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The search for a method to control structural transformations of layered coordination polymers is highly
desirable to modulate their properties and functions. Herein, we report the construction of a novel
coordination polymer named ZnC16 with Zn(ll) ions coordinated to isophthalates ligands bearing n-
hexadecyloxy chain (C16%). Its structure consists of a layer-by-layer structure of rigid two-dimensional
coordination network and an assembly of alkyl chains as a thermally responsive moiety. Single crystals of
ZnC16 exhibit a thermal crystal-to-crystal phase transition behaviour dominated by disordering/ordering
of alkyl chains, which induce expansion and shrinkage of the distance within the rigid 2D coordination
networks. Microscopic observation revealed that the thermal phase transition of ZnC16 induces a
significant change in their crystal morphology; a reversible macroscopic elongation/shrinkage of crystal
dimension driven by displacement of interlayer distances and an irreversible delamination and polycrystal
slippage driven by constraints generated from this phase transition. Our result provides a new direction
to modulate dynamic behaviour and related properties and functions of layered coordination polymers
where the thermally responsive character of flexible alkyl chains works as an important role to tune
interlayer interactions.

Introduction

Coordination polymer crystals are of major interest as solid state materials which have well-
defined supramolecular networks consisting of organic ligands and metal ions.! Various
combinations of these metal ions and organic ligands give rise to a wide family of coordination
polymers with 1D to 3D periodic networks, exhibiting functions specific to their structures, such
as catalysts,? absorbents,® and magnetic* or optical materials.> In particular, layered coordination
polymers have been extensively studied owing to the anisotropy of their crystal structures, where
a robust 2D coordination network is developed to form stacked layers via weak interlayer
interactions.® One of the most prominent features of layered coordination polymers is the



flexibility of their crystal structures, where rigid layers of 2D coordination networks show
displacement as modules to modify their stacking modes and interlayer distances without losing
in-plane periodic linkage. The search for a method to control such dynamic nature in layered
coordination polymers is highly desirable as it has rendered them variety of useful properties and
functions, such as the ability to adsorb molecules via gate-opening and intercalation’ and abilities
to modulate their macroscopic shapes (morphology) via exfoliation into ultrathin nanosheets.®
However, most of these changes in crystal structures are found serendipitously and it is still
challenging to rationally predict and trigger their structural transformation behaviours. Herein, we
envisioned that the incorporation of stimuli-responsive moieties on the surface of a 2D
framework, which could control stacking modes and interlayer interactions, would provide
important insights into how to rationally trigger the structural transformation of layered
coordination polymers.

In this article, we describe the construction of a novel coordination polymer (ZnC16) consisting
of Zn(ll) ions and isophthalates functionalised with long alkyl chains (i.e. n-hexadecyloxy chain,
C16%7) in a 2D network as a thermally responsive interlayer junction. Molecules with long alkyl
chains are known to create soft assembled structures via weak intermolecular interactions, such
as gel,® liquid crystal,'° and lipid membranes,!! in which they orientate and packed together. Such
condensed assemblies exhibit a thermal phase transition behaviour originated in conformational
disordering and ordering (namely melting and crystallisation) of alkyl chains which significantly
influence their molecular packing to modify morphology and softness. We envisioned that layered
hybridisation of such flexible assemblies of alkyl chains with rigid 2D coordination polymers will
enable thermally responsive changes in crystal morphology involving displacement of the rigid
metal-organic skeleton affected by loosening and tightening of interlayer interactions.?

ZnC16 also exhibits a crystal-to-crystal thermal phase transition accompanied by
disordering/ordering of the flexible long alkyl chains. Detailed microscopic observation revealed
that the thermal phase transition of ZnC16 induces a mechanical crystal response of crystals to
modulate their morphology (shape changes and delamination) without a loss of in-plane periodic
linkage.®?

Result and discussion

Preparation of the coordination polymer

As a starting material of a coordination polymer, we selected the n-hexadecyloxy substituted
isophthalic acid (H2€16). Although H,C16 has been used as components of various supramolecular
and metal-organic materials, there are no examples of the construction of crystalline coordination
polymers with this ligand.'* As a metal ion, we selected Zn(ll) which is widely used as kinetically
labile and thermodynamicaly stable coordination centre to create variety of coordination
polymers.!> Single crystals of coordination polymer ZnC16 were prepared solvothermally by
reacting the n-hexadecyloxy substituted isophthalic acid (H;C16) with zinc acetate
(Zn(OACc)2:2H20) in methanol at 60 °C (Fig. 1a). The reaction was monitored by powder X-Ray
diffraction (PXRD) measurement (Fig. S1). Upon mixing an equimolar amount of H,C16 and



