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A novel CNT-based hybrid luminescent material was obtained via encapsulation of a Cgp-based Eu(in)
complex into single-, double- and multi-walled carbon nanotubes (SWCNTs, DWCNTs and MWCNTs,
respectively). Specifically, a luminescent negatively charged Eu(il) complex, electrostatically bonded to an
imidazolium-functionalized fullerene cage, was transported inside CNTs by exploiting the affinity of
fullerenes for the inner surface of these carbonaceous containers. The filling was performed under
supercritical CO, (scCO,) conditions to facilitate the entrapment of the ion-paired assembly. Accurate
elemental, spectroscopic and morphological characterization not only demonstrated the efficiency of
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Introduction

Along with an increase of the available methodologies for their
manipulation," and the development of atomic-resolution
visualization techniques, mainly high-resolution transmission
electron microscopy (HRTEM),> carbon nanotubes (CNTs)* are
increasingly attracting attention towards the study and exploi-
tation of their porous properties. Indeed, CNTs can be
employed as nano-containers, nano-reactors, or as fillable
conductive nano-vessels, able to give rise to advanced hybrid
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luminophores when SWCNTs were employed.

graphitic materials utilizable in both electronic and nano-
biotechnological devices.*

The feasibility of the entrance of guest molecules within the
inner channel of CNTs relies on the favorable establishment of
a range of interactions between the “guest” molecules and the
“host” CNTs,® amongst which van der Waals forces often appear
to be predominant.® These are maximized when the host-guest
complex occurs between CNTs and related graphitic materials,”
such as fullerenes, e.g. C¢o and Cy,. In fact, the common nature
of the two materials, together with the perfect geometrical
match of the shape of a fullerene and the inner nanotube
surface of single-walled CNTs (SWCNTs), results in a sponta-
neous encapsulation.®

The use of CNTs as templating nano-containers has recently
started to draw attention as a possible strategy for the synthesis
of novel highly organized photonic materials. It is well estab-
lished that the emission properties of a chromophore, in terms
of color and intensity, are extremely sensitive to the environ-
ment.”** Encapsulation of luminophores within a protective
“cage” (i.e. CNTs) might hence grant a sheltering effect from
hostile reactive species, as demonstrated by Yanagi et al. with
the long-lasting luminescence of B-carotene encapsulated in
SWCNTSs." Furthermore, molecular confinement in such a
restrained space might induce an ordered mono-dimensional
molecular arrangement, potentially characterized by unique
architecture-dependent emission properties. At present only a
relatively limited number of luminescent guests have been
successfully inserted inside CNTs and their emissive properties
investigated." Among these, a prime example of the templating
action of CNTs on internalized luminescent molecules has been
described for the encapsulation of coronenes in SWCNTs.****
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Lanthanide B-diketonate complexes (LnCs)' are among the
most investigated rare earth coordination compounds. Regret-
tably, despite their exceptional luminescent properties, their low
thermal and photochemical stability,"” together with their
tendency to aggregate or coordinate solvent water molecules
undergoing quenching inter-chromophoric interactions, often
limit their utilization. Attempts to enhance the mechanical
properties of LnCs have been accomplished taking advantage of
several scaffolding materials."®'®" In a seminal collaborative
report, we described a simple and straightforward methodology
to prepare LnC-CNT hybrids by direct adsorption of a neutral
Eu(m)-based LnC onto oxidized single-walled CNTs (0x-SWCNTs)
via hydrophobic interactions, obtaining a strongly emitting
composite in which the structural and electronic properties of
both constituents remained preserved.” Since then, different
approaches to blend CNTs and LnCs have been reported.”>*
Among these, our group specifically developed new exohedral
supramolecular functionalization methodologies with Eu(im)-
based complexes.”?*” In particular, by means of electrostatic
interactions, negatively charged Eu(m) complexes were used to
positively decorate charged multi-walled CNTs (MWCNTs)
forming stable and luminescent hierarchized architectures.>*>’

Intrigued by the possibility of exploring the effect of encap-
sulation on the luminescent output of LnCs, we have recently
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tackled the filling of MWCNTSs with a neutral and hydrophobic
tris-hexafluoro acetylacetonate Eu(ur) complex, using the nano-
extraction methodology.”® Dismally, the as-prepared hybrid
resulted in poor loading and consequently displayed weak
emission properties. Hence, with the aim to improve both the
filling load and the luminescence of the resulting hybrid
material, we decided to exploit the unique CNT-Cg, interaction
to vehiculate LnCs inside CNTs. Inspired by the “nano-carriers”
approach as developed by Khlobystov et al.*?* who demonstrated
the effectiveness of using fullerenes as vehicles for inserting
transition metal complexes inside SWCNTSs, we also decided to
use [60]fullerene derivatives to facilitate and direct the entrance
of the LnC within the carbonaceous cavity.

