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Abstract

Water adsorption in the large (Ip_empty) pore form of Ga-MIL-53 was studied by TGA,
DSC and in situ XRD and FTIR at 298 K. The large pore form can be stabilized at room
temperature after activation under vacuum at 553 K. The isotherm of water adsorption in
this large pore form (pore dimensions: 1.67 x 1.33 nm) is very similar to that measured on
the narrow (np_empty) pore form (pore dimensions: 1.97 x 0.76 nm). Such a similarity is
rather unusual given that the pore sizes of these two phases are very different. In order to
understand the origin of this effect in situ XRD and FTIR measurements were particularly
helpful. It was found that the adsorption of even small amount of water (0.05 mol per Ga
atom at 0.2 hPa) in the large pore form of Ga-MIL-53 transforms ca. 50 % of the solid into
a narrow pore int phase, which is assumed to be present as a shell around the Ip_empty
core. Additional water molecules adsorbed at higher pressures do not interact with the
parent Ip_empty phase but with the narrow pore int phase. The phase transformations were
confirmed by FTIR revealing significant band displacements in the corresponding pressure
ranges. Such easy pore shrinking which occurs at very low water pressure (< 0.2 hPa) can
have undesirable consequences in working conditions, as for example in separation
adsorption processes, because the large pore structure of Ga-MIL-53 can be preserved only

under anhydrous conditions.
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1. Introduction

Metal-organic frameworks (MOFs), which are a relatively new class of nanoporous
materials, have attracted foremost attention in recent past owing to their intriguing
structural topologies and promising applications in a wide range of areas including gas
storage/separation [1-6], catalysis [7, 8] and drug delivery [9-12]. Built up from inorganic
building units and organic linkers, MOFs form porous structures with 1-D, 2-D, or 3-D

channel systems [13-22].

Among the various porous MOFs, the terephthalate based MOFs M-MIL-53 [M(I11): Al
Cr, Fe, Ga, Sc, In] are well-studied because of their large potential applications [10, 14, 23-
31]. Their frameworks [14, 28, 32-44] consist of infinite trans corner-sharing
[M(111)O4(OH);] octahedra chains interconnected by terephthalate linkers, resulting in a
one-dimensional rhombic-shaped channel system with pores of free diameter close to 0.85
nm in their large pore form. Different representations of the channel openings for Ga-MIL-

53 can be seen in previous publications [31, 44-46].

These soft porous crystals exhibit exceptional flexibility sometimes called “breathing”
which is often attributed to the presence of H,-OH groups in the frameworks but the torsion
angles of the linker as its connection to the metal take also a significant part in the
phenomenon [28, 32, 39, 42, 47]. The reversible structural flexibility of M-MIL-53 strongly
depends, of course, on the incorporated metal ion, and the size and functionality of the
linker molecules [30, 31, 41, 48-62]. The conditions at which the breathing happens have

been widely described in the literature and it was shown that the structural transformation is



triggered by adsorption of single gases (e.g., CO,, linear alkanes, xylenes...) and mixtures
[14, 24, 26, 28, 33, 39, 40, 42, 63-74], by mechanical constraints [34, 75-78], or by changes
in temperature [31, 32, 46, 66, 79]. This reversible structural transition occurs between a
narrow pore (np) and large pore (Ip) form and can result in a change in unit cell volume up
to 40 %. This flexibility confers to these materials interesting adsorption properties and
consequently they can find new applications in the field of gas separation or storage by

adsorption.

However, for industrial applications the hydrothermal stability of these materials needs
still to be improved [80, 81]. New MOFs having a better stability in working conditions
could not be elaborated without a detailed knowledge of the interaction mechanism
between water and these nanoporous materials. Interestingly, relatively few studies are
devoted to the interaction of water on MIL-53 [14, 33, 50, 52, 53, 56, 80, 82-96] especially
on gallium-based MIL-53 [31, 44-46, 97]. Moreover, the effect of the temperature of

outgassing on the adsorption process has never been studied.