Zn(OAc)2:2H,0, a colourless solid formed immediately. Upon heating the resulting solid in
methanol at 60 °C for 2 days, the sample gradually turned into plate single crystals of solvated
coordination polymer ZnC16(MeOH), consisting of a 1D polymeric structure with solvated Zn(ll)
ion as a precursor for ZnC16 (Fig. S2—4). After further incubation of the solid samples in methanol
at 60 °C for another 5 days, ZnC16 was obtained as colourless prismatic single crystals, the phase
purity of which was confirmed by elemental analysis, visual observation using an optical
microscope, and X-ray structural analysis (vide infra) (Fig. S5-7).

Phase transition behaviour of the coordination polymer

First, the thermal phase transition behaviour of ZnC16 was studied using thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) (Fig. S8). Upon heating single crystals of
ZnC16 starting from room temperature in dried air, no significant weight loss nor a sharp change
of heat flow was observed until the temperature approached 150 °C. Upon further heating the
sample, a prominent endothermic peak appeared at 153 °C without showing a significant weight
loss. This result suggests that ZnC16 shows a thermal phase transition around 150 °C. Single crystal
X-ray diffraction (SCXRD) analysis at two representative temperatures (20 °C and 177 °C) clarified
the existence of two different structures; a lower temperature phase (hereafter denoted as LT,
Fig. 1b—c) and that of a higher temperature phase (hereafter denoted as HT, Fig. 1d). In
consequence, ZnC16 exhibits a crystal-to-crystal phase transition at around 150 °C.

In the crystal structure of LT at 20 °C, all carboxylic oxygen atoms of C16%~ are coordinated by
crystallographically equivalent Zn(ll) ions (Fig. 1b and S6). Each Zn(ll) ion is bound to carboxylic
oxygen atoms of four isophthalates to form a tetrahedral coordination geometry around the metal
centre, creating a 2D infinite coordination network developed in parallel to the (001) plane. Both
surfaces of the resulting 2D coordination network are functionalised with alkyl chains of the C16%~
in a well-defined all-trans configuration (Fig. 1c and S7). The 2D coordination networks stack in
the [001] direction with interlayer distances of 19.783 A, in which alkyl chains of both surfaces
interdigitate each other, thus creating an alternate layer-by-layer structure of the 2D coordination
networks and alkyl assemblies.

y & A~ LT (20 °C) HT (177 °C) ¢

Fig. 1 a) Molecular structure of H,C16. Crystal structures of coordination polymer ZnC16; b) structure of
2D coordination polymer network (20 °C, LT). Alkyl chains are omitted for clarity. Packing structures



viewed along the ag-axis of c) LT at 20 °C and d) HT at 177 °C respectively. Atoms of n-hexadecyloxy chains
of each €162 in HT (Fig. 1d) are disordered over two sites with 50% occupancy (C: gray or dark gray, O:
red, Zn: pale blue)
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Fig. 2 a) VT-PXRD profiles (A = 1.54 A) of ZnC16 measured sequentially at 130 °C, 170 °C and back to 130
°C. The peaks marked by red circles and black triangles are assignable to the diffraction of LT and HT
respectively. b) Raman spectra (Aex = 532 nm) of ZnC16 measured at 130 °C (blue) and 170 °C (red).

The structure of the higher temperature phase HT can be obtained by heating the crystals of LT
as revealed by VT-PXRD in the temperature range of 27-187 °C (Fig. 2a and S9). At room
temperature (27 °C), X-ray diffraction of ZnC16 shows multiple sharp diffraction peaks which
match well with the simulated diffraction patterns of LT calculated based on its SCXRD structure
(Fig. S9). Identical diffraction patterns were observed when the sample was heated up to 130 °C
(below the phase transition temperature of 153 °C) (Fig. 2a). On the other hand, upon heating the
sample to a temperature of 170 °C (above the phase transition temperature of 153 °C), the original
diffraction corresponding to LT was replaced by new diffraction peaks corresponding to HT (Fig.
2a). The diffraction of LT was recovered upon subsequent cooling of the sample to 130 °C (Fig. 2a).
Notably, the transition between LT and HT was continuously observed during repetitive
temperature increasing/decreasing cycles within the 130-170 °C window (Fig. S10). X-ray
diffraction peaks of both LT and HT became broad as the repetitive transition proceeded,
suggesting the decrease in crystallinity due to the formation of lattice defects and the increase in
the crystal mosaicity during the structural transition. Such modifications of the diffraction patterns
upon heating/cooling cycles suggests that ZnC16 exhibits a crystal-to-crystal phase transition
accompanied by segmentation of crystal domains to form LT and HT at lower and higher
temperature phases’ structures.

