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ABSTRACT:

Metal-organic framework (MOF) activation is crucial for the use of MOFs in several applications
and solvent-exchange process is a necessary step in many activation methods. In this contribution,
we have explored in situ MOF monolayer film formation at the air-water interface. Nanoparticles
(NPs) of the Al trimesate MIL-96(Al) retain chloroform into their micropores, which considerably
diminishes the CO; adsorption capacity of MOF films. However, a solvent-exchange process
between chloroform and water increases CO; film adsorption capacity by a 30%. Total Reflection
X-Ray Fluorescence (TRXF) allows studying the kinetics of this process at the air-water interface,
that strongly depends on the NP size. The conclusions derived from in situ studies allow
optimizing the ex situ activation procedure of MIL-96(Al) films deposited onto quartz crystal

microbalance (QCM) substrates in order to maximize CO, and methanol adsorption.

Keywords: metal organic framework (MOF), MIL-96(Al), nanoparticles (NPs), Langmuir and
Langmuir-Blodgett (LB) films, quartz crystal microbalance (QCM), adsorption studies, CO-
adsorption, VOC adsorption, synchrotron characterization.



1.- INTRODUCTION

Metal-organic frameworks (MOFs) are nowadays ubiquitous in scientific research, with even
their own subset in the Cambridge Crystallographic Data Centre (CCDC) [1-5]. Undoubtedly,
one of the most relevant properties of MOFs is their high porosity, basic for their use in separation
processes[6,7], gas storage[8,9], catalysis[10-12], sensing[13,14], drug delivery[15-17] and many
others. Usually, as-synthesized MOFs contain guest molecules, such as solvents, unreacted
components and other chemicals used in the synthetic procedure, and it is necessary to remove
these guest species through an activation process to access the whole MOF porosity[18].
Consequently, different strategies have been developed in order to achieve complete guest
removal, preserving the structural integrity of the MOF. Guest exchange using low boiling point
and/or low surface tension solvents before thermal treatment under vacuum is currently the most
commonly used method in MOF activation[18], although other methods like supercritical CO,

drying, freeze drying, microwave, chemical or photothermal activation are also used[19,20].

A proper MOF activation is key, but other requirements are also necessary in many MOF
applications. In particular, the formation of dense and homogeneous MOF films onto surfaces is
required for the development of several MOF-based devices[21]. In previous studies[22-24],
some of us have shown the fabrication of compact and dense monolayer films at the air-water
interface formed by nanoparticles (NPs) of size ca. 200 nm from the microporous Al trimesate
MIL-96(Al) (MIL stands for Materials from Institut Lavoisier). The Langmuir-Blodgett (LB)
technique allows the subsequent deposition of these monolayers onto substrates of different nature
and shape, such as glass, quartz, mica, QCM disks, solid state interdigitated electrodes and fabrics
containing textile electrodes. Moreover, MIL-96(Al) LB films have been used as active layer of
methanol and humidity sensors and also to study CO- adsorption and desorption processes. An
interesting conclusion from these studies[22] was the significant increase (around 30%) of the
CO- adsorption capacity of LB films deposited onto QCM disks, achieved by disk immersion into
water or methanol during 12 h just after film preparation. This suggests that film immersion into
these solvents could produce suppression of surface barriers together with the solvent-exchange

of retained chloroform molecules within MOF pores.

In order to further investigate water-chloroform solvent-exchange processes on MOF ultrathin
films and its effect on film sorption capacity, films formed by MIL-96(Al) NPs of two different
sizes (ca. 100 and 200 nm) have been investigated in this contribution. In situ synchrotron
characterization during film formation at the air-water interface has allowed studying how the K
chlorine X-ray fluorescence signal from retained chloroform in the film decreases during film
formation. Finally, the CO, and MeOH adsorption capacity of the films has been evaluated using
a QCM-based setup.



2.- MATERIALS AND METHODS
2.1.-MOF synthesis and characterization

Spherical NPs of 100 and 200 nm of MIL-96(Al) were prepared following a procedure
previously reported by some of us[22,25]. Nanoparticle size and shape were controlled by the
molar ratio of reactants, the solvent mixture composition (H.O/DMF instead of pure H,O) and
the use of acetic acid as modulator. Briefly, for 100 nm NPs, 2.25 g of aluminum nitrate
nonahydrate (Merck, 98.5%) and 1.26 g of trimesic acid (Sigma Aldrich, 95%) were added to 300
mL of an H.O/DMF (volume:volume = 1/1) mixture. Then, 0.84 mL of acetic acid (Sigma
Aldrich, 99.7%) were added. The mixture was continuously stirred and heated under reflux for
16 h. A milky suspension was obtained and MOF powder was centrifuged (14500 rpm, 15 min)
and washed first with deionized water, then with a 1:1 H,O:EtOH mixture, and finally with pure
EtOH (30 mL of each). The obtained white powder was finally dried in air at room temperature.
NPs of 200 nm were synthesized following the same protocol but with twice the reagent

concentrations.

CO; adsorption isotherms of the NPs were determined in a Micromeritics ASAP 2020
equipment at 303 K with a water bath as a coolant. N sorption was registered at 77 K using a
Quantachrome Autosorb-6 equipment. In both cases, MOF powder was activated at 150 °C for

12 h under vacuum.

