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ABSTRACT

Scanning Transmission Electron Microscopy coupled with Electron Energy Loss Spectroscopy
(STEM-EELS) provides spatially resolved chemical information down to the atomic scale.
However, studying radiation-sensitive specimens such as organic-inorganic composites
remains extremely challenging. Here, we analysed metal-organic framework nanoparticles
(nanoMOFs) at low-dose (10 &A?) and liquid nitrogen temperatures similar to cryo-TEM
conditions, usually employed for high-resolution imaging of biological specimens. Our results
demonstrate that monochromated STEM-EELS enables damage-free analysis of nanoMOFs,
providing in a single experiment, signatures of intact functional groups comparable with
infrared, ultraviolet and X-ray data, with an energy spectral resolution down to 7 meV. The
signals have been mapped at the nanoscale (< 10 nm) for each of these energy spectral ranges,
including the chemical features observed for high energy losses (X-ray range). By controlling
beam irradiation and monitoring spectral changes, our work provides insights into the possible
pathways of chemical reactions occurring under electron exposure. These results demonstrate
the possibilities for characterising at the nanoscale the chemistry of sensitive systems such as

organic and biological materials.

Keywords: Radiation-sensitive nanomaterials, multimodal analysis, monochromated STEM-
EELS, low-dose analysis, high-resolution spectromicroscopy, organic-inorganic nanoparticles,

metal-organic frameworks.



Nanosized metal-organic frameworks (nanoMOFs) are organic-inorganic nanomaterials with
a three-dimensional structure created by the self-assembly of organic linkers and metal clusters.
With their versatile compositions and high porosity, nanoMOFs are of great interest for gas
storage,! wastewater treatment,> catalysis,” sensing* and drug delivery.’ Providing
comprehensive and reliable characterisation of such materials is a significant step in the
development of applications but remains challenging due to their nanometric sizes together with
their complex structures and compositions. In this regard, spectromicroscopies have been
developed, constantly pushing the limits of spatial and energy resolutions. These analytical
techniques exploit photons, ions or electrons interactions® to explore nanomaterial local
physical and chemical properties. Among them, Scanning Transmission Electron Microscopy
coupled with Electron Energy Loss Spectroscopy (STEM-EELS) offers the possibility of a deep
chemical analysis down to the atomic scale.” In this approach, hyperspectral data are acquired
by a point-by-point rastering of the electron probe over the area of interest, providing
simultaneously imaging and local information on the electronic and vibrational transitions
induced by the interaction of the incident electrons with the specimen. The last generation
microscopes equipped with monochromated electron guns cover excitations over a wide energy
range from tens of meV (far infrared -IR- range) to hundreds of eV (soft X-rays) with an energy
resolution (3E) reaching < 10 meV.’

However, studying organic and organic-inorganic nanomaterials remains a delicate task, as
they are extremely sensitive to radiation damage. Beam-induced-radiolysis and knock-on may
result in structural (shrinking, amorphisation) and chemical damages (loss of mass and bond
breakage), affecting the nanomaterial’s integrity.®!® Noticeably, by employing damage
preventive conditions (cryo-holder, low-dose or aloof configuration), recent papers have shown
the powerful possibilities offered by EELS for deep characterisation of organic molecules,

polymers, MOFs and MOF glass composites in the energy ranges corresponding to IR,!!"!4
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UV 17 and X-rays.!®!8 But to date, none of them has coupled the analysis in the three energy
windows. Yet, exploiting the entire energy range would provide a signal complementarity
allowing an in-depth characterisation of the nanomaterial composition but also monitoring
reactional mechanisms.

With the aim of using the full potential of STEM-EELS, we report in the following a
nanoscale multimodal spectroscopic analysis of nanoMOFs. Among their large family, we
selected MIL-100(Fe), MIL-100(Al) and UiO-66 nanoparticles, where MIL and UiO stand for
Material of Institute Lavoisier and Universitetet i Oslo, respectively. MIL-100 are self-
assembled from benzene tricarboxylic acid (BTC) and iron or aluminium ions, while UiO-66
consist of the coordination of zirconium ions with benzene dicarboxylic acid (BDC). For the
three of them, the metal-linker coordination bond involves carboxylate functions. As previously
reviewed by Liu et al.,'” MOFs are generally highly sensitive to the electron beam. The authors
indicated a beam tolerance dose ranging from 5 &A? to 30 &/A? for several widely studied MOFs
(MIL-101, MOF-5, NU-1000, UiO-66 and ZIF-8 where NU and ZIF stand for Northwestern
University and Zeolitic Imidazolate Framework), by monitoring the diffraction spot fading with
exposure. Others have also demonstrated the structural and molecular modification of ZIF-L by
monitoring the diffraction spot fading and EELS signatures above tens of &/A%.!° Although few
in number, these studies suggest that MOF materials exhibit a different beam tolerance dose
depending on their nature. Because of the extreme radiation sensitivity of MIL-100(Fe) and
Ui0-66, high-resolution STEM imaging was only possible with low-dose conditions, of the
order of 10 &/A2.2%2! On the opposite, to the best of our knowledge, MIL-100(Al) have not been
studied yet by STEM. At last, none of the three nanoMOFs has been carefully characterised by
EELS. The main reason for the lack of damage-free EELS analysis is the difficulty of getting a
measurable signal at low doses. Therefore, many questions still need unravelling for a better

understanding of these nanoMOFs properties.



Here, we present intact nanoMOFs data obtained from monochromated STEM-EELS
measurements at cryogenic temperatures and low-dose (10 &A?), by using a direct detection
camera allowing the detection of very weak signals.?> By exploring the three energy ranges
(corresponding to IR, UV and X-ray intervals), we provide a comprehensive study of the
nanoMOFs’ chemical signatures with an energy resolution down to 7 meV. First, we investigate
the local chemical reactions occurring under controlled beam irradiation with a systematic
approach revealing complex mechanisms. Then, we demonstrate the possibility of
characterising intact nanoMOFs at low-dose. Each feature was compared with infrared,
ultraviolet and X-ray data to be assigned to specific functional groups. Finally, by extracting
the corresponding spectral features, we map the nanoMOFs’ signature over the three energy
ranges with a nanoscale spatial resolution. By exploiting the whole EELS energy range, our
results provide damage-free analysis of these sensitive specimens and offer a better

understanding of their complex nanostructures.

