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Herein, we introduce a new square lattice topology coordination
network, sql-(1,3-bib)(ndc)-Ni, with three types of connection and
detail its gas and vapour induced phase transformations. Exposure
to humidity resulted in an S-shaped isotherm profile, suggesting
potential utility of such materials as desiccants.

Crystal engineering of coordination networks (CNs) has evolved
from its initial focus upon design'~ into fine-tuning of struc-
ture/property relationships, thereby resulting in architectures
that can be tailored to specific applications, especially gas
storage and separation.*® That CNs are typically amenable to
design from first principles and can exhibit permanent porosity
affords them with the potential to address topical environmen-
tal challenges, including direct air capture of CO,,”® separation
of CO, from N, (e.g. flue gas remediation) or CH, (for natural
gas refinement),”’® as well as atmospheric water harvesting
(AWH).'!

A feature of CNs that facilitates design is that they can
be represented as topological blueprints that enable design
of platforms of related CNs when deconstructed to nodes
and linkers. For example, linear ditopic linker ligands and 4-
connected metal nodes can yield platforms of sql (square
lattice) or dia (diamondoid) topology CNs. In this context,
linear pyridyl ditopic ligands (e.g. 4,4'-bipyridine) have
been utilised to create platforms of sql networks of general
formula ML,X, (X = counteranion).””™* More recently,
angular pyridyl ditopic ligands (e.g. 4,4’-dipyridylsulfide) have
emerged as alternatives to their linear counterparts, sometimes
offering ultramicropores that enable strong gas separation
performance.”®"” In these cases, such angular ligands can
enable formation of spiro-linked 1D coordination polymers
comprised of M,L, loops (M = metal, L = ligand), which
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self-assemble with auxiliary dianionic linkers (L’) into 2D,
typically sql, networks of general formula ML,L’.

From a crystal engineering perspective, substitution of a
pyridyl moiety with an imidazolyl in angular ligands should
permit the same topological outcome. Herein, we focus on an
imidazolyl angular linker ligand, 1,3-bib = 1,3-bis(imidazol-1-
yl)benzene, which is understudied in the context of gas
or vapour sorption.'®° Its linear analogue, 1,4-bib = 1,4-
bis(imidazol-1-yl)benzene, was reported for its gas>">*
vapour”’ sorption in flexible CNs. A survey on CNs sustained by
1,3-bib vs. 1,4-bib using the TOPOS TTO database®* revealed
that 1,3-bib forms mostly 2D networks with sql topology while
1,4-bib tends to afford 3D networks with dia or peu (primitive
cubic) topology (Fig. S1, ESIT). Analysis of the conformation of
1,3-bib and 1,4-bib in coordination compounds archived in the
CSD (version 2023.2.0)*° revealed that the two linkers are
distinct from a crystal engineering point of view (Fig. S2-S5,
ESIT). While 1,4-bib can sustain a narrow range of metal-to-
metal (M-M) distances depending on if it is syn or anti, 1,3-bib
allows more variety of M-M distances due to added complexity
in the syn conformer, which can either be endo (leading to M,L,
loops) or exo (leading to tethering).

Water stable CNs offer potential for utility in AWH, for
which a “stepped” or ““S-shaped” water vapour isotherm profile
is desirable as it offers increased working capacity and a low
energy footprint compared to traditional desiccants with type I
profiles.”® This profile can be achieved either by rigid*’>° or
flexible®*? CNs, typically through pore-filling or gate-opening
mechanisms, respectively. Even though flexible CNs offer
potential for AWH,*® water vapour induced structural flexibility
in CNs remains understudied, with just 34 examples identified in
a recent study (Table S1, ESIt),>* despite the presence of > 118000
CNs in the cambridge structural database (CSD) database.””
Furthermore, those CNs reported to undergo water vapour
induced transformations are mostly 3D (Table S1, ESIT).

