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ABSTRACT: A one-dimensional lithium(I) coordination
polymer has been characterized by variable-temperature
single-crystal X-ray diffraction and differential scanning
calorimetry. This compound possesses an anisotropic
packing arrangement that, along with a scissor-like or
hingelike movement of the pyridyl ligand side arms, results
in an extremely rare combination of positive, negative, and
zero thermal expansion. Designing such types of materials
and understanding the mechanistic details can facilitate the
design of new thermoresponsive materials.

ost three-dimensional materials expand along all three

directions with increasing temperature, and the phenom-
enon is known as positive thermal expansion (PTE).' The
mechanism for PTE involves longitudinal atomic vibrations that
give rise to equilibrium interatomic distances that increase with
temperature. For many common materials, the magnitude of
linear thermal expansion (given by the coefficient ) is typically
on the order of about 20 MK "> However, in some instances, the
thermal response is quite different; i.e., the increases in bond
lengths are either counterbalanced or overshadowed by some
other phenomenon (transverse vibrational motions,” INVAR
effect,” etc.), giving rise to either zero (ZTE)® or negative linear
thermal expansion (NTE),® respectively. Moreover, thermal
expansion behavior can be either isotropic or anisotropic in
nature. Isotropic NTE has been reported for materials having
cubic symmetry, and examples include IRMOFs, HKUST-1,
cyano-bridged metal—orgainc frameworks (MOFs), etc.” Owing
to their inherently asymmetric packing (relative to cubic
systems), noncubic materials generally exhibit anisotropic
thermal expansion. If any material possesses one or more
nonpositive linear thermal expansion coeflicients, then the
behavior is called anomalous thermal expansion. The most
common types of anomalous thermal expansion occur as a result
of lattice-fence or hingelike responses in helices, zigzag chains,
and gridlike networks.” Such materials expand along one
direction with concomitant contraction along perpendicular
directions (or vice versa). Extraordinarily large linear thermal
expansion coefficients (>100 MK™') have been reported for
several materials such as (S,S)-octa-3,5-diyn-2,7-diol,” methanol
monohydrate,10 Ag3|:Co(CN)6],11 Prussian blue analogues,12
etc. In recent years, MOFs have emerged as a new class of
materials possessing anomalous thermal expansion behav-
ior.”'"'* Furthermore, very few MOFs have been reported to
possess a unique combination of PTE, NTE, and ZTE as a result
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of either a hingelike”’ or a combined stretching—tilting14

mechanism.

Herein, we report the anomalous thermal expansion behavior
of a one-dimensional coordination polymer, {[Li(4-pyc)-
(H,0)05]-0.5MeOH}, (1; 4-pyc = 4-pyridinecarboxylate;
Scheme S1). This material has been synthesized according to a
modified literature procedure.'® Single-crystal X-ray diffraction
(SCD) analysis reveals that 1 crystallizes in monoclinic space
group C2/c, and its asymmetric unit contains one Li" ion, one 4-
pyc™ ligand, half of a coordinated water molecule, and half of a
noncoordinated, disordered MeOH molecule (Figure S1).

The carboxylate groups coordinate to the Li" ions in a
chelating-bridging mode, whereas the water molecules coor-
dinate in a bridging mode to generate a one-dimensional zigzag
chain along the crystallographic ¢ axis (Figure la). Each one-
dimensional coordination chain has noncoordinated pyridyl
units as side arms, which adopt staggered orientations along the
chain axis (Figure S2). The nitrogen atoms of the pyridyl units

(b)

Figure 1. (a) Perspective view of a one-dimensional chain in 1 projected
along [010] (lithium and oxygen atoms are shown in ball-and-stick
representation, and all other atoms are shown as capped sticks). (b)
Packing diagram viewed along the crystallographic ¢ axis showing
hydrogen-bonding interactions in 1 (aromatic hydrogen atoms are
removed for clarity).
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form strong N—H---O hydrogen bonds (approximately along the
crystallographic a axis) with the water molecules of neighboring
chains to generate three-dimensional connectivity (Figure 1b).

The overall packing arrangement contains infinite one-
dimensional solvent-accessible channels along [001] (with
dimensions ~4.6 X 12.4 A, considering the contributions of
the van der Waals radii of individual atoms), which are occupied
by disordered MeOH molecules. Interestingly, the metal—ligand
coordination bonds propagate along the crystallographic ¢ axis
and the hydrogen bonds along the a axis, whereas there are
almost no notable interactions along the b axis. Owing to these
directional discrepancies in interaction strength, the material
possesses highly anisotropic geometrical flexibility along the
three crystallographic axes. Inspired by this observation, we
monitored the temperature-dependent structural changes using
variable-temperature SCD.

