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ABSTRACT: Herein, we report the crystal structure and guest binding properties of a
new two-dimensional (2D) square lattice (sql) topology coordination network, sql-
(azpy)(pdia)-Ni, which is comprised of two linker ligands with diazene (azo) moieties,
(E)-1,2-di(pyridin-4-yl)diazene(azpy) and (E)-5-(phenyldiazenyl)isophthallate(pdia).
sql-(azpy)(pdia)-Ni underwent guest-induced switching between a closed (nonporous)
β phase and several open (porous) α phases, but unlike the clay-like layer expansion to
distinct phases previously reported in switching sql networks, a continuum of phases was
formed. In effect, sql-(azpy)(pdia)-Ni exhibited elastic-like properties induced by
adaptive guest binding. Single-crystal X-ray diffraction (SCXRD) studies of the α phases
revealed that the structural transformations were enabled by the pendant phenyldiazenyl
moiety on the pdia2− ligand. This moiety functioned as a type of hinge to enable parallel
slippage of layers and interlayer expansion for the following guests: N,N-
dimethylformamide, water, dichloromethane, para-xylene, and ethylbenzene. The
slippage angle (interplanar distances) ranged from 54.133° (4.442 Å) in the β phase to 69.497° (5.492 Å) in the ethylbenzene-
included phase. Insight into the accompanying phase transformations was also gained from variable temperature powder XRD
studies. Dynamic water vapor sorption studies revealed a stepped isotherm with little hysteresis that was reversible for at least 100
cycles. The isotherm step occurred at ca. 50% relative humidity (RH), the optimal RH value for humidity control.

■ INTRODUCTION
Since “third generation coordination polymers”1 or “soft
porous crystals”2 were introduced in the late 1990s and early
2000s, flexible metal−organic materials (FMOMs), i.e.,
materials that adjust their structures when exposed to external
stimuli, have been explored with emphasis upon their potential
utility for gas, vapor, and liquid storage applications.3−7

Whereas rigid porous coordination networks (PCNs) typically
display type I (Langmuir) sorption isotherms and some
microporous PCNs can exhibit exceptional selectivity in the
context of separation of industrially relevant gas and vapor
mixtures, such as C1 gases;8 C2 gases;9,10 C3 gases;11,12 C6
aromatics;13 and C8 aromatics,14 FMOMs can undergo
structural transformation(s) in response to guest molecules
and sometimes exhibit sharp-stepped isotherms that are usually
accompanied by a phase transformation from a closed
(nonporous) to an open (porous) phase (switching).15−19

The ability of FMOMs to adjust their pore geometry as a
consequence of structural transformations20−22 can enable
enhanced working capacity and thermodynamic management,
which is relevant for gas storage applications.23

An archetypal class of PCNs is the family of coordination
networks with square lattice (sql) topology, the prototypal
variant of which was reported in 1970.24 In the 1990s, sql
networks involving 4,4′-bipyridine, bpy, were introduced with

both interpenetrated25 and noninterpenetrated26 variants.
These sql networks are highly amenable to crystal engineer-
ing27 thanks to their modularity in terms of the metal, linker
ligands, and for octahedral metal centers, the terminal
ligand.28−30 Our analysis of the TOPOS topological types
observed database31 and Cambridge Structural Database32

(TOPOS TTO ∩ CSD databases, see Supporting Information
for details) revealed that there are >9000 sql network examples
(Figure S1). Out of these, >2500 sql networks have been
reported involving N-donor linker ligands, including both
single-linker and mixed-linker sql networks.33

An interesting feature of sql networks is that when they form
layered structures, they can exhibit switching transformations
between closed and open phases. The structure of the
prototypal switching sql network, [Cu(bpy)2(BF4)2], ELM-
11, was reported in 2001.34 ELM-1135,36 and its variant, ELM-
12,30 [Cu(bpy)2(OTf)2], OTf = triflate, have been widely
studied along with other bpy linked sql analogues.37 More
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recently, [Co(bipy)2(NCS)2], sql-1-Co-NCS, set a new
performance benchmark for C8 hydrocarbon separations in
terms of both selectivity and uptake.17 The mechanism of
switching in such networks can be attributed to clay-like
expansion/shrinkage between adjacent layers of sql planes and
typically results in distinct phases supported by interlayer
interactions in addition to layer−guest interactions.28,38

