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Structural transitions during the water sorption
process in two layered metal hydrogen-bonded
organic frameworks and the effect of the H-bond
strength between the layers†

Patrice Kenfack Tsobnang, *a Yannick Thiery Sakam Nchedoung,a

Dominik Fröhlich,b Florence Porcher,c Lina Rustam,b

Emrah Hastürkd and Christoph Janiak *d

The supramolecular network material [CoĲamp)3]ĳCrĲox)3] (amp = 2-aminomethylpyridine, ox = oxalate) (I′)

shows in its powder X-ray diffraction (PXRD) carpet plot during the water adsorption process two sets of

diffraction lines related to its structure and to that of [CoĲamp)3]ĳCrĲox)3]·6H2O (I) having the same

symmetry (space group P21/n). The first set occurs in the range of 0 to 39% relative humidity (r.H.), and the

second set is observed in the range of 30 to 90% r.H. During the desorption process, this second set is

observed from 90 to 5% r.H., and the first set in the range of 15 to 0% r.H. indicating that the stepped water

sorption isotherm and the large hysteresis loop for this material are coordinated with the discontinuous

phase transitions occurring with water adsorption–desorption on this material. During these transitions, the

rate of conversion depends on the water pressure in the system, and the structural change is mainly

observed along the b-axis, which is the stacking direction of the layers. The same observations are made

for the supramolecular material [Cu2Ĳamp)4Cl]ĳCrĲox)3]·1H2O (II′), which is converted to

[Cu2Ĳamp)4Cl]ĳCrĲox)3]·6H2O (II) during the water adsorption process. But in this case, the discontinuous

phase transition starts at 10% r.H. during both the adsorption and desorption processes, and lens-shaped

diffraction lines are observed in the range of 10 and 90% r.H. indicating a continuous phase transition in

this range. During the discontinuous phase transition, the space group of the framework is changed from

P21/n to C2/c, and the latter is maintained during the continuous phase transition. The lens-shaped

diffraction lines are related to the gradual increase of the b parameter (stacking direction of layers) with

increasing humidity. The hydrogen bonds found in the bilayer space of I′ are stronger than those found in

that of II′, which explains the abrupt transition in the former compared to the continuous phase transition

in II′ and the higher quantity of water adsorbed in I′ compared to that of II′ during the gate effect.

Introduction

Porous materials are compounds which have cavities able to
adsorb species from the environment. Porous matter can be
designed with a judicious choice of entities commonly called
‘building units’ which are assembled through suitable
topologies.1,2 Depending on the type of interactions used,
three classes of porous materials are defined: the metal–
organic frameworks (MOFs), also called porous coordination
polymers, in which the units are connected through
coordinative bonds;3,4 the covalent organic frameworks
(COFs),5,6 in which the covalent bonds are used; and the
porous supramolecular networks (PSN) or porous
supramolecular materials, which include hydrogen-bonded
organic frameworks (HOFs),7–9 Metal hydrogen-bonded
organic frameworks (M-HOFs) and π-frameworks.10–15 The
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porous supramolecular material class is less developed
compared to the other two, but it has been receiving
increasing attention in the last five years. The building units
in HOFs, MOF-HOFs and π-frameworks are connected with
comparatively weak interactions (hydrogen bonds, π–π

interactions, weak coordinative bonds, etc.), and these weak
interactions can contribute to the flexibility of the resulting
frameworks.

Kitagawa et al. (1998) defined three generations of porous
materials according to their behaviour upon sorption
processes.16 The first generation includes materials whose
architecture collapses upon desolvation, while the second
generation are materials that have a rigid architecture and
permanent porosity. The materials having dynamic
frameworks sensitive to an external stimulus such as light,
temperature, electric field, gas molecules, etc. constitute the
third generation. Manifestations of the flexibility of third
generation porous materials are: swelling,17 gate opening,18

breathing,19,20 linker rotation,21 expansion/shrinkage of
bilayer regions, etc. Owing to this flexibility, third generation
porous materials can be very efficient for applications, like
heat transformation processes,22,23 autonomous indoor
humidity control,24,25 gas separations,26,27 etc. The gate
opening/closing processes followed by a steep gas
adsorption/desorption (indicated by an S-shaped isotherm)
are very important for these applications since they offer the
potential for selective and pressure swing adsorptions.
Materials having stacked layered frameworks are good
candidates for these properties, especially when their porosity
is accessible via expansion of their interlayer regions.

