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Herein, we synthesized four isostructural flexible interdigitated
hydrophobic metal—organic frameworks that differ only in their
central metal ion. The water-adsorption properties are dependent
on the metal species, which was revealed to be caused by coordi-
nation distortion around the metal ions.

Recently, metal-organic frameworks (MOFs) have attracted
significant attention for use as water adsorbents."> MOFs exhibit
several attractive properties, which make them suitable for
use in several applications, including fluorescence,®® phos-
phorescence,”'° enhanced CO, capture,**** ion conduction,>**
and dehumidification.">'® The ability to adsorb and desorb
water molecules at high relative pressures can help in reducing
the amount of energy consumed during the release of water.
Therefore, flexible'’ ® and mesoporous®’?*> MOFs have been
developed. Flexible MOFs are particularly desirable as they
facilitate fine control of the onset pressure; they exhibit abrupt
uptake at a specific pressure, which is referred to as the gate-
opening pressure.” This onset pressure is significantly affected
by the flexibility of the linker,>* structural dimensionality,>” and
type of metal ion used in the nodes.>®

To control the onset pressure for the adsorption of water
molecules by a flexible MOF, the relationship between the
framework dynamics and behavior of the water molecules in
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the micropores of the MOF must be known. In particular,
flexible MOFs with low structural dimensionality and coordina-
tion distortion within their nodes are interesting because their
onset pressure is affected by various structural parameters. In
this work, we chose MCID-1 ([M(ip)(bpy)],, where M = metal
ion, ip = isophthalate, and bpy = 4,4'-bipyridine) as the model
compound. The metal ions in MCID-1 are connected by ip units
to form one-dimensional (1D) double-chain ribbon-like struc-
tures of {{M(ip)]},. Then, these ribbons are linked by bpy to
yield a two-dimensional (2D) sheet-like motif. Finally, these 2D
layers are mutually interdigitated, resulting in zero-dimensional
(0D) hydrophobic pores between the layers (Fig. 1a).>” MCID-1
adsorbs guest molecules, which is accompanied by the expansion
of the 2D layer gap and rearrangement of the coordination modes
of the metal ions. In addition, MCID-1 forms isostructures with
various metal ions.”®**® Although these characteristics are
desirable for evaluating the effects of node-derived flexibility

1 D ribbon 2D layer MCID-1

Fig. 1 (a) MCID-1 assembly process. Crystal structures of (b) CoCID-1, (c)
CuCID-15H,0, and (d) CuCID-1. The pale-red highlighted regions in (b)
and (c) represent pore spaces. The pale-red highlighted region in (c)
represents the water chain structure in the 1D channel. Orange, gray, blue,
and red represent Co, C, N, and O, respectively. H atoms are omitted for
clarity.
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and dimensionality, apart from ZnCID-1, the water-adsorption
properties of MCID-1 compounds have not yet been reported.
Therefore, the effect of the type of metal ion on the water-
adsorption behavior of these compounds remains unknown.
Herein, we report the effects of various central metal species
on the water-adsorption behavior of MCID-1 and highlight the
differences in these behaviors for four MCID-1 compounds
(M = Co, Ni, Cu, and Zn). Moreover, we synthesized solid-
solution-type M1M2CID-1 and determined the correlation
between the distribution of metal ions within the framework
and its water-adsorption behavior.

