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Introduction

Nonlinear optical (NLO) crystals, which play a vital role as
essential materials in solid-state optical devices, are in great
demand in laser and photonic technologies."™ Particularly,
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Bulk crystal growth and optical properties of a
novel organic—inorganic hybrid nonlinear optical
thiocyanate: [Mn(CH3;CONH.,),] [Hg(SCN)4l+
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Peiging Long,® Chunli Hu,? Xitao Liu
The growth of bulk nonlinear optical (NLO) crystals that exhibit robust second harmonic generation (SHG)
is currently an intriguing and rapidly advancing field for laser and photonic applications. Among the
various options available, organic—inorganic hybrid materials offer numerous possibilities due to their dis-
tinctive amalgamation of inorganic coordinate frameworks and organic molecules. Herein, we have suc-
cessfully developed a novel non-centrosymmetric (NCS) organic—inorganic hybrid NLO material, manga-
nese mercury thiocyanate-bis(acetamide), [Mn(CHzCONH>),l[Hg(SCN)4] (MMTA), by synergistically incor-
porating inorganic polyhedra and organic conjugated molecules. The crystal displays a polar architecture
comprising an asymmetric [HgS4] tetrahedron and [MnN4O5] octahedron, which are connected by four
n-conjugated —S—C=N- ligands. More intriguingly, inch-sized single crystals with dimensions up to 50 X
50 x 12 mm?® have been easily grown from aqueous solutions by a temperature-lowering method. The
optical property investigation suggests that MMTA is a phase-matching NLO material with a large SHG
response approximately 2.5 times that of KH,PO,4, demonstrating its potential for NLO applications. Based
on a combination of structural analysis and theoretical calculations, it is suggested that the significant
SHG response can be attributed to the cooperative interaction between conjugated organic molecules
and a highly asymmetric inorganic distorted octahedron. This work introduces an effective approach for
the discovery of high-performance quadratic NLO materials, with a particular focus on organic—inorganic
hybrid compounds.

structure.”* To achieve NCS structures necessary for NLO pro-
perties, a commonly employed approach involves utilizing
second-order Jahn-Teller (SOJT) cations including Pb**, Sn**,
Bi** and Sb®" that disrupt crystalline symmetry through

induced distorted polyhedra.">™* In addition, it is important

quadratic NLO materials have gained considerable interest due
to their ability to greatly expand the wavelength spectrum of
solid-state lasers via cascaded second harmonic generation
(SHG), rendering them extremely valuable for a wide range of
applications, such as laser-based medical procedures, pre-
cision material shaping, advanced photolithography tech-
niques, etc.*'® Despite ongoing efforts, discovering and
designing novel NLO materials remains a challenge, primarily
owing to the requirement of a non-centrosymmetric (NCS)
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to mention that several groundbreaking studies have proposed
the effectiveness of planar m-conjugated groups including in-
organic BO;>”, CO,*>~ and NO’ and organic n-conjugated
benzene-like groups®'>™*® in inducing a significant SHG
response. As a result, significant endeavors have been devoted
to the search for NLO materials in recent years, resulting in
continuous advancements in the discovery of NLO crystals
across various material systems including phosphates,® sul-
fates,”® nitrates,> carbonates,® selenites,”® and cyanurate
salts,® among others. Some of these discoveries hold promis-
ing potential as candidates for future generations of NLO
materials.

Organic-inorganic hybrid materials, being a burgeoning
category of optoelectronic materials with flexible crystal struc-
tures and multifunctional properties, have been extensively
investigated.”*° In particular, the inherent advantages of
organic cations and inorganic metal ions can be effectively
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harnessed to create exceptional NLO materials with unparal-
leled performance. Among them, metal thiocyanates are par-
ticularly important due to the presence of lone electron pairs
on sulfur (S) and nitrogen (N), which contribute to their strong
polarizability.*° However, despite these favorable character-
istics, thiocyanates have largely been overlooked in NLO
research. Metal thiocyanate crystals with the composition AB
(SNC), (such as MnHg(SCN),, CdHg(SCN),, ZnHg(SCN), and
ZnCd(SCN),) have attracted attention from crystallographers as
they meet most requirements for efficient NLO crystals.*’ >
Additionally, another series of thiocyanate NLO materials AB
(SCN)4(L), (A = Hg; B = Mn, Cd; L = dimethyl sulfoxide, glycol
monomethyl ether or N-methylformamide), which incorporate
SCN ions and L acting as a ligand with potential S and N
donors into their crystal structure, have also shown interesting
NLO properties.**° However, the overall performance of these
compounds is unsatisfactory; particularly, the challenges in
growing large single crystals hinder their further applications.
For instance, the MnHg(SCN), crystal demonstrates a signifi-
cant SHG response, which is several dozen times greater than
that of the KH,PO, (KDP) crystal; however, the growth of bulk
single crystals is hindered by defects during the crystallization
process.’ Therefore, it is crucial to explore novel NLO
materials with excellent comprehensive performance through
rational design in the thiocyanate system.

