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Introduction

Hydrogen-bonded organic frameworks (HOFs) have attracted

Structural analysis and water adsorption
properties of chloranilate anion-terpyridine metal
complexes forming hydrogen-bonded
frameworks+

Akio Mishima, ©* Runa Mori, Ken Kanazashi, Tomohiko Hamaguchi,@
Ryuta Ishikawa @ and Satoshi Kawata @ *

Emerging microporous hydrogen-bonded organic frameworks (HOFs) are expected to overcome water
shortages owing to their potential in harvesting and releasing water at low energies. To investigate their
water adsorption properties, two distinct types of HOFs are synthesized. The frameworks are composed of
chloranilic acid (H,CA), terpy complexes, and crystal water. The complexes are denoted as [M(terpy),](H,-
CA)o.5(HCA)CA)g 5-H,O (M-A) and [M(terpy),l(CA)-6H,O (M-B), where M represents Fe?*, Co®*, or Ni*.
Structural characterization results reveal that M-A contains H,CA, chloranilate monoanion (HCA"), and
chloranilate dianion (CA%). M-A complexes comprise one-dimensional chains of H,CA-CA?™ and HCA -
water, forming a three-dimensional framework via hydrogen bonding with [M(terpy),]?*. M-B complexes
contain [M(terpy),]2*, CA%, and six water molecules. The CA®> and water molecules form a two-
dimensional layered arrangement via hydrogen bonding, and the water molecules form tetramers within
the layers. N, adsorption measurements indicate that both the M-A and M-B complexes are non-porous.
In water adsorption-desorption experiments, M-A adsorbs one water molecule per unit with minimal
structural changes, whereas M-B adsorbs six water molecules per unit and undergoes a multi-step
isothermal adsorption process, indicating significant structural changes. Furthermore, the adsorption
properties were observed to vary with the central metal ion. The differing adsorption behaviors of M-B may
be attributed to the hydrogen bonding distances within the crystalline water tetramers forming the
hydrogen bonded network. The HOFs explored in this study may be utilized for selectively adsorbing water
molecules in low-humidity environments, such as arid regions.

exceptional structural recoverability distinguishes them from
other porous crystalline materials, such as metal-organic
frameworks®® and covalent-organic frameworks,” " which

considerable attention as a new category of porous crystalline
solids."™ They are formed by the self-assembly of organic
molecules and metal complexes through a variety of weak
bonding forces, including hydrogen bonding, n-n, CH-r, van
der Waals, dipole-dipole, halogen bonding, and cation-n
interactions. These interactions are weaker than covalent and
coordination bonds, resulting in increased structural
flexibility, reduced directionality, and reversible bonding. The
high solubility of HOFs facilitates recrystallization, while their
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rely on coordination bonds and covalent bonds, respectively.
HOFs enable the systematic modification of material
properties, such as porosity, crystallinity, and structural
flexibility, by strategic selection of constituent components,
providing a flexible framework for designing tailored
functional materials. The discovery of the porous properties
of HOFs has expanded their use in various applications, such
as gas adsorption>™ and separation,"”>'”  proton
conductivity,"®°  luminescence,” ™ and catalysis.>*>°
Particularly, the gate-opening phenomenon, which governs
the influence of structural flexibility on the adsorption
properties, plays a critical role in enabling functions such as
the storage and separation of guest molecules.”’2° HOFs
form supramolecular structures via hydrogen bonding
interactions mediated by crystal water molecules.*>*!
Significant structural modifications of HOFs have been
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reported owing to the adsorption and desorption of crystal
3233 porous materials that exhibit large conformational
changes show drastic increase or decrease in adsorption in
a narrow pressure region and are therefore expected to have
considerable potential in harvesting and releasing water
easily.>*?> Recently, research on the recovery of wastewater
to overcome global water shortages has attracted
considerable attention.**™*° Thus, materials that can
selectively adsorb water molecules in low-humidity
environments, such as in arid regions, are increasingly
becoming popular. To utilize the physicochemical properties
of HOFs and prepare materials with selective water
adsorption ability, this study focused on HOFs composed of
chloranilic acid (H,CA) and metal complexes. H,CA is an
excellent component for the assembly of HOFs because of
its strong hydrogen-bond donor and acceptor properties, as
well as its ability to facilitate strong stacking
interactions.”’ ™" The OH groups in H,CA are readily
deprotonated because of the inductive effect of the
electronegative chlorine substituents, which stabilizes the
anion. The pKa values of 0.73 and 3.08 indicate that H,CA
readily forms various states of deprotonation and
protonation under mild conditions.*> H,CA has attracted
considerable attention in the study of complexes with redox
properties.***® Herein, we focused on the hydrogen-bonded
framework of H,CA in which the hydroxyl groups act as
proton donors and acceptors. H,CA is expected to form a
variety of hydrogen bonds, depending on its charge state.
Furthermore, it is expected to form frameworks mediated by
water molecules, in addition to hydrogen bonds. The charge
state of H,CA can be predicted to considerably affect its
water adsorption properties. To controllably modify the
hydrogen bonded framework of H,CA and to develop its
water adsorption properties, we synthesized two types of
HOFs (M-A = [M(terpy),](H,CA)o s(HCA)(CA),.5-H,O and M-B
= [M(terpy),](CA),-6H,0, where M = Fe**, Co** and Ni** and
terpy = 2,2%;6',2"-terpyridine) comprising three types of
terpyridine complexes with different central metal ions and
chloranil acids with different charge states (Scheme 1). We
evaluated the dependence of water adsorption properties on
the crystal structures and central metal ion species of the
complexes, as well as the charge states of H,CA. The results
of this study provide new insights into the factors
controlling the water adsorption behavior of HOFs.

