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Shape-memory effects and stimuli-induced phase transformations are observed across many types of
materials but remain understudied in molecular materials. In this contribution, we revisit the Werner
complex, [Ni(4-MePy)4(NCS),] (4-MePy = 4-methylpyridine), a molecular material that has long been
known to form Werner clathrates and possess a porous polymorph. Whereas earlier work implied that [Ni
(4-MePy)4(NCS),] could be a shape-memory material, we confirmed this to be the case through p-xylene
(PX) vapor sorption studies. Specifically, [Ni(4-MePy)4(NCS),] transformed from its reported nonporous a
phase to the PX-loaded B phase induced by PX vapour. B reversibly transformed to its porous B’ phase
upon PX removal over at least three PX sorption cycles. g’ reverted to a upon heating at 80 °C in a closed
vessel. The porosity of B’ was explored by examining its CsH, (x = 4, 6, and 8) gas sorption properties,
which revealed guest size/shape-dependent sorption behaviour with uptakes of 0.6, 0.9 and 1.6 mol
mol™ for CsHg, CsHeg and CsHa, respectively. Insight into the structural transformations of the o, §, and '
phases is provided by analysis of their previously reported crystal structures and new density functional
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Introduction

Soft porous crystals that exhibit guest-induced structural
transformations," especially flexible metal-organic materials
(FMOMs),” " are of interest thanks to their potential utility in
gas storage'>'® and hydrocarbon separation.'” > A feature of
some FMOMs is that they can undergo reversible structural
transformation(s) between their activated (desolvated) and
guest-loaded phases induced by guest sorption,**~*° often with
varying levels of hysteresis.'*>>3173¢

The shape-memory effect (SME) is a related phenomenon
whereby a shape-memory material (SMM) transforms to a new
polymorphic morphology in response to an external stimulus
(typically mechanical stress), reverting to its original phase
only when subjected to a different external stimulus (usually

“Institute of Materials Research and Engineering (IMRE), Agency for Science,
Technology and Research (A*STAR), 2 Fusionopolis Way 138634, Singapore.

E-mail: wangsq@imre.a-star.edu.sg, zhengtao@imre.a-star.edu.sg

bBernal Institute, Department of Chemical Sciences, University of Limerick, Limerick
V94 T9PX, Republic of Ireland. E-mail: xtal@ul.ie

“Institute of High Performance Computing (IHPC), Agency for Science, Technology
and Research (A*STAR), 1 Fusionopolis Way 138632, Singapore

tElectronic supplementary information (ESI) available: TGA curves, PXRD pat-
terns, SEM images, etc. See DOL: https://doi.org/10.1039/d4qi00636d

3254 | Inorg. Chem. Front, 2024, 1, 3254-3262

heat).”” While certain classes of SMMs, like shape-memory
alloys and polymers, have found applications in various device
components such as actuators, valves, connectors, seals, and
self-torquing fasteners,**™° the exploration of SMMs in the
domain of FMOMs is much less developed.

In principle, should FMOMs exhibit structural transform-
ations between polymorphic phases, then they could also func-
tion as SMMs (Scheme 1). Indeed, recent studies have demon-

) b)l
0= 0=

i Isotherm
: indicator

v v v
‘ ‘fﬁ‘_ﬁ“d cycle... ‘ _f:cycle ‘ ' 2nd, 31 cycle...