Such a study is even more needed due to the atypical behavior of gallium compared to
the aluminum or chromium analogs [31, 45, 46, 97]. Indeed, in a recent paper we showed
that, under vacuum and at room temperature, the narrow pore form (np_empty) [97] is
thermodynamically more stable for Ga-MIL-53 contrary to what is observed for Al-MIL-53
and Cr-MIL-53 [31, 46], where the large pore form (Ip_empty) is favored at room
temperature [46]. The monoclinic np_empty — orthorhombic Ip_empty phase transition for
the gallium-based MIL-53 occurs at a higher temperature (553 K) than it does for the

aluminum or chromium analogs. Moreover, the large pore form can be stabilized by



quenching the material at room temperature. In a more recent study [97], we showed by
combining adsorption measurements and molecular calculations that the hydration of Ga-
MIL-53 from the np_empty phase to the np_H,O phase occurs via the formation of an
intermediate int phase. This intermediate phase has the same monoclinic structure as the
np_empty phase, but the unit cell parameters are slightly different. The coexistence of both
int and np_H,0 phases in an intermediate pressure domain has an effect on the adsorption
process of water and explains why the adsorption isotherm shows a step in the loading
domain 0.05-0.2 mol.mol™ at 298 K [97]. The hydration of the Ip_empty phase was not
studied though it is essential to know if the interaction of water with the large pore form is

the same as that with the narrow pore one.

The present study concerns the interaction of water with a Ga-MIL-53 material
outgassed at high temperature (large pore form, Ip_empty) before adsorption measurements

at 298 K.

It is well known that the large pore MIL-53 phases transform into narrow pore hydrated
phases under high water vapor pressure, but little is known about the precise location of this
phase transition, and no more about the existence domain of the large pore structure of Ga-

MIL-53. Such information are of prime importance for potential applications.

Experiments were performed combining different experimental techniques such as TGA,
DSC, in situ XRD and in situ FTIR under controlled temperature and water vapor pressure.

Results are analyzed and compared with those obtained for the Ga-MIL-53 material



outgassed at low temperature (narrow pore form, np_empty). Finally, we propose an

adsorption mechanism of water on this type of materials.
2. Experimental
2.1. Synthesis

All reagents and chemicals were used without any further purification. The metal source,
gallium nitrate hydrate Ga(NOg3)3*xH>0 (99.99 %), was purchased from Strem Chemicals.
The organic linker source, terephthalic acid (H,BDC, 99 %) was supplied by Fluka. The
solvents, N,N-dimethylformamide (DMF, > 99 %) and ethanol (EtOH, > 99.8 %), were
provided by Sigma-Aldrich and VWR, respectively. Hydrofluoric acid (HF, 40 %) was

purchased from Prolabo.

Crude form of Ga-MIL-53 (i.e. Ga-MIL-53_Ip_H,BDC) was hydrothermally prepared
from a mixture of Ga(NOj3)3°x H,0 (8.19 g; 32.05 mmol by assuming x=0), H,BDC (10.64
g; 64.04 mmol), HF (1.60 g; 32.05 mmol) in deionized water in 1/2/1/100 molar ratio. The
mixture was heated at 493 K for 3 days in a Teflon®-lined stainless steel autoclave. The
solid was filtered, washed with hot DMF (in order to remove the unreacted molecules of
H.BDC), ethanol and dried at room temperature. Large white crystals were obtained with a
yield of 49 % based on Ga (5.35 g; 14.25 mmol). Then, the as-made material was treated
with DMF (weight ratio DMF/Ga-MIL-53_Ip_H,BDC: 75) in a Teflon®-lined stainless
steel autoclave at 433 K for 6 days. The solid (i.e. Ga-MIL-53_Ip_DMF) was recovered by
filtration, washed with DMF and dried at room temperature. Finally, Ga-MIL-53_np_H,0O

was obtained from Ga-MIL-53_Ip_DMF after removal of DMF by keeping the solid in



suspension in EtOH at room temperature during 24 h. After filtration, the white crystals
were heated in air at 548 K for 1 day. After cooling down, a white crystalline powder was

recovered with the chemical formula Ga(OH).¢(F)o.1(BDC)-0.9H,0.

The amount of fluorine (molar F/Ga ratio of 0.10 £ 0.04) in Ga-MIL-53_np_H,0 was
evaluated by *F NMR using CF;COOH as internal standard after digestion of the material

in a NaOD solution. The procedure has been fully described in our previous work [46].

