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ABSTRACT: Two inorganic supramolecular compounds, (Hgs-
P3)(In,Cly) (1) and (HggAs,)(BisCly3) (2), which have chiral
3-D host frameworks with guest moieties filling the helical
tunnels, have been synthesized. They both have large second-
harmonic generation efficiencies, and compound 2 also exhibits
obvious single-crystal piezoelectric performance. Theoretical
studies from first-principles calculations were performed on
their nonlinear optical (NLO) and piezoelectric properties,
and results indicate that good NLO and piezoelectric materials

can be obtained by designing both complicated polycations and polyanions with large molecular polarizability as functional

components rather than traditional single polyanions.

1. INTRODUCTION

Second-order nonlinear optical (NLO) materials are of current
interest and great importance owing to their uses in optical signal
processing and new laser sources based on the NLO processes of
second-harmonic generation (SHG) and optical parametric
oscillation.! Although considerable progress has been made re-
cently in the exploration of new NLO materials,” many of them,
based on well-known oxides such as KH,PO, (KDP), KTiOPO,
(KTP), B-BaB,0, (BBO), LiB;Os (LBO), and so on,” which are
widely used in the visible and ultraviolet region, cannot be used in
the mid- and far-IR regions because of strong absorption. Until
now, NLO material systems used worldwide for IR have mainly
included ABC, chalcopyrite and wurtzite-type compounds like
ZnGeP,, ™ AgGaSZ,4b and LilnS,,* AMX;-type metal halides like
CsGeCl,> and CsCdBr;,™" iodate comgounds like M"(105), (M
= Mg, Mn, Co, Zn, Hg)éa and Nal;Og, " and other chalcogenido-
metalates like Li,Ga,GeSg, * - and 3-A,Hg3M,Ss (A = K, Rb; M
= Ge, Sn),** A,P,Ses (A = K, Rb),” HgGa,S,, "¢ BaGa,S;,”
AsTa,AsS;; (A = K, Rb),! ZnYSi,S14,™ and LagMgGe,S,4.”
However, commercially available IR NLO materials like ZnGeP,
and AgGa$, are not good enough for high-power applications,
mainly due to their low laser damage thresholds, and most of the
other IR NLO material systems are just at the stage of laboratory
research. Therefore, the search for new material systems with
excellent IR NLO performance has become a key area of research
in NLO material science and laser technology.®

Supramolecular compounds are aggregates of well-defined
composition and structure consisting of two or more different
building blocks, in which species of different structures and
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functions can be assembled into mixed framework compounds
that are likely to exhibit diverse structures, improved properties,
and unique functions that cannot be obtained from the pure
building blocks alone.” Although supramolecular chemistry has
been of great interest in the past two decades,'’ and lots of
supramolecular compounds have been synthesized, relatively few
of them are found to have a chiral 3-D host framework with
helical tunnels that can capture guest moieties, except for some
organic supramolecular compounds, aluminosilicate zeolites, and
polyoxometalates. Herein, we report two inorganic supramole-
cular compounds, (HggP3)(In,Cly) (1) and (HggAs,) (BisCl,3)
(2), with chiral 3-D frameworks, and show large SHG efficiencies
for 1 and 2 and single-crystal piezoelectric performance for 2.