To rationally design these materials for specific
applications, many studies are carried out, and some
important aspects are the determination of driving
parameters of their flexibility and the relationship of these
parameters with the flexibility mode occurring in these
materials. Many parameters related to the sorption process,
the guest and the host framework have been reported to
date.26,28–34 In the contribution to these studies, the
structural changes occurring in the architecture of the
supramolecular structures of [CoĲamp)3]ĳCrĲox)3] (I′) (Fig. 1a
and 2a and b) and [Cu2Ĳamp)4Cl]ĳCrĲox)3]·1H2O (II′) (Fig. 1b

and 2c and d) during their water sorption processes are
reported in this work.

Both materials have non-porous architectures with stacked
corrugated layers (see Fig. S1 and S2 of section 1 of the ESI†)
which adsorb water molecules with an S-shaped isotherm
having a hysteresis loop between 10 and 30% relative
humidity (r.H.) for I′ and no hysteresis loop for II′.24 The
quantities of water vapor molecules contributing to the steep
adsorption branches of their isotherm are 117 mg g−1 for I′
and 41 mg g−1 for II′. During the adsorption process, I′ is
converted to [CoĲamp)3]ĳCrĲox)3]·6H2O (I) (Fig. 2a → b) with a
discontinuous phase transition, while the conversion of II′ to
[Cu2Ĳamp)4Cl]ĳCrĲox)3]·6H2O (II) (Fig. 2c → d) occurs via the
succession of one discontinuous and one continuous phase
transitions. All these differences could be ascribed to the
strength of the interactions between the layers in both
materials. To the best of our knowledge, to date this effect
was only reported by Roztocki et al. for CO2 sorption on the
2D isophthalic- and 5-aminoisophthalic-MOFs, and infrared
analyses with an assumption on the structure of activated
materials (not obtained) were used for elucidation.34 In situ
powder X-ray diffraction (PXRD) measurements were used in
this work.

Experimental section
Synthesis of materials

The materials studied in this work were synthesized
according to the procedure described in the literature and
reported in section 2 of the ESI.†24,35 The matching of
experimental PXRD with the simulated diffractograms of
both materials are shown in Fig. S3 of section 3, ESI.†

In situ powder X-ray diffraction measurements and structural
refinements

In situ powder X-ray diffraction (PXRD) was used to
determine the structural changes in the architecture for both
compounds during the water sorption processes. For this
purpose, a Bruker D8 Advance diffractometer of Davinci
design with a Bragg Brentano geometry equipped with a
copper anticathode of Kα line and a nickel filter and

Fig. 1 Molecular metal complex building units of (a) [CoĲamp)3]ĳCrĲox)3] in I′ and I and (b) [Cu2Ĳamp)4Cl]ĳCrĲC2O4)3] in II′ and II.
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Fig. 2 Sections of the packing diagrams of (a) [CoĲamp)3]ĳCrĲox)3] (I′), (b) [CoĲamp)3]ĳCrĲox)3]·6H2O (I), (c) [Cu2Ĳamp)4Cl]ĳCrĲox)3]·1H2O (II′) and (d)
[Cu2Ĳamp)4Cl]ĳCrĲox)3]·6H2O (II). I′ and I differ mostly in the a and b axes, and II′ and II mainly in the b axis, with the hydrated forms I and II having
the longer axes (Fig. 2b and d and Table S3 of section 3, ESI†).

