
Large Mid-IR Second-Order Nonlinear-Optical Effects Designed by
the Supramolecular Assembly of Different Bond Types without IR
Absorption
Xiao-Ming Jiang, Guan-E Wang, Zhi-Fa Liu, Ming-Jian Zhang, and Guo-Cong Guo*

State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter, Chinese Academy of Sciences,
Fuzhou, Fujian 350002, People’s Republic of China

*S Supporting Information

ABSTRACT: Two new different-bond-type hybrid com-
pounds, (Hg6P4Cl3)(PbCl3) (1) and (Hg23P12)(ZnCl4)6 (2),
with supramolecular interactions between host and guest
moieties, which based on metal−pnicogen, pnicogen−
pnicogen, and metal−halogen bonds were obtained by solid-
state reactions. Compounds 1 and 2 show large second-
harmonic-generation (SHG) activity and are transparent in the
wide mid-IR region, providing an effective route for searching
new IR nonlinear-optical material systems by combining two or more different bond types with no IR absorption within a single
compound through supramolecular assembly. Theory predications based on first-principles calculations are also performed on
the SHG properties of 1 and 2.

1. INTRODUCTION

Second-order nonlinear-optical (NLO) materials are of current
interest and great importance because of their uses in optical
signal processing and as new laser sources.1 Many well-known
second-order NLO materials,2 such as KH2PO4 (KDP),
KTiOPO4 (KTP), β-BaB2O4 (BBO), LiB3O5 (LBO), and so
on, are based on oxides and are widely used in visible and
ultraviolet regions but cannot be used in mid- and far-IR
regions because of strong absorption. Up to now, worldwide
concerned IR NLO material systems3 mainly include classical
binary and ternary metal pnictides and chalcogenides (GaSe,4a

ZnGeP2,
4b AgGaS2,

4c etc.), quaternary metal chalcogenides
(Li2Ga2GeS6,

5a α- and β-A2Hg3M2S8 (A = K, Rb; M = Ge,
Sn),5b etc.), and binary and ternary metal halides [HgBr2,

6a

BaMF4 (M = Mg, Mn, Co, Ni, Zn),6b etc.]. In contrast,
different-bond-type hybrid IR NLO materials [A2P2Se6 (A = K,
Rb),7a A3Ta2AsS11 (A = K, Rb),7b etc.] in which at least two
obvious different types of bonds exist, such as metal−chalcogen
and chalcogen−chalcogen bonds in metal thiotelluites, metal−
chalcogen and pnicogen−chalcogen bonds in metal chalcop-
nictates, and so on, are relatively rare. Many different bond
types without IR absorption can be diversely combined to form
new materials with noncentrosymmetric structure and no
absorption in the IR region, which is indispensable for IR NLO
properties. In addition, different-bond-type hybrids may
overcome some disadvantages possessed by metal pnictides,
chalcogenides, and halides with only one type of bond, such as
the low laser damage threshold of ZnGeP2 and AgGaS2 and the
poor thermal and chemical stabilities of some metal halides,
through complementary and synergistic effects.8 Therefore, the
search in different-bond-type hybrids may be an effective route

for discovering new materials with excellent IR NLO
properties.
Supramolecular assembly, which can combine a polycation

and a polyanion containing different bond types in the same
product in a diverse spatial arrangement,9 is very likely to form
different-bond-type hybrids with noncentrosymmetric struc-
ture, especially involving functional components containing
cations susceptible to second-order Jahn−Teller distortion,
such as Pb2+, Sb3+, Se4+, etc., with stereochemically active
electron pairs.10 Guided by these ideas, our exploration on
different-bond-type hybrids led to the discovery of two new
inorganic supramolecular compounds, (Hg6P4Cl3)(PbCl3) (1)
and (Hg23P12)(ZnCl4)6 (2), with Hg−P or P−P bonds in the
hosts and Pb−Cl or Zn−Cl bonds in the guests. They both
show large second-harmonic-generation (SHG) efficiencies of
about 2.5 and 1.1 times that of AgGaS2, respectively, and are
transparent in the wide IR range (2.5−25 μm). Herein we
report their syntheses, crystal structures, and IR NLO
properties. Theory predications based on first-principles
calculations are also performed on their SHG properties.