RESULTS AND DISCUSSION
NanoMOFs crystal structure

We performed cryo-transmission electron microscopy (cryo-TEM) imaging of the three
nanoMOFs. This technique has the advantage of assessing the crystallinity of the specimens on
a single-particle basis. As shown in Figure la-c¢, the nanoparticles display well-faceted
morphologies typical of MIL-100(Al),* MIL-100(Fe)** and UiO-66.> Their sizes range from
40 nm to 300 nm for MIL-100, and from 100 nm to 1.2 um for UiO-66. The images show the
crystal structures with a spatial resolution of 6 A along the [112], [110] and [532] directions for
MIL-100(Al), MIL-100(Fe), and UiO-66, respectively. These results are in good agreement
with previous studies, showing the cubic structure (Fd-3m space group) of MIL-100%° and UiO-

66.2! However, the observation of the UiO-66 structure, which has previously revealed details



below 2 A,?! was partially hampered here by the TEM spatial resolution. Because the present
cryo-TEM images were obtained in low-dose conditions (total dose estimated between 10 and
15 &/A?) no structural damage was observed for a single image acquisition. However, due to
the extreme radiation sensitivity of the nanoMOFs, the high-resolution information tended to
disappear after consecutive image acquisitions over the same area. The observed loss of
crystallinity in TEM gives a rough estimation of the beam tolerance dose of these nanoMOFs.
Hence, similar low-doses have been applied in STEM acquisitions for a damage-free analysis
of the specimens.

Figure 1d provides a schematic representation of the nanoMOF chemical structures. Since
the three specimens exhibit different structures, it depicts a simplified model composed of the
metal (labelled M) coordinated to the linkers but does not describe the minor specificities of
each system. To help the reading, the chemical bonds described in this manuscript are indicated.

We will refer to this schema throughout the manuscript.
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Figure 1. Cryo-TEM images of (a) MIL-100(Al), (b) MIL-100(Fe), and (c) UiO-66
nanoparticles. The top row images illustrate their well-faceted morphologies. At higher
magnification, the middle row images show their crystal planes with a spatial resolution of 6 A
along the (a) [112], (b) [110] and (c) [532] directions, respectively. The corresponding fast
Fourier transforms are shown on the inset. The chemical components of each nanoMOFs are
indicated in the bottom row. (d) Schematic representation of the molecular structure of the
three nanoMOFs. For simplicity, the different MIL-100 and UiO-66 structures have been
generalised using atom labelling (M for metals and R for metals or linkers). OH groups
represent hydroxyl groups found in the three nanoMOFs or MIL-100 structural water. The
colours relate the chemical groups to their designation employed in the main text.



EELS: a multimodal analysis for radiation-sensitive material

STEM-EELS was used for an in-depth analysis of the three nanoMOFs. Figure 2a shows a
schematic representation of the microscope setup. The focused electron beam is scanned over
the area of interest (typically 400 x 400 nm?) giving hyperspectral data (the so-called Spectrum
Imaging mode®®). At each beam position, an image of the specimen is acquired on the High
Angle Annular Dark Field (HAADF) detector and simultaneously, the EEL spectrometer
measures the energy lost by the electrons, providing spatially resolved chemical information.
In the present work, we used a highly monochromated Nion Hermes 200-S microscope fitted
with a Nion Iris spectrometer and a Quantum Detectors Merlin direct electron detector. This
combination provides ultimate energy resolution (3E < 10 meV) and high energy range (from
far IR to soft X-rays) together with a high sensitivity that is crucial for dose-limited
measurements (see Experimental section). As shown in Figure 2b, EELS data cover a wide
energy range: the ultralow-loss (ULL) region (below 2 eV, < 16000 cm™) associated with
vibrational excitations down to the far IR; the low-loss (LL) region involving valence
excitations from the visible to the vacuum UV energy range (2 — 50 eV, equivalent to 25 — 620
nm); and the core-loss (CL) region (above 50 eV) that, similarly to soft X-ray absorption
spectroscopies, reveals the electronic structure of the material through the analysis of their
atomic ionisation edges. With a wide energy window spanning 400 eV, we collected
simultaneously the LL and CL signals (energy resolution 6E = 800 meV). A closer look at the
individual LL and CL features was achieved with a higher energy resolution (6E =40 meV for
16 eV energy window or OE =220 meV for 116 eV energy window). Because the ULL features
are located at very small energy losses (hundreds of meV), they appear as weak signals
superimposed on the intense zero-loss peak (ZLP), corresponding to unscattered electrons
transmitted with no energy loss through the specimen. Hence, ULL analysis requires an even
higher energy resolution corresponding to a narrower energy window (1.6 eV energy window,
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OE = 12 meV). For each energy window, the energy resolution 0E was measured on the EELS
detector from the full-width at half-maximum of the ZLP (see SI for an extensive discussion of
the energy resolution and its dependence with acquisition and detection conditions). It should
be highlighted that our observations were only possible thanks to the use of a direct detection
camera whose high sensitivity and very low noise improve the signal-to-noise ratio (SNR) and
whose high dynamic range allows the simultaneous collection of the huge ZLP along with the
weak CL signal with no saturation nor loss of sensitivity.??

As nanoMOFs are extremely sensitive to the electron beam, their analysis requires special
care to prevent degradation under electron irradiation. Therefore, the study was carried out by
using 1) a cryo-specimen holder cooled down to 125 K; ii) a 10 mrad convergence semi-angle
enabling sub-nanometer beam sizes (far from the ultimate microscope performance) to decrease
the electron current density; and iii) low electron dose conditions (see details in SI). By
adjusting the probe current, the acquisition time and image pixel size, we reached total doses
down to 10 &/A2, as low as those employed for cryo-TEM imaging of biological specimens.?’
Then, the beam-induced damage effect was studied by increasing the dose up to 10* &/A?
(details on total dose and dose rate calculations are given in SI). To do so, data were collected
either by a single acquisition on different areas or several successive acquisitions on the same
area. In the following, the corresponding total doses are named single acquisition dose or
cumulative dose, respectively (more details in SI). At least six hyperspectral images were
acquired for each electron dose condition on different nanoparticles to provide statistical
analysis. Note that, to adjust the electron dose, the study was performed with relatively large
pixel sizes, restraining the spatial resolution: the lowest electron dose was obtained with a pixel

of 10 nm while higher doses were reached for pixels of 1 nm.
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Figure 2. Schematic representation of STEM-EELS. (a) The scanning electron probe acquires
hyperspectral images with a nanoscale spatial resolution. It offers a multimodal analysis
ranging from the vibrational to the soft X-ray energy window. (b) At the top, the widest energy
window (spanning 400 eV, OE = 800 meV) enables simultaneously analysing of the LL and CL
signals. ULL was not distinguishable at this energy resolution. Here, the signature of MIL-
100(Al) is shown at low-dose. At the bottom: enlarged views of the LL (on the middle) and CL
signals (on the right) obtained at low-dose for the three nanoMOFs. ULL spectra (on the left)
were acquired at 120 &/A° with a narrower energy window (spanning 1.6 eV, 0E = 12 meV).
Blue, red and green colours represent the spectra obtained for MIL-100(Al), MIL-100(Fe) and
UiO-66, respectively.

