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ABSTRACT: This contribution reports the fabrication and characterization of ultrathin 

films of nanoparticles of the water stable microporous Al tricarboxylate metal organic 

framework MIL-96(Al). The preparation of MOF dispersions in chloroform has been 

optimized to obtain dense monolayer films of good quality, without nanoparticle 

agglomeration, at the air-water interface that can be deposited onto solid substrates of 

different nature without any previous substrate functionalization. The MOF studied 

shows great interest for CO2 capture because it presents Al3+ Lewis centers and 

hydroxyl groups that strongly interact with CO2 molecules. A comparative CO2 

adsorption study on drop-cast, Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) 

films using a Quartz Crystal Microbalance-based setup (QCM) has revealed that the 

CO2 uptake depends strongly on the film fabrication procedure and the storage 

conditions. Noteworthy the CO2 adsorption capacity of LB films is increased by 30% 

using a simple and green treatment (immersion of the film into water during 12 h just 

after film preparation). Finally, the stability of LB MOF monolayers upon several CO2 

adsorption/desorption cycles has been demonstrated, showing that CO2 can be easily 

desorbed from the films at 303 K by flowing an inert gas (He). These results show that 

MOF LB monolayers can be of great interest for the development of MOF-based 

devices that require the use of very small MOF quantities, especially gas sensors. 

 

Keywords: metal organic framework (MOF), MIL-96(Al), nanoparticles (NPs), 

Langmuir-Blodgett (LB) films, quartz crystal microbalance (QCM), CO2 

adsorption/desorption, reusable gas sensor. 
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1.- INTRODUCTION 

The interest in metal organic frameworks (MOFs) has continuously grown in the last 

years [1, 2]. Several synthetic methodologies [3], functionalization processes [4], MOF 

properties [5] and composites containing MOFs [6] have been extensively studied and 

their potential applications in different sectors of industrial interest are still being widely 

explored: gas storage [7], membrane technology [8], heterogeneous catalysts [9], 

sensors [10], drug delivery [11], electronic devices [12], etc. Many of these applications 

[13] require an adequate shaping such as the formation of MOF films onto solid 

surfaces with precise control of film thickness and homogeneity [14]. 

Between the large number of processes reported to deposit MOF coatings onto solid 

substrates, SURMOFs [10] (surface-mounted metal organic frameworks) prepared by 

liquid phase epitaxy (LPE) are promising candidates due to the crystalline, high quality 

coatings with predefined orientations with respect to the substrate that are obtained [14]. 

However, this methodology suffers from several limitations: previous functionalization 

of the substrates by self-assembly of appropriate monolayer films is required and, in 

general, it is a very time-demanding procedure. This strategy cannot be applied to all 

types of MOFs and has been, to date, mainly restricted to low valence metal (II) based 

MOFs. This excludes water stable MOFs based on metals in higher oxidation states (III, 

IV) that are the most promising candidates for real applications.  

In a recent study [15], some of us have reported the fabrication of Langmuir-Blodgett 

(LB) films of nanoparticles (NPs) of the mesoporous metal organic framework MIL-

101(Cr), showing that compact MOF LB films can be deposited onto different kind of 

substrates adding only 1% wt. of behenic acid to MOF dispersion in order to reduce 

particle aggregation and improve the interaction of the NPs with the surface of the solid 

supports. Particularly, these MIL-101(Cr) LB films (MOF content of only a few 

micrograms) deposited onto QCM crystals have been used to obtain accurate CO2 

adsorption values, using much lower MOF quantities than conventional adsorption 

instruments. 

MOF thin films deposited onto QCM substrates are very interesting systems for the 

development of chemical sensors [16] and also for the study of fundamental properties 

for the potential applications of MOFs, such as mass transfer processes and activation 

[17]. It has been proven that the outer surface of MOFs undergoes changes upon 
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exposure to ambient conditions, resulting in the formation of surface barriers [18], 

which makes more difficult the access of guest molecules to the MOF pores. Surface 

barrier phenomenon also explains why diffusion coefficients reported for the same 

MOF may vary by several orders of magnitude for different samples of the same 

material, even restricting the comparison to the results reported by the same research 

group using the same synthetic method [17]. 

Following our research on the preparation of MOF ultrathin films using the LB 

technique, in this work, MIL-96(Al) NPs of size 200 ± 50 nm have been synthesized 

and LB and LS films have been fabricated onto quartz, glass and QCM crystals. 

Interestingly, MIL-96(Al) does not require the use of any additional surfactant to obtain 

compact and uniform MOF monolayers that can be deposited onto substrates of 

different nature, in contrast to MIL-101(Cr) NPs that needed behenic acid to improve 

film homogeneity and adhesion to the substrates [15]. 

