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Insights into Solid-To-Solid Transformation of MOF Amorphous

Phases

Yuri A. Mezenov,” Stephanie Bruyere,# Andrei Krasilin, Ekaterina Khrapova, Semyon V. Bachinin,
Pavel V. Alekseevskiy, Sergei Shipiloskikh, Pascal Boulet, Sebastien Hupont, Alexandre Nomine,
Brigitte Vigolo, Alexander S. Novikov, Thierry Belmonte, and Valentin A. Milichko®

ABSTRACT: Metal—organic frameworks (MOFs) have been recently explored as
crystalline solids for conversion into amorphous phases demonstrating non-specific
mechanical, catalytic, and optical properties. The real-time control of such
structural transformations and their outcomes still remain a challenge. Here, we
use in situ high-resolution transmission electron microscopy with 0.01 s time
resolution to explore non-thermal (electron induced) amorphization of a MOF
single crystal, followed by transformation into an amorphous nanomaterial. By
comparing a series of M-BTC (M: Fe**, Co™, Co®, Ni¥*, and Cu®"; BTC: 1,3,5-
benzentricarboxylic acid), we demonstrate that the topology of a metal cluster of
the parent MOFs determines the rate of formation and the chemistry of the
resulting phases containing an intact ligand and metal or metal oxide nanoparticles.
Confocal Raman and photoluminescence spectroscopies further confirm the
integrity of the BTC ligand and coordination bond breaking, while high-resolution
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imaging with chemical and structural analysis over time allows for tracking the dynamics of solid-to-solid transformations. The
revealed relationship between the initial and resulting structures and the stability of the obtained phase and its photoluminescence

over time contribute to the design of new amorphous MOF-based optical nanomaterials.

rystalline metal—organic frameworks (MOFs) appeared tn

be prormsa.ng solids for application as gas sorbents,
separators, and new active elements in opto- and micro-
electronic devices.”™ The highly ordered porous structure of
MOFs pmwde,s an efﬁcwnt and lossless propagation of
mechamca], therma] and elel:tromagnetlc energy, as well as
molecules” and charged particles along the structure,'’ which
underlies the operation of the above devices. Meanwhile, the
transformation of the parent cr?rstal structure into various
amorphous and liquid phase,s” allows for designing new
MOF-based materials for which a long-range order plays a minor
role. Such amorphous (glassy and non-glassy MOFs) and liquid
counterparts can be obtained generally by heating before the
decomposition temperature, followed by fast or slow cooling.
Herein, the organic ligands remain intact, and the coordination
binding between them and metal clusters is partially retained. In
contrast, overcoming the decomposition temperature leads to
the formation of amorphous materials'®™"? which consist of fully
or partially decomposed ligands, carbon, and a wide range of
nanoparticles. Herein, no structural integrity and coordination
bonds are observed.

The resulting amorphous phases demonstrate l'ul%}jg
promising mechanical, catalytic and optical properties, e
being nonspecific for their crystalline analogues. Nevertheless, in
spite of the great potential of such phases, the dynamics of their

transformation and the effect of parent MOF chemistry on the
result yet rema}.n unclear. Very recently, Rasmus S. K. Madsen
and co]]eagues investigated the glass formation mechanism in
ZIF-62, utilizing ultrahigh-field ®"Zn solid-state nuclear
magnetic resonance spectroscopy. The authors revealed that
the two sites (the less and more distorted tetrahedron Zn—N,)
have been transferred into a single tetrahedral site upon melting
and wvitrification, related to the reconstruction of the Zn—N
bond. The melting mechanism for ZIF scnes has been
investigated by F.X. Coudert and colleagues™ with the use of
in situ variable temperature X-ray and ex-situ neutron pair
distribution function experiments. The authors confirmed that
during melting, bond breaking and reorientation between Zn?*
and imidazolate occur from the undercoordinated Zn®',
producing the disordered structures. A similar in situ X-ray
pair distribution function technique has been also utilized to
probe the mechanism through wh_ld'l MOFs transform into
Zhihengyu Chen et al

nanocomposites during )rw}ysm
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Figure 1. Structure of M-BTC compounds. Optical images of the corresponding MOFs: Ni-BTC (A), Co-BTC (C), Co-BTC* (E), Fe-BTC (G), and
Cu-BTC (I) with the corresponding scale bars, 200 gm (A,C,E), 1 cm (G), and 20 um (I). The structure and metallic clusters of the corresponding
MOFs: Ni-BTC (B), Co-BTC (D), Co-BTC* (F), Fe-BTC (H), and Cu-BTC (J).

compared a series of bimetallic MOFs with trimeric node
different compositions (Fes;, Fe;Co, and Fe;Ni) linked by
carboxylate ligands and demonstrated that the resulting
nanoparticle structure and chemistry depend on the node
chemistry of the parent MOF.