On the other hand, the water content and the rest of the chemical composition were
determined from thermal analysis carried out under air by considering the weight losses
from room temperature to 473 K for water content and from 473 to 1073 K for the rest of
the chemical composition. This detailed analysis reported in Ref. [44] allowed to dismiss

the presence of unreacted organic source and solvent (N,N-dimethylformamide).

In addition, XRD characterizations and nitrogen adsorption measurements at 77 K were
also performed to verify that the heat treatment and the exposure to air i.e. under a water
vapor pressure of around 12 hPa (approximatively 40 % of relative humidity) for a long
time (2 years) did not affect significantly the crystalline structure and the porosity of Ga-
MIL-53 (see Figs. S1-S2 in supporting information). Under these conditions, Ga-MIL-53
shows a quite good stability in presence of water vapor. Of course this material is not stable

in liquid water and it completely decomposes at room temperature.

Moreover, it can be noticed that the presence of fluorine with a molar F/Ga ratio of 0.1

renders Ga-MIL-53 a little more hydrophobic. However, as far as can be determined from



the available data, no conclusion can be drawn concerning its influence on the mechanism

of water adsorption on Ga-MIL-53.
2.2. Thermogravimetry

Adsorption-desorption isotherm of water on Ga-MIL-53 outgassed at 553 K under
vacuum (10 hPa) overnight was measured at 298 K by using a McBain thermobalance
constructed in house. The water vapor pressure was ranging from 107 to 30 hPa. The
sample weight was about 15 mg. More details can be found elsewhere [97-100]. The
experimental error estimated on the adsorbed amount is about 10 g.g™. This corresponds
to around 0.02 molecule of water per mole of adsorbent. The accuracy on the pressure data

Is 1 % and the temperature is measured with a precision of 1 K.
2.3. X-ray diffraction

The XRD patterns of Ga-MIL-53 were recorded under controlled water pressure using
the in situ capillary technique. To realize the measurements the hydrated Ga-MIL-53
sample was sieved and placed in a Pyrex capillary of 0.5 mm external diameter. The
capillary was connected to a McBain thermobalance which contained the same sample in
the measurement pan. Given that both samples (inside the capillary and in the measurement
pan) were exposed to the same atmosphere at the same temperature, measuring the weight
of one of them allowed us to determine the amount of water adsorbed on the sample placed

in the capillary.

After outgassing at room temperature under a pressure of 10 hPa the sample was

heated up to 553 K with a heating rate of 5 K.min™* under dynamic vacuum and kept at this



temperature for 15 h. Then the sample was cooled to room temperature and exposed to a
chosen pressure of water vapor created inside the thermobalance. Once the equilibrium was
attained (usually after ca. 15 h) the capillary was sealed off and the XRD pattern of the
sample was recorded at room temperature using Cu Koo, radiation on a Panalytical
Empyrean diffractometer. The unit cell parameters of the different phases were determined
using Le Bail full pattern decomposition implemented in the FullProf software package
[101, 102]. Although the atomic structure of the large pore phase of Ga-MIL-53 is not
known, its pattern can be indexed in an orthorhombic system [45]. We chose therefore the
space group Pmmm to represent the large pore phase of Ga-MIL-53 in the pattern
decomposition. For the partially hydrated Ga-MIL-53 (so called the int phase) the group

space Cc was used since the fully hydrated phase crystallized in this space group [46].
2.4. Differential calorimetry

Adsorption enthalpy of water vapor on Ga-MIL-53 was measured with a differential
calorimeter (Tian-Calvet Setaram C80) coupled with a manometric homemade apparatus.
Further details about the device and the experimental procedure were reported elsewhere
[103]. It allows measuring the molar adsorption enthalpy 4H?(n®) of water, also called the
adsorption heat Q2 as a function of the adsorbed amount n®. Adsorption was performed at
298 K on about 300 mg of material. Prior to adsorption, Ga-MIL-53 was outgassed under
vacuum at 10° hPa overnight at 553 K. The water vapor pressure ranged from 0.1 to 25

hPa. The error on the adsorption enthalpy was estimated to be around + 2 kJ.mol™.



