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The conversion of metal-organic frameworks (MOFs) into derivatives with well-defined
shape and composition is considered as a reliable way to produce efficient catalysts and
energy capacitors of the nanometer scale. Yet, approaches based on conventional melting of
MOFs provide the derivatives such as amorphous carbon, metal oxides, or metallic
nanoclusters with appropriate morphology. Here we utilize ultrafast melting of MOFs by
femtosecond laser pulses to produce new generation of derivatives with complex morphology

and enhanced nonlinear optical response. We reveal that such non-equilibrium process allows
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conversion of interpenetrated three-dimensional MOFs comprising flexible ligands into well-
organized spheres with metal oxide dendrite core and amorphous organic shell. Intriguing, an
ability to produce such derivatives with complex morphology is directly dependent on the
electronic structure, crystal density, ligand flexibility, and morphology of initial MOFs. We
also demonstrate an enhanced second harmonic generation and three-photon luminescence
due to resonant interaction of 100-1000 nm spherical derivatives with light. The results
obtained are in the favor of new approach of melting special types of MOFs for nonlinear

nanophotonics.

1. Introduction

Metal-organic frameworks (MOFs) as novel class of molecular crystals stand out by their
unconventional hierarchical structure based on weak and strong interactions between various
building blocks such as organic ligands, metal nodes, and solvent molecules. Their co-
operation causes MOF compounds to possess an ordered porous structurel!! and softness!?!
making them to be perspective materials for many applications in chemistry®, biology, and
physics in general®l. Besides this unique combination of properties, one of the most intriguing
features of MOFs is the dynamical response of their structure on external stimuli such as
pressure, temperature, electric field, and even light!®l. This opens up an ability for efficient
utilizing of the MOFs for data storagel®®4l, controlled filtering, and nonlinear mechanicst®l.
Meanwhile, under extremal conditions, such stimuli allow the obtaining of new stable
structures such as nanometer scale derivativest”), which turned out to be very useful for
energy storagel’® and catalysis’® due to their morphology and nanometer sizes.

The production of functional MOF derivatives, such as amorphous carbon, metal oxides,
chalcogenides, phosphides, carbides or pure metallic nanoclusters’®cl, has become one of the
most rapidly developing field of nanoscience. However, the approaches to fabricate them are

generally based on relatively slow processes such as heating to the melting point within a
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broad time ranging from nanoseconds to hours. Important is that, these processes limit the
synthesis product to the stable structures. In contrast, implementation of non-equilibrium
approach of injecting high energy density over a shorter timespan (up to femtoseconds)
enables the formation of metastable structures, which are completely new in terms of
morphology. Indeed, non-equilibrium processes possess ultra-fast melting and cooling rates
with complicated dynamics of solidification resulting in dramatic impact on the final
morphology and properties of the nanometer scale structurest®®9, As a result, this
significantly widens the library of nanomaterials and their application in nanophotonics
making them competitive with existing nonlinear optical nanomaterials as inorganic
nanoparticles® and organic/inorganic two-dimensional materials®-1, Therefore, research on
the effective ways of MOFs conversion to a new kind of derivatives employing ultra-fast
melting seems to be a substantial step towards synthesis of new nanomaterials with unique
functionality.

Here we utilize for the first time an ultrafast melting of MOFs with flexible alkane-chained
ligands (Figure 1a) and interpenetrated three-dimensional (3D) structure (Figure 2) by
femtosecond (fs) infra-red (IR) laser pulses. This allows us to investigate light-matter
interactions with regard to the production of new forms of MOF derivatives for nonlinear
nanophotonics. We reveal the interplay between the initial MOF structure and the morphology
and composition of the derivatives, as well as their nonlinear optical properties. Overall, the
proposed approach for ultrafast melting of MOFs leads to conceptually new nanometer-scale
derivatives and opens up new perspectives for an efficient post-synthetic processing of MOF
compounds to yield a family of materials with a rarely described combination of non-linear
optics, and potentially catalytic and energy storage application.