Motivated by the above, we exploited 1,3-bib to form a new
2D CN, [Niy(1,3-bib);(ndc),(H,0),], or sql-(1,3-bib)(ndc)-Ni
(nde = 1,4-naphthalenedicarboxylate). Solvothermal reaction

or water
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Fig.1 (a) Coordination geometry around the Ni(i) centres; (b) [Nix(1,3-
bib),] loop formation and topological analysis, simplified to sql net; (d)
layered sql nets shown in cyan and green along the crystallographic a axis
(c) and ¢ axis (d). Hydrogen atoms are omitted for clarity in (c) and (d).
Colour codes (for (a)): grey, C; red, O; blue, N; green, Ni.

of 1,3-bib, ndc and Ni(NOj3),-6H,0 afforded plate-shaped single
crystals of sql-(1,3-bib)(ndc)-Ni-a (for experimental details see
ESIT). Single-crystal X-ray diffraction (SCXRD) experiments
revealed that sql-(1,3-bib)(ndc)-Ni-o had crystallized in the
orthorhombic space group Cmc2, (Table S2, ESIt). The Ni(u)
centres adopt octahedral coordination geometry, the two axial
positions being occupied by an aqua ligand and a nitrogen
atom from a 1,3-bib linker (Fig. 1a). The coordination sphere is
completed by nitrogen atoms from different 1,3-bib linkers and
oxygen atoms from two monodentate ndc linkers. Interestingly,
there are three distinct types of connection: ndc linkers; a
single 1,3-bib linker; a pair of 1,3-bib linkers that connect two
adjacent Ni(u) centres, creating a [Ni,(1,3-bib),] loop (Fig. 1b).
Topologically, if this dimer is regarded as a two-point connec-
tion, the metal nodes can be simplified as 4-connected, classi-
fying the structure as an sql net (see ESIf for detailed
topological analysis). A CSD search (version 2023.2.0) revealed
that, while this dimeric [M,(1,3-bib),] moiety is common
among 0D complexes sustained by 1,3-bib, it is present in only
five other 2D CNs (Fig. S7 and Table S3, ESIt). Adjacent 2D nets
in sql-(1,3-bib)(ndc)-Ni-o have inter-network Ni---Ni distances
of 7.644 A (Fig. 1c, d and Fig. S8, ESIt). Crystal packing of the
2D layers results in 1D channels accounting for a guest-
accessible space of 16.2% of the unit cell volume (1018 A%
probe radius 1.2 A). The channels are occupied by N,N-
dimethylacetamide (DMA) and hydrate molecules, as con-
firmed by SCXRD (Fig. S9-S11, ESIt). Specifically, hydrate
molecules occupy a special position between the two Ni centres,
forming hydrogen bonds with the aqua ligands (O---O =
2.775 A, Fig. S12, ESI{). Thermogravimetric (TG) analysis
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(Fig. S13, ESIt) showed that solvent loss was complete by
225 °C and Fourier transform infrared (FTIR) spectroscopy
(Fig. S14, ESIt) was consistent with a hydrate. In situ variable
temperature powder X-ray diffraction (VI-PXRD) measure-
ments demonstrated that heating sql-(1,3-bib)(ndc)-Ni-o. under
N, flow did not trigger a phase change below 175 °C. Decom-
position at 200 °C was accompanied by a change in colour from
blue to green (Fig. S15 and S16, ESIf).

To activate without triggering decomposition, sql-(1,3-
bib)(ndc)-Ni-a was exchanged with a more volatile solvent,
methanol, resulting in a new phase, sql-(1,3-bib)(ndc)-Ni-y,
via a single-crystal to single-crystal (SC-SC) transformation
(Fig. 2a and b). Although sql-(1,3-bib)(ndc)-Ni-y had crystallised
in the same space group as the parent compound and retained
the same connectivity, a larger unit cell volume was observed,
6901.8 A% vs. 6279.8 A® (Table S2 and Fig. S17, ESIY). This unit
cell expansion was accompanied by an increase in the guest-
accessible space to 22.1% and enlargement of the interlayer
distance to 8.550 A (Fig. S8, ESIt). SCXRD data and a TG trace
revealed that the hydrogen-bonded hydrate molecule between
two Ni centres had remained, even though solvent molecules
had been replaced by methanol (Fig. S18 and S19, ESIY).
Differential scanning calorimetry (DSC) measurements sug-
gested that another phase change occurred upon loss of
methanol solvate molecules when heating sql-(1,3-bib)(ndc)-
Ni-y at ca. 60 °C. This is consistent with the endotherm
observed at that temperature for the first heating cycle, but
not for the second cycle (Fig. S20, ESIT). Indeed, heating sql-
(1,3-bib)(ndc)-Ni-y under vacuum induced transformation to a

MeOH

(b)

vacuum

(c)

H,0

d) SRS @N O -
d) >0 %&{ra . /?iﬁ 0

sql-(1,3-bib)(ndc)-Ni-a’ a’
Fig. 2 Change in guest accessible space through structural trans-
formations in sql-(1,3-bib)(ndc)-Ni-a (a), sql-(1,3-bib)(ndc)-Ni-y (b),
sql-(1,3-bib)(ndc)-Ni-p (c) and sql-(1,3-bib)(ndc)-Ni-a’ (d); (e) guest water
molecules in sgl-(1,3-bib)(ndc)-Ni-B and sql-(1,3-bib)(ndc)-Ni-a’. Hydro-
gen atoms are omitted for clarity.