X-ray intensity data were recorded at 20 K intervals in the
temperature range of 100—260 K. The loss of crystal singularity
above 260 K precluded further structural analysis. Over the
temperature range investigated, the crystallographic b axis
elongates significantly with increasing temperature, while the a
axis shrinks and the ¢ axis remains almost constant (Tables S1
and S2 and Figure S3). The crystallographic angle f also
increases steadily with increasing temperature (Tables S1 and S2
and Figure S4). Because 1 crystallizes in the monoclinic crystal
system, the program PASCAL'®* was employed to calculate the
orthogonal linear thermal expansion coeflicients.

The linear thermal expansion coefficients along three principal
thermal axes, X1 [0.6316, 0, 0.7753], X2 [—0.2763, 0, 0.9611],
and X3 [0, 1,0] are —42(2), 3(2), and 206(4) MK, respectively
(Figure 2). The material therefore exhibits the rare combination

metal—ligand coordination bonds are sufficiently strong to
prevent any substantial change in the metal—metal nonbonding
distances and the metal—oxygen—metal bridging angles (Table
S3). This is consistent with ZTE along X2, which is
approximately parallel to the crystallographic ¢ axis. However,
the thermal response in the ab plane is quite different, owing to
conformational changes in the pyridyl side arms. With increasing
temperature, the torsion angle N1.--C2---C2’---N1’ (8,)
increases steadily with a concomitant decrease in the torsion
angle N1.--C2:-C2"--N1” (8,) (Figures 3 and S7 and an SI
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Figure 3. Variation of the torsion angles (a) &, and (b) &, with
temperature.

video). As a result of these conformational changes, the
noncovalent distance N1--N1’ along [0, 1, 0] (X3) becomes
elongated (Table 1, Figures 4 and S8—S18, Table S4, and an SI
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Figure 2. Plot of the temperature-dependent change in the principal
tensor lengths (obtained from PASCAL).

of substantial NTE along X1, ZTE along X2, and colossal PTE
along X3 (Figure SS). The volumetric thermal expansion
coefficient of 1 is 169(5) MK™" (Figure S6).

The reversibility of the expansion process was confirmed by
determining the unit cell parameters after rapid cooling to 100 K,
ramping to 260 K, and then cooling to 100 K again (100 K-R in
the SI). The initial and final unit cell parameters are practically
the same, and the crystal mosaicity also remains unaffected by
temperature cycling.

The temperature-dependent structural changes have been
examined carefully in order to elucidate the mechanism
responsible for highly anisotropic thermal expansion of 1. The
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Table 1. Selected Noncovalent Distances in 1 Recorded at
Different Temperatures

T (K) NI1--N1’ (A) NI1--N1” (A)
100 6.086(3) 12.843(4)
140 6.121(3) 12.835(5)
180 6.147(3) 12.803(6)
220 6.189(3) 12.787(3)
260 6.227(3) 12.761(5)

video), resulting in PTE along that particular direction.
Concurrently, the N1---N1” distances along the a axis gradually

- -
12.843(4)

(a)

N1

— —
12.761(5)

Figure 4. Perspective view showing selected noncovalent distances at
(a) 100 and (b) 260 K (coordinated water molecules and hydrogen
atoms are omitted for clarity).
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become shorter, thus contributing to the overall NTE along X1
(Table 1, Figures 4 and S8—S15, Table S4, and an SI video).

Interestingly, the N—H:--O hydrogen-bonding interactions
remain virtually unaffected during the entire thermal cycle (Table
SS). Because 1 is more flexible along the b axis than along g, the
magnitude of the PTE along X3 is greater than that of the NTE
along X1. This observation is consistent with the notion that
weaker and a lesser extent of intramolecular interactions in a
particular direction would generally promote larger thermal
expansion in that direction.'” Differential scanning calorimetry
(DSC) measurements rule out any possibility of a thermotropic
phase transition because no thermal events are present (Figure
S16) for the entire thermal cycle.

To date, all reports on the rare combination of PTE, NTE, and
ZTE have involved either a hinged or a stretching—tilting motion
of gridlike or macrocyclic units.'”'” To the best of our
knowledge, compound 1 is the first one-dimensional coordina-
tion polymer that exhibits such behavior. Moreover, the hingelike
mechanism for structures containing one-dimensional chain
motifs gives rise to substantial expansion along the chain axis.”**”
However, in the present report, 1 experiences a Iarge extent of
thermal expansion perpendicular to the chain axis without any
significant expansion along the axis. The rigidity of the Li—O
linkages results in ZTE along X2, whereas the conformational
flexibility of the pyridyl side arms results in colossal PTE along
X3 and substantial NTE along X1. Additionally, because the
thermal expansion process occurs without affecting the crystal
singularity, the precise temperature-dependent structural
changes can be monitored in order to gain insight into the
mechanism. Understanding such structure—property relation-
ships can be propitious for developing new types of
thermoresponsive materials for future applications.
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