Here, we utilize in situ high-resolution transmission electron
microscopy (HRTEM)? =" to explore the path through which
a crystalline MOF single crystal destabilizes and then undergoes
the amorphization followed by transformation into MOF-based
amorphous nanomaterials. As model MOFs, we consider a series
of M-BTC (M: Cu®*, Ni**, Co*, Co®" and Fe** and BTC: 1,3,5-
benzentricarboxylic acid) with an appropriate level of
crystallinity of the initial state (especially Ni-BTC and Co-
BTC, see Supporting Information, Part I). To avoid the classical
equilibrium path of thermal amorphization of MOFs, we turned
to a non-thermal way via accelerated 200 kV high-energy
electrons with variable flux densities. Intriguingly, this allows us
to keep the integrity of the BTC ligand, while destroying the
weaker coordination bonds. These have been confirmed by
energy dispersive X-ray analysis (EDX) and confocal Raman and
photoluminescence (PL) spectroscopy. HRTEM imaging over
time with a 100 Hz framing rate (i.e., 0.01 s per micrograph) also
made it possible to analyze the formation rates of the amorphous

phases and the chemical effect of the parent MOFs; the variation
in the topology of metal clusters shifts the rate of formation from
1 to 30 min for an amorphous phase containing an intact BTC
ligand and crystalline metal or metal oxide nanoparticles,
respectively. We also discovered the dynamics and the nature of
the growing nanoparticles on the structural defects with time
resolution. Aside from the direct insight into non-thermal solid-
to-solid transformation of MOF-based amorphous phases, the
research also expands the library of MOF-based nanomaterials
for optical applications and contributes to understanding of
complex processes of phase transformations in hierarchical
solids. ™™

B RESULTS

As the model MOFs, we have synthesized a series of M-BTC (M:
Fe¥*, Co*, Co¥, Ni*", and Cu®** and BTC: 1,3,5-benzen-
tricarboxylic acid) by a solvothermal method.”** Important is
that the variation of metal ions at a fixed ligand allows us to
explore the chemistry and topology of the metal cluster of the
parent MOF on the dynamics and the composition of resulting
amorphous phases. Figure 1 demonstrates the structures of the
obtained compounds: Ni-BTC (Figure 1A,B) and Co-BTC
(Figure 1C,D) represent similar structures composed of
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Figure 2. High Resolution TEM analysis of Ni-BTC. (A) Micrograph of the MOF after e-beam exposure. Scale bar, 50 nm. (B,C) Enlarged scale of the
resulting nanoparticles immersed inside the organic matrix. Scale bars, 20 nm (B) and 5 nm (C). (D) Fourier transformation of the micrograph (C)
confirmed high crystallinity of the obtained nanoparticles. (E) EELS spectrum of the obtained nanoparticles, confirming their metallic (Ni) nature.
(F—H) TEM and EDX mapping images of the MOF after e-beam exposure. Scale bar, 100 nm.

[Ni3(BTC),-12H,0] and [Co3(BTC);-12H,0], based on
single crystal X-ray diffraction (SCXRD) analysis (see details
in the Supporting Information, Tables S1 and S2, Figure S2B).
The X-ray data shows that Ni and Co possess separate
octahedral positions, and the structure consists of zigzag chains
built of two symmetry nonequivalent tetra-aqua M(II) units and
BTC ligands. Also, these compounds crystallize in a monoclinic
system with a space group of C,(#5), being isotypic to the
structure first obtained by Omar Yaghi and colleagues, and
others.”*** We have also tuned the synthetic parameters
(replacement of water by dimethylformamide, DMF, as a
solvent, see Experimental Section) to change at least the
coordination sphere. As a result, orthorhombic Co-BTC*
(Coy(BTC) (NO;3;) x 2DMF) with a space group of
P2,2,2,(#19) has been obtained. Based on SCXRD analysis
(Table S3), the compound is characterized by two different
coordination spheres (Figure 1E,F). The first one is composed
of two Co atoms in well-formed and distorted octahedral

positions (Figure 1F). The first atom of cobalt bounds with
three BTC ligands, two molecules of DMF, and one nitrate ion
(NO;™). At the second cobalt atom there is one common oxygen
atom provided by the BTC ligand. The second sphere is
composed of separate Co octahedrons bounded with three BTC
ligands and three DMF molecules.

Next, to determine the effect on the coordination sphere
through the metal ion change, we have utilized Fe** to form a
cubic MOF_ (FE;OH(H_)_O)J_O[(CﬁH;)'(COl);]1'14SHzo)
with the Fd3m(#225) space group referring to ref 41. The
obtained powder XRD data (PXRD, Figure S2A) correlate well
with that of single crystal analysis from ref 41, confirming that
three Fe atoms have four octahedral positions with a common
oxygen atom.*” All octahedral positions have similar structures
and bound with oxygen atoms of BTC ligands (Figure 1G,H).
Finally, as a part of M-BTC series (Figures 11,], and S1), we have
taken into consideration the Cu-BTC compound (i.e.,

