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ABSTRACT: The emission of polar volatile organic compounds (VOCs) is a major worldwide concern of air quality and 
equally impacts the preservation of cultural heritage (CH). The challenge is to design highly efficient adsorbents able to 
selectively capture traces of VOCs such as acetic acid (AA) in the presence of relative humidity (RH) normally found at stor-
age in museums (40-80%). Although the selective capture of VOCs over water is still challenging, Metal-Organic Frame-
works (MOFs) possess highly tunable features (Lewis, Bronsted or redox metal sites, functional groups, hydrophobicity…) 
suitable to selectively capture a large variety of VOCs. In this context, we have explored the adsorption efficiency of a series 
of MOFs thin films (ZIF-8(Zn), MIL-101(Cr) and UiO-66(Zr)-2CF3) for the selective capture of AA based on a UV/Vis and FT-
IR spectroscopic ellipsometry in operando study (2-6% of relative pressure of AA under 40% of RH), namely conditions 
close to the realistic environmental storage conditions of cultural artefacts. For that purpose, optical quality thin films of 
MOFs were prepared by dip-coating and their AA adsorption capacity and selectivity were evaluated under humid condi-
tions by measuring the variation of the refractive index as a function of the vapor pressures while the chemical nature of the 
co-adsorbed analytes (water and AA) was identified by FT-IR ellipsometry. While thin films of ZIF-8(Zn) strongly degraded 
when exposed to AA/water vapors, films of MIL-101(Cr) and UiO-66(Zr)-2CF3 present a high chemical stability under those 
conditions. It was shown that MIL-101(Cr) presents a high AA adsorption capacity due to its high pore volume, but exhibits 
a poor AA adsorption selectivity under humid conditions. In contrast, UiO-66(Zr)-2CF3 was shown to overpass MIL-101(Cr) 
in terms of AA/ H2O adsorption selectivity and AA adsorption/desorption cycling stability thanks to its high hydrophobic 
character, suitable pore size for adequate confinement and specific interactions.  
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1. INTRODUCTION. 

 

Nowadays, air pollution is a major worldwide concern and a low air quality is often attributed to volatile organic com-

pounds (VOCs) emissions which cause adverse health effects. Cultural heritage (CH) artefacts in museums, archives, librar-

ies and artworks in private collection as well - are threatened and can be severely deteriorated by air pollutants.1-2 This 

issue has attracted the attention of a growing number of conservators and scientists to find new ways for evaluating the 

risks related to pollutants, the dose-damage relationship and the development of new monitoring techniques.3-5 Indoor air 

measurements in CH institutions clearly indicate rather low levels of infiltrated outdoor pollutants but a high quantity of 

VOCs is emitted by wood, paints, resins, plastic foams, insulating materials, wall and floor coverings, as well as furnishings 
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often used in museum rooms, storage areas, and showcases.1-2 The VOCs are also generated during the degradation of mu-

seum artefacts. Analyses performed by the Getty Conservation Institute inside seventeen museums and institutions have 

shown that acetaldehyde, acetic acid (AA), formaldehyde, and formic acid are the most common carbonyl compounds (CCs) 

encountered in museums.6 Their amount of up to a few 100 ppb strongly depends on the storage materials or the historical 

objects.7-8 More than 75 years of visual and audio memories made with cellulose derivatives are actually in serious danger 

due to the hydrolysis and oxidation of cellulose acetate into AA.1-2 The mitigation strategies mostly rely on improving the 

chemical filtration in the air conditioning unit or storing the cultural artefacts in a showcase at low temperature and low 

RH.1-2, 8 However these technologies and protocols are quite expensive, energy-consuming and not effective enough to pre-

vent the irretrievable damage of historical objects with time since they do not allow to maintain a very low tolerated con-

centration of CCs (typically 400-40 ppb of AA for a 1-100-year preservation target) which is required for museum, gallery, 

library, and archival collections.1-2 A viable solution to protect CH artefacts consists of using adsorbents to efficiently cap-

ture CCs. Different adsorbents such as activated carbons, zeolites, silica and pillared clays are currently employed in the 

context of CH.9-10 These commercially available shaped sorbents present the advantage to be easily introduced at the vicini-

ty of an artefact such as in showcases, storage boxes or cabinets and have been to date intensively considered for the cap-

ture of many CCs.9-12 However, AA is a highly acidic and hydrophilic molecule which raises additional challenges compared 

to other more hydrophobic CCs, due to its strong competitive adsorption with water under RH above 30%. As a conse-

quence, zeolites and activated carbons suffer from limited AA capture performances since these porous materials are either 

poorly selective in the presence of humidity (zeolites) and/or show low AA affinity (carbons). This leads on both cases to 

poor capture performances when traces of AA are present.9-12 Therefore, the design of alternative adsorbents highly effi-

cient to selectively adsorb traces of AA in the presence of humidity, i.e. with RH classically ranging in museums from 30 to 

60% is still a great challenge for the CH preservation. Note that the development of efficient CCs adsorbents that are used in 

other indoor environments is also a major public health concern for the air quality. 

