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A B S T R A C T

We report a post-synthetic vapour phase modulation strategy to tailor the morphology of semicrystalline FeBTC 
metal–organic frameworks (MOFs) via acetic acid (AcOH) vapours adsorption. FeBTC, synthesized through a 
green one-pot route, retained its structure upon exposure to AcOH vapours, as confirmed by WAXS. Adsorption 
kinetics followed a double-exponential model, reaching 0.87 ± 0.09 mg⋅mg⁻1 uptake at 237 h. µFTIR spectros
copy demonstrated a uniform distribution of AcOH on FeBTC surface, whereas thermogravimetric analysis (TGA) 
provided insights into the thermal stability and AcOH desorption behaviour of FeBTC, supporting the evidence of 
AcOH interaction with the MOF. Scanning electron microscopy (SEM) revealed rapid transformation from 
irregular, blocky particles to hollow, cylinder-like architectures within 14 h upon interaction with AcOH va
pours. This morphological change was confirmed by USAXS/SAXS data, which also showed a steep relative 
increase in surface/volume (S/V) ratio at early exposure followed by a decrease at later stages compared to the 
initial value. This facile vapour phase modulator approach unlocks new possibilities for post-synthetic control of 
MOF morphology and available interaction surface, with implications for gas capture, catalysis, and separation.

1. Introduction

Metal–organic frameworks (MOFs) are three-dimensional networks 
composed of metal ions and organic linkers [1–3], which are emerging 
as promising materials for gas adsorption [4], catalysis [5,6], supports 
for enzyme immobilisation [7–11], removal of water pollutants [12], 
and volatile organic compounds (VOCs) capture [13]. According to the 
United States Environmental Protection Agency, 50% of VOCs emissions 
result from fossil fuel combustion [14]. However, VOCs also come from 
the degradation of various materials, e.g., cellulose-based materials or 
poly(vinyl acetate) adhesives/coatings that lead to the formation of 
acetic acid (AcOH) [15]. Notably, in addition to health hazards, AcOH is 
also one of the primary VOCs found in museums and collections [16], 
where it represents a drastic issue for the integrity of manuscripts, 
documents, and artworks. The development of materials able to capture 
AcOH thus plays a crucial role for health/environment and even cultural 
heritage preservation. Dedecker et al. [17] recently showed that UiO-66 
MOF, modified with hydrophobic –CF3 groups, exhibited improved 
AcOH adsorption at low pressures compared to other MOFs. Mohtar 

et al. [18] reported the application of MIL-100 (Fe) as an adsorbent for 
AcOH in the preservation of cellulose acetate-based cinematographic 
and photographic films [18]. Recently, Severino et al. reported on MOFs 
composed of trinuclear [M3(μ3-O)] (M = Fe3+, Cr3+, Al3+) clusters, such 
as MIL-100 (Fe), enabling the selective capture of polar VOCs such as 
AcOH, even in the presence of water. This was due to the presence of 
coordinatively unsaturated (open) metal Fe3+ sites of [Fe3(μ3-O)] ob
tained by removing terminal –H2O ligands at 150 ◦C [13]. Nevertheless, 
these approaches are still scarcely sustainable, being limited by either 
high costs or time-consuming synthetic pathways that use high tem
peratures or organic solvents (i.e. DMF), with a poor environmental 
profile [18]. These concerns can be addressed through the use of semi
crystalline MOFs, which are typically obtained in short time under mild 
reaction conditions. However, the current gap to this approach concerns 
the unknown effects caused by vapour-phase AcOH adsorption on the 
semicrystalline MOF structure, which is the objective and novelty of this 
contribution. In particular, FeBTC MOF (the semicrystalline counterpart 
of MIL-100 (Fe)) [19,20], can be synthesized via a fast and green one-pot 
synthesis [19,21,22]. Due to the presence of open metal sites generated 
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by thermal activation [20], FeBTC may promote the selective adsorption 
of carboxylic acids over water [20]. However, while the use of AcOH as a 
modulator to control MOF pore size, structure, and morphology during 
the synthesis is well documented in the literature [23,24], to the best of 
our knowledge, the effect of AcOH vapours on post-synthesized semi
crystalline MOFs has not been investigated yet. The carboxylic groups of 
modulators form clusters with metal cations, thereby influencing the 
crystallization processes during MOF formation [25]. However, it re
mains unclear if similar interactions can occur between AcOH vapours 
and metal centres in already-formed frameworks, potentially altering 
their structure or morphology after the synthesis.