MCID-1 was synthesized by the solvothermal method
through the reaction of M(NOj;),-xH,O (M = Co, Ni, and Zn,
X =6 or M = Cu, x = 3) with Na,ip and bpy (M : Na,ip : bpy molar
ratio = 1:1:1) in H,0O with heating at 150 °C for 48 h followed
by cooling to 30 °C over 12 h. We obtained MCID-1 in powdered
form under various synthesis conditions. The X-ray powder
diffraction (XRPD) patterns of the synthesized samples are
identical to those simulated based on the reported crystal
structure of MCID-1 (Fig. S1, ESIt). The XRPD patterns of the
as-synthesized CoCID-1 and NiCID-1 are identical to those of
the guest-free phase, which indicates that both compounds are
devoid of guest water molecules in their 0D hydrophobic
cavities (Fig. 1b and Fig. S2a; see note S5 in the ESI{).**3!
However, the XRPD patterns of CuCID-1 and ZnCID-1 indicate
the presence of water molecules within the pores (MCID-
1> H,0; Fig. 1c and Fig. S2e; see note S5 in the ESIt), although
the areas surrounding the pores in MCID-1 are hydrophobic
(Fig. 1c and Fig. S2d, ESI}).*>** The XRPD patterns of MCID-
15H,0 (M = Cu or Zn) indicate ribbon-like structures, ie.,
structures in which the aromatic rings in the coordination
polymer of metal ions and ip are twisted alternately. The
twisted ribbon-like structures result in the formation of 1D
channels. These 1D channels are filled with water molecules,
which form 1D chain structures within the hydrophobic
space due to hydrogen bonding.>* The formation of water
nanoclusters plays a key role in stabilizing these 1D chain
structures (Fig. 1c and d).

Guest-free MCID-1 was obtained by washing MCID-1 with
MeOH and heating it at 120 °C overnight under reduced
pressure. The XRPD patterns of CoCID-1 and NiCID-1 did not
change during degassing/activation (Fig. S4 and S5, ESIt). In
contrast, the XRPD patterns of CuCID-1>H,0 and ZnCID-
1> H,0 changed upon removal of water. The XRPD pattern of
ZnCID-1DH,O after degassing is identical to the simulated
pattern of degassed ZnCID-1 (Fig. S6, ESIt), whose space group
is similar to that of CoCID-1 and NiCID-1 (P1).>* In contrast, the
XRPD pattern of CuCID-1 acquired in an Ar atmosphere is
dramatically different from that of MCID-15>H,0 and corre-
sponds to an unknown phase (Fig. S7 and S8, ESIf). We
successfully determined the crystal structure of the guest-free
CuCID-1 phase through single-crystal structural analysis
(Fig. 1c and Table S1, ESIt). While the other MCID-1 samples
(M = Co, Ni, and Zn) had a space group of P1, that of CuCID-1
was determined to be P2,/c (Table S2, ESIf). The simulated
XRPD pattern of the degassed CuCID-1 phase is identical to this
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Fig. 2 (a) Adsorption and desorption isotherms for water at 298 K. Filled and
open symbols correspond to adsorption and desorption, respectively.
Coordination structure of CuCID-1>H,0 around (b) metal ion and (c) O4,,.

unknown XRPD pattern. CuCID-1 adsorbed water in air, and its
crystal structure transformed to that of CuCID-1>H,0 within
20 min under ambient conditions (Fig. S8, ESIT).

To evaluate the affinity of MCID-1 for water, the water-
adsorption isotherms of MCID-1 were acquired, which showed
that the onset pressure (P/P,) for ZnCID-1 was approximately
0.60 and similar to that reported previously,”” while CuCID-1
started to adsorb water at approximately P/P, = 0.33 (Fig. 2a). In
contrast, CoCID-1 and NiCID-1 did not adsorb water below
P/P, = 0.9. These results indicate that the adsorption behavior
of MCID-1 changed considerably, although the hydrophobic
cavity environment remained similar (see note S10 in the ESIY)
and the metal ions and water molecules do not directly interact.