water.

Cl

HO 0O
Cl

Scheme 1 [M(terpy),]>* complex (left) and chloranilic acid (H,CA,
right).
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All chemicals and solvents were procured from commercial
suppliers and used without additional purification. Fe-A and
Fe-B were synthesized under N, atmosphere, whereas Co-A,
Co-B, Ni-A, and Ni-B were synthesized under atmospheric
conditions. To assess the thermal stability,
thermogravimetric analysis (TGA) with differential thermal
analysis (DTA) was performed using an SII EXSTAR6000 TG/
DTA 6300 analyzer under N, atmosphere at a heating rate of
5 °C min". Powder X-ray diffraction (PXRD) measurements
were performed on the Rigaku MiniFlex X-ray diffractometer
using Cu-K, radiation (1 = 1.5418 A). The IR spectra were
recorded at 298 K in the 4000-550 cm ™" spectral range using
an attenuated total reflectance device (ATR) coupled to an FT-
IR spectrophotometer (JASCO FTIR-6100). The X-ray tube was
operated at 40 kV and 40 mA, and the temperature was varied
from 293 K to 298 K. Gas and vapor adsorption isotherms
were obtained using an automatic volumetric adsorption
analyzer (BELSORP-max). Prior to the adsorption
measurements, all samples were dehydrated in a dynamic
vacuum at 393 K for 6 h. Gas and vapor adsorption isotherms
were obtained using an automatic volumetric adsorption
analyzer (BELSORP-max).

Elemental analysis of C, H, and N was performed in the
Service Center of the Elementary Analysis of Organic
Compounds, Kyushu University. Single crystal XRD data were
recorded in the temperature range of 293 K to 298 K using
the Rigaku oxford diffraction XtaLAB mini II instrument
equipped with Mo-K,, radiation source (1 = 0.71073 A). The
crystal structures were solved by direct methods and refined
using full-matrix least squares on F* with SHELXL-2015.*° All
non-hydrogen atoms were refined using the full-matrix least-
squares method on F> by utilizing SHELXL-2015. All
calculations were performed using the OLex2 crystallographic
software.”® All hydrogen atoms were calculated at idealized
positions and refined with the riding models. A summary of
the crystallographic data and structural refinement
parameters is provided in Table 1. The Cambridge
Crystallographic Data Centre (CCDC) numbers 2374727 (Fe-
A), 2374762 (Co-A), 2374763 (Ni-A), 2374764 (Fe-B), 2374765
(Co-B), and 2374766 (Ni-B) contain supplementary
crystallographic data for this study.

