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Metal-containing fullerenes, and particularly trimetallic
nitride template endohedral metallofullerenes (TNT-
EMFs),l!! elicit increasing attention? not only for their
fascinating structure and potential for stabilizing metallic
nitrides, but also for their outstanding electronic and optical
properties. TNT-EMFs are noteworthy electron acceptors.*
They also possess larger absorption coefficients than Cg, in
the visible region, making them promising candidates for
replacing the well-known phenyl Cg, butyric acid methyl ester
(PCBM) in bulk heterojunction (BHJ) solar cells.”) They
could then be used as potential auxiliary materials for singlet-
exciton dissociation at the donor—acceptor interfaces, provid-
ing charge-transport pathways across the semiconducting
layer.l! Charge-carrier transport and light-emission efficien-
cies are closely related to the molecular organization and
degree of ordering, for example, that found in the thin film
morphology (nanostructuration). It is widely recognized that
self-organization by the formation of low-dimensional liquid-
crystalline (LC) phases is a key strategy for controlling the
ordering and structuring of organic semiconductors because it
helps to reduce or even suppress defect formation.” Chemical
functionalization of TNT-EMFs® appears therefore to be an
original and promising approach for reaching self-organiza-
tion and obtaining processable materials. Although a wide
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number of LC fullerenes have been studied since the early
90s,” none of these studies concern the TNT-EMF family.

Herein, we report on the synthesis, functionalization, and
characterization of the first TNT-EMF-based liquid crystal (1)
and compare both mesomorphic and photophysical behaviors
with the related Cg, counterpart (2), synthesized as a model
compound (Scheme 1). Both fullerene entities (Cq and
Y;N@Cyg,) are chemically linked to two oligo(phenylene
ethynylene) (OPE) arms, which determine the self-organizing
and absorbing properties.

Malonate bearing double OPE units (dOPE) or mono-
brominated dOPE were reacted to the Cg and Y;N@Cg,
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Scheme 1. Chemical structures of Y;N@Cgy-based (1) and Cqp-based
(2) dyads and their common malonate intermediate dOPE.
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fullerenes, respectively, under classical Bingel reaction con-
ditions (see the Supporting Information):"”! methanofuller-
ene derivative 2 was produced in 84 % yield, whereas TNT-
EMF 1 was obtained with moderate yield owing to its lesser
reactivity towards cyclopropanation. Indeed, smaller pyra-
midalization angles and longer bond lengths typify the
carbon—carbon bonds of Cg, relative to the reactive pyracy-
lene-type site of Cg. This finding implies that electronic and
geometric effects concur with the lower exohedral reactivity
of Cy. Indeed, as previously described,"! large excesses of
both 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and bromo-
malonate were necessary to obtain 1 in 20% yield after 2 h
stirring in chlorobenzene and purification by preparative thin-
layer chromatography.

Experimentally, both [5,6] and [6,6] types of double bonds
can be potential reactive sites in TNT fullerenes, although the
regioselectivity is usually very high.!

NMR spectroscopy is a powerful technique for distin-
guishing between these two addition patterns, but the low
solubility of most of the TNT-EMF derivatives usually
prevents their NMR characterization, and the use of "*C-
labeled samples or solvent mixtures with CS, are required.
The presence of twelve long alkyl chains, however, enabled
the complete NMR characterization of the Y;N@Cg, deriv-
ative 1 in pure chloroform and confirmed that the product is
a [6,6]-bridged fulleroid (see the Supporting Information).

The absorption spectra of 1 and 2 in toluene solution show
the contribution of the two constituent chromophores: the
band at 326 nm is mainly due to the OPE units, while the
absorption at A > 380 nm is characteristic of the fullerene core
(Figure 1a). Notably, the molar absorption coefficient of 1 in
the visible region is much higher than that of 2, and the
absorption extends up to 750 nm because of the endohedral
fullerene core.
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Figure 1. Absorption (a) and emission (b) spectra of 1 (—), 2 (——-),
dOPE (—+-+), and Y;N@Cg, (s+«+) in deaerated toluene solution at
298 K. A,,=325 nm. The emission intensities are registered for iso-
absorbing solutions at the 4,,.

