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Metallogels are versatile and intriguing objects that can be used as media for the deposition of extended
molecular architectures on surfaces. In this work, we investigate the thermodynamic and kinetics
conditions that induce robust metallogel formation from supramolecular nanotubes of single-chain
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magnets (SCM). These latter are made of woven chains that alternate Tb and nitronyl-nitroxide radical
building blocks. By tailoring the size of the alkyl chain grafted on the radical (NITPhOCn, with n = 6, 10,
or 18) we show that long alkyl chains induce delicate gelation conditions but provide gels with improved
stability against crystallization and enhanced deposition ability while preserving the overall SCM
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Introduction

Magnetic materials play a prominent role in our modern
society, finding essential applications in numerous industrial
sectors (electric power generation, transportation, electronics,
and communications) as well as in our daily lives." One such
area of application is digital data storage,” where the demand
for increased storage capacity continues to grow exponentially.®

To address this challenge, collaborative efforts between
chemists and physicists have led to the development of super-
paramagnetic molecules known as Single-Molecule Magnets
(SMMs),*” where the magnetic anisotropy of the 3d or 4f
metal ions is judiciously enhanced by surrounding organic
ligands.® " These discrete molecules exhibit a sufficiently slow
relaxation of their magnetization, allowing them to act as
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behaviour of the molecular nanotubes.

individual bits at the molecular scale and making them pro-
mising candidates for high-density data storage.'*™**

The nanometric dimensions of SMMs also enable quantum
properties such as quantum tunnelling of the magnetization
(QTM).*® This latter has been envisioned as crucial for SMM
exploitation in quantum computing and spintronics,'”>" but is
highly detrimental for molecular magnetic data storage. Addi-
tionally, the precise design of such molecules limits the balance
between the improvement of the blocking temperature Tj, the
maximum temperature for which an open magnetic hysteresis
is observed, and their chemical integrity toward external factors
(temperature, air, moisture, interaction with a substrate, etc.).

These limitations can be overcome by increasing the dimen-
sionality of the molecular magnet to obtain one-dimensional
analogues called Single-Chain Magnets (SCMs), made of aniso-
tropic magnetic centres that alternate to form infinite coordi-
nation polymers.>*>* Intrachain exchange interactions induce
the rise of spin correlation phenomena at low temperature
along the chain, whose relaxations obey Glauber dynamics, less
impacted by QTM and other SMM’s relaxation processes.>”>°
An efficient strategy to synthesize SCMs is to use bidentate
nitronyl nitroxide radicals (NIT)*” as linkers between the aniso-
tropic magnetic 4f ions.>®?° Then, their functionalization
allows tuning their structural and magnetic properties.**>?

Following this approach, our groups have recently reported
the synthesis of a nitronyl-nitroxide radical functionalized
with a hexyloxy- pendant chain, here named NITPhOC6

This journal is © The Royal Society of Chemistry 2024
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(2-(4’-hexoxyphenyl)-4,4,5,5-tetramethyl-imidazolin-1-oxyl-3-oxide).
Its coordination with Tb(hfac); units (hfac™ = hexafluoroacetyla-
cetonate) led to the crystallization of chiral nanotubes favoured by
supramolecular interactions between the constituting helical
chains, while featuring targeted SCM behaviour including memory
effect of molecular origin.*®> However, despite this unusual nano-
tubular arrangement, deposition on the surface of such crystalline
SCMs remained unfruitful, making it physically impossible to
study their magnetic behaviour on surfaces for data storage
purposes.

Indeed, nanostructuration is the necessary step towards the
technological use of these molecules.'*'* To date, the deposi-
tion of SMMs on surfaces has been more extensively studied
than that of SCMs, due to their simpler structure, which allows
us to control, to some extent, the difficulties associated with
nanostructuration. These difficulties are mainly associated with
preserving the chemical integrity of these molecules against
external factors (temperature, presence of specific competing
chemical agents such as water, pressure variations, or more
importantly interactions with the substrate).