Typically, there is little deformation or flexibility associated
with the sql network itself.
Ligands with diazene (azo) moieties are known to enable

deformation and so offer the potential for additional
flexibility.39−41 Thus far, only four structures have been
reported based upon H2pdia = (E)-5-(phenyldiazenyl)-
isophthalic acid, H2pdia (Figure 1a), but these studies did
not focus on sorption, and none were reported to be
flexible.42,43 In TOPOS TTO ∩ CSD databases, 55 sql
networks based upon (E)-1,2-di(pyridin-4-yl)diazene, azpy
(Figure 1a) linkers have been reported (Figure S2 and Table
S1), 26 of which are single-linker sql nets (Type I-a),33

whereas 19 examples are mixed-linker sql nets with
dicarboxylate anions as the second linker (Type II-ab).33

Although sql nets based on two distinct azo-bearing linkers44

and flexible sql nets featuring azo-functionality45 have been
studied, to the best of our knowledge, the flexibility of the
diazene moiety has not been exploited to induce switching
behavior.
In this study, we report what is to our knowledge, the first

example of a switching sql network sustained by mixed-linker
ligands that both contain azo moieties, sql-(azpy)(pdia)-Ni
([Ni(pdia)(azpy)(H2O)], Figure 1a), its unusual guest-
induced switching behavior, and characterization of that
switching behavior with emphasis upon the effect of the
pendant azo moiety of the pdia2− linker ligand upon the nature
of the observed structural changes.

■ EXPERIMENTAL SECTION
sql-(azpy)(pdia)-Ni-αDMF, {[Ni(azpy)(pdia)(H2O)]·DMF}. Syn-

thesis. A mixture of Ni(NO3)2·6H2O (0.15 mmol, 43.5 mg), (E)-1,2-
di(pyridin-4-yl)diazene (azpy) (0.15 mmol, 27.6 mg), (E)-5-
(phenyldiazenyl)isophthalic acid (H2pdia) (0.15 mmol, 40.5 mg),
N,N-dimethylformamide (DMF) (5.0 mL), and water (H2O) (5.0
mL) was added to a 20 mL glass vial. The vial was capped tightly and
placed in an oven at 105 °C for 24 h, which was then cooled to room
temperature. After rinsing several times with fresh DMF, brown single

crystals were obtained. Yield: 78%. IR: νmax (cm−1) = 3392, 3292,
2934, 2868, 1650, 1596, 1524, 1388, 1219, 1096, 776, 718.
sql-(azpy)(pdia)-Ni-β, [Ni(azpy)(pdia)(H2O)]. Synthesis. The

as-synthesized open framework (sql-(azpy)(pdia)-Ni-αDMF) was
exchanged with fresh methanol (MeOH) using a Soxhlet extractor
for 2 days and then heated to 100 °C under vacuum for 10 h to yield
sql-(azpy)(pdia)-Ni-β. IR: νmax (cm−1) = 3363, 1593, 1557, 1531,
1353, 1222, 1044, 1019, 918, 832, 761, 715.
sql-(azpy)(pdia)-Ni-αHd2O, {[Ni(azpy)(pdia)(H2O)]·3H2O}. Syn-

thesis. The activated closed framework (sql-(azpy)(pdia)-Ni-β) was
soaked in water for 1 day to yield sql-(azpy)(pdia)-Ni-αHd2O. IR: νmax

(cm−1) = 3326, 1596, 1553, 1530, 1356, 1222, 1144, 1099, 1050,
1015, 918, 778, 721, 684.
sql-(azpy)(pdia)-Ni-αDCM, {[Ni(azpy)(pdia)(H2O)]·0.5DCM}.

Synthesis. The activated closed framework (sql-(azpy)(pdia)-Ni-β)
was soaked in dichloromethane (DCM) for 1 day to yield sql-
(azpy)(pdia)-Ni-αDCM.
sql-(azpy)(pdia)-Ni-αPX, {[Ni(azpy)(pdia)(H2O)]·0.5PX}. Syn-

thesis. The activated closed framework (sql-(azpy)(pdia)-Ni-β)
was soaked in para-xylene (PX) for 1 day to yield sql-(azpy)(pdia)-
Ni-αPX.
sql-(azpy)(pdia)-Ni-αEB, {[Ni(azpy)(pdia)(H2O)]·0.58407EB}.