The emission spectra of 1 and 2 in deaerated toluene
solutions (Figure 1b) show two bands: the first one at
approximately 365 nm is due to the OPE moiety and is
strongly quenched (>20 times) compared to the model
compound dOPE, and the second one in the 680-900 nm
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Table 1: Emission properties of 1, 2, dOPE, and Y;N@GC;, in air-
equilibrated or deaerated (values in brackets) toluene solution, unless
otherwise noted.

T=298K T=77K"
Alnm] D, [%] 7[ns] @('0,) Alnm] 7 [ms]
1 366 0.26 <0.8 - 375 L
(0.26)  (<0.8)
743 0.41 640 1.0 760 13
(8.0) (16x10%)
Y;N@Cg, 704 0.25 200 0.7 690 12%x1073
(1.1 (780)
dOPE 363 8.0 <038 - 380 -
(<0.8) 420 -
2 363 0.35 <0.8 1.0 382 L
704 0.03 1.5 bl

[a] In toluene/ethanol 1:1 (v/v) rigid matrix. [b] The emission intensity is
too low. [c] Multiexponential decay.

region can be attributed to the fullerene core (Table 1). The
quenching of the OPE fluorescence can be attributed to
a 100 % efficient energy transfer. Indeed, the same fullerene
emission intensity was recorded upon excitation of iso-
absorbing solutions of 1 at either 320 nm, where most of the
light is absorbed by the pendant OPEs, or 405 nm, where only
the fullerene absorbs light (Figure 1). The same result was
observed for compound 2. Therefore, the two OPE units act
as extremely efficient light-harvesting antennae for the
sensitization of the fullerene emission.

The most striking difference between the two derivatives
concerns the fullerene core emission: in the case of 2, a very
weak fluorescence (D, =0.03 %) with a lifetime of 1.5 ns is
observed, as expected for Cg, derivatives. By contrast,
compound 1 exhibits outstanding luminescence properties in
the near-IR region, even better than the nonfunctionalized
model Y;N@Cy,,. As reported in Table 1, the emitting excited
state of 1 is: 1) slightly lower in energy compared to the
nonfunctionalized endohedral fullerene, 2) quite highly emit-
ting (8.0% in deaerated solution), 3) extremely long-lived
(16 ps at 298 K, 20 times higher than Y;N@Cyg,, and 13 ms at
77 K), and 4) highly sensitive to the presence of dioxygen in
fluid solution (see below). The same emission band is
observed in the solid phase, in both the amorphous phase
and the LC mesophase, with strong quenching by dioxygen.

Dioxygen efficiently quenches the emission of 1 in
solution as well, with a rate constant k,=8x 10°m's™". This
value is slightly lower than that of the pristine Y;N@Cs, (k,=
2x10°m's™!), a result consistent with an embedding of the
fullerene core in the OPE units of 1. Quenching by dioxygen
(Scheme 2) leads to sensitization of 'O, emission at 1270 nm
with a quantum yield of 1.0 and 0.7 for 1 and Y;N@C,
respectively (Table 1). The fluorescence of compound 2 is not
quenched by dioxygen because of its very short lifetime,
which prevents dynamic quenching. However, 2 can sensitize
'0, through its lowest lying triplet excited state (see the
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Scheme 2. Energy level diagrams showing the most relevant radiative
(straight lines) and nonradiative (wavy lines) processes for 1 (a) and 2
(b). The excited states not relevant to the present discussion have
been omitted for clarity. ET =energy transfer.

Supporting Information) with efficiency close to 1, as
expected for Cg, derivatives.

Quenching of the luminescence of 1 has been observed
upon addition of ferrocene, with k,=6x10"M's™", a value
lower than that of Y;N@Cy, (k,=1x10""m's™") because of
the embedding effect of the OPE units of 1. The quenching
occurs by photoinduced electron transfer from ferrocene to
1 as a result of the fact that the ferrocene is easy to reduce but
not to oxidize and it has no excited state lower than that of 1.