Scheme 1 Illustration of FMOMs with (a) reversible and (b) “shape-
memory” type phase transformation induced by guest (G) sorption, dis-
tinguished by their successive sorption isotherm profiles.
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strated the SME in a handful of 3D FMOMs,*'™ as evidenced
by their successive sorption isotherms. Despite these encoura-
ging findings, the SME remains an underexplored phenom-
enon in molecular FMOMs, with only one known example, a
platinum(u)-diimine complex that was studied for its vapo-
chromic shape-memory characteristics.*®

In this context, we have recently explored guest-induced
structural transformations of Werner complexes and termed
them as switching adsorbent molecular materials (SAMMs).**>°
To the best of our knowledge, the first phase switching trans-
formation among FMOMs was observed in a SAMM, the
Werner complex [Co(4-ethylpyridine),(NCS),] (SAMM-1-Co-
NCS), dating back to 1969.”" The gas/vapor sorption properties
of other Werner complexes remains understudied. It was not
until over 40 years later that several Werner complexes, featur-
ing different metal ions, pyridyl ligands and axial anions, were
found to exhibit similar guest-induced phase switching.**>*7°
This motivated us to investigate the Ni analogue of SAMM-1-
Co-NCS with a shorter ligand, [Ni(4-MePy),(NCS),] (4-MePy =
4-methylpyridine), with respect to its switching behaviour and
shape-memory effect through a literature survey of its reported
crystal structures and sorption studies with p-xylene (PX)
vapour and C;H, (x = 4, 6, or 8) gases.

[Ni(4-MePy),(NCS),] is one of the earliest and most exten-
sively studied Werner complexes.>®*’ Its nonporous « phase
was synthesized in 1952,® with the crystal structure deter-
mined 25 years later in 1977.%° [Ni(4-MePy),(NCS),]-a was later
used for the separation of xylenes, cymenes, and other isomers
thanks to its inclusion selectivity for aromatic compounds.®®%*
A number of the resulting Werner clathrates were found to
crystallize in the tetragonal space group I4,/a (Table S1t) and
adopt a channeltype (B phase) packing motif.°>"®
Interestingly, the methanol or benzene-loaded P phase was
reported to retain permanent porosity after guest removal,’"®
and the crystal structure of this activated p’ phase was deter-
mined in 1972.%° It was also noted that [M(4-MePy),(NCS),]-a
(M = Co, Ni, etc.) can transform to the § form when exposed to
aromatic hydrocarbons as confirmed by powder X-ray diffrac-
tion (PXRD),>"®”%® although dynamic vapor sorption measure-
ments remain to be reported. With the above information in
mind, [Ni(4-MePy),(NCS),] may be considered as a likely SMM,
even though it has not yet been verified as such. Given that
successive sorption isotherms can be useful for identifying
potential SMMs and mapping the transformation landscape
(Scheme 1), we undertook a systematic study of the transform-
ations of [Ni(4-MePy),(NCS),] through successive PX vapor
sorption experiments, complemented by C3 gas sorption
studies and density functional theory (DFT) calculations.

Results and discussion

[Ni(4-MePy),(NCS),]-« was synthesized as a microcrystalline
powder (0.5-3 pm rod-like morphology, Fig. S1t) using a water
slurry method described earlier.’®®® Single crystals (SCs) were
obtained by recrystallization from hot ethanol. The crystal
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structure comprises discrete propeller-shaped molecules, with
Ni cations octahedrally coordinated to the N atoms of two
axial isothiocyanate ligands and four equatorial pyridyl ligands
(Fig. 1a). Calculated and experimental PXRD patterns of [Ni(4-
MePy),(NCS),]-o¢ are given in Fig. 1b. For the as-synthesized
powder sample (magenta line) and ground SC sample (blue
line), a high intensity peak at 20 = 9.35° was observed. This
peak is systematically absent in the calculated PXRD pattern
(black line) and the experimental PXRD pattern of the
unground SC sample (red line). Another possibility that
cannot be excluded is polymorphism, a phenomenon observed
in crystalline materials where two or more dense phases may
exist.®>”® Thermogravimetric analysis (TGA) indicated thermal
stability of [Ni(4-MePy),(NCS),J-¢ up to 100 °C under N,
(Fig. S27). Additionally, water vapor sorption (Fig. S37) revealed
the hydrophobic nature of [Ni(4-MePy),(NCS),]-ac, with the
gradual but low water uptake (<1 wt%) attributed to surface
sorption.