To overcome these processability limitations, a promising
approach is to stabilize these polymeric chains in the form of
metallogels, easier to shape and process,®* while preserving
their targeted responsive properties.®>® In particular, some
groups have taken advantage of this strategy by designing
ligands with long lipophilic alkyl chains, in order to promote
the gelation of polymeric Fe" triazolate chains exhibiting spin-
crossover effects.®**

In our case, by increasing the size of the alkyl chain beard by
the NIT ligand up to 18 carbon atoms (NITPhOC18, (2-(4’-octa-
decyloxyphenyl)-4,4,5,5-tetramethylimidazolin-1-oxyl-3-oxide)),
we have successfully stabilized these nanotubular SCMs in a
metallogel phase while preserving their magnetic properties.*"
Taking advantage of the improved processability of the metal-
logels, isolated nanotubes of SCMs were observed on the
surface by AFM.

The influence of the variation of pendant alkyl tail length on
the self-assembly process of supramolecular systems is known
to provide different morphologies**™** or physicochemical
properties.*>*” This is the reason why we focused on this
aspect by studying a series of SCMs later called ThCn (where
n =6, 10, or 18, the number of carbon atoms constituting the
alkyl chain used to functionalize the nitronyl nitroxide group).
The detailed physicochemical parameters that govern the self-
assembly process of the supramolecular nanotubes, the corres-
ponding metallogels formation, and their stability have been
explored in order to rationalize the formation of metallogels of
supramolecular nanotubes of SCMs.

Results and discussion
Synthetic procedure and gelation properties

To evaluate the impact of the carbon tail length on the gelation
properties as well as on the stability of the SCM, a comparative
study was held with NIT radical derivatives, NITPhOCn, bearing

This journal is © The Royal Society of Chemistry 2024
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aliphatic chains of different length (n = 6, 10, or 18), have been
synthesized following the standard Ullman procedure*® and
obtained as dark-blue powders (see Fig. S1, ESIt).

Following the protocol reported in our previous study,*!
their coordination with one equivalent of Tb(hfac); complex
in hot n-heptane affords dark green amorphous powders (see
Fig. 1 and Fig. S3, ESIT) once the solvent was removed. They are
used as starting materials for the gelation and are later called
Pre-TbCn (with n = 6, 10, or 18).

The chemical purity of the powders was probed using FTIR,
EA, and luminescence measurements (Fig. S4 and S5, ESIT).
The sensitivity of the photoluminescence was exploited to
probe the presence of uncoordinated reactants, especially the
Tb(hfac);-2H,0, which shows well-defined line-shaped bands
close to the ones of the free Tb™" ion. Hence, the observation of
such emission bands at 487, 542, 583, 617, and 650 nm in the
luminescent spectra of the solid indicates that a fraction of
uncoordinated Tb reactant was still present in noticeable
proportions for the Pre-TbC6, and in a less extend for the
Pre-TbC10 and Pre-TbC18 ones (see Fig. S5, ESIT).

To tackle the presence of impurities, an ultrasonication step
was introduced before solvent removal, by delivering around
E = 85 KkJ over one hour by pulsed sonication (see detailed
method in ESIt). As demonstrated previously by our group,*’
this approach is relevant for preventing the presence of
unreacted Tb(hfac); particles by promoting a more effective
reaction between the building blocks. Hence, the comparison
between the non-sonicated (or “‘conventional”’) and ultrasoni-
cated emission spectra showed a substantial decrease in the
main Tb™ band intensities (Fig. S5, ESI), attesting to an
improved purity.

As previously observed for the ThC18 gel, only aliphatic
solvents allow effective gelation of TbCn compounds
(Table S2, ESIT). The other solvents compete with the formation
of coordinate bonds by excessive solubilization/solvation of the
building blocks, thus hindering the formation of a n-stacking
assembly between the aromatic hfac™ and NIT phenyl
moieties.>*> After a few minutes of cooling at 4 °C, the dark
blue hot solutions turned into translucent cyan TbCn gels
which did not flow once the vial was inverted.