The crystal structure of HT was resolved using SCXRD analysis of ZnC16 at 177 °C and then,
compared with that obtained for LT (Fig. 1d). The temperature-induced phase transition changed



the space group of the crystals from P-1 for LT to C2/m for HT. In the obtained structure of HT,
the electron densities of Zn(ll) ions and isophthalate head groups (aromatic rings and carboxylates
of C16%7) were clearly observed. Although the thermal factors of these atoms of HT are larger than
those of LT, atom arrangements in the 2D coordination network in both structures are almost the
same, where 2D infinite coordination networks consisting of isophthalate head groups
coordinated to Zn(ll) ions with tetrahedral coordination geometries are formed and stacking in
the [001] directions (Fig. 1b—d and S11-12). On the other hand, alkyl chains bound to the 2D
coordination network of HT are highly disordered and electron density corresponding to the n-
CieH3s chains became blurred, rendering the refinement of atomic coordinates difficult.
Therefore, the structure of the n-Ci6Hs3 chains in HT was defined as a rigid body fragment based
on the blurred electron density, which shows an all-trans conformation with a significantly larger
thermal factor than that of LT (Fig. 1d and S11). Such blurred electron density distribution and
large thermal factors of long alkyl chains of HT suggests the n-Ci¢Hss alkyl chains of HT are less
ordered and exist as a mixture of dynamically and statically disordered domains due to the
thermal fluctuation. Although there have been several reports on the construction of coordination
polymers with benzene carboxylate-type ligands having long alkyl chains as building blocks,*3"¢ the
structures of LT and HT are the first examples to reveal a temperature-dependent
disordering/ordering of long alkyl chains based on SCXRD.

Next, we compared the layer-by-layer stacking modes in each crystal structure (LT and HT).
Viewing along the [001] direction, the 2D coordination network of LT stacks in a slipped-stacking
and shifted manner (Fig. 1c and S7). On the contrary, the 2D coordination network of HT stacks in
a cofacial-stacking manner with all adjacent structures overlapping each other (Fig. 1d and S11).
Interlayer distances between the coordination networks (doo1) of HT was estimated to be 23.31 A,
which is about 18% larger than that measured in the LT phase (19.783 A). To clarify the origin of
such a significant difference in the interlayer distances between LT and HT, we estimated the
thicknesses of the coordination network layer (dce), alkyl assembly layer (daiy), and (001) planes
(doo1) of each structure as well as the absolute values of their differentials (|A|) from single crystal
structures, where doo1 = dcp + daikyl (Fig. 1c—d and Table 1). | Adcr| was found to be less than 0.1 A,
whereas | Adaikyi| was as large as 3.63 A, which is comparable to the value of | Adooz| (3.53 A). Such
alarge contribution of | Adaiyi| to | Adoo1| implies that the thermal phase transition between lower
and higher temperature phases is driven by the thermal structural transformation of the flexible
alkyl chains.

Significant contrast in the fluctuation level of flexible alkyl chains between LT and HT induces
an increase/decrease of their occupied volume in crystals during a thermal phase transition
resulting in expansion/shrinkage of the interlayer distance (doo1) without breaking the structure
of the rigid coordination network. Thus, alkyl chains work as thermally responsive moiety in this
layered coordination polymer. Of note, the tilting angle between the n-CisHs3z chains against the
(001) plane of HT (ca. 40°) was more obtuse than that of LT (ca. 37°), which may affect the
interlayer displacement of the 2D coordination network along the (001) plane.



Table 1. Comparison of the interlayer distances between LT (at 20 °C) and HT (at 177 °C) evaluated from
their crystal structures (Fig. 1c—d).

Distan

LT (A) HT (A) |A?

ce
dep® 7.00 6.91 0.09
daikyi 12.78 16.41 3.63
doo1 © 19.78 23.31 3.53

ab Distances corresponding to the thickness of the layers of coordination polymer and alkyl assembly. ¢
Interlayer distance between (001) planes (doo1 = daikyl + dcp, Fig. 1c—d). ¢ Absolute differential value
between distances of LT and HT.

