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ABSTRACT. A zinc trimesate Zn,(BTC)(OH)(H,O)-1,67H,O with the three-dimensional
framework contains [Zn,Os(OH),(H,0O)] chains with the arrangement of ZnO,(OH), tetrahedra
and ZnO4,(OH)(H,O) octahedra corner-shared through pu;-OH group. Inorganic chains are
linked with 1,3,5-benzenetricarboxylates forming two types of parallel channels (open and
closed) containing adsorbed water in different environments. Closed channels are occupied by
free water molecules connected through strong hydrogen-bonds with coordinated water,
whereas open-type channels contain water molecules with partially occupied oxygen atom
sites. The dynamics of water adsorption/desorption was well evaluated by complementary
techniques of TG, IR, water sorption and different MAS NMR techniques. The removal of
water from open channels occurs below 100 °C, whereas hydrogen-bonded water molecules
and coordinated water are expelled at higher temperatures. ’H MAS NMR was employed to
prove that the removal of water from closed channels is not entirely simultaneous and that
adsorbed water begins to diffuse at slightly lower temperatures than the coordinated one. The
investigated material shows high hydrothermal and withstands 40 cycle-hydrothermal stability
tests without any significant loss of structure integrity. It also shows complete structural
reversibility upon dehydration/rehydration process at 200 °C. The reason for high chemical
resistivity to water mainly lies in the presence of the adsorbed water molecules interacting
with the coordinated ones (framework water) by hydrogen bonds. The material also exhibits

notable sorption capacity for water (208 mg-g') adsorbed in stepwise process.

INTRODUCTION. The rational design of porous metal-organic frameworks (MOFs) aiming
for the production of materials with the desired applicative properties is currently one of the

most active research areas in the field of crystal engineering.!® The development of MOFs is



particularly focused for separation, catalysis and gas storage applications, due to their well-
defined pore architectures, high surface areas, low framework densities and high
concentration of active sites represented by free metal sites or organic functional groups.
Great potential for the above mentioned applications that this group of materials offers is in
large extent limited by their un-stability in humid conditions.”!*> Knowledge of MOF
performance under humid conditions is crucial before elevating these materials to the applied
level. However, the parameters that contribute to the sensitivity to water are still relatively
poorly understood.!®? It was already shown that pyrazolates and imidazolates in general
exhibit higher chemical resistivity to water than carboxylate-based MOFs. Which is related to
higher basicity (pK,) of the nitrogen-based ligand and consequently stronger metal-ligand
bonds in comparison with oxygen-based carboxylate ligands.!®!720-2¢ Despite the fact that
carboxylate-based MOFs tend to exhibit lower structure stability in water than pyrazolate or
imidazolates, there are quite a few MOF carboxylates that withstand exposure to water even at
elevated temperatures without significant losses of their structure integrities. The most
frequently investigated water-resistant MOF members are MIL-53(Al, Cr), MIL-101(Cr),
MIL-100(Cr), UiO-66(Zr) and MIL-125(Ti).»* This exceptions suggest that structure
stability in water is not only governed by the basicity of the ligand and thus the strength of the
metal-ligand bond but it is related to many other independent factors such as metal type,
coordination state and framework dimensionality.20-303!

MOFs with good hydrothermal stability and specific structural properties such as high
specific surface areas, high affinities and adsorption capacities for water and possibility to
tune the hydrophilic nature of their frameworks during the synthesis are appropriate
candidates for water sorption based energy applications (heat storage, heat pumps processes).
Although possibilities of MOFs for water sorption applications are still relatively unexplored,

several MOF systems were already examined for this purpose: DUT-4(Al)"*, MOF-74(Mg)"’,



Ui0-66(Zr)"’, DMOF-1(Zn)"7, UMCM-1(Zn)"", MIL-101(Cr)*?%, MIL-100(Fe)***, MIL-
53(Al)*3, HKUST-1(Cu)*, ISE-1(Ni)** and ZIF-8(Zn)**. Among these materials MIL-101(Cr)
shows the best performance for heat transfer applications. It exhibits high hydrothermal
stability, huge water sorption uptakes up to 1.4 g-g!' of sorbent at 25 °C and high desorption
rates below 80 °C. On the other hand Zn-based carboxylates (DMOF-1, UMCM-1, IRMOFs)
undergo significant loss of crystallinity upon water exposure, therefore they are in general
evaluated to be unsuitable for such applications.!#17:20.23

In the present study we report on the solvothermal synthesis of a Zn-trimesate,
Zn,(BTC)(OH)(H,0)-1,67H,0O material containing tetrahedrally and octahedrally coordinated
Zn centres which are connected through BTC linkers to the extended 3-dimensional structure
with two types of parallel channels.”” We showed that material exhibits an exceptional
hydrothermal stability, complete reversibility upon dehydration-rehydration process and
notable water sorption capacity. The reason for high hydrothermal stability mainly lies in the
stabilization of inorganic chains by hydrogen-bonded water molecules, which was evaluated
by complementary techniques of solid state NMR, XRD, in-situ IR and water sorption
measurements. High water resistance even at elevated temperatures, which is a rare feature
among Zn-based MOFs, together with promising water sorption properties implies that

investigated Zn-trimesate is a potential material for water sorption based energy applications.