It is known that planar n-conjugated units, including acyla-
mino groups, have been extensively employed in the design
and synthesis of NLO materials due to their enhanced electron
delocalization and charge transfer interactions.® Inspired by
these results, herein, we have successfully developed a non-
centrosymmetric (NCS) organic-inorganic hybrid NLO
material, manganese mercury thiocyanate-bis(acetamide), [Mn
(CH;3;CONH,),|[Hg(SCN),] (MMTA), by synergistically incorpor-
ating inorganic polyhedra and organic acetamide units con-
taining acylamino moieties. The temperature-lowering method
was employed to grow inch-sized MMTA single crystals with
dimensions up to 50 x 50 x 12 mm?, which exhibit a signifi-
cantly large SHG response approximately 2.5 times greater
than that of KDP. Moreover, these crystals possess a wide
transmission window from 360 to 2500 nm, showcasing their
potential for diverse NLO applications. These results present
an effective approach for discovering novel high-performance
quadratic NLO materials, particularly those involving organic-
inorganic hybrid compounds.

Results and discussion
Crystal structure

Through analysis using single crystal X-ray diffraction tech-
niques, it has been determined that MMTA forms crystals
within the polar NCS orthorhombic space group Pn with
specific cell parameters: a = 8.6987(5) A, b = 7.9671(5) A, ¢ =
13.4081(8) A, and Z = 2 (Table 1 and $17). The asymmetric unit
of [Mn(CH;CONH,),][Hg(SCN),] consists of one Mn atom, one
Hg atom, two acetamide molecules and four —-S-C=N- groups.
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Table 1 Crystal data and refinement parameters of MMTA

Parameter MMTA

Empirical formula [Mn(CH3CONH,),][Hg(SCN),]

Radiation A (Mo Ka) (A) 0.71073
Molecular weight 605.99
Temperature (K) 296.15
Description Prism
Color Colorless

Crystal size (mm) 0.28 x 0.12 x 0.11

Crystal system Monoclinic
Crystal group Pn

a(A) 8.6987(5)

b (A) 7.9671(5)
c(Ad) 13.4081(8)
Bl° 90.668(4)
V(A% 929.16(10)
VA 2

Flack parameter 0.016(5)

Final R indices [I > 26(I) |(R, WR)
R indices (all data) (R, wR)

R, = 0.0225, WR, = 0.0523
Ry = 0.0251, WR, = 0.0537

w = [s*(F,)* + (0.1000P)*] ", where P = (F,> + 2F.%)/3.

Fig. 1 (a) Asymmetric octahedral unit [MnN4O,]. (b) Tetrahedral unit
[HgS4l. (c) Crystal structure of [Mn(CH3zCONH,),I[Hg(SCN),] viewed
along the a-axis. Hydrogen bonding between layers.

As shown in Fig. 1 and S2,T each Hg atom bonds with four S
atoms from -S-C=N- ions to form asymmetric HgS, tetrahe-
dra. The Hg-S bond length ranges from 2.5179 to 2.5611 A.
Each Mn atom coordinates with four N atoms from -S-C=N-
ions along with two O atoms originating from acetamide mole-
cules to form the highly symmetric octahedral unit [MnN,O,].
The Mn-O bond length ranges from 2.1683 to 2.1704 A and
the Mn-N bond length ranges from 2.2032 to 2.2273 A. The
asymmetric [HgS,| tetrahedra and MnN,O, octahedra are
linked together by four n-conjugated -S-C=N- ligands, which
collectively form an interconnected polar network in three
dimensions.

Crystal growth and morphology

The MMTA crystals were grown utilizing a temperature lower-
ing method, while conducting extensive optimization for
enhanced crystal growth conditions.’®*" The initial material
undergoes two distinct recrystallization phases to achieve high
purity. A slow crystallization phase promotes the growth of
seed crystals, which are subsequently carefully selected based
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on the desirable morphological characteristics. Large single
crystals are obtained by incorporating the selected seed crys-
tals into a saturated solution and employing a controlled
cooling method that decreases the temperature by 0.2 degrees
daily. Within approximately one month’s time frame, high-
quality crystals measuring up to dimensions of 50 x 50 x
12 mm?® were successfully obtained (Fig. 2a). The energy-dis-
persive spectroscopy (EDS) mapping technique was used to
directly reveal the element distribution of the crystal (Fig. S37).
Each element, including Mn, Hg, S, C, N and O, is well distrib-
uted in this crystal. The crystals show good thermal stability
up to 200 °C (Fig. S4t1). The morphological characteristics of
these crystals reflect their underlying structure, which predo-
minantly relies on relative growth rates among different facets.
It should be emphasized that the observed morphology is sig-
nificantly influenced by various factors including seed orien-
tation, solvent supersaturation levels, pH values, variations in
temperature, presence of impurities, hydrodynamic effects,
and cooling rate. In order to precisely determine the actual
morphological features exhibited by these grown -crystals,
PXRD data analysis along with interfacial angle measurements
has been carried out (Fig. 2b). The {0 0 2} facet (the largest
facet), along with the {0 1 0}, {1 0 1}, and {1 1 0} facets, was
formed during the process of crystal growth.