2. EXPERIMENTAL SECTION
Reagents and Syntheses. All of the starting materials were used

as received without further purification. Single crystals of the two
compounds were obtained by solid-state reactions. Compound 1 was
crystallized from the reaction containing Hg2Cl2 (1.0 mmol, 99.5%),
Hg(CN)2 (1.0 mmol, 99.5%), PbCl2 (0.5 mmol, 99.5%), and red
phosphorus (2.0 mmol, 99.99%). Compound 2 was crystallized from
the reaction containing HgCl2 (0.1 mmol, 99.5%), Hg2Cl2 (1.1 mmol,
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99.5%), zinc (0.6 mmol, 99.99%), and red phosphorus (1.2 mmol,
99.99%). The starting materials were ground into fine powders in a
agate mortar and pressed into a pellet, followed by loading into Pyrex
tubes, evacuation to 1 × 10−4 Torr, and flame-sealing, and then the
tubes were placed into a computer-controlled furnace. The tubes were
heated from room temperature to 200 °C at a rate of 50 °C h−1 and
kept at 200 °C for 2 days, and then they were heated to 340 and 400
°C for 1 and 2, respectively, at 20 °C h−1, kept at those temperatures
for 5 days, and then slowly cooled to 50 °C at a rate of 2.5 °C h−1.
Yellow crystals of the title compounds were obtained, and the product
yields were about 90% and 80% for 1 and 2, respectively. An impurity
of minor mercury drops was found in the products of both reactions
and was easily cleaned up mechanically. Pure crystals of 1 and 2 for
physical property measurements were handpicked under a microscope,
and their purities were confirmed by a powder X-ray diffraction (XRD)
study (Figure 2a). Caution! HgCl2, Hg2Cl2, Hg(CN)2, and PbCl2 are
toxic. Extreme care must be exercised, and some toxic gases may be released
when the Pyrex tubes are opened. HgCl2 is water-sensitive, so it is much
better if the weighing of reagents, grinding of the mixture, and pressing into
pellets are performed in drybox. Both compounds are stable in the
presence of air and water.
Crystal Structure Determination. The respective single crystals

of 1 and 2 with suitable dimensions were mounted on glass fiber for
single-crystal XRD analysis. The measurements were performed on a
Rigaku Saturn 70 CCD diffractometer equipped with graphite-
monochromated Mo Kα radiation (λ = 0.71073 Å) at 293 K. The
intensity data sets were collected with a ω-scan technique and reduced
using CrystalClear software.11 The structures of the two compounds
were solved by direct methods and refined by full-matrix least-squares
techniques on F2. All of the calculations were performed with the
Siemens SHELXL, version 5, package of crystallographic software.12

The formulas are based on taking collectively into account
crystallographically refined compositions and requirements of charge
neutrality. Relevant crystallographic data and details of the
experimental conditions for 1 and 2 are summarized in Table 1.
Atomic coordinates and select interatomic distances are reported in
Tables S1−S4 in the Supporting Information (SI).
Powder XRD, Thermogravimertric Analysis (TGA), and

Energy-Dispersive X-ray (EDS), IR, and UV−vis−Near-IR (NIR)
Diffuse-Reflectance Spectroscopies. The powder XRD patterns
(Figure 2a) were collected with a Rigaku DMAX 2500 diffractometer
at 40 kV and 100 mA for Cu Kα radiation (λ =1.5406 Å) with a scan
speed of 5° min−1 at room temperature. The simulated patterns were
produced using the Mercury program and single-crystal reflection data.
TGA studies of 1 and 2 were carried out with a NETZSCH STA 449C
instrument under a nitrogen atmosphere. The samples and reference
were held in Al2O3 crucibles, heated at a rate of 10 °C min−1 from
room temperature to 800 °C. Semiquantitative microscopic analysis
using EDS was performed on a JSM6700F scanning electron
microscope on a single crystal, which confirmed the presence of Hg,
Pb, P, and Cl in the approximate molar ratio 5.9:1.0:4.3:6.5 and Hg,
Zn, P, and Cl in the approximate molar ratio 22.5:6.0:12.6:24.5 for 1
and 2, respectively. No other elements were detected. The diffuse-
reflectance spectra were recorded at room temperature on a computer-
controlled Lambda 900 UV−vis−NIR spectrometer equipped with an
integrating sphere in the wavelength range of 300−2000 nm. A BaSO4
plate was used as the reference, on which the finely ground powders of
the samples were coated. The absorption spectra were calculated from
reflection spectra using the Kubelka−Munk function.13 The IR spectra
were recorded using a Nicolet Magna 750 Fourier transform infrared
(FT-IR) spectrophotometer in the range of 4000−400 cm−1. Powdery
samples were pressed into pellets with KBr. No FT-IR absorption
peaks of 1 and 2 are in the range 4000−400 cm−1.
SHG Measurements. Powder SHG measurements on hand-