EXPERIMENTAL SECTION

Synthesis. For the synthesis of Zn,(BTC)(OH)(H,0)-1,67H,0 we modified the procedure
published by Fu et al.*” Solvothermal synthesis was performed under autogenous pressure
from a mixture of zinc acetate dehydrate (98 % Zn(CH;CO,),2H,O, Aldrich), 1,3.,5-
benzentricarboxylic acid (95 % BTC, Aldrich), ethanol (99.8 %, Aldrich) and distilled water.

The molar ratios of starting reagents were Zn(ac),2H,O : BTC : 100 H,O : 70 EtOH. Zinc



acetate was dissolved in distilled water and an ethanolic solution of trimesic acid was
prepared separately. White gel obtained immediately after solutions were combined was
stirred for 5 minutes, transferred into Teflon-lined stainless-steel 25 mL autoclave and treated
at 175 °C for 24 hours. White crystalline powder was thoroughly rinsed with ethanol and/or
water and dried at room temperature. The comparison of the measured powder X-ray
diffractogram with the calculated one confirmed that the material contained pure

Zny(BTC)(OH)(H,0)-1,67H,0 phase (see Supporting Information).?’

General characterization methods and sorption measurements. Thermogravimetric
(TG/DTG) analysis was performed on a SDT 2960 Thermal Analysis System (TA
Instruments, Inc.). The measurement was carried out in static air with the heating rate of 10
°C/min. Thermal stability was monitored by high-temperature XRD measurements in vacuum
employing a PANalytical X’Pert PRO MPD diffractometer from 5 to 55° 26 using step of
0.013¢ per 100 s in the temperature range between 25 and 700 °C. Structural changes and
hydrothermal stability were monitored by powder X-ray diffraction measurements on a
PANalytical X Pert PRO high-resolution diffractometer with Alphal configuration (CuKa,; A
= 1.5406 A radiation) using continuous scanning mode in 26 range from 5 to 35° with the step
of 0.016° per 100 s.

'"H (Magic-Angle Spinning) and 'H-*C CPMAS (Cross-Polarization Magic-Angle
Spinning) NMR spectra were recorded on a 600 MHz Varian NMR system equipped with a
3.2 mm Varian probehead. Larmor frequencies for 'H and *C were 599.72 MHz and 150.82
MHz, sample rotation frequencies were 20 kHz and 16 kHz, and the numbers of scans were
64 and 600, respectively. Repetition delays between scans were 5 s in all experiments. 'H 90°
excitation pulse was 2 us. 'H-3C CPMAS experiment employed RAMP* during CP block

and high-power XiX?*® heteronuclear decoupling during acquisition. Chemical shifts of 'H and



BC signals were referenced to the corresponding signals of tetramethlylsilane. Variable-
temperature 2H MAS NMR spectra were acquired on the same spectrometer using a 5 mm
Doty probehead and sample rotation frequency of 12 kHz. ?H Larmor frequency was 92.05
MHz, 90° excitation pulse was 6 us, repetition delay was 5 s and number of scans was 128.
Before the 2H NMR measurements the sample was evacuated at 200 °C for two hours and
subsequently a drop of 2H,O was added to it. Variable-temperature NMR measurement started
when the drop was completely absorbed.

For in-situ infrared spectroscopy powders were pressed (~107 Pa) into self-supported discs
(2 cm? area, 9-11 mg cm?). They were placed in a cell equipped with KBr windows. A
movable quartz sample holder allowed placing the pellet in the infrared beam for recording
spectra and moving it into a furnace at the top of the cell for thermal treatment. The cell was
connected to a vacuum line for evacuation (P~ 10-° torr), and a gauge controls the pressure of
the vapors of H,O (or D,0) introduced into the cell. A Nicolet 6700 IR spectrometer equipped
with a MCT detector and an extended-KBr beam splitter was used for the acquisition of
spectra recorded in the 400-5500 cm™ range. Spectra were recorded at 4 cm™ and 128 scans
were co-added for each spectrum.

