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Abstract Magnetism of supramolecular assemblies
of single-walled carbon nanotubes (SWCNTS) with a
magnetic dinuclear molecule is investigated. Raman,
optical absorption and confocal fluorescence images
are used to probe the interaction of the dinuclear
compound and the SWCNT. The supramolecular
assembly shows antiferromagnetism, on the contrary
to the case when strong electronic doping of the
SWCNT occurs, yielding a spin-glass system, and
contrary to the case of the dinuclear molecular crystal,
which is ferromagnetic. The SWCNT imposes the
antiferromagnetic order to the dinuclear molecule,
corroborating recent findings that antiferromagnetism
is present in pure SWCNTs. Two theoretical models
are used to fit the data, both yielding good fitting
results. The nanoparticle size range is around
2-10 nm.
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Introduction

Antiferromagnetism in single-walled carbon nano-
tubes (SWCNTs) has been overlooked since its
discovery (Islam et al. 2005). Nonetheless, recently
the subject has attracted considerable attention
(Likodimos et al. 2007; Safar et al. 2012). Antiferro-
magnetism is important in SWCNT due to the relation
of the electronic structure of SWCNT to its magnetic
properties. The zigzag border of SWCNT is respon-
sible both for the origin of the semiconductor or the
semi-metallic character trend of SWCNT (Hamada
et al. 1992; Mintmire et al. 1992; Saito et al. 1992) and
for the origin of antiferromagnetism (Kim et al. 2003;
Safar et al. 2012). Then, in principle, the antiferro-
magnetism is present in almost every allotropic form
of carbon, the only exception being the fullerenes and
the armchair nanotubes. Thus, for the design of a
spintronic circuit based on SWCNT, one must concern
about the chiral index of each SWCNT that composes
the circuit.

Also, studies of supramolecular assemblies of
molecular magnets and SWCNTs have drawn con-
siderable attention because of the possibilities of
applications on spintronic devices (Dul et al. 2010;
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Ferrando-Soria et al. 2012). Nonetheless, the prepara-
tion of such assemblies is not straightforward, espe-
cially when the molecules are synthesized directly on
the SWCNT surface (Chichak et al. 2005; Steuerman
et al. 2002).

First, the adsorption of the molecule onto the
SWCNT must be obtained and studied. It is interesting
to choose a luminescent molecule to be adsorbed onto
the SWCNT in order to be able to study the adsorption
by luminescence. In some cases, luminescent molecules
adsorbed on or covalently linked to SWCNT can still
show Iuminescence (Lu et al. 2009; Qian et al. 2011;
Wang et al. 2010). However, luminescence quenching
can sometimes happen due to different phenomena like
charge transfer or Forster effect (Tan et al. 2007).

Raman spectroscopy can also be used to investigate
the adsorption. However, due to the large Raman cross
section of SWCNT (Bohn et al. 2010) the observed
Raman signal is mainly due to the Raman scattering
coming from the SWCNT. But it was demonstrated
that without net charge transfer between the molecule
and the SWCNT, the main observed features of a
SWCNT Raman spectrum do not change (Park et al.
2009).

In this work, we report a study of a supramolecular
assembly of SWCNT and a metallocyclophane (Du et al.
2006; Dul et al. 2010; Fernandez et al. 2001; Ferrando-
Soria et al. 2012; Hua and Lin 2004; Lin et al. 2004,
Pardo et al. 2009; Pereira et al. 2004), Nay[Cu,
(mpba),]-8H,O [mpba = meta-phenylenebis(oxama-
to)]. The green-yellow luminescence of Nay[Cu,(mp-
ba),]-8H,O can be used to track the molecule in the
assembly Nay[Cu,(mpba),]-8H,O/SWCNT. Results of
fluorescence, Raman spectroscopy, optical absorption
and magnetic measurements are presented. We demon-
strated that, differently from previous studies, the
supramolecular assembly shows negligible charge
transfer between its components (Safar et al. 2012).
This feature modifies the overall magnetic behavior.