Core-loss excitations

We first analysed the inner electron shell excitations of the nanoMOFs on the carbon and
oxygen K-edges (Figures 3a and 3c). The two spectra show changes in the chemical signatures
as a function of the electron dose. The carbon K-edge evolution of MIL-100(Al) is presented in
Figure 3a (blue lines). Similar evolutions are observed for MIL-100(Fe) and UiO-66 in Figure
S1. All spectra were calibrated by setting the ZLP at 0 eV and the characteristic peak of
amorphous carbon (grey line in Figure 3a) at 285.0 eV.2® In Figure 3a, the spectrum of MIL-
100(Al) obtained at low-dose (10 &A?), reveals two intense peaks, at 285.0 eV (denoted CL)
and 288.7 eV (denoted CL3), and a weak signal at 291.1 eV (denoted CL4). EELS CL spectra

are directly comparable to the corresponding X-ray absorption data obtained in the same energy
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range.?”*" Nonetheless, the carbon K-edge of these nanoMOFs has never been studied with
such techniques. Hence, we compare our EELS results with the Near-Edge X-ray Absorption
Fine Structure (NEXAFS) spectra of the free-standing organic linkers (black line in Figure 3a,
grey line in Figure S2). As shown in Figure 3a, CL, CL3; and CL4 features of MIL-100(Al) are
compatible with those previously reported for BTC by NEXAFS.?' This good agreement
demonstrates that low-dose EELS features of nanoMOFs are damage-free signatures. They are
respectively related to 1s—m*c=c transitions in phenyl rings (CL1), 1s—mt*coo transitions in
carboxyl groups (CL3) and 1s—c*c.c transitions in phenyl rings (CL4).>'*? A similar comparison
between low-dose EELS and NEXAFS for MIL-100(Fe), UiO-66, BTC and BDC can be found
in Figure S2. The similarities between nanoMOFs entities and their linkers are consistent since
the organic part of the nanoparticles is the only contribution to the carbon K-edge, the data
having been recorded above vacuum, on the grid carbon holes. Besides, it should be mentioned
that the lack of influence from the metal coordination is not surprising since it is achieved
through oxygen atoms of carboxyl groups. One could expect additional 1s—6*c.n transitions in
phenyl rings near 287 eV, as previously demonstrated by NEXAFS and EELS studies on
BDC,*? BTC (see NEXAFS data in Figure S2) and other benzene derivatives.'®3373% Here, its
absence is probably due to instantaneous dehydrogenation under electron irradiation.*® Except
for beam-induced dehydrogenation, our low-dose EELS results are similar to linkers NEXAFS
data, revealing spectral features characteristic of intact functional groups.

When increasing the electron dose, spectral changes illustrate the evolution of the specimen’s
chemical composition as a result of radiolysis. First, a slight reduction and broadening of peak
CL, are observed with an enhancement of peak CLs. The decrease of peak CL; reflects the
breakage of C=C bonds, while its broadening outlines the formation of new types of chemical
bonds induced by irradiation. Upon irradiation, its shape tends to be similar to amorphous

carbon (grey line in Figure 3a). In the meantime, the peak CL4 increase is associated with the
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formation of C-C bonds, which can be closely related to the radiolysis of benzene double bonds.
More significantly, an intense peak (denoted CL») rises at 287.6 eV along with a drastic
reduction of the peak CLs. It indicates the formation of a new species and the breakage of the -
COO bonds of the carboxyl groups. According to the literature, the peak CL: can be attributed
to 1s—m*c—o transitions of the carbonyl groups (-CO).>**> This evolution indicates that, under
beam-induced radiolysis, the carboxyl species are presumably converted into carbonyl by the
reduction of the organic linkers. For higher electron doses (above 310 &A?), the same trend
continues without further changes illustrating the robustness of the carbonyl (-CO) composite
created under irradiation (shown in Figure S1 for electron doses up to 780 &/A?).

By monitoring the chemical evolution under irradiation, our study enables us to relate the
features observed at high electron doses (usually employed for the EELS analysis) with the
chemical functions of the original intact nanomaterial. For instance, previous EELS studies of
biominerals performed above 100 &/A? have systematically reported a peak at 287 eV, similar
to CLy, as a fingerprint of the organic fraction.’”*° Here, we show that this feature can
correspond to the degraded signature of components containing carboxyl functions, which in

the case of biominerals could correspond to fatty acids or proteins.
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Figure 3. Core-loss analysis of MIL-100 nanoparticles as a function of the electron dose. All
spectra are average features obtained by extracting and summing the signal over the whole
hyperspectral image. (a) Evolution of the carbon K-edge of MIL-100(Al) with the electron dose
(cumulated doses, see Sl); (b) the corresponding HAADF-STEM images and chemical maps
obtained for peaks CL> and CL3 at 10 &/4% and 310 &/A°>. Evolution with the electron dose for
MIL-100(Fe) of (c) the oxygen K-edge (on the left) and iron L 3-edge (on the right) from 10
é/A? to 780 é/4? (single acquisition doses) and (d) the iron L 3-edge obtained for higher electron
doses between 500 &/A° and 10 &/A° (cumulated doses, see SI). (¢) HAADF-STEM image (at the
top) of MIL-100(Fe) and the corresponding elemental map (at the bottom) showing the spatial
distribution of iron at 2x10° &/4°. The grey lines are EEL spectra obtained for amorphous
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carbon in (a) and iron (I11) oxide in (d), while the black spectrum in (a) and (c) corresponds to
BTC analysed by near-edge X-ray absorption fine structure (Buck, M.; Zharnikov, M. personal
communication, 2022). All spectra are unprocessed. The energy resolution is about 0E = 40
meV for (a) OE = 800 meV for (c) and oE = 220 meV for (d). NanoMOFs spectra in (a) and (d)
have been normalised to the integrated signal (details in SI). Chemical maps were obtained as
described in SI, after denoising by principal component analysis. (b) and (e) are intensity maps
of the corresponding features integrated over the grey areas in (a) and (d). The intensity scale
has been normalised to compare chemical maps at a given dose in (b). The spatial resolution
is 10 nm in (b) and 2 nm in (e). More details are provided in SI.

In Figure 3b, we mapped the distribution of carbonyl components produced under the beam
with a nanoscale spatial resolution, across the same scanned area, as a function of the electron
dose (see SI for details and Figure S3). To do so, the intensities of peaks CL, and CL3 were
integrated, after background subtraction and processing with principal component analysis
(PCA). At low-dose, carboxyl groups (-COO) are homogeneously distributed across the
nanoparticles, as expected from the nanoMOFs molecular structure. At 310 &A2, a uniform
reduction of the linker into carbonyl (-CO) is observed at this spatial resolution. Note that for
such electron doses, the nanoparticle morphology remains unchanged, as observed in the
corresponding HAADF image (left side). These results demonstrate the possibility of damage-
free mapping at the nanoscale of specific chemical groups. Moreover, it should be mentioned
that, to the best of our knowledge, intact organic component mapping has never been performed
at an electron dose as low as employed here (10 &/A?).

