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ABSTRACT

Using a hybrid approach involving a slow diffusion method to synthesize 1D and 2D MOFs followed
by their treatment with femtosecond infrared laser radiation, we generated 100-600 nm well-
defined hollow spheres and hemispheres of graphite. This ultrafast technique extends the library of

shapes of crystalline MOF derivatives appropriate for all-dielectric nanophotonics.



Owing to the synergistic combination of organic and inorganic building blocks providing
chemically active nanoporous structures with exceptional mechanics,' metal-organic frameworks are
establishing their position as an important class of highly versatile and tuneable crystalline materials
for diverse applications.>™ Their unconventional property of softness provides provides the structural
changes under different stimuli such as pressure, temperature, electric and magnetic fields and
light.*® Utilizing these stimuli at an extreme regime (high temperatures, strong electric fields, etc.)
yields the MOF structure transformation to the amorphous phase’ and then to the derivative
compound:8-10 amorphous carbon nanostructures, nanocrystalline graphite, metal oxides,
chalcogenides, phosphides, carbides and pure metallic nanoclusters. Utilizing MOFs as precursors for
the fabrication of nanoparticles with a regular structure (e.g., graphite) and complex shape (hollow
spheres, cubes, yolk—shell, etc.) is essential due to key reasons: the MOF crystal itself represents the

810 the relatively high temperature stability of

template for its derivatives with well-defined shapes;
MOFs allows their transformation to derivatives avoiding the thermal decomposition of pure organic
components prior to completion of the transformation process;® and finally, the regular structure of
MOFs yields a uniform distribution and ordering of carbon which is not possible by simple mixing of
the carbon precursors.”® However, the existing techniques for fabrication of the MOF derivatives are
slow (from tens of minutes to hours) and energy expensive, as well as the limited number of
derivative types and shapes constrain the fields of their application by energy storage’™! and
catalysis.”” On the other hand, the wide variety of complex topologies and mesoscale architectures
available among the several hundreds of chained (1D) and layered (2D) MOFs reported so far (see

the Cambridge Crystallographic Data Centre) renders these materials unique starting points for

fabricating previously implausible nanostructures for nanophotonics and light manipulation.

Here we report a general top-down strategy that enables the fabrication of a new type of
MOF derivatives for all-dielectric nanophotonics,”® — nanometer-scale well-defined hollow spheres
and hemispheres, whose shells are crystalline carbon (graphite). We utilize MOFs synthesized via
reticular chemistry'® as the template material. We then investigate for the first time the use of
infrared femtosecond laser pulses as the means for providing the external stimulus necessary for
reassembling the complex structure of MOF single crystals into three-dimensional (3D) crystalline
hollow carbon structures (c-HCS). The structures obtained have diameters ranging from 100 to 600
nm and demonstrate the resonant light—-matter interaction — the polarization-dependent scattering

of light due to the generation of specific Mie-type modes.

At first, the bulk 1D MOF crystalline precursors were synthesized by a slow diffusion method
following a modified procedure™ (for details, see ESI) that allows controlled growth of the

coordination polymer from a bidentate 1,2-di(4-pyridyl) ethylene (BPE) ligand and Cu(NQOs),-6(H,0)



metal precursor. In a typical experiment, the solutions of the copper salt and the BPE ligand in
dimethylformamide (DMF) were brought together under the slow diffusion conditions at room
temperature in the course of one week. Single crystal X-ray diffraction analysis on the obtained
material with the brutto formula of [Cu(Ci,H1oN,)(NOs),]-DMF-i-PrOH (1) revealed a triclinic crystal
system with P1™ symmetry (Fig. 1A, and ESI, Fig. S1, S2, Table S1) featuring dimeric threads composed
of the octahedral copper dimers held together by u-O bridges from the nitrate ligands occupying the
equatorial position of the Cu sites. The axial sites are occupied by the BPE ligands establishing two
parallel threads of aromatic moieties. These threads are stacked together into van der Waals layers

(Fig. 1A) with DMF and i-PrOH molecules confined between them.

Secondly, we synthesized alternative 2D MOF (2) with a more rigid tetradentate BPY ligand
having the brutto formula of [Cu(bipy)2(DMF)(NO;)][NO;]-:3DMF, a monoclinic crystal system with

the P,./n space group and layered van der Waals structure (ESI, Tables S2-S6 and Fig. S13).

We then generated c-HCSs from the single crystals of 1 and 2 (Fig. 1B) by adopting a laser
method (see the scheme in ESI, Fig. $3) previously used to synthesize the crystalline bulk'® and, in
some case, hollow" pure inorganic nanostructures (silicon or metal oxides). Here, individual MOF
crystals placed on a fused silica substrate in air were exposed to 150 femtosecond 1050 nm laser
pulses with 80 MHz repetition rate and 5 W maximal power focused by a 10x 0.28NA objective (Fig.
1C). By varying the power from 60 to 160 mW using an interference filter, we were able to burst
single crystals (Fig. 1D). The nanostructures produced were visualized using dark field microscopy
(Fig. 1E). The irradiation at a low power (<100 mW) resulted in the simple cutting of MOFs, whereas
the higher power (100 to 120 mW) allowed to the full conversion of MOF to nanostructures (Fig. 2A
and B). Increasing the power to hundreds of milliwatts yielded the transformation of MOFs to a
“carpet” of fused organic—inorganic compounds without any intriguing structures. It should also be
noted that the light-induced conversion of MOF single crystals into nanostructures was extremely
fast. The characteristic times for the process in our case was of the order of microseconds or faster
(up to nanoseconds) similar to the timescales of the related transformations of inorganic

