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Metallogels: a novel approach for the nanostructuration of single-
chain magnets

Felix Houard,® Guiseppe Cucinotta,® Thierry Guizouarn,? Yan Suffren,? Guillaume Calvez,® Carole
Daiguebonne,? Olivier Guillou,? Franck Artzner,® Matteo Mannini*° and Kevin Bernot*

In this study we demonstrate that single-chain magnets (SCMs) can be assembled in gel phase and transferred intact on
surface. We take advantage of a family of SCMs based on Tb" ions and nitronyl-nitroxides radicals functionalized with short
alkyl chains known to form crystalline supramolecular nanotubes interacting with heptane acting as crystallizing solvent.
When the radicals are functionalized with long aliphatic chains a robust gel is formed with similar structural and functional
properties respect to its crystalline parent. Indeed, a small-angle X-ray scattering (SAXS) study unambiguously demonstrates
that the gel is made of supramolecular nanotubes: the high stability of the gel allows the determination from SAXS data of
precise nanotube metrics such as diameter, helical pitch and monoclinic cell of the folded 2D crystal lattice along the tube
direction. Additionally, static and dynamic magnetic investigations show the persistence of the SCM behavior in the
metallogel. Last, on-surface gelation provides thick films as well as sub-monolayer deposits of supramolecular nanotubes on
surface as evidenced by atomic force microscopy (AFM) observations. This paves the road toward magnetic materials and

devices made of SCMs profiting of their isolation on surface as individual chains.

Introduction

The design of molecular magnetic materials! is one of the
strategies to cope with the increasing demand for high-density
and energy-efficient data storage devices. Indeed, the amount
of data stored each vyear and
traditional

limitations.3 Single-molecule magnets* (SMMs) are particularly

increases exponentially?
top-down approaches will soon face physical
promising for magnetic data storage®® because they show
magnetic bistability of molecular origin? thus, in principle,
suitable to be used as magnetic memories through a bottom-up
approach.8

However, the formation of stable magnetic deposits out of
these molecules is extremely demanding®19 and requires to use
of well-protected chemical structures!'2 or to -carefully
decouple the molecular layer from metallic surfaces!3 as they
can lose or severely lower their ability to store magnetic
information when deposited on surfaces. Last, most of the high-
performance SMMs!415 are extremely air and moisture
sensitive and are difficult to handle in a surface deposition

process. Crucially, their magnetic behavior is often affected by
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thermally-independent relaxation mechanisms such as
quantum tunneling of the magnetization (QTM)® that severely
degrade the memorization capabilities in zero field. 1D analogs
of SMMs, namely single-chain magnets (SCMs)'” have greater
potential with respect to coordicSMMs. Their
relaxation is not governed by spin-phonon interaction and
extended Orbach dynamics as SMMs but by 1D magnetic
dynamics!® that rely on the onset of spin correlation at low
temperature thus resulting mostly unaffected by QTM or other
thermally independent phenomena.

magnetic

One of the most studied classes of single-chain magnets is
based on nitronyl-nitroxide (NIT) radicals acting as bridging
units between 3d or 4f anisotropic ions (M) forming a molecular
chain (Fig. 1) with general formula (M-NIT)~.2® NIT structure
ensures both a good in-chain magnetic interaction via the
delocalized radical and an efficient magnetic insulation of each
chain via their substituting organic groups.2® Accordingly, SCM
behavior can be observed.?! SCMs as most of 1D coordination
polymers have very low processability because of their very
limited stability in vapor phase or in solution (contrary to their
building blocks). These facts justify the limited evidence of
successful depositions of similar objects on surfaces.??2 Drop
casting, step-by-step vertical growth, surface pre-organization,
or controlled nanometrization of the chains’ crystal?3 have been
tested but none of these approaches provided convincing SCM
deposits so far through on-surface crystallization studies.?*

We recently reported the synthesis and the structural
characterization of a novel Tb-based SCM derivative (TbCg
crystal) based on nitronyl-nitroxide ligands functionalized with
hexyl  chains  (2-(4’-(hexyloxy)phenyl)-4,4,5,5-tetramethyl
imidazolin-1-oxyl-3-oxide radical, or NITPhOCg) leading to
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FIg. 1 Schematic chemical strategy adopted in this study.