2. EXPERIMENTAL SECTION

Reagents and Syntheses of 1 and 2. Red phosphorus was
washed with a 30% aqueous solution of KOH, water, and ethanol (twice)
and then vacuum-dried; all the other starting materials were used as
received without further purification. Single crystals of the two com-
pounds were obtained by solid-state reactions. Compound 1 was
crystallized from a reaction mixture containing HgCl, (0.6 mmol,
99.5%), Hg,Cl, (0.3 mmol, 99.5%), In (0.4 mmol, 99.99%), and red
phosphorus P (0.6 mmol, 98.5%). Compound 2 was crystallized from a
reaction mixture containing Hg,Cl, (0.8 mmol, 99.5%), BiCl; (0.6
mmol, 98%), and As (0.8 mmol, 99.999%). The starting materials were
ground into fine powders in an agate mortar and pressed into pellets.
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They were then loaded into Pyrex tubes which were evacuated to 1 X
10~* Torr and flame-sealed. The tubes were placed into a computer-
controlled furnace, heated from room temperature to 200 °C at a rate of
50 °C/h, and kept at 200 °C for 2 days. The tubes were next heated to
430 at 20 °C/h, kept at 430 °C for S days, and then slowly cooled to
100 °C at a rate of 2.5 °C/h. They were finally cooled to room
temperature in S h. All the samples (yellow block crystals) of 1 and 2
used for various measurements were first hand-picked under a micro-
scope and then washed several times with water and alcohol by
ultrasonic cleaning, and their purities were confirmed in an X-ray
diffraction (XRD) study. Compounds 1 and 2 are stable in red light
but sensitive to ambient or fluorescent light when exposed to near-UV
light for a long time, and the surfaces of crystals of 2 turn black quickly
upon irradiation by UV light.

Caution! HgCl,, Hg,Cl,, and As are very toxic. Extreme care must be
exercised, and some toxic gases may be released after the Pyrex tubes are
opened. HgCl, and BiCl; are water-sensitive, so weighing reagents, grinding
the mixture, and pressing into pellets should be performed in a drybox.

A single crystal of 2 suitable for piezoelectric measurement was
prepared by chemical vapor deposition. The starting materials, Hg,Cl,
(1.2 mmol, 99.5%), BiCl; (0.9 mmol, 98%), and As (1.2 mmol,
99.999%), were ground into a fine powder in an agate mortar and
pressed into a pellet. The pellet was then loaded into one end of a very
clean quartz tube, about 15 cm long and 11 mm in diameter, which was
evacuated to 1 x 10 * Torr, and flame-sealed. The quartz tube was
placed into a computer-controlled furnace to allow an obvious tempera-
ture gradient. The hot end, containing reactants, was kept at 380 °C for
48 h and then slowly cooled to 180 °C at a rate of 2.0 °C/h, while the
cold end was kept at 370 °C and then synchronously cooled to 170 °C.
Several big single crystals of 2 were found at the cool end of the quartz
tube.

Crystal Structure Determinations of 1 and 2. For 1 and 2,
single crystals with dimensions of 0.05 x 0.02 x 0.02 mm® and 0.10 x
0.04 x 0.04 mm?, respectively, were mounted on a glass fiber for single-
crystal XRD analysis. The measurements were performed on a Rigaku
Saturn 70/mercury CCD diffractometer equipped with graphite-mono-
chromated Mo Ka radiation (4 = 0.71073 A) at 293 K. The intensity
data sets were collected with an w-scan technique and reduced using
CrystalClear software.""

The structures of 1 and 2 were solved by direct methods and refined
by full-matrix least-squares techniques on F* with anisotropic thermal
parameters for all atoms. All of the calculations were performed with the
Siemens SHELXL version 5 package of crystallographic software.'> The
formulas take collectively into account crystallographically refined
compositions and requirements of charge neutrality. Relevant crystal-
lographic data and details of the experimental condition for
(HgeP3)(In,Cly) and (HggAs,)(BizCly3) are summarized in Table 1.
Atomic coordinates and selected interatomic distances are reported in
Tables S1—S4 in the Supporting Information.

Powder XRD. The powder XRD patterns (Supporting Informa-
tion, Figure S1) were collected with a Rigaku DMAX 2500 diffract-
ometer at 40 kV and 100 mA for Cu Ko radiation (4 =1.5406 A) with a
scan speed of 2°/min at room temperature. The simulated patterns were
produced using the Mercury program and single-crystal reflection data.

Energy-Dispersive X-ray Spectroscopy (EDS). Semi-
quantitative microscope analysis using EDS were performed on a
JSM6700F scanning electron microscope on a single crystal, which
confirmed the presence of Hg, In, P, and Cl in the approximate molar
ratio 6.0:2.1:3.3:9.0, and Hg, Bi, As, and Cl in the approximate molar
ratio 8.0:3.3:3.3:12.0, for 1 and 2, respectively. No other elements were
detected.