The difference in the degree of alkyl chain disorder between LT and HT was also evaluated
based on the Raman spectra of ZnC16. The spectrum measured at 130 °C (below phase transition
temperature) shows the characteristic band assignable to the vibrations of the symmetric and
antisymmetric C—H at 2850 cm™ and 2890 cm™, respectively (Fig. 2b). In contrast, a band
assignable to the C—H stretch is significantly broadened at 170 °C (above the phase transition
temperature), as typically observed in the spectra of the alkanes and lipid bilayer above the
melting temperature.®

Mechanistic investigation

The morphological change of crystals during the transition between LT and HT can be followed
visually using a temperature-controlled optical microscope, revealing that the transition induces
a shape change and delamination of single crystals (Movie S1). The face indexing of the prismatic
single crystal of LT was performed based on SCXRD (Fig. S13). Looking in the [010] direction, as
prepared samples of LT phase were observed as prismatic crystals of parallelogram shape with
(001) and (11-1) faces as an axis whose acute angles were found to be ca. 60° (Fig. 3a). Upon
heating the single crystals of LT from room temperature up to 150 °C, they remain intact. When
the temperature increased to more than 153 °C, the crystal abruptly expanded in the [001]
direction (Fig. 3b). Moreover, upon subsequent reduction of the temperature below 150 °C, the
shrinkage of the crystals in the [001] direction was observed accompanied by delamination
described in the following paragraph (Fig. 3c). The range of temperatures where the shrinkage
and elongation of the crystals were visually observed is consistent with the phase transition
temperatures evaluated from TGA/DTA and VT-PXRD analysis, suggesting a shape change of the
crystals induced by a crystal-to-crystal thermal phase transition. The amplitude of the crystal
elongation in the [001] direction was estimated to be about 13% compared to the original length
of LT before the elongation (Fig 3a—c and S14-15) by measuring the distances between the
opposite (001) axis of the parallelogram shape in microscopic images. This expansion coefficient
value is comparable to the differential ratio of doo1 between LT and HT,
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Fig. 3 a-c) Microscopic images on a variable-temperature stage illustrating crystal-to-crystal deformation
of ZnC16 (Movie S1). Heating from 140 °C to 160 °C (a to b) and cooling from 160 °C to 140 °C at 20 °C/min
(b to c). d) Schematic representation of the thermally induced morphological change of crystals originating
from a combination of reversible extension/shrinkage of layer thickness in the [001] direction and
irreversible delamination and polycrystal slippage along the (001) plane. The blue and yellow coloured
bars represent cross sectional views of coordination polymer layers of LT and HT respectively.

suggesting that the observed macroscopic elongation of the crystals in the [001] direction
originated in the extension of the interlayer distances of the coordination polymers upon thermal
phase transition (Table 1). This thermally-induced crystal elongation/shrinkage in the [001]
direction can be performed for continuous cycles of temperature scans even after the formation
of the polycrystalline stacked structure by delamination as shown below (Fig. S14—15).

Besides elongation/shrinkage in the [001] direction, the thermal phase transition of crystals
induces irreversible delamination along the (001) plane. The slippage among delaminated crystals
occurred during the transition to provide staking of displaced polycrystals (typical examples in Fig.
3c). The delamination seemed to occur preferentially during the cooling process rather than in the
heating. Scanning electron microscope (SEM) images have been recorded for the LT before and
after the phase transition, with one cycle of heating and cooling in the 30-170 °C temperature
range (Fig. 4). Single crystals of LT before the phase transition were observed as a prismatic object
with smooth surfaces without remarkable cracks (Fig. 4a). On the other hand, the samples that
underwent one cycle of thermal phase transition were observed as stacked polycrystals, in which
sheet-like domains 10'-10%2 nm thick were slipped-stacked parallel to the (001) plane of the initial
crystal (Fig. 4b). These results suggest that the phase transition causes delamination of the crystals
selectively in the direction parallel to the 2D coordination network staking via weak interlayer
interactions.



a) [l

Fig. 4 SEM images of ZnC16 (LT) a) before and b) after one cycle of heating and cooling in the 30-170 °C
temperature range. Images of a zoomed region are shown on the right.