MIL-96(Al) is an aluminium trimesate MOF, made under hydro/solvothermal 

conditions, which exhibits a 3D structure comprised of Al octahedral units (chains, 

trimers) connected with the 1,3,5-benzenetricarboxilate ligand [19]. Contrarily to MIL-

101(Cr), that presents large pores and cavities, MIL-96(Al) is a narrow pore MOF that 

contains three different types of cavities: spherical cages (type A, cavity-free diameter 

ca. 11 Å), elongated cavities (type B, dimensions  9.5 × 12.6 × 11.3 Å) and narrow 

cages (type C, dimensions 3.6×4.5 Å) accessible through microporous windows. 

Moreover, recent studies have shown that the 2D pore structure is comprised of a “zig-

zag” channel system between cavities B and C, while cavities of type A are isolated 

within the structure [20]. Narrow pore MOFs present great interest because they can 

potentially address key challenges such as carbon capture and other separation 

processes [21]. The remarkable hydrothermal and thermal stability of MIL-96(Al) along 

with a good affinity for CO2 as a result of the presence of Al Lewis acid sites and -OH 

groups make this material of high interest for CO2 capture. In addition, its CO2 

adsorption capacity in the presence of moisture is very attractive. In a recent study, the 

effect of adsorbed water on CO2 uptake was evaluated for 45 MOFs and it was 

concluded that, although the CO2 adsorption capacity is reduced in the presence of 

water, MIL-96 (Al) exhibits the best CO2 uptake in presence of water of all the MOFs 

analyzed [22]. Moreover, the enthalpy of adsorption for CO2 in MIL-96(Al) is lower 
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(30-35 kJ·mol-1) than for other highly efficient CO2 adsorbents. Moderate adsorption 

enthalpy suggests an easy reversibility of adsorption−desorption cycles and is highly 

desirable for the adsorbent regeneration process, reducing significantly energy costs, 

which is required for industrial operations [20]. 

In this study, we have analyzed the CO2 adsorption capacity of QCM crystals coated 

with MIL-96(Al) films prepared both by drop-casting and the LB method to investigate 

the effect of using various solvents (methanol, chloroform, n-hexane) for the 

preparation of MOF dispersions, the storage of the films in different environments and 

the treatment for a more efficient MOF film activation. In addition, the stability of LB 

films upon successive CO2 adsorption/desorption cycles has been analyzed, showing 

that CO2 can be easily desorbed from MIL-96(Al) thin films at 303 K only flowing an 

inert gas (He), without any thermal treatment. 

 

2.- MATERIALS AND METHODS 

2.1.-MOF Synthesis and characterization 

Aluminum nitrate nonahydrate (4.5 g, 12 mmol) from Merck (98.5 %) and trimesic 

acid (2.52 g, 12 mmol) from Sigma Aldrich (95 %) were dissolved in 300 mL of a 

H2O/DMF (volume:volume = 1/1) mixture. N,N-Dimethylformamide (DMF) was 

supplied by Sigma Aldrich (99.8 %). Acetic acid (1.68 mL, 30 mmol) from Sigma 

Aldrich (99.7 %) was added. After heating the solution under reflux for 16 hours, a 

white mixture was obtained and centrifuged at 14500 rpm for 15 min.  It was then 

washed with deionized water (30 mL), one more time with a H2O/EtOH (v:v =1/1) 

mixture (30 mL) and finally with EtOH (30 mL). The obtained white crystals were 

finally dried at room temperature. 

CO2 adsorption isotherms of the NPs were measured with a Micromeritics ASAP 

2020 equipment at 303 K using water as a coolant. 

Powder X-Ray Diffraction (PXRD) was collected using a Bruker D8 diffractometer 

mounted with a rotating capillary (θ−2θ) with Cu radiation (λKα1 = 1.54059 Å). 
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Scanning Electron Microscope (SEM) images were taken at 10 kV with a Field 

Emission Gun (FEG) column using a SEM Inspect F50 (FEI Company). All samples 

inspected at SEM were coated with a layer of platinum (5-10 nm). 

2.2.- Langmuir, Langmuir-Blodgett and Langmuir-Schaefer film fabrication and 

characterization 

Langmuir film formation was studied in a commercial Langmuir Teflon trough 

(NIMA, Model 702) with dimensions of 720 x 100 mm and a symmetrical double-

barrier configuration. Surface pressure vs. area (π-A), surface potential vs. area (ΔV-A) 

and Brewster Angle Microscopy (BAM) images were registered in this device. 

Another apparatus was used for Langmuir-Blodgett and Langmuir-Schaefer (LS) 

film fabrication. This was a KSV-NIMA trough, model 2000-System 3, with 

dimensions 775 × 120 mm and a symmetrical double-barrier system. 

These troughs were kept inside closed cabinets in a clean room at constant 

temperature (20 ± 1ºC). In both cases, compression was performed at a constant speed 

of 6 cm2·min-1. Ultra-pure Milli-Q water (ρ = 18.2 MΩ·cm) was used in all the 

experiments as subphase. Surface pressure was continuously monitored in both devices 

using Wilhelmy balances with a filter paper plate. BAM images were obtained with a 

KSV NIMA Micro BAM. This device uses a red laser (50 mW, 659 nm) with a fixed 

incidence angle of 53.1º as light source. The spatial resolution of the optical system in 

the water surface plane is 6 µm per pixel. Surface potential was registered using a KSV 

NIMA SPOT surface potential sensor. 