[Cu3(BTC),-3H,0] or HKUST-1 purchased from Sigma-
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Figure 3. High Resolution TEM analysis of Co-BTC* and Fe-BTC. Structural and chemical analysis of Co-BTC* (A—F) and Fe-BTC (G—L) after e-
beam exposure. (A,C,E) HRTEM micrographs of Co-BTC* after e-beam exposure, revealing the highly crystalline nanoparticles inside the organic
matrix. Scale bar, 10 nm (A) and § nm (C, E). (B) EELS spectrum of the obtained nanoparticles, confirming their oxide state. (D,F) Fourier
transformations of the micrographs (C,E) confirmed high crystallinity of the obtained oxide nanoparticles. (G,1,K) HRTEM micrographs of Fe-BTC
after e-beam exposure, revealing the highly crystalline nanoparticles inside the organic matrix. Scale bars, 10 nm (G) and 5 nm (LK). (H) EELS
spectrum of the obtained nanoparticles, confirming their oxide state. (J,L) Fourier transformations of the micrographs (LK) confirmed high

crystallinity of the obtained oxide nanoparticles.

Aldrich), characterized by a face-centered cubic structure having
an intersecting three-dimensional system in which Cu has two
separate elongated rectangular pyramidic positions. The
structure of Cu-BTC consists of two Cu atoms, each of which
forms four bonds with the oxygen from the BTC ligand and one
from the water molecule. This compound has been recently
investigated by us in the structural transformation,*” amorphiza-
tion, and nanocomposite formation.**

We then analyzed solid-to-solid transformations of single
crystals of MOFs in the vacuum chamber of a TEM microscope
(MET, JEOL ACCEL ARM 200F) under the electronic beam of

the varied density from 50 to 120 pA cm™, accelerated by 200
kV. The initial single crystals of MOFs, when placed in the
chamber, demonstrated instant amorphization (Figures $3—57)
with the preservation of coordination bonds and the ligand itself,
confirmed by Raman and PL spectroscopy (see the model
compounds of Ni-BTC and Co-BTC in Figures S26 and S28,
respectively). Herein, the switching to a high-resolution mode
with an increase in the electron density turned the e-beam into a
tool for destabilization of the parent structure due to energy
transfer from incident accelerated electrons to valence electrons

in MOFs. To track this inner dynamics, HRTEM micrographs
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Figure 4. Dynamics of Ni nanoparticle growth. (A,B) Evolution of the average diameter of Ni nanoparticles growing due to Ni-BNC e-beam exposure
at65 pA cm 2,200 kV (A), and 120 pA cm™2, 200 kV (B). (C) Evolution of the average diameter of Ni nanoparticles growing at —110 °C, 50 pA cm™,
200 kV. (D) Dependence of the average diameters of Ni nanoparticles on the current density, achieved in 100 s after e-beam exposure.

with a 100 Hz framing rate have been recorded over the full time
of the MOF structure transformation (up to 30 min, see
Experimental Section).

Figures 2 and 3 summarize the results for non-thermal high-
energy electron induced amorphization of the MOF series. As
one can see, Ni-BTC demonstrates fast (dozens of seconds,
Figure S8) solid-to-solid transformations into a nanomaterial
which is composed of crystalline nanoparticles inside an organic
matrix (Figure 2A—D). Concerning the nanoparticles, electron
energy loss spectroscopy (EELS) revealed their metallic nature
via L-edges (L3 and L2) for nickel centered at ~855 and ~872
eV (Figure 2E), respectively." In addition, Fourier analysis of
HRTEM micrographs (Figure $22) and EDX mapping also
confirmed the localization of nickel atoms inside the matrix,
while oxygen was distributed throughout the entire volume
(Figure 2F—H).

Demonstrating the same topology, Co-BTC also undergoes
fast amorphization (Figure S9) with the following crystallization
of cobalt nanoparticles inside the organic matrix (Figures S10
A-D and S11). EELS measurements confirmed the metallic
nature of the nanoparticles: Co L-edges (L3 and L2) centered at
~780 and ~795 eV (Figure SI10E), respectively, have been
detected without the presence of oxygen.“2 Fourier analysis

(Figure S23) and EDX mapping also revealed an accumulation
of cobalt atoms, while the oxygen was homogeneously
distributed over the volume of the matrix (Figure S10 F—H).

We have recently confirmed the same behavior for Cu-BTC:*
the formation of metallic Cu particles inside the organic matrix.
Herein, a long exposition (app. 2 min) of such compounds
under e-beam leads to metallic nanoparticle growth and
agglomeration followed by sufficient mechanical deformation
of the organic matrix (Movie S1).