This journal is © The Royal Society of Chemistry 2023
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phase with reduced porosity, sql-(1,3-bib)(ndc)-Ni-p (Fig. 2c).
Both the unit cell volume and the interlayer distance had
contracted to 5857.2 A® and 7.047 A, respectively, while the
PXRD pattern revealed peaks shifted to higher 26 values
(Fig. S8, S17 and Table S2, ESIT). A TG trace indicated that this
phase had reduced porosity, a guest-accessible space of 7.7%
along the cavities and channels filled with H,O molecules
adsorbed from laboratory atmosphere (Fig. S10 and S21, ESIY).
A hydrogen-bonded H,O molecule was located within 2.777 A of
the two adjacent aqua ligands (Fig. S12, ESIT), along with an
additional H,0 molecule in the interlayer space. SCXRD of the
B phase conducted in a capillary sealed under dynamic vacuum
indicated that the hydrogen-bonded H,O molecule remained
even under activation conditions (Fig. S12 and S22, ESIY).
Further, VT-PXRD measurements revealed that heating
sql-(1,3-bib)(ndc)-Ni-p under vacuum did not induce a
phase change until eventual decomposition, consistent with
structural rigidity despite removal of guest water molecules
(Fig. S23, ESIt).

The response of sql-(1,3-bib)(ndc)-Ni-Bp to water vapour
prompted us to investigate its behaviour towards water. When
sql-(1,3-bib)(ndc)-Ni-p was immersed in water, a new phase, sql-
(1,3-bib)(ndc)-Ni-a’, was obtained (Fig. 2d), with a PXRD pat-
tern resembling that of sql-(1,3-bib)(ndc)-Ni-a (Fig. S17, ESI{).
sql-(1,3-bib)(ndc)-Ni-a’ had crystallised with a unit cell volume
of 6296.4 A® and its interlayer distances were found to be
7.608 A (compared to 6279.8 A® and 7.644 A for a). Even though
o’ has similar guest-accessible space to a, its voids are filled
with water, as suggested by its TG profile (Fig. S24, ESI}).
SCXRD analysis afforded the location of the hydrate molecules,
including that between two Ni centres (O---O = 2.777 A,
Fig. S12, ESIT). Hydrate molecules were located in seven other
positions with partial occupancies, amounting to four H,O mole-
cules per Ni (Fig. 2e). FTIR spectroscopy further indicated that o
can adsorb more water than f, transforming to a phase with the
water content of p when left in air for 5 minutes (Fig. S14, ESIY).

Analysis of the crystal structures of a, B, y and o’ provided a
plausible mechanism for the flexibility induced by water
vapour. The flexible nature of 1,3-bib facilitated twisting of
the imidazole rings with respect to the central phenyl ring,
while the carboxylate carbon atoms in ndc enabled elongation/
shrinkage of the linker (Fig. S25 and S26, ESIT). Consequently,
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intra-network adjacent Ni---Ni distances changed from
11.267 A in o to 11.403, 10.980 and 11.290 A in B, y and o/,
respectively. With respect to water vapour sorption, a hydrate
molecule in B (O1B) interacting with an uncoordinated oxygen
atom from the ndc ligand hydrogen bonds with other water
molecules at high humidity, resulting in o' (Fig. S27 and
Tables S4, S5, ESIT). Furthermore, while the hydrogen bonded
hydrate molecule in o, y and o’ is held in place by H:---O
interactions within the same net, one of these interactions in f
is replaced by an H: - -O bond with an adjacent net. Indeed, this
acts as a driving force for converting a to B, bringing the
individual nets closer together (Fig. S12, ESIY).