Fig. 3 PXRD carpet plots of I′ (a) and II′ (b) during the water adsorption and desorption processes in the humidity range from 0 to 88.1% r.H. and
88.1 to 0% r.H. at 40 °C, respectively. The starting and developing PXRD patterns correspond to (a) I′ and I and (b) II′ and II, respectively.
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operating at a voltage of 40 kV and a current intensity of 40
mA was used. The samples were previously activated
thermally at 100 °C for 3 h in agreement with the
thermogravimetric analysis (TGA) results.24 The activated
materials (I′ and II′) were then maintained at 40 °C in a
nitrogen stream at different humidity levels between 0 and
88.1% r.H. during the water vapor adsorption and from 88.1
to 0% r.H. during desorption. These humidity levels were set
and maintained at stable values using an Ansyco humidifier
connected to an MRI temperature-controlled chamber in
which the samples were measured. The measurements were
done in the indicated humidity ranges with intervals of about
5% r.H. and 2θ steps of 0.02° s−1. The pattern matching
refinements were carried out to determine the unit cell
parameters of the material at all the humidity levels studied,
as well as Rietveld refinements to quantify the phases present
at the humidity levels for which mixtures were observed. The
unit cell parameters obtained from the single crystal
measurements were used as initial values, and all the
refinements were carried out with the FullProf Suite program
such that the structural models built showed PXRD patterns
as close as possible to those obtained experimentally.24,35,36

Results and discussions
Phase transitions occurring in I′ and II′ with humidity

Fig. 3(a) and (b) show the PXRD carpet plots of
[CoĲamp)3]ĳCrĲox)3] (I′) and [Cu2Ĳamp)4Cl]ĳCrĲC2O4)3]·1H2O (II′),
respectively, during adsorption (humidity range from 0 to
88.1% r.H.) and desorption (humidity range from 88.1 to 0%
r.H). The Bragg peaks indicate that the crystallinity of the
materials was maintained after activation and preserved
during the H2O sorption process.

In compound I′ the PXRD pattern does not change from
0% r.H until 39% r.H (Fig. 3a). At 30% r.H, additional new
reflexes for compound I appear side by side to the previous
reflexes of I′. The initial reflexes for I′, and the new reflexes
for I match the simulated diffractograms. At 39% r.H. the
reflexes of I′ disappear, and only the reflexes of I remain.
They are observed from this humidity level until 90% r.H.
During the desorption process, the reflexes for I are observed
from 90 to 5% r.H but at 15% r.H, the reflexes observed for I′
reappear. Such conversions were observed in the PXRD carpet
plot diagram of [CdĲdbda)Ĳbipy)]·2DMA·2H2O at temperatures
varying from 25 to 300 °C.37 This indicates that I′ undergoes

Fig. 4 (a) H2O adsorption–desorption isotherms of I′ at 40 °C, (b and c) its PXRD patterns in the range of 5 ≤ 2θ ≤ 25° at some selected relative
humidity levels, respectively, during adsorption and desorption, and (d) variation of its unit cell parameters during both processes. For (a) and (d),
the solid and open circles represent adsorption and desorption, respectively.
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a discontinuous phase transition to I between 30 and 39% r.
H. during the water adsorption process and between 15 and
5% r.H during desorption. For both processes, the initial
phase I′ is converted into the second phase I, and at the end
of the process only the phase I exists. The humidity values at
which these structural transitions start during the
adsorption–desorption processes are very close to the P/P0
values at which the steep adsorption (∼0.40 P/P0) and
desorption (∼0.15 P/P0) branches appear in the water
sorption isotherm of the material (Fig. 4a).24 The stepped
isotherm for the water sorption of I′ is thus related to these
discontinuous phase transitions occurring during the water
sorption process of this material as reported for ELM-11(Cu)
and some compounds in the MIL-53 family.38–41 This also
explains why the carpet plot diagram of this material is not
symmetrical and the large hysteresis loop found in its water
sorption isotherm.

In compound II′ the phase transition to II takes place
between 7–10% r.H. upon adsorption and is also
discontinuous like that in I′. Around 7% r.H., the reflexes for
II appear and are observed up to 90% r.H. During the
desorption process, the reflexes for II are observed from 90 to
3% r.H., and at 10% r.H., the reflexes for II′ reappear. In II′/II