2. Results and Discussion

As mentioned above, classical approaches to melt MOFs for producing different nanometer

scale derivatives’®, amorphous phases®*€l, and MOF glassesl*™ (Figure S1) take much
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longer time ranging from tens of nanoseconds™! to hourst*® which is sufficient for reaching
the thermal equilibrium. In contrast, under the strong femtosecond optical excitation[*?,
MOFs like other crystalline semiconductors (bismuth™?], silicon!*?l, indium antimonidel*®¢],
germanium!*?1 and gallium arsenide™?9l) should undergo the transition to the state at which
few percent of electrons exited from valence to conduction band induce changes in the
potential-energy surface and temporary modification of the crystal lattice (Figure 1b). They
drastically affect the process of light-induced melting of semiconductors.

The fact that fs melting occurs before the thermal equilibrium (non-thermal melting) between
electrons and the lattice through electron-phonon interaction[*?, raises the question of the
possibility to convert MOFs into new metastable states with new functionality.

2.1 Model MOFs

2.1.1 Synthesis

As a model system, we use the series of 3D MOFs (1 to 3) previously synthetized by
Barsukova et al.l*3l. All of them contain 4,4"-stilbenedicraboxylate (sdc?) and imidazolyl-
based ligands featuring flexible hydrocarbon chains of different lengths (Figure 1a): 1,4-
di(1H-imidazol-1-yl)butane (L4) or 1,6- di(1H-imidazol-1-yl)hexane (L6). Compound 1
crystallizes in monoclinic space group P2/c and has quite dense and rigid structure with
chemical formula [Cd(sdc)(L4)]-DMF (DMF, dimethylformamide). It comprises 6-fold
interpenetrated frameworks of a diamond topology (dia). Compound 2 also contains cadmium
(11), but has a larger imidazolyl-based ligand L6. Its chemical composition is
[Cd(dmf)(sdc)(L6)]-DMF. From structural point of view, the compound is characterized by a
very high interpenetration degree (8-fold) of the diamond-type frameworks built from
cadmium cations connected through sdc® and L6 ligands. Importantly, it crystallizes in a non-
centrosymmetric space group P2:2:2:. Compound 3 is zinc(ll)-based and its formula is
[Zn(sdc)(L6)]'DME. Its structure also demonstrates 8-fold interpenetration of diamond-type

frameworks, but it has highest free accessible volume of ca. 21% among all three compounds
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and the smallest crystallographic density of 1.228 g cm™ as opposed to 1.493 g cm™for 1 and
1.387 g cmfor 2. It should be noted, that MOFs with such complex structures have not been
investigated recently as a starting compounds for a post-synthetic conversion. However,
despite the intrinsic complexity of these compounds we chose them as starting materials for
the experiments expecting some of their structural features (high interpenetration degree and
presence of weakly interacting flexible ligands) would play a role in the formation of molten
species with new morphology, different from other well-known MOF derivatives.

2.1.2 Characterization

To perform the ultrafast melting together with optical characterization, we utilize a self-made
setup comprising an Yb-doped solid-state femtosecond oscillator (150 fs, 1050 nm, 80 MHz
repetition rate) and aligned objectives for laser focusing with simultaneous optical analysis of
initial MOF single crystals and nanometer scale objects by commercial photo camera and
confocal spectrometer HORIBA LabRam (Figure S2).

The MOF samples used in this work were obtained solvothermally in accordance with
published procedure3l, The optical measurements allowed us to estimate the bandgap for
compounds 1-3 (~2.9 eV)[*®l and revealed high transparency within the visible and near
infra-red (IR) range (Figure S3), which makes them stable to IR irradiation. Moreover, every
MOF samples being investigated demonstrate different nonlinear optical effects (Figure 2):
a. Single crystals of 1, 2, and 3 demonstrate pronounced nonlinear optical effect such as three-
photon luminescence (3PL). In this case, the energy of photons, Ezp., non-coherently emitted
by the crystals, is equal to Esp. = 3*Epn-Enr, Where Epn is an energy of IR photons (1.18 eV)
and Enr corresponds to the energy of non-radiative processes. In case of 1, the 3PL spectrum
covers the range from 2.2 to 3.1 eV with corresponding cubic slope 2.7+0.2 on excitation
intensity (Figure 2a). 3PL signal with the same spectral range and the slope of 3.0+0.1 is also
observed for compound 2 (Figure 2b). It should be noted, that the most intensive signal of