PX vapor sorption isotherms were collected at 298 K for
both the as-synthesised powder and recrystallized SC forms of
[Ni(4-MePy),(NCS),]-o« and revealed clear switching behaviour
(Fig. 2b), making it a new member of SAMMSs. In addition, we
noticed that the as-synthesised powder and recrystallized SC
samples exhibited different switching pressure thresholds and
sorption profiles. The as-synthesised powder sample exhibited
a step at 30% P/P, and a smaller step at 60% P/P,, while the
recrystallized SC sample displayed a single step at 45% P/P,
and substantially lacked such a sub-step in its sorption iso-
therm. These differences could be attributed to factors such as
crystallinity, particle size, and polymorphic effects, which have
been previously observed in several FMOMs.*7177>

Both forms of [Ni(4-MePy),(NCS),]-o exhibited PX uptake of
18.9 wt% at 95% P/P,, consistent with a composition of one PX
molecule per host molecule as reported in the crystal structure
of [Ni(4-MePy),(NCS),]-PX (Fig. 2a).®> Notably, the phase trans-
formation was complete within 10 minutes once the switching
pressure threshold had been reached, as revealed by the sorp-
tion kinetics testing (Fig. S4t). The PX desorption branches
exhibited large hysteresis, with PX not being released until 0%
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Fig. 1 (a) Crystal structure of [Ni(4-MePy)4(NCS),]-a. Green: Ni, blue: N,
grey: C, yellow: S. Hydrogen atoms are omitted for clarification (the
same hereafter). (b) Calculated and experimental PXRD patterns of [Ni
(4-MePy)4(NCS),]-a. (SCs = single crystals).
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Fig. 2

(a and d) Crystal structures of [Ni(4-MePy)4(NCS),]-PX and [Ni(4-

MePy)4(NCS),]-p', respectively; (b and e) the first and second cycles of PX

vapor sorption isotherms (298 K) of the as-synthesised powder and recrystallized SC samples of [Ni(4-MePy)4(NCS),]-a; (c) experimental PXRD pat-
terns for [Ni(4-MePy)4(NCS),]-a exposed to PX vapor or liquid and comparison with the calculated PXRD pattern of [Ni(4-MePy)4(NCS),]-PX; (f) cal-
culated and experimental PXRD patterns of the porous phase, [Ni(4-MePy)4(NCS),]-f".

P/P, (i.e., in vacuo). The PXRD data demonstrated that immer-
sing [Ni(4-MePy),4(NCS),]-a in PX liquid afforded the same
phase as PX vapor exposure (Fig. 2¢). TGA data indicated that
the PX molecule is released at 60 °C, followed by the degra-
dation of [Ni(4-MePy),(NCS),]-PX (Fig. S27). After the first
adsorption-desorption cycle, both samples were subjected to a
second PX sorption cycle (Fig. 2e) and both exhibited type I
sorption isotherms as typically observed in rigid microporous
materials,”® with sharp uptake at the first data point (1% P/P,).
This sorption behavior can be repeated for at least three cycles
(Fig. S51), indicating the formation of a porous phase, [Ni(4-
MePy),(NCS),]-f’ (Fig. 2d), after the desorption process in the
first cycle. This was subsequently corroborated by the match-
ing calculated and experimental PXRD patterns (Fig. 2f).

With respect to the structural changes of [Ni(4-
MePy),(NCS),] during phase transformations, crystallographic
analysis of the reported crystal structures revealed that o crys-
tallized in the monoclinic P2,/c space group, while § and f’
crystallized in the tetragonal I4,/a space group (Table S27).
The [NiNg] octahedral geometry remains almost consistent
(dni.-nes = 2.055-2.078 A and dyi...npy = 2.127-2.142 A) among
the a, p and P’ phases (Fig. S6-S8t). However, the orientation
of NCS™ towards Ni(u) (i.e., Zni-n-cs angles) and the rotation
of the pyridyl rings (i.e., dihedral angles with the equatorial
plane of [Ni(Ny,),]) vary to some extent (Fig. S9-S117). For the
o, B and B’ phases, the Znin-cs angles are 156.87/163.69°,
162.99° and 152.81° and the dihedral angles are 50.01/56.40/
56.51/59.93°, 46.72/55.19°, and 50.02/55.87°, respectively.
Consequently, the differences in Zyi_n-cs and dihedral angles
among these three phases are up to 10.88° and 13.21°,
respectively. These variations highlight the structural flexi-
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bility of [Ni(4-MePy),(NCS),], despite its seemingly simple
components.