nanocrystallites."®

The generated nanostructures were then transferred onto a fused silica substrate, gold film
or carbon grid for a detailed characterization using electron and optical microscopy. At first, scanning
electron microscopy (SEM, Carl Zeiss, Neon 40) was used to analyse the impact of the varying laser
intensity on the average shape and size of nanostructures obtained. For compound 1, our procedure
mainly led to the formation of spheres (Fig. 2C and D) and, to a lesser extent, to shapeless structures

with diameters ranging from 20 to 600 nm (Fig. 2A). The smallest structures with diameters of 20-80



nm were formed at laser powers from 60 to 160 mW, whereas the larger ones were only obtained
under irradiation with 100-120 mW (Fig. 2A). For compound 2, we observed mostly the hemispheres
(ESI, Fig. S14) with the diameter ranging from 200 to 600 nm and, to a lesser extent, shapeless

structures of 20—100 nm in diameter.

Inspired by the recent findings'®*°

that specific information about the structure of complex
materials such as MOFs could be directly extracted from the results of Transmission Electron
Microscopy (TEM), we used this to provide insights into the structural and composition properties of
the nanostructures obtained. TEM (JEOL ARM 200F Cold FEG TEM/STEM operating at 200 kV) reveals
that they have different shapes, from hollow spheres to hemispheres (Fig. 2F-I, and ESI, Fig. S4, 5,
14) depending on the initial MOF structure. The shell thickness is inversely proportional to the total
diameter and varies from 1/12 and 1/3 of the total diameter (ESI, Fig. S5). High-resolution TEM
micrographs (Fig. 2K, L, 3A, B, and ESI, Fig. S10) reveal a thin amorphous layer on the outer side and a
thicker perfectly crystallized shell. The fast Fourier transform (FFT) analysis of the crystalline shell
(Fig. 3C, ESI, S10) shows a 2-fold symmetry pattern with typical interplanar distance dhkl equal to 3.3
+ 0.1 A being in a good agreement with previous results on hollow carbon spheres (graphite).”*™’
This measurement is supported by the direct intensity histogram that reveals a period of 3.39 £ 0.10
A (ESI, Fig. S10). The energy dispersive X-ray analysis, EDX, (Fig. 3D—F) also demonstrates the carbon
nature of c-HCS since oxygen and nitrogen are detected only on the surface in small amounts. One
can conclude that c-HCSs obtained are actually composed of graphite that presents a structure of
pure carbon layers with theoretical interplanar distances of 3.35 A for the (002) plane. It should be
noted that during the laser treatment the copper ions should also undergo the transformation into

oxides, carbides, etc.®™

Using TEM we also observed a small amount of amorphous metal—organic
nanoparticles7 with nanometer scale inclusions (ESI, Fig. S11), which were characterized by high
electron density.” This is explained by the presence of copper in the composition (see the EDX map
in the ESI, Fig. S12). Moreover, depending on the time elapsed between the MOF synthesis and its
laser treatment, the number of copper-based nanostructures increases, while the number of c-HCSs

dramatically decreases indicating the negative effect of the degradation of MOF structure on the c-

HCS fabrication.

The dependence of the shape of c-HCS obtained (sphere or hemisphere) directly correlates
with the topology of initial MOFs (chained or layered). The fast transformation of the dimeric MOF
threads (1) into crystal carbon spheres can be governed by the high mobility of the van der Waals
layers and substantial elasticity of their hybrid covalent—ionic structural domains that allows them to
arrange into an energetically favourable spherical shape (ESI, Fig. S6). Indeed, the similar 2D MOF (2)

with a more rigid tetradentate BPY ligand having a layered van der Waals structure yielded well-



defined crystalline hemispheres under the same stimuli. This supports that 1D and 2D MOFs with
flexible and/or quite rigid layered structure are suitable for ultra-fast transformation to complete 3D
nanostructures with a regular topology. To confirm this we also applied the developed laser-assisted
technique for other MOFs as template materials: we utilized rigid 3D microcrystals based on zinc and
cadmium ions.? Surprisingly, the yield of c-HCS was dramatically small (less than 1% of all fabricated
nanostructures) arguing that flexible 1D and 2D crystalline metal— organic frameworks with weak
inter-layer and inter-chain interactions are more suitable for the assembly of graphite nanostructures

with unique well-defined shapes such as hollow spheres and hemispheres.