selected crystalline samples were performed on a modified Kurtz−
NLO system using 2.05 μm laser radiation. The output signals were
detected by a photomultiplier, and a AgGaS2 powder sieved with 150
meshes (∼100 μm) was used as a comparison. Compounds 1 and 2
were ground and sieved into several distinct particle size ranges (0−50,
50−76, 76−100, 100−150, 150−200, and 200−300 μm). All of the

samples were pressed between glass microscope cover slides and
secured with tape in 1-mm-thick aluminum holders containing an 8-
mm-diameter hole.

Computational Descriptions. The crystallographic data of 1 and
2 determined by single-crystal XRD were used to calculate their
electronic band structures, densities of states (DOSs), and optical
properties, and no further geometry optimization was performed in the
theoretical studies. The calculation was performed with the CASTEP
code14 based on density functional theory using a plane-wave
expansion of the wave functions. The total energy was calculated
within the framework of a nonlocal gradient-corrected approximation,
the Perdew−Burke−Ernzerhof (PBE) functional.15 The interactions
between the ionic cores and electrons are described by the norm-
conserving pseudopotential,16 in which the orbital electrons of P
3s23p3, Cl 3s23p5, Hg 5d106s2, Pb 5d106s26p2, and Zn 3d104s2 are
treated as valence electrons. The number of plane waves included in
the basis set was determined by a cutoff energy of 750 eV, and the
numerical integration of the Brillouin zone was performed using a 4 ×
4 × 4 Monkhorst Pack k-point sampling for both 1 and 2. The
convergent criterion of the total energy was set by the default value of
the CASTEP code.

Calculations of the optical properties described in terms of the
complex dielectric function ε(ω) = ε1(ω) + iε2(ω) were made. The
imaginary part of the dielectric function ε2(ω) is given in the following
equation:17
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where δ(Ek
c − Ek

v − E) denotes the energy difference between the
conduction and valence bands at the k point with absorption of energy
E, u ̂ is the vector defining the polarization of the incident electric field,
Ω is the volume of the primitive cell, e is the electric charge, Ψk

c and Ψk
v

are the conduction and valence band wave functions at k, respectively,
and ε1(ω) can be obtained using the dispersion relationship of
Kramers−Kronig:

Table 1. Crystal Data and Structure Refinement Parameters
for 1 and 2

chemical
formula

(Hg6P4Cl3)(PbCl3) (1) (Hg23P12)(ZnCl4)6 (2)

fw 1747.31 6228.23
cryst size
(mm3)

0.10 × 0.10 × 0.10 0.20 × 0.20 × 0.10

cryst syst cubic hexagonal
space group P213 P6̅2m
a (Å) 11.8837(2) 12.9774(7)
c (Å) 11.8837(2) 11.7490(11)
V (Å3) 1678.24(5) 1713.6(2)
Z 4 1
Dcalcd (g cm−1) 6.916 6.035
μ (mm−1) 65.976 54.561
F(000) 2896 2608
θ range (deg) 2.42−25.94 3.14−27.41
index range −14 ≤ h ≤ 14, −14 ≤ k ≤

14, −14 ≤ l ≤ 12
−16 ≤ h ≤ 16, −16 ≤ k ≤
16, −15 ≤ l ≤ 15

measd reflns 14733 14700
indep reflns/Rint 1111/0.0713 1470/0.0815
obsd reflns 1110 1039
R1a [I > 2σ(I)] 0.0286 0.0473
wR2b (all data) 0.08 0.1193
GOF on F2 1.087 0.999
Flack parameter 0.00(9) 0.0(3)
Δρmax/Δρmin (e
Å−3)

2.342/−1.487 3.707/−2.402

aR1 = ||Fo| − |Fc||/|Fo|.
bwR2 = [w(Fo

2 − Fc
2)2]/[w(Fo

2)2]1/2.
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Figure 1. (a) Perovskite-like 3D cationic network of 1 [purple octahedra represent (Hg6P4Cl3)
+ units (d)] with discrete triangular pyramidal