2.5. In situ Infrared Spectroscopy

In situ FTIR absorption measurements were performed in an optical cell specially built
to study the interaction of a gas on a nanoporous material under controlled vapor pressure.
The experimental set-up has been detailed in previous recent papers [104, 105]. The FTIR
spectrometer was a Bruker Equinox 55 instrument equipped with a globar source, a DTGS
detector and a KBr beamsplitter. All spectra were recorded in transmission mode over the
wavenumber domain 4000-400 cm™ at room temperature, with a resolution of 2 cm™ and

an average of 40 scans per analysis.

The procedure used for adsorption measurements consisted first in the activation of
around 1-2 mg of powdered sample deposited in between two KBr pellets. Afterwards, the
sample was outgassed at 553 K under dynamic vacuum (10 hPa) in the heat chamber.
Then, after cooling to room temperature, adsorption measurements were performed at the
equilibrium, by increasing water vapor pressure, step by step [104, 105]. Each spectrum of
the powdered sample was recorded under equilibrium conditions at constant pressure from
P=10" hPa to about 30 hPa. Spectra obtained after activation and adsorption were

referenced to background spectra recorded in the same conditions, but without sample.
3. Results and discussion
3.1. Adsorption-desorption isotherms at 298 K. Effect of the activation temperature

Fig. 1 shows the adsorption-desorption isotherms of water on the narrow and large pore
forms of Ga-MIL-53, over the pressure range 0-2 hPa. The complete isotherms are

presented in Fig. S3 in supporting information. One significant feature of the isotherm
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obtained after Ga-MIL-53 was activated at 553 K is that the adsorption branch coincides
with the desorption branch within the explored pressure range, indicating that the
adsorption phenomenon is reversible. It is worth noting that the same observation was
made for the water adsorption desorption isotherm measured on Ga-MIL-53 outgassed at
room temperature [97]. The fact that the adsorption and desorption branches of the
isotherms are superposable indicate that the material does not, or very slightly, degrade
after the first adsorption desorption cycle. The few adsorption measurements which were
performed to test the stability of Ga-MIL-53 after the first adsorption desorption cycle, do
not even indicate any significant variation of the adsorption capacity of the sample at any

water pressure.
[insert Fig. 1]

Another interesting feature is that the shape of this adsorption-desorption isotherm is
strongly similar to that of the water adsorption isotherm obtained on the narrow pore form
of Ga-MIL-53 activated at room temperature [97]. In addition, only very small differences
in the amounts of water adsorbed at any given pressure are noticeable between the Ip_empty

and np_empty forms of Ga-MIL-53.

The water adsorption isotherms obtained on the large and narrow pore forms of Ga-
MIL-53 can be schematically described considering three distinct loading domains, each of
them being characterized by a step, when the water pressure increases (Fig. 1). In the
domain I (P < 0.4 hPa), the curve exhibits an initial increase up to 0.14 hPa then it attains a
plateau region corresponding to an amount of water adsorbed of ca. 0.05 mol.mol™. In the

domain 11 (0.40 < P < 0.65 hPa) the isotherm displays a continuous increase in the amount
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adsorbed from 0.05 mol.mol™ to about 0.2 mol.mol™. Lastly, in the domain 111 (P > 0.65
hPa) the curve shows a vertical step then a continuous increase in the amount adsorbed up

to 0.9 mol.mol™ on approaching the saturation water vapor pressure.

At first sight, we can assume that both samples show the same overall behavior during
the adsorption process because of the similar shape of water adsorption isotherms obtained
on Ga-MIL-53 activated at 298 and 553 K. This similarity is rather surprising given that the

initial structures of these two phases are very different.
3.2. Structural characterization of the phases formed during the hydration process

The XRD patterns of Ga-MIL-53 activated at 553 K then exposed to increasing water
pressures, successively at 0.2, 0.5, 0.8 and 15 hPa are given in Fig. 2. Another
representation of these diffraction patterns allowing an easier comparison of the evolution
of the position and the intensity of diffraction peaks over three different 26 angular ranges

is shown in Figs. S4-S6 in supporting information.
[insert Fig. 2]