3PL is observed for this compound (Figure S4). Regarding compound 3, 3PL can be observed
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in more specific form (Figure 2c¢): photoluminescence is characterized by changing shape of
spectra with lower slope (2.5+0.3) and strong dependence on the fluence (Figure S5).

b. Intriguing, for all compounds we confirm another nonlinear optical effect as second
harmonic generation (SHG), i.e. coherently emitting doubled frequencies (1/A1+1/A1=1/12),
where 11 and 1. are the wavelengths of excitation (1050 nm) and emitted photons (525 nm).
This quadratic optical nonlinearity is usually observed for materials having non-
centrosymmetric space groups; however, SHG can be also detected for some semiconductors
due to surface effects or light-induced breaking symmetryt*?214&-¢l_Concerning compound 1,
which has centrosymmetric space group P2c, we detect SHG with quadratic slope of
1.85+0.15 which is appeared under the fluence of ~0.7 mJ cm™ to 7.5 mJ cm™ (Figure 2a).
The lower limit may be caused by a threshold energy needed for breaking the symmetry[*23,
while the upper limit corresponds to the state when the slop for SHG deviates from quadratic
to linear function on the fluence. This behavior can be also explained by sufficient light-
induced structural changes(*?dl of compound 1 having weakly interacting flexible alkali-
chained ligands. In opposite to 1, single crystals of 2 have non-centrosymmetric space group
P212121, and also generate second harmonic radiation at a wavelength of 525 nm with
quadratic slope of 1.8+0.2 (Figure 2b). The SHG signal is detected under the broad fluence
range from 0.2 to 6 mJ cm™. The lower limit is due to the sensitivity of spectrometer, while
the upper limit may be caused by the light-induced structural changes as for 1. Similar to 3PL
efficiency (Figure S4), compound 2 also emits SHG with a maximal efficiency. Finally,
compound 3 with centrosymmetric space group Pbcn emits SHG in more specific form: the
emission is stepwise and observed at higher fluence threshold of ~2 mJ cm with the slope of
1.75+0.15. At higher fluence of ~5.5 mJ cm the signal vanishes. Such deviations of 3PL and
SHG signals for 3 can be explained by more dynamic reaction of the compound to the pulsed

intense radiation, as its structure comprises the flexible ligands of the maximal length and has



the lowest crystal density among all three complexes providing a greater degree of freedom
for 3 to change its structure upon irradiation.

2.2 Ultrafast melting: An overview

Once the preliminary characterization was done, we utilize our setup (Figure S2) to produce
derivatives by exposition of the MOF single crystals to 150 fs IR laser pulses (Figure 3a). By
increasing the laser power from 0.2 to 15 mJ cm and measuring the MOF response in terms
of structure (Raman scattering), intensity of non-linear optical signals (3PL and SHG) and
dark-field optical imaging, we clearly identify four regimes I- IV (Figure 3b). Further, we
consider them on the example of compound 1:

I. A non-perturbed regime (the fluence up to 7.5 mJ cm2) corresponds to stable signals of
SHG (Figure 3d) and 3PL with quadratic and cubic slopes, respectively. The Raman
scattering also confirms non-perturbed structure after irradiation with the fluence less than 7.5
mJ cm (Figure 3c).

[1. The transition regime (the fluence from 7.5 to 9.5 mJ cm™) is characterized by variation of
the intensity of SHG (Figure S5d) and deviation of the slopes of SHG and 3PL from cubic and
quadratic dependence to linear functions, respectively. The following decrease of fluence
yields a transition to regime I, but with lower intensity of SHG (3PL) and is accompanied by a
slight color changes of the crystals. These can be caused by formation of crystal defectst®"9]
under irradiation and actually makes the transition I to Il irreversible in terms of structure.

[11. The melting regime is appeared with the threshold transition at ~9.5 mJ cm™. This regime
is characterized by a step-like melting of the MOF crystals and possibility to produce the
particles, which efficiently scatter the light and, hence, have different colors (Figure 4a).
Such specific behavior during the melting is similar to the transition between thermal and
ultrafast non-thermal melting of crystalline semiconductors under intense fs laser pulsesi*?®€],
This hypothesis is also supported by the fact that we can achieve MOF melting under 9 mJ

cm with long exposition (more than 10 minutes), while increase of fluence by 10 % to 10 mJ
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cm results in the snap melting. This observation can also speak in favour of first non-thermal
melting of MOFs.

