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Solvent-free (1) and solvated (2) 2D-coordination polymers
have been synthesised by varying the amount of solvent during
crystallisation. 1 undergoes a unique accordion motion of 2D
zig-zag interwoven layers whereas 2 experiences layer-sliding
within 2D layers to produce anomalous thermal expansion
behaviour.

Positive thermal expansion (PTE) is observed for most materials
and is generally due to longitudinal vibrational motion, which
leads to expansion (~20 MK™!) along three orthogonal directions
with increasing temperature.! However, there are reports of
fascinating mechanical responses such as hinge-like? and
stretching-tilting® motion of molecules, associated with particular
arrangements in the solid state that can induce colossal PTE (> 100
MK), negative thermal expansion (NTE)* or zero thermal
expansion (ZTE)® (i.e., thermal  behaviour).
Commonly, anomalous behaviour in metal-organic materials
occurs as a result of structural flexibility,® which could be due to
the choice of metal ions, ligands or both. In recent years much
attention has been devoted to fully understanding such
thermoresponsive behaviour of materials. Indeed, a large number
of interesting mechanisms have been reported for anomalous
behaviour in metal oxides’” and organic compounds.®
similar reports for coordination polymers (CPs) are also increasing
in number with ever growing interest in the properties of such
materials.” This is particularly so because the topologies and
properties of CPs can easily be tuned by varying the metal ions and
the types of ligand that can facilitate more flexibility of the
system.!? In this regard, single crystal X-ray diffraction (SCXRD)
at variable temperature provides direct insight towards
understanding the structural dynamics and mechanisms involved.

We have investigated two related 2D CPs with a view to
understanding the anomalous nature of their thermal expansion
behaviour. The CPs [Zn(tp)(bpp)]. (1, solvent free form) and
{[Zn(tp)(bpp)o.s]'0.5dmft}, (2, solvated form) (Scheme S1), (tp =
terepthalate, bpp = 1,3-bis(4-pyridyl)propane and dmf = N,N'-

anomalous

However,

s dimethyl formamide) were synthesised using a modified literature

procedure by varying the amount of solvent (Scheme S1, Table S1-
S5).11 SCXRD analysis at 100 K reveals that 1 crystallises in the

centrosymmetric orthorhombic space group Pbca. The asymmetric
unit consists of one Zn?" ion, one tp ligand and one bpp ligand. The
so Zn** ion adopts a distorted tetrahedral coordination geometry,
binding to two monodentate carboxylate oxygen atoms from two
separate tp ligands, and to pyridyl units of two bpp ligands (Fig.
S1). The tetrahedral Zn?* centres are linked by the bpp and tp
ligands along the crystallographic a and ¢ axes, respectively, thus
ss forming two-dimensional zig-zag layers (Fig. 1). Pairs of
neighbouring layers interpenetrate to yield an interwoven twofold
sheet with several C-H---m interactions between the two
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Fig. 1 Perspective views of 1. (a) A single 2D layer parallel to (010).
(b) Zig-zag layers formed by carboxylate and bpp ligands. (c) Each
2D layer is interwoven with another layer to form a twofold
interwoven sheet. All hvdrogen atoms have heen omitted for claritv

constituent layers (Fig. lc, Figs. S2-S3, Table S6). There are also
weak 7---m interactions between the aromatic rings of the

e carboxylate and pyridyl units of neighbouring twofold-interwoven
sheets (Fig. 2, Table S7), owing to which the interwoven sheets
stack on one another to generate the overall 3D architecture (Figure
S4).
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Fig. 2 Perspective view of 1 along [100] showing the 7-- -7 stacking
between the two zig-zag interwoven layers. Hydrogen atoms have
been omitted for clarity.

Variable-temperature single-crystal X-ray diffraction (VT-
SCXRD) experiments were carried out with a view to
understanding temperature-dependent structural changes of 1.
Starting at 260 K, the crystal was cooled to 100 K and intensity
s data were collected at 20 K intervals. Upon cooling, the
crystallographic b axis contracts significantly, the ¢ axis elongates

@

crystallographic axes a, b and c are 0.1(2), 103.8(2) and —10.6(2)

10 MK, respectively. Thus 1 shows a rare combination of zero,

positive and negative thermal expansion behaviour.!27% The
overall volumetric thermal expansion coefficient is 93.1(3) MK™!
(Fig S5). The reversibility of the thermal expansion process was
confirmed by first cooling the crystal from 260 to 100 K and then
heating it again to 260 K (1_260K-R in ESI). The initial and final
unit cell dimensions at 260 K agree within experimental error.
Differential scanning calorimetry (DSC) shows no thermal event
in the temperature range of 100 to 260 K, confirming that 1 does
not undergo any phase change in this range (Fig. S6).
Thermogravimetric analysis (TGA) shows that the compound 1 is
thermally stable up to 350 °C, beyond which it starts to decompose
(Fig. S7).