Experimental

Nay[Cu,(mpba),]-8H,0 was synthesized following a
method already described in the literature (Fernandez
et al. 2001). Magnetic measurements of the pure
substance were kindly provided by Prof. Miguel Julve
Olcina (data not shown). The measurements show the
same results as in the work of Fernandez et al. (2001).
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A volume of 25 mL of an aqueous solution contain-
ing 0.80 g of NaOH (20.0 mmol) is added to a
suspension containing 1.54 g (5.0 mmol) of mpba =
meta-phenylenebis(oxamato) in 250 mL of water at
60 °C. The mixture was allowed to react, at 60 °C, for
20 min, with constant agitation. After cooling down to
room temperature, 50 mL of an aqueous solution
containing 1.20 g (5.0 mmol) of Cu(NOj3),-3H,0 was
added, drop by drop, slowly and with constant stirring.
Subsequently, it was centrifuged and the solid was
removed. After, the volume of the solution was reduced
to almost complete dryness. The obtained solid was
washed with ethanol and subsequently with ether.
The resulting green powder was dried under vacuum.
The yield was 69 % (1.49 g, 1.73 mmol).

CoMoCAT (Cobalt Molybdenum Catalysts)
SWCNT sample was purchased from SWeNT® (South
Western Nanotechnologies) and used without further
purification. Electron paramagnetic resonance spectra
measured in the raw SWCNT sample showed no
signal at room temperature and transmission electron
microscopies showed very low catalyst content (data
not shown). The full characterization of the pristine
SWCNT sample is reported elsewhere, showing that
the catalysts nanoparticles have no influence in the
overall magnetic signal (Safar et al. 2012).

A quantity of 2.00 mg of Nay[Cu,(mpba),]-8H,O
and 0.80 mg of CoMoCAT were added to 10 mL of
H,O and sonicated at high power for 30 min. Another
quantity of 0.80 mg of CoMoCAT was added to
10 mL of H,O and 200.00 mg of sodium dodecylsul-
fate (SDS), solely to serve as a blank for the optical
absorption spectra. Following preparation, the optical
properties of the non-covalently functionalized
SWCNT with Nay[Cu,(mpba),]-8H,0, i.e., the supra-
molecular assembly were studied by absorption,
photoluminescence, and Raman spectroscopy.

The optical absorption measurements were per-
formed using a Hitachi U-2010 spectrophotometer on
the suspensions/solutions. The photoluminescence
(PL) were obtained in the solution and in the dried
sample. The multiphoton PL of the solution in a quartz
cuvette were measured with excitation by two photons
at 800 nm from a femtosecond pulsed Ti—sapphire
laser (Chameleon Coherent) and an Andor spectrom-
eter coupled to a CCD detector. Images of the PL on a
dried grain were obtained using an Olympus
FV300 confocal system in an up-right configuration
(BX61WI microscope) with a 60X objective and
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excitation by an argon laser at the wavelength 488 nm.
The images were collected in the wavelength range
510-600 nm. Raman spectra were recorded using a
T64000 micro-Raman spectrometer operating with an
excitation wavelength of 647 nm. Magnetic measure-
ments were performed using a superconducting quan-
tum interference device magnetometer.

Experimental results and discussion

Figure 1 shows the fluorescence spectra of the
Nay[Cuy(mpba),]-8H,O/SWCNT supramolecular
assembly in water suspension. The peak observed at
550 nm is originated by the Nay[Cu,(mpba),]-8H,O
molecule. Figure 2 shows the optical absorption spec-
tra of the Nay[Cu,(mpba),]-8H,O/SWCNT, SWCNT/
SDS, and the Nay[Cu,(mpba),]-8H,0 (in water). Most
probably, the electronic transition that represents the
emission at 550 nm is generated by absorption of two
800 nm photons, that means an excitation at 400 nm,
where there is a strong absorption peak (Fig. 2). The
presence of fluorescence indicates that quenching is a
minor effect, if there is any.

We had made ordinary spectrofluorimetry in the
samples, also in water solution, to avoid black-body
radiation build up (Fainchtein et al. 2012). The signal
was pretty much the same. However, the intensity of
the signal was poor, with a high noise/signal ratio.