The exposure of the Ip_empty form of Ga-MIL-53 to water vapor pressures at 0.2, 0.5,
0.8 and 15 hPa results in the decrease of the intensities of the peaks characteristic of
Ip_empty (see the evolution of the (110) and (020) peaks in Fig. S4, and, that of the (011),
(220) and (301) peaks in Fig. S6 in supporting information). The residual amounts of the
Ip_empty phase at 0.2, 0.5, 0.8 and 15 hPa were calculated from the ratio of the area of a
given diffraction peak of the Ip_empty phase to the area of the same diffraction peak in the

pure Ip_empty phase (large pore form at zero loading). The averaged values determined
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from the (110), (020), (011), (220) and (301) diffraction peaks of the Ip_empty phase
located at 8.5, 10.5, 14.7, 17.0 and 17.3 ° (20), respectively, are given in Table 1. These
ratios give a good estimation of the amount of the Ip_empty phase in each sample analyzed
at a given pressure because all involved phases of close composition may be considered to

have similar absorption coefficients [106].

[insert Table 1]

Water adsorption results also in the appearance of new peaks whose intensities grow
with water pressure (see the evolution of the (110) peak labelled B for the np_H,O phase
and A for the int phase in Fig. S5). The shift of the A and B diffraction peak positions with
increasing pressure accounts for an increase of the unit cell parameter b consecutive to the
adsorption of additional water molecules in the pores of the np_H,0 and int phases (Table

1, Fig. S5).

Exposure to 0.2 hPa of water results in the transformation of ca. 52 % of the dehydrated
solid into the int phase, which is characterized in particular by the presence of an additional
peak at 13.5 ° in the diffraction pattern (Peak A in Figs. 2b and S5 in supporting
information). It should be specified that this int phase was also observed upon the partial
hydration of the np_empty phase for water loading below 0.2 mol.mol™ and that it
transforms into the np_H,O phase at higher loadings [97]. The structure of the int phase is
the same as that of the np_empty phase, notwithstanding a slightly higher value of the unit
cell parameter b due to the presence of water molecules in the pores [97]. It is worth noting
that despite a low amount of water adsorbed at 0.2 hPa (0.05 mol.mol™, see Fig. 1), half of

the solid is transformed into a narrow pore form.
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Further increase in pressure up to 0.5 hPa results in almost complete transformation of
the int phase into the np_H,O phase inducing a strong decrease of the intensity of the (110)
peak of the intermediate narrow pore phase (Peak A in Figs. 2c and S5 in supporting
information). Besides it should be noticed that the Ip_empty phase does not change

significantly when the water pressure increases from 0.2 to 0.5 hPa (Table 1).

Finally, after exposure to 0.8 hPa of water, the solid (Ip_empty phase) further transforms
into the np_H,O phase which becomes the unique phase at higher pressures (Figs. 2d-e and

S4-S6 in supporting information).
3.3. Energetic characterization of the adsorption process

While water adsorption isotherms measured at 298 K on the np_empty and Ip_empty
forms are overall the same, the corresponding adsorption enthalpy curves (where the
adsorption enthalpy is given in absolute value) show slight differences at low loading (n® <
0.2 mol.mol™), i.e. in the domain of existence of the two first steps in the adsorption

isotherms (Figs. 1, 3).
[insert Fig. 3]

First, whatever may be the activation temperature of Ga-MIL-53, the enthalpy of
adsorption at zero loading (32 kJ.mol™) is lower than the enthalpy of liquefaction of water
(44 kJ.mol™). This result is indicative of a same hydrophobic nature of the np_empty and

Ip_empty phases in accordance with the shape of the adsorption isotherms.

For the adsorbent activated at 298 K (np_empty form) a sharp increase of the enthalpy is

observed in the range where the int phase forms (n® < 0.05 mol.mol™) [97]. This increase is
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attributed to molecular interactions between water molecules which are extremely confined
in channels of small size. Afterwards, the enthalpy curve decreases from 0.05 to 0.2
mol.mol™. This decrease coincides with the int — np_H-0 phase transition and can be
explained by weaker water-water interactions in this phase because water is less confined in
pores slightly larger. Then, above ca. 0.2 mol.mol™, the material is transformed into the
np_H,O phase and the completion of the pore filling proceeds with almost constant
enthalpy of adsorption. Finally, the enthalpy of adsorption decreases to the value of the

enthalpy of liquefaction of water, when the channels are filled up.