Fig. 2 As-grown single crystals of [Mn(CH3sCONH,),][Hg(SCN),4] (a) and
typical factual growth morphology (b).
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Linear and nonlinear optical properties

As single crystals find extensive use in optical applications, the
range of optical transmission and the transparency cutoff are
crucial considerations. Fig. 3 displays the UV-Vis-NIR trans-
mission spectrum of the MMTA crystal at room temperature.
The results reveal that the MMTA crystal exhibits a wide trans-
mission range spanning from 360 to 2500 nm, with its UV
transparency cutoff occurring precisely at 360 nm (equivalent
to an energy value of 3.451 eV). Notably, the presence of Mn>*
ions leads to the emergence of a distinctive absorption peak at
413 nm (Fig. S51), which can be attributed to low-energy d-d
transitions taking place. Fig. 4 illustrates the SHG behavior
observed in powdered MMTA crystals. It is worth noting that
as particle size increases, SHG intensity also rises until it
reaches a maximum plateau level, indicating type I phase-
matchability for MMTA.*> The comparison between MMTA
and KDP in terms of the SHG intensity generated within the
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Fig. 3 The UV-Vis-NIR transmittance spectrum of the [Mn

(CH3CONHo,),I[Hg(SCN)4] crystal measured along the (0 0 1) direction.
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Fig. 4 Phase-matching, that is, particle size vs. SHG intensity for [Mn
(CH3CONH,),Hg(SCN),4] and oscilloscope traces of the SHG signals of
KDP and [Mn(CH3CONH,),1[Hg(SCN),4].
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same particle range indicates that the crystal demonstrates a
significantly stronger SHG effect, approximately 2.5 times
higher than that of KDP. This level of enhancement is compar-
able to previously reported findings on organic** and organic-
inorganic hybrid nonlinear optical materials.*

Structure-property relationships

As the structural composition plays a crucial role in determin-
ing the functional properties of solid-state materials. Previous
studies have indicated that the exceptional NLO and piezoelec-
tric characteristics of MMTA can be attributed to the presence
of an asymmetric HgS, tetrahedron and MnN,O, octahedron,
connected by -S-C=N- bridges. It is widely acknowledged that
the significant macro-SHG response primarily arises from a
combination of high micro-hyperpolarizability and favorable
crystal packing arrangements.** As shown in Fig. 1, the distor-
tions of HgS, and MnN,O, polyhedra are relatively large; the
combined polarizations resulting from these distorted polyhe-
dra, connected by SCN ligands, contribute significantly to a sub-
stantial net dipole moment and polarization. As a result, the
remarkable SHG response observed in MMTA may primarily be
attributed to the synergistic effect of m-conjugated -S-C=N-
ligands and distorted polyhedra. In addition, in crystals with a
polar point group such as MMTA, there exists an inherent direc-
tion of spontaneous polarization. The distorted HgS, and
MnN,O, polyhedra disrupt the alignment of positive and nega-
tive charge centers within the crystal lattice, thereby resulting in
the formation of electric dipoles and polarization. In order to
investigate the mechanism of the large SHG effect observed in
MMTA, we conducted an analysis on the maximum SHG tensor
components dz;. The calculated absolute value of ds; at its static
limit was found to be 1.158 pm V', which aligns remarkably
well with the experimentally measured powder SHG effect. By
examining the density map for SHG, it becomes evident that the
primary contributions originate from localized S 3p and N 2p
orbitals, while there is a minor involvement of Mn 3d orbitals in
the valence band (VB) and Hg 6s, S 3p, and N 2p orbitals in the
conduction band (CB) (Fig. 5 and S67). The birefringence of the

Fig. 5 The SHG density of ds; in the VB (a) and the CB (b) for [Mn
(CH3CONH,)2lHg(SCN)4.
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Fig. 6 The calculated refractive index and birefringence for [Mn
(CH3CONHy>),I[Hg(SCN)4] along different directions.

MMTA crystal was also calculated, as it is a crucial parameter for
determining the phase-matching range. It can be observed from
Fig. 6 that the calculated birefringence An for MMTA ranges
from approximately 0.09 to 0.12, indicating a moderate level of
birefringence in the crystal. This moderate value of An aligns
well with the experimental phase-matching behavior. As
deduced from the calculations of the electronic structure, the
remarkable optical characteristics of MMTA can primarily be
attributed to the synergistic interaction between extensively dis-
torted polyhedra and n-conjugated -S-C=N- ligands.

Conclusions

In summary, we have successfully synthesized a polar hybrid
organometallic compound called MMTA, which combines
organic and inorganic components. By employing a tempera-
ture reduction method, we were able to grow inch-sized single
crystals of MMTA. Furthermore, MMTA exhibits wide optical
transparency and demonstrates impressive phase-matchable
NLO properties with a second harmonic generation (SHG)
response equivalent to 2.5 times that of KDP. Theoretical cal-
culations indicate that the exceptional optical properties of
MMTA primarily stem from the collaborative influence of
n-conjugated -S-C=N- ligands and highly distorted polyhe-
dra. This study presents an exciting avenue for further explora-
tion into organic-inorganic hybrid materials with outstanding
NLO performance.
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