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One of the ongoing material research concerns the chemistry
and physics of inorganic-organic hybrid compounds.1 The blending
of the two components in a single structure often leads to
enhancement and/or combination of useful properties originated
from individual components, and more significantly, new phenom-
ena and functionality that are not possible with the individual
components alone can be induced in the blended materials. We
have recently developed a unique class of nanostructured crystals
with a general formula [MQ(L)x] (M ) Mn, Zn, Cd; Q) S, Se,
Te;L ) mono- or diamine,x ) 0.5 or 1).2 These inorganic-organic
hybrid materials possess one-, two-, and three-dimensional (1D,
2D, and 3D) extended network structures that are comprised of
perfectly ordered, subnanometer sized II-VI semiconductor seg-
ments (inorganic component) and acyclic amines (organic compo-
nent). They display a number of improved/enhanced physical
properties over their parent bulk semiconductors, including an
exceptionally broad band gap tunability (0.1-2.0 eV) and a very
strong band edge absorption (e.g., 106 cm-1), all desirable for
optoelectronic applications such as photovoltaics or solid-state
lighting.3-4 In addition, the extremely strong blue shift exhibited
in these systems is a result of a structure-induced quantum
confinement effect (QCE), and thus, is independent of the particle
size, and can be systematically tuned by modifying the crystal
structure, dimensionality, and thickness of the inorganic motifs.2

The organic component plays an equally important role in these
hybrid crystals, in shaping their conformational, structural, me-
chanical, and thermal properties. Herein we report nearly zero
uniaxial thermal expansion behavior of a subgroup of II-VI and
diamine based structures, namely 3DR-[ZnTe(L)0.5] [L ) N2H4,
ethylenediamine (en), propyldiamine (pda), butyldiamine (bda), and
pentyldiamine (ptda)], and illustrate systematic variation of their
thermal expansion properties as a function of the length of organic
diamines.

A vast majority of materials respond to the change of temper-
ature. Those that expand as the temperature increases (e.g., heating)
are said to have positive thermal expansion (PTE), and those that
contract upon heating are characteristic of negative thermal expan-
sion (NTE) which are much less common. When a material is
insensitive to temperature change (neither expanding nor contract-
ing), it makes a very rare case of zero (or nearly zero) thermal
expansion (ZTE).5-7 This latter group is fundamentally very
interesting and highly desirable for numerous important applications
that require materials to retain a constant volume or length as
temperature varies.8a,c Since pure isotropic ZTE materials are
extremely rare, much research has been focused on developing
composite materials (e.g., alloys) that combine a more commonly
found PTE with a NTE component to achieve overall ZTE.8-9

However, such composite materials often suffer from severe cracks
caused by a large number of grain boundaries which will impede
their performances.

Two important features make the title compounds highly
attractive in minimizing such a problem. The first is that the two
building blocks having distinctly different thermal properties are
brought into one crystal lattice that is completely free of grain
boundary issues. The bulk ZnTe shows a typical PTE behavior,
while NTE was calculated for amine based structures from single-
crystal data collected at two temperatures.10 A combination of these
two fragments may allow compensation of PTE and NTE effects
within a uniformly ordered structure. Second, by a suitable selection
of organic and inorganic components with adjustable thermal
behavior, overall thermal properties of the resultant crystal lattice
can be systematically tuned. The crystal structures ofR-[ZnTe-
(N2H4)0.5] (1), R-[ZnTe(en)0.5] (2), R-[ZnTe(pda)0.5] (3), R-[ZnTe-
(bda)0.5] (4), andR-[ZnTe(ptda)0.5] (5) are shown in Figure 1. All
contain single atomic slabs of ZnTe resembling a puckered
honeycomb net (thickness∼5 Å) that are interconnected by
diamines via coordinative bonds between Zn and N. The insulating
organic molecules act as spacers that prevent interactions between
the neighboring inorganic motifs, both electronically and spatially,
thus inducing a very strong quantum confinement effect. The
estimated band gaps are 3.4-3.7 eV for1-5, giving rise to a huge
blue shift of 1.3-1.6 eV with respect to their parent bulk ZnTe
(band gap: 2.1 eV).2,11