My

Intensity (Arb. units)
=]
w
T

N

0
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 1 Fluorescence spectra for Nay[Cu,(mpba),]-8H,0/
SWCNT
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Fig. 2 Optical absorption spectra of SWCNT/SDS and
Nay[Cu,(mpba),]-8H,O/SWCNT, and Nay[Cuy(mpba),]-8H,O

Researchers have reported defect induced lumines-
cence from pristine SWNTs (Gupta et al. 2011).
However, we had no sign of luminescence in the
pristine SWCNT samples in the investigated spectral
range that we have used. That is no surprise, since
different growth methods can yield different nanotube
chiral indexes.

A series of confocal fluorescence microscopies was
made with an excitation at 488 nm (collected with a
filter of 530—560 nm). Fluorescence appears to be
originated mostly from the SWCNT agglomerates as
can be seen in Fig. 3.

Raman spectra of the same Nay[Cu,(mpba),]-
8H,O/SWCNT sample can be compared to the pure
SWCNT spectra in Fig. 4a for the radial breathing
mode (RBM) region and in Fig. 4b for the G band
region. The spectra of all the organic compounds used
in this work have no features in the RBM region
(A = 647 nm). Therefore, all the peaks observed in
Fig. 4a are due to SWCNT and Nay[Cuy(mp-
ba),]-8H,O/SWCNT. Due to the large Raman cross
section of SWCNT (Bohn et al. 2010), peaks from
Nay[Cu,(mpba),]-8H,O are not observed in Fig. 4.
For both bands, we observe a frequency shift of the
Nay[Cu,(mpba),]-8H,O/SWCNT spectra relative to
the SWCNT spectra. This shift is more clearly
observed in Fig. 4b.

In the synthesis of the Nay[Cu,(mpba),]-8H,0/
SWCNT, no extra surfactant was used. The reason is
that Nay[Cu,(mpba),]-8H,O is a surfactant for
SWCNT. In other words, Nay[Cu,(mpba),]-8H,0 is
in close contact with the SWCNT. This and the
observation of a frequency shift in the Raman spectra
indicate the existence of a charge transfer from
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Fig. 3 Confocal fluorescence images (right: fluorescence; left:
transmitted light). Both pictures, obtained simultaneously,
show the same region on a microscope glass slide. Most of the

(a) 8 T T T
——SWCNT
— ——SWCNT/ Na,[Cu,(mpba),].8H,0
9 st
o
o
-
X
@ 4t
c
>
Q
[&]
ol

200 250 300
-1
cm

Fig. 4 Raman spectra of SWCNT and Nay[Cu,(mpba),]-8H,O/SWCNT:

A = 647 nm)

Nay[Cu,(mpba),]-8H,0O to SWCNT. This charge
transfer is relatively weak because it gives rise to a
small shift of the peaks of the G band (~ 10 em™ ).
Raman energy shifts and surfactation show that
Nay[Cu,(mpba),]-8H,O/SWCNT forms a homoge-
neous system. Another indication of that is the
increase of amplitude of the peak near 282 cm™" for
the Nay[Cu,(mpba),]-8H,O/SWCNT in comparison to
the SWCNT spectra. We suggest that this happens
because Nay[Cu,(mpba),]-8H,O has an absorption
peak at the laser excitation of 647 nm (see Fig. 2),
giving rise to a Raman resonance. This could also
suggest that there is a selective adsorption of the
Nay[Cu,(mpba),]-8H,O on small-diameter SWCNT
(Safar et al. 2010).