To discuss the mechanism of crystal delamination, differential scanning calorimetry (DSC)
measurements with multiple heating and cooling cycles were performed (Fig. S16). Upon
increasing the temperature of LT from 130 to 170 °C, a sharp endothermic peak appeared at 153
°C in the first heating scan. In the following cooling scan, a broad exothermic peak appeared at
148 °C. These peaks correspond to the transition between LT and HT. As the repetitive
temperature scan proceeded, lower temperature shifts of ca. 3 °C of both the endo- and
exothermic peaks were observed, which converged after 15 cycles (Fig. S16—17). These peak shifts
suggest stabilisation of the higher temperature phase relative to the lower temperature phase
upon repeated temperature scanning. Considering these results together with the microscopic
observation, delamination along the (001) plane of the crystals during the transition from HT to
LT seems to relax the constraints initially accumulated, resulting in the stabilization of HT. Of note,
the shape of the exothermic peaks after the second scan became sharper compared to those of
the first scan as revealed in the increase in the absolute values of van’t Hoff enthalpy of the
exothermic peaks (Fig. S17). This result suggests delamination of the crystals also reduces the
barrier against the transition to increase its cooperativity.

Thus, we conclude that the morphological change of ZnC16 crystals originates from the
combination of the two factors. The first one is the expansion/shrinkage of interlayer distances of
the 2D coordination network driven by the changes in the occupied volume of the flexible long
alkyl chains. The second factor is the irreversible delamination and polycrystal slippage
preferentially occurring along the coordination network driven by the constraints generated from
the phase transitions. (Fig. 3d).

Conclusion

We have constructed a layered coordination polymer ZnC16 featuring robust 2D coordination
networks stacked together via soft assembled structures of flexible alkyl chains as thermally
responsive moieties. Single crystals of ZnC16 exhibited a crystal-to-crystal thermal phase



transition driven by disordering/ordering of long alkyl chains that induce expansion/shrinkage of
interlayer distances of the 2D coordination network. Detailed microscopic observation revealed
that the morphology significantly changed and reversible elongation/shrinkage and irreversible
delamination of crystals occurred, where the 2D coordination polymer layer works as the smallest
structural modules. Thus, the incorporation of thermally responsive moieties as an interlayer
junction is an effective approach to trigger the structural transformation of layered coordination
polymers and morphological change. Our results provide an important clue to design layered
coordination polymers that can exhibit structural transformations to modulate their functions and
properties.
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1. Abbreviation
DSC: differential scanning calorimetry, DTA: differential thermal analysis, OAc: -OCOCH;, PXRD:
powder X-ray diffraction, SEM: scanning electron microscope, SCXRD: single crystal X-ray diffraction,

TGA: thermogravimetric analysis, XRD: X-ray diffraction.

2. Materials and methods

Materials
All solvents, organic and inorganic reagents are commercially available and were used without further

purification. Organic ligand (H,C16) was prepared according to previously reported procedures.’

Single-crystal X-ray crystallographic analysis using MoKa radiation

Single crystal X-ray crystallographic analysis was performed using a Rigaku VariMax RAPID (1.2kW)
diffractometer with confocal mirror optics MoKe radiation. Single crystals for diffraction measurement were
mounted with epoxy resin on a glass fiber, the temperature of which was controlled using a nitrogen gas-flow.
Crystal structures were solved with SHELXT? and L.S refinement was performed with SHELXL? within Olex2

GUL.* Hydrogen atoms were refined using the riding model.

Single-crystal X-ray crystallographic analysis using synchrotron

Single crystal X-ray diffraction data was collected at SPring-8, BLO2B1 with wavelength 0.24792 A. Data
integration, scaling and multi-scan absorption corrections were carried out with CrysAlisPro’. For HT, all non-
hydrogen atoms were refined anisotropically and hydrogen atoms were treated geometrically with HFIX 43,
23 and 133. HT required the following restraints and constraints: FLAT, DANG, ISOR, DELU. Ci¢-akyl chain
of HT was treated as a rigid fragment, with PART-1. Initial orientation of the chain was assigned basing on

two positive electron density peaks for atoms C15 and C16.

Powder X-ray diffraction (PXRD) measurements using CuKa radiation

PXRD analysis was carried out using a Rigaku SmartLab (9kW, CuKa) diffractometer equipped with a
HyPix-3000 as a detector. Samples for diffraction measurement were placed on an oriented silicon plate or a
glass plate. For the measurement under controlled temperature condition, an Anton Paar DHS 1100 sample

stage was used. The sample was covered with a carbon dome and vacuumed during measurements.

Powder X-ray diffraction (PXRD) measurements using synchrotron
Synchrotron PXRD measurements carried out at SPring-8, BL02B2 beam line using a Large Debye

Scherrer camera with an imaging plate as a detector. The samples (crystals of ZnC16) were installed in a
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glass capillary, the temperature of which was controlled using a nitrogen gas-flow high temperature device.
An exposure time of X-ray for each profile was 5 min. The CeO2 (NIST SRM674a) standard powder was used

for wavelength calibration. The wavelength was 0.78 A.