Water sorption characteristics of Zn-trimesate were determined by an IGA-100 gravimetric
analyzer (Hiden Isochema Ltd). Water sorption isotherms were obtained at 30 °C by setting
equal pressure intervals of 1.6 mbar between vacuum and 40 mbar (saturation vapor pressure
of 42.5 mbar at 30 °C) with an equilibrium time of 80 s. Before adsorption measurements, the
sample was outgassed to a constant weight under ultra high vacuum (<10~ mbar) at 200 °C for
three hours. The hydrothermal stability of the material was additionally evaluated with cycle
test measurements consisting of 40 cycles between designated temperatures of 40 and 140 °C
in a helium gas flow with 75 % relative humidity. The relative humidity was controlled by

varying the ratio of dry and saturated helium via two mass flow controllers.



RESULTS AND DISCUSSION

Structure description, thermal properties and water removal studies.
Zn,(BTC)(OH)(H,0)-1,67H,O consists of one-dimensional chains which are composed of
Zn0,(OH), tetrahedral and ZnO,(OH)(H,0O) octahedral units connected through corner-shared
us-hydroxy bridging groups. (Figure 1 left). Octahedral and tetrahedral entities are
additionally linked by carboxylate groups of BTC moieties. In this way the
[Zn,Os(OH)(H,0)],, chains are connected into the extended three-dimensional structure with
two types of parallel channels which can be denoted as closed and opened channels (Figure 1
right). Closed channels are occupied by water molecules (Ow1) coordinated to octahedral Zn
atoms and have no available free space. The opened channels with the free space diameter of
5 A contain adsorbed water molecules on partially occupied sites Ow3 and Ow4. There is
another water molecule (Ow2, full occupancy) located between the Owl vertices of two
nearby ZnO,(OH)(H,0O) octahedra (Figure 1 left). This water molecule interacts with the Zn-

coordinated water through hydrogen bonds (Ow1...Ow2 distance of 2.794(13) A).

Figure 1. Polyhedral presentation of 1-dimensional [Zn,0Os(OH),(H,O)]n chain with carbon
atoms belonging to carboxylate groups and oxygen atom belonging to water molecule (Ow2).

The chain is running along c-axis bridged through carboxylate groups (left). A view of



Zn,(BTC)(OH)(H,0)1,67H,O structure along c-direction with the unit cell edges revealing
closed and opened types of channels. Opened channels contain water molecules with partially
occupied oxygen atoms sites (Ow3, Ow4) (right). Blue circles — zinc atoms, red dots and

circles — oxygen atoms, black circles — carbon atoms, grey circles — hydrogen atoms.

As it will be described later in the text, it was found that in this study investigated Zn-
trimesate exhibit high hydrothermal stability and the arrangement of water moieties within the
framework seems to be one of the key factors which contributes to the chemical resistivity
towards water of this material. Thermogravimetric analysis was already briefly described by
Fu et al.¥’, however to gain more knowledge about the type and the location of water
molecules within the structure, TG analysis was performed again and additionally supported
by the detailed in-situ IR and NMR discussions. The thermogravimetric (TG/DTG) curves
(Figure 2) shows that Zn,(BTC)(OH)(H,0)-1,67H,0 loses weight in three steps. In the first
step the loss of approximately 3 wt. % of the total mass could be attributed to the release of
adsorbed water located within the open channels. The detected loss corresponds to the
removal of 0.7 water molecules (Ow3, Ow4) per one asymmetric unit. Removal of adsorbed
water at temperatures below 100 °C can be explained by the fact that the open channels have a
relatively hydrophobic nature and are big enough for unobstructed and easy water diffusion
from the material. The second step with the weight loss of 9.1 wt.% could be attributed to the
simultaneous desorption of the remaining hydrogen-bonded water molecules (Ow2) located
within the closed channels and the coordinated water molecules (Ow1). Both water molecules
fully occupy their crystallographic positions and theoretically the removal of these water
moieties would correspond to the loss of 9.0 wt.% of the total mass. The reason for the
delayed release of the water located on the Ow2 sites compared to the water molecules

adsorbed within the open channels can be explained by the presence of the above mentioned



strong hydrogen bonding and also by the fact that these water molecules are located within
narrower channels from which the diffusion is expected to be slower. Weight loss of 3.1 wt.%
in the third step could be attributed to the removal of us;-bridging OH groups. Since the
theoretical weight loss for the removal of these groups is bigger (4.3 wt.%) than the measured
one, we can conclude that OH groups are not completely removed in the temperature range
between 250 and 350 °C within the 10 minutes time period (heating ramp = 10 °C/min).