(PbCl3)
− anions (c) (represented by Pb atoms only in part a) embedded in half-cavities of it. All Cl atoms in part a are not shown for clarity. (b) 3D

cationic network of 2 [purple triangular prisms represent Hg6P2 units with a configuration similar to that of part d without the Cl atom; dark-yellow
tetrahedra represent Hg4P units (e)] with ∞

1(ZnCl4)
2− chiral chain [part f; only Zn atoms are shown in part b for clarity] embedded in the tunnels

of it. Two Zn positions in part f are adjacent because of splitting.

Figure 2. (a) Simulated and experimental powder XRD patterns of 1 and 2 and (b) FT-IR spectra of 1 and 2. The minor peaks at ∼920, ∼1640, and
∼3300 cm−1 can be attributed to water. (c) Absorption spectra of 1 and 2, converted from UV diffuse-reflectance spectra of 1 and 2, respectively. (d)
SHG signals of 1 and 2 as a function of the particle size. The curve is a guide to the eye and is not a fit to the data.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic401056t | Inorg. Chem. 2013, 52, 8865−88718867



∫ε ω
π

ω ε ω
ω ω

ω= +
′ ′
′ −

′
∞

P( ) 1
2 ( )

d1
0

2
2 2 (2)

where P in front of the integral means the principal value. The first-
order nonresonant susceptibility at the low-frequency region is given
by χ(1)ii(ω) = εii(ω) − 1, and the second-order susceptibilities can be
expressed in terms of the first-order susceptibilities as follows:18
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which are derived from a classical anharmonic oscillator model. m, e,
and N are the electron mass, electron charge, and number density of
the atoms, respectively, and the parameter a characterizing the
nonlinearity of the response can be obtained from experimental or
theoretical estimations.

3. RESULTS AND DISCUSSION
The 3D cationic framework (Figure 1) of 1 is built of the P, Hg,
and one of two nonequivalent Cl atoms. Two independent P
atoms each possess tetrahedral coordination of one P atom and
three Hg atoms and are joined into pairs by a P−P bond
(Figure 1d). Each pair is surrounded by six Hg atoms (Hg1 and
Hg2) to form an Hg6P2 octahedron. The Hg6P2 octahedra
share all corners to form a perovskite-like 3D octahedral
network. The Cl2 atom, which we consider to belong to the
cationic framework, is 2.854(4) Å from the nearest-neighbor

atom Hg2 in the cationic framework and whose formula
(Hg6P4Cl3)

+ can be derived. The discrete triangular pyramidal
guest (PbCl3)

− anions, which are comprised of the tricoordi-
nated Pb1 by Cl1 atoms with a Pb−Cl bond length of 2.746(2)
Å and have the shape of a pyramid with the Pb in a vertex,
occupy half-cavities of the ∞

3(Hg6P4Cl3)
+ framework, with the

neighboring ones remaining empty.
The 3D cationic network of 2 is built of two kinds of units.

One is Hg6P2 triangular prisms, which have coordination
geometry similar to that of Hg6P2 octahedra in 1 but with
different cross-angles between two Hg3 faces. The other one is
(Hg4P) tetrahedra, which are built of linearly coordinated Hg
and tetrahedrally coordinated Pn atoms. The triangular prism
and tetrahedral units with a ratio of 1:10 share all corners with
each other to form 3D cationic framework ∞

3(Hg23P12)
12+ with

1D hexagonal tunnels along the c direction. The guest
polyanion of 2 is built of a trigonal-bipyramidally coordinated
split Zn to form a (ZnCl5) trigonal bipyramid, which is apex-
shared with each other to form a 1D infinite ∞

1(ZnCl4)
2− chiral

chain, embedded in the tunnels of 2.
The Hg−P and P−P bond lengths in the cationic moiety in 1

and 2 range from 2.304(9) to 2.451(3) Å and from 2.14(3) to
2.19(1) Å, which lie in the normal range for Hg−P and P−P
bond lengths in known mercury pnictidohalides, respectively.19