Synthesis. The activated closed framework (sql-(azpy)(pdia)-Ni-β)
was soaked in ethylbenzene (EB) for 1 day to yield sql-(azpy)(pdia)-
Ni-αEB.

■ DYNAMIC VAPOR SORPTION (DVS) EXPERIMENTS
Dynamic water vapor sorption studies were performed on ca.
10 mg samples using a Surface Measurement Systems
Adventure Dynamic Vapor Sorption (DVS) system, which
gravimetrically measures the uptake and loss of vapor using air
as a carrier gas. Pure water was used as the adsorbate for these
measurements, and temperature was maintained at 298 K by
enclosing the system in a temperature-controlled incubator.
The mass of the sample was determined by comparison to an
empty reference pan and recorded by a high-resolution
microbalance with a precision of 0.01 μg. Sorption isotherms
were measured from 0 to 95% relative humidity (RH) stepwise
with a convergence equilibrium criterion dm/dt = 0.01%/min.
The minimum and maximum equilibration times for each step
were 10 and 360 min, respectively.

■ RESULTS AND DISCUSSION
Single crystals of sql-(azpy)(pdia)-Ni were obtained by
solvothermal reaction of H2pdia and azpy in DMF and water
at 105 °C, yielding sql-(azpy)(pdia)-Ni-αDMF. Single-crystal

Figure 1. (a) Ligands (E)-5-(phenyldiazenyl) isophthalic acid (H2pdia, left) and (E)-1,2-di(pyridin-4-yl)diazene (azpy, right). (b) sql layer in sql-
(azpy)(pdia)-Ni. (c) One-dimensional (1D) channels lie along the c-axis in the as-synthesized form (disordered guests are omitted for the sake of
clarity), sql-(azpy)(pdia)-Ni-αDMF.
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X-ray diffraction (SCXRD) was used to determine the crystal
structure of sql-(azpy)(pdia)-Ni-αDMF, which had crystallized

in the monoclinic space group Pc with a = 13.2072(4)4 Å, b =
10.1554(3) Å, c = 11.2001(4)4 Å, α = γ = 90°, β =

Figure 2. (a) sql nets in the αDMF and β phases of sql-(azpy)(pdia)-Ni. (b) Schematic diagram of αDMF and β. Superposed representations of
deformations in (c) pdia2− and (d) azpy in αDMF (blue) and β (orange). Comparison of experimental PXRD patterns of (e) αDMF and (f) β and
PXRD patterns calculated from the SCXRD determined structures.

Figure 3. Schematic representation of the slippage and expansion of layers (rods = azpy linkers, balls = Ni2+ cations) and voids (purple channels) in
the phases of sql-(azpy)(pdia)-Ni studied herein: (a) sql-(azpy)(pdia)-Ni-β (nonporous); (b) sql-(azpy)(pdia)-Ni-αHd2O; (c) sql-(azpy)(pdia)-
Ni-αDMF; (d) sql-(azpy)(pdia)-Ni-αDCM; (e) sql-(azpy)(pdia)-Ni-αPX; and (f) sql-(azpy)(pdia)-Ni-αEB. The mechanism of (g) sql layer
expansion in previously reported sql networks and (h) sql layer slippage/expansion seen herein (sql layers = blue, hydrogen bonds = green).
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113.920(10)°, and V = 1373.19(8) Å3 (Table S2). The
octahedral mononuclear molecular building block (MBB)46 is
comprised of a Ni2+ cation coordinated to two N-donor atoms
(N1 and N4) from two azpy ligands, three carboxylate O-
donor atoms (O1, O3, and O4) from two pdia2− ligands, and
one O-donor atom (O5) from an aqua ligand. The formula is
[Ni(pdia)(azpy)(H2O)]·DMF (Figure S3). Hydrogen bonds
were observed between each coordinated aqua molecule and
O-atoms of coordinated pdia2− ligands, both within individual
sql layers (O···O = 2.614(5) Å) and between neighboring sql
layers (O···O = 2.783(6) Å, Table S3). A 3D network with
primitive cubic, pcu, topology structure results. The
perpendicular distance between adjacent sql planes formed
by Ni cations is 5.120(6) Å, and the dihedral angle between
the sql plane and the plane of the parallelogram formed from
two pairs of Ni2+ cations from adjacent sql layers is
66.075(13)° (Table S3). sql-(azpy)(pdia)-Ni-αDMF has an
effective pore size of ca. 6 × 7 Å2 along the c-axis, and the
calculated guest-accessible void volume is 19.5% (Figures 1c,
S4, and S5). The bulk experimental powder X-ray diffraction
(PXRD) pattern of αDMF is consistent with that calculated
from SCXRD data (Figure 2e).
Prior to conducting gas sorption experiments, sql-(azpy)-