the phase transitions upon water adsorption and desorption
start at a more similar humidity level than in I′/I, and this
gives rise to a more symmetric carpet plot diagram in the
former in agreement with the smaller hysteresis in its water
vapor sorption isotherms (Fig. 5a).24 The humidity levels at
which both transitions start are also the same as the P/P0
values (0.1) at which the steep adsorption branch starts and
the desorption branch ends in the water sorption isotherm of
the material (Fig. 5a). Remarkably both supramolecular
structures, which are built from a metal complex cation and
anion, exhibit a sudden reversible structural transformation,
initiated by increasing/decreasing relative humidity, that is,
discontinuous structural transitions of their architectures.
However, in contrast to that of I′, the carpet plot diagram of
II′ shows lens-shaped diffraction lines (in the region 10 to
90% r.H.) in which some of them are more curved than
others (see Fig. 3b). At 10% r.H. the prominent lens-shaped
reflexes for II are observed at 2θ values equal to 9.87, 16.37
and 21.00°, but these values gradually change with humidity,
and the reflexes appear at 9.50, 15.87, and 20.37° at 90% r.H.
indicating the 2θ changes of −0.37, −0.50 and −0.63°,
respectively. Le Bail and Rietveld refinements were used to
obtain a deeper insight into the structural changes in the

Fig. 5 (a) H2O adsorption–desorption isotherms of II′ at 40 °C, (b and c) its in situ PXRD patterns at some selected relative humidity levels,
respectively, for adsorption and desorption added to those simulated from the structures of II′ and II, and (d) variation of its unit cell parameters.
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architectures of both materials I′ and II′ during these water
adsorption–desorption processes.

Unit cell variation in I′ and II′ during the H2O adsorption–
desorption process

Fig. 4 shows the water adsorption–desorption isotherms of I′
at 40 °C, its PXRD patterns measured at the same temperature
respectively during the water adsorption and desorption
processes together with those simulated from the structures of
I′ ([CoĲamp)3]ĳCrĲox)3]) and I ([CoĲamp)3]ĳCrĲox)3]·6H2O), and
the variation of its unit cell parameters during both processes
(the values are given in Tables S5 and S6 of section 5, ESI†).

It is observed on Fig. 4(b) and (c) that at 0 and 88.1% r.H.,
the PXRD patterns of I′ present the Bragg peaks similar to those
simulated from the structures of I′ ([CoĲamp)3]ĳCrĲox)3]) and I
([CoĲamp)3]ĳCrĲox)3]·6H2O), respectively.

35 They both crystallized
in the P21/n space group. The 2θ shift observed for all peaks
arises from the zero offset of the detector. The unit cell
parameters obtained with the Le Bail refinement of these
patterns (see Tables S5 and S6, section 5 of ESI†) are very close
to those obtained via single crystal measurements.35 So, at 0% r.
H, the material has the structure of [CoĲamp)3]ĳCrĲox)3] (I′), and
this structure is not changed up to 30% r.H as it is confirmed
with the value of the unit cell parameters in this range (see
Fig. 4(d)). In this range, the material has adsorbed 1.3 mol of
H2O per mol of I′ (steps a to d on Fig. 4(a)). This quantity is
sufficient to provoke the discontinuous phase transition from
the structure of I′ to that of I which has bigger bilayer space
(steps d to f). The rate of the conversion depends on the quantity
of water vapor in the system. At 32.2% r.H (step e), 14% of I′ is
transformed, while at 37.7% r.H. (step f) the rate is 60% (see
parameters in section 6 of the ESI†). After this transition (steps f
to l), I′ does not exist anymore, and only I is present as observed
in Fig. 4(b) and (d), even if the material adsorbs about 1.7 mol
of H2O per mol of I′ in this range. During the desorption process
(steps l to t), the structure of I is kept until the phase transition
starts (15% r.H.). The quantity of water remaining in the
material at this step is around 1.3 mol of H2O per mol of I′
similar to the quantity needed during the desorption process to
stimulate the sudden adsorption of water. The conversion of the
structure of I to that of I′ is then taking place at the next
humidity levels. Thus, the quantity of water molecules needed to
initiate the phase transitions during both adsorption and
desorption is around 1.3 mol of H2O per mol of I′. Before this
quantity, the material has the structure of I′, and after this
quantity, it has that of I. During the discontinuous phase
transition observed in this material, the space group is kept, and
only the unit cell parameters are changed, particularly the b
parameter, which changes from 16.08 to 18.34 Å (see Fig. 4(d)).