Here, we used FeBTC as an AcOH adsorbent (Scheme 1, Fig. S1 in 
Supplementary Material), looking into the physico-chemical trans
formations induced by AcOH vapours in the MOF structure and 
morphology. The FeBTC pre- and post-AcOH exposure was characterised 
through wide, small, and ultra-small angle X-ray scattering (WAXS, 
SAXS, USAXS), scanning electron microscopy (SEM), Raman spectros
copy, FTIR spectroscopy and imaging, as well as thermogravimetric 
analysis (TGA) aiming to understand chemical, structural and morpho
logical changes.

2. Materials and methods

2.1. Chemicals

Sodium hydroxide (NaOH), 1,3,5-benzenetricarboxylic acid (H3BTC, 
≥95%) and acetic acid (AcOH, ≥99%) were purchased from Sigma- 
Aldrich. Iron(III) acetate was synthesized and purified in-house. All re
agents were used as received without further purification. Milli-Q water 
(≥ 18.2 MΩ cm) was used to prepare all aqueous solutions.

2.2. Synthesis of FeBTC MOF

FeBTC MOF was synthetized according to Sanchez-Sanchez et al. 
[22]. Briefly, 1,3,5-benzenetricarboxylic acid (H3BTC, 0.263 g) was 
dissolved in NaOH (3.685 mL, 1.06 M) and H2O (6.388 mL). FeCl3⋅6H2O 
(0.508 g) was dissolved in H2O (10 mL) and added dropwise to the 
H3BTC solution under stirring at 25 ◦C for 10 min. The resulting pre
cipitate was collected by filtration, washed several times with Milli-Q 
water, and dried at room temperature.

2.3. Adsorption kinetics of AcOH vapours on FeBTC MOF

Adsorption tests under saturated AcOH atmosphere were performed 
using a modified 250 mL Erlenmeyer flask with a small inner cup (2 mL), 
as schematically illustrated in Fig. S1 (Supplementary Material), con
taining 15 mg of activated FeBTC sample. The process of activation was 
carried out by thermal treatment in an oven at 393 K under vacuum for 
several hours (>3 h). After activation, the material was cooled down to 

296 K in a desiccator. Subsequently, an amount of FeBTC was placed in 
the modified 250 mL Erlenmeyer flask, and then 2 mL of glacial AcOH 
was added to the bottom of the flask, surrounding the cup. Subsequently, 
the system was sealed to allow the AcOH vapours to saturate the flask 
and to be adsorbed onto the FeBTC samples over various exposure times 
up to about 10 days (i.e., 237 h). Afterward, the FeBTC samples were 
removed and immediately weighed. The results were expressed as mil
ligrams of adsorbed AcOH per milligram of FeBTC, plotted versus 
exposure time. Each adsorption experiment was repeated at least three 
times.