Removal of the remaining OH groups takes place during the final framework decomposition.
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Figure 2. Thermogravimetric analysis of Zn,(BTC)(OH)(H,O)-1,67H,0 material. TG -

black curve, DTG — blue curve.

In order to support the above proposed arrangement of water molecules, in-situ IR
measurements were performed. The complexity of the IR profile depends on the
hydroxylation degree of the surface. Figure 3 shows the comparison of IR spectra of
Zn,(BTC)(OH)(H,0):1,67H,O recorded at ambient conditions and after heating at 200 °C.
The broad IR-bands at 5380-4820 cm! and 3762-2644 cm! are assigned to the free water
molecules within the pores and coordinated water to Zn atoms (Ow1), respectively.*4! After

activation, the IR bands assigned to H,O disappeared in comparison with the original IR



spectrum indicating that physisorbed and coordinated water are totally removed from the

material.
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Figure 3. IR spectra of Zn-trimesate under air (a) and after activation at 200°C under vacuum

for 2 hours (b).

'"H and *H MAS NMR spectroscopy put an additional light on the information about
environment of water molecules and the dynamics of its removal from the
Zn,(BTC)(OH)(H,0):1,67H,O material. 'H MAS spectra of the as-prepared material and of
the materials thermally treated (ex-situ) at 100 °C, 200 °C and 300 °C are shown in Figure 4a.
In the spectrum of the as-prepared Zn-trimesate we can distinguish three contributions at
approximately 7.7 ppm, 4.4 ppm and 1.6 ppm. The three signals can be assigned to the
hydrogen atoms in the benzene ring, in the water molecules, and in the hydroxyl groups,
respectively. Thermal treatment of the material at 100 °C and 200 °C reduces the intensity of
the 4.4 ppm peak, but hardly affects the intensities of the 7.7 and 1.6 ppm peaks. The latter
peak is suppressed only when the sample is heated to 300 °C. These thermally induced
changes, firstly, confirm the assignments of the 4.4 ppm peak to water molecules and the 1.6
ppm peak to hydroxyl groups, and secondly, support the observations of the thermal analysis,

showing that water molecules are largely expelled from the pores of the Zn-trimesate up to the



temperature of about 250 °C. It is interesting to note that the 4.4 ppm 'H NMR signal
becomes asymmetric when the material is heated to 100 °C, suggesting that the signal is
actually composed of more than one contribution. Since the intensity of the water signal at
100 °C is already reduced as compared to the intensity of the water signal of the as-prepared
sample and since it is proposed that water molecules from the open channels are already
desorbed at this temperature, the asymmetry of the 4.4 ppm '"H NMR signal indicates that
water molecules that are coordinated to Zn atoms and water molecules that are hydrogen
bonded to the framework resonate at slightly different chemical shifts. When the sample is
further heated to 200 °C, the '"H NMR signal of the water molecules is still lowered and
apparently shifted to smaller isotropic chemical shift, confirming that one of the contributions
to the 'H NMR signal of water molecules was removed. It seems that the removal of the
hydrogen-bonded water molecules and the removal of the coordinated water molecules, which
according to the thermal analysis both take place in the temperature interval between
approximately 100 °C and 200 °C, are not entirely simultaneous and that most probably
slightly higher temperatures are needed to completely expel the coordinated water molecules
from the closed channels. At 300 °C the signal of the hydroxyl groups reduces significantly

and the signal belonging to water molecules finally becomes negligible.

(a) "H MAS NMR (b) 2H MAS NMR
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Figure 4. 'H (a) and *H (b) MAS NMR spectra of Zn,(BTC)(OH)(H,0)-1,67H,0O. Thermal
treatment of the sample for the '"H MAS NMR measurement was performed ex-situ and
thermal treatment of the sample for the 2H MAS NMR was carried out in-situ within the NMR
probe.

Complementary information on the removal of water and on its dynamics is offered by
the in-situ variable-temperature 2H MAS NMR spectroscopy of the sample in which 'H,O
molecules were replaced by 2H,O (heavy water) molecules. The ?H spectra recorded at 40 °C,
90 °C, 120 °C and 150 °C are shown in Figure 4b. Note that the listed temperatures
correspond to the temperatures reported by the sensor within the NMR probehead and do not
match exactly the temperatures as observed in the thermal analysis or as used for the ex-situ
treatment of the sample. All ZH MAS NMR spectra exhibit typical broad spinning-sideband
powder patterns, which are due to the strong anisotropic interaction of ?H nuclei with the local
electric-field gradients. The increasing temperature causes several changes in the spectra.
When the temperature is increased from 40 °C to 90 °C the shape of the spinning-sideband
powder pattern changes significantly, the overall intensity of the sideband pattern reduces and
the central peak at about 4 ppm substantially broadens. The resulting spectrum can be
described as a sum of two contributions; one for which the sideband pattern composed of
narrow signals can be well fitted by a quadrupole pattern with CQ of 140 kHz, and another
which exhibits only a broad central peak at about 4 ppm. Since at the temperature of 90 °C
water molecules that were located within the open channels are already expelled from the
sample, the two contributions must belong to the coordinated and the hydrogen-bonded water
molecules. The different appearance of the two contributions reflects the very different
dynamics of the two types of water. The broad quadrupolar sideband pattern corresponds to
water molecules exhibiting relatively slow dynamics and can thus be assigned to the