Dynamic vapour sorption (DVS) experiments were con-
ducted on sql-(1,3-bib)(ndc)-Ni-f, which exhibited a variant of
an S-shaped (in particular, a type F-II*®) isotherm when exposed
to water vapour (Fig. 3a), which is consistent with flexibility.
PXRD patterns at various levels of relative humidity (RH;
0, 30 and 100%; Fig. 3b and Fig. S28, ESIt) indicated that
it underwent reversible transformation induced by water
vapour between the p (0% RH) and o’ (100% RH) phases. The
maximum uptake was observed to be 101.3 ecm® g7, in agree-
ment with the SCXRD data for o’ (calculated 107.4 cm?® g™,
Table S6, EST}).

Gas sorption studies on sql-(1,3-bib)(ndc)-Ni-p at cryogenic
temperatures for CO, (195 K) and N, (77 K) revealed adsorption
of CO, but not N,, an indication that it could be a CO,/N, sieve
(Fig. S29, ESIt). Specifically, p showed a type F-II isotherm
profile® towards CO, with a saturation uptake of 74.7 cm® g~
at 1 bar, resembling the shape of the water isotherm and
indicating flexibility. Isotherms consistent with flexibility were
also observed for C2 gases (C,H,, C,H, and C,Hg) at 273 and
298 K (Fig. S30 and S31, ESIf). In contrast, p showed no
evidence flexibility towards CO, at 273 and 298 K, while
registering negligible uptake for CH, (at both temperatures)
and N, (at 298 K) (Fig. 3c and Fig. S32, ESI{). The recorded
uptakes of CO, at 1 bar were 25.5 and 16.8 cm® g~ at 273 and
298 K, respectively. Ideal adsorbed solution theory (IAST)
afforded selectivities of 36.6 for CO,/N, (15:85) and 16.0 for
CO,/CH, (50:50), at 1 bar (Table S7 and Fig. S33, ESIf). The
pressure-dependent selectivity values obtained are characteris-
tic of sieving and show the limited applicability of IAST to such
an adsorbent, in which equivalent adsorption sites are not

30
(a) 1004 ——H,0 adsorption at 300 K e (b) n ﬁ . . (c) ——CO0,at273K
o H — left in air for 5 min ot
«o--H,0 desorption at 300K 1 [VNSY DN RTINSkl 251 —=—CO,at208K
- et e e 20] L Gir oo
§ & ; \a ——CH, at 298 K
e £ I Tt L > z e
s z | s / (o
o 404 @ \ — (2) RH=31% (air) 2 10 ‘
I 2 I .
5 20 = — (1) RH=0% (vacuum) 5 5l
04 ‘ — calc. sql-(1,3-bib)(ndc)-Ni-p o4
0 20 40 60 80 100 5 10 15 20 25 30 35 40 00 02 04 06 08 1.0
RH (%) 20 () Pressure (bar)
Fig. 3 (a) Water vapour sorption isotherm recorded on sql-(1,3-bib)(ndc)-Ni-p at 300 K; (b) calculated (calc.) and experimental PXRD patterns collected

at various relative humidity (RH) values and room temperature; (c) gas sorption isotherms for CO, (at 273 and 298 K), N, and CH,4 (at 298 K).
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available to competing adsorbate species.*® In situ PXRD study
of CO,-loaded sql-(1,3-bib)(ndc)-Ni-p collected at 298 K revealed
that exposure to CO, up to 1 bar did not trigger a phase change
(Fig. S34, ESIt). Conversely, the PXRD patterns collected at 0.5
and 1.0 bar are consistent with micropore adsorption in the
narrow-pore p phase.

In summary, we report the prototypal member of a new type
of 2D coordination network, sql-(1,3-bib)(ndc)-Ni, and detail its
structural flexibility towards water vapour and organic guests
(DMA and methanol). SCXRD studies verified structural trans-
formations from the as-synthesized a phase, initially to a more
porous phase, v, and eventually to a less porous phase, . Water
vapour sorption studies revealed that humidity (>50% RH)
induced transformation of p to a phase resembling the as-
synthesised phase, a’. SCXRD data enabled us to determine the
location of the adsorbed water molecules, providing insight
into the flexibility of sql-(1,3-bib)(ndc)-Ni. Moreover, gas sorp-
tion experiments indicated that fp behaved as a sieve for CO,
over N, and CH,. Given the large number of 2D networks
archived in the CSD, these findings suggest that other CNs
with aqua ligands offer potential as reversible, flexible
desiccants.
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