 In the continuous quest of valuable solutions for air quality, Metal-Organic Frameworks (MOFs) are recognized as an 

emerging class of adsorbents toward the abatement of VOCs including CCs owing to their large surface area and chemical 

functionality. 13-16 Specific adsorption sites can be introduced in the MOF backbone either on their inorganic nodes (Lewis 

acid groups) or through the introduction of functional groups (–CF3, -alkyl chain or –NH2 ) on the organic linker. Their 

chemical diversity, tuneable  hydrophobicity/hydrophilicity balance and selective sorption properties are thus exploited to 

optimize the host/guest interactions involved in numerous applications including gas storage, gas/liquid separation, sens-

ing, energy conversion/storage, catalysis.13, 17-18 MOFs have also been considered for the capture and catalytic degradation 

of toxic industrial chemicals, chemical warfare agents and also environmental VOCs, even at trace levels in ambient condi-
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tions.19-22 However, until now, only a few studies have been reported on MOFs for CCs capture under humid conditions.23-26 

Notably, most of the previously reported works have studied the efficiency of MOFs for the removal of only a single CC 

(most prominently formaldehyde)24 while CCs are present in the indoor environment as a gaseous mixture in which water 

is the most abundant interfering species. As a consequence, it is noteworthy that only MOFs with a high chemical and water 

stability should be considered for the selective capture of VOCs under humid ambient conditions. However, in the past few 

years, different strategies have been reported to design chemically stable MOFs such as porous polycarboxylates based on 

high valent cations (Zr4+, Ti4+).27-28  Recently, some of us have investigated the use of MOFs for the capture of AA in the pres-

ence of water (40% RH), considering an environmental chamber.19 This previous work has led to the identification of sev-

eral MOFs such as ZIF-8(Zn), MIL-140B(Zr), MIL-101(Cr) and UiO-66(Zr)-2CF3  that were shown to capture traces of AA in 

the presence of humidity, thereby overpassing the benchmark RB4 activated carbon for this application.19 The performance 

of such adsorbents was mainly evaluated by the measurement of the residual amount of AA in the environmental chamber 

after 2 hours of exposure and thus from their capacity to remove AA. However, the characterization of their AA/water co-

adsorption properties under the real conditions of the application (nature of the adsorbed species) as well as the evaluation 

of their adsorption/desorption cyclability and thus their long-term reusability were not investigated.  Note that AA sorption 

isotherms as single component of MOFs cannot evaluate the efficiency of MOFs for the selective capture AA under humid 

conditions since the competitive adsorption of water not only decreases their AA adsorption capacity but may also impact 

the hydrophilic-hydrophobic balance of the materials and thus their AA affinity.  The potential of these MOFs as AA sensors 

was also not explored. 

In this paper, we explored the competitive sorption behavior of a few of these MOFs, as thin films, exposed to AA/water 

vapor through environmental ellipsometric porosimetry. This technique is a very powerful characterization method for 

nanoporous optical films.29 As previously reported, UV-visible spectroscopic ellipsometry (UVSE) was capable to fully char-

acterize the porosity, the mechanical properties and the –sorption properties of micro- and mesoporous films (oxides and 

MOFs) under a controlled atmosphere and at various temperatures.30-31 The processing of MOF thin films has been reported 

by numerous strategies including layer-by-layer approach, vapor phase conversion of oxide, electrochemistry  and so on.13, 

17, 32 UVSE requires the processing of thin films of high optical quality that are typically obtained through the deposition of 

stable colloidal suspension of nanoparticles (NPs) with particle size lower than 100 nm. The adsorption properties of a few 

MOFs (i. e. MIL-101(Cr), ZIF-8(Zn), MIL-89(Fe)) for different vapors (i.e. isopropanol, THF, n-heptane, iso-octane, cyclohex-

ane and water) were previously studied by some of us with the use of UVSE.30-31 This experiment involves the in situ moni-

toring of the refractive index in UV-Vis spectral range and the thickness of the film upon variation of the relative vapor pres-

sure between 0 % and 100 % inside the analysis chamber. Note that UVSE experiments can be performed at RT and does 
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not require any activation of the material in comparison to standard sorption experiments. It is thus a valuable tool to char-

acterize the co-adsorption properties of MOFs using in operando conditions, namely conditions close to the realistic envi-

ronmental storage conditions of cultural artefacts. This technique may thus provide valuable information on the affinity of a 

sorbent towards a mixture of vapors which is much more complex to extract from standard sorption experiments. In the 

present case, we have performed these experiments on MOF thin films of high optical quality. The selected MOFs (i. e. ZIF-