coordinated water molecules. Differently, the broad single central peak could belong to water



molecules that undergo intermediately fast dynamic processes, because of which the
quadrupolar sideband pattern gets reduced and thus limited to the central peak only (and
perhaps to few weak sidebands that cannot be resolved because of their large linewidth) and
because of which the centreband (and individual sidebands) get ‘motionally broadened’.*?
This observation suggests that upon heating the sample from 40 °C to 90 °C the dynamics of
the previously hydrogen-bonded water molecules become notably faster and that the hydrogen
bonds between them most probably break apart. When the temperature is further increased to
120 °C the ‘free’ water molecules enter the fast dynamics regime; the centreband and the
first-rank sidebands become ‘motionally narrowed’ 42, while the quadrupolar sideband pattern
gets significantly reduced. The shape of the broad quadrupolar pattern belonging to the
coordinated water molecules does not change, but its intensity drops slightly. Heating the
sample to 150 °C drastically reduces the intensity of the central peak, showing that most of
the uncoordinated water gets removed from the pores. The signal of the water coordinated to
zinc is still present but lowered even further. This means that also the coordinated water
molecules are being expelled from the material, but the temperature for this process needs to
be higher or the thermal treatment needs to last longer than for the removal of the hydrogen-
bonded molecules.

The location of water moieties and their dynamics during the heating process was well
evaluated and the next step was to monitor structural changes of the framework during the
thermal treatment. The changes were monitored in-sifu by high-temperature XRD and ex-situ
by 'H-3C CPMAS NMR and the obtained diffraction patterns and spectra are shown in Figure
5. We can see that the removal of adsorbed water from the open channels (up to 75 °C) does
not affect the framework structure. Structural changes begin to occur only above 100 °C,
when the processes of remaining water desorption from the closed channels and removal of

coordinated water start. Changes in peak positions in the temperature range between 100 and



150 °C indicate a certain degree of framework flexibility, which is required if the framework
is to withstand the removal of the coordinated water. Most of the peaks at higher angles are
broadened and significantly lowered due to the anisotropic effects or structural defects that
may occur during the thermal treatment.

The second structural change caused by the removal of the ps-bridging OH groups begins at
250 °C. Bridging OH groups connect the ZnO,(OH), and ZnO,(OH)(H,0O) polyhedra into the
inorganic chain, and their removal causes the collapse or reorganization of the chains and
leads to the substantial decrease in crystal structure ordering. In the temperature range
between 400 and 500 °C the framework of Zn-trimesate finally decomposes and transforms to

wurtzite ZnO phase.
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Figure 5. HT-XRD patterns of Zn,(BTC)(OH)(H,0):1,67H,0O thermally treated at given
temperatures measured in vacuum (left) and 'H-*C CPMAS NMR spectra of the material

treated ex-situ at selected temperatures (right).

Very similar information can be deduced also from the 'H-C CPMAS NMR spectra

(Figure 5). The spectrum of the as-prepared material exhibits very narrow signals indicating



that the material is very well crystalline. The contributions of the three crystallographically
distinct carboxyl carbon atoms are clearly resolved one from another, and also the carbon
nuclei within the benzene ring detect slightly different local environments and resonate at
slightly different frequencies. Heating the sample up to 200 °C only slightly changes the 'H-
BC CPMAS spectrum. The individual signals become somewhat broader and therefore start to
overlap one another more intensely, yet all the above-described contributions can still be
distinguished. The signal positions do not change because of the thermal treatment at 200 °C,
showing that the organic part of the framework is practically unaffected by the removal of
water molecules. 'H-*C CPMAS spectrum changes drastically only when the sample is
heated to 300 °C. At this temperature the signals in the NMR spectrum get severely

broadened and thus indicate that the framework becomes significantly less ordered.