In order to elucidate the mechanism responsible for the
anomalous thermal expansion properties of 1, we analysed the
types of intermolecular interactions and temperature-dependent
structural changes. Upon cooling, the intermolecular C-H---7
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interactions (Figs. S2-S3) within an interwoven sheet strengthen,

19.704 as is evident from the decrease of the non-bonding distances
19.68: C4---i3 and C10---{1 (i1 = centroid of C2-C7 and i3 = centroid of
1 30 N2,C17-C21, Table S6). This effect enhances positive thermal
19'66__ 5 expansion along the b axis. In addition, the 77 interaction
— 19.64 4 —R‘—\ distance i1---i3 between neighbouring twofold-interwoven sheets
< — . . . .
= ibige ‘\\‘\‘"\-_ also decreases on cooling (Table S7). Since these interactions are
'g 3 aligned almost parallel to the crystallographic b axis (Fig. 2), they
o 19.601 35 also contribute to the overall colossal positive thermal expansion
19_53__ along [010]. Close examination of the corrugated 2D layers
1 parallel to (010) shows that the distance between the Zn?* ions
19'56}_ s connected by bpp ligands along the crystallographic a axis remains
16.60>7" practically constant, thus resulting in zero thermal expansion along
16.554 / 40 [100]. This occurs despite gradual twisting of the flexible alkyl
1 chain of the bpp unit with temperature (Fig. S8, Table S8). The C-
16.50 1 H-- 7 interaction C21---i2 (i2 = centroid of N1,C9-C13) aligns
= 18, 45; / almost parallel to the ¢ axis, which shows slight expansion on
3 1 cooling (Fig S2, Table S6). At the same time, the non-bonding
-g 16.40—_ 45 metal-metal distance (d2) across the tp linkage (i.e. along c)
9 45354 undergoes slight expansion with decreasing temperature (Fig. 4,
2 Table S9). Since d1 remains almost constant, elongation of d2 is
16301 « due to the slight overall increase in the angle 0, with cooling, and
1 6.25/: L hence negative thermal expansion is observed along the
11.954" so crystallographic c axis. In general, within the 2D zig-zag layer the
11.904 structure remains largely unchanged along the a axis, whereas it
1 undergoes slight contraction along ¢ with increasing temperature.
L 1357_ This kind of deformation of a 2D zig-zag layer is best described as
o 11.80 1 accordion'® motion (Video 1).
E NI —— S . e b o
& 11.70- L 2 .
® 11651 # : o "LQ(
11,60 \\/ &
i d1 Znl d1
11.55

100 120 140 160 180 200 220 240 260 Fi. 4 P i . howine th bondine dist (d2) and
T ratur ig. 4 Perspective view showing the non-bonding distance (d2) an.
BmpEiatE (K) angle (0,) that are affected by anomalous thermal expansion in 1.
Fig. 3 Variation of unit cell dimensions of 1 (including error bars)

with temperature.

slightly, and the a axis remains almost constant (Fig. 3). The linear
thermal expansion coefficients along the three perpendicular

2 | Journal Name, [year], [vol], oo—oo This journal is © The Royal Society of Chemistry [year]
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SCXRD analysis at 100 K reveals that 2 crystallises in the
monoclinic space group P2,/m. The asymmetric unit consists of
one Zn?* ion, one tp ligand, half a bpp ligand and a half-occupancy

(a)

Structur
contraction
axis upon c

L2

Fig 5: (a) Perspective views of the 7 -zinteractions between aromatic
groups of the carboxylate and pyridyl of two adjacent layers in 1. (b)
-7 interactions become stronger upon cooling and thus contraction
along the b axis (also X2) results in positive thermal expansion. The
distance between the Zn?>* atoms connected by the bpp ligand along
the b axis (L1) decreases upon cooling.

dmf molecule. The Zn?* ion in 2 adopts a distorted tetrahedral

s coordination geometry unlike that of 1; it is coordinated to three
carboxylate groups, each in monodentate mode, with the remaining
position occupied by a pyridyl unit of bpp (Fig. S9a). Two such
Zn?* jons form a dimeric unit, within which they are connected by
two carboxylate groups. The dinuclear Zn, units are linked to one

10 another by means of tp and bpp linkers to form 2D corrugated sheet
(Figs. S9b and S9c¢) parallel to (—101) (Fig. S9d). The 2D sheets
are stacked over each other along [101] in ABAB fashion (Fig.
S10). The presence of weak C—H---O hydrogen bonding and -7
interactions (between the aromatic rings of tp and bpp ligands)

1s between two successive 2D layers facilitates the overall
supramolecular architecture of 2 ((Table S10 and S11, Figs. 5,
S10b and S11). This host framework contains 1D ‘virtual’
channels along [001], which are filled with disordered guest dmf
molecules (Fig. S12).