To pursue our goal, we selected the bright tetrakis(2-naph-
toyltrifluoro-acetonato) Eu(m) complex ([EuL,]-NEt,)****° as a
guest molecule. This negatively charged compound is known
from the literature to efficiently interact with imidazolium-
based ionic liquids (ILs)*?*'** through both electrostatic and
cation-T interactions. Hence, we performed the synthesis of a
[60]fullerene derivative bearing an imidazolium appendage
(1-Br) capable of ion-pairing with [EuL,]”. The resulting ion-
paired complex (1-[EuL,], Scheme 1) is thus composed of a
luminescent “tail” and a [60]fullerene “head”, with the latter
helping in directing and assisting the encapsulation of the LnC
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within the inner cavity of CNTs. Such a design should not only
ensure easier encapsulation of the luminescent Eu(m)-complex
within the CNTs, but, more interestingly, it should also control
the self-organization within the tubular cavity of CNTs with the
fullerene moieties of each encapsulated assembly pointing in
the same direction, sandwiching different LnCs. To test the
difference in encapsulation efficiency as a result of changing the
nanotube structure (e.g. number of graphitic layers or diameter
of the inner channel, to name a few), the [60]fullerene-bearing
ion-paired supramolecule was encapsulated, under supercrit-
ical CO, (scCO,) conditions, inside single-, double- and multi-
walled CNTs (SWCNTs, DWCNTs and MWCNTs). Comprehen-
sive characterization was carried out with X-ray photoelectron
spectroscopy (XPS) and thermogravimetric analysis (TGA) to
determine the elemental and quantitative composition of the
hybrids and high-resolution transmission electron microscopy
(HRTEM) to unravel the structural morphology. Attenuated
total reflectance infrared (ATR-IR) and photoluminescence
studies (PL) were used to study the spectroscopic properties of
the encapsulated hybrids.

Results and discussion
Synthesis

The [60]fullerene-based cationic nano-carrier (1-Br) was
synthesized as shown in Scheme 1. C¢, was subjected to a 1,3-
dipolar cycloaddition reaction in the presence of the azido-
functionalized imidazolium-based ionic liquid 5. The latter was
synthesized starting from ethyl-imidazolium, which was first
alkylated with 5-bromo-pentanol, affording the oxydrilated
derivative 3. Subsequent bromination via Appel reaction in the
presence of CBr, and PPh; (4), followed by nucleophilic
substitution of the terminal Br with the azido functional group
provided desired ionic liquid 5 (Scheme 1). Anion exchange
metathesis reaction yielding supramolecular complex 1-[EuL,4]
was performed by simply stirring a dispersion of the [60]
fullerene-appended ionic liquid carrier (1-Br) with an excess of
precursor ionic complex [EuL,]-NEt, (10 equivalents) in toluene
for 14 hours in air and at r.t.

Due to their low viscosity, absence of surface tension, and
low solvation effect, supercritical fluids (SCFs) provide high
diffusivity, approaching that of the gas phase.*® Among these,
scCO, revealed to be particularly efficient for preparing pea-
pods,*** and for this reason we have decided to employ such an
encapsulation protocol.*® Prior to the encapsulation reaction,
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CNTs were oxidized®” to remove their endcaps. Subsequently,
the carbonaceous species were annealed in air at 570 °C for 20
minutes to remove any carboxylic groups that could hamper the
efficient insertion of the nano-carrier. Encapsulation was finally
performed at 50 °C and 150 bar for 96 hours, followed by
extensive washing by CH,Cl, to remove any 1-[EuL,] phys-
isorbed on the external wall of the CNTs (Fig. S1, ESIt).