@ Springer

collected light at 530—560 nm (artificially colored red) comes
from the SWCNT agglomerates (dark grains). (Color figure
online)
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Figure 5 shows the zero-field cooled (ZFC) and
field cooled (FC) magnetization measured as a func-
tion of the temperature and for different values of
the magnetic field for the Nay[Cu,(mpba),]-8H,O/
SWCNT sample. Comparison of the present results
with previous works on SWCNT and on the supra-
molecular assembly of SWCNT and metalloporphyrin
corroborates the following overall picture (Safar et al.
2012). Whenever there is a significant charge transfer
between the magnetic adsorbate and the SWCNT,
the original SWCNT antiferromagnetic system (pure
SWCNT in a superparamagnetic form) can change to a
spin-glass system (Séfar et al. 2012). In such case, the
bifurcation temperature in ZFC-FC curves follows
the de Almeida—-Thouless (AT) line (Almeida and
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Thouless 1978), where 6T ~ H*>. This is not the
case for the Nay[Cu,(mpba),]-8H,O/SWCNT, where
the charge transfer is not strong enough to disturb the
antiferromagnetic ordering, thus the resulting super-
paramagnetism has apparently a blocking temperature
of 300 K, as already stated for pure SWCNT (Islam
et al. 2005). Figure 5 clearly shows that the separation
between the ZFC and the FC curves obtained for the
same magnetic field value occurs at 300 K. This
feature is observed for all values of the magnetic field.
However, when compared to a system where doping
takes place, the system shows a magnetization even
lower in the high temperature range with low applied
field (Safar et al. 2012). Most probably, this is because
of the reinforcing magnetic order of the SWCNT,
which is antiferromagnetic, that is imposed to the
magnetic adsorbate. Purely antiferromagnetic systems
have the same blocking temperature as the applied
field is increased. Here, we have no shift of the
blocking temperature, indicating a purely antiferro-
magnetic system in both pristine SWCNT and
Nay[Cu,(mpba),]-8H,O/SWCNT cases.

The saturation magnetization per mass of the pure
SWCNT (1.5 emu/g) is lower than that of the
Nay[Cu,(mpba),]-8H,O/SWCNT system (3 emu/g),

M (emu/g)

0.0 Lt 1 1
0 100 200 300

T (K)

Fig. 5 ZFC—FC curves of the magnetization as a function of
the temperature for the Nay[Cu,(mpba),]-8H,O/SWCNT sam-
ple. The solid lines represent the ZFC data. The dotted lines
represent the FC results. The figure clearly shows that the
separation between the ZFC and the FC curves obtained for the
same magnetic field value occurs at 300 K. This feature is
observed for all values of the magnetic field

which is also lower than that of the pure Nay[Cu,(mp-
ba),]-8H,0 (12.5 emu/g). A weighted average for the
pure substances would give 9.3 emu/g. Moreover,
the pure Nay[Cu,(mpba),]-8H,0O is ferromagnetic
(Fernandez et al. 2001). Therefore, the spins from
the Cu atoms in the Nay[Cu,(mpba),]-8H,0O molecule
are reorganized by the spins originated from the
SWCNT, forming a more stable antiferromagnetic
arrangement, when in an external magnetic field, than
that of the pure SWCNT ordering. The higher value of
the magnetization saturation in low temperature also
indicates that, contrary to the doping case (Safar
et al. 2012), new spins are added to the system
corresponding to the added magnetic atoms as already
expected.

As in the case of a magnetic adsorbate, which is
also an electronic dopant, the Nay[Cu,(mpba),]-8H,O
diminishes the magnetization of the SWCNT system,
at low magnetic field and high temperature. In this
way, the argument used in a previous work to assure
that the SWCNT samples were particularly pure, in
respect to nanoparticle contamination, iS now not
necessary (Safar et al. 2012). For instance, if any
nanoparticle was involved in the magnetic signal
generation, the variation in the saturation magnetiza-
tion (Ms) would behave like in a system investigated
by Gupta et al. (2011) where Ni nanoparticles are
profuse in the SWCNT sample and the Ms varies very
little with the increasing temperature, up to 300 K.
In the work of Gupta, the magnetization—temperature
curve depicts a typical ferromagnetic like curve with a
Curie temperature of 400 °C (Gupta et al. 2011). This
is not the case here, where the Ms falls rapidly with
increasing temperature, reaching a quasi-plateau
already at 200 K (see trend of 5 kOe curve, Fig. 5).