To correlate the linker’s and metal’s behaviour induced by the electron beam, we used a 400
eV energy window to acquire simultaneously the oxygen K-edge and Fe L»3-edge of MIL-
100(Fe). The spectra were calibrated according to a previous X-ray Absorption Near-Edge
Structure (XANES) study on MIL-100(Fe).*! In agreement with the carbon K-edge, the oxygen
K-edge of MIL-100(Fe) shows the degradation of the organic part under irradiation (Figure 3c,
left side, red lines). At low-dose (10 &/A?), it displays two peaks at 532.2 eV (denoted CLs) and

~ 540 eV (denoted CL7). These features are in agreement with XANES data obtained from
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MIL-100(Fe)*'**> and with NEXAFS measurements from free-standing BTC (comparison
shown in Figure 3¢, black line), where authors attributed the peaks to 1s—n*c-o0 (CLs) and 1s—
o*c.o (CLy) transitions of carboxyl groups, respectively.’! As the metal-linker coordination
bond is achieved through oxygen elements of carboxylate groups, one could expect additional
features related to iron coordination. Indeed, the Fe(3d)-O(2p) orbital hybridisation* should be
detected near 531.5 eV, as typically observed in EELS for iron (III) oxide (whose oxygen K-
edge is shown in Figure S2). Here, its absence for MIL-100(Fe) is probably due to the lower
concentration of iron-oxo clusters compared to carboxylic linkers (two linkers per cluster as
indicated by the molecular formula Fe;O(OH)(BTC)2(H20)2). Moreover, the oxygen K-edge
analysis at low-dose (10 &A?) remains limited by its low cross-section, as observed in Figure
3¢, where the fine structure analysis is hindered by the low SNR.

Upon irradiation, peak CLs decreases attesting to the damage of the -COO bonds. In the
meantime, the asymmetric peak CL¢ appears near 534.2 eV. The identification of this peak is
not straightforward. Previous studies based on NEXAFS and EELS have attributed a similar
peak to 1s—m*c=0, 1s—m*c.on or 1s—6*c=o transitions in BDC,** amino-acids,** oxidised multi-
walled carbon nanotubes* and poly(ethylene terephthalate).*® These multiple assignments
make it difficult to identify the peak CLg reliably. Nonetheless, our present results on the carbon
K-edge strongly suggest that the peak CLg is associated with the reduction of carboxylic groups
into carbonyl. Indeed, we observe a concurrent increase of the peaks CL, and CLs above 30
&/A2. As we assign the CL; peak to carbonyl groups (-CO), the CLs peak could also highlight
the degradation of the linkers’ -COO groups.

Thereafter, we studied the metal part of nanoMOFs and first kept focused on MIL-100(Fe)
(Figures 3c and 3d). Figure 3¢ (right side, red lines) depicts the typical dose evolution
observed for the iron L;3-edge on MIL-100(Fe). The L-edges of transition metals provide

information on their electronic environment such as oxidation state and crystal-field splitting.*’
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Unfortunately, the signal was found to be too low in low-dose conditions for any fine analysis.
Iron’s low cross-section and low concentration in the nanoMOFs make the signal tens of times
weaker than the carbon K-edge one. A quantifiable signal was only detected for higher electron
doses starting from 90 &/ A2. As aforementioned, these conditions imply that the organic part is
already degraded. At this dose, MIL-100(Fe) exhibit a main peak at 707.6 eV, followed by a
small shoulder at 708.9 eV observable for higher electron doses (i.e. 780 &/A?). These data agree
with previous XANES measurements on MIL-100(Fe) where authors attributed the signature
to surface Fe?* species produced by reduction under vacuum.*'**? These authors also detected a
peak at 534.2 eV similar to CL¢, which we assign here to degraded organic linkers. Herein, the
combined systematic study of the iron, oxygen and carbon edges as a function of the electron
dose provides supplementary information on this phenomenon. This dose-effect study suggests
that the linkers’ reduction induced by radiolysis can also affect the coordination structure of
iron and hence, its valency. Nonetheless, the iron behaviour under high electron irradiation
remains unclear. Figure 3d shows the evolution of the iron L, 3-edge of MIL-100(Fe) compared
to an iron(IIl) oxide reference (grey line) for higher doses between 500 &/A? and 10* &/AZ.
Starting from 2x10° &/A2, the peak of MIL-100(Fe) located at 708.9 eV drastically increases
revealing changes in electronic configuration. For this high dose range, the organic fraction is
drastically degraded and may involve a complex chemical evolution which is not
straightforward to disentangle.

Figure 3e shows the elemental iron map achieved by integrating the L3-edge signal after PCA
processing (details in SI). It attests to a homogeneous distribution of iron across the nanoMOFs,
with a spatial resolution of 2 nm. Iron valency distribution could not be mapped at low doses
because of its weak SNR features and, for higher electron doses, its distribution analysis is
irrelevant since the nanoMOFs are degraded. Other metallic edges of nanoMOFs were also

detected in the same conditions. Figure S4 shows the iron M»3-edge of MIL-100(Fe) and
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zirconium M 3 4 5 and No 3-edges of UiO-66. For MIL-100(Al), the aluminium K and L»3-edges
typically located at 1560 eV and 77 eV were not detected, probably due to their low cross-
section and low aluminium concentration in the specimen.

Our results provide insights into the nanoscale analysis of intact complex organic assemblies.
Compared to the commonly used soft X-ray absorption spectromicroscopies,*® EELS provides
a similar fine structure analysis with high energy resolution features, closely similar to the
XANES and NEXAFS studies, but also enables a low-dose chemical mapping of the linkers
functions with an improved spatial resolution® down to 10 nm (Figure 3b). These results

demonstrate the possibility of characterising intact sensitive specimens at the nanoscale.