Liquid-gel pseudo-phase diagrams were determined for
different mass concentrations (Cy;) via the test tube inversion
method for different temperatures, upon cooling of hot n-
heptane solutions of Pre-ThCn (see Instrument and methods
in ESIt). One can note that a quenching step at a rate of AT/At =
10 °C min~"' is mandatory to obtain the gel phases in a
reproducible way. This is characteristic of a kinetic gelling
process, while a slower cooling (1 or 0.1 °C min~ ") leads to a
mixture of liquid and unstable gels that hinder the precise
determination of the gelling temperature. To characterize these
pseudo-phase transitions, Dynamic Scanning Calorimetry
(DSC) measurements have been performed on the n-heptane
gels in sealed pan at different concentrations (Cy = 10 and
50 mg mL™ ") and thermal scan rates (A7/d¢ = 10, 1 and 0.1 K s~ ).
Under these conditions, no endo- or exothermic peaks could be
observed (Fig. S6-S8, ESIt) that confirms that a progressive
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Fig. 1 Schematic procedure for the synthesis of the TbCn metallogels (top). Liquid/gel pseudo-phase diagrams of fresh n-heptane kinetic gels of TbC6,

TbC10 and TbC18 (bottom).

aggregation process involving weak intermolecular interactions
is at the origin of the gelation. Nevertheless, we have also
determined the melting temperatures of TbCn n-heptane gels
by the inverted test tube technique, 36, 37 and 40 £+ 1 °C for
ThC6, TbC10 and ThC18 gels respectively.

Last, liquid-gel pseudo-phase diagram of ThC6 shows a gel
region over a wide range of Cy concentrations and tempera-
tures (50-4 °C). This indicates the occurrence of an efficient
self-assembling as well as of the gelation process, even for a
quite short alkyl chain. Then, when comparing with ThC10 and
TbC18, the bigger the alkyl chain, the smaller the gel domain is.
This somewhat counterintuitive observation at first sight, could
be related to the solubility trend of the radical in n-heptane (the
longer the more soluble). This finding is also balanced by the
gel stability toward crystallization that goes from some hours
for TbC6, to days for TbC10 and even months for TbC18 (see
also SAXS investigations below), that confirms the metastable
nature of the gels.

Rheological measurements were conducted on the TbC10
(Fig. 3) and TbC18 gels (Fig. S9, ESIf), the ThC6 being too
fragile and break when transferred on the rheometer stage. The
storage G’ modulus exceed G” with strain less than 10% for
TbC10 and less than 25% for ThC18. This unambiguously
demonstrates a characteristic viscoelastic behaviour, and the
gel nature of the samples.

Spectroscopic studies of the gelation process

From these macroscopic observations, it sounds clear that
kinetics strongly influences the gelation. To gain insights
into this process, UV-visible spectroscopy measurements as a

3230 | J Mater. Chem. C, 2024, 12, 3228-3237

function of time were carried out for the three n-heptane sol-gel
systems of TbCn (Fig. 2a-c) at a fixed mass concentration
(Cm = 10 mg mL ™).

Prior to the measurement, all the TbCn solutions were
thermalized and homogenized at 50 °C, with a characteristic
blue colour. Then, UV-visible absorption was monitored upon
rapid cooling (10 °C min ") to reach characteristic green gels at
4 °C for all derivatives, in agreement with the liquid-gel pseudo-
phase diagrams (Fig. 1). All spectra show the characteristic four
peaks observed on compounds made of lanthanide and aro-
matic nitronyl-nitroxide derivatives®® that are associated to the
transitions of the radical (Fig. S10, ESI{).>*

Then, as the temperature decreases the most obvious feature
is an increase of absorbance associated with a bathochromic
shift (from approximately 625 to 645 nm) of the main absorp-
tion band of the radical. The peak increases quickly during the
first minutes of sol-gel transformation with a quasi-linear
evolution, that could be associated with the coordination
between NITPhOCn and Tb(hfac); moieties. It is also stressed
by the presence of isosbestic points around 485 and 600 nm,
which reflect the balance between the NIT ligands and Tb™
complexes, and the progressive appearance of mono/oligomers
of ThCn in solution. After 5 minutes, a plateau is reached
concomitantly with the temperature stabilization at 4 °C
(Fig. 2d). Notably, the coordination kinetics seems to be slightly
faster for TbC6, possibly because of the smaller steric hin-
drance of its alkyl chain compare to TbC10 and TbC18.

Then, several shoulders evolve during the formation of the
gel phases at 4 °C. Upon cooling, the first shoulder at 575 nm
is smoothed while the second at 675-700 nm is reinforced.

This journal is © The Royal Society of Chemistry 2024
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modulus of TbC10 gel (at 1 Hz frequency and T = 10 °C).