Thermogravimetric Analysis (TGA) and Mass Spectrum
Analysis (MSA). Thermogravimetric/direct temperature analysis
mass spectrometry (TG/DTA-MS) studies of 1 and 2 were carried

Table 1. Crystal Data and Structure Refinement Parameters
for (HgeP3)(In,Cly) and (HgsAs,)(BizClys)
(HggAs,) (BisCly3) (2)

chemical formula (HgsPs3) (InyCly) (1)

formula weight 1845.14 2992.19

crystal size (mm?) 0.05 x 0.05 x 0.05 0.10 X 0.04 x 0.04

crystal system monoclinic trigonal

space group P2, P3,21

a (A) 10.3014(11) 11.3324(4)

b (A) 10.6935(8) 11.3324(4)

¢ (A) 10.8370(12) 42.768(4)

B©) 116.249(4)

V (A% 1070.68(18) 4756.6(5)

VA 2 6

Deyea (g em ™) 5.723 6.267

u (mm™") 46.287 60.383

F(000) 1552 7452

0 range (°) 2.10—27.42 2.13—25.50

index range —13<h=13 —12=<h=13
—13<k=13 —13<k=13
—13=1=<14 —44 <1=<51

measd reflns 9374 30458

indep reflns/Ryy 4414/0.0939 5920/0.1227

obsd reflns 4116 5490

R1° (I > 20(D)) 0.0592 0.0499

wR2! (all data) 0.1185 0.1179

GOF on F* 1.011 1.029

Flack parameter 0.00(1) —0.008(14)

AP/ APumin (e/A%) 3.601/—3.394 2.257/—4.416

“R1 = ||Fo| — [Fe||/[Fo]. " wR* = [w(F,* — F2)*)/[w(F,")*)™.

out with a Thermal Analysis STA 400C-QMS 403C quadrupole mass
spectrometer under a nitrogen atmosphere. The sample and reference
were held in Al,O5 crucibles and heated at a rate of 10 °C/min from
room temperature to 1000 °C with a Netzsch STA 449C instrument,
and the thermal decomposition products of 1 and 2 were transported
into a QMS 403C instrument. Some possible molecular fragments of
thermal decomposition products of 1 (formula weights 35.5, 71, 102,
115, 146) and 2 (formula weights 35.5, 71, 7S, 201, 209, 272) were
checked.

Infrared and UV—Vis—NIR Diffuse Reflectance Spectro-
scopies. 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—1700 nm. A BaSO, plate was used as a 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."”® The IR spectra were recorded by using a Nicolet
Magana 750 FT-IR spectrophotometer in the range of 4000—400 cm ™.
Powdery samples were pressed into pellets with KBr. No FT-IR
absorption peaks of 1 and 2 appear in the range 4000—400 cm ™ .

SHG Measurements of 1 and 2 and Piezoelectricity Mea-
surement of 2. Powder SHG measurements on hand-selected crys-
talline samples were performed on a modified Kurtz-NLO system using
2.1 um laser radiation. The output signals were detected by a photo-
multiplier, and AgGaS, powder sieved with 150 meshes (~100 xm) was
used for comparison. Compounds 1 and 2 were ground and sieved into
several distinct particle size ranges (0—50, S0—76, 76—100, 100—150,
150—200, and 200—300 um). All of the samples were pressed between
glass microscope cover slides and secured with tape in 1-mm-thick
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aluminum holders containing an 8-mm-diameter hole. A single crystal of
2 was orientated using an X-ray diffractometer and then cut into
dimensions of 1.0 X 2.0 X 5.0 mm’ along the (001) direction. The
piezoelectric coefficient was measured using a piezo-ds; meter.

Computational Descriptions. Theoretical calculations includ-
ing band structure, second-order NLO susceptibility, and piezoelectric
constants were based on the methods of density functional theory"*
(DFT) and density functional perturbation theory'® (DFPT), which
have proven to be rather successful for describing the dielectric, piezo-
electric, and NLO properties of a wide range of materials in which
electronic correlation is not too strong.'® The calculations were per-
formed using the ABINIT computer code package.”