H>O and MeOH vapor sorption analysis were conducted at 298 K using a volumetric
Quantachrome VStar4 equipment and CHCI; sorption was analyzed in a Quantachrome Vstar.
MIL-96(Al) NPs were activated in situ at 150 °C (H2O and MeOH) or 100 °C (CHCIs) under

vacuum for 16 h.

Powder X-Ray Diffraction (PXRD) was registered with a Bruker D8 diffractometer with a
rotating capillary (6—26) using Cu radiation (AK,1 = 1.54059 A).

Scanning Electron Microscope (SEM) images were registered using a FEI Inspect F50 FE-
SEM operated at 10 kV. Before specimen inspection, samples were coated with a conductive layer

of platinum (5-10 nm).

2.2.- Langmuir and Langmuir-Blodgett film fabrication and characterization.

A NIMA 702BAM Langmuir trough (720 x 100 mm) with a symmetrical double-barrier

configuration was used for film characterization at the air-water interface (z—A isotherms).



Additional film characterization was performed in this device, including surface potential

measurements (4V) and Brewster Angle Microscopy (BAM).

Langmuir-Blodgett (LB) films were fabricated using a KSV NIMA trough, model 2000-

System 3 (775 x 120 mm) also arranged in a symmetrical double-barrier configuration.

Both troughs were placed inside closed cabinets in a dedicated facility to limit the presence of
dust and at constant temperature (20 + 1 °C). Ultra-pure Milli-Q water (p = 18.2 MQ-cm) was
used in all the experiments as subphase. Films were compressed in all cases at a constant speed
of 6 cm?/min and surface pressure was continuously monitored by means of a Wilhelmy balance

using a filter paper plate.

BAM images were acquired using a KSV NIMA Micro BAM equipped with a red laser (50
mW, 659 nm) as light source. The incidence angle was fixed at 53.1° and a black quartz plate was
placed inside the trough as a light trap. The optics of the system provided a spatial resolution of
6 um per pixel in the water surface plane and a field of view of 3600 x 4000 um?. Surface
potential-area isotherms (4V-A) were registered using a KSV NIMA SPOT surface potential

Sensor.

MIL-96(Al) NPs suspensions of 0.2 mg/mL were prepared using chloroform (Macron,
>99.8%) as solvent and dry MOF powder. Suspensions were sonicated using an ultrasonication
probe-type device Hielscher UP400S (Power output 400 W) equipped with an H3 type tip (3 mm
diameter). Different sonication times and amplitudes were used: 30 minutes at 50% amplitude for
200 nm NPs and 60 minutes at 70% amplitude for 100 nm NPs. In both cases, the samples were
sonicated continuously and prepared suspensions were sonicated for 30 min in an ultrasound bath

before the spreading process at the air-water interface.

Dynamic Light Scattering (DLS) experiments were conducted in a Malvern Zetasizer Nano
ZS ZEN3600 equipped with a 633 nm laser and configured in a back-scattering arrangement at
173°. These measurements were used to optimize probe sonication parameters for suspension
preparation (see Supplementary Material, Section 2). Dispersions were analyzed using square
optical glass cuvettes (Malvern, model PCS1115) with an optical path of 10 mm and a volume

capacity of 3500 pL. Ultrasound bath sonication for 10 min was used before measurement.

LB films were fabricated onto solid substrates (glass, quartz plates and QCM crystals) by
vertical dipping at a surface pressure of 25 mN/m (100 nm NPs) or 30 mN/m (200 nm NPs).

Transfer was performed in the emersion direction using a vertical speed of 1 mm/min.

SEM images of LB films were acquired using the FEI Inspect F50 FE-SEM described above.



LB films fabricated onto quartz plates (Hellma Analytics, 665.000-QS, 45 mm x 12.5 mm x
1.25 mm) were analyzed using a Varian Cary 50 spectrophotometer and a normal incident angle
with respect to the film plane. UV-Vis spectra were registered in the 200-900 nm range. Quartz
cuvettes of 350 pL with 1 mm of light path (Hellma Analytics, 100-QS) were used to characterize

the UV-Vis spectra of suspensions.

Grazing Incidence X-ray diffraction (GIXD) analysis was performed on LB and drop-cast
films deposited onto Si(100) substrates. A high-resolution Empyrean diffractometer
(PANalytical) operated at 45 kV (generator voltage) and 40 mA (tube current, Cu K, radiation)
was used and scans were collected in the open detector mode using a Pixcell 1D medipix3
detector. Grazing incidence angles between 0.13° and 0.16° were used. The value was optimized

before each scan.

2.3.- Synchrotron characterization of Langmuir films

Grazing-Incidence X-Ray Diffraction (GIXD), Grazing-Incidence Small-Angle X-Ray
Scattering (GISAXS) and Total Reflection X-ray Fluorescence (TRXF) studies at the air-water
interface were performed at SIRIUS Beamline of the SOLEIL Synchrotron (Saint Aubin, France)
[26]. The measurements were performed using an incident X-ray beam of 8 keV (A = 0.155 nm),
a beam size of 0.1 x 0.5 mm? (V x H), and an incidence angle of 2.0 mrad with the water surface
below the total external reflection critical angle value of the air-water interface (2.7 mrad at 8
keV). GISAXS measurements were done using a 2D PILATUS3 1M (Dectris, Switzerland)
detector located at 4.5 m from the sample. A vertical tungsten rod is used as a beam-stop for the
direct and reflected beams. A flight path tube flushed with helium gas is located between the

sample and the detector in order to reduce absorption and scattering by air.