Figure 3. Band structures of 1 (a) and 2 (c) (bands are shown only between −3.0 and 4.0 eV for clarity). Total and partial DOSs of 1 (b) and 2 (d).
The energies of less than −15.5 eV for 1 and −15.0 eV for 2 are omitted for clarity. The Fermi level is set at 0 eV for all of the band structures and
DOS. The calculated band gaps of 1 and 2 are 2.27 and 2.05 eV, respectively.
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The Pb−Cl bond distance [2.745(5) Å], Hg−Cl bond distance
[2.854(4) Å], and Zn−Cl bond distances [2.257(18)−
2.377(13) Å] are close to those found in the literature.19,20

The distances between the cationic hosts and anionic guests
in 1 and 2 are significantly longer than the expected values for
covalent bonding, thus suggesting typical supramolecular
interactions between them.9 The shortest interatomic distances
between the halogen atoms of the guest anions and the Hg
atoms in the host frameworks of 1 and 2 are 2.894(4) and
2.941(3) Å, respectively, which are much longer than the Hg−
Cl covalent bond length but shorter than the sum of the van
der Waals radii of the Hg and Cl atoms. This indicates that
there are weak supramolecular interactions between the
cationic and anionic moieties in the crystal structures of 1
and 2, as was the case found in the literature.21 It can be seen
from Table S2 in the SI that Zn1 and Zn2 atoms in 2 are
equivalently split into two symmetric positions, which can be
ascribed to the weak supramolecular interactions between the
host and guest.
The noncentrosymmetric structures of 1 and 2 prompt us to

measure their SHG properties. Powder SHG measurements on
hand-selected crystalline samples were performed by using the
Kurtz and Perry method with a 2.05 μm Q-switch laser.22 The
SHG signals as a function of the particle size from the

measurements made on ground crystals of 1 and 2 are shown in
Figure 2d. The result of 2 is consistent with type I phase-
matching behavior according to the rule proposed by Kurtz and
Perry, while compound 1 is non-phase-matching, which can be
ascribed to the isotropy of the refractive index for its cubic
crystal system. So, a quasi-phase-matching technique23 is
needed in the practical application of 1 for laser frequency
conversion. A sample of AgGaS2 (about 100 μm) was prepared
as a reference material. The SHG efficiencies of 1 and 2 are
about 2.5 and 1.1 times that of AgGaS2 (deff = 12.5 pm V−1),24

respectively. It is well-known that the measured SHG signal
intensity by the Kurtz and Perry powder method is propor-
tional to the squares of the second-order nonlinear deff
coefficient and that the second-order susceptibility χeff

(2) is
twice that of the SHG coefficient deff, so the derived second-
order susceptibilities χeff

(2) for 1 and 2 are 39.53 (9.49 × 10−8)
and 26.22 pm V−1 (6.29 × 10−8 esu), respectively, which
corresponded to approximately 45 and 30 times as large as that
of χ(2)36 (KDP, 0.88 pm V−1), respectively. The IR and optical
diffuse-reflectance spectra show that compounds 1 and 2 are
transparent in the IR range (0.8−25 μm; Figures 2b and S1 in
the SI), which are comparable with those of well-known IR
NLO crystals AgGaS2 (0.48−11.4 μm) and ZnGeP2 (0.74−12
μm). TGA curves indicate that compounds 1 and 2 are stable

Figure 4. Calculated imaginary and real parts of dielectric functions of 1 (a) and 2 (b) in different polarization directions and calculated second-
order susceptibilities (c) of 1 and 2.
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up to about 230 and 280 °C (Figure S2 in the SI), respectively.
Therefore, compound 2 may be a good candidate for mid- and
far-IR NLO materials. Three different bond types, i.e., metal−
pnicogen (Hg−P), metal−halogen (Hg−Cl), and pnicogen−
pnicogen (P−P) for hosts and metal−halogen bonds (Pb−Cl
and Zn−Cl) for guests, are assembled in the structures of 1 and
2 through supramolecular interactions, according to the above
structure study. To the best of our knowledge, they are the first
IR NLO compounds with simultaneously containing metal−
pnicogen, pnicogen−pnicogen, and metal−halogen bonds in
the structures.3 This indicates that new IR NLO materials can
be designed by combining two or more different bond types
with no IR absorption within a single compound through
supramolecular assembly and crystal engineering strategy.25

To gain further insight into the optical properties of 1 and 2,
theory studies including band structures and second-order
NLO susceptibility calculations were performed by using the
CASTEP code.14