Chloroform (Macron, >99.8%) was used to prepare MIL-96(Al) suspensions. 

Different concentrations were tested (0.2, 0.5 and 1.0 mg·mL-1). Suspensions were 

prepared from dry powder using conventional ultrasonic bath or ultrasonic probe. 

The conventional ultrasonic bath was a WiseClean WUC-A02H (Power Output 100 

W). 30 minutes of sonication were enough to disperse the material. The ultrasonication 

probe-type device was a Hielscher UP400S ultrasonic processor (Power Output 400 W). 

Samples were ultrasonicated continuously for 30 minutes at 50% amplitude using an H3 

type tip (3 mm diameter). In both cases, 15 minutes of additional conventional 

sonication were used before spreading the material onto the water subphase.  
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Dynamic Light Scattering (DLS) measurements were used to characterize MOF 

dispersions prepared with both ultrasonic devices. The instrument used was a Malvern 

Zetasizer Nano ZS ZEN3600 equipped with a 633 nm laser. Suspensions were 

measured using a square optical glass cuvette from Malvern (model PCS1115) with a 

total capacity of 3500 µL and 10 mm optical path. Suspensions were sonicated for 10 

minutes before measurement. Scattered light was detected at 173º angle. Attenuator 

index, measurement position and number of runs accumulated on each measurement 

were automatically adjusted by the software to obtain a photon counting rate of ca. 200 

kcps. A total of three measurements were performed for each sample.  

Langmuir-Blodgett films were fabricated onto solid substrates (glass, silicon, quartz, 

QCM crystals) using the vertical dipping method at a vertical speed of 1 mm/min. In the 

cases specified, the surface of glass substrates was made hydrophobic by immersion 

into a solution of 1,1,1,3,3,3-hexamethlydisilizane (Sigma Aldrich, 99.9%) for 24 h. 

Substrates were then rinsed with chloroform to remove the silane excess. Unless 

otherwise stated, transference was performed during substrate emersion. 

Langmuir-Schaefer films were also fabricated onto solid substrates similar to those 

used on Langmuir-Blodgett film fabrication. The substrate was held horizontally and 

parallel to the water surface using a vacuum pump-based horizontal dipping clamp 

(KSV KN-0006). The suction cap where the substrates were attached has a diameter of 

either 7 mm (for glass and quartz substrates) or 18 mm (for QCM crystals). When the 

desired surface pressure was reached, the substrate was approached to the surface at a 

vertical speed of 1 mm/min. Once the substrate touched the water surface, it was 

withdrawn at a vertical speed of 10 mm/min. 

Drop-cast samples were fabricated spreading drop by drop ca. 150 µL on top of glass 

substrates similar to those used on Langmuir-Blodgett film fabrication and QCM disks. 

Chloroform (Macron, >99.8%), methanol (Sigma-Aldrich, 99.8%) and n-hexane 

(Sigma-Aldrich, 99.0%) were used to prepare the suspensions. 

SEM images were taken at 10 kV with a FEG column using a SEM Inspect F50 (FEI 

Company). All samples inspected at SEM were coated with a layer of platinum (5-10 

nm). 
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UV-Vis spectra of LB films deposited onto quartz plates (Hellma Analytics, 

665.000-QS, 45 mm × 12.5 mm × 1.25 mm) were registered using a Varian Cary 50 

spectrophotometer. A normal incident angle with respect to the film plane was used. 

Solutions were measured using quartz cuvettes of 350 µL with a light path of 1 mm 

(Hellma Analytics, 100-QS). 

Grazing incidence X-ray diffraction (GIXRD) characterization of films deposited 

onto Si(100) substrates was performed using a high resolution Empyrean diffractometer 

(PANalytical) equipped with a Pixcell 1D medipix3 detector. Measurements were 

performed operating at 45 kV (generator voltage) and a tube current of 40 mA (Cu Kα 

radiation) and the scans were collected in the open detector mode. The grazing 

incidence angle (between 0.13º and 0.16º) was optimized for each sample before scan 

acquisition. 

2.3.- QCM-based setup for gas adsorption studies 

A homemade QCM-based setup was used for gas adsorption measurements [15]. The 

setup consists of a stainless steel cell of about 200 mL total volume. Two AT-cut QCM 

crystals of a resonant frequency of 9 MHz purchased from Inficon were mounted onto 

two chlorinated polyvinyl chloride (CPVC) CHC-15 crystal holders (Inficon) inside the 

chamber. Each disk was fixed to the holder by means of one O-ring made from Viton 

and a stainless steel lock nut. Each holder was connected through a 2´ SMB-SMB plug 

to an Inficon RQCM system with two Phase Lock Oscillators capable of working in the 

5.1-10 MHz range. The operating range goes from -25ºC to 95ºC. 