In contrast, Co-BTC* (Figure 3A—F) and Fe-BTC (Figure
3G-L) exhibit 30 times slower process (Figure S12) of
transformation into nanomaterials with crystalline nanoparticles
(Figure 3C—L, Figures S13—S18) immersed in the organic
matrix. For the nanoparticles inside the Co-BTC* precursor,
EELS measurements revealed two cobalt L-edges, centered at ~
783 and ~799 eV, and O—K-edges at ~530 and ~540 eV for Co-
BTC* (Figure 3B). Comparing the obtained data with well-
known EELS spectra for the stable cobalt oxide states,* we have
revealed the following: For metallic cobalt, the L-edges are
around 781 (L3) and 796.5 eV (L2), respectively, without any
appearances of the oxygen K-edge in the range of 520—580 eV.
Herein, the CoO state is characterized with cobalt L-edges at
785.5 (L3) and 8015 eV (L2), respectively, while Co;0;
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Figure 5. Dynamics of Co,O, nanoparticle growth. (A) The evolution of the average diameter of different Co,O, nanoparticles (NP1 to NP3) growing
inside Co-BTC* during e-beam exposure (100 pA cm™ 2,200 kV). (B,C,D) HRTEM micrographs of the nanopartlcles NP1 (B), NP2 (C), and NP3
(D). Scale bar, | nm. (E) Evolution of the average Iattlce distance of the nanoparticle NP1 over time, compared with the Miller indices of the bulk
Co,0; (solid lines) and Co;0, (dashed lines). (F—I) HRTEM microphotographs of the Co,O, nanoparticles, confirming their rotation during solid-

to-solid transformation. Scale bar, I nm.

exhibits cobalt L-edges near 787 (L3) and 802.5 eV (L2),
respectively. The O—K edge range of 520—580 eV for both
oxide forms (CoO and Co;0;) exhibits three peaks from 530 to
545 V. It is also important to note that the L3/L2 ratio in our
case mismatches with that of the well-known cobalt oxide states.
Nevertheless, Fourier analysis of the corresponding nano-
particles reports on the correlation of the obtained Co oxide
with the Co;0, state (Figure S24). Thus, these contradictory
results allow us to definitely confirm the metal oxide state of the
nanopartlcles, rather than the exact oxide state of Co (ie.,
preferably Co® or Co®*).

For the nanoparticles inside the Fe-BTC precursor, EELS
measurements revealed that L-edges of iron appeared at 713 and
725 eV, and the O—K-edge range has been observed at ~531
and ~540 eV with a hump at 565 eV (Figure 3H). It means that
the obtained nanoparticles inside the organic matrix possess the
Fe oxide state, which con'elates with the metal state of the
parent MOF and the literature."” Fourier analysis also supports
the Fe30; state of the resulting nanoparticles (Figure S25).

Next, to reveal the dynamics (with a 0.01 s time resolution) of
internal structural transformation and, in particular, the
formation of nanomaterials from the amorphous phase, we
recorded and statistically processed more than 6 X 10° HRTEM
micrographs for the model Ni-, Co-, and Fe-BTC (see
Experimental Section). As representative and opposite com-
pounds, we consider below Ni-BTC (Figure 4) and Co-BTC*
(Figure 5) in detail.

Upon 65 pA em™? of electron beam current density, we
revealed the growth of Ni nanoparticle in 10 s, once the e-beam
switched on (Figure 4A). The 4.2 nm average size of the
nanoparticles has been achleved in 100 s. The increase of the
current density to 120 pA cm™ yields the larger nanoparticles
with an average diameter of ~6.3 nmin 100 s (Figure 4B). Since
the temperature plays a crucial role for the atom diffusion during
the nanoparticle growth, we also performed HRTEM analysis at
—110 °C (Figure 4C). As one can see, 50 pA cm™ of the current
density leads to significant shift of the growth process in time (54
s once the e-beam switched on). Nevertheless, the growth of Ni
nanoparticles under the low temperature conditions allowed one
to achieve a diameter of ~3 nm in 70 s. A similar behavior of the
nanomaterial formation has also been detected recently for the
Cu-BTC* and here for Co-BTC (Figure S11): 4 nm average
diameter for Co nanoparticles has been achieved in 68 s (at
room temperature, 120 pA cm™2).

It should be noted that due to the instrumental limits of the
HRTEM approach, we were able to detect the growth process of
the nanoparticles with a minimum diameter of 1. 5 nm for Niand
Co, instead of detecting the nucleation process ? Nevertheless,
these are in a good agreement with the recently reported
minimal diameters of ~1 nm Ni*® and ~2 nm Co*¥
nanocrystallites. Moreover, we have revealed that the growth
of metal nanoparticles (Ni or Co) inside the organic matrix is
accompanied by (i) a constant lattice parameters (within the
metrical error, Figure S21A), (ii) constant lattice orientation in
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Figure 6. Optical analysis of solid-to-solid transformation of Ni-BTC amorphous phases. (A) Raman spectra of initial, amorphous, and e-beam-
modified Ni-BTC compared with those of ligand powder (H;BTC) and decomposed Ni-BTC by e-beam shower. (B) PL spectra of initial, amorphous,
and e-beam-modified Ni-BTC compared with ligand powder (H;BTC). Inset: Image of a single MOF Ni-BTC on the TEM grid. Scale bar, 200 um.

space (Figure S21B—E), and (iii) the constant spatial position of
the nanoparticle over time (Figure S9). This, in turn, indicates
the nucleation and growth of such nanoparticles on the fixed
positions inside the MOF precursors.

