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ABSTRACT: MO; (M = Mo, W) or VI-VI binary
compounds are important semiconducting oxides that show
great promise for a variety of applications. In an effort to tune
and enhance their properties in a systematic manner we have
applied a designing strategy to deliberately introduce organic
linker molecules in these perovskite-like crystal lattices. This
approach has led to a wealth of new hybrid structures built on
one-dimensional (1D) and two-dimensional (2D) VI-VI
modules. The hybrid semiconductors exhibit a number of
greatly improved properties and new functionality, including

broad band gap tunability, negative thermal expansion, largely reduced thermal conductivity, and significantly enhanced dielectric

constant compared to their MO, parent phases.

B INTRODUCTION

In addition to their structural rigidity and stability, excellent
electronic, optical, magnetic, and transport properties of
inorganic materials make them highly attractive for practical
applications. On the other hand, organic compounds built on
simple molecules are well-known for their flexibility, easy
processability, synthesis controllability, and relatively low cost.
Incorporation and integration of the two counterparts into a
single crystal lattice may yield inorganic—organic hybrid
crystalline materials that possess not only combined or
enhanced properties of the individual components, but also
new phenomena and un}l)recedented features not possible with
either component alone.' ™ Over the past decade, great efforts
have been made in developing new types of hybrid materials
and exploring their unique functionalities. These include
structures in which organic and inorganic component are
connected via ionic bonding”'® or relatively weak H-bonding
and van der Waals interactions,’’™'* as well as those
constructed on covalently bonded inorganic and organic
nanomodules.® One family of the latter group is the I—VI
based hybrid semiconductors'*™"® with a general formula of
[MQ(L),] (M = Mn, Zn, Cd; Q = S, Se, Te; L = mono- or
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diamine, x = 0.5 or 1). These crystalline compounds are
extended networks of 1D, 2D, and 3D and are composed of
alternating II—VI binary semiconductor (inorganic component)
modules and acyclic amines (organic component) at nano- or
subnanometer scale via coordinate bonds. They exhibit a
number of enhanced properties over their parent II-VI
semiconductors, as well as new phenomena. These include
strong structure-induced quantum confinement effect (QCE),
high absorption power, direct white light emission, anisotropic
zero thermal expansion, and temperature-dependent phase
transitions, to name a few.'®*°72® In addition, low-cost and
simple one-pot synthesis, solution processability and ease for
scale-up, well-defined and precisely controlled crystal structures
and composition, as well as good thermal stability (up to 200
°C), are all attractive features that make them promising
candidates for various applications.

Inspired by the success in II-VI based hybrid semi-
conductors, we have looked into the possibility of assembling
hybrid structures built on other important semiconductors,
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such as metal oxides. The binary MoO; and WO; have been
extensively studied for possible applications in solar energy
conversion.””*® For example, WO; has been well investigated
for its use in photochemical water oxidation and dye-sensitized
solar cells. Much effort is currently being made to tune its band
gap and Fermi energy.”' —>* Interestingly both MoO; and WO,
are also considered for applications in lithium ion battery
anodes and electrochromic windows.>**® Furthermore, studies
have shown that MoO; may be a suitable component for
composite thermoelectric devices.*® Hybrid semiconductors
based on MO; (M = Mo, W) are likely to have greatly
enhanced properties and new functionality, as found in the II—-
VI hybrid structures. Here we report the design, synthesis, and
unique properties of a hybrid semiconductor family MO,(L) (L
= organic linker) composed of periodically ordered 1D and 2D
perovskite-like modules of MOj; (see Table 1).

B EXPERIMENTAL SECTION

Materials and Instruments. Materials used include MoOj;
(99.5%, Merck), 3Na,WO,-9WO;-H,0 (>98%, Alfa Aesar), pyrazine
(>99%, Research Chemicals Ltd.), 4,4'-bipyridine (98%, Alfa Aesar),
1,2-di-(4-bipyridyl)ethane (99%, Aldrich), 1,2-di-(4-bipyridyl)ethylene
(97%, Aldrich), pyridine (99%, Aldrich), 4,4-dimethyl-2,2-bipyridine