DFPT calculations were carried out using the Fritz-Haber Institute
pseudopotentials scheme (Troullier—Martins scheme)"® with a plane-
wave energy cutoff of 20 and 12 hartree for 1 and 2, respectively.
Monkhorst—Pack grids for Brillouin-zone k-point sampling used in the
calculations were 3x2x3 for 1 and 3x3x2 for 2. The exchange and
correlation effects were treated by the local-density approximation
(LDA) in the Ceperley—Alder form with the Perdew—Wang
parametrization. ~ Convergence of the calculated properties was verified
with respect to the k-point sampling and plane-wave energy cutoff.

In the calculation of optical properties and density of states (DOS) of
1 and 2, scissors operators of 0.83 and 0.60 eV were applied for 1 and 2,
respectively, and more than 300 and 600 empty bands were used for 1
and 2, respectively.

In the calculation of full piezoelectric tensors, we use the perturbation
theory within the DFT of the second derivatives of the total energy of
periodic solids with respect to (i) the collective displacements of atoms
with different wave vectors and (ii) homogeneous static electric fields.
The calculated full piezoelectric tensors can be decomposed into
“clamped-ion” and “internal-strain” contributions, expressed as
follows:*

6 = ejct

dum
Z Z”" d’?,

du,, (host at
ej,c + § Z Zim (host atoms) w
km

dn;
du,, (guest atoms)

ea
+—=> Z(guest atoms)
= %: d;

= €jc + €ij, int, host + €ij, int, guest — €ij,c + €ij, int

where k runs over all the atoms in the unit cell, m (m = 1,2, 3) runs over
all the three displacement directions, a and Q are the equilibrium lattice
constant along the a-direction and the volume of the primitive cell,
respectively, and e is the magnitude of the electron charge. The clamped-
ion coefficient ¢;; measures the contributions to e; of vanishing internal
strain, which is associated with internal atomic coordinates frozen at
their equilibrium positions. Z,,,(k) is the Born effective charge of the
atom k in the i-direction, and du,,(k)/d#; characterizes the response of
the kth atom’s internal coordinate along the m-direction to the macro-
scopic strain 7;. The piezoelectric coefficient with respect to internal
strain, denoted e;;;,, is equal to (ea/$2)> i Zim(k) du,,(k)/dn; and can
be divided into the contributions of the host and guest parts, €; ing host and
€jint guest T€spectively.

3. RESULTS AND DISCUSSION

The crystal structure of 1 features a 3-D cationic host frame-
work and discrete guest anions (Figure 1a). The 3-D cationic
network is built up from approximately linearly coordinated
mercury and tetrahedrally coordinated phosphorus atoms to
form a helical HgP spring (Figure 2a). Two concentric HgP
springs are bridged by Hg2, Hg4, and Hg6 atoms through Hg—P

bonds to form a cylinder with a 1-D helical tunnel along the b-
direction, and then the helical cylinders share all the mercury and
phosphorus atoms with each other to form a 3-D honeycomb-
like (Hg6P3) framework (Figure la). As determined by
TOPOS,* the Schafli symbol of this 4-connected uninodal
network is 5°8.

The host structure of 2 is similar to that of 1, built up instead
from mercury and arsenic atoms to form a (HggAs4) frame-
work (Figure 1b), which is more distorted than that of 1. Linearly
coordinated mercury and tetrahedrally coordinated arsenic
atoms form a distorted helical HgAs spring (Figure 2b). Two
concentric HgAs springs are bridged by four (rather than three as
in 1) crystallographically independent Hg2, Hg4, Hg6, and Hg7
atoms through Hg—As bonds to form a cylinder with a 1-D
helical tunnel along the c-direction, and then the helical cylinders
share all the mercury and arsemc atoms with each other to form a
3-D honeycomb-like (HgsAs4) framework (Figure 2b), whose
Schifli symbol is also 5°8.