8(Zn), MIL-101(Cr) and UiO-66(Zr)-2CF3) can be synthesized as monodisperse nanoparticles. They present a good chemical 

stability and high hydrophobic character that may limit the co-adsorption of water.  UVSE experiments have allowed us to 

fully describe the AA/H2O co-adsorption and adsorption/desorption cycling properties of these MOF thin films. In addition, 

the composition of the co-adsorbed species (vibrational signature in IR range) in the MOFs pores was monitored as a func-

tion of the vapor pressures and time by in situ IR spectroscopic ellipsometry (IRVASE).33 In light of the results obtained from 

this synergistic combination of UV-Vis and FT-IR spectroscopic ellipsometry platform, it was possible to elucidate the inter-

actions between MOFs and adsorbed species (AA and water) and thus a  fundamental understanding of the water/AA co-

adsorption processes of these MOFs was achieved. While a competitive AA/H2O co-adsorption process was evidenced for 

MIL-101(Cr), UiO-66(Zr)-2CF3 was shown to selectively adsorb AA under humid ambient conditions and could thus be used 

as a highly performing CH adsorbent. To the best of our knowledge, this work provides the first detailed evaluation of the 

adsorption and detection performance of MOFs towards AA under competing humidity conditions and these findings will be 

helpful for the future development of highly performing VOCs adsorbents. 

2. EXPERIMENTAL SECTION. 

 

2.1. Processing of MOF thin films. The preparation of MOF thin films was carried out by dip-coating process. For each 

MOF, a colloidal solution of MOF nanoparticles (NPs), denoted nanoMOF, was prepared at 0.01 mol.L-1 in ethanol. Thin films 

of nanoMOFs were prepared by dip-coating these colloidal solutions under ambient conditions (room temperature (RT), 

atmospheric pressure) by using a silicon wafer previously washed with ethanol. The withdrawal speed was set at 0.05 or 15 

mm s-1. At the end of the nanoMOF deposition, the silicon plate is left for 1 min at RT for the evaporation of the remaining 

solvent. To stabilize the freshly deposited coating, the films were then heated at 120°C for 2 min with a heating ramp of 18 

°C.min-1 and then cooled down before the adsorption experiment. 

2.2. Characterization. X-ray powder diffraction patterns of nanoMOF and films were acquired with a D5000 Siemens 

X’Pert MDP diffractometer for a range of 2θ from 5 to 30°. The porosity of nanoMOFs was characterized by nitrogen 

porosimetry at 77 K by using a BELSORP-Mini porosimeter. A Perkins Elmer SDA 6000 apparatus was used for the 

thermogravimetric analysis. The samples were heated up to 600°C with a temperature ramp of 5°C.min-1 under a flow of air. 



5 

 

Colloidal solutions of MOFs were characterized by dynamic light scattering (DLS) experiments with a Malvern nanosizer 

(Nano ZS). For TEM characterization, samples were prepared by depositing one droplet of the colloidal suspension onto a 

carbon-coated copper grid and left to dry in air. TEM observations were performed using a JEOL 2010 Transmission Elec-

tron Microscope operating at 200 kV. High-angle annular dark field imaging in scanning transmission electron microscope 

mode (STEM-HAADF) was performed on a JEOL JEM 2100F microscope installed at IMPMC (Paris, France), operating at 200 

kV, equipped with a field emission gun, a JEOL detector with an ultrathin window allowing detection of light elements and a 

scanning TEM (STEM) device, which allows Z-contrast imaging in HAADF mode. SEM images have been recorded on a JEOL 

JSM-7001F microscope using gold-coated samples equipped with an X-ray energy-dispersive spectrometry (XEDS) detector 

with a X-Max SDD (silicon drift detector) by Oxford. Atomic Force Microscopy (AFM) was carried out in air with a Dimen-

sion ICON (Bruker) microscope, more precisely with the Peak Force tapping mode. For this purpose, a silicon tip on nitride 

lever (ScanAsyst Air model, Bruker) with a 0.4 N/m spring constant and a nominal tip radius of 2 nm was used with a reso-

lution of 512 pixels x 512 pixels. 

2.3. Characterization of the sorption properties of MOF films by UV-visible (UVSE) and IR spectroscopic 

ellipsometry (IRVASE). The UVSE experiments were performed with a UV-Vis (from 245 to 1000 nm) variable angle 

ellipsometer (Woollam M-2000U) and the Complete EASE software using Cauchy models. The IRVASE experiments were 

conducted with A MARK-II IRVASE from Woolam Company. FTIR extraction was performed by using a “wavelength by 

wavelength” model inversion after having fixed thin film thickness (obtained from UVSE analysis). These experiments re-

quired a chamber containing the nanoMOF film equipped with a THMSEL600 heat cell (from Linkam company) for the in-

situ monitoring of film refractive index in the presence of AA/water vapor mixtures (Figures S22 and S23). After moderate 

heating (120°C for 10 minutes) and cooling in dry air, the AA and water vapor mixed atmosphere was injected into the anal-

ysis chamber for adsorption experiments (air/water/AA proportions were controlled with two pairs of mass flow controller 

from Sol-Gel Ways Company (Figure S22). 