IV. Finally, for the last regime, the burning of the whole crystals (inset in Figure 3b) with
creation of small amount of nanometer scale particles can be observed at higher fluence (>
11.5 mJ cm?).

Following the concept of ultrafast melting of semiconductors by exiting few percent of
electrons from valence to conduction bands[*?, the fraction of excited electrons for each
investigated compound could be roughly estimated as following: the ultrafast melting of 1
occurs under 3-6% of exited electrons, while 2.5% and 2.2% correspond to 2 and 3,
respectively (for the details, see SI). The results are in a good agreement with previously
reported data on non-thermal ultrafast laser melting of other crystalline semiconductors
(Figure 1b, Table S2). The increase in the number of exited electrons from 2.2% to 3%
correlates well with the gradual growth of MOFs crystal density from compound 3 to 1.
Moreover, the estimated value of ~3% for all compounds corresponds well to the values of 3-
5% obtained for other materials with melting points (Bi, M.P. 280 °C and InSh, M.P. 530 °C)
close to MOFs used in this study (M.P. at ~400 °C)*3l. The crystalline semiconductors with
higher melting point (>940 °C) require more than 6% of exited valence electrons (Figure 1b).
We can argue that the presence of number of relatively weak bonds, which are involved in the
formation of crystal structurer of MOFs, is also responsible for a decreased value of exited
electrons needed to weaken these bonds and soften the MOF lattice.

Statistical investigation of the interaction of 40 single crystals of 1, 2, and 3 with fs pulses of
different fluence was also performed (Figure 3b). We reveal that compound 1 is more rigid to
the increasing fluence than compound 3, while compound 2 was intermediate in terms of
stability. The explanation of this effect (i.e., different fluence thresholds for ultrafast melting)
can be given with regard to the analysis of ultrafast dynamics of the interpenetrated structure

of such MOFs with flexible building blocks, as well as thorough analysis of metal-nitrogen
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(metal-oxide) strength!%d, However, we assume that increase of the crystal density from ~1.2
to 1.5 g cm and decrease in geometrical length of weakly interacting flexible alkali-chained
ligands in a row from 3 to 1 limit the compounds’ degree of freedom to react on light and
their ability to change their conformation. Therefore, the more rigid compound demonstrates
higher fluence threshold for melting by fs light. Concerning the thermal stability under the
slow heating (see thermogravimetric analysis, TGA, Figure S6)[*% there is no evidenced link
between TGA data and the threshold for ultrafast melting.

2.3 Ultrafast melting: The derivatives

Since the regime 111 has been shown to be the most suitable for producing the particles
(Figure 3b), we use fluences of 10, 8, and 7 mJ cm™ to produce MOF derivatives from
compounds 1, 2 and 3, respectively (Figure 4a). To carry out both electron microscopy and
optical characterization, the derivatives have been printed on carbon grid and gold substrate.
Scanning electron microscopy (SEM, FEI Quanta 200) is used to analyze the average shape
and size of MOF derivatives. For compound 1, laser melting mainly provides well-defined
spherical particles with diameter distribution from 100 to 1000 nm (Figure 4b). In contrast,
compounds 2 and 3 are characterized by irregular-shaped structures with characteristic size
from 800 to 3800 nm and 500 to 2500 nm respectively, which can be easily destroyed by
electron beam of SEM. Transmission electron microscopy (TEM) and energy dispersive X-
ray (EDX) with semi-quantitative elemental analysis are also used to provide insights into the
structural and composition properties of the derivatives (Figure 5,S7). TEM (JEOL ARM
200F TEM/STEM operating at 200 kV) reveals that derivatives have completely different
morphology. In case of 1, two morphologically different types of particles were produced: the
amorphized drops (Figure 5k) with metal-organic composition (Figure 5I,m, Table S3) and
homogeneous redistribution of the elements (Figure 5n); and spherical ones (Figure 5a-c,g-j)
whose internal structure can be described as core-shell (Figure 5f). The shell represents an

amorphized organic phase, which is confirmed by elemental analysis (Figure 5d,e, Table S3),
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Raman scattering (Figure 3c), and red-shifted 3PL spectra (Figure 6a). Surprisingly, the
absence of carbon contamination is verified by Raman scattering, which makes the obtained
derivatives to be very different from the reported recently. In the latter case, amorphous
carbon becomes a regular product. In contrast, the core of the derivatives has the more
complicated morphology as dendrite-like metal-oxide confirmed by TEM and EDX analysis
(Figure 5c¢-j). To the best of our knowledge, such unique core-shell structures have not been
previously synthesized from MOFs.