The guest anion of 1 is built up from distorted (InClg)*~
octahedra, two of which face-share with each other to form a
fused (In,Cly)>~ anion. Correspondingly, the guest polyanion of
2 is built up from octahedrally and pentagonal bipyramidally
coordinated bismuth to form a distorted (BiClg)*~ octahedron
and (BiCl,)*” pentagonal bipyramid, respectively, which edge-
share with each other in 2:1 ratio to form a quasi-1-D infinite
L (Bi3Cl;3)* helical chain. The discrete (In,Cly)*~ anions and
the L(Bi;Cl;3)*™ helical chains are embedded in the channels of
the host frameworks of 1 and 2, respectively (Figure 1, right).

On the other hand, the crystal structure of 2 can be well related
to that of 1. Because all Hg and As atoms in 2 have nearly the
same coordination geometry as the Hg and P atoms in 1,
respectively, the minimum repeating unit of the highly topolo-
gically symmetric host part in 2 can be truncated as (HgeAs;)> ™,
like the minimum repeating unit (HgsP3) 3" in 1. The minimum
repeating unit of the guest part in 2, (B13C113) , is tripled
because of a 3; helical axis along the W(B13C113) polyanions,
and the mlnlmum repeating unit of the host part in 2,
(HgeAs3)*", is quadrupled to achieve charge balance, forming
an integral umt cell whose volume is about 4 times that of 1. In
contrast, 1 requires only one unit each of (HgsP3) 3t and
(In,Cly)*to achieve charge balance.

The Hg—P bond lengths in the cationic moiety in 1 range
from 2.373(7) to 2.406(7) A (Supporting Information, Figure
S6), within the normal range for Hg—P bond lengths in known
mercury pnictide halides.”” The In—Cl bond distances
(2.397(7)—2.699(7) A) are close to those found in indium
halides.” Correspondingly, the Hg—As bond lengths in 2 range
from 2.461(2) to 2 497(2) A, within the normal range for Hg—
As bond lengths, and the Bi—Cl bond distances (2. 503(3)—
2.823(3) A) are close to those found in bismuth halides.*®

Unlike Hg,As,Br;, Hgy, 4As4C16, Hg,PCl,, Hg,P;Br,
Hg,P4Brs, HgolsPs, and so on,* in Wthh some or all P or As
atoms join into pairs to form Z,*” (Z = P, As) dumbbells
coordinated by six Hg”" catlons, there are no P—P or As—As
bondsi in 1 and 2,and only Z*~ (Z = P, As) anions coordinated by
four Hg”" cations are present in the host frameworks of 1 and 2.

The distances between the cationic hosts and anionic guests in
the present compounds are significantly longer than the expected
values for covalent bonding, thus su%gestlng the typical supra-
molecular interactions between them.” The shortest interatomic
distances between the chlorine atoms of the guest anions and the
mercury atoms in the host frameworks of 1 and 2 are 3.04 and
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Figure 1. (a) View of 3-D cationic host (HgéP_q,)3Jr framework and discrete guest (In,Cly)* ™ anions of 1 along the b-direction (left); isolated (In,Clg)*>~
anions are embedded in the helical channels of the host framework (right). (b) View of 3-D cationic host (HgsAs,)*" framework and L(BisCly3)*~
helical chain of 2 along the c-direction (left); L(Bi3Cl;3)* helical chain is embedded in the channel of the host framework (right).

2.94 A, respectively, which are much longer than the Hg—Cl
covalent bond length but shorter than the sum of the van der
Waals radii of Hgand 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 found in the
literature.”>**

The SHG signals as a function of particle size from the
measurements made on ground crystals of 1 and 2 are shown
in Figure 3. The results are consistent with type-I phase-matching
behavior according to the rule proposed by Kurtz and Perry.”” It
is well known that the SHG signal intensity measured by the
Kurtz and Perry powder method is proportional to the square of
the second-order nonlinear d g coefficient, and the second-order
susceptibility X(Z)eg is twice the SHG coefficient d.s The
measured SHG signal intensities of 1 and 2 are about 0.5 and
1.2 times that of AgGaS,, respectively, and the reported deg
coefficient for AGS is 12.5 pm/V (3.0 x 10" ° esu),”® so the
derived second-order susceptibilities X(z) o for 1 and 2 are 17.68

pm/V (424 x 10" % esu) and 27.38 pm/V (6.57 x 10 ° esu),
respectively, which are approximately 20 and 31 times as large as
1?36 (KDP, 0.88 pm/V), respectively.