(pdia)-Ni-αDMF was soaked in methanol, exchanged twice
daily for 2 days, and then activated at 100 °C under vacuum.
The activated phase had transformed to a nonporous phase,
sql-(azpy)(pdia)-Ni-β, as determined by SCXRD. sql-(azpy)-
(pdia)-Ni-β is a contorted version of sql-(azpy)(pdia)-Ni-
αDMF with the same connectivity and space group but different
unit-cell parameters and a 14.6% reduction in unit-cell volume
when compared to αDMF (Table S2). The αDMF to β
transformation was accompanied by a folding motion of the
channels along the c-axis, resulting in reduction of guest-
accessible volume from 19.5% (αDMF) to 0% (β) as calculated
by Mercury software (Figure S4). The transformation from
αDMF and β can be attributed to a deformation in the pdia2−

and azpy ligands whereby “hinge-like” rotation occurred along
the azo bond. In effect, the azo bonds in pdia2− and azpy act as
axles (Figure 2a,b). Close contacts in β were found between
two interlayer pdia2− linkers, which drives the change of αDMF
to a denser phase on guest removal (Figure S6, dC21A···N6 = 3.42
Å, dC20A···N5 = 3.43 Å). The dihedral angles of the isophthalate
ring and phenyl ring of pdia2− ligand in αDMF and β changed
substantially from 8.161 to 48.930° (47.373°) (Table S4). The
azo bond, which connects the two pyridine rings in azpy
ligand, also changes orientation during the transformation from
αDMF to β, the dihedral angles between these two pyridine
rings being 4.756 and 69.133°, for αDMF and β, respectively
(Table S4).
When the isophthalate rings of pdia2− in αDMF and β are

superposed and compared, the maximum torsional angle about
the azo bond is ca. 33° (Figure 2c). Upon superposing the
corresponding pyridine rings of azpy in αDMF and β, the
torsional angle about the azo bond was found to be ca. 49°
(Figure 2d). These two rotations work synergistically to shrink
the voids in β and are enabled by the pendant pdia2− ligand
(Figures 2a,b). The experimental PXRD pattern of β is
consistent with that calculated from SCXRD data (Figure 2f).
The interlayer H-bond between αDMF and β hardly changed
(2.783(6)−2.832(7) Å), but the distance between adjacent sql
planes in αDMF and β decreased from 5.120(6) to 4.442(10) Å
(Figure 3c,a). The dihedral angle between the sql plane and
the parallelogram formed by pairs of Ni2+ cations from

adjacent layers reduced from 66.075(13) to 54.133(21)°
(Table S3). In effect, slippage between sql layers had occurred
during the transformation from αDMF to β.
To further explore the mechanism of flexibility in sql-

(azpy)(pdia)-Ni, crystals of sql-(azpy)(pdia)-Ni-β were
soaked in the following solvents: H2O, DCM, PX, and EB.
SCXRD experiments revealed that four additional open phases
were obtained, namely, sql-(azpy)(pdia)-Ni-αHd2O, sql-(azpy)-
(pdia)-Ni-αDCM, sql-(azpy)(pdia)-Ni-αPX, and sql-(azpy)-
(pdia)-Ni-αEB. SCXRD data revealed that folding/unfolding
of the pores and slippage between layers had occurred in such
a manner that sql-(azpy)(pdia)-Ni, in effect, adapts its
structure for each guest. Cell volumes were as follows: β =
1199.07(12) Å3; αHd2O = 1296.43(5) Å3; αDCM = 1350.30(7)
Å3; αDMF = 1373.19(8) Å3; αPX = 1389.00(9) Å3; and αEB =
1469.2(3) Å3 (Table S2). These cell volumes correspond to
the relative molecular volume of each guest: H2O (2 × 18.4
Å3); DCM (1 × 58 Å3); DMF (1 × 72.3 Å3); PX (1 × 110.2
Å3); and EB (1 × 110.2 Å3), as calculated by XSeed,47 except
for H2O, which was calculated from the CSD.48,49 Although
PX and EB exhibit the same molecular volume, the shape of
PX enabled a better fit than EB, which in turn required a larger
pore volume. Short contact distances between guest molecules
and pore walls were observed for αDMF (d(O···H) = 2.516 Å),
αHd2O (d(O···O) = 2.969 Å), αEB (d(C−H···π) = 3.005 Å), αDCM