While the first shoulder could be associated with a lanthanide-
radical coordination effect, the second is probably a conse-
quence of the gelation. Indeed, it is easily reproduced on
concentration-dependent measurements (Fig. 2e), and the
shoulder appearance coincides with the formation of the gel
phases at critical mass concentrations (Cy = 8 mg mL ™" for
ThC18 gel, see Fig. 1). By plotting the evolution of the normal-
ized absorbance of this shoulder (Fig. S11, ESIt), we notice a bi-
exponential growth. A putative hypothesis could be that the
first growth is due to the formation of supramolecular nano-
tubes that trap solvent molecules and induce gelation. The
second growth could be related to the bundling of nanotubes
into bigger objects (see surface deposition). However clear

This journal is © The Royal Society of Chemistry 2024

evidence is lacking since temperature-independent measurement
at 4 °C does not show any evolution because of the fast kinetics of
the gel formation. Last, whatever the radical is, the time profiles
associated with the growths are very much equivalent.

EPR spectroscopy measurements can be also used to moni-
tor the sol-gel transition.”> > X-band EPR signals of NITPhOCn
and uncoordinated TbCn solutions in CHCI; were recorded at
room temperature and share the identical spectra with five
lines of relative intensity 1:2:3:2:1 due to the hyperfine
coupling between the two equivalent **N nuclei (Fig. S15 and
$16, ESI+).°° The g-factor and hyperfine coupling values are also
in accordance with the literature, whatever the NITPhOCn
derivative used (Table S3, ESIt).®' %3

EPR spectra of both CHCI; solutions and n-heptane ThCn
gels were recorded with identical experimental conditions to
probe the influence of the gelation process on the mobility of
the NIT molecules. As represented in Fig. 2f (and Fig. S12 and
S13, ESIY), the signal of the free radicals is quenched upon
gelation, with a signal intensity ratio of around 2000 : 2 between
the uncoordinated Pre-TbCn powders in CHCI; solution and
the gels of n-heptane. This indicates a strong electronic correla-
tion of the radicals with the Tb™ ions, and also a substantial
loss of mobility, likely due to the coordination of the latter with
the Tb(hfac); moieties that leads to the formation of a coordi-
nated network.

From the above data, one can derive that the formation
mechanism of these gels follows these different stages:

(i) At high temperature, the NITPhOCn radicals and the
Tb(hfac); complexes are uncoordinated in solution (characteristic
blue colour and EPR signal of free NITPhOCn).

(ii) Upon rapid cooling down, these free species in solution
start to coordinates progressively, resulting in the formation of

J. Mater. Chem. C, 2024,12, 3228-3237 | 3231


https://doi.org/10.1039/d3tc03630h

Published on 30 January 2024. Downloaded by Florida State University on 12/3/2024 9:15:44 PM.

Journal of Materials Chemistry C

oligomers that grow in polymeric chains (redshift of the main
UV-visible absorption band with isosbestic points and quenching
of the free NITPhOCn EPR signal).

(iii) In the meantime, these polymeric chains self-assemble
into wrapped supramolecular nanotubes that entrap solvent
molecules to form gels.

Morphology of the metallogels

In our previous study, we were able to determine a molecular
structural model of the TbC18 gel through SAXS measurements
from bulk gel and dried aligned fibres. It appeared that the gel
was formed by supramolecular nanotubes consisting of eight
helical chains wound together, whose porosity is filled with
aliphatic solvent molecules (Fig. 4a).*" Accordingly, the inten-
sity profiles of TbC6 and TbC10 featured oscillations of similar
periods (Fig. 4b) that can be fitted with eqn (1), related to the
form factor of a hollow tube (with r, the radius of the tube, g the
scattering vector and J, the Bessel function of zeroth order).
Jo(gro)’

I(q) = 7 1)

Here, the best fits of the experimental data match for a
radius ry = 1.77, 1.79, and 1.78 nm for the ThC6, ThC10, and
TbC18 gels resp., corresponding to nanotubes with diameters
of Jee ~ 3.6 nm. Noteworthy, the minima of the X-ray
scattering do not shift with the size of the alkyl chain beard
by the NIT derivative used. This means that the diameter is
conserved and that the formation of the supramolecular nano-
tubes is mainly dictated by the arrangement of the backbone
chain, through n-stacking between the phenyl group of brid-
ging NIT radicals and neighbouring aromatic hfac™ planes.***
It is therefore reasonable to assume that the supramolecular
arrangement of entangled helical chains depicted previously
for the TbC18 gel can be extended to the shorter TbC6 and
ThC10 derivatives.