To further explore the nature of the long-lived emitting
excited state, density functional theory (DFT) calculations
were performed (Figure 2) on Y;N@Cg, and compared to
those obtained for Sc;N@Cy, a closely related EMF that has
a similar absorption spectrum but does not emit.

The DFT-optimized geometries at B3LYP/6-311G*/ECP
level agreed with the structures proposed earlier.'”! Both

Figure 2. a) HOMO of Sc;N@Cgo, b) HOMO of Y;N@Cg, ¢) LUMO of
ScsN@Cg,, d) LUMO of YsN@Cy.

Sc;N and Y;N are planar. The amount of intramolecular
charge transfer is larger for Y;N@Cg, than Sc;N@Csy,, with the
Y;N-doped cage receiving 3.84(4.99) electrons while the
corresponding value for the Sc;N-doped cage is 2.98(3.41)
with the B3LYP(HSEO6) functional. The large charge transfer
values suggest that molecule—cage Coulomb interactions play
an important role in the structure and properties of these
endohedral clusters. Further time-dependent DFT and
ZINDOJ/S calculations showed that the lowest electronically
excited singlet state S; of both Sc;N@Cy, and Y;N@Cy, is
mainly a HOMO-LUMO transition. The HSE06/6-311G*,
CAM-B3LYP/6-311G*, and ZINDO/S results locate S; of
Y:N@Cyg, at 2.02, 2.55, and 1.72eV. For Sc;N@Cg,, the
corresponding values are 1.72, 2.20, and 1.74 eV. A crucial
difference between Sc;N@Cg, and Y;N@Cy, emerges when
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the molecular orbitals involved in S; are inspected visually.
Figure 2 shows the HOMOs and LUMOs of the two
endohedral clusters. In the nonemitting, short-lived S, state
of Sc;N@Cq, ! the electron excitation is spread over the
entire molecule: both the cage and the endohedrally confined
Sc;N participate in the excitation. In the emitting, long-lived
S, state of Y;N@Cg, the electron excitation has a strong
charge-transfer character, from the carbon cage to the
endohedrally trapped Y;N. The peculiar photophysical differ-
ences between Sc;N@Cg, and Y;N@Cg, are now easily
accounted for. The electron excitation to the cage-screened
Y;N leads to the long lifetime of S; and inhibits the typical
fullerenic deactivation pathway characterized by very low
emission quantum yields. Our findings agree with previous
calculations that showed the charge-transfer character of S; of
Y N@Cy,.

Fullerene adducts 1 and 2 are amorphous in the pristine
state, but they self-organize into a LC mesophase during the
first heating (at ca. 70°C for 1 and ca. 80°C for 2). The
mesophase is retained upon cooling to room temperature, and
also recovered on cooling after a further heating beyond the
isotropization temperature, at approximately 80°C for 1 and
100°C for 2 (see the Supporting Information).

A complete elucidation of the self-organizing behavior of
1 and 2 was achieved by using small-angle X-ray scattering
(SAXS; Table 2 and see the Supporting Information). Col-
umnar mesophases were readily recognized from diffraction
patterns, which are composed of the usual diffuse scattering at

Table 2: Geometrical parameters of mesophases obtained from X-ray
data at 20°C.

2D lattice
Sample a[A]xb[A® Seol [AY
Phase AN (Zq)" N,
Vinor [A]] heo [A]"
1 80.9%46.7 1889
Colye, 3778 (2) 3
6502 10.3
2 80.2x46.3; 1857
Col,e 3713 (2) 3
6231 10.1

[a] Calculated molecular volume. [b] Lattice parameters of the columnar
phase. [c] 2D lattice area (A) (hexagonal lattice doubled); number of
columns per lattice (Z,). [d] Cross-section area of a single column
(Sci=A/Z.,)- [€] Fullerenes imposed a repeating thickness of

o= Nyt Vinot/ Scat = 10 A, leading to the integer fullerene number Ng, = 3.
[f] ho recalculated considering Ng, to be equal to 3.