During PX adsorption, the crystal volume of [Ni(4-
MePy),(NCS),]-a underwent a significant increase of 18.1% to
accommodate PX molecules (Fig. 3a and b). This expansion is
made possible by rearranging the relative positions and orien-
tations of individual [Ni(4-MePy),(NCS),] molecules (Fig. S12—
S147). For instance, the Ni---Ni distance between two adjacent
[Ni(4-MePy),(NCS),] molecules increased from 8.41 to 12.58 A
(Fig. 3d and e). PX molecules were found to occupy channel
cavities in the host structure (Fig. S15at) and no significant
guest-guest and/or host-guest interactions (e.g., hydrogen
bonding, n-n stacking), except for weak van der Waals forces,
were observed. Therefore, it is unsurprising that PX was easily
removed by applying a vacuum at room temperature as indi-
cated by the PX vapor sorption tests. After PX desorption, the
f’ phase was found to contain 14.2% cage-type voids
(Fig. S15bf) and experienced a slight contraction (dyi.ni =
11.95 A) in its structure (Fig. 3c and f) compared to the PX-
loaded P phase.

[Ni(4-MePy),(NCS),]-p’ was subjected to the sorption of a
variety of guest species such as CH,, C,Hs, CH;Cl and MeOH,
with uptakes of around 1.5-1.9 mol mol~*.>! To further investi-
gate the gas sorption behaviour of [Ni(4-MePy),(NCS),]-’, we
collected sorption isotherms for three industrially relevant
C3 gases, C3zH, (propyne), C3Hg (propene), and C;Hg
(propane), at both 273 and 298 K (Fig. 4a and b). This study
revealed that [Ni(4-MePy),(NCS),]-p’ exhibited similar affinities
to all three C3 gases at low pressure (<5 kPa), suggesting low
sorption selectivity. However, their sorption uptakes varied
somewhat, with values of 64.7/43.7, 37.2/26.0 and 24.6/

This journal is © the Partner Organisations 2024
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Fig. 3 The crystal packing (viewed along the b axis) for the « (a and d), p (b and e) and g’ (c and f) phases of [Ni(4-MePy)4(NCS),]l. PX molecules are

colored in red and purple.
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Fig. 4 CzH4 CsHe and CsHg adsorption isotherms at (a) 273 and (b)
298 K. For clarity, the desorption branches are omitted as they neatly
overlay the corresponding adsorption branches. (c) VT-PXRD patterns of
[Ni(4-MePy)4(NCS),]-p'; and (d) PXRD patterns of the as-synthesised and
recovered forms of [Ni(4-MePy)4(NCS),]-a.

22.5 em® g7' for C3H,, C3He and C;Hg, respectively, at 273/
298 K, corresponding to 1.58/1.07, 0.91/0.63 and 0.60/0.55 mol
mol™'. These results indicate that temperature has varying
influences on the sorption uptake of C;H,, C;Hg and C;Hg.
Furthermore, when combining these findings with previously
reported CH, and C,H; sorption data, which revealed uptakes
of up to 1.9 and 1.8 mol mol ™" respectively,”" it is evident that
the shape/size of guest molecules impacts the sorption uptake
of p'.