When the Nay[Cu,(mpba),]-8H,O is adsorbed on
the SWCNT, the magnetization is around 4-5 times
lower than the magnetization of pristine SWCNT in
low field (200 QOe), and 2 (2 K) to 4 (300 K) times in
high field (3 kOe) when compared, again, to the pure
SWCNT magnetization. That would not happen if the
antiferromagnetism was coming from any metallic
contamination (catalyst nanoparticles) in the sample.
Moreover, neither a hyperbolic tangent nor a Lange-
vin function can fit the M versus H hysteresis loop
curves, measured at 7 = 30 K and 7 = 3 K for the
Nay[Cu,y(mpba),]-8H,O/SWCNT sample, shown in
Fig. 6. That means that ideal superparamagnetism
fails to describe these systems.
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The magnetism observed in the samples cannot be
explained by the Co/CoO of the catalyst nanoparticles.
First, the FC-ZFC magnetization curves in Fig. 5 are
not typical curves of Co/CoO nanoparticles (with
average radius varying from 3 to 20 nm depending on
the synthetic route) (Das et al. 2009; Feygenson et al.
2010; Gonzalez et al. 2009; Shina et al. 2010).
Moreover, although CoO shell is antiferromagnetic,
Co/Co0O nanoparticles show ferromagnetic behavior
(ZFC curve) (Das et al. 2009; Feygenson et al. 2010;
Gonzalez et al. 2009; Shina et al. 2010).

To better understand the magnetic structure of the
system at low temperature, we have analyzed the
magnetization traces using two models. One model is
the magneto-anisotropic nanoparticle model (MA-
NAM) (Bandyopadhyay 2009), in which a collection
of non-interacting three-dimensional (3D) magneti-
cally anisotropic nanoparticles is considered. In that
model, the ratio between the magnetization of a
nanoparticle which obeys the Langevin function and
one which obeys the Ising model is roughly an
exponential function of the applied field (Bandyopad-
hyay 2009). In our system, there are various possible
positions where the Nay[Cu,(mpba),]-8H,0 molecule
can adsorb onto the SWCNT. At each position the
molecule has a different anisotropy constant, which
gives a different anisotropy constant to each particular
molecule.

M(emu/g)

-3
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
H (kOe)

Fig. 6 M versus H hysteresis loops for a Nay[Cuy(mp-
ba),]-8H,O/SWCNT sample. The inset shows the low field
part around the origin of the hysteresis loops. No diamagnetic
correction was made
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In a second model, we have considered the mean
field theory approximation (MFT) (Li and Greaves
2004). Again, the random distribution of the
Nay[Cu,(mpba),]-8H,O molecules causes an average
field, or mean field, of each molecule on the nearest
molecule adsorbed on the SWCNT and on the
delocalized electrons of the SWCNT and vice versa.
There are two sub-lattices of spins, one from
Nay[Cu,(mpba),]-8H,O molecule with S =1 and
the second from the nanotube with § = %. Both sub-
lattices experiment the same effective field Hegy.

In our case, we were able to fit the magnetization
dependence on the applied field by the following
expression (MFT model)

h _ _—h h
M = M, ¢ ¢ + M, tanh (E) (1)

el + el + et

where M is the magnetization, d=D/kT,h =
gipHeir /KT, Hee = Ho + M, and . = 2zJ /Ng*B>.

For the MANAM model, we also assume two sub-
lattices of spins, also with different populations. Since
magnetization is an intensive variable, we used a
normalized curve obtained from one of our references
(Bandyopadhyay 2009). For both models, My = M, +
M. The results of the fit of the magnetization trace
measured at 7 = 3 K are displayed in Fig. 7.

Using the linear chain model, the fitting procedure
gives (1) = 0.37(3), (g) = 2.490(6), and (D) =~ 0.
We believe that these values are average values
because of the random positions of the molecules
adsorbed on the SWCNT. The vanishingly small value
of D is not surprising, as the delocalized electrons of
SWCNT can shield more effectively both electric
and magnetic fields, yielding, in average, an isotropic
molecular field. This could also be the reason for the
high value of (4).

We obtained good fits of the magnetization trace
with both models. This can be due to the similarities
between the models: a linear chain of interacting spins,
with a nearest-neighbor correlation length, that can
be viewed as a collection of non-interacting three-
dimensional (3D) magnetically anisotropic nanoparti-
cles, with an occasional gap in the chain. Figure 8
shows a schematic view of how the models are similar.