Thermogravimetric analysis and differential thermal analysis (TGA/DTA)
TGA/DTA were performed using a Hitachi STA7200 under dried air. Samples (crystals of ZnC16) for
the measurement were placed in standard aluminum pan and scanned at a heating rate of 1 °C/min in the

temperature range of rt to 500 °C.

Differential scanning calorimetry (DSC) measurement
DSC measurements were performed using a Hitachi DSC7000X under N, atmosphere. Samples (crystals
of ZnC16) for the measurement were placed in standard aluminum pan crimped with a cover and scanned at a

heating/cooling rate of 1 °C/min in the temperature range of 130 to 170 °C.

Raman spectroscopy
Raman spectrum of the crystals of ZnC16 were collected using a JACSO NRS-4100-30 spectrometer
using laser of 532 nm for excitation. The sample was placed on a glass plate, the temperature of which was

controlled using a Linkam 10083L sample stage.

Observation of crystal using optical microscope
Microscopic images of the crystals of ZnC16 were collected using an Olympus BX51 attached with a
Mettler HS82 sample stage.

Observation of crystal using scanning electron microscope (SEM)

SEM images of the crystals of ZnC16 before/after one cycle of thermal phase transition were collected
using a Hitachi SU6600. The samples were attached on a metal plate using conductive tape. Sample after one
cycle of phase transition was prepared by heating and cooling the crystals of ZnC16 in the 30-170 °C

temperature range using DSC (heating/cooling rate: 1 °C/min).
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3. Preparation of coordination polymer ZnC16

Procedure

5-(n-Hexadecyloxy)-isophthalic acid (H>C16) (300.9 mg, 0.74 mmol, 1 eq) was dissolved in hot MeOH (37
mL) to give a colourless solution. To this solution was added a solution of Zn(OAc),2H,0 (20 mM, 37 mL,
0.74 mmol, leq). After incubating the resulted colourless suspension at 60 °C for 7 days, colourless prismatic
single crystals suitable for single crystal X-ray diffraction analysis were formed (During the incubation process,
small amount of solid sample was collected and PXRD was measured to monitor the reaction, Fig. S1). To
isolate coordination polymer (ZnC16), the single crystals were collected by centrifugation and washed by
MeOH. After being kept under reduced pressure at room temperature, ZnC16 (262.0 mg, 0.56 mml, 75%)
were obtained as colourless single crystals (Fig. S5).

Elemental analysis: calcd for C>sH3304Zn (ZnC16): C, 61.34; H, 7.72. Found: C, 61.43; H, 7.78.

d)

J B . FUUE S

T T T T T
5 10 15 20 25 30

20 (deg.)
Fig. S1 PXRD profiles of a) ZnC16 (LT) and b) ZnC16(MeOH), calculated from respective single crystal
structures at 20 °C. PXRD profiles (CuKa, 4 = 1.541 A, r.t.) of the a) solid samples formed after incubation of
the mixture of H>C16 and Zn(OAc),-2H>0 in MeOH at 60 °C for ¢) 2 days and d) 7 days. ) PXRD profiles

of ZnC16 (LT) isolated as single crystals.
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4. Experimental data

4-1. Single crystal structure of solvated coordination polymer ZnC16(MeOH),

Crystal data for ZnC16(MeOH); at 293 K (20 °C)

Crystal data for C2sHa4O7Zn: Fw = 533.98, crystal dimensions 0.2 % 0.1 x 0.03 mm, triclinic, space group P—
1, a = 8.0069(3), b = 9.7526(4), ¢ = 18.8575(9) A, o = 82.319(6), B = 89.523(6), y = 68.639(5)°, V =
1357.78(11) A%, Z=2, peatea = 1.306 g-em™, = 0.945 mm ™", T=293 K, \(MoKa) = 0.71075 A, 20max = 55.0°,
6215/4588 reflection collected/unique (Rini=0.0497), R; = 0.0488 (1> 20o(1)), wR> = 0.1262 (for all data), GOF
=1.022, largest diff. peak and hole 0.463/ -0.409 eA~. CCDC deposit number 2201471.

250 um

Fig. S2 Microscopic image of ZnC16(MeOH)..