 

3. RESULTS AND DISCUSSION. 

 

3.1. Synthesis of nanoMOFs and processing of thin films. In this article, we have considered first the slightly hydro-

phobic mesoporous chromium terephthalate, MIL-101(Cr) (cage dimensions of 2.9 and 3.4 nm), owing to the presence of 

coordinatively unsaturated metal sites (Lewis acid sites) that can potentially act as strong AA adsorption sites and to its 

very large pore volume allowing high and fast AA uptake.34 We have also selected the microporous hydrophobic Zn 
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imidazolate (cavities of 11.6 Å).35 Finally, the microporous three-dimensional Zr dicarboxylate, UiO-66(Zr)-2CF3 (tetrahe-

dral and octahedral cage dimensions of 0.8 and 1.0 nm, respectively) bearing pending −CF3 groups substituted in the ter-

ephthalate linker was also considered.19  

For the analysis of films by ellipsometry, the film rugosity must indeed be as low as possible which implies the pro-

cessing of MOF films with nanoMOF particle size diameter usually below 100 nm. ZIF-8(Zn) and MIL-101(Cr) nanoparticles 

(NPs) were synthesized following synthesis protocols already available in literature (see supporting information (SI)).30-31 

In this work, the synthesis of UiO-66(Zr)-2CF3  NPs was slightly adapted from a previously solvothermal protocol,36 relying 

here on ambient pressure round-bottom flask protocol suitable for a larger scale production. To obtain stable UiO-66(Zr)-

2CF3 colloidal solutions, a monodentate modulator, i.e. benzoic acid and moderate temperature synthesis (60°C), were con-

sidered. As previously shown, these molecules compete with the organic linker for coordination with the metal cation which 

strongly affects the nucleation kinetics of the MOF and thus enable to tune the particle diameter of the MOF.37-39 Moreover, 

the introduction of a benzoic acid in the reaction medium can also induce the presence of missing linker defects.37, 40 Thus, 

UiO-66(Zr)-2CF3 NPs were synthesized by heating at 60°C the precursors (ZrOCl2.8H2O and 2,5-

bis(trifluoromethyl)terephthalic acid) with an excess of acids (benzoic acid and HCl) in DMF (see SI for more details). All 

nanoMOFs were then characterized by combining powder X-ray diffraction (PXRD) (Figures S1, S2 & S3), N2 porosimetry 

(Figures S4, S5 & S6), thermogravimetric analysis (TGA) (Figures S7, S8 & S9) and FTIR spectroscopy (Figures S10, S11 & 

S12). PXRD showed the characteristic Bragg peaks of MOF with a substantial broadening, in agreement with the presence of 

NPs. FT-IR and TGA did not evidence the presence of any impurity such as unreacted organic linker or metal oxides. Accord-

ing to TEM and HAADF-STEM experiments (Figure S13) ZIF-8(Zn)  nanocrystals  with a diameter of 40±10 nm were synthe-

sized with a characteristic rhombic dodecahedral shape as previously reported.41 Spheroidal small nanocrystals were ob-

tained for MIL-101(Cr) and UiO-66(Zr)-2CF3  with a diameter of 30 ± 15 nm and 20 ± 15 nm respectively (Figures S13 and 

S14). SEM-XEDS mapping experiments (Figures S15 and S16) show the homogeneous chemical composition of the MOF 

samples. 

Stable colloidal solutions of these nanoMOFs could then be prepared through the dispersion of NPs in ethanol at a con-

centration of 0.01 mol. L-1 as shown by dynamic light scattering (Figures S17, S18 & S19). The elaboration of thin film of 

optical quality is required for their characterization by UV-vis ellipsometry. As previously demonstrated, the thickness and 

microstructure of MOF films strongly depend on the concentration of MOF colloidal solution, temperature and withdrawal 

speed. 30-31 This latter leads to two different mechanisms of deposition called draining (> 1 mm s-1) and capillary regimes (< 

0.1 mm s-1) including an intermediate regime (0.1-1 mm s-1). As previously shown on ZIF-8(Zn) and MIL-101(Cr) films,30-31 

the deposition of MOFs solutions in the capillary regime can lead to thin films of high optical quality with a limited rough-
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ness due to the homogeneous distribution of densely packed MOF NPs on the glass substrate. Thin films of the nanoMOFs 

were thus prepared following a single deposition process of a 0.01 mol.L-1 colloidal solution of nanoMOF at a withdrawal 

speed of 0.05 mm.s-1.  As measured by UVSE, the film thickness of MIL-101(Cr), ZIF-8(Zn), and UiO-66(Zr)-2CF3 were re-

spectively equal to 289, 312 and 146 nm. AFM experiments were performed to characterize the morphology of the thin 

films (see Figure 1). These films are covered by a uniform and homogeneous distribution of densely packed MOF nanocrys-

tals. The root-mean-square roughness was estimated to be close to 18 nm, 15 nm and 10 nm for thin films of MIL-101(Cr), 

ZIF-8(Zn), and UiO-66(Zr)-2CF3 respectively. 