The more complicated dynamics has been revealed for Co-
BTC* (Figure 5). First, during the growth process (up to 4
min), the nanoparticles have appeared at the unstable mode
inside the organic matrix. Thls is characterized by chaotic
changes of their size, shape, and position (Figure 5A). For
instance, the nanoparticles could disappear and appear again on
the same place: the nanoparticle NP1 disappeared 4 times
during the observation at ~166, ~171, ~179 s, and at ~205 s
(Figure SE); the nanoparticle NP2 disappeared twice at 186 and
197 s (Figure S19); and the nanoparticle NP3 disappeared three
times at 177, 185, and 2035 s (Figure S20). Second, we detected
the evolution of the layer distances during the growth process.
Indeed, the nanoparticle NP1 shows the constant layer distances
of ~0.230—0.260 nm during 15 s, and then, we detected ~0.150
nm in 5 s, ~0.240—0.250 nm in 10 s, and ~0.250 nm in 38 s
(Figure SE). The nanoparticles NP2 and NP3 also demonstrate
the same behavior (Figures S19 and $20): jump from ~0.210—
0.215 nm to ~0.247—0.257 nm in 10 s; jump from ~0.208—
0.215to ~0.175—-0.177 in 2 s and to ~0.210—0.220 in § 5. These
observations lead us to conclude that, in contrast to their metal
analogues, the growth of metal oxide nanoparticles is
accompanied with their mechanical rotation for several seconds
(Figure SF—I). A similar effect has also been detected by
HRTEM for iron oxyhydroxide nanoparticles in solution.*>

In addition, based on the observed layer distances for cobalt
oxide nanoparticles (Figures SE andS19A, S20A), we were able
to compare these distances with those of known oxide forms of
cobalt (CoO, Co,0;, and C010§) determined by crystallo-
graphic methods and calculations.””* Based on the lower Miller
indices, we have revealed that the obtained nanoparticles possess
the values closer to those of the less stable Co,0; form and/or
more stable Co;O4 (ie., the form of Co0-Co,0;). Thus,
omitting the exact composition, we nevertheless confirm again
the oxide nature of the nanoparticles obtained from the Co-
BTC* precursor.

Finally, to shed light on the nature of the organic matrix
obtained upon electron induced transformation of MOF
precursors, we have analyzed the initial (after the solvothermal

synthesis), amorphous (after placement inside the TEM
chamber), and e-beam modified MOFs by confocal Raman
spectroscopy and PL measurement (Figure 6 for model Ni-BTC
and Figure S28 for Co-BTC). As one can see, Raman spectra for
the ligand powder (Figure 6A) and its solution in DMF (Figure
§26) correlate with that of the initial crystal over the 700—1800
cm™"' range, corresponding to the vibrations of the organic part
(Tables S4 and S5). Also, the coordination bonds and vibrations
of the metal cluster over 200—250 cm™" have been detected for
the MOF crystals (see Supporting Information, Part III).
Amorphization inside the TEM chamber and further e-beam
modification lead to the drop of the intensity of all Raman
modes and then to their disappearance, especially the peaks over
200—250 cm™'. Moreover, the original color of the Ni-BTC
MOF has been preserved after the e-beam modification, as
shown in Figure S26B. It is intriguing that we observed the
ligand decomposition only at a sufficient increased dose of the
electron exposure (e-beam shower regime in TEM) thmugh the
appearance of carbon modes at 1320 and 1570 em™' (Figure
6A). PL measurements also confirm the amorphization of the
single MOF crystal through the red shift of the PL spectra®* and
the growth of a broad band at 500 nm apparently, corresponding
to a loss of the crystal order. Correlating with the Raman data
and the fact of the nanoparticle formation, the PL signal from the
representative e-beam-modified Ni-BTC and Co-BTC confirms
again the ligand intact state, while the coordination bonds
disappear. In addition, we have compared the PL signal from e-
beam-modified Ni-BTC as prepared and hold for 4 months at
ambient conditions (Figure S26B). As one can see, the
nanomaterial demonstrates a similar PL signal with a slightly
disturbed shape possible due to ongoing amorphization, in a
good agreement with optical behavior of MOF-based glasses.‘%

B DISCUSSION

Since we have observed significant differences in the dynamics of
solid-to-solid transformation, and the chemical composition of
the resulting amorphous solids, we can conclude that the
“chemical prehistory” of the initial MOF (generally, the metal
clusters) determines the path of the transformation.”*"" % In
fact, all MOFs discussed within the paper (Figure 1) can be
organized into two groups, based on the absence or presence of

the M—O—M bond (M: metal ion). Thus, the first group
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Figure 7. Path of solid-to-solid transformation of MOF amorphous phases. (A) Schematic diagram of evolution of the MOF (M-BTC) structure: (1)
amorphization in a vacuum chamber of the TEM microscope; (2) e-beam exposure that triggers the processes of coordination bond breaking and
subsequent (3) self-assembly of metals in 1 minand (3') metal oxides in 30 min. (B—F) Corresponding diffraction images demonstrating the evolution

of crystallinity and appearance of different phases during e-beam exposure.