The piezoelectric coefficient of 2 with single-crystal dimen-
sions of 1.0 X 2.0 x 5.0 mm’ along the {001) direction was
measured using a piezo-d;3 meter to yield d;; = 3.2 pC/N, which
is larger than that of the most well-known piezoelectric material
quartz (dy; = —2.31 pC/N).*’

The IR and optical diffuse reflectance spectra show that
compounds 1 and 2 are transparent in the IR range (0.6—25
um) (Supporting Information, Figures S2 and S3), similar to the
well-known IR NLO crystals AgGaS, (0.48—11.4 um) and
ZnGeP, (0.74—12 um). Therefore, compounds 1 and 2 may
be good candidates for mid- and far-IR NLO materials. Generally,
laser damage thresholds of NLO materials are proportional to
their band gaps, increasing with an increase in band gap. The
optical diffuse reflectance spectra indicate optical band gaps of
3.13eVfor 1 and 2.43 eV for 2 (Supporting Information, Figure S4),

3413 dx.doi.org/10.1021/ja107921a |J. Am. Chem. Soc. 2011, 133, 3410-3418



Journal of the American Chemical Society

(2)

(b)

Figure 2. Topology of the host parts of 1 (a) and 2 (b). Concentric HgP(As) springs and bridging Hg—P(As) bonds are distinguished by three different

colors.
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Figure 3. Phase-matching results for 1 (a) and 2 (b). The curve is to guide the eye and is not a fit to the data.

which are comparable with those of AgGa$S, (2.73 eV) and
ZnGeP, (2.0 eV),* implying that the present compounds have
laser damage thresholds comparable to those of known materials.

The TGA curves show that compounds 1 and 2 are stable up
to 280 and 200 °C, respectively (Supporting Information, Figure
SS), and then both continually lose weight up to about 430 °C.
The total weight loss at 1000 °C is 94.1% and 84.4% for 1 and 2,
respectively. Some possible thermal decomposition products are
checked by MSA, and the final residues are characterized by EDS
analysis. Cl Hg+, and PCL, " ions are detected by MSA during
the heating of 1, and its final residue contains only the elements
phosphorus and indium in a ratio of about 2:1. For 2, only Hg™,
and no Cl ion, is detected during the heating, and the final
residue contains only the element bismuth.

The larger SHG efliciency of 2 than 1 results from the larger
average bond orders®® of Hg—As bonds (1.36) than Hg—P
bonds (1.19), of and Bi—Cl bonds (0.63) than In—Cl bonds
(0.49), which are of the hosts and guests of 2 and 1,
respectively.* Therefore, an IR NLO material of larger SHG
efficiency can be obtained by introducing some atoms with
higher polarization in hosts and guests, which can be easily
realized via supramolecular synthesis. Generally speaking, supra-
molecular synthesis is easier than conventional molecular
synthesis involving covalent bonds, so inorganic supramole-
cular compounds may be a new promising IR NLO material
system.

To gain further insights on the photonic properties of 1 and 2
and the piezoelectric origin of 2, theoretical studies including
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Figure 4. Band structures of 1 (a) and 2 (c) (bands are shown only between —5.0 and 6.0 eV for 1, and —2.0 and 4.0 eV for 2, for clarity). Total and
partial density of states of 1 (b) and 2 (d); the energies less than —16.0 eV for 1 and —17.5 €V for 2 are omitted for clarity. The Fermi level is set at 0 eV

for all the band structures and DOS.

band structure, second-order NLO susceptibility, and piezo-
electric constants based on DFPT and 2n-+1 theorem®>'¥*!*
were performed by using the ABINIT computer code package,'”
which is important for understanding the relationship between
crystal structure and performances and the design for other
complicated IR NLO and piezoelectric materials.