In case of 2 and 3, we produce only the derivatives of irregular shape (Figure S7a,d) and
amorphous phase with metal-organic composition (Figure S7b,c,g,h, Table S3) confirmed by
TEM and red-shifted 3PL (Figure 6¢). It should be noted that elemental analysis reveals the
differences between composition of initial MOFs and all their derivatives (Table S3), which is
in good agreement with results on MOF melting by classical ways!*%d. The red-shifted 3PL
signal also confirms the presence of amorphous organic phase, while the existence of
cadmium and zinc atoms and their redistribution over the shape of the derivatives is attested
by EDX analysis (Figure S7¢,h,i).

To shed light on the reasons for the fundamental difference in the morphology of the
derivatives obtained under the ultrafast optical excitation, we analyze the electronic structure
of the MOFs by means of DFT calculations. Figure S9 presents the computed projected
density of states (pDOS) for 1, 2, and 3 and the respective band-decomposed partial charge
densities at the valance band maximum (VBM) and the conduction band minimum (CBM).
Calculations underestimate the band gaps (2.1 eV, 2.0 eV, and 2.2 eV, respectively) for 1, 2,
and 3 compared to the experimental values (~2.9 eV) due to the known shortcomings of the
GGA-type functionalst**®€l. The results in Figure S9 reveal substantial differences in the
electronic structure of 1 compared to that of 2 and 3. DFT calculations show that for
compound 1 the VBM is mainly represented by the C-C bonding n-orbitals and the O 2p

orbitals. Substantial contribution of Cd orbitals to the valence band close to the Fermi level
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could also be noted. The corresponding electronic charge densities of VBM show a
pronounced delocalization among Cd, O and the aromatic n-system. The CBM is mainly
represented by the n* systems of the ligands with some contributions due to O atoms of the
carboxylate moieties. Both VBM and CBM are delocalized along the structure-forming Cd-
carboxylate chains and span throughout the crystal. On contrary, for compounds 2 and 3, the
delocalization of the VBM and CBM is limited to defined ligand units. The corresponding
electronic charge densities are predominantly contributed by the m and n* aromatic systems of
the ligands with only a minor contribution of the orbitals at O sites. In other words, these
differences in the electronic structures suggest that upon optical excitation, 1 would undergo a
controlled dissociation in the directions determined by the antibonding character of the
delocalized CBM. In the cases of compounds 2 and 3, one cannot expect a specific
directionality of the crystal melting upon excitation.

Overall, analyzing the gathered experimental and theoretical information, an important
assumption can be made. The interaction of MOFs, having an interpenetrated 3D structure
and flexible ligands, with fs laser radiation suggests a dependency between thermal stability,
crystal density, and electronic structure of the initial MOFs and the morphology of
corresponding derivatives. Indeed, among all three analyzed compounds, complex 1 is less
stable at low heating rates (TGA, Figure S6)1*%l, has higher crystallographic density, and
delocalized electronic density. Perhaps these conditions make it easier to break the bonds in
the MOF before it gets completely burned, followed by reorientation and reassembly of MOF
structural elements into new structures under non-equilibrium conditions. As a result, only
this compound can be converted to core-shell metal-organic derivatives, as opposed to
compounds 2 and 3, which are more stable to slow heating and less dense. Their derivatives
demonstrate a decreased 3PL and SHG signals (see below) and represent the more
homogenous metal-organic structures with much higher degree of amorphization to be

formed during the ultrafast melting. These structures also cannot be simply considered as
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amorphous MOFs®*¢1% 35 the elemental composition of the resulting derivatives differs
significantly from the chemical composition of the starting materials (Table S3). Furthermore,
the presence of coordination bonds in each nanometer scale derivatives appeared challenging
to be confirmed by existing techniquest®®.