3.2. Adsorption of acetic acid by ZIF-8(Zn) thin films. The AA adsorption properties of thin films of nanoMOFs in the 

presence of humidity were first investigated by in situ UVSE under ambient conditions (RT, 1 bar) close to the real museum 

environment. First, the co-adsorption properties of ZIF-8(Zn) towards AA/water mixtures was evaluated. The experiment 

was conducted at RT into three steps. First, a water vapor flow was injected into a chamber containing the film to reach 

40% RH. Then, an air flow containing 2% relative pressure (P/Pvapsat) of AA (296 ppm) was injected leading to a chamber 

with 40% RH and 2% P/Pvapsat of AA. Finally, the desorption occurred by dry air flushing. Due to the high hydrophobicity of 

ZIF-8(Zn), the change of refractive index (RI) was low (∆RI= 0.02) under water vapor (Figure 2(A)). In the presence of AA 

vapor, a very fast increase of RI up to n (700 nm) = 1.55 (∆RI= 0.40) was observed. However, after desorption, the RI de-

creased slightly but did not reach its initial value. Therefore, an irreversible phenomenon occurred during the adsorption 

experiment. The initial ZIF-8(Zn) film was iridescent before the experiment, due to interferences between the MOF film and 

the substrate. After exposure to water/AA vapors, it became strongly tarnished. The comparison of the PXRD pattern before 

and after the exposure to the mixture of water/AA showed that the ZIF-8(Zn) crystalline structure was totally degraded 

upon the exposure to AA/water vapor mixtures (Figure 2(B)). As previously reported, ZIF-8(Zn) NPs, films and membranes 

can degrade under humid conditions, as a result of the hydrolysis of Zn-N bonds.41-43 These results show that a mixture of 

water/AA vapor affects dramatically the crystalline structure of ZIF-8(Zn). This is tentatively associated with a decrease of 

the internal hydrophobicity of this MOF as a result of attractive interactions (H-bonds and Van der Waals) between -COOH 

groups from AA adsorbed within the structure and water molecules. This cooperative AA/water co-adsorption changes 

drastically the hydrophobic-hydrophilic balance of the MOF, thus its reactivity towards water hydrolysis. Although this falls 

out of the scope of this study, this quick and massive increase of RI upon AA exposure makes the nano-ZIF-8(Zn) films inter-

esting candidates for the design of highly sensitive single-use AA sensor in presence of humidity. 
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Figure 1. AFM images of a) MIL-101(Cr), b) UiO-66(Zr)-2CF3, c) ZIF-8(Zn) thin films  

 

 

Figure 2. (A) RI evolution of ZIF-8(Zn) thin films exposed to sequential different environments namely 40% RH, 2% of AA 
and 40% RH and dry air. (B) PXRD pattern of ZIF-8(Zn) films (a) before and (b) after exposure to AA/water vapors. 

 

3.3. Characterization of the water/AA co-adsorption properties of MIL-101(Cr) and UiO-66(Zr)-2CF3 films by UV-

vis and infrared spectroscopic ellipsometry.  The chemical stability of both MOFs in the presence of AA/water mixture 

was first evaluated by PXRD. Both powdered MOF samples were thus exposed in an environmental chamber with 40% rela-

tive humidity and 2% relative pressure (P/Pvapsat) of AA (296 ppm). The PXRD patterns of both MIL-101(Cr) and UiO-66(Zr)-

2CF3 exposed to AA/water mixture for about 2h are identical to that of MOFs initially synthesized (see Figures S20 and S21 

of the SI). The crystallinity of these MOFs is not affected after exposure to AA/water mixture. These experiments confirm 

that both MIL-101(Cr) and UiO-66(Zr)-2CF3 are chemically stable upon AA adsorption in the presence of humidity. The AA 

adsorption properties of thin films of MIL-101(Cr) and UiO-66(Zr)-2CF3 in the presence of humidity were evaluated by UVSE 

under ambient conditions (RT, 1 bar). First, water adsorption isotherm of MIL-101(Cr) (Figure 3) was measured showing a 

progressive increase of the refractive index of the MOF film as a result of the adsorption of water molecules in the 

mesoporous cages (diameter of 29 and 34 Å) of the MOF (at RH = 40%) and in the interparticle mesoporosity (RH> 80%). 
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This water adsorption isotherm of MIL-101(Cr) thin film is fully consistent with that of water isotherm volumetrically 

measured on powdered MIL-101(Cr) sample as previously reported.44  The water isotherm of UiO-66(Zr)-2CF3 is character-