100 +ve

-ve

50

Fig. 6 PASCal'* expansivity tensor plot for 2.

0 VT-SCXRD experiments were carried out to elucidate the
temperature-dependent structural changes of 2. Similar to 1,
SCXRD data were first recorded at 260 K, and then at 20 K
intervals down to 100 K. The crystallographic a axis contracts

significantly upon cooling while the b and c axes shorten gradually
25 (Fig. S13). Since 2 crystallises in the monoclinic system, the
program PASCal'* (Fig. 6) was used to derive a set of orthogonal
axes, with corresponding linear thermal expansion coefficients X/
[-0.5295,0,-0.8483], X2 [0,1,0] and X3 [-0.9724,0,0.2332, of
—14.7(5), 15.3(5) and 104.1(2) MK, respectively. 2 undergoes
30 biaxial positive and uniaxial negative thermal expansion, and the
overall volumetric thermal expansion coefficient is 114.9(9) MK,
The reversibility of the structural response to thermal cycling was
also checked (2_260K-R in ESI); the initial and final unit cell
dimensions at 260 K agree well within experimental error.
35 Variation of the axes X7, X2 and X3 with temperature is shown in
Fig. S14. DSC analysis of 2 shows no thermal event between 100
and 260 K, confirming that 2 does not undergo any phase change
(Fig. S6) in this temperature range. TGA shows complete loss of
dmf around 215 °C, after which the host is thermally stable up to
40 350 °C when it starts to decompose (Fig. S7).

To investigate the mechanism responsible for anomalous
thermal expansion behaviour of 2 we have analysed the
temperature-dependent structural changes and the associated
intermolecular interactions. The -z distance between the

45 aromatic centroids of the tp and bpp ligands of two adjacent layers
decreases continuously with a decrease in temperature (Table S11,
Fig. S15). As a result, the =7 interactions become stronger,
leading to contraction of the 2D layer along the b axis, and thus
contributing to positive thermal expansion along X2 (Fig. 5b). The

so contraction is evident as the distance between the Zn** atoms

[-101] direction
-

HT.
5<[101] direction
................ >
a

X1

Sliding of
the 2D layer
100K 20K | | ﬁkj;

0Q | 17.9195(7)A| 17.8914 (7) A _atl
| PR | 82872(3)A | 8.4208(4) A

Fig. 7: Perspective view along [010] of the two successive 2D layers
of 2. Upon cooling, the distance between the layers decreases, with
concomitant sliding along [101]. These two simultaneous movements
result in positive and negative thermal expansion along X3 and X1,
respectively.

connected by bpp ligand along the b axis (L1 in Fig. 5b) decreases
from 10.850(1) A to 10.776(1) A upon cooling (Table S12). The
angle between two centroids and a Zn atom (£i4—i5-Znl; 0,, Fig.
S15, Table S11) decreases upon cooling, which indicates that two
ss adjacent 2D layers are encroaching upon each other. Hence, the
distance between them along [-101] decreases (Fig. 7). This
movement of the 2D layers has an impact on the thermal expansion
along X7 and X3. We also note that the C—H:--O interactions (Fig.
S11) between the non-coordinated carboxylate oxygen atom (O2)
o0 and aromatic hydrogen atoms of bpp (C9 —H9---02) and tp linkers
(C7—H7---02) become stronger with decreasing temperature

This journal is © The Royal Society of Chemistry [year]
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(Table S10). As a consequence of the combined effects of stronger
- rand C—H---O interactions, two successive 2D layers approach
closer (along [-101]), with concomitant sliding along [101] (Fig.
7). As shown in Fig. 7, the distance between the centroids of two
secondary building units (SBUs) in two different layers (i.e. O and
Q) increases with decreasing temperature, resulting in negative
thermal expansion along X7 (Table S13). On the other hand, the
distance between the centroids of SBUs P and R decreases with
decreasing temperature, which contributes to positive thermal
expansion along X3.

In conclusion, the co-existence of linear NTE, PTE and ZTE in
a single crystal (as observed for 1) owing to accordion motion has
not previously been observed. In 2 the sliding mechanism between
the 2D layers interacting via -7 and C—H---O contacts leads to
uniaxial NTE. Discovering and understanding new mechanism
whereby materials show anomalous thermal expansion behaviour
potentially facilitates better design and development of new
thermo-responsive materials.
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Accordion motion of interwoven 2D layers in 1
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<01} direction
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Sliding of the 2D layers in 2

Solvent free (1) and solvated (2) 2D-coordination polymers have been synthesised by varying the
amount of solvent during crystallisation process. The single crystal of 1 shows the co-existence of linear
NTE, PTE and ZTE owing to an accordion motion. In 2 the layer-sliding mechanism between the 2D
layers due to 7--- 7and C—H---O interactions leads to uniaxial NTE.
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