Similar observations were also made for II′. Its H2O
adsorption–desorption isotherms obtained at 40 °C is shown in
Fig. 5, as well as its in situ PXRD patterns in the region of 5° ≤
2θ ≤ 25° together with those simulated from the structures of
II′ and II and the variation of its unit cell parameters during
both processes (values are given in Tables S7 and S8 of ESI†).

As observed in this figure, the PXRD patterns of II′ at 0%
and 88.1% show peaks with 2θ values identical to those
simulated from the structures of [Cu2Ĳamp)4Cl]ĳCrĲox)3]·1H2O
(II′) and [Cu2Ĳamp)4Cl]ĳCrĲox)3]·6H2O (II), respectively. No
supplementary peaks are observed in the measurement
range, confirming that at 0% and 88.1% r.H the material has
the structure of II′ and II, respectively. As II′ crystallizes in
the space group P21/n, while that of II is C2/c, this means that
during the discontinuous phase transition occurring at 10%
r.H. in the architecture of this material, its symmetry changes
in contrast to that of I′. This explains the differences
observed in the shifts of the diffraction lines in the PXRD
carpet plot diagram of this material at the transition region.
This kind of change is usually observed in flexible MOFs
exhibiting a sudden increase in guest-accessible space.38–41

To the best of our knowledge, for the supramolecular porous
networks exhibiting S-shaped isotherms reported in the
literature, this property was not investigated. From 0 to 7.5%
r.H. (steps a′ to b′, Fig. 5(a)), the material has the structure of
II′ as shown in Fig. 5(b), and it adsorbs around 0.7 mol of
H2O per mol of II′. During the discontinuous phase
transition, it adsorbs 2.1 mol of H2O per mol of II′ (step b′ to
d′), a quantity smaller than that of I′ (4.5 mol of H2O per mol
of I′). In the range of 10 to 88.1% r.H., the material has the
structure of II (step d′ to k′), and the adsorption of water
molecules in this range (2.9 mol of H2O per mol of II′) is
related to the continuous phase transition occurring with a
gradual increase of the b parameter, while a and c remain
almost stable (see Fig. 5(d)). During the desorption process
the same phenomenon is observed from 88.1 to 10% r.H.
(steps k′ to t′), and this explains the lens-shape of the reflexes
observed in the PRXD carpet plot of this material. The
reflexes, with a gradual change in their 2theta positions with
humidity from 10 to 90% r.H. by −0.37, −0.50 and −0.63°
indicated above, are indexed to (020), (131̄) and (041),
respectively. This change contrasts with the transformation
observed in the architecture of T12-apo,42 a layered
hydrogen-bonded organic framework during adsorption of
CO2 where a discontinuous phase transition occurred while a
gradual gas uptake is observed. But, such a change is well
known in the guest sorption process on the MIL-88 family of
MOFs.17 The particularity in the case of II′ is that this
continuous transition occurred after the discontinuous one.
This unusual mechanism was only reported for CO2 sorption
on SHF-61-DMF when one-third of the solvent content was
removed.43 This material comprises a doubly-interpenetrated
anionic diamondoid framework with lozenge-shaped
channels resembling those of MIL-53 and containing
dimethylammonium cations. To the best of our knowledge,
the combination of these flexibility modes was not yet
reported with layered architectures.

Hydrogen bonds in the interlayer regions of I′ and II′

The architectures of both materials have layers stacked
along the b axis direction as shown in Fig. S1 and S2 of
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section 1 of the ESI.† Hydrogen bonds mainly contribute
to this layered packing in both materials as shown in
these figures, and this is confirmed by the 2D fingerprint
plots of both materials (see Fig. 6 and 7). Indeed, the O–
H/H–O contacts account for 50.5% of the total
contribution to the Hirshfeld surface of I′ and for 45.6%
of that of II′. The other contacts in I′ are H–H contacts
(28.3%), C–O/O–C contacts (9.3%), H–C/C–H contacts
(8.9%), O–O contacts (1.6%), C–C contacts (1.2%) and N–
O/O–N contacts (0.1%). In II′, apart from the O–H/H–O
contacts, other contributions to the Hirshfeld surface of
this material come from the H–H contacts (27.6%), H–C/
C–H contacts (15.1%), C–C contacts (4.8%), N–H/H–N
contacts (2.1%), H–Cl/Cl–H contacts (1.8%), N–O/O–N
contacts (1.2%), C–O/O–C contacts (1.8%), Cu–O/O–Cu
(0.5%) and N–C/C–N contacts (0.2%). The 2D fingerprint
plots showing these contributions to the Hirshfeld surface
of both materials are given in Fig. 6 and 7. The list of
hydrogen bonds which connect the layers in the
architectures of both materials is given in Table 1, and
they are drawn in Fig. S1 (for I′) and S2 (for II′) of
section 1, ESI.†