Qualitative and quantitative characterization of the hybrid
material

The elemental composition of the synthesized modified pea-
pods was firstly assessed by XPS analysis. As shown in Table 1
(see also Fig. S2 and 3, ESIt), the oxidized CNTs (ox-SWCNTs,
ox-DWCNTs and ox-MWCNTs) only presented the C (1s) and the
O (1s) signals at 284 and 533 eV, respectively. The signals rela-
tive to 1-[EuL,], namely Eu (3d) (1134 eV), F (1s) (686 eV) and N
(1s) (401 eV), were detected for 1-[EuL,]J@SWCNTs and 1-[EuL,]
@DWCNTs, whereas hybrid 1-[EuL,J@MWCNTs exhibited only
the signals of N (1s) and F (1s) alongside peculiar signals from
the CNTs. The absence of the signal of Eu (3d) is due, not only to
a lower amount of encapsulated LnC, but also to the decrease in
sensitivity of this analytical technique in the detection of the
encapsulated material when increasing the number of graphitic
layers of the CNTs (vide infra).

TGA analysis of 1-[EuL4]J@CNTs (Fig. 1; see also Fig. S4 and
5, ESIt) confirmed the trend observed via XPS analysis. Specif-
ically, in the case of 1-[EuL,J@SWCNTs and 1-[EuL,]
@DWCNTs the TGA plot revealed two thermal decomposition
events. The first event, starting at around 400 °C, is assigned to
the decomposition of the encapsulated LnC. The second event,
beginning at 550 °C, is the result of the decomposition of the
carbon materials: namely the CNT framework and the encap-
sulated fullerene derivative. This assignment is in agreement
with previously reported TGA observations for the encapsulated
Eu(m) complex and fullerene peapods, for which the entrapped
material resulted characterized by a higher combustion
temperature, as compared to the free species because of the
shielding effect of the CNT sidewalls.**** Before discussing the
extent of the weight loss, it has to be pointed out that both the
TGA traces of 1-[EuL,]J@SWCNTs and 1-[EuL,]J@DWCNTs
present a slight weight increase below 400 °C, the temperature
at which the decomposition of captured 1-[EuL,] begins (see
Fig. S51). This phenomenon is most probably due to the pres-
ence of residual catalyst particles in the CNT samples

Table 1 XPS atomic percentage values obtained for ox-CNTs, and the related encapsulated derivatives?

C? [%] 0 [%)] N [%] F? [%] Eu’ [%]
OX-SWCNTs 96.8 + 0.6 3.2 £ 0.6 — — —
1-[EuL4J@SWCNTs 89.0 + 0.8 4.4 403 0.3+ 0.1 6.2+ 0.6 0.1 + 0.05
0x-DWCNTSs 95.6 + 0.1 4.4+ 0.1 — — —
1:[EuL,]@DWCNTs 91.2 + 0.2 5.2+ 0.3 1.3+ 1.0 2.2+ 0.4 0.1 + 0.05
0X-MWCNTSs 97.4 £ 0.9 2.6 + 0.9
1-[EuL,]|@MWCNTs 96.5 + 0.4 2.0 £ 0.2 1.3+ 0.2 1.3+£0.2 —

“ Each value is the average of three measurements of the sample. ° Atomic percentage.

This journal is © The Royal Society of Chemistry 2014
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Fig.1 TGAtraces for 1-[EuL4]J@SWCNTSs (red line), 1-[EuL4]J@DWCNTs
(blue line) and 1-[EuL4J@MWCNTs (black line). The supramolecular
nano-carrier 1-[Eul,] is also reported for comparison (orange dashed
trace). The analysis was recorded in a N—air (80 : 20) atmosphere with

a heating ramp of 2 °C min™™.

Table 2 TGA analysis data of the 1-[EuL,J@QCNTSs hybrids®

TGA [% loss] Amount” [umol mg™']

1-[EuL,J@SWCNTs 36.6 0.4
1-[EuL,J@DWCNTs 47.8 0.5
1-[EuL,J@MWCNTs 10.4 0.1

“ All the experiments were carried out in a N,—air (80 : 20) atmosphere
with a temperature ramp of 2 °C min~'. ? Calculated considering that
all the organic material decomposed was part of complete [EuL,]”
moieties.

undergoing oxidation when heated in air (Fig. S5%).>* Contri-
bution to this phenomenon in the case of DWCNTs might also
derive from some Eu(ur) complex which, on entering the CNTs,
might have undergone a transformation into metallic Eu
particles (Fig. 2c), species prone to oxidation. However, the
extent of the weight loss centered at 450 °C regards exclusively
the organic part of the luminescent [EuL,]”. Considering this, it
was hence possible to assess the amount of LnC encapsulated;
0.4 and 0.5 pmol mg ' for SWCNT and DWCNT hybrids
respectively (see Table 2). The TGA profile for pure 1-[EuLy]
@MWCNTs only presented a trivial, yet detectable, weight loss
episode.