One of the crystals was uncoated and used as a reference to correct possible 

fluctuations during the measurement due to temperature, pressure or gas flow [23]. 

A total gas flow of 50 mL (STP)·min-1 was used in all the measurements. Helium 

was used as diluting gas and CO2 as adsorbate. Gas flows were controlled separately 

using two Alicat Scientific MC-1000SCCM-D/5M mass-flow controllers. The pressure 

inside the chamber was monitored using a pressure sensor. Temperature inside the 

chamber was measured by two thermocouples and adjusted by two electric resistors. 

Before starting each measurement, the sample was outgassed at 353 K during 2 h 

under a constant flow of 50 mL (STP)·min-1 of He and then cooled to 303 K 

maintaining the same He flow until a stable frequency was obtained. Adsorption 
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measurements were performed at constant temperature (303 K) using five different 

partial pressures of CO2 in the gas mixture: 20%, 40%, 60%, 80% and 100% in volume. 

Before changing the gas mixture composition, frequency was allowed to stabilize. At 

the end of the measurement, pure He was flown to sweep CO2 and observe the recovery 

of the samples. Cycling CO2 adsorption/desorption experiments were performed at 

constant temperature (303 K) and the same flow and gas mixtures described above were 

used. Pure He between cycles was flown until frequency stabilized. 

 

3.- RESULTS AND DISCUSSION 

3.1.- Langmuir, Langmuir-Blodgett and Langmuir-Schaefer films 

Spherical MOF NPs of size 200 ± 50 nm (Supplementary material, Figure S1) 

were synthesized following the procedure described above and used for suspension 

preparation. Langmuir films of MIL-96(Al) were obtained at the air-water interface 

spreading different volumes of diluted MOF NP suspensions in chloroform 

(concentrations used were 0.2, 0.5 and 1 mg·mL-1). Initial experiments (π-A isotherms 

and UV-Vis spectra of the solutions) using suspensions prepared with the conventional 

ultrasonic bath showed a bad reproducibility even for solutions containing the same 

concentration of MOF. In addition, very compressed π-A isotherms were obtained even 

for high spreading volumes (8 mL of a 0.2 mg·mL-1 solution). Using higher sonication 

times, more expanded π-A isotherms were obtained (Supplementary material, Figure 

S2). 

Brewster Angle Microscopy images were taken spreading a 0.2 mg·mL-1 MIL-96(Al) 

suspension (Figure 1). Particle domains of about 450 µm can be seen even from the 

start of the experiment (with the barriers completely opened), confirming particle 

aggregation. These domains finally coalesce into a film at low surface pressure values 

(0.7 mN·m-1). Drop-cast samples of these solutions were analyzed by SEM 

(Supplementary material, Figure S3) and confirmed the presence of big aggregates. 
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Figure 1. BAM images obtained at different surface pressures using a 0.2 mg·mL-1 

MIL-96(Al) suspension prepared using ultrasonic bath: (a) 0.0 mN·m-1 (947 cm2·g 

MOF-1), (b) 0.0 mN·m-1 (413 cm2·g MOF-1), (c) 0.0 mN·m-1 (338 cm2·g MOF-1), (d) 0.7 

mN·m-1, (e) 17.1 mN·m-1, (f) 42.8 mN·m-1. 

Ultrasonic probe was used in following experiments to break more efficiently the 

aggregates [24]. In comparison to conventional ultrasonic baths, higher ultrasonic 

intensities are applied to the suspension thanks to the use of the ultrasonic probe (the 

ultrasonication intensity can be expected to be up to 100 times greater) [25]. Dynamic 

light scattering measurements of the most diluted suspensions (0.2 mg·mL-1) prepared 

using the ultrasonic probe showed a low polydispersity index (PDI) and monomodal 

size distributions (PDI 0.026 ± 0.008, average size 220.4 ± 49.69 nm) while suspensions 

of the same concentration prepared using conventional ultrasound bath showed a higher 

polydispersity index and bimodal size distributions (PDI 0.438 ± 0.024 , Peak 1: Av. 

Size 263.7 ± 73.43 nm, 97.1% intensity; Peak 2: Av. Size 5387 ± 318.4 nm, 2.9% 

intensity), as deducted from the plots of size distribution based on intensity 

(Supplementary material, Figure S4). These observations suggested that optimal 

MOF suspensions are obtained using the ultrasonic probe and a MOF concentration of 

0.2 mg·mL-1. Moreover, DLS measurements demonstrate that the use of the ultrasonic 

probe does not produce any ripening of MOF nanoparticles, contrarily to previous 

findings for ZIF-8(Zn) [26]. 
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Using this methodology for suspension preparation, different volumes of different 

samples of the same concentration (0.2 mg·mL-1) can be spread, leading to reproducible 

π-A isotherms (Supplementary material, Figure S5). Also drop-cast samples inspected 

by SEM confirmed the decrease in agglomeration (Supplementary material, Figure 

S6). 