Metallogel

an unusual crystalline arrangement in the solid phase while
preserving their molecular-based magnetic properties.?®
Usually, (M-NIT) units alternate with symmetry-related
consecutive angles, and chains have often a zigzag topology that
weakly interacts from the supramolecular point of view. The
TbCe structure features significant structural flexibility via 1) the
A4f B-diketonate coordination, that provide less directional
binding than the 3d ones; 2) the presence of a hexyl aliphatic
tail as substituent in the para-position of an aromatic NIT: its
large degrees of freedom can accommodate various molecular
organizations; 3) the interplay of the organic radical alkyl chains
with the aliphatic solvent. Indeed, the use of aliphatic solvent
promotes weak supramolecular interchain interactions strong
enough to generate nanotubes of 4.6 nm diameter made of 11
woven chains, an asset for their deposition on surface because
more rigid than isolated ones. However, no progress was made
as far as processability is targeted: the TbCg molecular chain is
destroyed upon solubilization and the supramolecular
nanotubes are only stable under their crystalline form. This is a
severe drawback to turning these molecules into molecular
materials or devices. In particular, they cannot handle surface
deposition processes.

This is the reason why we explored a soft matter route for
the stabilization of SCM out from the solid phase that consists
in forming metallogels of these chains furthermore allowing
their deposition on surface (Fig. 1). Metallogels26-22 are biphasic
systems behaving as a thixotropic material preserving most of
the properties of their constituents such as the optical,
magnetic or redox properties of the eventually embedded
metal complexes?® and gaining some extra features respect to
the latter in terms of processability,3° mechanical robustness
and tunability under thermal, photo, magnetic or mechanic
stimuli.3133 Accordingly, they are an efficient intermediate

toward molecule-based functional devices.343¢ Metallogels
have been obtained either with  supramolecular
compounds,31.37-40 metal-organic frameworks,*! spin-crossover
molecules,*?2*> magnetically coupled radicals* or 3d ions.*’
Here, we demonstrate that starting from a long chain NIT
derivative, it is possible to promote the formation of a
metallogel enhancing the processability of the SCM and
allowing their deposition on surfaces to pave the road to the
development of magnetic materials and devices based on
functional properties of SCMs.

Results and discussion
Synthesis and gelation properties

A nitronyl nitroxide radical bearing a long octadecyl alkyl
chain has been designed to promote the formation of an SCM
system with a metallogel behavior. That radical of formula
NITPhOC;s (where NITPhOC;g 2-(4’-(octadecyloxy)phenyl)-
4,4,5,5-tetramethylimidazolin-1-oxyl-3-oxide) has been
synthesized following the Ullman procedure*® (Fig. S1) and
crystallized as thin blue plates (Fig. S2, Table S1). Once reacted
with Tb(hfac)s;-2H,0 (hfac- = hexafluoroacetylacetonate) the
solution was cooled down and the solvent was removed under
reduced pressure, allowing the solution to evaporate gradually
and turn from blue to cyan until the complete drying, giving a
dark amorphous latex-like solid called TbC;g precursor (see Fig.
2). This color change, already reported for similar crystalline
systemes, is characteristic of the NIT-4f coordination.254%50 The
purity of the precursor is confirmed by elemental analysis and
FT-IR (absence of v(-OH) stretching band, Fig. S3).
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Fig. 2 Schematic procedure for the synthesis of the compounds studied in this work.

Metallogel formation is governed here by three main
factors: i) coordination bondings that are responsible for the
growth of chain structures ii) intramolecular (or intra-chain in
the present case) non-covalent interactions (H-bonding, van der
Waals, rt-stacking) that ensure their robustness (on NIT chains,
these interactions are mainly m-stacking interactions between
aromatic hfacc and phenyl moieties of the NIT),5%52 jij)
intermolecular (or inter-chain)
between functional groups that induce their supramolecular
self-assembly. Additionally, the solvent plays a crucial role since
it stabilizes the supramolecular edifice without competing with
all these interactions.