Morphological characterization

The structure of the resultant endohedral hybrid material was
investigated via high-resolution transmission electron micros-
copy (HRTEM). During the analysis, the energy of the electron
beam (e~ beam) was lowered to avoid the knock-on damage
caused by the collision of electrons from the e~ beam with the
atoms of the sample. However, decomposition of 1-[EuL,] was
observed even at 100 kV, often causing just partial visualization
of the complex. However, significant amounts of material were
observed within the internal cavity of both MWCNTs and
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DWCNTs (Fig. 2; see also Fig. S6 and 7, ESIT). Specifically, [60]
fullerene cages were clearly spotted throughout both samples:
in the case of DWCNTs the 1-[EuL,] units appear well sepa-
rated, whereas inside MWCNTs the nano-carriers appear tightly
agglomerated and clustered. The consistent presence of Eu(u)
ions within the DWCNTs, highlighted by the detection of dark
spots in the HRTEM images, was also confirmed via energy
dispersive X-ray (EDX) spectroscopy. Nevertheless, in this
sample some Eu metal clusters were also detected, probably
formed by complex decomposition followed by the agglomera-
tion of free metal atoms (Fig. 2c).

More interestingly, 1-[EuL4]J@SWCNTs exhibited distinct
organization. Indeed, several [60]fullerene cages were observed
within the internal cavity of SWCNTs characterized by an
internal diameter equal or higher than 2.7 nm (Fig. 3), which
corresponds to the minimum diameter required for hosting 1-
[EuL,] (Fig. 3e). In smaller tubes, mainly naked [60]fullerene
units were detected. This phenomenon can be explained by
taking into account the diameter and the lack of flexibility of the
Eu(m) complex. Indeed, 1-[EuL,] shows a critical diameter of 2.4
nm and is too large to fit within standard SWCNTs (diameter
typically around 1.4 nm). In this case, the complex is not able to
adjust its conformation in order to squeeze in these tubes, and
as it is predicted that the energy gained from the fullerene part
of the complex entering the nanotube is significantly higher
than the electrostatic interaction holding the “nano-carrier”
together, the supramolecular complex will dissociate, with the Eu

1/au.

Cu
E Eu
AuCu Cal Cca Eu J “
2 a 6 s

N ) nm ‘
Energy / keV

Fig. 2 HRTEM images taken at 100 kV of (a) 1-[EuL,J@MWCNTs
showing large amounts of material within the nanotube channel; the
enlarged region shows both fullerene cages (white arrows) and Eu
metal atoms (black arrow) which is indicative of successful encapsu-
lation of the Eu complex. (b and ¢) 1-[EuL,J@DWCNTSs where fullerene
cages and significant amounts of Eu metal are observed; the elongated
metal cluster present in (c) is a result of e~ beam decomposition of the
Eu complex followed by aggregation of the metal atoms to form a rod
like structure templated by the shape of the nanotube cavity. (d) The
energy dispersive X-ray (EDX) spectrum of the 1:[EuL;J@DWCNTs
confirms the presence of Eu within the nanotubes (Cu peaks are due to
the TEM specimen grid and Cl is from the solvent used for sample
preparation).
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Fig. 3 HRTEM images taken at 100 kV of (a—c) the material obtained
from attempts to encapsulate the 1-[EuL4] in SWCNTSs. (a) A significant
number of fullerene cages (white arrows) are observed within standard
SWCNT channels. (b and c) In wider SWCNTs (dnt = 2.8 nm), the
complex is intact and the presence of the fullerene cage (white arrow)
and that of the Eu atom (black arrow) is clearly discernable. (d) EDX
spectrum of 1-[EuL4J@SWCNTSs. (e) Schematic representation of the
complex 1-[EuLy4] within wide SWCNTs.