2.4. Characterization of FeBTC

Samples’ morphology was characterized by electron microscopy 
using a Field Emission Gun Scanning Electron Microscope SIGMA (FEG- 
SEM, Carl Zeiss Microscopy GmbH, Germany), with an acceleration 
potential of 5 kV and a working distance of about 5–6 mm. Prior to SEM 
analysis, dried samples were covered with gold by an Agar Scientific 
Auto Sputter Coater. IR analysis of sample powders was carried out via 
µFTIR and ATR-FTIR without any pre-treatment. µFTIR was carried out 
with a Cary 670 FTIR spectrophotometer coupled to a Cary 620 FTIR 
microscope (Agilent Technologies), using a 15× Cassegrain objective. 
Measurements were carried out in reflectance mode over the powders, 
while background spectra were collected on a gold-plated surface. The 
experimental conditions were: spectral range of 3900–900 cm− 1, 512 
scans for each acquisition, spectral resolution of 2 cm− 1, open windows. 
A 128 × 128 pixels Focal Plane Array (FPA) detector was used for the 2D 
µ-FTIR Imaging; the pixel size is 5.5 µm × 5.5 µm2, and each pixel 
provides an independent spectrum from the sample’s surface. Each 
analysis delivers the spectra of a 700 × 700 µm2 ‘‘tile” with 16,384 
independent spectra. ATR-FTIR was carried out with a Thermo Nicolet 
Nexus 870 spectrometer, using a single reflection diamond crystal ATR 
unit, a spectral range of 4000–650 cm− 1, 128 scans and a spectral res
olution of 2 cm− 1. An inVia Qontor confocal microRaman (Renishaw) 
was used to acquire Raman spectra. The instrument is equipped with a 
solid-state laser (785 nm, IPS R-type NIR785, 200 mW, 1200 l/mm 
grating), a front-illuminated CCD camera (655 × 1024 px) and a 
research-grade Leica DM 2700 microscope. TGA was carried out by a 
Discovery SDT 650 (TA Instruments) in a temperature range from 25 to 
700 ◦C and a heating ramp of 10 ◦C min− 1, under continuous N2 flow 
(flow rate = 40 mL min− 1). USAXS/SAXS/WAXS measurements were 
performed on a Xeuss 3.0 HR (Xenocs, Grenoble, France) equipped with 
an EIGER2R (1 M model) hybrid pixel photon counting detector (Dectris 
Ltd., Baden, Switzerland) consisting of 1028 × 1062 pixels with a size of 
75 × 75 μm2. The wavelength of the X-ray beam was λ = 1.542 Å. 
Calibration of the sample to detector distance was performed using sil
ver behenate (d = 58.38 Å). Three sample-to-detector distances, 60, 450 
and 1800 mm, were used to access a range of scattering vectors, Q, going 
from 0.005 to 2.77 Å− 1, with Q=(4π/λ)sinθ and 2θ the scattering angle, 

Scheme 1. Preparation of FeBTC and AcOH adsorption.
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thus covering the SAXS/WAXS regions. USAXS measurements were 
performed with the Bonse-Hart configuration, covering the 0.0002–0.01 
Å− 1 range. Powders were enclosed in sealed demountable cells using 
Kapton® foils as windows. The 1D azimuthally averaged scattering 
patterns were reduced by subtracting the scattering intensity from 
empty holder (SAXS and WAXS) and by merging the curves obtained at 
the two largest sample-to-detector distances for SAXS. Data reduction, 
normalization, and merging was performed in XSACT (X-ray Scattering 
Analysis and Calculation Tool, Xenocs, France). SAXS data analysis was 
performed through SASView Software [https://www.sasview.org/], 
according to the mathematical model reported in Supplementary Ma
terial. USAXS data were desmeared (centering method: center of mass), 
while their high-Q extrapolation was performed by using a fractal 
model. Slope values in the 0.0002–0.002 Å− 1 range were analyzed.