In the architecture of I′, only two hydrogen bonds,
namely, (NĲ3)–HĲ3B)⋯OĲ8) (2.777(8) Å, 141Ĳ8)°) and C(9)–
HĲ9)⋯OĲ3) (3.150(7) Å, 128.5°), connect the layers, while six
are involved in the architecture of II′. One of the six hydrogen
bonds (C22–H22⋯O1 (3.033 (7) Å, 134°)) involve a carbon
atom of the phenyl ring as a donor atom, while the five
remaining ones connect the layers directly or indirectly
(through the water molecule in the architecture of II′) with
nitrogen or oxygen (in the case of the water molecule) as
donor atoms (see Table 1). The mean value of the D⋯A
lengths is 3.02 Å for these five hydrogen bonds. The
comparison of the strength of these hydrogen bonds of the
interlayer space of both materials shows that those involved
in I′ are stronger than those of II′. This can then explain why
the gating effect is powerful in I′ compared to II′ and the
gradual change which followed the gate effect in II′. Indeed,
it is well known from the literature that the interactions
between the layers decrease gradually as the interlayer space
increases by gas adsorption.31 This interpretation is in
agreement with the results obtained by Roztocki et al. in the
study of the CO2 sorption on 2D isophthalic- and
5-aminoisophthalic-MOFs.34 Actually, sigmoidal isotherms

Fig. 6 2D fingerprint plots showing all contacts and O–H/H–O, H–H, O–C/C–O, H–C/C–H, O–O, C–C and N–O/O–N contacts, contributing to the
Hirshfeld surface area of I′. These plots are made over dnorm ranging from 0.6697 to 1.5587 a.u with the CrystalExplorer 17 program.44

Fig. 7 2D fingerprint plots showing all contacts and O–H/H–O, H–H, H–C/C–H, C–C, N–H/H–N, H–Cl/Cl–H, N–O/O–N, C–O/O–C, Cu–O/O–Cu and
N–C/C–N contacts, contributing to the Hirshfeld surface area of II′. The plots are made over dnorm ranging from 0.5087 to 1.6784 a.u., also with
the CrystalExplorer 17 program.
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were observed for MOFs having amino-substituted linkers,
while no steps were observed for MOFs with unsubstituted
linkers.

Conclusions

The structural changes occurring in the architecture of two
2D layered metal hydrogen-bonded organic frameworks,
namely, [CoĲamp)3]ĳCrĲox)3] (I′) and [Cu2Ĳamp)4Cl]ĳCrĲox)3]
·1H2O (II′), during their water sorption process were
determined, and the strength of the interactions of the
bilayer space of their architecture was analyzed. In situ
powder X-ray diffraction (PXRD) was used for this purpose.
The results show that the stepped water sorption isotherms
on both materials are related to the discontinuous phase
transitions, along which for I′ the symmetry of the
architecture is kept (space group P21/n) while for II′ the
symmetry is changed in the same crystallographic system
(P21/n to C2/c). In II′, this discontinuous phase transition is
followed by a continuous change showing lens-shaped
patterns in its PXRD carpet plot diagram. In both materials,
all the changes mainly occur along the b axis direction of the
stacking of layers. The gate effect occurs in I′ at higher water
pressure (30% r.H.) compared to that of II′ (10% r.H), and it
contributes for water adsorption of 4.5 mol per mol of I′
compared to 2.1 mol per mol of II′. All these differences can
be ascribed to the strength of the H-bonds which connect the
layers in both architectures. Those found in I′ are stronger
than those of II′. This suggest that stronger hydrogen bonds
in the interlayer space in these layered materials are
susceptible to drive a strong gate opening/closing effect and
weaker interactions, a weaker effect or swelling effect.
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