(d(O···H) = 2.294 Å), and αPX (d(O···H) = 2.927 Å) (Table S3).
Disorder of ligands was observed in αDMF, β, αHd2O, and αEB

related to host−guest interactions and framework flexibility.
Overall, the analysis of the crystal structures of the six phases
indicates that adaptive binding (Figures 3a−f and S5) and
slippage motion are enabled by the pendant phenyldiazenyl
moiety of the pdia2− ligand.
The continuous nature of the slippage/expansion in sql-

(azpy)(pdia)-Ni can be quantified by the sql layer separation
and dihedral angle formed by the sql plane and the plane
formed by pairs of Ni2+ cations from adjacent sql layers (Table
S3). At one extreme, αEB possesses the biggest void volume
(21.8%), longest interlayer distance (5.492(15) Å), and most
obtuse dihedral angle (69.497(20)°) (Figure 3f). At the other
extreme, β is nonporous (0%) and has the shortest interlayer
distance (4.442(10) Å) and the most acute dihedral angle
(54.133(26)°) (Figure 3a). The interlayer hydrogen bonds in
all six phases lie within a narrow range, 2.74(8)−2.83(7) Å
(Table S3), whereas the other structural parameters are
intermediate between the extremes. The motion between sql
layers can be described as being analogous to parallel motion
linkage, a concept from engineering and architecture (Figure
3h).50

Layer expansion in previously reported sql networks like
ELM-11,36 ELM-12,51 and sql-1-Co-NCS17 resulted from
phase transformations between two or more discrete phases
(Figure 3g). In ELM-11, the expansion of sql layers was
induced by carbon dioxide (CO2),

36 n-butane,52 and acetylene
(C2H2).

53 With increasing pressure of CO2, the phase change
from closed to open phases resulted in distances between sql
layers of 4.427, 5.676, 5.685, and 6.960 Å. In ELM-12, vacuum
heating prompted interlayer sql distances to decrease from 7.2
to 6.7 Å and then to 5.9 Å, corresponding to three distinct
phases. C8 aromatics were reported to induce sql-1-Co-NCS
to exhibit four distinct phases with interlayer sql distances of
4.46 (closed) to 9.15 (PX), 9.21 (meta-xylene, MX), 9.26
(ortho-xylene, OX), and 6.25 (EB) Å. In contrast, anchored by
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an interlayer H-bond, layer expansion was not as substantial in
sql-(azpy)(pdia)-Ni. Rather, slippage of sql layers was induced
by a series of guests to increase molecular volume (Figure 3h)
accompanied by phase transformations driven by guest size.
The bulk phase purities of β and the five solvates reported

herein were confirmed by matching of experimental and
calculated PXRD patterns (Figures 2e,f and S7). Further,
PXRD experiments conducted after immersing sql-(azpy)-
(pdia)-Ni-β in aqueous solutions with a range of pH values
revealed that sql-(azpy)(pdia)-Ni retained its crystallinity after
exposure to pH values ranging from 2 to 11 (Figure S8).
Crystallinity was also retained under accelerated humidity
stability testing conditions over 48 h (45 °C, 95% relative
humidity, RH, Figure S9). The thermal stability of sql-
(azpy)(pdia)-Ni was evaluated by thermogravimetric analysis
(TGA) and variable temperature PXRD (VT-PXRD). TGA
results revealed that sql-(azpy)(pdia)-Ni-αDMF exhibited a
mass loss of 11.4% at 115 °C, corresponding to one DMF
molecule per formula unit (calculated 12.1%). TGA conducted
on sql-(azpy)(pdia)-Ni-β showed no mass loss below thermal
decomposition at 513 K (Figure S10). Attempts to analyze
αHd2O by TGA showed identical results to β, which indicated
desorption of water at ambient conditions (indoor humidity <
40%, Figure S10). VT-PXRD conducted on sql-(azpy)(pdia)-
Ni-αHd2O revealed that a transformation to β occurred at 298 K
at the onset of nitrogen (N2) flow without application of heat,
following which β was found to be stable up to 473 K (Figure
S11).