Single-crystal X-ray diffraction experiments were performed on
selected crystals of1-5.11 Compounds containing diamines with
an even number of carbons (n), 1 (n ) 0), 2 (n ) 2), and4 (n )
4), crystallize in centrosymmetric space groupPbca(No. 61), and
those with an odd number of diamines,3 (n ) 3) and5 (n ) 5), in
noncentrasymmetric space groupCmc21 (No. 36). The unit cell
parameters of all five structures were refined using full data sets
collected at 295 K and lower temperatures.11 Figure 2a shows the
changes in the axes for2 as an example. Clearly, two of the axes
that are parallel to the inorganic layers (short axes,L1 and L2)
respond positively to the increase of temperature for all five
compounds, with their thermal expansion coefficients (R) varying
between (0.9-1.5) × 10-5 K-1 and (1.4-2.9) × 10-5 K-1 for L1

andL2, respectively. The extent of their PTE is, however, generally
decreases asn increases, as shown in Figure 2c forL2 (L1 behaves
similarly). The axis perpendicular to the ZnTe layers (long axis,
L3) exhibits a significantly smaller thermal expansion (Table 1).
For 1 with the shortest diamine (n ) 0), L3 features a very small
but positive thermal expansion. For highern, L3 shows NTE with
increasing magnitude as diamine gets longer (Figure 2b,c). The
effect of the organic molecule is further illustrated in Figure 2d,
taking 1 (n ) 0, even) and3 (n ) 3, odd) as examples. PTE is
observed in the inorganic layer for both compounds, while the
organic layer shows a negative effect with an increasing scale as
n increases. It is this difference in the thermal behavior of the
two structure motifs that leads to the sign and magnitude change
of R.
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A linear response theory has been employed to calculate the
phonon spectrum of a prototype hybrid structureâ-[ZnTe(en)0.5]12

to study and understand possible mechanisms. The calculations
show that a number of transverse and transverse-longitudinal
(mixed) modes can be excited in the temperature range 4-400 K.

Their frequencies are in the region similar to the transverse modes
found in other materials that contribute to NTE.13 The frequency
red shift with lowering temperature (a signature of the transverse
mode) has also been confirmed by Raman experiments.

There are only a few exceptions of known NTE or ZTE materials
that are not insulators.5 Semiconducting materials that combine ZTE
and other useful electronic and optical properties are in high
demand. The title compounds represent a remarkable group of
nanostructured hybrid semiconductor materials that are not only
capable of tuning electronic and optical properties but also
competent in achieving desired thermal expansion properties by
tailoring two distinctly different structural components in a single
crystal lattice.
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Figure 1. Crystal structures of1-5 and the ZnTe single-atomic slab.
The light-blue balls inside tetrahedral are Zn; red balls, Te; dark blue balls,
N; gray balls, C. Hydrogen atoms are omitted for clarity. For1, 2, and4,
the view is along theb-axis, and for3 and 5, it is along thec-axis. L3

(the long axis) is the inorganic-organic stacking axis (perpendicular to
II-VI layers).

Figure 2. (a) Relative change in the unit cell constants for2 (a ) L2, b )
L1, c ) L3) as a function of temperature; (b) Change inL3 as a function of
T(K) for 1-5 (top down. Lines are drawn to guide the eyes); (c) Normalized
change inL2 andL3 for 1-5; and (d) Change in the inorganic (brown) and
organic (blue) layer alongL3 for 1 and3 between 95 and 295 K (all with
error bars).

Table 1. L3(295 K), ∆L3(295 K, 95 K), and Thermal Expansion
Coefficient (R) of L3 Calculated by Linear Regression Method

compound (n) L3/Å (295 K)
∆L3/Å

(L3,295K −L3,95K) r × 106/K-1

[ZnTe(N2H4)]0.5 (0) 13.3114(15) +0.009 +3.759
[ZnTe(en)]0.5 (2) 17.5569(10) -0.0117 -3.415
[ZnTe(pda)]0.5 (3) 20.2234(13) -0.0146 -3.459
[ZnTe(bda)]0.5 (4) 22.3575(11) -0.029 (155K) -8.929
[ZnTe(ptda)]0.5 (5) 25.2744(18) -0.0396 -7.901
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