contains Ni-BTC, Co-BTC, and Cu-BTC, in which metal—
oxygen polyhedrons are situated separately from each other
without joint vertices. The second group contains Co-BTC* and
Fe-BTC, respectively, in which metal—oxygen polyhedrons have
atleast one joint vertex occupied by an oxygcnum" Most probably,
electron beam action can break the bonds between the metal ion
and ligand but not the bonds formed by joint oxygen in the
metallic cluster. This feature leads to a remarkable difference in
the e-beam treatment products of MOFs belonging to the first
group (metallic Ni, Co, and Cu nanoparticles) and to the second
one (Co and Fe oxide nanoparticles). To clarify this situation,
we have estimated the bond energies by quantum chemical
calculations for the representative Co-BTC and Co-BTC*
compounds (see Supporting Information, Part IV). We have
found that the complex topology of the metallic cluster in Co-
BTC* (Figure 1F) provides ~40% higher bond energy of Co
ions with oxygen in specific positions, compared to other Co—O
bonds in Co-BTC* (Figure S31 and Table S6). However, the
strongest Co—O bonds in Co-BTC are 20% weaker compared to
those of Co-BTC* and hence easier to break. This possibly
brings us to the conclusion on the effect of the metal cluster on
the resulting metal or metal oxide chemistry of the nanoparticles
during the structural transformation.

The ligand integrity is also an important point in our case. In
contrast to pyrolysis of MOFs, when the structure itself and the
organics undergo thermally stimulated decomposition to
carbon, thus forming MOF derivatives,'*'? we have detected
for the first time the formation of the solid amorphous
nanomaterial based on intact ligands and crystalline metal or
metal-oxide nanoparticles. Following the established terminol-
ogy,l 115 \e are not able to designate a new amorphous solid as a
glassy or an amorphous MOF. This is due to the loss of
coordination bonding, which is then accompanied by the growth
of the nanoparticles. Nevertheless, the ligand integrity,
confirmed indirectly by optical spectroscopy and EDX, brings
us to the conclusion on a specific amorphous phase of solid
obtained from MOF precursors. Thus, this complements the list
of new MOF-based phases in the gap between glassy/
amorphous MOFs and their derivatives.”'

The next issue is the dynamics of the solid-to-solid
transformation and the nanoparticle growth (Figure 7),
demonstrating a 30-fold change for representative Co-BTC
and Co-BTC* compounds. We assume that the rate of
amorphization of the framework in the TEM chamber and
non-thermal destruction of its coordination bonds under the
action of the e-beam depends on the chemistry and the level of
structural rigidity of the MOF. Nevertheless, these processes
should occur before (or partially overlap with) the nucleation
and the growth of the nanoparticles. Thus, a 30-fold change in
the rate of the transformation of the MOF into an amorphous
organic matrix with metal or metal oxide nanoparticles should be
directly related to complex processes of the nanoparticle
nucleation and growth on structural inhomogeneities or
relatively freely in the volume of the MOF precursor‘\: The
dynamics of such processes is determined by the number of
reagents (metal or metal and oxygen), their energy favorable
ordering, diffusion and ripening of atoms in two-dimensional or
three-dimensional space, and concomitant coalescence (if it’s
possible).******4%% Observing more complex dynamics of Co
and Fe oxide growth and a larger size of their nucleus, we
speculate that this leads to a prolongation of the transformation
process for Co-BTC* and Fe-BTC. Also, since the dynamics
depends on the conditions (i.e., cooling in Figure 4C) and mode
of their launch, we have analyzed the possibility of the effect on
the growth rate of metallic nanoparticles inside Ni-BTC and Co-
BTC precursors, exhibiting fast solid-to-solid transformation.
For this, an electron beam accelerated by 20 kV in a chamber of a
scanning electron microscope (FEI Quantum Inspect S) has
been used. Surprisingly, a 10-fold decrease in the acceleration
potential led to unchanged Raman spectra for MOFs, even after
1 h of exposure (Figure S29), confirming the integrity of the
ligand, the metal cluster, and the coordination bonds between
them.

Finally, with intensive development of the technology of
electron lithography of polymers™ and MOFs* there is
growing interest in materials whose structural and functional
properties can be changed locally by an electron beam.™ This
opens up the prospect of using MOFs as the key layers of
complex structures obtained precisely via high-tech lithography.