Encouraged by the stability and responsive solution-phase
uptake behavior of sql-(azpy)(pdia)-Ni, we studied its gas
sorption properties. sql-(azpy)(pdia)-Ni-β revealed negligible
uptake for N2 at 77 K, whereas a stepped isotherm was
observed for CO2 at 195 K, with the inflection occurring at
very low pressure (P/P0 = 0.01, uptake 76 cm3/g, Figure S12),
confirming that sql-(azpy)(pdia)-Ni acts as a stimulus-
responsive sorbent. In addition, the CO2 sorption at 273 K
exhibited the onset of a step at 681 mmHg, which is consistent
with a structural transformation (Figure S12). This step was
not observed below 1 bar at 298 K. The single point pore
volume calculated at saturation (P/P0 = 0.9) from the 195 K
CO2 isotherm is 0.118 cm3 g−1, which agrees well with the
crystallographically determined accessible void volume in sql-
(azpy)(pdia)-Ni-αHd2O (0.124 cm3/g), indicating that the CO2-
included phase resembles αHd2O.
That water can serve as a guest in sql-(azpy)(pdia)-Ni is of

topical interest since water sorbents are being studied for their
potential utility in water harvesting and dehumidification.54,55

To evaluate the sorption characteristics of sql-(azpy)(pdia)-
Ni, dynamic water vapor sorption experiments were conducted
on sql-(azpy)(pdia)-Ni-β. A stepped isotherm with an abrupt
uptake was observed at 298 K. The step occurred between 50
and 55% RH with an uptake of 2 wt % (36 cm3/cm3, cc/cc) at
50% RH and an uptake of 9 wt % (162 cc/cc) at 55% RH. The
uptake difference of 7 wt % (126 cc/cc) is consistent with two
water molecules per formula unit (6.8 wt %, Figure 4a). This
value is in agreement with the observation of two water

Figure 4. (a) Dynamic water vapor sorption isotherms of sql-(azpy)(pdia)-Ni at different temperatures (298, 303, 308, and 313 K). (b) Dynamic
water vapor adsorption−desorption kinetic curves of sql-(azpy)(pdia)-Ni on 10.6 mg of sample at 298 K. (c) 100 cycles of dynamic adsorption−
desorption water sorption of sql-(azpy)(pdia)-Ni between 0 and 90% RH on 10.4 mg of sample at 298 K.

Figure 5. (a) Close contacts (cyan lines) between water molecules and ligand H2pdia in sql-(azpy)(pdia)-Ni-αHd2O. (b) Overlaid PXRD patterns
showing the reversible change between sql-(azpy)(pdia)-Ni-αHd2O and sql-(azpy)(pdia)-Ni-β under humidity swing conditions.
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molecules (O3 is fully occupied, while O4 is disordered over
two positions; O4a/O4b is 0.43:0.57) in the crystal structure
of sql-(azpy)(pdia)-Ni-αHd2O, which exhibits both water−water
and water−framework short contacts (Figure 5a). Including
the contribution from surface uptake, the saturation water
uptake at 95% RH was found to be 12 wt % (216 cc/cc, Figure
4a).
In contrast to the pore filling (Type V) mechanism, which is

often observed in rigid sorbent frameworks, such a stepped
isotherm, along with the aforementioned structural changes,
indicates that a nonporous-to-porous switching event occurs
from β to αHd2O during the adsorption of water. The desorption
isotherm shows little hysteresis with steep water desorption at
ca. 45% RH (Figure 4a). This kind of stepped sorption
isotherm wherein the adsorption and desorption branches are
centered between 40 and 60% RH range, but with distinct
gate-opening and gate-closing partial pressures, is ideal for an
autonomous moisture-controlled swing process.55−59 More-
over, upon increasing the sorption temperature from 298 to
303, 308, and 313 K, the relative gate-opening pressure hardly
changed, and there was little loss of working capacity (313 K
uptake of 11 wt % or 198 cc/cc), suggesting a wide operating
temperature range for indoor humidity control.
The sorption kinetics of sql-(azpy)(pdia)-Ni-β were studied