Stability in water and water sorption properties. The fact that the framework of the
Zn,(BTC)(OH)(H,0):1,67H,0 is very little affected by the removal of water suggests that the
material could be efficiently rehydrated. Indeed, as shown by the in-situ variable-temperature
XRD measurements in air flow in Figure 6, the dehydration-rehydration process is
completely reversible if the material is exposed to air for more than one hour. The
reversibility of the process is confirmed also by the comparison of the 'H-3C CPMAS NMR
spectra recorded before and after the dehydration-rehydration cycle (inset in Figure 6).
Furthermore, the Zn-trimesate material is hydrothermally stable and its structure can
withstand different water treatment procedures - water adsorption, treatment in boiling water,
hydrothermal cycling from 40 to 140 °C at constant humidity and water adsorption after
cycling procedure. As can be seen in Figure 7, it is apparent that any kind of water exposure
procedure does not affect the crystal structure significantly. These XRD patterns will be

discussed in more details later in the text.
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Figure 6. HT-XRD patterns of Zn-trimesate during the heating up to 200 °C and cooling
down to ambient temperature and additionally exposed to air for different periods of time.
Inset shows 'H-3C CPMAS NMR spectra of the material recorded before and after the

dehydration-rehydration cycle.
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Figure 7. XRD patterns of as-synthesized material (a), after water sorption isotherm (b), after
treatment in boiling water for 18 h (c), after 40 cycles (d) and after 40 cycles and water

sorption isotherm (e).

The removal of adsorbed water from open channels should yield microporous framework
with one-dimensional parallel channels with the diameter of 5 A. Therefore it is expected that

pores of the activated material are accessible for gas molecules. However, sorption



measurements with different gases (N,, CO,, H,) on degassed Zn-trimesate did not show any
notable uptakes. On the other hand, the material exhibits better uptakes for water. The water
adsorption isotherm recorded at 30 °C on Zn-trimesate is shown in Figure 8. The maximum
water uptake is 208 mg per gram of material at a relative pressure p/p, of 0.95. It is apparent
that the shape of the water adsorption isotherm is of type I in the IUPAC classification
scheme, indicating that the investigated material has hydrophilic character and that
interactions between water and the framework are strong. In the lower pressure range from
p/po = 0.02 - 0.3 stepwise water adsorption can be observed indicating the presence of two
energetically different processes. Firstly, water molecule coordinates to the free zinc metal
sites via coordination bonds since Zn-trimesate contain open-metal site after heating the
sample at 200 °C. Interestingly, similar adsorption on the available metal sites in the lower
pressure region of adsorption process was previously reported for HKUST-1 and MIL-
100(Al, Fe, Cr) type compound.'>#4 Additional filling of the pores on hydrophilic sites takes
place and finally also remaining open channels are filled with water molecules. In the higher
pressure region above p/po = 0.9, additional adsorption occurs which is the result of
condensation of water in pores. Although the adsorption and desorption branches are quite
similar, the hysteresis can be observed. The notable hysteresis in the low pressure region
indicates that some water molecules are very strongly bonded to the framework of

Zn,(BTC)(OH)(H,0)-1,67H,0.
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Figure 8. H,O vapor adsorption and desorption isotherms for degassed Zn-trimesate (black
filled circles — absorption; black empty circles — desorption). Inset shows adsorption
isotherms before (black circles) and after hydrothermal cycling (blue circles) measured at 30

°C.

The isosteric heat of adsorption, g, was estimated by applying Dubinin-Raduschevich
equation® using the sorption data at 30 °C. Heat of adsorption values were calculated in
different relative pressure ranges of the isotherm (Supporting information Figure S2, Table
S4). At very low relative pressure the isosteric heat value is high (~57 kJ-mol') since the
sample is dry and energetically favorable metal sites are free to be occupied. In the following
adsorption steps the value slowly decreases to approximately 47 kJ-mol!, which is very close
to the molar evaporation enthalpy of water at 30 °C (~ 44 kJ-mol'). The trend obtained and
the isosteric values are comparable with those previously reported.**#4

The adsorption of water into activated Zn-trimesate was also investigated by IR. An in-situ
IR study has been performed by introducing small amounts of water to the dried sample
(rehydration process). The results are presented in Figure 9. The introduction of water causes

the reappearance and progressive increase of the IR bands at 5235 cm! and 3615 cm™! which



were disappeared after activation (Figure 9 a). Figure 9 b presents the evolution of the
combination band area (v+90(H,0)) at 5235 cm! and the intensity of the IR band at 3615 cm'!
as a function of the amount of introduced water. For the amount of water lower than 2.5 ymol,
an increase of the v(OH) bands of the coordinated water at 3615 cm! is observed. This is not
the case for the v+d(H,0) band at 5235 cm™ which slowly increases for 2.5 < n(H,0O) < 10
pmol and starts to increase more rapidly for n(H,O) > 10 gmol. It is accompanied with an
increase of the broad IR band at 3315 cm! assigned to the vibration modes of hydrogen-
bonded physisorbed water molecules. These results show that water molecules are adsorbed
preferentially on the free metal sites and the excess of water is stoked in the channels as

physisorbed water.
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Figure 9. (a) Evolution of the IR spectra of activated Zn-trimesate during the water
adsorption. (b) Dependence of the combination band area and intensity of the coordinated

water IR band at 3615 cm™! with the amount of the adsorbed water in gmol.