. Znl)

a) b)

Zn(ih

zd(ﬁ')'
Fig. S3 Crystal structure of ZnC16(MeOH),. a) ORTEP view (50% probability level) of the single ligand. b)

Structure of the 1D coordination polymer. Alkyl chains on Fig. S3b are omitted for clarity. (C: grey, H: white,
O: red, Zn: pale blue)
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Fig. S4 Molecular packing of ZnC16(MeOH),. Views from a-axis with a) ball and stick model and b) space
fill model. Views without showing alkyl chains from c-axis; ¢) ball and stick model and d) space fill model. C
atoms are shown in different colours for clarity. Alkyl chains on Fig. S4c,d are omitted for clarity. (C: pale

green, yellow or grey, H: white, O: red, Zn: pale blue)
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4-2. Single crystal structure of coordination polymer ZnC16 (LT)

Crystal data for ZnC16 (LT) at 293 K (20 °C)

Crystal data for C24H360s5Zn: F, = 469.90, crystal dimensions 0.14 x 0.06 x 0.04 mm, triclinic, space group
P-1, a = 7.0651(2), b = 9.0096(3), ¢ = 20.2493(5) A, a = 78.148(5), B = 89.073(6), y = 69.912(5)°, V =
1182.65(7) A*, Z=2, pratea = 1.320 gem™>, 1= 1.069 mm™, T=293 K, AMoKa) = 0.71075 A, 2 Ehax = 55.0°,
5403/4989 reflection collected/unique (Rin: = 0.0156), R1 = 0.0266 (I > 20(1)), wR> = 0.0715 (for all data), GOF
=1.130, largest diff. peak and hole 0.502/-0.214 eA~. CCDC deposit number 2194401.

=4

" 150 um

Fig. S5 Microscopic image of ZnC16 (L T) isolated as single crystals.

Zn(I

a) b)

LY
X o

Zn(l1)

<

Zn(llﬁ

o« \.Zn()
v

Fig. S6 Crystal structure of ZnC16 (LT). a) ORTEP view (50% probability level) of the single ligand. b)
Structure of the 2D coordination polymer network. Alkyl chains on Fig. S6b are omitted for clarity. (C: grey

and pale grey, H: white, O: red, Zn: pale blue)
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Fig. S7 Molecular packing of ZnC16 (LT). Views from a-axis with a) ball and stick model and b) space filling

model. Views without showing alkyl chains c¢) from g-axis and d) from c-axis. C atoms of the adjacent layer

are shown in different colours. Alkyl chains on Fig. S7c,d are omitted for clarity. (C: pale green or blue, H:

Zn: pale blue)

, O:red,

white
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4-3. TGA/DTA thermograms of coordination polymer ZnC16

120+ —— TGA (Wt%)
——— DTA (a.u.)

100+
§' 80 - e/
) . \
2 [\ ~ |
Q 60 1 \ - \
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(@) 1
‘© 40 1

201 153 °C

0~ T T T T T
0 100 200 300 400 500
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Fig. S8 TGA/DTA thermograms of ZnC16 measured under dried air (scan rate 1 °C/min).
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4-4. Variable temperature PXRD of coordination polymer ZnC16

4-4-1. PXRD of ZnC16 under the temperature window of 27-187 °C

B I HT (Calculated)
| ] . ) ‘ LT (Calculated)
— J A AA A ,\_A AN 27 °C
J 7 NN | 100 °C
2> } A 187 °C
‘0
S 7 165 °C
_.:1:_.2 4_Jb A L
- | . 145 °C
) A 125°C
) A 105 °C
| A 85°C
h J A — . 65 °C
)\ A . 45 °C
A o o 27 °C
| v
l | [
0 5 10 15
26 (deg.)

Fig. S9 PXRD profiles (A =0.78 A, synchrotron) of ZnC16 measured sequentially at 27 °C to 187 °C and back
to 27 °C. The theoretical diffraction patterns of HT and LT are simulated from their single crystal structures

at 20 °C and 177 °C respectively. The black arrow shows the order of the measurements.
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4-4-2. PXRD of ZnC16 under repetitive heating/cooling scan in the temperature window of 130-170 °C

Intensity

15
20 (deg.)

Fig. S10 PXRD profiles (A = 1.54 A, CuKa) of ZnC16 measured during repetitive temperature

increasing/decreasing cycles within the 130-170 °C window. The peaks marked by blue circles and red

triangles are assignable to the diffraction of LT and HT respectively. The black arrow shows the order of the

measurements.
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4-5. Single crystal structure of coordination polymer ZnC16 (HT)

Crystal data for ZnC16 (HT) at 460 K (177 °C)

Crystal data for CsH3s0sZn: F,, = 469.90, crystal dimensions 0.1 x 0.1 x 0.1 mm, monoclinic, space group
C2/m, a = 7.3454(16), b = 16.8251(13), ¢ = 23.326(14) A, B=91.95(4)°, V' =2881.1(19) A, Z =4, paica =
1.083 g-em™, 1= 0.063 mm ™', T = 450 K, AMoKa) = 0.24792 A, 2Onax = 14.16000°, 3027/913 reflection
collected/unique (Rin = 0.0977), R1 = 0.1156 (I > 20(1)), wR> = 0.4144 (for all data), GOF = 1.035, largest
diff. peak and hole 0.454/-0.230 eA~*. CCDC deposit number 2194402.