To understand the differences in these water-adsorption
properties, we focused on the coordination environment of
MCID-1 (Table S2, ESIf). The nodes of MCID-1 are dinuclear
complexes, wherein the two metal ions are crystallographically
equivalent and exhibit six-fold coordination structures (Fig. 2b
and Fig. S10a, ESIt). The lengths of the six coordination bonds
in CoCID-1 and NiCID-1 are almost the same (2.0-2.2 A).
Furthermore, the coordination geometries of CoCID-1 and
NiCID-1 are similar to that of a symmetric ideal octahedron.
However, for CuCID-1>H,0 and ZnCID-1> H,O0, the length of
the bond between the metal atom and one of the oxygen atoms
(M-02) is approximately 2.6 A, which is approximately 0.5 A
longer than that of the other bonds. In other words, the metal
ion in MCID-1>H,O0 exhibits a distorted octahedral geometry.
In the case of degassed ZnCID-1, the coordination distortion
relaxes once the water molecules are removed. The space group
of ZnCID-1 changes from C2/c to P1, which is similar to that
of CoCID-1 and NiCID-1. However, the Cu-O2 bond length
does not change after the removal of the guest, and CuCID-1
still shows coordination distortion, which is attributable to
the Jahn-Teller effect of Cu™. In addition, the space group of
CuCID-1 is P24/c, which is different from that of the other
degassed MCID-1 phases. These results suggest that the adsorp-
tion of water induces distortion of the coordination structure
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and the stability of the distorted coordination structure depends
on the type of metal ion used.

In contrast, the crystal structure of MCID-1 5 H,0 suggests
that the guest water molecules form 1D chains through
hydrogen-bonding interactions within the pores. In addition,
one of the water molecules (O4,) in the 1D chain forms a
hydrogen bond with the oxygen atom of the carboxylate of ip
(01) (Fig. 2c and Fig. S10b, ESI¥). It is likely that this host-guest
interaction leads to coordination distortion, resulting in the
structural transition. These results suggest that the coordina-
tion structure around the metal ion requires this distortion to
interact with O4,, after which the coordination bond length of
M-02 increases. In other words, the distortion of the coordina-
tion bond is important for the formation of the hydrogen bond
between O1 and O4,,. Furthermore, it is likely that the differ-
ences in stabilities of the distorted structures corresponding to
the various metal ions determine the water-adsorption proper-
ties of MCID-1.

We propose an energy diagram to explain the metal-ion
dependency of the water-adsorption behavior of MCID-1
(Fig. 3). We hypothesize that MCID-1 exhibits the following
three phases: a closed phase (CP), imaginary open phase with-
out water molecules (OP), and open phase with water
(OPoSH,0). In addition, two types of variations in energy are
defined: one is the change in the Gibbs energy for structural
transformation (AGgr), which destabilizes OP>H,O, whereas
the other is the change in the Gibbs energy for water-cluster
formation (AGyater), Which stabilizes OP>H,O. Initially, we
assumed that the CP structure of the P1 group of MCID-1
(M = Co, Ni, and Zn) and the CP structure of the P2,/c group
of CuCID-1 have the same Gibbs energies. Focusing on the
value of AGgr, for this assumption to be true, the coordination
bonds must lengthen and coordination structure must distort.
We believe that the AGgr value of CuCID-1 is the smallest because
the distorted coordination structure of Cu" is stable even in the
absence of guest molecules, owing to the Jahn-Teller effect. In

@ w AG(Co or Ni) > AG_(Zn) > AG,(Cu)
opP a
AG,

‘water OP

Energy
>
®

OPDH,04 cp

Structural
transformation

(]
cp OP -
(Closed phase) (Openphase)  Water  op it ater
without water

Fig. 3 Proposed energy diagram for the structural transformation. If the
AGgst values for CoCID-1 and NiCID-1 are much larger than proposed,
OP>H,O for CoCID-1 and NiCID-1 will be more unstable than OP for
ZnCID-1 and CuCID-1, which cannot be confirmed from the experimental
results.
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contrast, since the symmetric coordination structures of NiCID-1
and CoCID-1 do not contain water molecules, their AGgr values
are expected to be very large, which is mostly due to the absence of
the Jahn-Teller effect. Furthermore, the AGgr value of ZnCID-1 is
expected to be moderately high and the distorted coordination
structure is somewhat stable because of the isotropic d'° electron
structure of Zn" ion. In addition, we assume that similar water
chain structures are formed in all MCID-1 samples. Therefore,
their AGy¢er values are also the same. As shown in Fig. 3, CuCID-1
and ZnCID-1 are stabilized by the water chain, and the as-
synthesized compounds are MCID-15H,0 (M = Cu, and Zn).
Furthermore, this model suggests that CuCID-1>H,0 is more
stable than ZnCID-1>H,0, which is consistent with the lower
onset pressure observed in the CuCID-1 water-adsorption iso-
therm. However, CoCID-1 and NiCID-1 are destabilized after water
adsorption, as their AGgr values are high. Thus, they cannot form
OP > H,0 due to this type of destabilization. The proposed energy
diagram strongly suggests that coordination distortion is essential
for the adsorption of water into the pores. Furthermore, the onset
pressure depends on the stability of the distorted coordination
structure, and distortion is accompanied by a structural transfor-
mation. Therefore, the adsorption behavior of MCID-1 is strongly
affected by the type of central metal ion present.