The GIXD setup uses a 2D PILATUS?2 (Dectris, Switzerland) detector combined with a Soller
collimator of 0.06 degree resolution. This detection setup is continuously scanned over the
horizontal 26 angle in order to record the vertical distribution of intensity that is Q-integrated to

obtain the diffraction spectra.

Monolayers were prepared in a dedicated Langmuir trough[26] of size 484 x 150 mm. It was
enclosed in a gas-tight chamber flushed by Helium gas flow to reduce gas scattering and to avoid
the damage of the monolayer by the beam. Temperature was kept constant thanks to a water
circulating bath at 20 + 1 °C.

X-ray fluorescence measurements were done either by a four element silicon drift detector
(XFlash QUAD 504, Bruker, Germany) mounted almost horizontally on the side of the liquid
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surface (experiments labeled A in Table 1) or a one element silicon drift detector (XFlash 430 M,
Briiker, Germany) equipped with a collimator and mounted at 30° with respect to the vertical
direction towards the X-ray source in order to reduce the elastic peak that would otherwise
saturate the detector (experiments labeled B in Table 1). Data were normalized by the initial
intensity in each experiment and the mass density of the MOF at the air-water interface at each

time.

Normalized fluorescence evolution was adjusted using two exponential models:

. : VY.
Single stretched exponential model: | =1_ + Ae “'®

Biexponential model: | =1_+ Ae '™ + Ae '™

where | corresponds to the normalized relative fluorescence intensity at each t time, A; and A; are
pre-exponential factors, f is the stretching factor, 1., is the asymptotic fluorescence value at long
times (close to infinite), and z; and 7> correspond to the characteristic times of the processes under

modeling.

2.4.- QCM-based setup for gas/vapor adsorption studies

Gas adsorption measurements were performed using a homemade QCM-based experimental
setup previously described in the literature by some of us[22,27]. Briefly, it consists of a stainless
steel cell (ca. 200 mL volume capacity) which contains two chlorinated polyvinyl chloride CHC-
15 crystal holders from Inficon (Figure S16b). Each of these holders is connected through a 2
SMB-SMB plug to a Phase Lock Oscillator (5.1-10 MHz range). Both phase lock oscillators were
placed inside an Inficon RQCM system. AT-cut QCM disks of 9 MHz and 1 inch in diameter
were purchased from Inficon (ref. 149272-1) and QuartzPro (ref. QCM9254CrA128-064-M) and
one disk was coated with the thin film and the other used as a reference to correct fluctuations
from temperature, pressure or gas flow changes. The measurement chamber is also equipped with
two electric resistors and two thermocouples to control temperature during the experiment. The

pressure was also monitored using a pressure sensor.

Gas adsorption experiments were performed using two separately controlled MC-100SCCM-
D/5M Alicat Scientific mass-flow controllers (MFCs), each one either for the diluting gas
(Helium, Air Liquide Alphagaz 1, > 99.999% in volume) or the adsorbate (CO2, Air Liquide N48,
>99.998% in volume). A total gas flow of 50 mL (STP)/min was used in these experiments. Gas

adsorption experiments were conducted at constant temperature (303 K) and a total pressure of



100 kPa using five different CO, partial pressures in the gas mixture corresponding to 20%, 40%,
60%, 80% and 100% in volume.

The QCM-based setup was modified in order to perform vapor sorption experiments at
constant temperature (298 K). A detailed description including the verification of the system using
a reference material is included in the Supplementary Material, Section 5 (Figures S14 to S16).
Briefly, two independent Alicat Scientific MFCs (MC-100SCCM-D/5M) were used in these
studies, one of them for the dilution stream (pure Helium) and the other to generate saturated
vapors (see Scheme in Figure S16a). For that purpose, Helium was bubbled through a
perfluoroalkoxy polymer (PFA) bubbler (Bola Gaswasch-Flaschen A118-01) with a total capacity
of 250 mL containing methanol to generate a saturated vapor stream. This bubbler was immersed
into a glass cooling vessel of 500 mL with a water jacket (Vidrafoc 505/5) connected to a Huber
Minichiller thermostatic circulator set at 281 K. VVapor was considered to be saturated at the chiller
temperature. The saturated current was further equilibrated at the chiller temperature and then
mixed with the diluting current before entering the measurement chamber. A total gas flow of
100 mL (STP)/min was used in these experiments. To minimize vapor condensation in the pipes,

the saturated current was always kept below 60 mL/min.

Vapor concentration in the cell was calculated as relative pressure (p/p°) using the following

formula and considering that the vapor stream was saturated at the chiller bath temperature:

carrier
pi,T

F

total

p° p°

where Fearrier is the amount of He flown to the bubbler, Fuw is the total flow entering the
measurement cell, pit is the solvent vapor pressure at chiller bath temperature, p is the partial
pressure of the vapor inside the cell, and p° is the vapor pressure of the solvent at the measurement

temperature. Fira Can be calculated as:
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where Fsat ounbler iS the flow exiting the bubbler (wet current) and Failuion is the amount of He (dry

current) used as dilution before entering the cell. Fsat,usbier may be calculated as:
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where Fuapor IS the flow of saturated vapor generated, pworking 1S the working pressure (ambient

pressure in this case) and a may resemble a vaporization efficiency.