4.5 A that is indicative of the liquid-like lateral packing of the
aliphatic chains and mesogenic OPE cores, and of up to 4
sharp reflections with the spacing ratio 1:v/3:2:v/7 in the
small-angle region that are indicative of a 2D lattice with
hexagonal geometry (the reflection at v/7 was not detected for
1, see the Supporting Information). Since no further small-
angle reflection is visible in the patterns of 1, the mesophase is
assigned to Col,,. One additional, weak signal located at
twice the spacing of the first reflection of the series is detected
in the patterns of 2, and the real lattice therefore includes
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several hexagonal cells, presumably under the effect of small
shifts in orientation and/or position between neighboring
columns, induced by its more symmetrical molecular structure
(with respect to that of 1).” The doubling of the hexagonal
sublattice then generates a primitive rectangular lattice
containing two columns, assigned to a Col,. phase with
pseudohexagonal geometry.®!

Except for the lattice doubling, both columnar structures
appear overall to be very similar. The grafting of a C4 or
TNT-EMF Cg, unit onto the central bridge of dOPE generates
an unusual triblock architecture, which leads to the triple
microsegregation of fullerenes, mesogenic cores, and chains
into different zones separated by interfaces constraining the
organization, similar to the situation in the complex “multi-
color tiling” mesophases generated by polyphilic systems.!”!
A further similarity between both organizations is in the size
of the columns: their similar cross-sections (S.,,); about 1.5%
larger in 1, and in both cases nearly independent of temper-
ature (see the Supporting Information), lead to slice thick-
nesses (Mo = Vol Seo)'*'® of between 3.4 and 3.6 A. These
values represent about one third of the distance between the
nearest-neighbor fullerenes obtained from crystalline phases
(about 10 and 11 A, for Cg and Cg, respectively) and column
cross-sections therefore contain an average Ny, =3 (Table 2
and see the Supporting Information). This suggests the image
of successive molecular plates with a core of three interacting
fullerenes stacked into columns with an alternating 60°
rotation, yielding a strand of hexagonally close packed
bowls, as schematized in Figure 3 (see the Supporting
Information). The associated three pairs of OPE mesogens
are pressed against the fullerene strands, and owing to the
short spacers are spatially constrained and form a sort of
separating two-dimensional net between the fullerene strands
and the aliphatic chain tubes, to give a structure reminiscent
of a Kagome lattice (Figure 3a): a periodic 2D tiling of
regular hexagons (filled by hcp stacked fullerenes) and
triangles (filled by the molten aliphatic chains) in a 1:2
ratio.l”” The lateral mesogens may adopt various orientations
around a preferential one that lies between the parallel and
perpendicular limit cases, but likely closer to the perpendic-
ular orientation (see the Supporting Information).

Optimization of the structure of a supercell made by nine
molecules of 1 using a calculation method employed before”
yielded a cell of 78.8x45.5 A (Figure 3b), which compares
well with the value obtained from the X-ray data of 80.9 x
46.7 A. The calculations also provide a value of /i, (ca. 11 A)
that is in agreement with X-ray data.

In conclusion, we have synthesized the first example of
a liquid-crystalline derivative of Y;N@Cg, that shows good
solubility and remarkable photophysical properties: OPE
units act as 100% efficient light-harvesting antennae to
sensitize a bright and long-lived fullerene core emission.
These luminescence properties are retained in the mesophase
and, coupled to a quite strong absorption in the visible region
extending up to 750 nm, open up a variety of potential
applications, for example near-IR luminescent sensors with
time-gated detection to shut down fluorescence of the matrix
or competing species. The grafting of the mesomorphic dOPE
onto the fullerenes promotes mesomorphism in the fullerene
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Figure 3. a) Schematic view of the supramolecular packing of adducts
1 and 2 (solid and dotted red lines: S, and S, lattices of the Col,,
and Col,.. phases, respectively; dotted-black lines: Kagome lattice).

b) Computer modeling of a supercell of nine molecules of 1 arranged
as in (a). The different colors are used to assist the eye.

adducts, with the induction of columnar phases resulting from
the triple segregation between the fullerene (core), mesogens
(walls), and chains (continuous medium) according to
a Kagome lattice. Such a novel design paradigm could be
further exploited to produce a unique class of lanthanido-
mesogens with original luminescent and magnetic proper-
ties.?!!
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