Table 1. List of MO,(L) Compounds®”~>° with Their Unit
Cell Parameters, Space Groups (SGs), and Experimental
Optical Band Gaps (BGs)

unit cell band
constants (4, space ap
compd” deg) group éV)
1D-MoO;(4,4’-dm-2,2"-bpy) (1) a = 3.7772(7) P2,/c 33
b = 15.242(3)
¢ = 20.400(4)
f = 95.296(4)
1D-WO5(4,4'-dm-2,2"-bpy) (2) a = 3.7218(2) P2,/c 32

b = 15.3615(2)
¢ = 20.3617(8)

B = 94.816(6)

2D-MoO3(py) 3) a =7.5228(4) Pbca 24
b = 7.3890(4)
¢ =22.6080(13)

2D-WO,(py) (4) a = 7.5024(0) Pbca 2.35
b = 7.4283(1)
¢ =229359(2)

3D-MoO;(pyz)os (5) a=52702(15) 1222 2.3
b = 5.2674(7)
¢ =14.2310(11)

3D-WO5(pyz)os (6) a = 5.2288(7) I4/mmm 22
b = 5.2288(7)
¢ = 14.175(3)

3D-MoO;(4,4"-bpy)es (7) a = 7.5727(6) P2,/c 2.3
b = 7.3675(7)
¢ =22.433(3)
B =90.396(8)

3D-WO;(4,4"-bpy)os (8) a=74733(15)  Cmea 225
b =7.3927(15)
¢ =22.570(4)

3D-WO5(bpe)os (9) a = 5.2546(3) I42m 23
b = 5.2546(3)
¢ =26.987(3)

“4,4'-dm-2,2'-bpy = 4,4'-dimethyl-2,2'-bipyridine, py = pyridine, pyz =
pyrazine, 4,4'-bpy = 4,4'-bipyridine, bpe = 1,2-bipyridylethane.

(99%, Alfa Aesar), Bi,O; (99%, Alfa Aesar), WO, (99%, Fisher
Scientific), and tungsten powder (99.9%, Strem Chemicals). Reactions
were carried out either in sealed thick-wall Pyrex tubes (2.5 mL) or
sealed acid digestion bombs (23 mL).

Synthesis of MoOs(L) Inorganic—Organic Hybrid Materials.
Synthesis of [1D-MoQjs(4,4'-dm-2,2-bpy)] (4,4'-dm-2,2-bpy = 4,4-
Dimethyl-2,2-bipyridine) (1). Reactions of MoO; (0.036 g 025
mmol, 0.25 M) and 4,4-dimethyl-2,2-bipyridine (0.080 g, 0.43 mmol,
0.43 M) in water (1 mL) in a thick-wall Pyrex tube at 150 °C for §
days afforded colorless crystals (75.4% yield based on Mo) of 1 were
collected after filtration.

Synthesis of [1D-WO;(4,4'-dm-2,2-bpy)] (4,4’-dm-2,2-bpy = 4,4-
Dimethyl-2,2-bipyridine) (2). The compound was synthesized by
reacting 3Na,WO,-9WO;-H,0 (0.036 g, 0.12 mmol, 0.12 M) with 4,4-
dimethyl-2,2-bipyridine (0.080 g, 0.43 mmol, 0.43 M) in water (1 mL)
at 150 °C for S days in a thick-wall Pyrex tube. 3Na,WO,-9WO;-H,O
served as W metal source in both WO, and WO,* form which were
required to produce the desired hybrid compound 2. Colorless crystals
of 2 (73.2% yield based on W) were isolated after filtration.

Synthesis of [2D-MoOs(py)] (py = Pyridine) (3). A reaction of
MoO; (0.15 g, 1.04 mmol, 2.08 M) and pyridine (0.5 mL, 6.25 mmol)
at 150 °C for 20 days in thick-wall Pyrex tube produced yellow plate-
like crystals of 3. The product was washed by ethanol, water, and
anhydrous ethyl ether in sequence (yield ca. 80% based on MoOj).

Synthesis of [2D-WOs(py)] (py = Pyridine) (4). A stoichiometric
mixture of Bi,O; (4.659 g, 10 mmol) and WO; (4.637 g, 20 mmol)
was calcined at 800 °C for 48 h to synthesize Bi,W,0,. The product
was stirred in 1 M hydrochloric acid for S days to generate pure
H,W,0,:xH,0. The as-formed H,W,0,-«H,0 (0.1 g, ~0.2 mmol, 0.4
M) was then reacted with pyridine (0.5 mL, 6.25 mmol) at 150 °C for
10 days in thick-wall Pyrex tube to yield yellow powders of 4. The
product was washed by ethanol, water, and anhydrous ethyl ether in
sequence (ca. 70% yield based on tungsten).