Interestingly, time-dependent SAXS experiments have been
also performed to evaluate the stability of each gel (Fig. 4b and
¢), and strengthen the observations made by optical microscopy
(Fig. 4d). The intensity profiles of the aged ThC6 and ThC10
gels (after one day) show that the oscillations (related to the
tubular gel state) disappear in benefit of sharp peaks due to
demixion and crystallization processes within the amorphous
gel matrix, while no changes are reported for the metastable
TbC18 gel, that can be stored for months at 4 °C with no sign of
evolutions.

Magnetic properties

Static magnetic properties have been measured on frozen fresh
n-heptane gels (Cy = 10 mg ml ") below the melting point of
the solvent (T = 182 K). The temperature dependence of the
product y\T shows a similar behaviour for the three TbCn gels
(see Fig. S16, ESIT), with ynT(150k) values of resp. 12.28, 12.13
and 12.25 emu K mol~". These values are close to the theore-
tical 7 of 12.19 emu K mol " for a free Tb™ ion (/= 6, g; = 3/2)
and an uncoupled radical (S = 1/2, g5 = 2) at 300 K. By

3232 | J Mater. Chem. C, 2024,12, 3228-3237
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Table 1 Characteristic values extracted from the temperature dependence of yuT and the Arrhenius plots of the n-heptane TbCn gels (Cy = 10 mg mL™)

considering a double relaxation process

ThC6 ThC10 ThC18
Cest (emu K mol™)  11.77 £ 0.02 11.80 + 0.03 11.90 =+ 0.04
Aépoylks (K) 6.06 & 0.04 4.96 £ 0.09 4.05 £ 0.05
Slow Fast Slow Fast Slow Fast
Aesilks (K) 43.0 £ 3.0 18.1 £ 0.7 35.2 4+ 0.9 18.6 + 0.5 452 + 3.7 18.5 + 0.4
70 (5) (31409 x107° (454+1.4) x 107 (47+2.0)x10% (514+1.2)x 1077 (5.3+4.4)x10 " (3.4+0.7) x 107
R 0.9555 0.9895 0.9958 0.9950 0.9741 0.9979

decreasing the temperature, these values stay constant then
increase exponentially below 100 K to reach maxima of 23.66
emu K mol " at 5.5 K (TbC6), 22.76 and 21.73 emu K mol " at
4.5 K (for ThC10 and TbC18 resp.). A sharp decrease follows due
to saturation effect, highlighted by AC measurements (Fig. S18,
ESIT). The field dependence of the magnetization exhibits an
abrupt rise starting at the lowest fields and quickly reaching
saturation Mg, values of 5.1, 5.3 and 5.1 ug (for ThC6, TbC10
and ThC18 resp.), slightly below the theoretical value of 5.5 up
(Fig. S19, ESIt). Noteworthy, measurements conducted on the
corresponding Pre-TbCn powders led to similar behaviours,
depicted in Fig. S17-S20 (ESIt).

In agreement with the observation of molecular nanotube
structure within all gels (Fig. 4b), these sharp increases of both
the yuT product and the magnetization can be attributed to the
onset of a magnetic correlation length along the chains, char-
acteristic of SCM behaviour. The rise of a magnetic correlation
along the SCMs by lowering the temperature can be then
expressed as ymT = CereXp(Ag/kgT), with Cegr a pre-exponential
factor and A; the correlation energy required to create a
domain wall (Fig. S20, ESIt). These values, reported in
Table 1 for the gels (and Table S4 for the precursors, ESIt),
are close to the ones reported for the crystalline TbC6 nano-
tubes (Cer = 11.84 emu K mol " and Agpey/ks = 5.5 + 0.5 K).*

The magnetic relaxation behaviour of the gels was then
probed by dynamic (AC) susceptibility measurements with zero
static external field. Clear temperature dependence of the in-
phase (ym’) and out-of-phase () susceptibility signals are
observed for each sample (Fig. S21-S24, ESIt), indicating the
occurrence of slow relaxation of the magnetization for both Pre-
TbCn and ThCn gels. In-phase and out-of-phase susceptibilities
exhibit a noisy but unambiguous temperature dependence
below 6 K, discarding the hypothesis of a ferro- or ferrimagnetic
order as reported on similar Co-based systems,*®®® and con-
firming the molecular origin of the relaxation of the magnetiza-
tion. The out-of-phase susceptibility curves in Fig. S22 (ESIY)
reveal the presence of two relaxing fractions for the gels below
3 K: a dominant one at higher frequencies (fast relaxation
process) and a minor and broad contribution at lower frequen-
cies (slow relaxation process). This additional contribution is
stressed in the Argand diagrams, with the feature of a tail for
the lower temperatures (Fig. S25, ESIT).