The evolution of the heat curve for the sample activated at 553 K (Ip_empty phase) is
similar to that observed for the sample outgassed at room temperature (np_empty phase),
except in the range of loadings below 0.2 mol.mol™ (Fig. 3). A lower increase of the
adsorption enthalpy of water is observed in the case of the Ip_empty phase. This effect is
due, on the one hand, to weaker water-water interactions because water is adsorbed in
larger pores and, on the other hand, to the endothermic Ip_empty — int phase transition (~ 50
% of the Ip_empty phase is transformed as observed in XRD studies). In this domain of
loading the amounts of water adsorbed are so small, that the difference in behavior between
the Ip_empty and np_empty forms of Ga-MIL-53 cannot be detected by gravimetric
measurements. Finally, above a loading of 0.2 mol.mol™, the heat curve for the Ip_empty
form is close to the one obtained for the np_empty form. This result is not surprising
because the hydration of the Ip_empty and np_empty forms leads to the formation of only

one hydrated phase, i.e. np_H,O, in this domain.

3.4. Characterization of phase transitions by in situ infrared spectroscopy
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The adsorption of water on Ga-MIL-53 activated at 553 K (Ip_empty form) or at room
temperature (np_empty form) was also studied through in situ infrared spectroscopy.
Infrared spectra were recorded, at first, free of adsorbate (activated state corresponding to
the np_empty or Ip_empty form of the MOF) then, containing increasing amounts of water
adsorbed under the equilibrium conditions. The analysis of spectra was performed by
considering the modification of the position of vibrational bands during the adsorption
process. The most significant results are shown in Figs. 4 and S7-S10 in supporting

information.
[insert Fig. 4]

The infrared spectrum of the sample activated at high temperature (Ip_empty form), is
greatly modified during water adsorption. At least, six vibrational bands undergo a blue- or
a red-shift. These wavenumber shifts may be significant as for example the v,sCO,
asymmetric stretching vibration of the carboxylate group of the terephthalate moiety, which
is shifted by 19 cm™ (Fig. 4a). Here we report only vibrational modes which are the most
perturbed upon adsorption. It is worth noting that wavenumber shifts occur within a narrow
loading domain which depends on the mode of the vibration (Figs. 4 and S7-S10 in
supporting information). All of them account for the coexistence of at least two phases

within an intermediate restricted pressure domain.

The modes of vibration which are first perturbed at the lowest water vapor pressures are
the in-plane (5CH) and out-of-plane (yCH) deformation of the CH bonds of the benzene

ring of the terephthalate ligands (Figs. 4b, 5 and S7-S8 in supporting information). The
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displacement of these vibrational bands is observed within a restricted pressure range from
about 0.2 to 0.4 hPa corresponding to an amount of water adsorbed of 0.05 mol.mol™, i.e.

when the int phase is mainly formed.
The modes which are perturbed at higher water pressure (P > 0.55 hPa, Fig. 5) are:

(1) the asymmetric stretching v,sCO; vibrations of the carboxylate groups of the

terephthalate moiety (Fig. 4a),

(ii) the vCC ring stretching vibrations (referenced as vI9A in the Wilson notation [107]) of

the terephthalate ligands (Fig. S9 in supporting information) and,

(iii) the symmetric stretching vsCO, vibrations of the carboxylate groups of the

terephthalate ligands (Fig. S10 in supporting information).

The shift of these bands is observed over a pressure range 0.55-0.9 hPa where the hydrated

np_H,0 phase forms.

In comparison, the infrared spectrum of the sample activated at room temperature
(np_empty form) is only slightly modified by water adsorption (Figs. 4 and S7-S10 in
supporting information). Over the 17 bands identified in the spectrum, only the symmetric
vsCO; stretching vibrational band of the carboxylate groups is shifted by 2 cm™ upon
adsorption (Fig. S10 in supporting information). This shift occurs in a pressure range from
about 0.6 to 0.9 hPa corresponding to the domain of existence of the vertical step in the

adsorption isotherm or to the domain of formation of the hydrated np_H,O phase.
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This study shows for the first time that in situ infrared spectroscopy can be used to
identify the breathing phenomenon of Ga-MIL-53. The int — np_H,O phase transition can
be unequivocally identified considering the wavenumber shifts of characteristic vibrational
bands, in particular those related to carboxylate vibrations. These functional groups of
whose each O-O axis would act as a kneecap [28] during the reversible shrinkage are

certainly the most affected when the structure shrinks.