Synthesis of [3D-MoOjs(pyz), 5] (pyz = Pyrazine) (5). Compound §
was prepared from the reactions of MoOj; (0.16 g, 1.1 mmol, 0.11 M),
CuCl,-2H,0 (0.11 g, 0.64 mmol, 0.064 M), pyrazine (0.23 g, 2.9
mmol, 0.29 M), and 10 mL of H,O in a 23 mL acid digestion bomb at
160 °C for 5 days. The presence of CuCl,-2H,0 was crucial for
generating a pure product.’’ The dark blue powders were washed with
water and 95% ethanol and then heated in the air at 150 °C for 12 h.
The orange powder of § was collected in 50% yield based on MoO;.

Preparation of [3D-WOs(pyz),s] (pyz = Pyrazine) (6). Compound
6 was synthesized from the reactions of W (0.072 g, 0.39 mmol, 0.049
M), 3Na,WO,-9WO;-H,0 (0.36 g, 0.12 mmol, 0.015 M), pyrazine
(0.072 g, 0.9 mmol, 0.011 M), and 8 mL of H,O in a 23 mL acid
digestion bomb at 150 °C for 7 days. The use of W metal was crucial
for the formation of compound 6.3° After systematic cooling at the
speed of 0.1 °C/min to room temperature, dark blue black crystals of 6
were collected by vacuum filtration and dried (yield ca. S0% based on
3Na,WO,9WO,-H,0).

Synthesis of [3D-MoO;(4,4'-bpy),sI>° (4,4-bpy = 4,4'-Bipyridine)
(7). Compound 7 was obtained from reactions of MoO; (0.152 g 1.06
mmol, 0.177 M), 4,4'-bipyridine (0.144 g, 0.92 mmol, 0.153 M), and
H,O (6 mL) in a 23 mL acid digestion bomb at 150 °C for S days. The
product was washed by 30% ethanol and water, followed by drying in
anhydrous ethyl ether. The orange crystals of 7 were isolated (highest
yield ~70% based on MoO;).

Preparation of [3D-WO;(4,4-bpy),sI°® (4,4-bpy = 4,4-Bipyridine)
(8). A mixture of 4,4'-bipyridine (0.144 g, 0.92 mmol, 0.115 M),
3Na,WO,-9WO;-H,0 (045 g 0.15 mmol, 0.019 M), and H,0 (8
mL) was placed in a 23 mL acid digestion bomb, and the Teflon-lined
Parr acid digestion bomb was heated for 7 days at 150 °C under
autogenous pressure. After allowing the reaction mixture to cool to
room temperature, yellow crystal plates of 8 were collected by
filtration and dried at room temperature (yield ca. 70% based on
WO,).

Synthesis of [3D-WO;(bpe),s-0.14 H,0] (bpe = 1,2-Di-(4-
bypiridyl)ethane) (9). Compound 9 was prepared from the reactions
of W (0.072 g, 0.39 mmol, 0.0488 M), 3Na,WO,-9WO,-H,0 (0.36 g,
0.12 mmol, 0.015 M), 1,2-di-(4-bypiridyl)ethane (0.072 g, 0.39 mmol,
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0.049 M), plus H,O (8 mL) in a 23 mL acid digestion bomb at 150 °C
for 7 days. The dark blue crystals were washed with water and 95%
ethanol and then heated in the air at 150 °C for 12 h. The yellow
crystals of 9 were collected (yield ca. 40% based on W).

Cold-Pressing of Pellets. Circular pellets were made by loading
the powder in a circular die (12.8 mm diameter) and pressed at
different pressures for 4 h in a Carver laboratory press, followed by
annealing at various temperatures for 24 h.

Diffuse Reflectance Measurements. Optical diffuse reflectance
spectra were measured at room temperature with a Shimadzu UV-
3101PC double beam, double monochromator spectrophotometer.
Data were collected in the wavelength range 250—2000 nm. BaSO,
powder was used as a standard (100% reflectance). A similar
procedure as previously described was used to collect and convert
the data using the Kubelka—Munk function. The scattering coefficient
(S) was treated as a constant since the average particle size of the
samples used in the measurements was significantly larger than S nm.