3. Results and discussion

The WAXS patterns, reported in Fig. 1A, show peaks at 11◦, 19◦, 24◦

and 28◦, confirming the formation of FeBTC structure [8,12]. The FeBTC 
pattern is not well defined due to the semi-crystalline nature of the 
material [26]. The adsorption kinetics of AcOH on FeBTC was investi
gated by weighing the MOF sample at different times of exposure in an 
atmosphere saturated with AcOH vapours at 23 ◦C. The adsorption ki
netic curve, reported in Fig. 1B, showed a maximum AcOH uptake of 
0.87 ± 0.09  mg per mg of FeBTC at 237  h. This value is higher than that 
reported by Cruz et al., who obtained an AcOH adsorption of 0.48 
mg⋅mg⁻1 under identical experimental conditions, namely exposure to 
glacial acetic acid saturated vapour (partial pressure ≈ 2.0 kPa at 296 
K), the same temperature range, and a comparable exposure protocol 
[27]. Recently, Zuliani et al. developed a ZnO-based system for AcOH 
capture, reporting an uptake of 0.85–1.15  mg⋅mg⁻1; however, in that 
system the reported adsorption capacity was reached only after pro
longed exposure times (approximately 1600 h), indicating significantly 
slower adsorption kinetics compared to FeBTC under analogous vapour- 
phase conditions [28]. This points to the high adsorption capability of 
the MOF. Experimental adsorption data were fitted with the 

pseudo–first–order and pseudo–second–order models (Supplementary 
Material, Fig. S2) and with a double–exponential model (Fig. 1B). 
Among these, the latter function afforded the best agreement with the 
data (Fig. 1B), revealing two kinetically distinct uptake regimes [29]
likely ascribable to AcOH physisorption and chemisorption onto FeBTC, 
respectively [28,30]. While the double-exponential model captures the 
presence of a fast and a slow contribution, it is an empirical descriptor 
and, by itself, does not determine the chemical nature of the underlying 
steps. Therefore, the mechanistic assignment is established from inde
pendent thermo–spectroscopic measurements discussed below.

The WAXS pattern obtained for FeBTC exposed to AcOH vapours for 
237 h (Fig. 1A) is similar to that of FeBTC before AcOH exposure, 
demonstrating that AcOH does not alter the MOF structure, as also 
observed by Serre et al. [17]. Thermogravimetric profiles of FeBTC 
samples exposed to AcOH vapours for different times (0 h, 24 h, 48 h, 
120 h, and 237 h), shown in Fig. 1C and listed in Table S1, display 
multistep thermal decompositions. The pristine FeBTC sample exhibited 
a mass loss of 6.7%wt in the 30–130 ◦C range, attributed to the 
desorption of adsorbed water. Higher mass losses of 14.5%wt and 22.9% 
wt were observed in the 130–417 ◦C and 417–534 ◦C ranges, respec
tively, due to the breakdown of the FeBTC framework. A further mass 
loss of 11.5%wt occurred above 570 ◦C and could be associated with 
carbonisation processes [31]. Upon exposure to AcOH vapours, the 
thermogravimetric profiles changed significantly. After 24 h and 48 h of 
AcOH vapours exposure, FeBTC exhibited higher mass losses of 11.4%wt 
and 14.9%wt, respectively, within the 30–110 ◦C range compared to the 
pristine material, likely due to the desorption of both water and acetic 
acid. The 48 h sample exhibited more distinct thermal transitions, with 
mass losses (8.6%wt, 6.9%wt, and 9.4%wt) in the 110–417 ◦C range. 
Notably, after 120 h the sample showed a broadened mass loss event, 
with a 17.0%wt loss extending up to 210 ◦C, suggesting stronger guest- 
framework interactions or deeper incorporation of AcOH. This inter
pretation is further supported by the TGA of iron(III) acetate, whose 
decomposition occurs over a comparable temperature window (Sup
plementary Material, Fig. S5F), consistent with the formation of 
Fe–acetate–like coordinated species in the chemisorbed fraction. 

Fig. 1. (A) WAXS patterns of FeBTC pre- and post- AcOH adsorption. (B) Adsorption of AcOH by FeBTC sample in saturated atmosphere of AcOH at 23 ◦C (fit to a 
double-exponential adsorption kinetic model). (C) Thermogravimetric profiles from 30 ◦C to 700 ◦C under N2 of FeBTC and FeBTC exposed to AcOH vapours for 
different times (0 h, 24 h, 48 h, 120 h, and 237 h). (D) ATR FT-IR spectrum wavenumber ranges from 450 to 2000 cm− 1 of FeBTC and FeBTC exposed to AcOH 
vapours for different times (0 h, 24 h, 48 h, 120 h, and 237 h).
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Moreover, the overall high–temperature behaviour is fully consistent 
with the involvement of chemisorbed AcOH species, as also supported 
by the high–temperature DTG peaks and their evolution with exposure 
time observed in Fig. S5 (Supplementary Material). In contrast, the 
sample at 237 h showed a reduced mass loss of 8.6%wt in the 30–110 ◦C 
range, indicating a lower amount of physisorbed species. The 120 h and 
237 h samples decomposed via similarly resolved multi-step patterns 
between 215 and 517 ◦C. All AcOH exposed samples showed a final mass 
loss of 10–12%wt above 570 ◦C ascribable to carbonaceous residue 
formation.