3.5. Overview of the mechanism of hydration of the large- and narrow-pore phases

All experimental data obtained using macroscopic and microscopic approaches lead us

to propose a mechanism of hydration of the Ga-MIL-53 material.

At first sight, one can infer that the mechanisms of interaction of water with the
np_empty and Ip_empty phases are very similar because water adsorption isotherms for
both forms are very close. However, if we consider energetic data, it turns out that the
large- and narrow-pore phases do not show the same behavior upon adsorption of the first

water molecules.

For the adsorbent activated at room temperature, which exhibits a narrow pore np_empty
structure the following adsorption mechanism was found in our previous study [97]. At low
pressure, below 0.4 hPa, the water molecules are adsorbed in the pores forming the int
phase which preserves the same structure with a small increase of the unit cell parameter b.
At pressures higher than 0.8 hPa, this phase transforms into the np_H,O phase. We have
shown by in situ XRD that, in this range of water pressure corresponding to the domain of

existence of the second step in the isotherm, these two phases coexist.
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[insert Fig. 5]

For the adsorbent activated at 553 K, i.e. for the sample having a large pore Ip_empty
structure, a possible mechanism of water adsorption may be discussed on the basis of the
results obtained by XRD (Table 1, Fig. 5). The key finding in this context is the
transformation of 52 % of Ip_empty into a narrow pore int phase occurring already at 0.2
hPa after adsorption of 0.05 mol of water per Ga atom. This result shows that the
adsorption of even a small amount of water causes shrinkage of the pores in a substantial
part of the solid. Surprisingly, an increase of water pressure from 0.2 to 0.5 hPa does not
result in further transformation of Ip_empty (see Table 1), but into the hydration of the int
counterpart. One possible cause for such behavior may be due to the formation of the int
phase as a shell around the Ip_empty core at 0.2 hPa. On this assumption, the exposure of
Ga-MIL-53 to 0.5 hPa of water vapor pressure would result in further hydration of this shell
(transformation int — np_H,0) without influencing the structure of the Ip_empty core. It is
only after saturation of the hydrated shell that water molecules could access to the interior
of the particles resulting into further transformation of the Ip_empty phase into the np_H,0

phase at 0.8 hPa.

The assumption to consider the formation of a int shell around Ip_empty at low water
pressure would enable to explain also the striking similarity between the water adsorption
isotherms obtained on the Ip_empty and np_empty phases (Fig. 1). Indeed, once the shell
would be formed, additional water molecules could not access to the Ip_empty core and
would be adsorbed in the narrow pores of the int phase. In other words, despite the
presence of the Ip_empty phase after activation at 553 K, the “true” adsorbent after

exposure to water
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vapor would be the int phase as in the case of the np_empty phase. Consequently, both

isotherms are expected to be very similar, that is experimentally observed.

In the framework of this proposed mechanism, the IR spectroscopic data can be
interpreted in the following way. The shifts of SCH and yCH vibrations occur in the domain
where int is the major phase. This implies that these shifts are due to the interaction between
water molecules and benzene rings of the int phase. On increasing water loading the
modification of the v,;CO,, vsCO, and vCC vibrations coincides with the transformation of
the int phase into the np_H,0O phase. The shift of these bands is therefore characteristic of

the breathing phase transition.
4. Conclusions

We presented a detailed description of the mechanism of water adsorption on Ga-
MIL-53, a flexible MOF exhibiting two stable adsorbate-free phases, either a large pore
structure (Ip_empty) or a narrow pore structure (np_empty). Despite the fact that the narrow
pore phase is thermodynamically stable at 298 K, we found that the large pore form
obtained after heating under vacuum at 553 K can also be preserved at 298 K. We
characterized its interaction with water by TGA and calorimetry, as well as the occurrence

of phase transformations upon water adsorption by in situ XRD and FTIR.