Before starting each adsorption experiment (CO2 or MeOH adsorption), the samples were
outgassed at 353 K during 2 h under a constant flow of He (50 mL (STP)/min for CO, and 100
mL (STP)/min for MeOH) and then cooled to the measurement temperature (303 K for CO- and

298 K for MeOH) maintaining the same He flow until a stable frequency was obtained.

Sauerbrey equation [28] was used to determine the mass of the MOF film deposited onto QCM
disks prior to gas/vapor adsorption and also to obtain the amount of analyte adsorbed at each
adsorbate concentration in the cell during adsorption experiments. This equation relates the
change in the frequency of the quartz crystal resonators with mass variation, Af = —-Ct Am, where
Af is the frequency change in Hz, Cs is the sensitivity factor of the QCM crystal (0.1834 Hz-ng
L.ecm? for the 9 MHz disks used) and 4m is the change in mass per unit area. MOF mass was
calculated from the frequency difference after film deposition. To derive the adsorbed analyte
values the frequency differences between the disk before adsorption and after stabilization at each
step in the isotherm were evaluated (see Section 6, Figure S17 and Figure S18 in Supplementary
Material). Mass differences were converted into moles of analyte using the molecular weight of
either CO, or MeOH. At least two different samples were analyzed and average values together
with error bars were plotted. Error bars in some points are almost not visible because of the size
of the symbols. Finally, at the end of each experiment, pure He was flown to sweep adsorbates
from the films and frequency changes were monitored during this procedure in order to confirm
sample recovery. A recovery of 95-100% was obtained from the frequency changes in all the

experiments.

3.- RESULTS AND DISCUSSION
3.1.- Langmuir and Langmuir-Blodgett films

Spherical MOF NPs of 191 + 18 and 109 + 8 nm (Supplementary Material, Figures Sla,b)
were prepared according to the procedure described in the Materials and Methods section. FTIR-
ATR spectra confirmed the absence of unreacted trimesic or acetic acid and the hydrated character
of the MOF (Supplementary Material, Figure S1c). PXRD patterns were in accordance with
the simulated diffractogram[25] and proved the synthesis of crystalline NPs (Supplementary
Material, Figure S1d). BET area for the smaller NPs was ca. 665 m?/g (Supplementary
Material, Figure S2a), close to the value determined for 200 nm NPs (680 m?%g), reflecting that

the porosity of the material does not significantly change with the size decrease.

Initial experiments used diluted suspensions of 100 nm NPs in chloroform (0.2 mg/mL and
0.5 mg/mL) prepared using an ultrasonic processor. Under probe sonication, the effective

ultrasonication intensity can be up to 100 times greater than those using conventional ultrasound
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baths[29,30]. Similar conditions to those described for 200 nm NPs were used (30 min of
continuous sonication at 50% amplitude) [22] but z-A isotherms with a remarkable lack of
reproducibility and low areas per MOF mass were obtained (Figure S4). Hence, sonication
process needed to be optimized to improve suspension stability and reduce particle
agglomeration. A complete detail of this optimization process is included in Supplementary
Material, Section 2, Figures S4 to S7.

Under optimal sonication conditions (60 min of continuous sonication at 70% amplitude),
reproducible z-A isotherms were obtained (Figure 1a). Moreover, these isotherms showed similar
areas per MOF mass and steep slopes, as for the 200 nm NPs Langmuir films. BAM images
obtained during film formation confirmed the formation of dense and compact films (Figure 2).
Small domains could be observed at areas from 200 cm?/mg and started to coalesce at a surface
pressure of ca. 0.2 mN/m (118 cm?/mg). Almost full coverage of the water surface was seen
around 0.5 mN/m (105 cm?/mg). Similar images were obtained between 5 and 30 mN/m
indicating only small changes in film packing. Finally, the collapse was observed around 35
mN/m. AV-A isotherms were also in accordance with the formation of a tightly packed NPs film
(Figure 1b). A decrease in the slope could be observed around 0.5 mN/m in good accordance
with almost full coverage of the film. A new slope change leading to an asymptotical value was
observed around 37.5 mN/m reflecting film collapse and the formation of 3D aggregates as

suggested by BAM images.
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Figure 1. a) Surface pressure-area (z-A) isotherms obtained using probe-sonicated suspensions
of MIL-96(Al) NPs of 100 nm in chloroform. For comparison purposes, a z-A isotherm obtained
in optimal conditions for the 200 nm NPs is included (orange dotted line). b) AV-A isotherm for
a 0.2 mg/mL ultrasonicated dispersion of 100 nm MIL-96(Al) NPs (blue line). The corresponding
7-A isotherm is also shown for clarity purposes (black line). In all cases, samples of 100 nm NPs
were sonicated continuously for 60 min at 70% amplitude.
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Figure 2. BAM images obtained at the air-water interface at different areas per MOF mass using
diluted suspensions (0.2 mg/mL) of 100 nm NPs prepared by continuous probe sonication (60
min, 70% amplitude): (a) 0.0 mN/m (198 cm?/g), (b) 0.2 mN/m (118 cm?mg), (c) 0.5 mN/m (105
cm?/mg), (d) 5.0 mN/m (81 cm?/mg), (e) 22.0 mN/m (69 cm?/mg), (f) 35 mN/m (56 cm?/mg).