ATR-FTIR spectra of FeBTC pre and post AcOH capture are shown in 
Fig. 1D. Due to AcOH vapours exposure, FeBTC showed new peaks at 
663 cm− 1 and 689 cm− 1, 1020 cm− 1 and 1048 cm− 1. Moreover, the C=O 
stretching of carboxylate groups shifted from 1615  cm⁻1 to 1622  cm⁻1,
[32] whilst the symmetric stretching bands of the O–C–O group at 1365 
cm− 1 shifted to 1376 cm− 1,[4,33,34] likely due to AcOH adsorption. 
These spectral changes are consistent with stronger host–guest in
teractions, supporting the involvement of chemisorbed AcOH species.

FTIR 2D imaging provided further insight into the spatial distribu
tion of adsorbed AcOH within the FeBTC sample (Fig. 2A–E). Mapping 
the absorbance intensity (peak area) in the 1010–1060 cm⁻1 region, 
corresponding to the C–O stretching vibration of AcOH, revealed that 
the molecule is distributed throughout the entire MOF structure in 
alternating domains and gaps of 10–100 µm (detection limit is of ca. 
0.02 pg/µm2) [35].

Fig. 3 shows the SEM micrographs of FeBTC samples before AcOH 
exposure and at different adsorption times in the range 0–237 h (see 
further cases in Fig. S6). Over the range of 0 and 5 h the FeBTC exhibited 
its characteristic rough, irregular, blocky structure. Surprisingly, after 
14 h of exposure to AcOH, the material morphology re-arranged, 
changing from irregular structures to hollow, cylinder-like objects. 

After 48 h of exposure to AcOH, the FeBTC surface was fully covered by 
these structures. This indicates a significant interaction between AcOH 
and the FeBTC material. Changes in the MOF morphology upon expo
sure to acetic acid were investigated at different lengthscales, along with 
the variation in surface area, through scattering measurements. 
Compared to other techniques (i.e. N2 adsorption/desorption iso
therms), SAXS has the advantage of not requiring pre-treatment steps 
that may alter the samples. Fig. S7 (Supplementary Material) shows the 
SAXS profiles of the pristine sample and the samples exposed to the 
saturated AcOH atmosphere (0.25–237 h), acquired in the 0.005–0.1 
Å− 1 range. The change in the Surface/Volume (S/V) ratio was calculated 
according to the method described by Spalla et al. [36] In detail, the I ×
Q4 values registered in the high-Q region of the Porod plot (see dotted 
lines in Fig. 4A) were used to calculate the relative surface area variation 
(%) with respect to the pristine sample, as described in the Materials and 
Methods section. The data, plotted in Fig. 4B, show that S/V increased 
up to 15 times ca. its initial value after 0.25 h, and later decreased, 
finally stabilizing at values comparable to the pristine sample at 237 h. 
The samples’ morphological evolution at the micro-, submicro- and 
nano-scale was investigated through USAXS and SAXS, accessing in
homogeneities in the 3 µm–1 nm range.