Thermogravimetric (TG) Analysis. TG analyses of the title
compounds were performed on a computer-controlled TG QS0
analyzer (TA Instrument). Single-phased powder samples were loaded
into platinum pans and heated with a ramp rate of 10 °C/min from
room temperature to 600 °C.

Single Crystal X-ray Diffraction (SXRD). Single crystal X-ray
diffraction data of the compounds were collected at low temperature
(100 K) on a Bruker-AXS smart APEX I CCD diffractometer with
graphite-monochromated Mo Ka radiation (4 = 0.710 73 A) for 1 and
9. Data for 3 were collected at the Advanced Light Source on station
11.3 using a Bruker-AXS ApexII CCD diffractometer with a Silicon
111 monochromator (1 = 0.774 90 A). The structures were solved by
direct methods and refined by full-matrix least-squares on F* using the
Bruker SHELXTL package. Crystal data of 1: C;,H;,N,0;Mo, fw =
328.18, monoclinic, P2,/c, a = 3.7772(7) A, b = 15242(3) A, ¢ =
20.400(4) A, B = 95296(4)° V = 1169.4(4) A3, Z = 4, R1 = 0.0412,
wR2 = 0.0920 (I > 20(I)), GOF = 1.008. Crystal data of 3:
CHNO;Mo, fw = 223.04, orthorhombic, Pbca, a = 7.5228(4) A, b =
7.3890(4) A, ¢ = 22.6080(13) A, V = 1256.69(12) A%, Z = 8 Rl =
0.0501, wR2 = 0.1256 (I > 26(I)), GOF = 1.387. Crystal data of 9:
CcHGNOSW, fw = 326.54, tetragonal, [42m, a = 5.2546(3) A, ¢ =
26.987(3) A, V=745.14(11) A% Z = 4, R1 = 0.0217, wR2 = 0.0491 (I
> 20(I)), GOF = 1.007. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_ request/cif. The structures were deposited in Cambridge
Structural Database (CSD) and the numbers are 952250—952252.

Powder X-ray Diffraction (PXRD). PXRD patterns of all
compounds were obtained from a Rigaku D/M-2200T automated
diffraction system (Ultima+) with Cu Ka radiation. Measurements
were made in a 26 range 3—50°. The data were collected at room
temperature with a step of 0.02° (260) and a counting time of 0.2 s/
step. The operating power was 40 kV/44 mA.

Data used for the Le Bail refinement and thermal expansion analysis
of 1D-WO5(4,4-dm-2,2"-bpy) (2) and 2D-WO;(py) (4) were
collected on Rigaku Ultima IV (Cu Ka radiation) under vacuum in
a 26 range 3—50° (1°/min scan speed, 0.015° step, 2.5° upstream and
5.0° downstream soller slits, 2/3° div slit). Crystal data of 2:
C,H,N,0;W, fw = 416.09, monoclinic, P2,/c, a = 3.7218(2) A, b =
15.3615(2) A, ¢ = 20.3617(8) A, B = 94.816(6)° V = 1160.03(18) A3,
Z =4, R1 = 0079, wR2 = 0.108 (I > 20(I)). Crystal data of 4:
CHNO,W fw = 310.92, orthorhombic, Pbca, a = 7.5024(0) A, b =
7.4283(1) A, ¢ = 22.9359(2) A, V = 1278.22(3) A% Z = 8, R1 = 0.131],
wR2 = 0.186 (I > 20(D)).

Dielectric Constant Measurements. The cold pressed samples
(under 4 T for 4 h) were annealed at different temperature (150 °C
for MoOs(py) and 240 °C for MoO;(bpy)ys) for 24 h and cooled
down to room temperature. The pellets were then covered with silver
paint and dried. The free dielectric constant and dielectric loss were
measured up to 1 MHz by an impedance analyzer HP4194A.