To determine the optimal transfer pressure, LB films of 100 nm NPs were transferred onto
glass substrates at different surface pressures in the range between 5 and 30 mN/m, according to
the results obtained from BAM images. SEM characterization of these samples (Figure 3) showed
an increasing surface coverage from 5 to 25 mN/m, with those prepared at 25 mN/m presenting
the optimal coating. A further increase to 30 mN/m produced considerable agglomeration,
probably formed during LB transfer due to film stiffness. The optimal transfer pressure was lower
in comparison to 200 nm NPs (30 mN/m in that case). However, almost defect-free LB films
could be also obtained with 100 nm NPs without the need of any additional species (e.g.
surfactants[27,31]), showing that MOF particle size may be decreased without impacting LB film
quality.

Films were also prepared onto quartz plates in the same conditions to characterize their UV-
Vis absorption properties (Supplementary Material, Figure S8a). UV-Vis spectra showed a
peak (221 nm) and a shoulder (240 nm) from the overlapping of two peaks due to band
broadening, probably induced by scattering from the particles. Those peaks can be assigned to z—
n transitions of the benzene-1,3,5-tricarboxylate rings[32,33]. In addition, they are blue-shifted
with respect to the suspension by ca. 5 nm, probably by the polarity change induced by the solvent.
Moreover, a displacement to shorter wavelengths is also observed in comparison to 200 nm NPs
due to particle size decrease. Intensities were also ca. 2 times lower for 100 nm LB films

(Supplementary Material, Figure S8b).
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Figure 3. Representative SEM images of LB films of 100 nm NPs transferred onto glass
substrates at different surface pressures: 5, 10, 20, 25 and 30 mN/m. Spreading suspensions were
prepared in optimal conditions using ultrasonic probe.

3.2.- In situ synchrotron studies

In situ GIXD was monitored during film compression for both the 100 and 200 nm MIL-96(Al)
NPs (Figure 4a and Figure S9). Already at low pressure, the characteristic pattern of the bulk
material can be observed, in agreement with the NPs maintaining their crystallinity throughout
the process of dispersion and LB film formation. Intensities of the peaks increase with increasing
pressure, in agreement with the increased density of NPs in the volume sensed by the X-ray beam
upon compression. No significant modifications of the GIXD patterns with respect to the bulk
solid are observed that could point to a preferential specific orientation of the particles at the gas-
water interface. Both 100 and 200 nm NPs are therefore randomly oriented in the Langmuir film,
which is reasonable considering their relatively spherical nature. In situ Grazing-Incidence Small-
Angle X-ray Scattering (GISAXS) patterns were also acquired for both NP sizes to ascertain the
potential building of a specific in-plane NP structural organization in the Langmuir film. In both
cases, two symmetric maxima arise upon compression, that can be ascribed to the Bragg rods
corresponding to the NPs layer (Figure S10 and Figure 4b). The integrated g, vs. gxy data at 10
mN/m can be reproduced satisfactorily considering a gaussian peak on top of a power-law
background (Figure 4b), yielding peak maxima of g, = 0.0674(2) and 0.0375(2) nm
respectively for the 100 and 200 nm NPs. Assuming an almost hexagonal packing of the NPs, one
obtains inter-particle center-to-center distances D = 4n/gxy\/3 of respectively 129 and 232 nm,

only slightly larger than the NP size. It indicates that the Langmuir film is already dense and
12



homogeneous, in agreement with BAM and SEM observations. The absence of modulation of the
signal along g, and of diffraction spots at g, > 0 (see inset in Figure S10), that would arise in the
presence of multilayer(s), in addition, supports the formation of a purely 2D monolayer

organization of the NPs. In the case of the 200 nm NPs, a second weaker peak can be detected at

ca. 0.067 nm™, likely corresponding to the 11 peak of the hexagonal packing, expected at v/3 of
the first peak i.e. 0.065 nm, and thus pointing at a structured layer (Figure S10c). The correlation
length is however only ca. 500 nm, as derived from the Gaussian peak width and Scherrer law.
The order is therefore only local, over merely 2-3 NPs lattices, with no long-range order. This
together with the weaker scattering intensity of the 100 nm NPs may explain why the second peak
is not detected in the case of the smaller NPs. Again, these observations can be reasonably
explained by the characteristics of the NPs, with an imperfect spherical shape and a modest but
clear size polydispersity, while they are in agreement with the SEM images of transferred layers
(Figure 3).
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Figure 4. a) In situ GIXD patterns for 200 nm MIL-96(Al) NPs at the gas-water interface at
increasing pressure, as indicated, compared with the powder patterns of the bulk solid. b) In situ
GISAXS data for MIL-96(Al) NPs at the gas-water interface at 10 mN/m. The red line is the best-
fit of the data to a power-law background (~g28, as grey dash line) and either one (100 nm NPs)
or two (200 nm NPs) Gaussian peak(s) with maxima at gxy = 0.0674(2) and 0.0375(2)/0.067(1)
nm~* and width of 0.0191(4) and 0.0096(3) nm™, respectively.