Zn:(II) zﬁ(u)

c

Fig. S11 Crystal structure of ZnC16 (HT) at 177 °C. a) ORTEP view (50% probability level) of single ligand.

Structure of 2D coordination polymer network. Views from b) c-axis and c¢,d) from a-axis with ball and stick
model. C atoms of the aromatic rings of the adjacent layer are shown in different colours. Atoms of n-
hexadecyloxy chains of each C16* on Fig. S11a,c are disordered over two sites with 50% occupancy. Alkyl
chains on Fig. S11b,d are omitted for clarity. (C of the aromatic rings: pale green or blue, C of the alkyl chains:

pale gray, O: red, Zn: pale blue)
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Table S1. Comparison of the key cell parameters of the single crystal structures of LT and HT.

LT (293 K) HT (450 K)
Efrélrlirlf&‘l’;l C24H305Zn C24H3605Zn
Crystal system Triclinic Monoclinic
Space Group P-1 C2/m
a(A) 7.0651(2) 7.3454(16)
b (A) 9.0096(3) 16.8251(13)
c(A) 20.2493(5) 23.326(14)
o (°) 78.148(5) 90
£(©) 89.073(6) 91.95(4)
7(°) 69.912(5) 90
v (A3) 1182.65(7) 2881.1(19)
VA 2 4
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a) LT (20 °C) b) HT (177 °C)

\
€ \/'01‘
Zn(h/\/_< Zn(ll)

r@;“\rd’% P m:f;’\ /\Qc(z/\
h <

‘04/\ P! 64/(\
/\C‘f
c)

Distance LT (A) HT (A) 1Al (A)
co-C1 8.246 8.195 0.051
co-c2 9.347 9.179 0.168
Co-C3 10.223 9.949 0.273
Co-C4 7.065 7.345 0.280
Co-C5 4.158 3.985 0.173

Fig. S12 Comparison of the coordination polymer network of LT and HT. Partial crystal structures of
coordination polymer network of a) LT (20 °C) and b) HT (177 °C). Alkyl chains are omitted for clarity.
Ligands locating around the inequivalent relative position to the central one (marked by A, coloured by grey)
are shown in different colours. CO—C5 represent centroids of each aromatic rings. c) List of the distances
among the centroids of aromatic rings in LT and HT, and their absolute differential values between LT and

HT.
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mirror

A

Fig. S13 a) Photograph of a single crystal of LT. b-c) Face-indexing graphics of LT.
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4-6. Visual observation of coordination polymer ZnC16

a)
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Fig. S14 Photographs showing shape deformation of crystals of ZnC16 upon repetitive temperature

increasing/decreasing cycles within the 140—160 °C window at ca. 20 °C/min (Movie S1). Captions a—i show

the sequence of transition. Change in crystal thickness along [001] direction upon temperature cycles is shown

in Fig S14, which were estimated by measuring the distances between the opposite (001) axis of the

parallelogram shape using microscopic images.
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Fig. S15 Change in crystal thickness along [001] direction upon repetitive temperature increasing/decreasing
cycles within the 140-160 °C window 20 °C/min. Captions a—i locating next to the circle show the pictures of

corresponding crystals in Fig. S13.
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4-7. DSC thermograms of coordination polymer ZnC16
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Fig. S16 DSC thermogram of ZnC16 measured under repetitive temperature increasing/decreasing cycles

within the 130-170 °C window. (scan rate 1 °C/min). Thermograms are coloured by cyan (1% scan) to magenta

(19" scan) sequentially.
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Fig. S17 Changes in a) phase transition temperatures (7m), b) absolute values of transition enthalpy (|4H)),
and c) absolute values of van’t Hoff enthalpy (|[4Hv|) estimated from the curve fitting of the DSC thermograms
using eq (1) and eq (2) (Fig. S16). The error values of the curve fitting for Tm, |4H|, and |4Hv| are less than

Cy(T): Molar heat capacity
K(T): Equilibrium constant between LT and HT

0.06 °C, 0.5 kcal/mol, and 6.0 kcal/mol respectively.
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