In terms of gas sorption on the o phase, to the best of our
knowledge, only 195 K CO, sorption has been previously
reported,” without any observed phase transformation. Given
the potential for C3H, to exhibit relatively strong host-guest
interactions and induce structural transformations,*® we col-

This journal is © the Partner Organisations 2024

lected C3H, sorption data on [Ni(4-MePy),(NCS),]-a at 273 K
up to 1 bar (Fig. S161). No phase switching was observed.

We wondered if [Ni(4-MePy),(NCS),]-p' reverts to [Ni(4-
MePy),(NCS),]-o¢ by applying a second stimulus such as heat.
Variable-temperature PXRD (VT-PXRD) experiments were there-
fore conducted under a laboratory atmosphere (Fig. 4c), which
revealed that p’ did not revert to o before degradation at
100 °C. Similar challenges were encountered in other shape-
memory FMOMs.**™*® To address this issue, we adopted a pre-
viously reported method by heating [Ni(4-MePy),(NCS),]-f’ in a
sealed pan at 80 °C,°® which triggered its transformation to [Ni
(4-MePy)4(NCS),]-a (Fig. 4d). Nevertheless, we note that the
recovered o form degraded at 16% P/P, when we attempted to
conduct recyclability testing (Fig. S177).

It is of importance to understand the existence of the meta-
stable B’ phase in the context of the shape-memory mecha-
nism. From a thermodynamic standpoint, the dense a phase
appears to be more stable, and previous studies have deter-
mined the enthalpy change between the a and ' phases to be
around 3.3-5.0 k] mol™".%>7” This agrees with our DFT calcu-
lations, which afforded an enthalpy change of 5.0 kj mol™"
(Fig. S18t). However, the energy barrier associated with the
transition could be significantly higher, given that the struc-
tural transformations between the a and ' polymorphs
require large translational and rotational movements due to
their fundamentally different packing modes. Monitoring
these transformations using in situ techniques could provide
further insights.>® This characteristic might contribute to the
kinetically stable nature of ' at room temperature, as was
demonstrated for [Cu,(bdc),(bpy)]..*" Moreover, p’ and § only
exhibit minor differences in the molecular structure of [Ni(4-
MePy),(NCS),] (Fig. S11t) and practically no difference in their
crystal packing (Fig. S13 and S14f). This structural similarity
could help to explain why the guest-loaded p phases transform
into the metastable p’ phase during guest desorption.

Inorg. Chem. Front., 2024, M, 3254-3262 | 3257
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Conclusions

In summary, we report herein the phase switching behaviour
and shape-memory effect of [Ni(4-MePy),(NCS),] induced by
PX vapor sorption. C3H, gas sorption studies on the p’ phase
revealed guest size/shape-dependent sorption behaviour, with
sorption uptakes being influenced differently by the tempera-
ture. Perhaps because multi-cycle successive sorption tests
were rarely conducted in previous studies and the differences
between the first and following sorption cycles remain virtually
undiscovered, such shape-memory behavior has not been seen
in other Werner complexes such as the 4-ethylpyridine and
4-vinylpyridine based analogues.’"”® However, overall it is
quite possible that shape-memory effects might be much more
common than previously thought in molecular materials, con-
sidering the extensive exploration of supramolecular com-
plexes/polymorphs in relation to host-guest interactions.”® >
For example, a well-known organic macrocycle, p-tert-butylca-
lix-[4]arene, was recently reinvestigated with respect to the
pore-shape fixing effects using the stimuli of CO, pressure and
temperature.®

With respect to other potential guest stimuli, we found that
[Ni(4-MePy),(NCS),]-o¢ is fairly soluble or degradable in of
m-xylene isomers, which precluded study of their vapor sorp-
tion properties (Fig. S197). Nevertheless, toluene was found to
initiate the phase switching and shape-memory effect of [Ni(4-
MePy),(NCS),] (Fig. S207). Various other guest molecules listed
in Table S1f have been reported to form f phases, making
them promising candidates as trigger molecules. Furthermore,
investigation of the Co analogue ([Co(4-MePy),(NCS),]) could
also offer insights; however, it is thermally stable only up to
70 °C (Fig. S211) and does not survive the vacuum (<1 x 10~*
torr) in our vapour sorption system (Fig. S22f). This issue
could be addressed through ambient pressure vapour sorp-
tion, but it would be more desirable to investigate Werner
complexes with better thermal stability. Studies to explore
sorption in a much broader range of Werner complexes are
therefore in progress.