The gelling properties of the amorphous solid TbCis
precursor were evaluated toward various usual solvents (Table
S2): only the linear non-coordinating aliphatic solvents (n-
hexane, n-heptane, n-octane, n-decane) afforded a translucent
cyan TbCis gel after tens of minutes (Fig. 2) with the best
gelation ability attributed to the n-decane (Cn = 5 mg-mL1).
However, the best stability and aging behavior were found for
n-heptane gels (C» = 10 mg-mL1), which can be stored for three
months at 4°C with no sign of degradation. We used these gels
in the following study. Notably, no gel was obtained by applying
the same procedures to the unreacted Tb(hfac)s;-2H,O and
NITPhOC;s building blocks. Consequently, NITPhOC;s can be
considered as an organogelator only when coordinated with the
bridging Th(hfac)s; complex that acts as a “linking node” and
“structuring agent”.26 The sol-gel transition temperature
estimated by tube inversion test is 40 + 1°C. In addition to this
obvious change of viscosity, a significant color change from blue
to cyan is observed during the sol-gel transition as reported in
Fig. 2 and 3a. The main absorption band shifts from 633 nm for
the hot blue solution to 643 nm for the cyan gel. This 10 nm
hypsochromic shift is characteristic of the coordination

non-covalent interactions

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) UV-Visible spectra of n-heptane ThCyg solution and TbCys gel (Cp, = 10 mg-mL2).
The sol-gel transition temperature estimated by tube inversion test is 40 + 1°C (b) Room
temperature EPR spectra of a TbC;g precursor dissolved in CHCl; and an n-heptane TbCg
gel (C =10 mg-mLY).

between the Th(hfac); and the NIT moieties giving rise to MLCT
transitions as observed on TbCg crystal helical chains?> as well
as on other NIT-based coordination complexes.9:53

To evaluate the gel quality we took advantage of the
sensitivity of the nitroxide radicals toward Electron
Paramagnetic Resonance (EPR) spectroscopy that has been
used as spin-label to monitor the assembly and gelation
dynamics of radical-based but metal-free organogelators.>4-58
Room temperature X-band EPR signals of NITPhOC;s and TbCig
precursor in CHCI3 solutions exhibit very clear and characteristic
five-line spectra with 1:2:3:2:1 intensity ratio, g-factor, and
values consistent with those found in the literature for free NIT
radicals (see Fig. 3b and S4, Table S3). This indicates that de-
coordination occurs when the TbCig precursor is poured into a
CHClI; solution. This is in contrast with the TbCjs gel spectrum
recorded under the same experimental conditions, which is
remarkably flat because of the Tb-NIT coordination that favors
fast electronic relaxation as well as the increased viscosity and
associated loss of mobility. Possibly, free NIT contribution can
be observed only in very sensitive measuring conditions as a
noisy signal indicates extremely small traces of free NIT radical
(Fig. S5).

Morphology and structural model

In order to provide some insights into the supramolecular
arrangement of TbCis gel, small-angle X-ray spectroscopy
(SAXS) measurements have been performed (Fig. 4). This
technique is mainly sensitive to the electronic density contrast
between the different elements of the system.

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 (a) X-ray scattering pattern of n-heptane ThC;g gel and dried fibers (C,, = 50 mg-mL™1). (b) Oriented X-ray fiber scattering image of a dried n-heptane TbCys gel (C,, = 50 mg-mL
1). (c) Simulations of diffuse scattering by Bessel functions corresponding to the Fourier transform of a 2D lattice. (d) Representation of the monoclinic unit cell and the corresponding
parameters, and reconstructed 2D Patterson function, indicating the main electron density variation of the unit cell and enlarged 2D Patterson function of the resulting nanotube.
(e) Representation of the supramolecular nanotube extracted from the Tb" tube model of ThC;g gel.

In our case, it allows probing the relative spatial organization
of the heavy element, i.e. the Tb" ions, compared to lighter
atoms such as carbon, nitrogen, or oxygen. The intensity
profiles (Fig. 4a) revealed the presence of two oscillations in the
low g region (g < 0.5 A1), characteristic of a tubular
organization. Indeed, for an infinite hollow tube, the intensity
I(g) can be described as the following model,>® with J, a zeroth-
order Bessel function and rg the radius of the tube:

I(q) = @ Eq.1

The best fit (Fig. 4a) is obtained for rp = 1.8 nm, suggesting
that the supramolecular tubes feature a diameter of Jge/ -1 =
3.6 nm considering the relative Th'" positions. These metrics are
strongly reminiscent of the supramolecular architecture also
observed in the TbCs crystalline phase (eryst 7o-7o = 5.0 nm) with
shorter chain derivative.?> This first result confirms that the use
of long alkyl chains in the NIT not only induces a gel-like
behavior but also preserves the supramolecular nanotube
organization of the chains in TbCis gel. Hence, the molecular

nanotubes are stable when the constraints of the crystal
packing and the weak non-covalent interaction between them
are softened in gel media. However, from the bulk gel sample,
the nanotubes are randomly organized, and only the statistical
value of the characteristic dimension, i.e. the diameter, can be
determined.