ized by a small increase of RI between 40 and 60% RH (∆RI=0.05). It is fully consistent with that of water isotherm volumet-

rically measured on powdered UiO-66(Zr)-2CF3 as previously reported.19  Interestingly, it confirmed that the water uptake 

of UiO-66(Zr)-2CF3 in conditions of relative humidity found in museum is limited, as previously shown,19 in agreement with 

its hydrophobic character. Water adsorption isotherm were then measured by UVSE while maintaining a constant P/Pvapsat 

of AA of 2%. In those conditions, the water adsorption isotherms of both MIL-101(Cr) and UiO-66(Zr)-2CF3 are however 

strikingly different. When exposed to the AA/water mixture, MIL-101(Cr) exhibited a higher adsorption below 40% RH than 

in the absence of AA (Figure 3). Hence, the hydrophilic character of this MOF increased in contact with AA vapor which is 

likely due to favorable interactions between AA and water as result of a cooperative adsorption process. This is consistent 

with previous results observed for hydrophobic mesoporous silica exposed to ethanol/water mixtures.45 In contrast, at high 

relative humidity, a lower amount of water was adsorbed into MIL-101(Cr) film in presence of AA, which might be due to an 

increase of the hydrophobic character of the external surface of NPs. This can be explained with a possible substitution of 

water molecules coordinated to surface Cr sites of MIL-101(Cr) by AA molecules. Indeed, CCs such as ketones are prone to 

interact with coordinatively unsaturated sites (CUS) of MOFs such as the mesoporous MIL-100(Fe).46 This was also shown 

here by Infrared spectroscopic ellipsometry (IRVASE). Indeed, IRVASE was used to provide a chemical characterization of 

the MIL-101(Cr) film upon co-adsorption. Figure 4 displays FT-IR spectra in the 1000-1800 cm-1 region of MIL-101(Cr) 

films exposed to water/AA vapors of different composition. Under low humidity conditions (RH 5%), the FT-IR spectrum 

displays the characteristic stretching vibrations of the coordinating carboxylate groups of the terephthalate linker (i. e. 

νs(C=O)=1400 cm-1 and νas(C=O)=1623 cm-1) as also shown in the FT-IR spectrum of the pure MIL-101(Cr) NPs (see Figure 

S11).47 Increasing the RH to 40% leads to the shift of the maximum of this peak to 1631 cm-1 that can be due to the presence 

of H-O-H bending mode of free water molecules.  
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Figure 3. Water adsorption isotherm of (a) MIL-101(Cr) film and (b) UiO-66(Zr)-2CF3 films exposed to water vapors (RH 
40%) and a mixture of water vapors at 40% RH and AA vapors at 2% P/Pvapsat. Refractive index is given at 700 nm wave-
length. 

 

By deconvoluting these FT-IR spectra, one could detail the impact of AA vapor onto water adsorption. In particular, the 

1580-1680 cm-1 region was deconvoluted with the two contributions centered at 1623 and 1640 cm-1 corresponding re-

spectively to the coordinating carboxylate groups and water molecules. This analysis was completed with the analysis of the 

surface area absorption band of OH stretching groups (from 3000 to 3600 cm-1) (Figure 4c and Figure S24). In the absence 

of AA, a very little amount of free water was adsorbed into MIL-101(Cr) for RH< 40%. Once MIL-101(Cr) films were exposed 

to an increasing amount of AA at 40% RH, strong modifications of the FT-IR spectra were observed. The vibration band at 

1400 cm-1 became more intense but its analysis is quite complex due to the simultaneous presence of strong vibration 
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modes associated to the OH and C=O groups of free AA. Vibration bands at 1259 and 1715 cm-1 appeared at AA concentra-

tions as low as 1% and their surface area increases with the AA concentration. These bands could be respectively assigned 

to the ν(C-O) and ν(C=O) modes of free AA. This observation is in agreement with the increase of the surface area of the 

broad vibration band ν(O-H) in the 3000-3500 range (Figure S24). Remarkably, both the surface area of 1640 and 1623 cm-1 

bands assigned to free water and coordinated carboxylate groups increased with AA content up to 2% and 6% of AA respec-

tively. This is consistent with (i) an important co-adsorption of water driven by the presence of AA and with (ii) the increas-

ing amount of acetate groups coordinated on the metal sites since the vibration modes of coordinating carboxylate groups 

of the terephthalate linker overlap with those of complexed acetate groups (i.e. νs(C=O) and νs(C=O)). Overall, these results 

show that a significant amount of AA molecules interact with the coordinatively unsaturated Cr sites (CUS) of MIL-101(Cr) 

while the majority of AA molecules is also adsorbed in the MOF matrix through weak Van der Waals and hydrogen bond 

interactions. A similar interaction between the carbonyl function of CCs with open metal sites of MOFs was previously re-

ported.25, 46  

UVSE experiments were also performed with the UiO-66(Zr)-2CF3 thin film. Figure 3(b) shows the water/AA adsorption 

isotherm of UiO-66(Zr)-2CF3. Similarly, to MIL-101(Cr), an increase of RI at RH lower than 40% was observed in the pres-

ence of AA but to a much lesser extent in comparison to MIL-101(Cr). The low water uptake of UiO-66(Zr)-2CF3 is fully con-

sistent with its hydrophobic character that prevents water molecules from fully entering the porosity even in the presence 

of AA. These films were also characterized by IRVASE experiments. As shown in Figure S25, FT-IR spectra of UiO-66(Zr)-