Thermal Conductivity Measurements. The cold pressed
samples (under 3 and 7 mT for 4 h) were annealed 24 h at 250 °C
(hybrid samples), 600 °C (MoO,), and 800 °C (WO,) before the
measurements. The thermal diffusivity and specific heat measurements

of the annealed pellet samples were performed in the temperature
range 25—105 °C using a laser flash apparatus (Netzsch LFA 457) and
differential scanning calorimeter (Netzsch DSC 204 F1), respectively.
The thermal conductivity was then calculated using the equation x(T)
= p(T)a(T)C,(T), where x is the thermal conductivity, p is the
density, a is the diffusivity, and C, is the specific heat. The thermal
conductivity of the idealized “fully-dense” materials was estimated
using the effective medium theory.*

DFT Calculations. The theoretical calculations were carried out
using CASTEP module*' of a commercial software package (Material
Studio 4.4). Generalized gradient approximations (GGA) with
Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional
(xc) were used in all calculations. Hubbard value of the d orbital of
Mo was set to be 2.0 €V. A set of 128, 64, and 32 k-points was used for
the calculations of MoO;, 3D-MoO;(bpy), and 1D-MoO5(4,4’-dm-
2,2'-bpy), respectively.

B RESULTS AND DISCUSSION

By a fine control of synthesis conditions we have succeeded in
growing single crystals of a large number of new structures with
different dimensionality. Compounds 1 and 2 are infinite 1D
chains of a general formula [1D-MO;(dmbpy) (M = Mo, W)
(see Figure 1, Table 1) formed by corner sharing MO,N,

Figure 1. Design and construction of 1D, 2D, and 3D MO5(L) hybrid
semiconductors based on perovskite-like layers of MoO; or WO,
(ReO; type structure) and organic linkers: red ball, O; blue ball, N;
gray ball, C; light blue ball in the center of octahedron, W or Mo.

connected via dmbpy. Compounds 3 and 4 are 2D networks
with a formula of 2D-MO;(py) (M = Mo, W), where single-
atomic MOj layers are separated by terminal organic linkers
(Figure 1, Table 1). Compounds $5—9 are three-dimensional
(3D) frameworks with a general formula of [3D-MO;(L),s (M
= Mo, W; L = pyz, bpy, bpe). These structures are built on
single atomic layers of MO; that are interconnected via
bridging organic linkers (Figure 1, Table 1). Each MOj layer
can be considered a “slice” cut from the perovskite-like ReO,
structure of the parent MO; phase. The PXRD analysis
indicates that phase-pure samples were obtained in most cases,
except compounds S and 8, for which a few very small impurity
peaks were found (Supporting Information Figures S1—S2).
Thermogravimetric (TG) analysis (see Supporting Information
Figures S12—S13) shows that 3D-MoO;(L) and 3D-WO;(L)
structures are stable up to 300 and 400 °C, respectively. The
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2D-MO;(py) structures do not decompose until 180 °C, and
the 1D-MO5(L) structures remain stable at 300 °C. The MO,
based hybrid semiconductors clearly have significantly higher
thermal stability compared to the II—VI hybrid systems.
Selected experimental optical absorption spectra of MoO5(L)
and WO;(L) hybrid semiconductors, along with their parent
MoO; and WO; compounds, are depicted in Figure 2. Note

4 ~

KM Function

Energy (eV)
(a)

KM Function

10 15 20 25 30 35 40 45
Energy (eV)

(b)

Figure 2. Selected optical absorption spectra of (a) MoO;(L) (black,
1; blue, 3; red, 7) and parent MoOj structure (orange); (b) WO,(L)
(black, 2; pink, 9; green, 8; red, 6) and parent WO; structure
(orange).

that all MoO;(L) and WO;(L) hybrid structures display sharp
absorption edge and significantly enhanced absorption intensity
compared to their parent compounds MoO; and WO,
indicating that they are much more efficient energy absorbers.
It is also interesting to observe the trend of band gap values
with respect to the dimensionality, 1D > 2D > 3D (Figure 2),
in full accordance with the extent of confinement of the
inorganic nanomodules.'®