The metal-based solid solution approach is a recently devel-
oped method for precisely controlling the flexibility of a MOF.*?
With the aim of controlling the adsorption behavior of MCID-1,
we evaluated the adsorption behavior of solid-solution-type
CID-1 (M1,M2; ,CID-1). We synthesized solid-solution-type
M1,M2,_,CID-1 with various metal ratios under the same
synthesis conditions as those used to prepare MCID-1, with
the only difference being the ratio of M1 and M2 (M1:M2:
Na,ip:bpy=x:1 — x:1:1; x = 0.15, 0.33, 0.50, 0.67, and 0.85).
The XRPD patterns and scanning electron microscopy-energy-
dispersive X-ray spectroscopy (SEM-EDX) maps show that Cu-
containing CID-1 (Cu,M,;_,CID-1) does not form a uniform
solid-solution-type CID-1 at any metal ratio. However, other metal
combinations yielded well-mixed M1,M2, ,CID-1 (Fig. 4a; also
see notes S12-S15 in the ESIf). To evaluate the distribution
structures, we measured their magnetic susceptibilities.>® The
results suggest that M, sZn,sCID-1 (M = Co and Ni) forms
homo-metal dinuclear structures. However, Cog;Nig 5CID-1
exhibited a randomly mixed hetero- and homo-metal dinuclear
structure (see note S16 in the ESIT).

Next, we acquired the water-sorption isotherms of M1,M2;_,
CID-1 at 298 K to evaluate the effects of the type of metal ion in the
solid solution, which revealed that the onset pressure changes
gradually with metal-ion ratio (see note S17 in the ESIf). The
isotherms for Zn,M; ,CID-1 (M = Co and Ni) suggest that the
amount of water adsorption increases gradually with increasing x,
while the isotherms for CuM; ,CID-1 (M = Co, Ni, and Zn)
indicate stepwise adsorption, i.e., the adsorption has two compo-
nents, which is consistent with the heterogeneous distribution of
Cu ions observed in the SEM-EDX map in Fig. 4a. These results
suggest that the onset pressure and adsorption amount can be
controlled by mixing the metal ions. With respect to the amount
of water adsorbed by M1,5M2,5CID-1 (Fig. 4b), the amount of

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) SEM-EDX maps for M1lgsM2,5CID-1. White circles indicate
nonuniform areas. Scale bars: 30 um. (b) Water-sorption isotherms of
M1 sM205CID-1 at 298 K. Filled and open symbols correspond to adsorp-
tion and desorption, respectively.

adsorbed water by Cos5Zn,sCID-1 was larger than that of
Niy 5Zn, sCID-1, which is attributable to the weak Jahn-Teller
effect of the Co™ (d”) metal ion, which aids distortion and
structural transformation as a consequence.

In summary, we demonstrated that the water-adsorption
behavior of MCID-1 (M = Co, Ni, Cu, and Zn) strongly depends
on the type of metal ion. The formation of 1D water chain-like
structures is the key factor that determines the adsorption of
water within the hydrophobic pores. In addition, Jahn-Teller
stabilization of the distorted coordination structure enables
water adsorption at lower pressures. Further, the adsorbed
amount and uptake pressure of water are determined by the
composition of the M1M2CID-1 solid solution. This study
provides a new strategy for controlling the water-adsorption
properties of MOFs based on their design.
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