The single crystal of Fe-A was synthesized in a glass tube
under N, atmosphere, varying the temperature from 293 K to
298 K. An aqueous solution (1 mL) of H,CA (5 mM) was
poured in a glass tube. Next, a mixture solution (1 mL) of
H,0 and EtOH containing Fe(SO,),-7H,0, terpy (5 mM) was
also poured into the same glass tube without mixing the two
solutions. Purple platelet-like crystals began to form after one
week. A microcrystalline powder was obtained by mixing the
two solutions under N, atmosphere for overnight. Upon
stirring, a purple powder was obtained. The suspension was
filtered, washed with water and ethanol, and dried in air. The
single crystals and microcrystalline powders of Co-A and Ni-
A were synthesized following the same procedure as that

This journal is © The Royal Society of Chemistry 2025
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Table 1 Crystallographic information and structural refinement parameters for M-A and M-B

Crystal Fe-A Co-A Ni-A Fe-B Co-B Ni-B
Chemical formula  C,,H,ClLiFeNgOy  CuoHpCl4CONgOy  CypHosClNiNgOy  C36H3,CLFeNgO;y  Cs6H34CLCONgO;o  C36H34ClLNiNGO;
Formula weight 956.16 959.42 959.20 837.44 840.52 840.46

T, K 293 293 293 293 293 293

Space group P1 P1 P1 Pi Pi Pi

a, A 8.9753(2) 8.9669(2) 8.9581(3) 9.0180(2) 9.03554(12) 9.0426(2)
b, A 10.8907(2) 10.9875(2) 11.0350(3) 9.02320(10) 9.04710(13) 9.0675(3)
¢ A 20.9485(4) 20.9096(4) 20.9833(5) 22.2494(3) 22.3304(3) 22.4477(6)
a, degrees 85.702(2) 85.6270(10) 85.086(2) 91.6850(10) 92.0770(12) 92.511(2)
b, degrees 80.124(2) 80.052(2) 80.136(2) 95.6840(10) 95.9851(11) 96.200(2)
g, degrees 85.417(2) 85.213(2) 85.180(2) 90.432(2) 90.5673(11) 90.655(2)
v, A® 2006.95(7) 2018.03(7) 2030.99(10) 1800.68(5) 1814.09(4) 1827.81(9)
Z 2 2 2 2 2 2

Deate, €M™ 1.582 1.579 1.568 1.545 1.539 1.527

K, mm* 0.708 0.756 0.807 0.636 0.688 0.744
Refs. meas. 35122 38624 36938 34721 35106 35522
Indep. refs. 11624 11660 11630 10443 10517 10601
Refs. used 11624 11660 11630 10443 10517 10601
Rint 0.0484 0.0279 0.0198 0.0287 0.0208 0.0287
R 0.0524 0.0516 0.0432 0.0460 0.0421 0.0546
Ran 0.0673 0.0715 0.0557 0.0731 0.0598 0.0847
RW(FZ)” 0.1418 0.1346 0.1071 0.1025 0.0929 0.1185
Max res., e A7 0.836 1.848 0.973 0.286 0.329 0.676

Min res., e~ A —-0.749 -1.502 —-0.880 -0.372 -0.356 —-0.400
GOF 1.096 1.032 1.017 1.019 1.031 1.046
CCDC 2374727 2374762 2374763 2374764 2374765 2374766

TRy = Z||Fo| = |Fe||/Z|Fo| and Ry = (EW(|Fo| — |Fe|)*/ZWFo2) "2

used for the synthesis of Fe-A. However, Co-A and Ni-A were
synthesized using CoCl,-6H,0 and NiCl,-6H,0, respectively,
under atmospheric conditions. Single-crystal XRD analysis
was performed at 293 K. Elemental analysis (%) of Fe-A.
Calced. for C4,H,6Cl,FeN¢Oq: C, 52.75; H, 2.74; N, 8.79. Found:
C, 52.45; H, 2.81; N, 8.68. Elemental analysis (%) of Co-A.
Caled. for C,H,6Cl,CONgOo: C, 52.58; H, 2.73; N, 8.76.
Found: C, 52.51; H, 2.78; N, 8.77. Elemental analysis (%) of
Ni-A. Caled. for C,,H,6CL,NiNgOo: C, 52.59; H, 2.73; N, 8.76.
Found: C, 52.54; H, 2.77; N, 8.77. The IR spectra of M-A are
shown in Fig. S18.}