component stripped off from the fullerene cage (Fig. S8, ESIT).
Similar phenomena were previously reported for fullerene metal
complexes which are too large to fit within SWCNTs.*® Never-
theless, several 1-[EuL,] were found in wider than average
SWCNTs (dcnr = 2.7 nm) present in the sample, as clearly evi-
denced in Fig. 3b and c. The supramolecular nano-carrier
1-[EuL,] appears as a fullerene cage (white arrow) followed by a
dark spot in close proximity, assigned to the single Eu atom. The
organic ligands of the Eu(um) complex, being incredibly suscep-
tible to e~ beam damage due to the high number of hydrogen
atoms present (immediately stripped out by the e~ beam at
100 kV), appear as an area of grey contrast around the Eu atom.
Even though intact, 1-[EuL,] were unable to enter standard
SWCNTs, the amount present in the larger than average tubes
behaved as expected. Indeed, when several 1-[EuL4] couples were
observed along the same tube, it was evidenced that the orien-
tation of the single assembly was coherent with that of the others,
proving the efficient role of the [60]fullerene moiety as the driving
group for the encapsulation. Moreover, a certain degree of
regularity in the spacing between the units could be observed,
indicating isolation of the luminophores within the structure by
the [60]fullerene cages of neighbouring molecules thus
preserving their luminescent properties by preventing parasite
inter-chromophoric quenching phenomena.

Spectroscopic characterization of the hybrid

While electron microscopy reveals the encapsulated species, it
is still important to exclude the presence of adsorbed 1-[EuL,]
on the nanotube surfaces in order to unambiguously assign the
spectroscopic features of the encapsulated molecules. Attenu-
ated total reflectance infrared (ATR-IR) spectroscopy was
therefore performed to exclude the presence of exohedrally

This journal is © The Royal Society of Chemistry 2014
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adsorbed material in the hybrid structures (Fig. 4; see also
Fig. S9, ESIT).

In fact, it has been previously shown?® that ATR spectroscopy
on CNT hybrids does not detect encapsulated species, but only
adsorbed ones. Thus the lack of the ATR signals of 1-[EuL,],
demonstrates the absence of adsorbed assemblies on the
external surface in the purified hybrids. We conclude that the
majority of the Eu(u) derivative present in the sample is inside
the nanotubes.

Photophysical characterization (PL) of the encapsulated
hybrids, 1-[EuL,]J@CNTs, was hence accomplished in the solid
state. As displayed in Fig. 5, upon exciting the investigated
1-[EuL,J@CNT samples at 375 nm (see Fig. S10, ESI{), the
typical emission spectrum of the Eu(m) ion, characterized by
several emission features between A = 570 and 700 nm,*® was

3
PR 1.[EuL4]@SWCNTS
{— 1-[EuL4]@DWCNTS
—_ 1.[Eu|_4]@MWCNTs
24
o T 1.[EuL4]
c
=]
(e}
(3}
14 4
= 1
<
0 ————————

) M L) v L) M
1000 2000 3000 4000
Wavenumber / cm™!
Fig. 4 ATR-IR spectra for 1:-[Eul4] and the nanotube hybrids. No
vibrational peaks are discernible in the hybrids, indicating that exo-
hedrally adsorbed species have been completely removed by washing.

8,0x10° —— 1[EuL4]@SWCNTs
—— 1.[EuL4]J@DWCNTs
— 1.[EuL4J@MWCNTs
6,0x10° 1
3
S 4,0x10°4
2,0x10° 1
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Fig. 5 Emission profiles (Aexc = 375 nm) of KBr pellets (composition
ratio: 1 mg of encapsulated material per 10 mg of KBr) containing
1-[EuL4J@QSWCNTs (red trace), 1-[EuL4J@DWCNTSs (blue trace), and
1-[EuLsJ@MWCNTs (black trace).
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detected. Specifically, the fingerprint emission of Eu(m) arises
from °D, — ’F; (J = 0-4) f{-f electronic transitions. Among
others, electric (°D, — ’F,) and magnetic (D, — ’F,) dipolar
transitions are predominant in the regions A = 610 to 625 and
585 to 600 nm, respectively.