by subjecting a sample to humidity swing conditions, wherein
RH was varied between 0 to 90%. As shown in Figure 4b, sql-
(azpy)(pdia)-Ni can not only rapidly capture water vapor
from the gas phase (as much as 9.4 wt % in 10 min or 169.2
cc/cc at 90% RH and 298 K) but also can be fully regenerated
in less than 10 min once the RH is decreased to 0%. To
evaluate the reusability of sql-(azpy)(pdia)-Ni for water
sorption, humidity swing conditions of 298 K, 0−90% RH
were applied to the sample for 100 cycles of 20 min each (10
min adsorption, 10 min desorption). No loss of working
capacity was observed over the course of the experiment
despite undergoing structural transformations during each
cycle (Figure 4c). The recovered β phase retained crystallinity
after the 100th cycle, as confirmed by PXRD analysis (Figure
S13). To approximate real-world dehumidification conditions,
sorption kinetics from 40 to 60% were also studied. The uptake
was found to reach 9 wt % (162 cc/cc) within 60 min at 60%
RH, and desorption to a loading of 1 wt % (18 cc/cc) occurred
within 25 min at 40% RH. Working capacity was not
significantly reduced over 12 cycles under these conditions
(Figure S14).
The mechanism of water sorption by the switching of sql-

(azpy)(pdia)-Ni was further studied by monitoring its
structure by PXRD during repeated exposure to dry and
humid conditions. First, sql-(azpy)(pdia)-Ni was exposed to
dry N2 flow at room temperature (10 min), exhibiting a PXRD
pattern matching with the β phase. Then, instead of N2 flow, a
PXRD pattern of sql-(azpy)(pdia)-Ni was measured in a
humid atmosphere at the same temperature. αHd2O was
obtained, as expected. PXRD patterns corresponded to the β
and αHd2O phases without loss of crystallinity over 4 cycles of
the experiment (Figure 5b). In addition, single crystals
randomly taken from a bulk sample of sql-(azpy)(pdia)-Ni-β
and exposed to successive hydration and evacuation showed
corresponding changes from β to αHd2O and back to β did not
exhibit signs of fragmentation despite somewhat diminished
crystal quality (Table S2). Time-lapse spectra Fourier

Transform Infrared (FTIR) studies support the observed fast
kinetics of water loading and unloading, showing a progressive
reduction of the strong O−H water stretching peak at 3326
cm−1 until its disappearance within 10 min under ambient
conditions (20 °C, 40% RH, Figure S15), leaving only peaks
due to coordinated water in β (3356 cm−1). These data reveal
that regeneration of sql-(azpy)(pdia)-Ni can be easily realized
by simply adjusting RH. Favorable intrinsic heat management
arising from the endothermic structural transformation from β
to αHd2O is anticipated. To date, over 370 desiccant MOMs have
been investigated, but fewer than 10% exhibit water-induced
flexibility (Table S5), and, to our knowledge, no two-
dimensional (2D) FMOMs have previously been studied for
humidity control. sql-(azpy)(pdia)-Ni is therefore a potential
candidate for indoor humidity control.

■ CONCLUSIONS
In conclusion, a new switching 2D MOF sql-(azpy)(pdia)-Ni
was synthesized using the azpy and pendant-bearing pdia2−

ligands. Adaptive binding of guest molecules resulted in six
distinct phases of sql-(azpy)(pdia)-Ni corresponding to
phases loaded with DMF, H2O, DCM, PX, EB, and a
nonporous phase, as elucidated by SCXRD and PXRD. The
continuum of phases exhibited by sql-(azpy)(pdia)-Ni was
facilitated by the pendant phenyldiazenyl moiety on the pdia2−

ligand and interlayer hydrogen bonds between adjacent sql
layers. This elastic-like motion is key to regulating access to the
pores in each phase and was also observed during gas and H2O
sorption. In particular, the stepped water sorption isotherm
with inflections in the range 40−60% RH makes sql-
(azpy)(pdia)-Ni a potential candidate for indoor humidity
control applications. Studies of stability and kinetics on sql-
(azpy)(pdia)-Ni show excellent recyclability and retention of
crystallinity. We attribute the elastic-like properties of sql-
(azpy)(pdia)-Ni to the characteristic of rotation in diazo
moieties and the pendant nature of one of the linker ligands,
which enables a hinge-like mechanism of structural trans-
formation. The amenability of sql nets to crystal engineering
approaches will likely afford more members of this family of
switching sorbent materials.
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