Characteristic relaxation times t were deduced using a
double relaxation Debye model and then fitted via an Arrhenius
law 7 = 75 exp(AAcs/ksT) for both gels and precursors (Fig. S26,
ESIt). The effective energy barrier A and the pre-exponential

This journal is © The Royal Society of Chemistry 2024

factor 7, values extracted are listed in Table 1 below for the gels
(and Table S5 for the precursors, ESIT).

All metrics extracted from the faster relaxation mode are
similar for each gel and close to the ones reported for the ThC6
crystal and the ThC18 gel.>**" This is not surprising as all these
compounds share a similar magnetic skeleton and a similar
supramolecular organization. However, one can note the
presence of two simultaneous relaxation processes is not com-
mon for SCM systems, although already reported in the
literature.®®”° Moreover, Ln-NIT systems are known to generate
[Ln-NIT], chains but also [NIT-Ln-NIT] complexes.”””> The
latter can behave as SMM with U, and 1, values, which could
be misinterpreted as A.s and 7, resulting in an SCM
relaxation.”® Since we cannot discard the presence of traces of
such molecules formed during the gelation we tested this
hypothesis. The three [NIT-Tb-NIT] complexes based on NIT-
PhOC6, NITPhOC10 and NITPhOC18 (Fig. S28 and Table S6,
ESI{) have been synthesized and afford very similar molecular
motive and CShM values (Table S7, ESIf). Once measured,
these three samples show no yj, signal in zero external field,
ruling out the possibility of spontaneous formation of these
complexes upon gel and their contribution to the observed slow
relaxation regime (Fig. S29, ESIf). A reasonable hypothesis is
the simultaneous presence of short and long chains, both ruled
by the finite-size regime.®*’*

Magnetic hysteresis measurements were performed at 0.5 K.
Both gels and precursor powders act as effective magnets with
open hysteresis loops in our operating conditions (magnetic
field sweep rate of 15.5 Oe s~ ', see Fig. 5 and Fig. $30, ESI{). In
the case of the gels, the opening of the loop seems to follow a
trend ThC6 > TbC10 > TbC18 for the gels with the best
performance attributed to the ThC6é gel, with a coercive field
of Hc = 3440 Oe and a remnant magnetization of My = 2.49 ug
(Table S8, ESIt). This could be due to the difference in flexibility
of the nanotubes formed, which averages out the overall
magnetic anisotropy of the gel measured. This trend is never-
theless not observed for the precursor powders whose nearly
stacked open hysteresis with the same pinched shapes testify of
the preservation of the coordination organization that confers
these magnetic properties after drying.

The transitions between the excited and ground magnetic
states of f-elements are intrinsically dependent on the magnetic
field”®> and can be observable through far-infrared magnetos-
pectroscopy (FIRMS).”® In our case, we measured infrared
transmission spectra in all Pre-TbCn powder samples under
applied magnetic fields up to 17.5T. The field-dependent part
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Fig. 5 Magnetic hysteresis curves of n-heptane TbCn gels (Cy =
10 mg mL™Y).

of infrared responses is only discernible within a limited
spectral range, which is represented by the heatmap in Fig. 6.
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However, the complexity of the pattern resulting from spin-
phonon coupling and powder broadening,”” hinders the pre-
cise determination of the crystal field transition energies.
We attribute the spectroscopic features near 115, 131 and
155 cm ™' (Fig. 6 and Fig. S31, ESIt) to energy levels that closely
resemble those reported by ab initio calculations for the first
excited states of the crystalline ThC6 nanotubes (38, 97, 120,
134 and 144 cm ™" respectively).*® The distinct intensity of these
features is related to the different concentrations of the mag-
netic molecules, whereas a similar pattern indicates identical
crystal field levels in all precursors, and thereby the same
nature of their magnetic properties.