Representative samples to be analyzed were selected from the SEM 
images. SAXS data (Fig. 4C) are characterized by a Porod’s slope at low- 
Q and pronounced bumps, occurring at Q1, ~2 × Q1, ~3 × Q1, being Q1 
= 0.14 Å− 1 (see Supplementary Material, fitting eq. S10 and Table S2). 
This value can be linked to layered spheres, with a radius r ~ 4.5 nm, 
suggesting that the microscale cylinders are indeed aggregates of 
nanoparticles. Indeed, the presence of spherical nanoparticles that 
rearrange upon AcOH adsorption is confirmed by SEM imaging (Fig. 3
and S6, right panels). Nonetheless, high-Q bumps may also indicate a 
locally ordered pore arrangement, as reported for other MOFs 
[20,37,38]. The bumps, fitted according to Gaussian peaks, increase in 
intensity over time, up to 120 h. The pristine sample (0 h) does not 
follow this trend, due to an excess background scattering, linked to in
homogeneities smaller than 10 nm (visible at Q > 0.06 Å− 1). The latter 
can be due to the MOF mesopores. The Porod’s slopes, n, describing the 
low-Q SAXS data are listed in Table 1. n values indicate an almost 
smooth surface [39], linked to objects larger than ~100 nm. Larger 
lengthscales were probed through USAXS measurements. In the USAXS 
range, the samples' fractality exhibits two different regimes, described 
by two slopes in the low-Q (0.0002–0.0003 Å− 1, ~3.4–2.3 μm) and high- 
Q regions (0.0003–0.001 Å− 1, ~2.3–0.6 μm), both listed in Table 1. 
Indicative values are reported for the low-Q slopes, due to the limited 
number of experimental points available in the 0.0002–0.0003 Å− 1 

range. The low-Q slopes decreased with exposure times higher than 48 
h: values smaller than 3 indicate less dense objects, forming at later 
stages of the adsorption process. This is an indication of the structure 
rearrangement from bulk-like material to a more open structure 
composed by hollow cylinders with pores in the sub-micron scale, in 
agreement with the details observed in SEM images (Fig. S6, Supple
mentary Material file). USAXS high-Q slopes are generally the same as 
the Porod exponents obtained in the SAXS region. Therefore, similarly to 
SAXS Porod slopes, also USAXS high-Q slopes indicate smooth surfaces, 
but in the 2 μm – submicron region. Similar slopes have been observed in 
other MOFs [38,40].

The drastic morphological rearrangement of FeBTC upon exposure to 
AcOH vapours has not been previously discussed in the literature and 
deserves to be discussed in further detail. Since condensation of AcOH 
within the MOF pores is expected according to the Kelvin equation, 
condensed AcOH may coordinate to open Fe metal sites, as previously 
described by Severino et al. [13]. As a matter of fact, liquid AcOH is 
known to be a common modulator in specific MOF synthesis [23]. In this 
case, the open Fe sites are expected to bind the AcOH’s C=O group, 
leading to the formation of a modified complex. The Fe-acetate com
plexes are generally known to be amorphous, with an elongated 
morphology at the microscale [41,42]. The TGA profile of analogous 

Fig. 2. (A,B) Visible and (C,D) FTIR 2D Imaging maps of the pristine FeBTC 
and FeBTC exposed to AcOH (237 h), respectively. IR map detail of micrometric 
domains of concentrated AcOH (Green pixels). (E) Reflectance spectra of pris
tine FeBTC and FeBTC post AcOH. The spectra of FeBTC are related to green, 
azure and blue pixels (5.5 × 5.5 µm2 each) of the IR maps. The “*” and brackets 
highlight the C–O stretching vibration of AcOH (1060–1010 cm− 1) and the 
spectral region that was imaged in the maps.
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complexes shows weight losses comparable to those of the AcOH- 
exposed FeBTC reported in the current work (Fig. S5F). As for the cur
rent study, AcOH vapours might contribute to lowering the energy of 
activation and accelerating the recombination of coordination bonds 
between metal ions and carboxylate ligands, similarly to the case re
ported by Sakata et al. [43] In other words, in this case AcOH serves both 
as a linker for the exposed Fe sites and as a trigger for the rupture and 
recombination of coordination bonds between iron nodes and organic 
ligands, resulting in a structural rearrangement and the formation of the 
MOF’s elongated morphology (see Fig. S6).