BAM images were obtained during film compression (Figure 2) and did not show 

any domains until lower areas on the surface were reached (140 cm2·mg-1). At low 

surface pressures (1.0 mN·m-1), a film can be already observed although holes are 

present. Further compression leads to a more compact film. At 40 mN·m-1, 

multilayering occurs. 

   

   

Figure 2. BAM images obtained using a 0.2 mg·mL-1 MIL-96(Al) suspension prepared 

using ultrasonic probe: (a) 0.0 mN·m-1 (480 cm2·g MOF-1), (b) 0.0 mN·m-1 (134 cm2·g 

MOF-1), (c) 0.4 mN·m-1 (101 cm2·g MOF-1), (d) 1.5 mN·m-1, (e) 15.0 mN·m-1, (f) 46.0 

mN·m-1. 

ΔV-A isotherms are consistent with the formation of a compact film (Figure 3). 

Surface potential oscillations at large areas per MOF mass reflect the existence of 

uncovered water surface areas as seen in BAM images. The start of slope growth over 

140 cm2·mg-1, at larger areas than the lift-off of the surface pressure [27], anticipates the 

beginning of film formation. A new slope change can be observed around 60 cm2·g-1. 

Further compression almost does not change ΔV value, probably due to the collapse of 

the film and the formation of 3D aggregates, according to the BAM images. 
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Figure 3. ΔV-A isotherm for a 0.2 mg·mL-1 ultrasonicated suspension of MIL-96(Al). 

For comparison purposes, the corresponding π-A isotherm is also shown. 

Langmuir films obtained with 0.2 mg·mL-1 suspensions in chloroform were then 

transferred onto glass substrates for SEM inspection to assess the effect of suspension 

preparation and transfer pressure. Firstly, LB films were transferred at 30 mN·m-1 

during emersion using suspensions prepared with conventional ultrasound and 

ultrasonic probe. LB samples fabricated using mixtures prepared with conventional 

ultrasound bath showed greater particle aggregation than those prepared with ultrasonic 

probe (Figure 4).  

      

Figure 4. SEM images of LB films transferred at 30 mN·m-1 onto glass substrates. 

Spreading solutions were prepared using conventional ultrasound bath (left) or 

ultrasonic probe (right). Scale bar corresponds to 4 µm. 

The effect of transfer pressure was analyzed using three different values (20, 30 and 

40 mN·m-1). Films were transferred during substrate emersion. Almost defect-free LB 

monolayer films were obtained without adding any stabilizing species (e.g. surfactants). 

Surface coverage obtained by SEM characterization at the three surface pressure values 

was very similar, confirming that the film is in a dense condensed state 
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(Supplementary material, Figure S7), although stability measurements performed 

showed that Langmuir films are more stable at 30 mN·m-1. 

To study the effect of the substrate nature onto the MOF film deposition, Langmuir 

films fabricated at optimal conditions (transferred at 30 mN·m-1 using suspensions 

prepared with ultrasonic probe) were transferred during immersion of hydrophobic or 

untreated glass substrates (hydrophilic) leading to bad quality films with a low coverage 

(Supplementary material, Figure S8). These experiments showed that the most 

favorable way for MIL-96(Al) LB film fabrication is the transfer during emersion of the 

hydrophilic substrate. Finally, LS films were also deposited onto untreated glass 

substrates, showing a similar coverage than LB films transferred during emersion of the 

hydrophilic substrate. 

To complete the characterization of the samples, LB films were transferred at a 

surface pressure value of 30 mN·m-1 onto quartz slides and Si(100) wafers for UV-Vis 

and GIXRD characterization. UV-Vis spectrum of the LB film (1 layer) showed a well-

defined and intense absorption peak at 227 nm (Figure 5). This results from the 

overlapping of the two observed peaks on MeOH solutions (233 and 246 nm) and can 

be assigned to π-π* transitions on the 1,3,5-benzenetricarboxylate rings [28, 29]. 

 

Figure 5. UV-vis spectra of an LB film transferred at 30 mN·m-1 onto a quartz slide 

(green line) and a MIL-96(Al) solution in MeOH (black line). 

The GIXRD patterns of the drop-cast and LB/LS films (Figure 6) show the 

characteristic pattern of MIL-96(Al) in agreement with the theoretical pattern [19, 20]. 
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This indicates that the crystalline structure of the MOF is preserved upon film 

fabrication.  

 

Figure 6. GIXRD patterns of LB (green line), LS (blue line) and drop-cast (black line) 

samples of MIL-96(Al). For comparison purposes, a simulated spectrum for the powder 

(pale blue) and the experimental powder diffraction (PXRD, red line) are included. 

The small amount of material deposited in the samples, probably makes that some of 

the diffraction peaks are less marked. In addition, the small size of the NPs leads, as 

expected, to broader diffraction peaks. 