The calculated band structures as well as DOS of 1 and 2 along
certain symmetry directions are given in Figure 4. It can be noted
from the band structure plots that compounds 1 and 2 are both
indirect band gap materials. The band gaps of 1 and 2 using the
LDA are E, = 2.30 and 1.83 eV, which are smaller than the
experimental values of 3.13 and 2.43 eV, respectively. So, the
scissors operators of 0.83 and 0.60 eV are obtained for calcula-
tions of DOS as well as optical properties of 1 and 2, respectively.

From DOS and PDOS diagrams (Figure 4), it is known that,
for 1, the conductive band (CB) is derived mainly from P-3p and
Hg-6s states, mixing with small amounts of Cl-3p, In-Ss, and In-Sp
states, while the valence band (VB) from —8.0 eV to the Fermi
level is composed of Cl-3p and Hg-5d states, mixing with small
amounts of P-3p, In-3s, and In-Sp states. The band from —16.0 to
—8.0 eV originates predominately from Cl-3s and In-4d states, as
well as a small portion of P-3s states. Therefore, their optical
absorptions can mainly be ascribed to the charge transitions from

Cl-3p and Hg-5d states to P-3p and Hg-6s states. For 2, The Cl-
3p, As-4p, Bi-6p, and Hg-5d states, mixing with small As-4s states,
create the CBs between the Fermi level (0.0 eV) and 6.0 V. The
VBs between —8.0 eV and the Fermi level are mostly formed by
Cl-3p and Hg-5d states mixing with a small amount of As-4p and
Bi-6p states, and the VBs between —16.0 and —8.0 eV are mostly
a contribution from Cl-3s states hybridized with a small amount of
As-4s and Bi-6s states. Therefore, the optical absorptions of 2 are
mainly ascribed to the charge transitions from Cl-3p and Hg-5d
states to Cl-3p, As-4p, Bi-6p, and Hg-5d states.

The calculated imaginary and real parts, &, (w) and &, (w),
respectively, of the frequency-dependent dielectric functions of 1
and 2 are shown in the Supporting Information, Figure S7. It is
found from the dispersion of the calculated &,(w) spectra that
the maximum absorption peaks are located at about 4.75, 5.60,
and 6.50 eV for 1 and 3.45, 3.85, and 5.00 eV for 2 in the x, y, and
z polarization directions, which are contributed by the charge
transfers from Cl-3p and Hg-5d states to P-3p and Hg-6s states
and from CI-3p and As-4p states to Cl-3p, As-4p, Bi-6p, and Hg-
Sd states, respectively, according to the above DOS analysis.

The space group of 1 belongs to class 2 and has eight
nonvanishing second-order susceptibility tensors (¥ 14, X16 X21,
Y22 X230 X2s) X34 X36), and the space group of 2 belongs to class
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we(20,0,0) of 1 (a, imaginary part; c, real part) and 2 (c, imaginary part;

d, real part) and different contributions to them, including the 2w interband term, the @ interband term, the 2w intraband term, and the @ intraband
term. The energies more than 1.5 eV for 1 and 1.2 eV for 2 are omitted for clarity in the average real part.

32 and has two nonvanishing second-order susceptibility tensors
(%11, X14)- In the low-energy region and under the restriction of
Kleinman’s symmetry, only four independent SHG tensors ()14,
Y16 X220 X23) for 1 and one (x;;) for 2 remain. Different
contributions to the real part, Rex( )ave(Zw w,w), and the
imaginary part, Imx 2 ave(20,0,w), of the average second order
susceptlblhtyx D 2w,w,0), defined as /SZ,,}( ,,(Za) w,w)
for 1and '/, (311 + ng;) for 2, are presented in Figure S.