Low-loss excitations

Thereafter, we focus on analysing the LL region, where the excitations of valence electrons
are visible. First, we used a large energy window of 400 eV to simultaneously monitor the LL
and CL evolutions with the electron dose (Figure 4a-c¢, OE = 800 meV). Then, we used a smaller
energy window, spanning 16 eV, to achieve a better energy resolution (Figure 4d, oE = 40
meV). The more significant LL contribution shared for the three nanoMOFs is a huge bulk
plasmon peak standing out near 22 eV, which is due to the electrons’ collective oscillations
(observed in Figure 2b). As shown in Figure 4a-c, other molecular are also observable in the
UV energy range below 10 eV. Unlike the carbon K-edge that is similar for the three systems,
distinct LL features are found for each nanoMOF. Figure 4d shows the low-loss response of
nanoMOFs obtained at low (10 &A?) and higher (above 130 &A?) electron doses with a closer
look between 2 eV and 10 eV. At low-dose, MIL-100(Al) displays an intense peak centred
around 5.8 eV with shoulders at 5.2 eV and 6.6 eV. For MIL-100(Fe), a similar feature is
exhibited with a slight blue shift of the intense peak to 5.9 eV and less pronounced shoulders at

5.3 eV and 6.6 eV. Both MIL-100 exhibit two weak features at 2.5 eV and 3.5 eV and an
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additional very weak peak near 4.5 eV. Conversely, only two intense and asymmetric peaks are
found for UiO-66 near 5.1 eV and 6.5 eV. The aforementioned signals of the three nanoMOFs
agree reasonably well with UV-vis experiments between 2 eV and 6 eV.*”* They have been
usually related to m—mt* transitions but barely assigned to specific chemical functions. To get
more insights, we compared the signature of nanoMOFs with their free-standing organic
linkers, focusing on the shaded area LL, in Figure 4a-d. The two organic linkers (BTC and
BDC) show two peaks at 5.3 eV and 6.8 eV (see Figure S5 for the comparison of nanoMOFs,
BTC and BDC spectra). They were attributed to the designated benzoic and local-excitation
bands of functionalised phenyl groups, respectively.’® These bands seem to be slightly red-
shifted for nanoMOFs, where the linkers are coordinated with metals (e.g. shifted to 5.1 eV and
6.5 eV for UiO-66). Hence, we assume that the metal bonding affects the LL> features of the
coordinated organic molecules. This is in agreement with previous UV-vis studies that related
the 5.1 eV peak of UiO-66 to linker-to-metal charge transfer.’! > In addition, the peak observed
for MIL-100 around 5.8/5.9 eV is not detected for the organic linkers. Thus, this intense peak
may also be related to metal bonding. In a nutshell, our results suggest the LL, feature may be
considered as a spectral fingerprint of the coordination bonding between the organic and metal
parts of the nanoMOFs. In the absence of UV-vis data from the literature, the weak features
observed for MIL-100 below 4 eV are not straightforward to interpret and theoretical studies
are required in order to elucidate their origin.

As already noticed in the carbon K-edge study, the LL signal displays particular changes upon
electron irradiation. As shown in Figure 4a-d, all the LL, features decrease with the electron
dose. A more detailed evolution with the electron dose can be found in Figure S5. Considering
our assignment, this can reveal the loss of coordination bonds between metal clusters and
organic linkers that are progressively degraded. In the meantime, a peak near 4 eV (denoted

LL;) rises with the electron dose. Previous EELS and UV-vis studies of the
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polymethylmethacrylate degradation induced by irradiation have attributed this peak to the
formation of carbonyl functions (n—m*c—o transitions).>*> The simultaneous acquisition of the
LL and CL signals (400 eV energy window) allows us to compare their evolution. Figures 4a-
¢, S1 and S5 show the concurrent formation of peaks LL; and CL> with the decrease of LL>
features for doses above 130 &/A2. These observations suggest that the loss of coordination
bonds is related to the reduction of carboxylic groups (-COO) into carbonyl moieties (-CO).
Indeed, as the nanoMOFs assembly is conducted by the coordination of the carboxylic
functions, their reduction into carbonyl species weakens the coordination bond, inducing the
decrease of the features LL,.

Interestingly, the three nanoMOFs display a similar peak near 9 eV (denoted LL3, Figure
4d), which is red-shifted to 8.4 eV upon irradiation (see Figure S5). Such a peak has previously
been attributed to water exciton.’®*° Its presence for MIL-100 could be related to structural
water as indicated by the chemical formula (Al O(OH)(BTC)2(H20), and
Fe;0(OH)(BTC)2(H20).). But, considering water molecules to be prone to beam degradation,’’
it could also be attributed to hydroxyl groups (-OH), also present in the three nanoMOFs (UiO-
66 chemical formula: ZrsO4(OH)4(BDC)s). Another peak near 14 eV is also observable for

d,3%38 it is associated with

electron doses above 80 &A? (Figure 4a-c). As previously reporte
the hydrogen K-edge, attesting to the production of H> upon electron irradiation. Since we
assume direct dehydrogenation of the organic linkers even at low-dose (no 1s—c*c.y transitions
are observed in our carbon K-edge data), the dihydrogen signal certainly comes from the
hydroxyl groups or structural water of nanoMOFs. Noteworthy, it suggests that irradiation of
hydroxyl groups and structural water may enhance the beam-induced degradation effect as (i)
it could produce reactive species such as radicals, which may increase the radiolysis of the

organic linkers®® and (ii) lead to complex chemical evolution affecting the metal environment

(e.g. change of the iron L2 3-edge for high electron doses in Figure 3d).
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Figure 4. Low-loss analysis of MIL-100 and UiO-66 nanoparticles as a function of the electron
dose. (a-c) Evolution with the electron dose of the low-loss signal acquired simultaneously with
the carbon K-edge using the 400 eV energy window. The energy resolution is about oE = 800
meV. The electron doses are 10 &/A° for light colours and >750 &/ A for dark colours (single
acquisition doses, see Sl). Black arrows near 14 eV indicate the H K-edge revealing H>
production under irradiation. (d) Comparison of the low-loss signal obtained at electron dose
of 10 &/4? (top row) and above 130 &/4° (bottom row) (cumulated doses, see SI) with a smaller
energy window spanning 16 eV (energy resolution of about 0E = 40 meV). Spectra are
normalised to the integrated signal (see Sl). (e-f) HAADF-STEM images (left) and the
corresponding maps (right) of UiO-66 (green) and MIL-100(Fe) (red) obtained at (e) 10 &/4°
and (f) 210 &/A? after PCA processing. The pixel size is 10 nm in (e) and 2 nm in (f). () Spectra
obtained after PCA (solid lines) from the areas labelled 1, 2, and 3 in (e) and the NLLS
components (dashed lines) used to map their distribution. Spectra of (a-d) are average raw
data obtained by extracting and summing the signal over hundreds of square nanometres. Blue,
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red and green represent MIL-100(Al), MIL-100(Fe), UiO-66 in (a-g) while orange line stands
for the superimposed signal of the latter two in (g). SI provides more details.