The position of the maximum of the “hypersensitive” electric
dipolar transition °D, — “F,*! slightly blue shifts from 1 = 614
nm of 1-[EuL,] to 613 and 612 nm for 1-[EuL,]J@SWCNTs and
1-[EuL,]J@DWCNTs, and then red-shifts to 615 nm for 1-[EuL,4]
@MWCNTs. In contrast, the magnetic dipole transition D, —
’F4, largely independent of the ligand field,*> remained practi-
cally unvaried (A = 591 nm). The intensity ratio between the
electric dipole transition and the magnetic dipole transition
(Ry1) affords straightforward indication of the change in the
coordination symmetry of the LnC.* A value of 36 resulted for
both 1-[EuL,] and 1-[EuL,]J@SWCNTs, whilst it decreased to 34
for 1-[EuL,]J@DWCNTs and to 8 for 1-[EuL,J@MWCNTs, sug-
gesting that [EuL,] ™ only preserves the symmetry of its free form
inside the larger SWCNTs. The absence of distortions supports
the occurrence of an ordered encapsulation in which the Eu(m)
complexes are mainly isolated and organized within the CNT
inner cavity, confirming the HRTEM results. For DWCNTs and
MWCNTSs, the higher disorder evidenced by HRTEM images
reflects a higher distortion of the Eu(m) complex.

The effect of the different packing motifs is further observ-
able following the emission quantum yields and lifetimes.
Remarkably the organization of the assemblies can be followed
by the photophysical properties of the europium complex. In
fact, along the series from SWCNTs to MWCNTs, the hybrids
result characterized by increasingly lower emission quantum
yields and shorter excited state lifetimes compared to reference
1-[EuL,] (see Table 3). This trend could be rationalized by
considering the organization of the luminescent assemblies
imparted by the inner nanotube diameter. Inside large SWCNTSs
the 1-[EuL,] assemblies are well-preserved and separated,
reducing the emission quenching due to the presence of the
fullerene moieties. This was not the case inside DWCNTs and
MWCNTs. The more chaotic filling of their internal channel
leads to the instauration of indiscriminate interactions between
several fullerene cages and a single Eu(m) complex, causing, as
already demonstrated in a previous paper,* quenching of the
emission. Regarding the more complex lifetime patterns
observed for 1-[EuL4]J@CNTs, other factors need to be taken
into account besides the local ordering. In fact, the possible

Table 3 Photophysical data for 1-[EuL4J@QCNT hybrids

Jem® [nm] 7 [ps] PLQY* (%)

1:[EuL,] 614 256 13
1-[EuL,]@SWCNTs 613 2.40 (20%), 0.17 (80%)  0.02
1:[EuL,]|@DWCNTs 612 1.49 (40%), 0.25 (60%)  0.03
1-[EuL,/@MWCNTs 615 0.18 (40%), 0.08 (60%)  0.0047

¢ At room temperature, Aee = 375 nm. ? At room temperature, .. =
375 nm, analyzed at 614 nm. ¢ Calculated quantum yields accordmg
to eqn (1) and (2), ESIt. ¢ Estimated quantum yields assuming the
same T.,q value as for SWCNTs and DWCNTS.
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presence of other emitting Eu-based species inside the CNTs’
cavities cannot be excluded to explain the bi-exponential excited
state lifetimes of the hybrids. Modification of the structure of
[EuL,]” might have in fact occurred during the encapsulation
process causing either the loss of one or more ligands, yielding
[EuL;] or [EuL,]" species or the formation of clusters (Fig. 2c¢).

Conclusions

In conclusion, we have successfully driven the encapsulation of
Eu(u) complexes in CNTs by designing and synthesizing a Cg-
appended ionic liquid nano-carrier. This approach allowed us
not only to increase the filling ratio within thinner carbon
tubes, namely single and double-walled CNTs, but also to
control the organization of the chromophores within the
tubular framework. Photophysical investigation showed that
the entrapment in different CNTs causes a different degree of
emission quenching, particularly affecting the >D, — ’F, tran-
sition and the luminescence decay time of the hybrids. In the
future, appropriate organic functionalization of the external
carbon wall, optimization of the filling procedure and the use of
different emissive complexes could lead to a brand new class of
novel visible-light-emitting CNT-based hybrids. The current
work by our group is now devoted to the development of hybrids
suitable and compatible for imaging applications in biological
systems.**
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