3.2.- CO2 adsorption studies 

CO2 adsorption studies at 303 K were performed using the QCM-based setup 

following the procedure described above. LB and LS films were studied together with 

drop-cast samples prepared using suspensions containing different solvents. 

At least three different samples of each type were analyzed and average values 

together with error bars are plotted. Error bars in some points are almost not visible 

because of the size of the symbols. Mass changes were calculated from frequency 

changes using the Sauerbrey equation [30], Δf = -Cf·Δm, where Δf is the observed 

frequency change in Hz, Cf is the sensitivity factor of the QCM crystal (0.1834 Hz·ng-

1·cm2, provided by Inficon) and Δm is the change in mass per unit area. The change in 

the resonant frequency after the deposition of the film was used to determine the mass 

of MOF deposited. Changes in the frequency upon varying CO2 content in the stream 

were used to determine the amount of CO2 adsorbed. In addition, sample recovery was 
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analyzed by the frequency change after flowing pure He and the frequency value at the 

beginning of the experiment, before introducing CO2 on the chamber.  

Langmuir films obtained at the best working conditions (0.2 mg·mL-1 MIL-96(Al) 

suspensions in chloroform prepared using ultrasonic probe) were transferred vertically 

(LB) or horizontally (LS) onto QCM substrates at 30 mN·m-1. SEM characterization 

(Supplementary Material, Figure S9) showed that a good surface coverage was 

obtained with both transfer methods, without the addition of any surfactant, contrarily to 

the behavior observed for MIL-101(Cr) NP that needed behenic acid to be efficiently 

deposited onto QCM substrates [15].  

Figure 7 shows CO2 adsorption isotherms obtained for LB and LS films and drop-

cast samples prepared from chloroform suspensions using the QCM-based setup. These 

results are compared with the CO2 adsorption isotherm obtained for the powder sample 

using the conventional analytical method (Micromeritics ASP 2020 equipment). As can 

be observed, the CO2 adsorption on the powder sample is significantly higher than 

adsorption on the films. The lower CO2 uptakes obtained for all the samples studied in 

the QCM-based device can be explained by the different activation conditions between 

both methods: in the QCM-based setup temperature upper limit is 95ºC and an inert gas 

flow is used to sweep the adsorbents. However, in the Micromeritics ASAP 2020 the 

sample is activated overnight at 150ºC and outgassing is performed under secondary 

vacuum. As can be observed, LB and LS films show similar CO2 uptakes, which are 

more than two times higher than adsorption on drop-cast samples. This increment in gas 

adsorption was interpreted as a more effective activation in the cell of the LB and LS 

films compared to drop-cast films, due to the lower NP agglomeration in the LB/LS 

films, or to the exchange of adsorbates or solvent trapped into the material during 

LB/LS film preparation, since MOF NPs are floating onto the water surface during ca. 2 

h before the films are transferred onto the substrates. 
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Figure 7. CO2 adsorption isotherms on MIL-96(Al) films determined using the QCM-

based device: LB film (green ), LS film (red ) and CHCl3 suspension drop-cast 

(black ). Adsorption for the powder determined with a Micromeritics ASAP 2020 

equipment is also plotted for comparison purposes (blue ). Error bars are standard 

deviations obtained from the analysis of at least three samples. 

Interestingly, samples could be regenerated in our experimental QCM setup by 

flowing pure He without needing to increase the temperature. A recovery of 97-99% 

was obtained from the frequency change. To illustrate this behavior, a frequency vs. 

time curve for an adsorption experiment performed on a MIL-96(Al) LB film can be 

found on Supplementary material, Figure S10. 

In order to check if these values could be improved, drop-cast samples were prepared 

from suspensions in other volatile solvents (n-hexane and methanol) which can also be 

used for Langmuir film fabrication. As shown in Figure 8, the use of n-hexane did not 

improve CO2 adsorption whereas drop-cast samples from methanol suspensions gave 

rise to adsorption values almost two times higher than those obtained with chloroform 

suspensions, probably due to the differences of kinetic diameters and boiling points of 

the solvents as well as their hydrophilic/hydrophobic character; altogether this impacts 

the amount of adsorbed residual molecules into the pores that might restrict the pore 

accessibility, particularly for type B and C cavities.  

Considering their molecular size, the three solvents used for suspension preparation 

shall be adsorbed on isolated type A and type B cavities, on the outer surface of the 

MOF particles. n-Hexane has the highest boiling point (69ºC) and an intermediate 
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kinetic diameter (5.1 Å), chloroform shows the highest kinetic diameter (6.9 Å) and the 

lowest boiling point (61ºC). Finally, methanol presents the lowest kinetic diameter (3.6 

Å) and an intermediate boiling point (65ºC). In addition, n-hexane adsorption and 

confinement into the pores is governed by Van der Waals interactions, which can lead 

to higher adsorption enthalpies (30-100 kJ·mol-1) [31] than for chloroform and 

methanol. Although chloroform shows a boiling point low enough to be desorbed at 

80ºC, its larger size makes difficult its complete desorption during the activation step 

used in the QCM-based setup, while the higher boiling temperature and adsorption 

enthalpy of n-hexane combined with its kinetic diameter leads to the lower adsorption 

capacity of the drop-cast samples. On the other hand, the kinetic diameter of methanol 

makes easier its desorption during the film activation step. Moreover, as reported 

before, polar molecules able to form hydrogen bonds with the –OH groups in the metal 

clusters (e.g. short chain alcohols), can lead to an enhanced CO2 adsorption [32]. 