Total Reflection X-Ray Fluorescence (TXRF) was registered simultaneously to GIXD and
GISAXS to analyze film composition during compression. In order to check the hypothesized
chloroform exchange at the air-water interface, Cl K, emission (2.622 keV) was monitored.
Considering that no Cl source was used during NPs synthesis and that a purging step with He (ca.
30 min) was performed to ensure chloroform and oxygen evacuation, before starting film

compression and data acquisition, the observed Cl K, contribution should come from CHCI;
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retained within the particles. In addition, the fluorescence data have been normalized by the initial
intensity in each experiment and the mass density of the MOF at the air-water interface, so that
any variation of the ClI K signal should be associated with changes affecting the CHCI; retained
in the film. Interestingly, a marked decrease of the CI fluorescence signal was systematically

observed during film compression, in all steps for both 100 and 200 nm NPs (Figure 5).
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Figure 5. Normalized fluorescence intensity (solid lines) vs. time at the gas-water interface for
Cl K, line for MIL-96(Al) NPs of 200 nm (a) and 100 nm (b). Surface pressure evolution is plotted
as dotted lines with the same color coding than fluorescence for each stage. Note that the higher
noise observed for the 100 nm NPs experiments arises from the use of a different fluorescence
detector than the one employed to characterize the bigger NPs.

MOF NPs presented an adsorption capacity of ca. 6.5 mmol of CHCI; per MOF gram at 298
K and p/p° = 0.9. However, the shape of both sorption and desorption branches (Supplementary
Material, Figure S3a) suggests that the kinetic diameter of the molecules (5.4 A)[34] hinders the
entrance and removal of CHCI; into and from the pores. Indeed, the desorption branch remained
almost flat until enough vacuum was achieved (ca. p/p° = 0.04) reflecting some kind of
confinement effect. Taking into account the high water affinity of the MOF (water adsorption
capacity around 13.0 mmol/g at 25 °C and p/p°® = 0.2, see Supplementary Material, Figure S3c)
and that chloroform solubility in water is significant at this scale (ca. 8 g/L at 25 °C)[35], this
suggests a solvent-exchange process with the participation of water. Water is preferentially
adsorbed in the accessible free pore volume, dissolving trapped CHCI; molecules which will
diffuse by the gradient difference into the subphase. This phenomenon is typically used during
particle post-synthetic activation to remove trapped species and exchange solvent molecules with

some others easier to be evacuated afterward[18].

The observed intensity decay was initially faster for 100 nm NPs, in agreement with the higher
surface/volume ratio where a higher portion of the particle surface is in contact with the water

surface for the solvent-exchange process. To further corroborate our hypothesis, a blank
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experiment where only CHCIl; was spread at the air-water interface was conducted and
fluorescence was registered after He purging. The obtained results showed an almost constant
signal (Supplementary Material, Figure S11), and the observed variations were within the noise
range, hence proving that the variation of the fluorescence intensity originates from a variation of
the adsorbed chloroform into the particles . Moreover, such a phenomenon was also observed for
another MOF, MIL-101(Cr)[27,36] (Supplementary Material, Figure S12). In this case, the
process was faster probably due to the combination of both smaller particle size and much larger

pore size (mesoporous MOF) effects.

In order to characterize the kinetics of the proposed CHCIs-H,O solvent-exchange process,
fluorescence data were first fitted to a single stretched exponential model (see Section 2.3 for
details on the used equation). However, this model did not describe accurately the evolution at
longer times for the smaller particles or at the beginning of the experiment for the bigger NPs
(Supplementary Material, Figure S13). Moreover, the obtained values for the stretching
parameter S suggested the presence of processes with significantly different characteristic times,
7. In a first approach, at least two processes may coexist. Therefore, a simple biexponential model
was explored (see Section 2.3 for details on the equation). Using this model, a satisfactory
simulation was obtained, for both particle sizes (Figure 6). The best-fit parameters obtained with

both models for all the experiments are summarized in Table 1.
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Figure 6. Normalized fluorescence intensity vs. time at the gas-water interface for Cl K, line for
MIL-96(Al) 200 (a) and 100 (b) nm NPs. Inset in a) shows a detail at shorter time scales for clarity
purposes. Green lines represent the best-fit of the experimental data to a biexponential model. Fit
parameters (R?, 71 and z,) are shown in each graph.

Using the biexponential model, a short 71 and significantly longer 7. were obtained for both
NP sizes. Moreover, 7; times were shorter for the small particles in all cases (1.8 times on
average). Our proposed mechanism considers that z; represents the solvent-exchange process of

weakly bound CHCIs molecules which are either contained near the surface or in more accessible
15



pores. This suggests that this process would be highly dependent on the surface/volume ratio.
Shorter times are obtained for higher surface/volume ratios (e.g. smaller spherical particles)
because this process occurs simultaneously on a higher extent of the porous system. On the other
hand, > would mainly represent the removal of strongly bound CHCIs; molecules confined into
inner pores in the structure of the MOF NPs. In addition to this effect, =, could also, possibly,

include a small contribution from instrumental drift from the detector.

Table 1. Fitting parameters for all the Langmuir film formation experiments of 100 and 200 nm
MIL-96(Al) NPs performed in Soleil synchrotron, using either a single stretched exponential or a
biexponential model. Experiments were conducted using either a 4 element fluorescence detector
(A) or a one element fluorescence detector (B).