The single crystal of Fe-B was synthesized in a glass tube
under a N, atmosphere at range of 293 K to 298 K. An
aqueous solution (1 mL) of chlorinic acid (5 mM) and NaOH
ag. (10 mM) was poured in a glass tube. Next, a mixture
solution of H,0O and EtOH containing FeCl,-4H,0, terpy (5
mM) was poured into the same glass tube without mixing the
two solutions. Purple platelet-like crystals began to form after
one week. A microcrystalline powder was obtained by mixing
the two solutions for overnight. Upon stirring, a purple
powder obtained. The single crystals and
microcrystalline powders of Co-B and Ni-B were synthesized
following the same procedure as that used for the synthesis
of Fe-B. However, Co-B and Ni-B were synthesized under
atmospheric conditions. It is thought that the addition of
NaOH during the synthesis of M-B caused the release of all
chloranilic acid protons and CA®~ became the counter anion.
Therefore, the crystal structure of M-B is considered to be
different from that of M-A. Elemental analysis (%) of Fe-B.
Caled. for CsgHs,ClLLFeN(Oo: C, 51.63; H, 4.09; N, 10.04.

was

This journal is © The Royal Society of Chemistry 2025

Found: C, 51.37; H, 3.99; N, 9.97. Elemental analysis (%) of
Co-B. Caled. for Cs;gHs,Cl,CONgO;o: C, 51.44; H, 4.08; N,
10.00. Found: C, 51.19; H, 3.96; N, 10.00. Elemental analysis
(%) of Ni-B. Calcd. for C3gH3,Cl,NiNgOy0: C, 51.46; H, 4.08;
N, 10.00. Found: C, 51.26; H, 3.95; N, 10.00. The IR spectra of
M-B are shown in Fig. S19.}

Results and discussion
Structure of M-A (M = Fe, Co, Ni)

The crystallographic information and structural refinement
parameters for M-A, obtained from single crystal structural
analyses, are given in Table 1. M-A crystallizes in the triclinic
space group P1 and has two formula units (Z = 2) per unit
cell. In M-A, the asymmetric unit of the structure is
composed of a crystallographically independent unit of the
[M(terpy),]*" cation, half of the neutral H,CA, a chloranilate
monoanion (HCA'), half of the chloranilate dianion (CA*"),
and one crystal water molecule. The IR spectra of M-A, Fe-A,
Co-A, and Ni-A exhibit absorption bands at 3187, 3190, and
3184 cm™, respectively, which are indicative of hydroxyl (OH)
stretching vibrations associated with HCA™ and H,CA.
Additionally, the bands that appear at 1380, 1386, and 1381
em™ correspond to OH bending vibrations. These findings
imply the coexistence of HCA™ and H,CA within the crystal
structure.”’ Fig. 1a shows the crystal structure of Co-A. Both
Fe-A and Ni-A exhibit crystal packing structures identical to
those of Co-A, in which the metal ions are hexacoordinated
to the nitrogen atoms of the two terpy ligands. The distances
and angles between the metal ions and nitrogen atoms in M-

CrystEngComm, 2025, 27, 931-938 | 933
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Fig. 1 Crystal structure of Co-A. a) Asymmetric unit of Co-A. b)
Crystal packing structure along the a-axis. c) [M(terpy),1>* complexes
layer. d) HCA™ - crystal water layer. e) H,CA-CA? layer. f) Hydrogen
bonding of HCA™ and crystal water. g) Hydrogen bonding of H,CA and
CA%.