The calculated band structures and DOSs of 1 and 2 along
certain symmetry directions (Table S5 in the SI) are given in
Figure 3. It can be seen from the band structure plot of 1 that
the lowest energy (2.27 eV) of the conduction bands (CBs) is
localized at the X point, while the highest energy (0.00 eV) of
the valence bands (VBs) is localized at the G point. So,
compound 1 is an indirect-band-gap material. Correspondingly,
compound 2 is direct-band-gap because both the lowest energy
(2.05 eV) of the CBs and the highest energy (0.00 eV) of the
VBs are localized at the G point. The calculated band gaps of 1
and 2 using the local density approximation are Eg = 2.27 and
2.05 eV, which are smaller than the experimental values 2.30
and 2.29 eV (Figure 2c), respectively. So, scissors operators of
0.03 and 0.24 eV are obtained for calculations of the optical
properties of 1 and 2, respectively. The bands can be assigned
according to the total and partial DOSs. For 1, the band just
above the Fermi level (or the bottom of the CB) is derived
from unoccupied Hg 6s and P 3p states, mixing with a small
amount of Pb 6p, Pb 6s, and Cl 3p states. The band just below
the Fermi level is predominately composed of Cl 3p and P 3p
states. For 2, the band just above the Fermi level is
predominately derived from unoccupied Hg 6s and P 3p states
and the band just below the Fermi level is mainly composed of
Cl 3p and P 3p states. Therefore, the optical absorptions are
mainly ascribed to the charge transitions from Cl 3p and P 3p
states to Hg 6s and P 3p states for both 1 and 2.
The calculated imaginary part ε2(ω) and the real part ε1(ω)

of the frequency-dependent optical dielectric functions of 1 and
2 are shown in parts a and b of Figure 4, respectively. Only one
independent dielectric tensor is left for 1 because of its cubic
system, namely, ε11(ω) = ε22(ω) = ε33(ω), while 2 has two
independent dielectric tensors, ε11(ω) and ε33(ω). It is found
from dispersion of the calculated ε2(ω) spectra that the onset
energy of absorption is located at about 2.3 eV, for both 1 and
2, corresponding to their experimental band gaps. The major
absorption peaks located at about 3.6 and 4.5 eV on ε2(ω)
spectra of 1 and 2, respectively, are contributed from the charge
transfers from Cl 3p and P 3p states to Hg 6s and P 3p states
according to DOS analysis. The space group of 1 belongs to
class 23 and has only one nonvanishing independent second-
order susceptibility tensors (χ123) at low energy and under the
restriction of Kleinman’s symmetry. Correspondingly, the space
group of 2 belongs to class 6 ̅2m and also has only one
nonvanishing independent second-order susceptibility tensor
(χ222). The calculated NLO susceptibilities χ123 for 1 and χ222

for 2 at a wavelength of 2.05 μm (0.59 eV) are 20.7 × 10−8 and
5.47 × 10−8 esu, respectively (Figure 4c), which are close to our
experimentally derived χeff coefficients for 1 (9.49 × 10−8 esu)
and 2 (6.29 × 10−8 esu) on the order, respectively.

4. CONCLUSIONS
In summary, two new different-bond-type hybrid compounds,
(Hg6P4Cl3)(PbCl3) and (Hg23P12)(ZnCl4)6, with supramolec-
ular interactions between host and guest moieties, which are
based on metal−pnicogen (Hg−P), metal−halogen (Hg−Cl),
and pnicogen−pnicogen (P−P) for hosts and metal−halogen
bonds (Pb−Cl and Zn−Cl) for guests, were obtained by solid-
state reactions. They exhibit band gaps of 2.30 and 2.29 eV, for
1 and 2, respectively. Compounds 1 and 2 show large SHG
activity of about 2.5 and 1.1 times that of AgGaS2, respectively,
at a laser wavelength of 2.05 μm and are transparent in the wide
IR range (2.5−25 μm). Compound 2 shows type I phase-
matching behavior, while 1 is non-phase-matching. It can be
concluded that 2 may be a nominator for potential mid-IR
NLO materials. Compounds 1 and 2 are the first IR NLO
compounds with simultaneously containing metal−pnicogen,
pnicogen−pnicogen, and metal−halogen bonds in the
structures, providing an effective route for searching new IR
NLO materials by combining two or more different bond types
with no IR absorption within a single compound through
supramolecular assembly and crystal engineering strategy.
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