Single stretched exponential Biexponential model
model
Fluo R’ B . (h) R? 7 (h) 2 (h)
detector

200 nm (1) A 0.9960 0.8520  0.9308 | 0.9978  0.6742  2.117-10°"
200 nm (2) A 0.9883 0.6793 0.6847 0.9965 0.4039 13.69
200 nm (3) B 0.8987 1 0.5011 0.9073 0.4661 0.4661*
100 nm (1) B 0.9768  0.4712 2.371 0.9814  0.2561 4.035
100 nm (2) B 0.9294  0.4723 1.356 0.9384  0.3575 6.283
100 nm (3) B 0.9598 0.4772 0.259 0.9884 0.2455 4.037

3.3.- Effect of solvent-exchange process on film adsorption capacity

In order to analyze the effect of the solvent-exchange process on film adsorption capacity, LB
films of MIL-96(Al) 100 nm NPs were transferred onto QCM substrates at 25 mN/m and CO,
adsorption was studied and compared with that of the LB films fabricated with 200 nm NPs.
Drop-cast samples were also prepared and analyzed to compare adsorption values with those of

ordered LB samples (Supplementary Material, Figure S19).

Previous FTIR experiments have proved a strong adsorption of CO; at the Lewis acid AI**
sites and —OH groups of the structure of MIL-96(A[25]. This is reflected on the adsorption

“1 Fitting to long times was not satisfactory in those cases because measurements were not long
enough due to beamline problems. In the first case an abnormally high z, value is obtained,
whereas in the second case fitting corresponds to a simple single exponential model 7; = 7.
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values of CO, obtained for the activated bulk material at 30 °C (ca. 3.2 mmol/g at 1 bar and 6.3
mmol/g at 10 bar) that are among the best performances for small pore MOFs previously reported
for CO; separation. Moreover, MIL-96(Al) also shows a significant CO, adsorption capacity at
moderate relative humidity (up to 10%) contrarily to other MOFs. This behavior has been
explained by the preferential adsorption of H,O at low relative pressures on the cavities containing
the more hydrophilic groups, which allows CO; adsorption on the other cavities containing p.-
OH groups[37]. The great affinity of MIL-96(Al) for water and methanol at 25 °C (ca. 5.7 mmol/g
for water at p/p°® = 0.03 and 5.0 mmol/g for methanol at p/p°® = 0.03) has also been shown in
previous studies[22-24,37]. Preferential location of the H,O and MeOH molecules at low relative
pressures is mainly driven by the hydrogen bonding interactions with —OH terminal groups while
the differences observed between both compounds at higher relative pressures can be explained

by the differences in the kinetic diameters (3.6 A for methanol and 2.6 A for water).

CO; adsorption for both particle sizes was similar in the bulk form (Supplementary Material,
Figure S2b). Therefore, under similar activation conditions, the adsorption capacity for LB films
was expected to be the same. Interestingly, LB films of both particle sizes showed almost the
same adsorption capacity whereas drop-cast samples of the smaller particles presented lower
adsorption values (ca. half the value of the bigger particles), with the isotherm presenting a
pseudo-linear shape. These results for drop-cast deposits of 100 nm NPs could be reasoned in
terms of a worse activation of smaller particles in our experimental setup. Probably the disordered
packing of these small particles blocks to a greater extent the surface of the particles, hindering
chloroform removal from inside the pores. However, ordered dense and compact packing in LB

films leads to the same activation degree for both particle sizes.

Inspired by the results from in situ measurements using synchrotron radiation, which proved
that the solvent-exchange process could be also performed in Langmuir films, we decided to
analyze CO; sorption simulating those experiments. For that purpose, firstly films of 200 nm NPs
were left at the transfer surface pressure (30 mN/m) at the air-water interface for two different
times: 6 or 12 h. After that time, LB films were transferred onto QCM disks and their CO;
adsorption was determined (Figure 7a). Moreover, those results were compared to the
measurements previously reported by some of us where films were immersed after transfer either
in MeOH or H,0 for 12 h[22] (Figure 7b).

The obtained results prove our hypothesis for the solvent-exchange mechanism and show that
similar activation degrees were obtained either in situ in the Langmuir film or ex situ in the
immersed LB films. Moreover, 6 h at the air-water interface were also not enough to attain the

same degree of activation, like in the immersed film.
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Figure 7. a) CO; adsorption isotherms determined at 303 K for 200 nm MIL-96(Al) NPs LB films
transferred after 6 h (red @) and 12 h (green M) in stability at the water surface at 30 mN/m. b)
Comparison of CO; uptakes on pristine films immersed during 12 h in H,O (black O) or MeOH
(blue @) prior to measurement with the values determined for films after stability for 12 h at the
air-water interface (green B). In both graphs, a plot for pristine LB samples (black @) is included
for comparison purposes. Error bars are standard deviations obtained from the analysis of at least
two samples.

As shown in the previous section, the solvent-exchange process was faster for smaller
particles. In order to check for this effect of particle size, we conducted CO; adsorption
measurements on LB films of 100 nm NPs transferred after a stability time of 12 h at the air-water
interface. Results showed that adsorption was almost identical to untreated samples
(Supplementary Material, Figure S20). A fast screening performed into immersed drop-cast
samples showed that the optimal time was around 3 h (Supplementary Material, Figure S21).
Those results together with the fact that drop-cast adsorption for the smaller particles was almost
2 times smaller than the bigger ones, suggested that, probably, the CHCI; content on pristine LB
films of smaller particles is lower than in 200 nm NPs, due to the faster H,O-CHCI; exchange.