Recent studies have reported about damage-free LL EELS signatures of organic
specimens'""!” but none of them provides maps of the signals. Conversely, other authors used
higher electron doses to map the signal of MOF glass blends,'® probably inducing beam
damages. Here, a specimen was prepared by mixing MIL-100(Fe) with UiO-66 and LL maps
were recorded at low-dose to ensure nanoMOFs being intact (Figure 4e-f). As shown in
Figures 4e and 4g, each nanoMOF specific feature was mapped at 10 &A?, using PCA
processing and Nonlinear Least-Squares (NLLS) Gaussian fitting (details on the NLLS
Gaussian fitting are provided in SI, Figure S6). To assess the possibility of localising the two
signals at higher electron doses, the study was repeated at 210 &A? (Figure 4f). In the two
conditions, MIL-100(Fe) (in red) was successfully distinguished from UiO-66 (in green). This
result demonstrates that the chemical information can still be localised despite degradation
under electron irradiation. The main difference between the two conditions lies in the spatial
resolution: the lowest electron dose, associated with no degradation, imposes a large pixel size
of 10 nm, whereas fixing a higher dose allows an increase of the pixel size to 1 nm but induces
beam damage. This highlights the general trend that the chemical imaging of sensitive
nanomaterials is a trade-off between spatial resolution and induced degradation. Our results
illustrate the possibility of distinguishing organic molecules in the LL energy range and
mapping their features with a nanoscale resolution.

By correlating the CL and LL energy ranges, our results enable deciphering the chemical
changes induced by electron irradiation. To a lesser extent, the chemical changes under
irradiation have previously been studied for MOFs in the LL and CL.'° Here, with low-dose
conditions and an improved energy resolution, we further demonstrate that it is possible to

distinguish the direct beam effect (reduction of carboxylic moieties, radiolysis of hydroxyl
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groups and H, production) from the secondary reactions implied (loss of coordination bond and
iron reduction). Nonetheless, since EELS allows one to reach energy ranges that are arduously
covered by conventional techniques (e.g. VUV, XUV), all our assignments remain assumptions

that need to be confirmed with theoretical studies.

Ultralow-loss excitations

The three nanoMOFs and their free-standing organic linkers were analysed in the vibrational
energy window with conventional attenuated total reflection (ATR) — Fourier Transform (FT)
IR and ULL STEM-EELS. The energy resolution was equal to 4 cm™ for FTIR and 12 meV
(97 em™) for EELS. By applying the Richardson-Lucy deconvolution (details in SI and Figure
S7), the EELS ZLP was narrowed to reach an energy resolution of SE = 7 meV (55 cm™).
Figure 5a compares the resulting spectra obtained with the two techniques. The full spectra
ranging from 70 meV to 500 meV are given in Figures S8 and S9. Here, we briefly describe the
main vibrational modes denoted from ULL; to ULL¢ (grey areas in Figures 5a, S5 and S6) but
a complete assignment based on the literature can be found in Table S1.

FTIR spectra display the features specific to the specimen’s functional groups (Figure Sa).
In the ULL; area, characteristic bands of the metal part are observed for MIL-100(Fe) and UiO-
66. For MIL-100(Fe), the asymmetric Fes-p3-O stretching band is located at 624 cm™ (77 meV).
Noticeably, this band carries information on the oxidation state of iron: a previous FTIR study
has demonstrated that the partial reduction of iron induces a blue shift of this band from 618
cm! to 597 cm'.%° Here, our FTIR data indicate that non-irradiated MIL-100(Fe) contain Fe**
ions, in agreement with previous Mdssbauer studies.® Likewise, the Zr3-u3-O stretching bands
of UiO-66 are observed at 620 — 745 cm™ (80 - 90 meV), where they are mixed with the
vibration modes of the organic part. The five specimens display significant bands in the ULL4

area. They are attributed to CO stretching modes of carboxylic groups. By comparing the
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nanoMOFs with their organic linkers, these bands seem to shift upon coordination. Whereas
the BTC CO bands are located at 1326 cm™ (164 meV) and 1691 cm™ (210 meV), they are
found at 1405 cm™ (174 meV), 1672 cm™ (207 meV) for MIL-100(Al) and 1380 cm™ (171
meV), 1632 cm™ (202 meV) for MIL-100(Fe). Similarly, CO bands are red-shifted from 1287
cm™ (160 meV) and 1682 cm™ (209 meV) in BDC to 1387 cm™ (172 meV) and 1584 cm™! (196
meV) in UiO-66 (see Table S1). This comparison also highlights the distinct features of BDC,
which exhibits additional bands in the ULL3 area corresponding to CC, CO and CH bending
modes. In the three nanoMOFs spectra, residual solvents (water, ethanol and N,N-
dimethylformamide, DMF) are also detected. More details are given in Figure S8.

In EELS data, the main specific ULL features observed for the five specimens are in
agreement with the FTIR results (Figure Sa). Given the lower energy resolution, all the peaks
cannot be observed, but the metal and carboxylic main features were readily detected. The CH
bending (ULL: area) and CO stretching modes (ULL4 area) match the FTIR experiments for all
the specimens except BTC. Indeed, the EELS intensity of the BTC CO band (215 meV, 1734
cm™!) seems reduced compared to FTIR. Such spectral differences between the two techniques
may be explained by distinct excitation mechanisms following photons absorption (FTIR) and
electrons inelastic scattering (EELS). Nevertheless, a complete understanding will need the help
of theoretical calculations. At high energy losses, the features detected in EELS as in FTIR can
be attributed to the remaining solvents (adsorbed DMF, ethanol and structural water). A more
detailed discussion is provided in Figure S9. Beyond the similarities with the FTIR signal,
EELS reveals additional vibrational excitations at low energy (ULL; peaks) that were not
reached with the conventional technique (Figure 5a). Al-O, Fe-O and Zr-O stretching modes
of MIL-100(Al), MIL-100(Fe) and UiO-66 were recorded in the far IR region at 71 meV (573
cm™), 60 meV (484 cm!) and 64 meV (516 cm™), respectively (assignment based on the

literature as cited in Table S1).
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Despite the generally good agreement between FTIR and EELS data (Figure 5a), minor
differences were observed. Indeed, the ULL study was performed at electron doses around 120
&/A? to increase the SNR and, based on the carbon K-edge analysis (Figure 3a), these
conditions induce chemical damage to the specimens. Effective evidence lies in the peak found
in EELS at 291 meV (2347 cm™') for the nanoMOFs (indicated in Figure S9 with an arrow) that
was not detected in FTIR (Figure S8) and can correspond to degraded products. Moreover, it
must be mentioned that all the aforementioned bands (Figure Sa) may be slightly shifted from
their initial positions due to partial degradation of the chemical functions. For instance, the CO
stretching modes (ULL4 peaks) could correspond to degraded carboxylic (COO) groups, or
even carbonyl (CO) groups, as demonstrated in the carbon K-edge study. Given the EELS’
limited energy resolution, such subtle differences cannot be discriminated.