B CONCLUSIONS

Utilizing in situ high-resolution transmission electron micros-
copy with 0.01 s time resolution, we have explored non-thermal
(electron induced) amorphization of MOF single crystals
followed by transformation into new amorphous MOF-based
nanomaterials. The analysis of a series of M-BTC (M: Fe™,
Co¥, Co¥, Ni**, and Cu®*; BTC: 1,3,5-benzentricarboxylic
acid) allowed us to reveal experimentally and numerically that
the topology of a metal cluster determines the rate of formation
(from 1 to 30 min) and the chemistry of the resulting phases
containing an intact BTC ligand and metal or metal oxide
nanoparticles. Confocal Raman and photoluminescence spec-
troscopy further confirm the integrity of the BTC ligand and
coordination bond breaking, admitting us to claim specifically
the new form of amorphous MOFs. While high-resolution
imaging with chemical and structural analysis over time allowed
for tracking the dynamics of solid-to-solid transformations and
explore the mechanical mobility of growing crystalline nano-
particles, depending on their chemical composition. Given the
established non-thermal solid-to-solid transformations of MOFs
with a tunable composition into new amorphous phases, these
results contribute to understanding of complex processes of
phase transformations in hierarchical solids and shed light on
rational design of new MOF-based nanomaterials for catalysis,
mechanics, and especially optics." "~

B EXPERIMENTAL SECTION

Materials. All materials including NiSO,7H,0 (Sigma-Aldrich,
>99.0%), NaOH (ACS reagent, >97%), Co(NO,),:6H,0 (ACS
reagent, >98%), Fe(NO,;);9H,0 (ACS reagent, >298%), 1,3,5-
benzenetricarboxylic acid (Sigma-Aldrich, Trimesic acid (H,BTC),
95%), dimethylformamide (ACS reagent, 299.8%), and isopropanol
(ACS reagent, 299.5%) were used in all syntheses. HKUST-1 (CCDC
943008) (Basolite C 300) has been purchased from Sigma-Aldrich.

MOF Synthesis. Ni-BTC (CCDC 2128682 and the related
structures CCDC 1274034 and CCDC 738061) single-crystals were
synthesized using a solvothermal method.*>** Two initial precursors,
NiSO,-7H,0 (2.577 mmol) and 1,3,5-benzenetricarboxylic acid (1.718
mmol), were dissolved separately in 15 mL of distilled water and 15 mL
of dimethylformamide, respectively, under ultrasound, using the
BANDELIN SONOPLUS HD 2070.2 ultrasonic homogenizer for 2
min at 50% of power and room temperature. Two obtained solutions of
precursors were poured together in a heat-resistance SIMAX bottle, and
30 mL of the mixture was placed in an oven at 110 °C for 24 h. Then,
the bottle of the final mixture was cooled to room temperature. The
resultant green crystals of Ni-BTC were washed three times and stored
in the mixed solvent of dimethylformamide /water (1:1 vol %).

Co-BTC (CCDC 2128895 and the related structures CCDC
1274034 and CCDC 1952653) single-crystals were synthesized using
a “green” water-based procedure at room temperature.”® A solution of
0.0125 M Na,BTC was prepared by dissolving 3.75 mmol of NaOH
and 1.25 mmol of 1,3,5-benzenetricarboxylic acid in 100 mL of distilled
water under vigorous stirring. 0.1 M Co(NO,), solution was prepared
by dissolving 0.01 mol of Co(NO,),-6H,0 in 100 mL of distilled water
under vigorous stirring. Then, 1.9 mL of 0.1 M Co(NO,), was diluted
in 8.1 mL of water and finally in a 10 mL solution of the salt precursor.
10 mL of 0.0125 M Na;BTC was carefully added by sliding down the
walls of the vessel. The final solution was left overnight for
crystallization. The pink crystals of Co-BTC were washed three times
with water and kept in a solvent.

Co-BTC* (CCDC 2167623) mixed powder with big single-crystals
were synthesized using the solvothermal method.* Initial precursors
Co(NO,),-6H,0 (5.154 mmol) and 1,3,5-benzenetricarboxylic acid
(3.436 mmol) were dissolved separately in 30 mL of mixed solvents of
dimethylformamide and isopropanol with a ratio of 1:1 vol % under
ultrasound, using the BANDELIN SONOPLUS HD 2070.2 ultrasonic

homogenizer for 2 min at 50% of power and room temperature. Two
obtained solutions of precursors were poured together in a heat-
resistance SIMAX bottle, and 60 mL of the mixture was placed in an
oven at 110 °C for 24 h. Then, the bottle of the final mixture was cooled
to room temperature using an ice water bath. The resultant violet
particles of Co-BTC* were washed three times and stored in the initial
mixed solvent (dimethylformamide /isopropanol (1:1 vol %)).

Fe-BTC (CCDC 640536) powder was synthesized using the
hydrothermal method with a reaction between Fe(NO,);-9H,0 (9.2
mmol) and 1,3,5-benzenetricarboxylic acid (5.4 mmol) in 40 mL of
distilled water.*® The obtained suspension was heated at 85 °C under
constant stirring for 24 h. The resultant orange powder was washed
three times and stored in water subsequently.