A are presented in Table S1.f The crystal packing structure of
M-A is characterized by a supramolecular framework
stabilized due to the hydrogen bonds formed by H,CA, HCA",
CA™", crystal water molecules, and [M(terpy),]*" cations. The
crystal packing structure of M-A consists of an [M(terpy),]*"
complex, HCA —crystal water, and H,CA-CA*" layers oriented
along the g-axis (Fig. 1b). The [M(terpy),]*" complexes are
organized into one-dimensional chains through weak n-n
interaction of the terpy ligand moieties (Fig. 1c). The n-nt
interaction distances increase with respect to the central
metal ion, with Fe-A showing the shortest distance, followed
by Co-A and Ni-A (Table 2). Furthermore, the [M(terpy),]*"
complex forms weak hydrogen bonds with H,CA, HCA, CA%,

Table 2 Hydrogen bond and n-r interaction distances in M-A
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and a crystal water molecule, as shown by the adjacent
distances listed in Table 2. HCA™ is dimerized by hydrogen
bond interaction via O-H---O (Fig. 1f). Owing to the
interaction between the two hydrogen bonds and two crystal
water molecules, the dimers align in the form of a linear
chain that resembles a step pattern (Fig. 1d). Additionally,
H,CA and CA> are formed as one-dimensional chains in an
alternating arrangement via hydrogen bonds (Fig. 1e). In the
c-axis orientation, chains of HCA™ dimer and crystal water
molecules are positioned perpendicular to the chains of
H,CA and CA*” (Fig. 1g). Crystallographic analyses reveal that
[Fe(terpy),]** and [Co(terpy),]*" exhibit low-spin states, as
indicated by the bond distance between the central metal ion
and nitrogen atoms (Table S17).

Structure of M-B (M = Fe, Co, Ni)

Previously, Kawata et al. reported the crystal structure of Fe-
B.>> The crystallographic information and structural
refinement parameters for M-B, obtained from single crystal
structural analyses, are given in Table 1. M-B crystallizes in
the triclinic space group P1 and has two formula units (Z = 2)
per unit cell. In M-B, the asymmetric unit of the structure is
composed of a crystallographically independent unit of
[M(terpy),]*" cation, two types of CA*>™ anions, and six crystal
water molecules. The IR spectra of M-B did not reveal any
bands associated with the OH stretching and bending modes
that were identified in M-A. This finding suggests that HCA™
and H,CA are not present in the crystal structure of M-B;
rather, it indicates the presence of the CA>” dianion. Fig. 2a
shows the crystal structure of Co-B. Similar to the structures
of Fe-A and Co-A, the bond distances between the central
metal ion and nitrogen atoms suggest that the terpy
complexes in Fe-B and Co-B are in a low-spin state (Table
S27). The crystal packing of M-B comprises a hydrogen bond-
supported supramolecular framework constructed from CA>",
crystal water molecules, and [M(terpy),]** cations. As shown
in Fig. 2b, along the b-axis of M-B, the crystal packing
structure consists of an accumulated [M(terpy),]*" complex
layer and a CA*>~ dianion-crystal water layer. The [M(terpy),]*"
complexes are arranged in a two-dimensional layer by weak
n-n interaction of the terpy ligand moieties (Fig. 2c). The
distances between the centroids of the terpy ligand moieties
at m-m interaction sites are listed in Table 3. The CA*

Crystal Fe-A Co-A Ni-A

HCA™---HCA™ (A) 0(3)--0(6)#1 2.692(3) 0(3)--0(6)i1 2.695(3) 0(3)--0(6)#6 2.702(2)

HCA™--water (A) 0(5)---0(9)#2 2.913(3) 0(5)--0(9)#2 2.917(3) 0(5)--0(9)#6 2.932(2)
0(5)---0(9)#3 2.929(3) 0(5)---0(9)#3 2.935(3) 0(5)---0(9)#7 2.903(3)

H,CA---CA*™ (A) O(1)--O(7)#4 3.007(5) 0(1)--0(7) 2.700(3) o(1)--0(7)#8 3.161(3)
o(1)--0(8)#5 2.663(7) O(1)--0(8)t6 2.971(3) o(1)--0(8)#9 3.396(4)

- interaction (A) 4.0194(17) 3.9187(17) 3.9028(14)