To gain order in the gel, a concentrated n-heptane ThCjs gel
sample (Cn, = 50 mg-mL1) has been slowly dried to align the
fibers against the capillary walls, revealing anisotropically
oriented rings on SAXS scattering image (see Fig. 4b). Fiber
diffraction patterns of thin nanotubes are composed of
horizontal Bessel functions that give information on the 2D
lattice supported by the nanotube wall.>*-61 More precisely, the
indexation of the position of diffuse scattering maxima provides
parameters of the elementary monoclinic unit cell of a
nanotube (Fig. 4c and d), which can be seen as a folded 2D
crystal lattice along the tube direction. Pattern simulation®? (Fig.
4d) strongly suggests the following cell parameters: a = 8.39 A,
b =13.46 A and a = 75°, this unit cell being at y = 23° from the
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tube direction and € = 8° from its equatorial plane. Scattering
intensities can be also injected in a 2D Patterson cylindrical
map>® that stresses the tubular organization of the helical
chains (Fig. 4d). 2D unit cell values are linked to Tb-Tb distances
and can be unambiguously assigned to the distance between
two consecutive Tb"' ions along the chain (parameter a) and
between two neighboring chains (parameter b). The a
parameter is almost unchanged from TbhCs crystal tubes to gel
TbCis tubes. In the TbCe crystal, Tb-Tb distances range from 8.31
to 8.48 A depending on the crystallographically different Tb"
ions. As expected, this value is averaged on the TbC;g gel with a
=8.39A.Onthe contrary, the smallest Tb-Tb interchain distance
changes from TbCs crystal to TbhCis gel with an increase from
10.80 A to b = 13.46 A. This means that the geometry of each
chain is almost unaffected by the crystal-to-gel change but each
of them is more separated in the gel. Accordingly, this strongly
suggests the persistence of the SCM behavior in the gel phase
because intrachain Tb-Tb distances are preserved while
interchain Tb-Tb distances are enhanced.

There are also more macroscopic differences between the
two tubes in the number of chains per tube and their helical
pitch length. The number of chains can be estimated by
comparing b with the perimeter of the tube 2mnry. Tubes are
made of eight chains in TbCig gel instead of eleven in ThCs
crystal. The helical pitch length is driven by the angle € of the 2D
cell with the equatorial plane. Accordingly, the pitch h of the
chains is longer in the TbCis gel h = 26.6 nm (Dge 7p-7o = 3.6 NM
and y = 23°) than in TbCs crystal h = 19.8 nm (Dcrist 7o-7o = 5.0 nm
and y = 51°). All these findings show that supramolecular
nanotubes are made of less numerous and less closely packed
chains in the gel than in the crystal.

Using all the extracted parameters, it is then possible to
build a 3D structural model of TbCig gel using helices parametric
equations. This model can be exploited as an atom coordinate
file (Table S4) and easily visualized (Fig. 4e, S6-S8 and procedure
in SlI), making the understanding of this supramolecular
arrangement way easier.

Magnetic properties

Static magnetic properties have been measured on frozen
fresh n-heptane TbC;g gel and ground powder of TbC;g xerogel
under a static field (Hpc = 1000 Oe) (Fig. 5a and S9). High
temperature values of yuT are xmT(1s0k, gey) = 12.25 emu-K-mol-?
and xmT 300k, xerogel) = 12.52 emu-K-mol?, close to the theoretical
XmT300x) = 12.19 emu-K-mol for a free Tb'"' ion (J = 6, g, = 3/2)
and an uncoupled radical (S = 1/2, gs = 2). By decreasing the
temperature, these values stay constant and then increase
exponentially below 100 K to reach maxima of xmTgey = 21.73
emu-K-mol? at 4.5 K and xumTixeroge) = 22.29 emu-K-mol-* at 5.5 K.
At lower T a sharp decrease is visible due to saturation effect as
highlighted by ymT values reconstructed from ac dynamic
magnetic measurements (inset Fig. 5a). Field dependence of the
magnetization exhibits an abrupt rise starting at the lowest
fields and quickly reaching saturation values at 50 KOe of Mt
gel) = 5.06 pg and Msat xerogel) = 5.07 pg respectively, slightly below