Since it was proved that Zn,(BTC)(OH)(H,O)'1,67H,O material shows a good
chemical stability towards water, it was also analyzed under continuous hydro-thermal
cycling (40-140 °C, 75 % relative humidity) in order to estimate its stability and potential

suitability for water sorption applications**. From obtained results of a durability test

Intensity of the IR band at 3615 cm™ (a.u.)



(Supporting Information Figure S3), it can be seen that the water loading capacity is reduced
by 20 % in comparison to the initial uptake after 20 cycles but remains almost unchanged
after 40 cycles. Although, the slight loss of water sorption capacity evidently occurs during
the 40 cycles experiment, Zn,(BTC)(OH)(H,0)-1,67H,0O still shows higher stability in water
than almost all zinc MOFs and also some other MOF materials (MOF-5, MOF-69, HKUST-
1).21220 The comparison of water adsorption isotherms (inset in Figure 8) of Zn-trimesate
phase before and after the hydrothermal cycling treatment indicate that the adsorption
capacity for water at high relative pressures remains the same after the hydrothermal cycling
treatment under humid conditions. However in the low relative pressure region the water
adsorption process is slower than in the initial material. Adsorption is still stepwise but the
steps are much less pronounced. Interestingly, even though the inflection point between two
steps is shifted towards higher p/p, values (0.1 and 0.2 before and after hydrothermal cycling
treatment, respectively), it occurs at approximately the same water loading amounts (cca. 120
mg-g'). At relative pressure of 0.4 the water loading reaches saturation and adsorption branch
above p/p, = 0.4 becomes comparable with the isotherm of Zn-trimesate before cycling
treatment. The slower adsorption processes of the material after hydrothermal cycling in both
steps at low pressure range can be explained by slight structural changes which may occur
during the long-term hydrothermal cycling treatment. The framework changes can cause
partial blocking of the 1-dimensional channels which means that adsorption sites become
more obstructed and less accessible for water molecules. Thus higher pressures or longer time
are needed for water to coordinate back to Zn(Il) cations. Partial structural changes are
indicated by XRD pattern analysis of the sample after cycling treatment where the peaks are
broadened and slightly shifted toward higher angles (Figure 7 d) if compared with the XRD
pattern of the sample after first isotherm measurement (Figure 7 b). At relative pressures

between 0.4 and 1.0, where water capacity reaches the values of the original (degassed as-



synthesized) sample, the Zn-trimesate framework seems to be completely recovered. The
assumption of structure recovering can be again supported by XRD analysis. XRD pattern of
the sample measured after hydrothermal cycling and subsequent water isotherm treatment
shows sharpening of the peaks, increasing of intensities and shifting back towards lower
angles (Figure 7 e). We can conclude that even though the long-term hydrothermal cycling
between 40 and 140 °C at constant humidity slightly affects the Zn-trimesate framework and
its water loading capacity, the structure of this material can be completely recovered by

exposure to humid conditions at ambient temperatures.

THE CONCLUSIONS CAN ALSO START HERE...

Hydrothermal stability of metal-organic frameworks is in most cases dependent on the
ability to exchange organic ligand moieties with water molecules or affinity to hydrolysis. In
order to understand chemical resistivity towards water for the Zn,(BTC)(OH)(H,0)-1,67H,0,
some typical MOF features which can govern above mentioned chemical processes should be
discussed in more details. 1) Type of the connection node between metal and electron donor
group. Ligands which are bonded to metal cations in 7*> fashion can be displaced more easily
and thus allow easier ligand-to-water exchange, than those connected in 7' node.
Consequently, MOFs with 7' ligand-to-metal connection type are expected to be more stable
then MOFs with 777 type of connection. 2) Coordination number and oxidation state of metal
cation. Metal cations possessing larger coordination numbers (eg. octahedral) tend to be more
stable than those with lower ones (eg. tetrahedral). Tetrahedral geometry provides more
available space for additional water molecule to coordinate to metal which can lead to
hydrolysis. Higher oxidation state of metal cations or metal clusters should also lead to higher
relative stability towards water reaction. 3) Geometry of secondary building units (SBUs).