(1 -x,-y,2-2),#2(+x, -1 +y,+2), #3 (~x, -y, 2 - 2), #4 (2 - x, =y, 1 = 2), #5 (L + x, +y, +2), #6 (L - x, 2 =y, 1 — 2), #7 (-x, =y, 2 — 2), #8 (~x, 2 —

»2- Z)y #9 (_1 +x, 1Y, +Z)'

934 | CrystEngComm, 2025, 27, 931-938
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Fig. 2 Crystal structure of Co-B. a) Asymmetric unit of Co-B. b)
Crystal packing structure along the b-axis c) [M(terpy),]** complexes
layer d) CA?—crystal water layer e) hydrogen bonding of CA%™ and
crystal water in type | layer.

dianions and crystal water molecules form two isomorphic
types (types I and 1II) of layers, via hydrogen bond
interactions, with slightly different hydrogen bond distances
(Fig. 2d). The CA*" dianions form a one-dimensional chain
with adjacent CA*” dianions via hydrogen bonding mediated

Table 3 Hydrogen bond and n—r interaction distances in M-B

View Article Online
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by two crystal water molecules. Further, the one-dimensional
chains interact with neighboring one-dimensional chains via
hydrogen bonding, mediated by four clusters of crystal water
molecules, to form a two-dimensional layer (Fig. 2e). The
evaluated hydrogen bond distances and angles are listed in
Table 3. Despite M-A and M-B sharing identical constituents,
significant differences are evident from their crystal
structures and the quantity of crystalline water that are
attributable to the different state states of charge of H,CA.
Although the structural framework of the [M(terpy),]*" is
consistent across both of these materials, the compositions
of counter anions differ from each other: M-A contains HCA™
and CA>", whereas M-B exclusively features CA™. Additionally,
the crystalline water content varies, with M-A including one
molecule and M-B containing six. In M-A, hydrogen bonding
networks are established among H,CA and CA*, and
additionally among HCA™ and the water molecules.
Conversely, in M-B, alongside the hydrogen bonding
networks involving CA>" and water molecules, a water
tetramer structure is also observed.

Characterization results of PXRD and TGA

PXRD data of bulk M-A and M-B, along with the simulated
XRD patterns derived from the single-crystal structure data,
are presented in Fig. S1 and S2.f The obtained PXRD patterns
for both M-A and M-B exhibit sharp peaks that match well
with the simulated XRD patterns, indicating that the purities
of the synthesized M-A and M-B are high.

The TGA and DTA curves of M-A are shown in Fig. S3-S5.F
The TGA and DTA curves of Fe-A, Co-A, and Ni-A indicate
weight losses of 2.1%, 1.8%, and 1.7%, respectively, in the
temperature range 30-120 °C. This observation can be
attributed to the removal of crystal water molecules
(calculated at 1.9% for Fe-A, Co-A, and Ni-A). Above 230 °C,
the M-A crystal starts to decompose. This is indicated by an
abrupt weight loss, which is caused by the decomposition of
the [M(terpy),]>" complex, H,CA, HCA", and CA®>". The TGA
and DTA curves of M-B are shown in Fig. S6-S8.f The TGA

Crystal Fe-B Co-B Ni-B

CA>"---water type I (A) 01---05 2.982(3) 01---05 2.988(2) 01---05 2.996(4)
01---05#1 2.969(2) 01---05#5 3.002(2) 01---05#9 3.020(3)
01---07#2 2.828(2) 01---07#6 2.854(2) 01---07#2 2.856(3)
O5#1---08#2 2.733(3) O5#5---081#6 2.730(2) 05#9---08#2 2.733(3)
O7#2---0812 2.889(2) O7#6---08#6 2.867(2) O7#2---0812 2.864(3)
O7#2---0O8#1 2.825(2) O7#6---08#5 2.846(2) O7#2---08#9 2.864(4)