The mean field linear chain model better fits the
data than the Ising model of non-interacting three-
dimensional magnetically anisotropic nanoparticles.
However, the latter seems to be a good approximation.
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Fig. 7 First Magnetization trace of Nay[Cu,(mpba),]-8H,0/
SWCNT at T = 3 K. The MFT model curve of a linear chain
and the MANAM model curve are shown

Fig. 8 A collection of non-interacting three-dimensional (3D)
magnetically anisotropic nanoparticles as a 1-dimensional
chain, with an occasional “gap” in the chain. The schematic
view is highly idealized, but the representation can approach the
mean field theory by averaging distances, molecular positions,
etc

At a first look, the agreement of both models to the
curve is a coincidence.

Both models have four fitting parameters, not
considering the D parameter (D = 0). We choose
not to add any other parameter to avoid overfitting.
However, to fit M versus H at T = 30 K, a Langevin
function is better. One possible reason for the differ-
ence between the M versus H hysteresis loops, at
T = 3 K (MFT or MANAM) and T = 30 K (Lange-
vin), is because the value of g for a nanotube is a
function of the temperature (Beuneu et al. 1999). That
was observed for multi-walled carbon nanotubes,
although here the principle is the same: the delocalized

electrons have a free-electron g value and the defects
have a different g value (Beuneu et al. 1999). In our
case, the Nay[Cu,(mpba),]-8H,O molecules can be
viewed as defects, especially because a net diamag-
netism, present in pure SWCNT samples, is destroyed
when the Nay[Cu,(mpba),]-8H,O adsorbs onto the
SWCNT. This was already observed in porphyrin
doped SWCNT (Safar et al. 2012).

However, the analytical expression for g(T), (found
in Beuneu et al. 1999), is not useful in our case, because
there are possibly two processes occurring here. One is
caused by the nanostructured size of the system and
related to the blocking temperature at 7 = 300 K
(Islam et al. 2005). The other is a phase transition or,
most probably, a quasi-phase transition under 5 K
which is related to the two sub-lattices composed by
paramagnetic centers of the Nay[Cu,(mpba),]-8H,O
and the SWCNT. We believe that is the case because,
as mentioned above, there is a difference between the
hysteresis loops at 7= 3 Kand 7 = 30 K. Moreover,
the temperature dependence observed in Fig. 5 shows
an abrupt change of magnetization at 5 K, which is
related to the two sub-lattices composed by paramag-
netic centers of the Nay[Cu,(mpba),]-8H,O and the
SWCNT. We can say that Nay[Cu,(mpba),]-8H,0 and
SWCNT are interacting magnetically because the
susceptibility of Nay[Cu,(mpba),]-8H,O/SWCNT is
lower than that of pure SWCNT (Safar et al. 2012) (and
pure Nay[Cu,(mpba),]-8H,0) (Fernandez et al. 2001)
from 2 to 300 K, upto H = 5 kOe. In any case, further
studies are necessary to better understand the system,
mainly in what concerns the temperature dependent
magnetization.

Finally, similarities between doped and undoped
systems are the absence of a net diamagnetism,
compared to the pure SWCNT case. That is due to
the stronger localization caused by the perturbation in
the nanotube Hamiltonian, which comes from the
adsorbed magnetic molecules and the lower magne-
tization at high temperature.

Conclusions

In conclusion, the magnetism of molecular magnets/
SWCNT supramolecular assemblies can differ drasti-
cally from the doped to the undoped cases. When
doping takes place, antiferromagnetism can change to
spin-glass magnetic behavior. On the other hand, when
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there is little doping, the antiferromagnetic ordering is
more stable, and the SWCNT leads the magnetic order
of adsorbed dinuclear molecular magnets. However,
in both cases, the nanotube diamagnetism vanishes,
possibly due to the strong electron localization, caused
by the adsorbed magnetic molecules that are able to
disturb the molecular orbitals. Also, the magneti-
zation is lower at high temperature as compared to
pure SWCNT samples. Ideal superparamagnetism
is unable to explain the hysteresis loops of the
Nay[Cu,(mpba),]-8H,O/SWCNT  assembly. Two
models, the mean field theory and a magneto-aniso-
tropic nanoparticle model are used to fit the data in the
low temperature range, both giving good fitting results.
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