On the other hand, the experimental QCM-based setup was modified to measure the adsorption
of organic vapors on the films. MeOH sorption was characterized on drop-cast and LB film
samples of 100 and 200 nm NPs. As MeOH and H.O molecules compete for the same active sites
in the MOF pores, each sample was measured for three successive adsorption-desorption cycles
to verify the extent of material activation and study the influence of film ordering. Results for LB
films showed that adsorption capacities for both NPs sizes were also identical (Figure 8), like in
the case of CO.. Moreover, adsorption for the three cycles was similar, with the one for the first
cycle being only slightly lower probably due to some retained H,O that is swept after completing
the adsorption/desorption cycle. Adsorption capacities were ca. 3 times lower in comparison to
the bulk due to the limited activation conditions in our setup. Despite this, deposits could be

completely regenerated without applying vacuum as evidenced by the desorption branches
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(Supplementary Material, Figure S22). The degree of activation of the material was
reproducible as demonstrated by the almost negligible deviations obtained from the measurement
of different samples. In addition, the effect of immersion activation on the adsorption capacity
was analyzed. In this case, smaller adsorption capacities were obtained for the 1% cycle, whereas
similar or higher adsorption values were obtained for the 2™ and 3™ cycle respectively
(Supplementary Material, Figure S23a). This can be reasoned considering that MeOH and H.O
molecules compete for the same adsorption sites. Therefore, there is a compromise between H.O
pre-adsorption and the solvent-exchange process for CHCIs. Water molecules are progressively
removed during successive adsorption cycles, hence the higher adsorption values in comparison

to pristine samples after the 1 adsorption cycle.
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Figure 8. MeOH vapor adsorption isotherms determined at 298 K for LB films of 100 (unfilled
symbols) and 200 (filled symbols) nm MIL-96(Al) NPs prepared in optimal conditions. Uptakes
were determined for three successive adsorption/desorption cycles: cycle 1 (black @,0), cycle 2
(red W,J) and cycle 3 (blue 4,<). Saturated MeOH vapors were generated at 281 K. Error bars
are standard deviations obtained from the analysis of at least two samples.

Finally, the effect of film ordering on the adsorption of MeOH was also characterized. Lower
adsorption capacities and higher variability were obtained with drop-cast samples in all cycles
(Supplementary Material, Figure S23b) in comparison to LB films. Such variability was not
observed in the case of CO, adsorption on drop-cast samples. Lower adsorption values may be
reasoned by the fact that film disorder creates diffusive barriers that hinder pore evacuation. The
same effect was reported previously on CO- adsorption experiments, where drop-cast samples
also showed lower adsorption capacities in comparison to LB films[22]. On the other hand, the
higher variability for all the adsorption cycles may indicate that part of the species not removed
due to the poorer activation are swept during the adsorption cycles. These species could present

favorable interactions within the pores and cannot be removed with pure He or CO, sweeping
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during cycling experiments. All these results prove again the importance of film ordering on thin

film activation and adsorption properties.

4.- CONCLUSIONS

The fabrication of Langmuir and Langmuir-Blodgett films made of NPs of different size (191
+ 18 and 109 £ 8 nm) of the microporous Al trimesate MIL-96(Al) and their activation through a

solvent-exchange process has been studied in this contribution.

We have shown that it is possible to study in situ chloroform-water solvent-exchange kinetics
at the gas-water interface using synchrotron Total Reflection X-Ray Fluorescence (TRXF).
Chloroform retained into MOF pores is released during film formation and Cl K, signal
continuously decreases. This process can be described by a biexponential model, characterized
by a short (z1) and a significantly longer (z;) characteristic times, which are ascribed to,
respectively, the solvent-exchange process of weakly bound chloroform molecules and the
progressive removal of strongly bound chloroform molecules (probably including a small
contribution from instrumental drift from the detector). Moreover, z: times are shorter for the

small particles, due to the different surface/volume ratio for both particle sizes.

The activation of the MOF film either in situ (films left at the air-water interface at the surface
pressure of transference before LB film deposition) or ex situ (LB films deposited onto QCM
disks and, afterwards, immersed into water) leads to similar CO, adsorption values in a QCM-
based setup, proving that film activation can be optimized with an adequate study of the solvent-
exchange processes. Moreover, methanol adsorption on LB films is larger and shows a better
reproducibility than on drop-cast films, revealing that film ordering achieved with the LB method
is particularly interesting for the study of gas and VOC adsorption-desorption processes and the

development of gas sensors based on MOF films.
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Supplementary Material

Figures showing additional details for MOF characterization, MOF NPs suspension
optimization, Langmuir and Langmuir-Blodgett film formation and characterization,
GIXD/GISAXS/TXREF in situ experiments using synchrotron radiation and CO, and MeOH
adsorption studies using the QCM setup can be found in the online version. A detailed description
of MOF NPs suspension optimization protocol and the modification of the QCM gas setup to
measure vapors are also included. Supplementary data associated with this article can be found,
in the online version, at XXXXXXX.
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