Dimensionality of the metal-containing SBU and its connectivity in MOF structure is another



important factor which affects stability in water. 1-D chain-like SBUs tend to contribute to
higher water resistance of the MOFs than 0-D clusters. However, in the case of structures with
1-D SBUs, the type of connections of the individual polyhedra to chain-like units is the factor
that should also be considered. Edge-sharing polyhedral SBUs are more robust and seem to
exhibit relatively higher water resistance than less rigid SBUs with corner-shared polyhedra.
4) Metal-oxygen bond strength. Stronger interactions between metal cation and oxygen atoms
should obviously contribute to higher hydrothermal stability of the framework, since ligand
displacement or exchange with water is expected to be less favorable as in the structures with
weaker metal-oxygen bonds 1420414647

Taking into account all the structural features described in the previous paragraph,
relatively high water resistance of Zn,(BTC)(OH)(H,0)-1,67H,0 can be explained by several
structural features that this framework possesses. Firstly, the structure is composed of
tetrahedral and octahedral Zn-centered chains, where stability in water media should be
indeed higher than in the presence of 0-dimensional cluster SBUs. Secondly, polyhedra are
bridged through 7' carboxylate nodes, thus the ligand displacement process is not as favorable
as in the case of 7? carboxylate node configuration. 50 % of all Zn atoms are in octahedral
environment which also may have some contribution to the higher stability in water. The
benzene rings stacked along c-axis at the average distance of 3.47 A forms 77 interactions
which additionally stabilizes the framework.*® The last and in our opinion most pronounced
feature which contributes to the water stability is the presence of the hydrogen-bonded water
interacting with the framework (coordinated) water molecules. As it was clearly shown by
NMR and HT-XRD analyses the dehydrated material (heated at 200 °C) is completely
recovered back to Zn,(BTC)(OH)(H,0)'1,67H,O material upon exposure to the moisture.
Additional investigations by water sorption measurements indicated that hydrogen-bonded

water molecules occupy their positions first with relatively high heat of adsorption values (>



57 kJ-mol'). Dehydrated material obviously has high tendency to adsorb hydrogen-bonded
water molecules (Ow2) to interact with the framework (coordinated) water. This plays a key
role in the stabilization of inorganic chains and increases the chemical stability in
hydrothermal conditions. The exceptional hydrothermal stability is a rarity in Zn-based MOF
materials. Relatively high stability in water has been reported for imidazolate framework
(ZIF-8), but to our knowledge the investigated material is beside MOF-74, which possesses

chains of Zn octahedra, the only carboxylate-based Zn-MOF to exhibit such properties.*’#

CONCLUSION. We presented the studies of water stability and water sorption behavior of 3-
dimensional Zn-trimesate material Zn,(BTC)(OH)(H,0)-1,67H,O. Structure contains
inorganic SBU, described as [Zn,Os(OH)(H,0)],, and composed of ZnO,(OH), tetrahedra and
ZnO,(OH)(H,0O) octahedra which are corner-shared through p;-OH group. Chains are
connected through BTC linkers forming two types of parallel channels which contain
adsorbed water in different environments. Dynamic of water adsorption/desorption was
thoroughly investigated by TG, IR, water sorption and different MAS NMR techniques. *H
MAS NMR elucidated the sequence of removal of coordinated water and hydrogen-bonded
water molecules, whereas those processes could not be resolved by TG analysis. Thus, the 2H
MAS NMR turned out to be a useful technique for distinguishing the dynamics of molecular
species during the heating process, where those species occur in similar chemical
environment. Zn,(BTC)(OH)(H,0)-1,67H,0 show surprisingly high hydrothermal stability for
Zn-based MOFs since it is not significantly affected by water exposure even after 40-cycle
hydrothermal treatment and shows structural reversibility upon dehydration/rehydration
process up to 200 °C. We showed that adsorbed water molecules interacting with coordinated
(framework) water by hydrogen bonds play a key role in stabilizing the framework structure

and in large extent contribute to the high stability of the material in water. The material also



shows notable water adsorption capacity. Exceptional stability in water is a rarity for Zn-
based MOFs and to our knowledge Zn,(BTC)(OH)(H,0)-1,67H,O represents the only zinc-
based carboxylate beside MOF-74 to exhibit such properties. Further developments of
isoreticular materials with hydrothermal stability comparable to this Zn-trimesate can be
achieved by using bulkier tridentate ligands and could expand the applicability of MOFs for

water sorption-based storage applications.
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