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. (a) Temperature dependence of y,T product for n-heptane ThCyg gel (C,, = 10
mg-mL?), in inset a zoom in the low-temperature region with the x,T product
reconstructed from AC measurements at different frequencies. (b) Temperature
dependency of the out-of-phase (xy") susceptibility of n-heptane TbCys gel (C, = 10
mg-mL?) at different frequencies. (c) Arrhenius plot of the extracted relaxation times of
n-heptane TbCyz gel (C, = 10 mgmL?') and ThC;s xerogel, together with the
corresponding fits as dashed lines. (d) Frequency dependency of the out-of-phase (xu")
susceptibility of n-heptane TbCys gel (Cr, = 10 mg-mL™?) at different temperatures.

the theoretical value of 5.5 pg (Fig. S10). All these magnetic
features are in line with the onset of a magnetic correlation
phenomenon at low temperature along the chains, a signature
of an SCM behavior. Accordingly, the exponential divergence of
the xmT product can be linked to Ag the correlation energy
required to create a domain wall, as ymT = Ceg.exp(Ag/ksT).
These values are respectively Aggep/ks = 4.26 + 0.02 K (R? =
0.9992) for TbCis gel, and Agpero)/ks = 5.39 £ 0.03 K (R2 = 0.9988)
for TbCis xerogel (Fig. S11) and are in line with the ones
observed on the TbCg crystal.?>

Dynamic magnetic measurements under zero external field
further confirm these findings. In-phase (xa”) and out-of-phase
(xm”) susceptibilities exhibit an unambiguous temperature
dependence below 6 K, synonym of slow relaxation of the
magnetization (Fig. 5b, d and S12-S13). The corresponding
relaxation times T were extracted using a generalised Debye
model and fitted according to an Arrhenius
To.exp(Aes/ksT), where Aqg is the effective energy barrier and 1
the characteristic relaxation time: for TbCys gel, the fitted values
are Age/ks = 21.1 £ 0.9 K and tge = (1.04 + 0.53) x 107 s (R?
0.9889) while the TbCis xerogel is characterised by Axero/ks =
27.7 £ 0.9 K and Teero = (1.65 + 0.68) x 107 s (R2 = 0.9882) (Table
S5-S6). These values as well as the in-field behavior (Fig. S14)
are in line with the ones extracted on ThCg crystal.

The magnetic slow relaxations observed on TbCis gel and
TbCis xerogel are slow enough to induce an opening of a
magnetic hysteresis loop at T = 0.5 K (Fig. 6) in our operating
conditions of magnetic field sweep rate of 15.5 Oe-s™L. It is worth
noting that contrary to what is observed on most 4f-based
SMMs, SCMs hysteresis are open in zero-field, the molecules
acting as molecular magnets with a non-null remnant
magnetization (Mg) and an associated coercive field (Hc).

law t© =

J. Name., 2013, 00, 1-3 | 5
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rate of 15.5 Oe-s™.

Hysteresis shapes and associated magnetic metrics are very
close for both TbCis gel and TbCis xerogel and was strongly
reminiscent to what observed on the TbCe crystal (Table 1) with
Hc (tbcig geyy = 1610 Oe, Hc (tocis xerogel) = 1600 Oe, Mg (tocis gel) =
1.94 pg and Mg (rbcig xerogel) = 1.71 pa. As expected, this highlights
that the substitution of the NIT radical from a hexyl to an
octadecyl tail weakly impacts the magnetic properties of the
corresponding SCMs. Additionally, the very weak difference
between gel and xerogel magnetic behavior shows that SCM
properties are preserved upon gel drying. They are intrinsic
properties of the molecular chains whatever the crystal packing
or the state of matter they are involved in. This is a strong asset
to transform these compounds into magnetic materials. To the
best of our knowledge, this is the first time that a magnetic
hysteresis loop with a magnetic slow relaxation of molecular
origin is reported in metallogels, expanding so the family of
molecular magnetic materials.