The most important feature revealed by the characterization techniques is the
transformation of more than 50 % of the parent Ip_empty phase into a partially hydrated
narrow pore phase (int) at low water loading (0.05 mol.mol™ at 0.2 hPa). It is worth noting

that this value is far below the water content (0.9 mol.mol™) of the fully hydrated Ga-MIL-
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53. Upon further increase of water loading up to 0.2 mol.mol™ (at 0.5 hPa), the fraction of
the Ip_empty phase does not decrease significantly. The reaction proceeds through the
hydration of the narrow pore int phase resulting in the formation of the np_H,O phase. This
behavior hints that the int phase forms a shell which retains water molecules in its pores
and hampers their access to the Ip_empty core. Formation of such a narrow pore shell at
low water pressure (< 0.2 hPa) explains the strong similarity between the water adsorption
isotherms obtained on the narrow (np_empty) and large (Ip_empty) pore forms of Ga-MIL-

53.

To the best of our knowledge the effect of pore shrinking in the large pore form of MIL-
53 type MOFs exposed to very low water pressure has not been described so far. Besides
the academic interest to understand the mechanism of water adsorption, this phenomenon
can have far reaching consequences in a context of application. Indeed the fact that even
trace amounts of water (< 0.2 hPa) can provoke the pore shrinkage Ga-MIL-53 implies that
any potential application requiring the use of the large pore form of MIL-53 has to be

conducted under anhydrous conditions.
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Figure captions

Fig. 1.

Water adsorption isotherms obtained in the low pressure range at 298 K on Ga-MIL-53
outgassed under vacuum at 298 K (blue curve; np_empty phase at zero loading) and 553 K
(red curve; Ip_empty phase at zero loading) (closed symbols: adsorption; open symbols:
desorption; arrows: mark points where in situ X-ray measurements were performed in the

range of low pressure).

Fig. 2.

XRD patterns of the Ip_empty form of Ga-MIL-53 exposed to increasing water vapor
pressures at 298 K (under vacuum: red curve a; 0.2 hPa: green cuve b; 0.5 hPa: magenta
curve c; 0.8 hPa: purple curve d; 15 hPa: blue curve e; A: (110) peak for the int phase; B:

(110) peak for the np_H,O phase; C: (110) peak for the Ip_empty phase).

Fig. 3.

Adsorption enthalpies of water vapor on Ga-MIL-53 outgassed under vacuum at 298 K
(blue curve; np_empty phase at zero loading) and 553 K (red curve; Ip_empty phase at zero

loading).

Fig. 4.

Dependence of the position of v,sCO, (a) and CH (b) (referenced as v18A in the Wilson
[107] notation) in plane deformation modes of the terephthalate ligands of Ga-MIL-53
outgassed under vacuum at 298 K (blue symbols; np_empty phase at zero loading) and 553

K (red symbols; Ip_empty phase at zero loading), upon water adsorption at 298 K.
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Fig. 5.

Chart showing the pressure ranges where some characteristic vibrational bands of the
adsorbent are shifted (infrared spectroscopic data) and the nature of the phases formed
(XRD data) along the water adsorption isotherm obtained on the large pore (Ip_empty) form
of Ga-MIL-53 at 298 K (P1: the int phase; P2: the np_H,O phase; M: mixture of P1 and P2;

closed symbols: adsorption; open symbols: desorption).
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Table 1

Characterization of the phases formed during water adsorption on the Ip_empty form of Ga-

MIL-53 at 298 K (a, b,c A unit cell parameters®)

Water Percentage*
pressure of

(hPa) Ip_empty Ip_empty int np_H,0
phase
(%)
a b c p a b c B a b c B
(hm) (m) (m) () (m) (m) (m) ) (m) (m) (m) (°)
0** 100 1.665 1330 0.673 900 - - - - - - - -
0.2 48 1.667 1332 0.674 900 1971 0.697 0.678 1029 - - - -
0.5 46 1666 1331 0.673 90.0 1957 0.714 0.673 1018 1.977 0.753 0.668 103.9
0.8 24 1653 1337 0.673 900 - - - - 1968 0.756 0.668 104.0
15%** 0 - 1966 0.764 0.667 103.9

¥ Precision on the value of the unit cell parameters estimated to be 0.005 nm.
* See text for the details of the calculations (standard deviation: 1 %)

** Under vacuum

*** Fully hydrated phase (np_H>0O with 0.9 molecule of H,O per Ga atom)