The calculated Imx aVe(Zw ,w) is zero below half the band
gap, as shown in Flgure S.The inter- and intraband 2w terms start
contributing at ~'/,E, (~1.56 eV for 1 and ~121 eV for 2),
because the SHG is a two-photon process. Inter- and intraband w
terms contribute for energy values above E, (3.13 eV for 1 and
243 eV for 2). In the low-energy regime (<3.5 eV for 1 and
<3.0 eV for 2), the SHG optical spectra are dominated by the 2w
contributions. Beyond 3.5 eV for 1 and 3.0 eV for 2, the major
contribution comes from the w terms.

In the low-energy region (Figure Sc,d) , the 2w interband term
and the @ intraband term of Rey®..(2w,w,0) are negative
values for both 1 and 2, while the @ interband term and the 2w
intraband term are positive values. The value of the 2w intraband
term is larger than that of the w interband term, and the absolute
value of the 2w interband term is larger that that of the w
intraband term in the low-energy region for both 1 and 2.

The calculated real part of )6, X14) Y22, and o3 for 1 at a
wavelength of 2.1 um (0.59 eV) is 0.87 x 10" ° 2.19 x 10 %,
—2.14 x 10" % and 5.75 x 10" ° esu, respectively, and the real
part of yy; for 2 is 2.40 x 10 ° esu (Supporting Information,
Figure S8). The calculated Rex we (20,0,w) values of 1 and 2
are 1.67 x 10 ®and 2.40 X 10™ ° esu, respectively, which are on
the same order as our experimentally derived .4 coefficients for
1 (424 x 10 % esu) and 2 (6.57 x 10" % esu).

Generally, the reported inorganic NLO materials almost
always contain a “simple” cation and a SHG-efficient anionic
group; single cations with larger ion radius have higher polariz-
abilities that can make great contributions to the macro-scale
SHG efficiency.”® This work shows, for the first time, that
inorganic supramolecular compounds 1 and 2, containing both
complicated polycations and polyanions, exhibit high SHG
efficiencies, suggesting that the design of complicated polyca-
tions with large molecular polarizability as NLO-phore compo-
nents should be a useful strategy in searching for new NLO
materials.

Compound 2 has two nonvanishing tensors of plezoelectrlc
coefficients, d;; and d, 4, which are calculated to be 1.02 C/m”
(4.10 pC/N) and 0.33 C/m* (30.26 pC/N), respectively, of
which the value for d;; is close to the experimental value of 2.
Table 2 shows a decomposition of piezoelectric tensors, clearly
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Table 2. Decomposition of Piezoelectric Tensors of 2°

€ij,c €ij,int €ijint,host €ij,int,guest €ij
i=1j=1 0.0727 0.9481 0.4558 0.4923 1.0208
i=1j=4 0.0319 0.2957 0.0530 0.2427 0.3276

4 Unit: C/m”. €, contribution to e; of vanishing internal strain; e;jny,
contribution to ¢;; of internal strain; ;jinghosvy contribution to e;; i, of the
host part; and ejin¢ guesty contribution to e;;;ne of the guest part.

revealing that the main contribution to the piezoelectric effect is
the internal strain, to which the host and guest make comparable
contributions.

4. CONCLUSIONS

Two novel inorganic supramolecular compounds with 3-D
chiral host frameworks have been prepared: 1 and 2 display good
IR NLO properties, and 2 shows single-crystal piezoelectric
performance. Theoretical studies of the NLO properties for 1
and 2 and piezoelectric properties for 2 show that the larger SHG
efficiency of 2 than 1 results from the larger average bond orders
of metal—nonmetal bonds in 2 than in 1, and both the host
framework and anionic guest make comparable contributions to
the piezoelectric properties of 2. Our study indicates that good
NLO and piezoelectric materials can be obtained by designing
both complicated polycations and polyanions with large molec-
ular polarizability as functional components rather than tradi-
tional single polyanions, and the spatial arrangement of the
functional components can be designed in a reasonable align-
ment to enforce macroscopic dipole ordering efficiently through
crystal engineering strategy.3
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