In contrast to existing MOF derivatives,® ™

our study extends their library of shapes.
Moreover, compared to previously reported 20-300 nm and micrometre-size hollow graphite
spheres,* our laser-assisted technique provides the fastest and non-equilibrium strategy to create c-
HCSs in air with extended diameters ranging from 100 to 600 nm. In addition, this technique allows
us to achieve a relatively high yield of the product (Fig. 2A and B). Statistical data obtained from the
complex of SEM and TEM analyses proves that up to 40% of all the nanostructured produced are c-
HCSs, and the remaining 60% are amorphous nanoparticles and nanometre to micrometre shards of
MOFs. Besides the conventional application of carbon structures in energy storage,”*° the current 3D

1329 \where the functional elements

structures hold a great potential for all-dielectric nanophotonics,
should strictly fulfill the following requirements: (i) a high refractive index necessary for a sufficient
optical contrast with an ambient medium (air), (ii) specific shape to enable the generation of
different optical modes as well as (iii) perfect crystallinity to suppress non-radiative decay of light
energy at optical resonances. Indeed, crystalline carbon (graphite) has a relatively high refractive
index of 2.6-3.0 within the whole visible range.*® The optical characterization of single c-HCSs in dark
field geometry with polarization resolution was performed with a commercial confocal spectrometer,
Horiba LabRam (Fig. 3G, H and ESI, S3). The measurements revealed the colour selectivity in
scattering from the blue to red regions of the visible range, depending on the light polarization. This
can be explained by the generation of different optical modes (Mie-type) inside the spheres (ESI, Fig.
S16). Intriguingly, due to the hollow shape of c-HCSs, the electric field of the magnetic Mie-type
modes should be localized inside the shell,”® while the magnetic part of light is concentrated in a
cavity. Such a behaviour can only be manifested in hollow nanostructures and may find optical and
even medical application. Previously such an effect has only been observed for all-dielectric silicon
cylinders® rendering the current c-HCSs as the first example of a magnetic resonant structure being
easy to be fabricated. This provides a unique opportunity for the enhancement and efficient

interaction of the magnetic component of light with matter inside the cavity.



In summary, we demonstrate an ultra-fast laser-assisted technique to fabricate new types of
MOF derivatives — 100-600 nm well-defined hollow spheres and hemispheres, whose shells are
crystalline carbon (graphite). This technique overcomes the requirements of specific gas atmosphere,
additional precursors and high-energy consumption to heat the compound; this significantly
simplifies the synthesis which is important for real-world application. Intriguingly, the technique also
allows us to extend the library of shapes and size of crystalline MOF derivatives. The nanostructures
obtained possess unique shapes and crystallinities, and consequently demonstrate polarization-
dependent light scattering due to the generation of different optical modes inside important for all-

dielectric nanophotonics and light manipulation.
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laser pulse  MOF

Fig. 1: Laser-assisted synthesis of c-HCS. (A) Crystal structure of Cubased MOF (1) along different
axes. The crystal has a triclinic structure with P1™ symmetry featuring dimeric chains stacked
together into a van der Waals layered structure with DMF and i-PrOH molecules confined between
the layers (not shown here). (B) Dark field optical image of single crystals of 1. Scale bar, 5 um. (C)
Exposure of the MOF single crystal to 150 fs infrared laser pulses in air produces nanostructures (c-
HCSs). (D) Optical image of the single crystal of 1 (B) after laser irradiation. (E) Dark field image of c-

HCSs placed onto fused silica. Scale bar, 3 um.
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Fig. 2: The morphology of c-HCSs. (A and B) Statistical analysis of the products of the laser post

treatment of MOF single crystals as a function of the laser power. The main products are amorphous
20-100 nm nanoparticles, small shards of MOFs and 100-600 nm crystalline hollow spheres and
hemispheres with corresponding probability in (B) at a fixed laser power of 120 mW. (C and D) SEM
micrographs of spherical c-HCSs onto a gold substrate. Scale bar, 0.5 um. (E) Scanning TEM
micrograph of spherical c-HCS demonstrating its hollow structure. Scale bar, 0.3 um. (F and G) TEM
micrographs of crystalline hollow spheres. Scale bar, 0.1 um. (H and |) TEM micrographs of crystalline
hollow hemispheres. Scale bar, 0.1 um. (J to L) TEM micrographs of the crystalline shell of the

spheres (F and G, respectively). Scale bar, 10 nm (J, K) and 2.5 nm (L).
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Fig. 3: The nature of c-HCS. (A) TEM micrograph of the spherical c-HCSs. Scale bar, 0.2 um. (B, C) TEM

micrograph of the shell of the c-HCS from (A) and its FFT spectrum providing the information about
the interplanar distance dhkl (3.3 + 0.1 A). Scale bar, 10 nm. (D to F) EDX map of the corresponding c-
HCSs. Red represents carbon, Blue represents oxygen, green represents nitrogen. (G) Schematic
illustration of the scattering of light with S and P polarization by spherical c-HCS in dark field
geometry. Red colour inside the shell illustrates the distribution of the electric field of magnetic Mie-
type modes (ESI, Fig. S16), while the cyan cloud inside the cavity of c-HCS illustrates the localization
of the magnetic part of light. (H) Dark field images of spherical c-HCS with different diameters (290 to

310 nm). The frequency of scattered light is determined by the polarization and c-HCS diameter.