However, for hydrophobic solvents (n-hexane and chloroform) no enhancement of CO2 

adsorption by interaction with adsorbed molecules is expected and the overall effect is a 

decrease on the number of adsorption sites for CO2. Therefore, residual chloroform and 

n-hexane molecules do not contribute to increase CO2 adsorption whereas MeOH might 

improve it. 

 

Figure 8. CO2 adsorption isotherms on drop-cast samples prepared from suspensions of 

MIL-96(Al) in CHCl3 (black ), MeOH (green ) and n-hexane (red ) determined 

using the QCM-based device. Error bars are standard deviations obtained from the 

analysis of at least three samples. Adsorption for the powder determined with a 

Micromeritics ASAP 2020 equipment is also plotted for comparison purposes (blue ). 
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In view of these results, new LB samples were deposited onto QCM disks in the 

same conditions described above and immersed immediately after preparation into 

methanol overnight (12 h) (Figure 9). Noteworthy, gas adsorption was increased up to 

1.85 mmol of CO2 per g of MOF (almost 33% higher than untreated LB samples). As 

discussed above, methanol and chloroform are totally miscible but methanol is 

evacuated more efficiently during activation process, leading to larger pore volume 

accessible for gas adsorption; moreover, residual adsorbed methanol molecules, if any, 

might contribute to an enhanced CO2 adsorption. Longer immersion times of the films 

into methanol (41 h) led to similar results. 

In order to explore greener alternatives, the same procedure was performed but films 

were immersed into water instead of methanol. An analogue effect was observed when 

the samples were immersed for 12 h into water (adsorption increased up to 1.82 mmol 

of CO2 per g of MOF). Drop-cast samples, prepared from solutions in chloroform and n-

hexane, were also immersed during 12 h in water and a significant increment of CO2 

uptake was observed. Figure 9 summarizes all these results.  

 

Figure 9. CO2 adsorption isotherms for MIL-96(Al) films determined using the QCM-

based device: LB film (red ), drop-cast in CHCl3 (blue ) and drop-cast in n-hexane 

(pink ), immersed 12 h in water. A plot for LB samples immersed for 12 h in MeOH 

(black ) is also included for comparison purposes. Error bars are standard deviations 

obtained from the analysis of at least three samples. 

As can be observed in Figure 9, n-Hexane drop-cast samples were activated less 

efficiently in comparison to the chloroform samples as it was expected from the 
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solubility values in water, since chloroform solubility in water is much higher (8 g/L of 

water for chloroform and 0.14 g/L of water for n-hexane) leading to more efficient 

solvent exchange for the chloroform drop-cast samples. 

In order to study the influence of storage conditions, new LB samples were prepared 

and stored in desiccator or in open cases. Samples stored in desiccator for short times (7 

days) remained unaltered, whereas samples exposed to air showed a significant decrease 

of the CO2 uptake (30% decrease for a sample exposed 10 days to air). Storage for a 

long time in desiccator (65 days) leads to the same decrease in the adsorption capacity. 

All these results are shown in Figure 10. This behavior was interpreted as the formation 

of surface barriers when MOF NPs are exposed to ambient conditions [17]. Many 

MOFs are non-water stable and their exposure to water vapor produces the surface 

barrier phenomenon, which limits diffusion of molecules into the pores. Interestingly, 

this process is almost reversible for the hydrophilic MIL-96(Al). Immersion of aged LB 

samples into water for 12 h allows obtaining similar CO2 adsorption values (1.76 mmol 

of CO2·g MOF-1) than LB samples treated just after preparation. Moreover, these 

adsorption values are higher than those of untreated LB samples measured immediately 

after preparation (1.40 mmol of CO2·g MOF-1). The role of water in this process could 

be both to exchange with retained chloroform and an almost complete suppression of 

the surface barriers. In order to investigate the effect of this treatment on the films, 

samples immersed during 12 h in water or methanol were inspected by SEM but no 

structural changes were observed in the films. This seems to confirm that the treatment 

mainly produce the release of molecules trapped on the outer surface of the NPs. 

The ageing of the LB samples treated with MeOH was also analyzed. A higher 

adsorption capacity was observed compared to the untreated aged samples (1.25 mmol 

of CO2·g MOF-1 for the aged treated samples). A similar effect was observed for LB 

samples treated with water (1.29 mmol of CO2·g MOF-1 for the aged treated samples), 

probably due to the removal of chloroform adsorbed into the pores of the material in the 

presence of MeOH or water. 