2CF3 films exposed to water vapor of increasing RH were almost identical, in full agreement with the lower affinity of this 

MOF toward water. Similar FT-IR spectra were also recorded after adsorption/desorption cycles, thereby showing the ex-

cellent stability of this MOF under humidity as previously reported.19, 48 Figure 4(b) displays FT-IR spectra of UiO-66(Zr)-

2CF3 films exposed to a variable amount of AA at 40% RH.  Similarly, to MIL-101(Cr), the presence of free AA is clearly iden-

tified by the appearance of strong vibration bands at 1708, 1270 and 1305 cm-1, their intensity increasing with the AA 

amount. The intensity of the vibration bands of the coordinated terephthalate (νs(C=O)=1388 cm-1 and νas(C=O)=1592 cm-1) 

did not change significantly upon increasing the AA concentration. However, the presence of coordinated acetate groups 

cannot be entirely ruled out due to the appearance of small vibration bands at 1428 and 1564 cm-1. Indeed, it is well estab-

lished that Zr nanoMOFs can exhibit defects such as missing ligands or missing clusters , leading to the formation of open 

metal sites that are prone to interact with AA.37,49-50 These spectroscopic ellipsometry experiments showed that the adsorp-

tion of small amount of AA by a hydrophobic MOF does not strongly impact its water adsorption properties and thus pre-

serves its adsorption selectivity towards AA. This confirms that UiO-66(Zr)-2CF3 is a highly selective MOF for the capture of 

AA under humid conditions. 
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Figure 4 FT-IR spectra of thin films of a) MIL-101(Cr),b) UiO-66(Zr)-2CF3 exposed to water/AA vapors of different compo-
sition acquired by using IR ellipsometer and c) FT-IR absorption bands surface area obtained from IRVASE spectra. Extinc-
tion coefficient are determined with a precision of 0.001

 

3.4. Adsorption/desorption cycling stability of thin films of MIL-101(Cr) and UiO-66(Zr)-2CF3. To test the reversi-

bility of the AA adsorption process in both MIL-101(Cr) and UiO-66(Zr)-2CF3 films and thus their cycling stability, dynamic 

UVSE experiments were performed upon exposure of the films to continuous adsorption of AA and water vapors and de-

sorption cycles (Figure 5). The cycles of AA/water were made of three steps: desorption of the films by heating at 120°C 

under air for 2 min, exposure of the films to water vapor (40% RH) and finally to a mixture of AA and water vapors (40% 

RH + 2, 4 or 6% P/Pvapsat of AA) (Figure 5c,d)). For comparison, nanoMOF films were also exposed to adsorption/desorption 

cycles in which films were alternatively desorbed at 120°C under air and exposed to pure AA vapor (2, 4 and 6% P/Pvapsat of 

AA in dry air) (Figure 5a,b)). It appears that the two selected MOF films behave differently. Once exposed to pure AA vapors 

at 2% P/Pvapsat, MIL-101(Cr) films exhibited the highest increase of refractive index evaluated at ~ 0.07 RIU/%AA while UiO-

66(Zr)-2CF3 film shows a response of ~ 0.02 RIU/%AA (Figure 5 a,b). Note that both MOF films present a fast AA adsorption 

kinetics since this change in RI is achieved upon adsorption of AA within less than 2 min. (Figure 5a,b)).The high optical 

response of MIL-101(Cr) is thus imparted by its higher pore volume. By varying the AA P/Pvapsat from 2 to 6%, a slight in-

crease of refractive index was observed for MIL-101(Cr) films while the RI was almost constant for UiO-66(Zr)-2CF3 films 

(Figures 5 a and b)). This arises from the significant difference of adsorption capacity between the mesoporous MIL-101(Cr) 

and microporous UiO-66(Zr)-2CF3 materials. It can be assumed that UiO-66(Zr)-2CF3 is saturated in this range of AA con-

centrations and consequently gives the same increase of RI. However, the optical response of MIL-101(Cr) upon water/AA 

exposure was shown not to be stable upon adsorption/desorption cycling (Figure 5c). If the first adsorption of water did 

not induce a significant increase of the RI, after a first cycle of water/AA mixture adsorption/desorption, a second exposure 

to water flow led to a more significant increase of RI than during the first exposure to water. Moreover, the increase of the 

RI due to the adsorption of AA was significantly lower than that after the first water/AA exposure cycle.  
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Figure 5. Cycling UVSE experiments on films of (a, c) MIL-101(Cr) and (b, d) UiO-66(Zr)-2CF3 exposed  to (a, b) AA vapors 
(2, 4 or 6 % P/Pvapsat) or desorption steps (120°C, 2 min, 18°C/min) or (c, d) water vapor at 40%RH, water (RH 40% RH) 
and AA (2, 4 or 6 % P/Pvapsat) vapors and desorption steps (120°C, 2 min, 18°C/min). 
 