Band structure calculations were performed on selected
hybrid compounds 1D-MoO;(4,4’-dm-2,2"-bpy) (1) and 3D-
MoO;(4,4"-bpy),s (7) and parent structure MoO; employing
density functional theory (DFT)*' (Supporting Information
Figures S3—S7). Compared to MoOj; with an indirect band gap
of ~0.5 eV, both 1 and 7 are calculated to be direct band gap
semiconductors with band gaps of ~2.7 and ~1.7 eV,

respectively. The corresponding blue shift values are 2.2 and
1.2 eV for 1 and 7. This phenomenon is very similar to what
has been observed in, and well-explained for, the II-VI based
hybrid semiconductors, as a consequence of strong structure-
induced quantum confinement effect (QCE) when the
dimensionality reduces from 3D network to 2D layer and 1D
chain, respectively.*'>'®>**! Note that while DFT calculations
tend to underestimate the band gaps,27’42_44 such errors are
systematically transformable and can easily be adjusted. For
example, the differences between the experimental optical and
calculated band gap values are the same for 1 and 7 (both being
0.6 eV, see Table 1 and Supporting Information Figures S3—
S4). A similar trend is also found for the WO,(L) series.

The VI-VI based hybrid semiconductors exhibit greatly
enhanced properties compared to their parent structures MoO;
and WO,. The estimated thermal conductivity (TC) data of
cold pressed pellet samples of 3D-MoO;(4,4-bpy)ys (7) and
3D-WO;(4,4’-bpy)s (8) are shown in Figure 3, in comparison

2.0

1.8

1.6

144  TTTTTTee--iTT
1.2 4
1.0 -
0.8 -
0.6 -
044 T
0.2 -

(} [} T T T 1
20 40 60 80 100 120
Temperature (°C)

Thermal conductivity (W/mK)

Figure 3. Temperature-dependent thermal conductivities of as-
prepared pellet samples of MoO; (black), WO; (red), 3D-
MoO;(4,4"-bpy),s (7, blue), and 3D-WO;(4,4'-bpy),s (8, green).
The solid lines denote samples cold-pressed at 7 mT, and dotted lines
denote samples cold-pressed at 3 mT.

with their parent materials MoO; and WO;. Data on the
thermal diffusivity and specific heat of these samples are given
in the Supporting Information (Figures S14—15). Compounds
7 and 8 (cold pressed at 7 mT) have a thermal conductivity
value of ~044 and 028 W/mK at 30 °C, respectively,
accounting for a remarkable reduction of 3.5 times from ~1.54
and 098 W/mK for the parent compounds. When the
inorganic layers are separated by organic molecules, the
interfaces between inorganic layer and organic layer at atomic
scale increase phonon scattering substantially. The significance
of phonon—interface scattering in the hybrid material is further
testified by the temperature insensitivity of their thermal
conductivity while the thermal conductivity values of MoO;
and WOj; decrease monotonically as the temperature increases
over the entire measured range (25—105 °C).

The pressure effect on the sample porosity was evaluated on
the MoO; and 3D-MoO5(4,4’-bpy), s samples pressed at 3 and
7 t (mT). As shown in Supporting Information Table S3, the
sample porosity is very similar for the two pressures. Thus, only
slightly higher thermal conductivity values are observed for
samples pressed at 7 mT (Figure 3). The small difference in the
TC values is possibly due to the small change in the
microstructure. As the porous and granular nature of the
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samples usually lead to lower thermal conductivity than the
“ideal” values for fully dense samples, effective medium theory™*
was employed to estimate the thermal conductivity of idealized
fully dense samples (see Supporting Information section S11
and Figure S16). The results show that while porosity does
reduce the thermal conductivity, such an offset is systematically
transformable for all the samples measured. In addition, an
overall reduction of TC is calculated to be ~5 and ~3.5 times
for the fully dense and as-prepared samples of 3D-MoO5(4,4'-
bpy)es respectively (30 °C, 7 mT), suggesting that while
porosity effect does play a role, the major contribution comes
from the inorganic—organic interface effect of the hybrid
materials.

Another interesting property of the VI-VI hybrid semi-
conductors is their high dielectric constants. Materials with high
dielectric constants are being sought as alternative gate
dielectrics nanoscale transistors***® and capacitors. Figure 4

theoretical density values, respectively). The results are not
surprising as dielectric constant decreases with decreasing
density.