Surface deposition

To confirm the nanotube dimensions estimated by SAXS
measurements, and to pave the road toward an SCM-based
magnetic layer, thin films of TbC;s gel were obtained by
optimizing a deposition protocol (see Sl for details) based on the
spin-coating of drop-casted hot solutions on silicon wafer and a
rapid temperature quenching. These conditions were
mandatorily required to achieve a controlled deposition of
nanotubes as confirmed by AFM measurements. In particular,
at a concentration of Cp, = 1.7 mg-mL", isolated and randomly
oriented fibers were successfully observed (Fig. 7a). Line profile
analysis (Fig. 7b) and histogram analysis (Fig. 7c) confirmed the
presence of individual nanotubes. In particular, the latter has
been performed considering the entire image and operated
after a line-by-line background alignment (see SlI) revealing
unambiguously the presence of a multimodal distribution
accounting for the silicon substrate (artificially centered at Hp =
0 nm), the presence of the main component attributable to the
single fibers heights (H; = 4.8 £ 1.1 nm) in contact with the

6 | J. Name., 2012, 00, 1-3
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substrate and a third term assigned to the second layer of fibers
(H2=9.1+1.5 nm) is highlighted here.
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Fig. 7. (a) AFM image of a n-heptane TbCy; gel (C,, = 1.7 mg-mL™) deposited on silicon
surface. (b) Relative height profiles of individual nanotubes determined from image a).
(c) Histogram analysis of image a) and the relative deconvolution analysis highlighting
the presence of individual nanotubes.

Thus, even though the width of fibers cannot be directly
evaluated because of the convolution of the AFM tip, the
detected height of fibers results in good agreement with the
diameter of the tubular objects determined by SAXS
measurements thus suggesting that we successfully deposited
isolated SCMs on surface.

Table 1 Summary of the principal magnetic values for the n-heptane ThCg gel (G, = 10
mg-mL1), TbCyg xerogel and TbCg crystal.?®

This journal is © The Royal Society of Chemistry 20xx
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TbC18
ThC6 crystal?®
Gel Xerogel
Ag / ks (K) 5.16 £ 0.03 4.26 +0.02 5.39+0.03
Infinite regime:
29.6+0.5
(3.4+0.5)x 108
Finite regime: 21.1+0.9 27.7+0.9
Beri/ka (K) &
25.5+0.2 (1.04 £0.53) 1.65 +0.68
To (S) ~ g g
(2.4+0.3) x 107 x 107 x 107
Single regime:
28.8+0.1
(4.4+0.6)x 108
o (at 1.8 K) 0.612 +0.02 0.675+0.003 0.611+0.010
Hc (Oe) 2400 1610 1600
Mg (ps / %Msat) 2.09/38% 1.94/39% 1.71/34%

a) Arrhenius plot can be fitted with reasonable error margin considering either
finite- and infinite-size regime or a single relaxation regime. For the gel, only a
single regime can be reasonably provided.

Conclusions

Here we demonstrated that, by increasing the size of the
aliphatic tail of the bridging NIT ligand is possible to obtain a
stable SCM-based metallogel. SAXS and fiber diffraction studies
revealed that the nanotubular structure made of woven helical
chains observed in the genuine crystalline phase is preserved in
the gel. Precise metrics of the helical nanotubes have been
obtained and strong analogy between the crystal and the
metallogel phase is observed by a detailed three-dimensional
model. This approach is likely to be used on any type of
molecular nanotubes either made of SCM or not.

The metallogel approach is efficient in stabilizing the
molecular structure responsible for the SCM behavior as shown
on gels and xerogels magnetic measurements where SCM
signature and zero-field opened magnetic hysteresis are
observed. Furthermore, the stable supramolecular architecture
allowed to optimize a deposition protocol for the deposition on
silicon surface of individual nanotubes as revealed by an AFM
analysis. This study opens novel perspectives for the use of
single-chain magnets at the nanoscale that may be used now as
a novel building block for the development of novel
architectures for data storage and eventually for spintronics.
Finally, the metallogel approach could be tested on any
molecular material (magnetic or not) whose chemical stability,
or topology (such as an infinite polymeric structure) are a
drawback for its surface deposition.
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