Recent studies have suggested a possible damage-free analysis of sensitive specimens in the
ULL energy range using the aloof configuration.!' 136162 By focusing the electron probe a few
nanometers away from the specimen, the authors recorded an intact signal. This configuration
leverages the long-range interactions associated with the phonon excitations to collect a signal
without direct impact on the specimen.” Here, measurements were repeated in transmission and
aloof configurations, and no differences were observed apart from a lower SNR (see Figure
S10). This points out an interesting fact: here, EELS performed in the transmission (bulk
excitation) and the aloof modes give peaks at sensibly the same energy revealing an absence of
dispersion effect. Collective excitations (e.g. surface phonon polaritons) would implied a
dispersion effect, and its absence here indicates the excitation of very localised vibrational
modes associated with molecular vibrations. As a further evidence, we did not observe the rapid
surface signal intensity modulation characteristic of confined surface phonon polaritons in

phononic nanomaterials.®> Thereafter, the transmission configuration was chosen for our
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experiments because, compared to the aloof one, it offers the possibility of a spatially resolved
analysis, allowing chemical mapping.

By using the transmission configuration, previous studies have mapped the linker signature
of MOF crystal-glass composites, notably constituted of BDC.'* Yet, while employing higher
electron doses (below 5x10° &/A?), their analysis was still affected by the difficulty of ZLP tail
removal. Herein, with lower electron doses (~120 &A?), we provide a chemical map of the
MIL-100(Al) linkers’ distribution at a pixel size of 2 nm. To do so, we chose the MIL-100(Al)’s
CO stretching modes since they are the most intense features of the spectra. Despite their
possible degradation, they remain an appropriate and robust spectral fingerprint of the
nanoMOFs vibrational excitations. Figure 5b-c displays the HAADF image and chemical map
obtained by integrating the intensity of the two CO bands (ULL4 peaks) after background
subtraction and PCA processing (see SI). To exclude any contribution from the nanoparticles
thickness, the chemical map has been normalised by the ZLP intensity. An enhanced signal is
detected on the nanoMOFs. Figure 5d provides averaged intensity line profiles of the HAADF
(in black) and chemical map images (in blue) measured in the white dotted rectangle. The
HAADF and chemical signals are clearly correlated. A weaker signal is also found on the
amorphous carbon film (grey area in the HAADF image of Figure Sb, and indicated by grey
stars in the line profile of Figure 5d) due to excitations in the ULL4 area (Figure S9).% Finally,
a map was obtained with a similar data processing from an energy range with no excitations
(450 — 495 meV) and no signal was detected (Figure Se). All together, these results attest to
the effective localisation of the CO vibrational modes on the nanoMOFs. They demonstrate the
possibility of mapping the vibrational excitations of sensitive nanoMOFs with high energy and
spatial resolution. Compared to IR spectromicroscopy, EELS provides similar information on
the molecular vibrational modes, but it also allows mapping their distribution with an improved

spatial resolution (at the nanoscale).
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Figure 5. Ultralow-loss analysis of nanoMOFs and their free-standing organic linkers
acquired at about 120 &/A? (single acquisition dose, beam current = 4 pA, total acquisition time
~ 100s). (a) Comparison of the ultralow-loss EELS (solid line) with conventional FTIR (dotted
line) for MIL-100(Al) in blue, MIL-100(Fe) in red, BTC in yellow, UiO-66 in green and BDC
in pink. All EEL spectra are averages obtained by extracting and summing the signal over the
whole hyperspectral image. They have been collected in an energy window of 2 eV and
deconvolved using the Richardson-Lucy Algorithm (details in SI). The EEL energy resolution
is about OE = 7 meV (55 cm™), and the FTIR one is about 4 cm™ (0.5 meV). (b) HAADF image
of MIL-100(Al) nanoparticles and (c) the corresponding chemical map of the CO vibration
modes (shaded ULL4 area in (a)). (d) Intensity profiles acquired along the indicated line of the
HAADF image (black line profile) and the chemical map (blue line profile) from (b-c). To
increase the SNR, several line profiles were added, as illustrated by the white dotted rectangle
in (b-c). It shows a localised signal on the nanoparticles. Grey stars indicate the amorphous
carbon film signal. (e) Chemical map obtained on an area where no excitation was detected
(450 — 495 meV). It attests thickness does not contribute to the signal map of MIL-100(Al) in
(b). The pixel size is 2 nm in (b-c) and (e). Chemical maps were obtained as described in SI.
They have been normalised to the ZLP to exclude the thickness variations. For comparison,
their intensity scale is also normalised (see SI).

Monitoring beam-induced chemical reactions.

The present study has allowed us to monitor the chemical degradation of three sensitive
nanoMOFs under electron irradiation. Thanks to the multimodal approach, we have assigned
all the vibrational and electronic transitions observed in the IR, UV and soft X-ray energy

ranges to specific functional groups. In Figure 6, we resume the schematic representation of
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the nanoMOFs chemical structure given in Figure 1d and we indicate the corresponding peaks
described in this manuscript according to the electron dose. The multimodal information was
cross-correlated between the three energy windows to obtain a deep characterisation of
nanoMOFs. For instance, at low-dose, while the metal-linker coordination bonding is not
observed in the CL, it is well documented in the LL and ULL regions (peaks LL,, ULL; and
ULL»). Upon irradiation, LL and CL features illustrate radiolysis damages to the organic linkers
through (i) instantaneous dehydrogenation of the benzene ring, (ii) breakage of the benzene
double bonds (peak CL1) leading to the formation of single bonds (peak CL4) and (iii) reduction
of the carboxylic groups (-COO, peaks CL3 and CLs) into carbonyl composites (-CO, peak CL>)
causing the loss of coordination bond (peak LL>). We suppose this linker vacancy leads to metal
reduction. H; production under irradiation suggests (i) hydrogen loss from hydroxyl groups and
remaining solvents (structural water, ethanol or DMF) and (ii) the formation of reactive species,
such as radicals, that could enhance the beam-induced degradation effect through complex
reactions. This mechanism remains an assumption that would need further investigations to be

clarified.
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Figure 6. Schematic representation of the main irradiation effects on the molecular structure
of nanoMOFs. The different MIL-100 and UiO-66 structures have been simplified using general
atom labels (M for metals and R for metals or linkers). At the top, the intact molecular structure
of nanoMOF's depicts their characteristic chemical functions. The colours relate them to the
peak assignment described in this manuscript and Table S1 for intact signatures, assuming that
beam alteration is not detected in ULL EELS due to the energy resolution. At the bottom, the
possible degraded structures are illustrated according to the observed alterations in EELS for
doses below 500 &/A°.