It can be assumed that over each cycle, water, AA or both molecules are trapped within the structure due to their coopera-

tive co-adsorption process. Moreover, as shown by IRVASE, a significant amount of AA gets also coordinated to the Cr CUS of 

MIL-101(Cr). It was shown previously that a full desorption of coordinated water molecules from such type of Lewis acid 

site based MOF requires a prolonged exposure to high temperature and vacuum. One can assume that here the coordinated 

AA molecules are far from being fully desorbed after the rapid 120°C activation (e.g. a few minutes) which leads to this irre-

versible behavior. This material provides high RI increase but suffers from the impact of AA on its 
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hydrophilicity/hydrophobicity balance which also makes difficult its reuse after a first adsorption cycle. In contrast, the AA 

and AA/water adsorption/desorption processes of UiO-66(Zr)-2CF3 are fully reversible showing the excellent cycling stabil-

ity of this MOF upon AA adsorption in the presence of humidity as shown in Figure 5d. Moreover, the RI of a UiO-66(Zr)-

2CF3 film exposed to pure water is four times lower than that of a film exposed to a water/AA mixture while the concentra-

tion of AA is about 20 times lower than water. The films of UiO-66(Zr)-2CF3 present thus the advantage to exhibit reversible 

and selective AA adsorption in the presence of humidity and consequently can be regenerated after heating at 120°C for a 

few minutes. As shown previously by molecular simulation, the high AA adsorption selectivity of this MOF arises from its 

chemical and microstructural features.19 Indeed, the presence of lipophilic -CF3 groups grafted on the MOF backbone not 

only confers a high hydrophobic character but also enhances the interactions with AA.  This MOF exhibits also an adequate 

pore size able to optimize the confinement of AA in the material.  

 

4. CONCLUSIONS 

 

The AA adsorption properties of three slightly hydrophobic MOFs (ZIF-8(Zn), MIL-101(Cr), and UiO-66(Zr)-2CF3) were 

thoroughly characterized under humid ambient conditions by in situ UV-vis and FT-IR spectroscopic ellipsometry in the 

context of the preservation of cultural artefacts in museums. Stable colloidal suspensions of nanoMOFs were prepared for 

the processing of thin films of high optical quality. A strong degradation of ZIF-8(Zn) films was first evidenced upon expo-

sure to humid AA vapor, possibly associated with the complexation of metal centers by AA molecules and the concomitant 

hydrolysis of metal-ligand bonds. However, the high value of RI/C (with C being the AA concentration) measured re-

vealed that the ZIF-8(Zn) film could be used as a single-use and highly sensitive AA sensor. Both thin films of MIL-101(Cr), 

and UiO-66(Zr)-2CF3 were shown to be chemically stable once exposed to water/ AA vapors mixture. The AA adsorption 

capacity of MIL-101(Cr) was significantly higher than that of UiO-66(Zr)-2CF3 as a result of its higher pore volume. Howev-

er, MIL-101(Cr) presented a lower AA/H2O adsorption selectivity as a result of a decrease of its hydrophobic character in 

the presence of AA vapor. A partial coordination of AA molecules on the CUS of MIL-101(Cr) was clearly shown by IRVASE 

and this further limited the regeneration of this material. In contrast, the water isotherm of UiO-66(Zr)-2CF3 was slightly 

impacted by the presence of AA vapor due to its high hydrophobic character. This MOF presented a high AA adsorption 

selectivity and an excellent adsorption/desorption cycling stability upon exposure to continuous water/AA cycles.  These 

two MOFs present complementary AA adsorption properties (high adsorption capacity for MIL-101(Cr) and high adsorption 

selectivity for UiO-66(Zr)-2CF3) that could be exploited for the abatement of AA in CH environments depending on the rela-
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tive concentration of AA and water. Note that the regeneration of the adsorbents in CH institutions (museums, archives, 

libraries) are generally not performed at the present time since it requires energy-consuming activation steps and thus 

some equipments that are not accessible in those institutions. This means that the low adsorption selectivity of MIL-101(Cr) 

is not a critical issue as soon as this MOF is commonly employed in CH institutions as a single-use CH adsorbent. In the fu-

ture, the adsorption performance of these MOFs should be explored towards the competitive removal of a mixture of gase-

ous CCs (or VOCs) that is more representative of the real indoor environments of CH institutions. 
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