SCXRD and PXRD Analysis. All MOFs have been analyzed by
powder XRD using the Bruker D8 Advance diffractometer in the
Bragg—Brentano geometry with monochromated CuKa, and CoKa
wavelengths. The single crystals of Ni-BTC and Co-BTC have been
analyzed on the Bruker Kappa Apex II diffractometer equipped with a
mirror monochromator and MoKa, ImS(! = 0.71073 A). The Apex 3-
program package was used for the cell refinements and data reductions.
The structure was solved usin§ direct methods and refined with the
SHELXL-2013"" and XSHELL®® programs. Semi-empirical absorption
correction (SADABS) was applied to the data. For Co-BTC¥, a suitable
crystal was selected and then has been analyzed on the Bruker APEX-II
CCD diffractometer. The crystal was kept at 296.15 K during data
collection. Using Olex2, the structure was solved with the XT structure
solution program using intrinsic phasing and refined with the SHELXL
refinement package using least squares minimization.

EDX and EELS Mapping. Due to the high reactivity of MOFs
under the electron beam, EDX and EELS maps were recorded after the
solid-to-solid transformation. EDX maps were recorded in STEM mode
with an 8 cm camera length and using the JEOL Centurio detector
(1sr). EELS maps were recorded at 2 cm with a dispersion of 0.025 eV
per channel and using the GATAN GIF Quantum spectrometer.

Statistical Analysis of HRTEM Images. Solid-to-solid trans-
formations of a series of M-BTC MOFs have been analyzed by HRTEM
imaging and video regimes, simultaneously, using the GATAN
Oneview camera. For the latter, the series of MOFs have been divided
into two sub-groups: Ni-BTC and Co-BTC, possessing fast trans-
formation with simple dynamics; and Co-BTC* and Fe-BTC,
possessing slow and complicated dynamics of transformation. The
HRTEM video has been recorded with 100 Hz frequency (i.e, 100
HRTEM frames per second) for app. 2 min (for Ni-BTC and Co-BTC)
and app. 4 min (for Co-BTC* and Fe-BTC), while HRTEM
micrographs have been obtained over the whole period of trans-
formation (up to 30 min) with 0.02 Hz frequency.

For Ni-BTC and Co-BTC, we have analyzed random selections of
100 HRTEM frames of a second during 2 min. As a result, we confirmed
the invariability of the nanoparticle size and lattice parameters over a
second. Therefore, we decided to analyze the size evolution of the
metallic nanoparticles with a 1 s interval (Figure 4). The size estimation
has been performed using Image] software. Since the initial MOFs were
relatively thick, the metallic nanoparticles have appeared as black areas
inside the transparent organic matrix in HRTEM micrographs. The
analysis of their layer distances has been performed for the
nanoparticles on the edges of MOF single crystals (see, for instance,
Figures S10 and S11).

For Co-BTC* and Fe-BTC, we have analyzed random selections of
100 HRTEM frames of a second for 4 min. Due to the invariability of
the nanoparticle size and lattice parameters over a second for such
systems, we considered to analyze the size and lattice parameter
evolutions with a I s interval. The size estimation of Co,0, has been
performed using Gatan Microscopy Suite (GMS) software. The
nanoparticles have been selected based on their highly visualized
crystalline features such as atomic layers. The diameters of the
nanoparticles have also been estimated as the distance between two last
atomic layers of chosen nanoparticles. The estimation of the average
distances between nanoparticle layers has been performed using the
Line Profiles tool of GMS. The obtained layer distances were compared



with low and the most intensive Miller indices of Co,0, and Co,0,
(Figure SE).

Optical Measurements. For optical measurements, single MOF
crystals have been placed on the carbon layer of the TEM grid (Figure
6b, inset). The Raman and PL spectra have been measured using the
confocal microscope setup; the single crystal has been irradiated by
coherent light (He—Ne source with a wavelength of 632.8 nm, 15 mW
for Raman and Yb*' femtosecond laser source with a wavelength of 350
nm, 150 fs pulse duration, 80 MHz repetition rate for PL) via a 100x/
0.9NA objective. The re-emitted light was collected via the same
objective and then analyzed using the confocal Raman spectroscopy
system HORIBA Labram with 1800 g mm™" diffraction gratings and
water-cooling camera ANDOR.

Computational Details. The quantum chemical calculations for
Co-BTC* and Co-BTC have been carried out via density functional
theory (DFT) using the dispersion-corrected hybrid functional
@B97XD® with the help of the Gaussian-09 program package.”” The
standard 6 — 31 + G* basis sets were used for all atoms. The topological
analysis of the electron density distribution with the help of the
“quantum theory of atoms in molecules” method developed by Bader”'
was performed by using the Multiwfn program, version 3.7.” The
Cartesian atomic coordinates for model structures Co-BTC* and Co-
BTC are presented in Supporting Information.
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