CONCLUSION

This study presents a damage-free multimodal analysis of nanoMOFs at the nanoscale. Our
results underline the powerful possibilities offered by STEM microscopes equipped with a
monochromated beam and a direct electron detection in terms of energy resolution (down to 12
meV) and sensitivity for studying beam-sensitive specimens. The detector high dynamic range

enables the analysis of very low signals obtained in low-dose conditions?? and a multimodal
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analysis with the simultaneous acquisition of the LL and CL signals without saturation from
the ZLP. With low-dose (10 &A?) and cryogenic conditions, as employed for cryo-TEM high-
resolution imaging of biological specimens, we successfully revealed the intact signatures of
nanoMOFs and related them to specific electronic transitions. In these conditions, we outlined
the spectral similarities between EELS and photon-based spectroscopic techniques. In the IR
window, the vibration modes agreed with FTIR data acquired on the same specimens, albeit
less energy resolved. In the X-ray window, the fine structure analysis revealed features very
similar to the X-ray absorption spectroscopy data described in the literature. Besides, since
EELS covers a broader energy range compared to photon-based spectroscopies, it has access to
energy domains that are arduously reached by other techniques such as vacuum UV (100 — 200
nm, 6 — 12 eV) and extreme UV (10 — 100 nm, 12 — 120 e¢V) and are of main interest for
investigating the valence electron excitations. Namely, we revealed valuable information on the
metal-linker coordination bond in the vacuum-UV range, which precise identification needs to
be specified by theoretical studies. Furthermore, at low-dose, we successfully mapped the
distribution of the nanoMOFs’ intact chemical groups in the three energy ranges, with a 10 nm
spatial resolution. Then, since low-dose constrained the analysis spatial resolution, we
demonstrated that higher electron doses could be employed to map the LL signal of MIL-
100(Fe) and UiO-66 with a smaller pixel size (2 nm), without impeding the localisation of the
chemical signature. By increasing the electron dose from 10 &/A? to 10* &/A2, we monitored the
irradiation-induced effect on these sensitive specimens in the three energy ranges and identified
the chemical groups of intact and degraded signatures.

This study demonstrates STEM-EELS as a key technique for understanding the complexity
of highly sensitive nanostructures, offering the possibility of a deep characterisation in a wide
energy range, spanning from IR through UV to soft X-rays, in a single experiment. Our results

outline that this multimodal approach allows the identification and mapping of the functional
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groups of organic-inorganic specimens. Similar procedures could also be used to study other
hybrid specimens of various compositions such as organic blend components, organic-
inorganic interfaces or nanoparticles embedded in organic matrices or in the cellular context,
but also pure organic materials as biological macromolecules or cellular organelles. Not only
can products be identified, but chemical reactions can also be monitored to decipher complex
mechanisms. Therefore, chemical reactions in nanosystems, including the most sensitive ones
as hybrid or organic materials, could also be investigated in situ when changing the temperature
(heating/cooling chip devices), the environment (liquid or gas reaction cells) or under
irradiation (photons or electrons). In the following, we aim to investigate nanoMOFs as drug
nanocarriers by characterising the drug loading and distribution and unveiling the cellular fate

of single nanoparticles.

EXPERIMENTAL SECTION

NanoMOFs preparation. MIL-100(Fe) and MIL-100(Al) were synthesised following the
previously reported microwave-assisted hydrothermal method.%® UiO-66 nanoparticles were
synthesised following the procedure described in [*]. In order to assess their purity, the three
nanoMOFs were analysed after their synthesis and prior to nanoscale characterization, by
Fourier Transform IR Spectroscopy (FTIR) in the attenuated total reflection (ATR) mode

(Figure S8). Synthesis and specimen preparations are detailed in SI.

Cryogenic Transmission Electron Microscopy (cryo-TEM). The experiments were
performed at 200kV on a JEOL JEM-2010 transmission electron microscope equipped with a
Schottky field emission gun, a Gatan 626 cryo-holder and a Gatan Ultrascan 4K CCD camera.

The specimens were imaged with a magnification of 50kx and 80kx using a minimal dose
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system estimated between 10 and 15 &/A?. Images were collected between 1000 nm and 2500

nm nominal defocus. All the results presented here are unprocessed.

Scanning Transmission Electron Microscopy and Electron Energy Loss Spectroscopy
(STEM-EELS). STEM-EELS experiments were carried out on a monochromated Cs-corrected
Nion Hermes 200-S microscope operated at 100kV, equipped with a single tilt cryo-specimen
holder (HennyZ), a Nion Iris spectrometer and a Merlin Direct Electron Detector camera
(Quantum Detectors, UK) for spectroscopic analysis. The convergence semi-angle was set to
10 mrad, enabling a sub-nanometer beam size. The spectra were recorded for each characteristic
feature in different energy windows by adjusting the range to either 2 eV (dispersion of 1.6
meV/channel) or 16 eV (15.2 meV/channel) or 116 eV (112 meV/channel) or 400 eV (389
meV/channel). The entrance aperture for EELS was set to 300 pm for the 2 eV energy window
and to 1 mm for the others. For each dispersion, the energy resolution dE was measured from
the full-width at half-maximum of the ZLP. It reached 12 meV for the lowest energy window
spanning 2 eV. Electron dose effects were analysed for a total dose from 10 &/A? to 10* &/A?
and dose rates ranging from 4x10% &/A?/s to 10° &/A?%/s (details on total dose and dose rates are
given in SI). This study has been performed by either a single acquisition on different areas or
several successive acquisitions on the same area. The increasing single acquisition doses have
been obtained by raising the probe current (from 6 pA to 40 pA), the dwell time (from 2 ms to
3 ms) and reducing the pixel size (from 10 nm to 3 nm). The cumulated doses of successive
acquisitions have been obtained at a constant beam current (6 pA or 15 pA), by varying the
pixel size (from 10 nm to 1 nm) and dwell time (from 2 ms to 80 ms). More details are given
in SI. As EELS imposes a maximum thickness to collect a signal, we limited the analysis to
small nanoparticles (< 150 nm). Apart from the LL mapping, we selected those above the grid
carbon film holes to avoid the carbon contribution to the measurements. All EELS data were

acquired in the conventional transmission mode, except for the organic linkers in the ULL
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energy range, which were analysed in the aloof configuration due to their large thickness.
Additional EELS for iron (III) oxide reference spectra was performed on a Nion Ultrastem 200
operating at 100 kV with a probe semi-angle of 25 mrad, an EELS aperture of 2 mm and an

EELS energy window of 200 eV. Details on data processing are given in SI.

Fourier-Transform Infrared (FTIR) spectroscopy. Conventional FTIR spectra were
collected for each type of nanoMOFs, and their corresponding organic linkers with a Vertex 70
spectrometer (Bruker, Germany) equipped with an ATR device. Data were collected between
4000 cm™ and 600 cm™ with a 1.5 mm spectral aperture averaging 128 scans. The spectral

resolution was equal to 4 cm™ (0.5 meV). SI provides details on the data processing.

SUPPORTING INFORMATION

The Supporting Information is available free of charge at

https://pubs.acs.org/doi/10.1021/acsnano. XXX.

Additional experimental details of the nanoMOFs synthesis and sample preparation, the dose-
effect experiment and data processing, additional FTIR and EELS spectra in the three energy

ranges and the table of assignments (PDF).
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