Most materials show positive thermal expansion (PTE) as
they expand upon heating. Very few materials show negative
thermal ex?ansion (NTE) in which case they contract upon
heating.>**" Materials exhibiting zero (or nearly zero) thermal
expansion (ZTE) behavior are free from thermal shock on
rapid heating or cooling.>>>® Typically they are obtained by
combining those of NTE and PTE type. The MO; (M = Mo,
W) based hybrid structures exhibit interesting negative thermal
expansion (NTE) behavior. Powder X-ray diffraction patterns
of 3D-MoO;(4,4"-bpy)os (7) were collected at various
temperatures between 28 and 265 °C. Their structures were
solved and refined employing Rietveld refinement method (see
Supporting Information Figures $9-510).°* The temperature
dependent lattice parameters are plotted in Figure 5. The

1000
800+
600 1

400 4

2 4 6 8 10
Frenquency (x10° Hz)

Dielectric Constant

Figure 4. Dielectric constants and of 2D-MoO;(py) (3) (black), 3D-
MoO;(4,4"-bpy)ss (7) (red), and MoO; (blue) as a function of
frequency (ac electric field).

plots dielectric constants of pellet samples of 2D-MoO;(py)
(3) and 3D-MoO,(4,4'-bpy),s (7) measured between 10 kHz
and 1 MHz using an impedance analyzer (HP4194A). Both
compounds have significantly higher values than those of
MoO;. Very high k values are found at low field (e.g., 280 for 3
and 1000 for 7, respectively, at 20 kHz). The k values decrease
dramatically at higher field and reach a constant at ~1 MHz (60
for 3 and 200 for 7 compared to 26 of MoQ,).*” The high
dielectric constants is attributed to the interface-induced space
charge polarization in hybrid structures, as the space charges
vibrate most strongly at low frequency alternating current (ac)
electric field.***” As the interface between electrically
conducting and insulating grains is the most important factor
for space charge polarization and the hybrid structures are built
on two components with distinctly different conductivity, it is
not difficult to understand that the inorganic—organic interfaces
in these structures are the main reason for space charge
polarization, and therefore, high dielectric constants. This is
further evidenced as the hybrid structures show higher
dielectric losses at low frequencies plotted in Supporting
Information Figure S8a, which is caused by the leakage of
charges when a large number of space charges accumulate on
the structural boundaries. We have also estimated dielectric
constants of fully dense MoO; and 3D-MoO5(4,4’-bpy)s
samples having theoretical density (see Supporting Information
Figure S8b). In both cases, higher values are found with respect
to those of the pellet samples (with 65.5% and 80.5% of
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Figure S. Temperature dependent lattice parameters of the 3D-
MoO;(4,4"-bpy),s (7) structure shown for a-axis (black) and b-axis
(red

results show a strong negative thermal expansion along the
crystallographic b-axis over the entire temperature range. The
thermal expansion coefficient is as large as —1.5 X 107> K7/,
among the highest NTE values reported to date [e.g, a-
ZrW,0; (20—430 K), —8.7 X 107° K™'; f-ZrW,0;, (430—950
K), —4.9 X 107° K™Y; and y-ZrW,04 (20—300 K), —1.0 X 107¢
K™'1>° Unlike the NTE observed in the II-VI hybrid
structures which is perpendicular to the inorganic layers
(along the layer packing axis),”*** the NTE in compound 7
lies within the MoO; inorganic layer. A careful view of the
crystal structure of 7 at different temperatures reveals that the
NTE is caused by changes in the structure, in particular two
bond angles. As shown in Supporting Information Figure S11,
when temperature is increased from 28 to 265 °C, both Mo2—
06—Mo2 and Mol—0O1-Mol angles between the adjacent
MoO;N octahedra decrease significantly from 161.1° to 129.5°
and from 137.2° to 132.3° respectively, resulting in the
contraction along the b-axis.

H CONCLUSION

In summary, we have designed and constructed a new class of
crystalline inorganic—organic hybrid semiconductors built on
1D and 2D MO; (or VI=VI) perovskite-like nanomodules and
organic linkers. By controlling the dimensionality and topology
of the inorganic component and deliberate selection of the
organic molecules, we have succeeded in synthesizing a large

dx.doi.org/10.1021/ja4077556 | J. Am. Chem. Soc. 2013, 135, 17401-17407
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number of new structures with not only tunable band gaps but
also significantly improved properties and new functionality.
These include largely reduced thermal conductivity, greatly
enhanced dielectric constant, and negative thermal expansion.
These interesting and important properties show that the
blending of inorganic and organic modules within a crystal
lattice is a unique and promising approach in developing
multifunctional materials for advanced technological applica-
tions.
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