CA>™---water type 11 (A) 03---:06 2.958(3) 03---06 2.972(3) 03---:06 2.997(4)
03---06#3 2.998(2) 03---06#7 3.015(2) 03---06#10 3.012(4)
03---09#4 2.828(2) 03::-09#48 2.845(2) 03---09#4 2.854(3)
06/3:--:010#4 2.713(3) O617--010#8 2.707(2) 06/10---010#4 2.705(4)
09#4---010#4 2.915(3) 09#8---01048 2.889(2) 09#4---010#4 2.881(3)
09#4---01043 2.822(3) 0948---010#7 2.853(2) 09#4---010410 2.870(4)

n-m interaction 4.0996(13) 4.0165(12) 4.1159(16)

MA-x1-y,1-2),#2 (Hx,1-+y,1-2),#3 2-x,1-y,-2), #4 (1 +x, +y, +2), #5 (1 - x, 1 -y, —2), #6 (+x, 1 +y, +2), #7 (-x, 1 -y, 1 - 2), #8

(_1 +x, 1y, +Z), #9 (1

-x, -y, 1-2),#10 (2 - x, -y, -2).

This journal is © The Royal Society of Chemistry 2025
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profiles of Fe-B, Co-B, and Ni-B show a two-step weight loss
of 12.8%, 12.1%, and 12.3%, respectively, in the temperature
range of 30-120 °C. This observation can be attributed to the
loss of four crystal water molecules (calculated at 8.6% for
Fe-B, Co-B, and Ni-B) and two crystal water molecules
(calculated at 4.3% for Fe-B, Co-B, and Ni-B). Above 160 °C,
the M-B crystal starts to decompose. This is indicated by an
abrupt weight loss, which is the result of decomposition of
the [M(terpy),]*" complex and CA*".

Water adsorption properties

As hydrogen-bonded frameworks involve water molecules, we
considered investigating the water adsorption properties of
M-A and M-B. The as-synthesized M-A and M-B contain one
and six crystal water molecules per asymmetric unit,
respectively. To investigate the porosity of the samples, N,
adsorption isotherms of dehydrated Co-A and Co-B were
recorded at liquid N, temperature; however, no adsorption
capacity was observed in any of the samples during the
adsorption process (Fig. S15f). In conclusion, both the
dehydrated samples are non-porous to N,. Other investigated
complexes were also observed to be non-porous to N,. The
water adsorption-desorption profiles of M-A and M-B are
presented in Fig. 3 and 4, S16 and S17.F The dehydrated
samples were then subjected to water adsorption and
desorption measurements at 298 K. In all the M-A
complexes, the quantity of adsorbed water increases in the
low-pressure region (log(P/P,) = -3.0 to -2.5) and reaches a
plateau at approximately log(P/P,) = -0.08. The quantity of
adsorbed water further increases at high relative pressures.
The quantity of water adsorbed at log(P/P,) = —0.08 coincides
with the quantity of crystal water molecules (1.0 molecule) in
the asymmetric unit of M-A. According to the International
Union of Pure and Applied Chemistry classifications, the
shape of the adsorption isotherm can be categorized as type-

N
<)

Fe-A Adsorption
Fe-A Desorption
Co-A Adsorption
Co-A Desorption
Ni-A Adsorption
Ni-A Desorption

ol o]/

Adsorbed quantity / molmol-!
w
o

2.0
) /““M OO G=T0C0 004
o_o i i i " i

-3.0 25 -2.0 -1.5 -1.0 -0.5 0.0

log(P / Py)

Fig. 3 Water adsorption isotherms at 298 K for Fe-A (yellow), Co-A
(blue), and Ni-A (green). Filled circles indicate adsorption and open
circles indicate desorption.
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=}

Adsorbed quantity / molmol-!
- w
o (=)

o
=}

-25 -2.0 1.0 -0.5 0.0

-1.5 -
log(P / Py)
Fig. 4 Water adsorption isotherms at 298 K for Fe-B (yellow), Co-B

(blue), and Ni-B (green). Filled circles indicate adsorption and open
circles indicate desorption.