2.4 Application

Here we consider the dependence of the functionality of the derivatives, obtained from MOFs
with intrinsic nonlinear optical properties (Figure 2), on their morphology. In particular, the
derivatives obtained especially from 1 have three key features to be considered for application
in nonlinear nanophotonics: metal-organic composition, which is important for efficient
photoluminescence and enhanced optical response; nonlinear optical response of initial
MOFs; and morphology (core-shell structure, size and shape) which can drive the interaction
of light with wavelengths from ultraviolet to IR rangel’"*®l. Therefore, we investigate the
interaction of light with single derivatives by linear and nonlinear optical microspectroscopy
(Figure 6). Concerning nonlinear optical response, we reveal that 3PL spectra of the
derivatives obtained from compounds 1 and 2 are red-shifted in comparison to that of initial
MOFs (Figure 6a,c). This can be explained by amorphized state of the organic components(*®l,
In contrast, derivatives from 3 do not demonstrate any photoluminescence signal that can be
explained either by low signal of 3PL, or complete destruction of organic components. The
signals of SHG are also preserved for derivatives from 1 and 2 due to the well-developed
surfacel*> distorted organic-inorganic structuret®, or light-induced broken symmetryf®a4a-cl
It is worth comparing the efficiency of SHG from the nanometer scale derivatives obtained
from centrosymmetric crystal 1 with that of nanoparticles with (Si) and without (BaTiO3)
centrosymmetric space group (Figure S10). Interestingly, we detect SHG signal from the
derivatives, that is just 2 orders of magnitude smaller than that for BaTiO3 nanoparticlest*>? of
the same diameter (430 nm). Compared to centrosymmetric and optically resonant Si

nanoparticle with the diameter of 275 nm, for which the well-developed surface of the
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nanoparticle can be the reason of optical nonlinearity™>, MOF derivatives demonstrate the
efficiency of the same order of magnitude. The smaller or bigger Si nanoparticles generate
second harmonics with efficiency 1 order of magnitude less (Figure S10).

Moreover, the ratio of intensities of SHG and 3PL for derivatives and corresponding MOFs
(1) is different: SHG deriv/3PLderiv = 5 *SHGwmor/3PLwmor. This effect can be explained by
resonant interaction of spherical derivatives of diameter from 100 to 1000 nm and typical
refractive index of 2.5 (generally for organic-inorganic materials) with light: high-order Mie-
type electromagnetic modes(*® with high quality factor Q (O=10/44, where Ao the central
wavelength of emission and 44 the full width at half maxima) can be optically generated
inside such kind of particles supporting an enhancement of intrinsic optical emissiont*>4, We
reveal these modes by optical spectroscopy (Figure 6b) from single derivatives in the dark-
field geometry (Figure S2). Indeed, SHG signal with high quality (Q=138) from derivatives
overlaps with high order and same high quality Mie modest*>¢®l, which significantly enhance
SHG. Concerning 3PL, this broad spectrum with low quality (Q=4) cannot be significantly
affected by the same Mie modes. This situation is for derivatives from 2, where the low
quality of Mie-type modes cannot contribute to enhancement of nonlinear optical response.
Based on these results, one can conclude that the more complicated the morphology of MOF
derivatives we have (Figure 5c,g,i), the more efficient linear and nonlinear optical response
can be observed. This also raises a question of potential application of amorphous MOFs and
the derivatives in photonics. Indeed, recent reports of MOF derivatives application were
focused on catalysis and energy storage. In this regard, our study is one of the first
demonstration of developed optical synthesis of active nanophotonics components based on
metal-organic frameworks.