4. Conclusions

In summary, we investigated semicrystalline FeBTC as an AcOH 
adsorbent prepared via a rapid one-pot route. Time-resolved uptake 
measurements yielded adsorption kinetics best described by a double- 
exponential model, indicating two kinetic steps, while TGA, and FTIR 
analyses on pre- and post-adsorption samples confirmed effective AcOH 
uptake. Importantly, because the double-exponential function is 
empirical and does not by itself resolve the nature of the elementary 
steps, we relied on thermo-spectroscopic evidence to assign the under
lying mechanism. TGA shows that the progressive increase in low- 
temperature mass loss (≤110–130 ◦C) upon AcOH exposure, from 6.7 
%wt in pristine FeBTC to 11.4 %wt and 14.9 %wt after 24  h and 48  h, is 

Fig. 3. SEM images of FeBTC exposed to AcOH over a time range from 0 to 237 h.
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attributable to desorption of physisorbed species, whereas new, well- 
defined weight-loss events between 110 and 417 ◦C appearing after 
48  h, together with DTG peaks centred at ~290–300 ◦C that intensify 
with exposure time, reveal a more strongly bound fraction. These ther
mal signatures closely resemble those of iron(III) acetate, supporting the 
formation of Fe-acetate-like coordinated complexes. Consistently, ATR- 
FTIR (Fig. 1D) exhibits AcOH-related bands (1020–1048  cm⁻1) and 
shifts in the C=O and O–C–O regions (1615 → 1622  cm⁻1; 1365 → 1376 
cm⁻1), compatible with coordination to open Fe3+ Lewis-acid sites. 
Altogether, the data indicate that AcOH adsorption on FeBTC proceeds 
via an initial rapid physisorption step followed by slower chemisorption 
involving coordinated AcOH species, in full agreement with the two-step 
kinetics captured by the double-exponential model. Unexpectedly, 
AcOH vapour exposure also triggers a striking morphological trans
formation without detectable changes in the WAXS pattern: the specific 
surface-to-volume ratio increases sharply at early exposure (up to ~15 

× the initial S/V) and the material evolves from irregular grains to 
hollow, cylinder-like architectures, as shown by SEM and SAXS/USAXS. 
While AcOH is well known as a solution-phase synthesis modulator [44], 
its post-synthetic vapour-phase action on semicrystalline MOFs has, to 
our knowledge, not been reported before. Given the pivotal role of 
morphology and accessible surface in MOF performance (e.g., catalysis, 
gas storage and separations) [45], the ability to tailor these properties 
post-synthesis via mild vapour-phase modulators such as acetic acid may 
open new opportunities across MOF applications.
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profiles in the 0.005–0.66 Å− 1 range (markers) and fitting (lines) of selected samples; (D) USAXS profiles in the 0.0002–0.003 Å− 1 range of selected samples.

Table 1 
SAXS and USAXS fitting parameters of the 0 h–237 h samples: Porod scale factor 
A, Porod exponent n, and USAXS slopes at low- and high-Q.

SAXS USAXS

Time 
(h)

A (Scale), x 
10− 7

n (Porod, low- 
Q)

Low-Q 
Slope

High-Q 
Slope 

0 6.61 ± 0.05 3.90 ± 0.05 − 2.4* − 3.6 ± 0.1 ​ ​
3 1.03 ± 0.05 3.95 ± 0.05 − 3.1* − 3.9 ± 0.1 ​ ​
48 1.80 ± 0.05 3.95 ± 0.05 − 3.0* − 3.9 ± 0.1 ​ ​
120 2.20 ± 0.05 3.90 ± 0.05 − 2.8* − 3.9 ± 0.1 ​ ​
237 1.80 ± 0.05 3.85 ± 0.05 − 2.8* − 3.9 ± 0.1 ​ ​

*Apparent value, due to the limited number of experimental points available.
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h, 48 h, 120 h, and 237 h). Supplementary data to this article can be 
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