I, indicating a rigid framework. The Co-A complex shows no
significant structural changes after the desolvation test (Fig.
S9-S11t). Conversely, the water adsorption isotherms of the
M-B complexes indicate a multi-step adsorption process
below log(P/P,) = -0.5. The M-B complexes absorb 0.5
molecules of water per asymmetric M-B unit at around log(?/
Py) = -1.9. As the value of log(P/P,) increases, the quantity of
water adsorbed increases by an additional 0.5 and 1.0
molecules in discrete steps. Thereafter, four molecules of
water are rapidly adsorbed by Fe-B and Co-B before reaching
log(P/P,) = —0.5. The final quantity of adsorbed molecules of
water is six, which corresponds to the number of crystal
water molecules in the crystal structure of M-B. In contrast
to Fe-B and Co-B, Ni-B shows a one-step increase in
adsorption around log(P/P,) = -1.0. For Ni-B, the quantity of
water adsorbed is 0.5, 0.5, 1.0, 2.0 and 2.0 molecules at
approximately log(P/P,) = -2.1, -1.8, -1.4, -0.8 and -0.5,
respectively. Unlike Fe-B and Co-B, a two-step adsorption
process is observed between log(P/P,) values of -1.0 and —0.5
for Ni-B. Hysteresis is observed in all the M-B complexes
during the desorption process, and all the absorbed water
molecules are not removed as the pressure reduces at 298 K.
M-B is non-porous; however, the multi-step adsorption
process suggests structural changes accompanied by
adsorption at each step (Fig. S12-S14f). In all the M-B
complexes, the three-step adsorption process observed
between log(P/P,) values of -2.5 and -1.0, can be attributed
to stepwise adsorption in the CA*” layer. The sudden
adsorption of four water molecules by Fe-B and Co-B may be
due to the formation of water tetramers in the crystal
structure. Among all the M-B complexes, the Ni-B complex
exhibits the highest hydrogen bond distance for water
tetramers. This suggests that the water molecules are
gradually adsorbed in a stepwise manner by the Ni-B
complex, and water tetramers are formed eventually. The
cyclic water adsorption experiments corroborated the
adsorption  characteristics observed in the initial

This journal is © The Royal Society of Chemistry 2025
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measurement. This finding indicates that the amorphous
state induced by dehydration reverts to the crystalline state
through the process of water reabsorption (Fig. S20 and
S21t). These phenomena are further supported by the results
of the PXRD measurements (Fig. S12-S147).

Conclusions

In this study, two types of HOFs, denoted as M-A and M-B,
were synthesized. Each type of HOF exhibited distinct water
adsorption properties, owing to variations in the hydrogen-
bonded frameworks resulting from the manipulation of the
proton count of H,CA. M-A comprised an assembly of one-
dimensional chains of H,CA-CA®" and HCA -water along
with [M(terpy),]*" units, forming a three-dimensional
framework via hydrogen bonding mediated by one crystal
water molecule. M-B consisted of a two-dimensional layered
configuration resulting from the hydrogen bonding
interactions between CA®™ and crystal water mediated by six
crystal water molecules. Notably, the crystal water molecules
within the layers of M-B complexes formed tetramers.
Although both M-A and M-B were observed to be non-porous
in the desolvation test, water adsorption measurements
revealed an opposite behavior. In the water adsorption
experiment, M-A indicated no structural changes, whereas
M-B exhibited the capacity to adsorb six water molecules per
unit and indicated a multi-step isothermal adsorption
process, suggesting a substantial structural transformation
during the water adsorption process. Moreover,
adsorption was found to be dependent on the type of the
central metal ion. In the Fe-B and Co-B complexes, the
adsorbed quantity of water increased in steps of 0.5, 0.5, 1,
and 4 molecules in the low-pressure region (log(P/P,) = 2.5
to -0.5). In contrast, in the Ni-B complexes, the adsorption
quantity of water increased in steps of 0.5, 0.5, 1, 2 and 2
molecules. The distinct adsorption process observed in M-B
was attributed to the hydrogen bond distances of the crystal
water tetramers within the hydrogen-bonded framework.
These findings suggest that the water adsorption capacity can
be modulated by modifying the hydrogen-bonded framework,
and that even slight modifications in the metal ion species
can influence the adsorption process. The materials studied
in this work may be utilized for controlling humidity levels in
confined spaces and enhancing water retention in arid areas.

water
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