3. Conclusion

For the first time the ultrafast melting of 3D interpenetrated MOFs with flexible alkali-

chained ligands by femtosecond IR laser pulses was demonstrated as an effective way to
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produce unique nanometer scale derivatives with complex morphology and enhanced
nonlinear optical response. Structurally, the products of this non-equilibrium process can be
categorized as complex derivatives representing well-organized spheres with metal-oxide
dendrite core and amorphous organic (non-carbon) shell, or as amorphous metal-organic
species. An ability to produce such derivatives and the complexity of their morphology are a
result of a trade-off between the crystal density, ligand length and flexibility, electronic
structure, and thermal stability of the starting MOF compounds. The analysis of ultrafast
melting also reveals that the denser structure with shorter flexible ligand, the higher the
fluence threshold for ultrafast melting of such MOFs. Moreover, the delocalization of
electronic density contributes to the process of laser-induced melting and results to
complexity of the morphology of MOF derivatives. We also demonstrated an enhanced
second harmonic generation and tree-photon luminescence due to resonant interaction of the
100-1000 nm spherical derivatives with light. The presented data clearly indicate a vast
potential of ultrafast melting of MOF for producing new generation of materials for
applications in nonlinear nanophotonics and highlights a general methodology for the research
on ultrafast melting of other metal-organic framework complexes and related porous

materials.
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Figure 1. (a) Structural formulae of the ligands used to produce compounds 1-3. (b) Fraction
of electrons to be excited for ultra-fast melting of crystalline semiconductors (Table S2) vs
temperature needed for classical melting with thermal equilibrium. 1, 2, and 3 — present work,
Bil12Pl, Sjli2el Ingplizdel Gell?1 and GaAs(2d),
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Figure 2. Characterization of initial MOFs. Crystal structure, optical image, SHG/3PL images
as well as spectra of SHG/3PL with corresponding quadratic and cubic slope (inset) for
compound 1 (a), 2 (b), and 3 (c). Scale bars, 10 um and 5 um for optical and SHG/3PL
images, respectively.
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Figure 3. Ultrafast laser melting of MOFs. (a) Scheme of interaction of MOF single crystal
with 150 fs 1050 nm laser pulses with 80 MHz repetition rate. (b) Four regimes (non-
perturbed I, transition Il, melting I11 and burning 1V regimes) of the interaction of MOFs with
fs laser radiation with different fluence. As an example, the dependence of SHG intensity (in
arbitrary units) and melting efficiency (M.E.) is shown for compound 1 demonstrating the
step-like melting. Corresponding images of melted and burned single crystals are shown.
Scale bar, 10 um. For compounds 2 and 3 see Figure S8. (c) Raman scattering for single
crystal of 1 before and after irradiation by 6 mJ cm, and for single derivatives of 1. (d)
Stability of SHG signal from single crystal of 1 irradiated by 6 mJ cm for 30 minutes.
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Figure 4. Morphology of MOF derivatives. Optical images (a), SEM micrographs and
diameter distribution (b) for corresponding derivatives obtained from compounds 1, 2, and 3.
Scale bars, 50 um (a); 10 um for 1 and 2 (b), and 5 um for 3 (b).
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Figure 5. TEM analysis. (a) HAADF (high angle annular dark field) and (b) bright field TEM
micrographs of MOF derivatives from compound 1. Three zoom in micrographs of the core-
shell derivatives (c,g-j). EDX analysis reveals the elemental ratio, and line scan confirms the
core-shell structure (d-f). (k) Bright field TEM micrograph of the amorphous phase with
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corresponding elemental analysis (I,m) and line scan representing the homogeneous element
redistribution over the shape. Scale bars, 1 um (a,b), 80 nm (c), 200 nm (g-j), and 200 nm (k).
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Figure 6. Optical properties of MOF derivatives. SHG and 3PL spectra from the derivatives
of 1 (a) and 2 (c) normalized by maxima. Inset: optical image of SHG-3PL signal from single
derivative. Scale bar, 2 um. (b,d) Corresponding spectra of scattering of s polarized white
light in dark-field geometry on single derivatives with diameter ranging from 500 to 800 nm.
The number of resonances (maxima of the curves) corresponds to intrinsic Mie-type modes
generated inside the derivativesi™®l. Inset: optical image of derivative irradiated by s and p

polarized light. Scale bar, 2 um.
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Ultrafast melting of three-dimensional MOFs comprising flexible ligands by femtosecond
laser pulses allows producing a new kind of derivatives as well-organized spheres with metal
oxide dendrite core and amorphous organic shell, which are suitable for nonlinear
nanophotonics due to enhanced second harmonic generation and three-photon luminescence.

Keyword Metal-organic framework, ultrafast melting, femtosecond laser, derivatives,
nanophotonics
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