In order to test additional procedures for a better activation of the films in the QCM-

based cell, new LB samples were prepared and introduced into an oven for 21 h at 

150ºC immediately after preparation. Then, the samples were immersed into methanol 

during 12 h. This strategy however did not work as expected and similar adsorption 
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values to that of untreated LB samples were obtained (1.45 mmol of CO2·g MOF-1).  

This confirms the superiority of our method that is based on a less time- or energy-

demanding procedure in comparison to classical activation methods that require 

elevated temperatures. 

 

 

Figure 10. CO2 adsorption isotherms for LB samples stored under different conditions 

determined using the QCM-based device: 7 days at desiccator (red ), 65 days at 

desiccator (blue ) and 10 days at air (pink ). For comparison purposes, the 

adsorption for LB samples measured immediately after preparation (black ) is shown. 

Error bars are standard deviations obtained from the analysis of at least three samples. 

Finally, several CO2 adsorption/desorption cycles were performed on recently 

prepared LB samples to study their stability, in order to evaluate the utility of LB films 

in a practical application (reusable CO2 gas sensors). Between each adsorption cycle, 

pure He flow was used to desorb CO2 from the MOF films. For practical purposes, 15 

cycles were carried out. Figure 11 summarizes the results obtained in these studies. 

Moreover, the same experiment was also performed with aged LB samples and lower 

CO2 uptakes were obtained at each CO2 partial pressure step, as it could be expected 

(Supplementary material, Figures S11, S12). Interestingly, the aged LB films 

exhibited similar performance than the as-prepared LB samples, in terms of 

adsorption/desorption reversibility and reproducibility. These experiments show that 

MOF LB films are stable during several CO2 adsorption/desorption cycles. Moreover, 

CO2 can be desorbed simply by flowing an inert gas at 303 K, without any thermal 
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treatment and without a significant loss of the adsorption capacity of the films, 

confirming that a moderate adsorption enthalpy of the adsorbate is a relevant parameter 

that should be considered in the development of MOF based-devices for gas sensing or 

gas separations [20].  

 

 

Figure 11. CO2 uptakes on a recently prepared MIL-96(Al) LB film at different CO2 

partial pressures during 15 adsorption/desorption cycles. Legend colors correspond to 

the adsorption cycle number. 

 

4.- CONCLUSIONS 

The formation of ultrathin films of NPs (size 200 ± 50 nm) of the metal organic 

framework MIL-96(Al) at the air-water interface has been optimized. The use of diluted 

(0.2 mg·mL-1) MOF suspensions in chloroform prepared using ultrasonic probe leads to 

the formation of dense monolayers, without NP agglomeration, that can be transferred 

directly onto solid substrates of different nature (glass, quartz, silicon) as confirmed by 

SEM, UV-Vis and GIXRD characterization. This procedure provides a significant 

advantage compared to other methods used for MOF thin film preparation [14], since no 

substrate functionalization is required; moreover, it was not necessary to add any 

surfactant to MIL-96(Al) NPs to obtain dense monolayers onto QCM substrates, 

contrarily to the behavior observed for MIL-101(Cr) NPs that required behenic acid to 

be efficiently transferred onto these substrates used for gas adsorption studies [15]. 
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Using a QCM-based device, a comparative CO2 adsorption study at 303 K has been 

performed on LB, LS and drop-cast films. MIL-96(Al) films prepared and stored under 

different conditions have been analyzed, showing that film adsorption capacity strongly 

depends on the sample history (solvent used in suspension preparation, film fabrication 

method, storage conditions). Interestingly, it has been shown that CO2 uptakes, at CO2 

partial pressures between 20 and 100 kPa, can be determined utilizing QCM substrates 

covered with just one LB monolayer. Moreover, a green and simple treatment just after 

film fabrication (immersion of the films during 12 h into water) increased by 30% the 

CO2 adsorption capacity of LB monolayers. Finally, CO2 adsorption/desorption 

experiments showed that MIL-96(Al) LB films are stable at least for 15 cycles, with a 

constant CO2 adsorption capacity and, more importantly, CO2 can be completely 

desorbed from the films at 303 K using only He flow during 20 minutes without heating 

the experimental setup. These results reveal that, although MIL-96(Al) shows a good 

affinity for CO2, the moderate adsorption enthalpy of CO2 onto this MOF, facilitates the 

reversibility of the adsorption/desorption processes [22]. 

These results pave the way for new perspectives on the fabrication, characterization 

and applications of robust MOF thin films, especially for gas adsorption processes and 

devices based on very small amounts of MOFs that can be easily reused using a cost-

effective treatment at room temperature, without the need of aggressive regeneration 

procedures [33, 34]. This methodology is particularly interesting for the development of 

gas sensors based on MOF thin films. 

Supplementary Material 

Figures showing additional details about Langmuir and Langmuir-Blodgett film 

formation and characterization and CO2 adsorption studies using the QCM setup can be 

found in the online version, at XXXXXXX. 
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