Surface deposition

Finally, thin films of ThCn gels were prepared by spin-coating
of drop-casted hot n-heptane solutions of TbCn on silicon wafer
and characterized by AFM measurements to compare the
morphology of the constituting fibres in Fig. 7.

Networks of entangled fibres are visible for each ThCn gel
derivative, resulting from a self-assembly organization with

1

140 160

-1
Energy (cm™)
Fig. 6 FIRMS heatmaps measured for Pre-TbC6 (left), Pre-TbC10 (middle) and Pre-TbC18 (right) at low temperature. The color scale represents the

magnitude of relative changes in the IR transmission induced by magnetic
average spectra as described in ESIY (Fig. S31, ESIt).
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Fig. 7 AFM topography images of thick films of n-heptane TbC6 (left), TbC10 (middle) and TbC18 (right) gels (Cy = 2 mg mL™Y).
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noticeable differences. ThC6 shows homogeneous and well-
defined tubular structures, long of several hundreds of nano-
meters to few micrometers. A rough estimation of tens of
nanometres of diameter, in line with the values deducted by
SAXS experiments for one tube, indicates that such fibres are
made of wrapping of several tubular units. Similar conclusions
hold for the thin film of ThC10 gel, although the fibres appear
smaller and randomly distributed. Finally, for the TbC18 thin
film, the fibres seem organized in dense brush-like bundles of
small fibres.

Overall, these AFM images show the strong influence of the
aliphatic chain length from the NIT radical on the resulting
morphologies observed on surface, despite the chemical and
structural similarities deducted from the previous SAXS study.
In particular, the longer is the alkyl chain, the denser results
the network of fibres observed by AFM. Accordingly, the nom-
inal diameter of the fibres appears smaller and provides a more
regular arrangement of piled fibres when the ThC18 system is
considered. This evidence suggests a promising strategy to
promote a long-range ordering of these fibres, thus approach-
ing the realisation of regular arrays of SCMs.

Conclusion

In this study, we investigated the best conditions to obtain
stable deposits of supramolecular nanotubes in gel media
(metallogels). Since these nanotubes are made of woven chains
constructed by the alternance of Tb and nitronyl-nitroxide
radical building blocks, we evaluate the influence of the size
of the alkyl chain grafted on the radical (NITPhOCn, with = 6,
10, or 18) on the synthesis, stability, physico-chemical proper-
ties of metallogels as well as their ability to form deposits on
surface.

We demonstrated by temperature-dependent UV-Vis studies
that whatever the length of alkyl chain is, gelation kinetics are
comparable. On the contrary, we observed striking differences
from the thermodynamic point of view as liquid-gel pseudo-
phase diagrams show that the longer the alkyl chain, the
smaller the gel domain. As expected, gel stability against
crystallization is clearly improved for longer alkyl chains.

Importantly, SAXS measurements showed that all three gels
share a similar supramolecular organization and are all made
of eight woven helical chains forming nanotubes with a dia-
meter of 3.6 nm.

Similarly, FIRMS measurements demonstrate that the mole-
cular magnetic backbone and the electronic feature of the
magnetic Tb™ ions are not sensitive to alkyl chain variation.
This induces a similar Single-Chain Magnet behaviour in gel
media with clear magnetic hysteresis loops for all samples.

Last, surface deposition is largely facilitated for gels bearing
long alkyl chains (ThC18) that form thick films of molecular
nanotubes. In these films, the nanotubes are arranged more
regularly compared with the disordered organization observed
with shorter chains (TbC6, ThC10). This suggests a key role of
these alkyl chains also in the lateral long-range arrangement of

This journal is © The Royal Society of Chemistry 2024
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nanotubes in ordered bunches. This last observation paves
the way toward the exploration of regular arrays of SCM, a
mandatory step for individual magnetic addressing of these
objects.

This study demonstrates that in metallogels of supramole-
cular nanotubes, increasing alkyl chain length induces more
delicate gelation conditions but provides gels with improved
stability against crystallization and enhanced deposition
ability. These modifications do not damage the electronic
and magnetic properties of the chains and most of all their
SCM behaviour. These findings are of interest for the design of
supramolecular structures on surfaces using gel intermediates.
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