Experimental section

Sample synthesis

[Ni(4-MePy),(NCS),]-« was prepared by the water slurry
method. Ni(SCN), (2.5 mmol, 437 mg) and 4-methylpyridine
(10 mmol, 931 mg) were added to 20 mL of water in a 30 mL
vial. The slurry was stirred continuously for 3 h at room temp-
erature and the solid was then filtered, washed with water and
air-dried (yield ~95%). Part of the powder sample was recrys-
tallized in hot ethanol to obtain large single crystals. The Co
analogue was prepared by the same method, except that Co
(SCN), was used to replace Ni(SCN),.

Vapor sorption experiments

Xylene and water vapor sorption measurements were con-
ducted using Surface Measurement Systems (SMS) DVS
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Vacuum or Intrinsic equipment at 298 K. Samples were
degassed in situ and stepwise increases in relative pressure
from 0 to 95% were controlled by equilibrated weight changes
of the sample (dM/dT = 0.01% min ™). Approximately 10 mg of
sample was used for each experiment. The mass change of the
sample was recorded by a high-resolution microbalance with a
precision of 0.1 pg.

Gas sorption experiments

C3H,, C3Hg, and C3Hg gas sorption experiments were con-
ducted on a Micromeritics 3flex instrument at 273 and 298 K.
Around 80 mg of [Ni(4-MePy),(NCS),]-p’ was used after degas-
sing for 1 h. The temperature was maintained by a LAUDA
Chiller.

Thermogravimetric analysis (TGA)

TGA was conducted under an N, atmosphere with a TA
Instruments Q50 thermal analyzer between room temperature

and 300 °C at a constant heating rate of 10 °C min™".

Powder X-ray diffraction (PXRD)

Powder X-ray diffraction experiments were conducted on a
Panalytical Empyrean diffractometer (40 kV, 40 mA, Cu Koy, 4
=1.5418 A) at room temperature with a range of 5° < 26 < 40°.

Variable temperature powder X-ray diffraction (VI-PXRD)

VT-PXRD patterns were collected on Panalytical X’Pert diffract-
ometer (40 kV, 40 mA, Cu Kay,,, A = 1.5418 A) at 5 °C intervals
from 25 to 100 °C by heating at a rate of 5 °C min~" under an
air atmosphere. Diffraction patterns were collected in the 20
range of 5-30°.

Scanning electron microscopy (SEM)

SEM analysis was performed using an SU 70 Hitachi instru-
ment. The samples were sputter-coated with gold (20 mA, 90 s)
prior to imaging.

Density functional theory (DFT) calculations

DFT calculations were performed using the SCAN +
r'VV10 method as implemented in the Vienna ab initio
Simulation Package (VASP) software. This van der Waals
density functional incorporated the rvvi0 non-local corre-
lation functional with the Strongly Constrained Appropriately
Normed (SCAN) meta-GGA semi-local exchange-correlation
functional, accounting for both short- and long-range inter-
actions between the atoms of [Ni(4-MePy),(NCS),] complexes
in the closed o and open-empty f' phases. The projector aug-
mented wave (PAW) method was used to describe electron-ion
interactions, with plane-wave cutoffs of 500 eV. Atomic coordi-
nates were relaxed in spin-unrestricted calculations until the
calculated Hellmann-Feynman forces were under 0.001 eV A~
and the energy tolerance reached 107" eV. For the Brillouin
zone sampling, [-centered Monkhorst-Pack (MP) k-point
meshes were used with densities around 20 k-points per A.
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