),** LiCs,PO, (An = 0.01 at 1064 nm),**> and [C
(NH,);]6(PO4),-3H,0 (An = 0.078 at 546 nm).”> The
n-conjugated planar motifs have large polarizability anisotropy
due to the m-electrons delocalization, while non-conjugated
phosphate tetrahedrons have small polarizability anisotropy
due to high geometric symmetry. The birefringence of
(C4H;N,)(H,PO,) and (C3H;5N,)(H,PO,) mainly stems from
planar (C,H,N,)" and (C3H;N,)" motifs. In addition, the
pseudo 2D intercalated layers and the antiparallel mode
between the pseudo 2D intercalated layers are also conducive
to large optical anisotropy, resulting in large birefringence.

3.9 Theoretical studies

The electronic structure of (C;HsN,)(H,PO,) was theoretically
calculated to bring the relationship between crystal structure
and optical properties to light. As displayed in Fig. 5a,
(CsH5N,)(H,PO,) is an indirect band gap material with a band
gap of 3.685 eV, which is smaller than the experimental value
(5.41 eV) due to the approximation problem of the exchange-
correlation function.®® The corresponding total and partial
density of states (TDOS and PDOS) reveal that the O-2p of the
tetrahedral (H,PO,)” motifs makes the primary contributions
to the top of the valence band (VB) (Fig. 5b). The bottom of the
conduction band (CB) predominantly originates from the C-2p
and N-2p of the planar (C;H;N,)" motifs. These results indi-
cate that the band gap of (C;H;sN,)(H,PO,) is determined by
the (C3HsN,)" and the (H,PO,)” motifs.
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Since (C3H;sN,)(H,PO,) crystallizes in the polar space group
Pna2,, it has three non-zero independent SHG coefficients
(d1s, dr4, and dz3) under the Kleinman symmetry restriction
(Table S7t). The calculated effective SHG coefficient (degr)
value of the (C3H5N,)(H,PO,) is 0.11 pm V' under 1064 nm
irradiation (deg (KDP) = 0.39 pm V),®> which is close to the
experimental measurement value. To evaluate qualitatively the
contribution of each component to the SHG response, SHG
weight electron density analysis was performed on (C3H;N,)
(H,PO,). The SHG weight density of the occupied state mainly
comes from the O-2p non-bonding orbital from the tetrahedral
(H,PO,)” motifs and is slightly derived from the C-2p
n-bonding orbital of planar (C3;HsN,)" motifs (Fig. 5c), while
the SHG weight density of the unoccupied state mainly comes
from the C-2p and N-2p z-antibonding orbitals from the
planar (C3HsN,)" motifs and is slightly derived from the O-2p
antibonding orbital of tetrahedral (H,PO,)” motifs (Fig. 5f),
respectively. At the same time, the real-space atomic cutting
analysis was also carried out to quantify the contribution of
(C3H5N,)" and (H,PO,)~ motifs to the SHG response
(Table S71). The SHG contribution percentages of (C3HsN,)"
(55.56%) and (H,PO,)” (44.44%) were calculated. Obviously,
the planar and tetrahedral motifs have a synergistic effect on
the SHG response for the (C3H;N,)(H,PO,) crystal. Compared
with the (H,PO,)” motif, the (C;H;N,)" motif plays a major
role in the SHG coefficient. Unfortunately, the adjacent pseudo
2D intercalated layers in the (C;HsN,)(H,PO,) crystal are
arranged in an almost antiparallel manner, resulting in a weak
SHG response.

(C3H5N,)(H,PO,) is a positive biaxial crystal because the
compound (C3;H;5N,)(H,PO,) belongs to the orthorhombic
system and follows n, — n, > n, — n,. According to the wave-
length-dependent refractive index curve, the calculated bire-
fringence (An) of (C3H;N,)(H,PO,) is 0.078 at 546 nm (Fig. 5d).

This journal is © the Partner Organisations 2024

Obviously, the calculated birefringence (An.; = 0.078 at
546 nm) is smaller than the experimental birefringence (Aney,
= 0.15 at 546 nm). This may be due to the fact that the calcu-
lation of the refractive index is not strictly along a specific
optical principal axis. Compared with those of KDP (An =
0.034 at 1064 nm)*® and (H,N),CNH(CH,);CH(NH;)
COO-H,P0O,-H,0 (An = 0.075 at 1064 nm),*” the large birefrin-
gence of (C3H5N,)(H,PO,) is attributed to the introduction of
planar (C;HsN,)" motifs, which possess a m-conjugated aro-
matic heterocyclic structure. A large overlap between the C-2p
and N-2p orbitals is observed, leading to a strong p,—p. inter-
action that is beneficial for generating large polarizability an-
isotropy (Fig. 5e). In comparison with traditional n-conjugated
planar motifs, (C;HsN,)" motif shows large optical anisotropy,
which is conducive to generating large birefringence. To better
understand the origin of the optical anisotropy of (C3HsN,)
(H,PO,), the real-space atomic cutting analysis (Table S71) was
also used. The contribution of the (C;H;N,)" motif (78.08%) is
about 3.56 times that of the (H,PO,)” motif (21.92%), indicat-
ing that planar (C;HsN,)" motifs have an important contri-
bution to birefringence. In addition, the pseudo 2D interca-
lated layers in the (C3H5N,)(H,PO,) crystal and the nearly anti-
parallel arrangement of adjacent pseudo 2D intercalated layers
are conducive to optical anisotropy, resulting in large birefrin-
gence (Fig. 2g and h).

4. Conclusions

In brief, CS phosphate (C,H,N,)(H,PO,) and NCS phosphate
(C3HsN,)(H,PO,) were successfully synthesized, in which
planar and tetrahedral motifs were employed simultaneously
to construct pseudo 2D intercalated layers with strong and neg-
ligible dipole-dipole interactions, respectively. The modulation
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of the dipole-dipole interaction leads to the inversion and uni-
formity of the planar and tetrahedral motifs in CS and NCS
phosphates, respectively. The NCS (C3H;sN,)(H,PO,4) possesses
a wide band gap (5.41 eV), large birefringence (0.15 at
546 nm), and a phase-matching SHG response (0.1 x KDP).
The first-principles calculations and structural analysis clarify
that the uniform L [H,PO,] chains and planar (C;HsN,)" motifs
work together to form pseudo 2D intercalated layers, and the
nearly antiparallel arrangement between adjacent pseudo 2D
intercalated layers is conducive to large birefringence. Among
the above optical performance contributions, planar (C3HsN,)"
motifs play a major role. In addition, the synergistic effect of
the tetrahedral (H,PO,)” and planar (C;H;N,)" motifs affects
the optical band gap. This study offers new insight into obtain-
ing optical anisotropy structures via pseudo 2D intercalated
layer, and promotes the development of high-performance
NCS materials.
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