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Abstract: Suitably engineered molecular systems exhibiting
triplet excited states with very long lifetimes are important for
high-end applications in nonlinear optics, photocatalysis, or
biomedicine. We report the finding of an ultra-long-lived triplet
state with a mean lifetime of 93 ms in an aqueous phase at room
temperature, measured for a globular tridecafullerene with
a highly compact glycodendrimeric structure. A series of three
tridecafullerenes bearing different glycodendrons and spacers
to the Cy, units have been synthesized and characterized. UV/
Vis spectra and DLS experiments confirm their aggregation in
water. Steady-state and time-resolved fluorescence experiments
suggest a different degree of inner solvation of the multi-
fullerenes depending on their molecular design. Efficient
quenching of the triplet states by O, but not by waterborne
azide anions has been observed. Molecular modelling reveals
dissimilar access of the aqueous phase to the internal structure
of the tridecafullerenes, differently shielded by the glycoden-
drimeric shell.

Introduction

Fullerenes, their multi-adduct derivatives and many other
carbon-based nanometric-size related species have been
proposed as valuable key nanomaterials in different fields
such as optoelectronics, photovoltaics, photocatalysis or
biomedicine.!! Organization of these materials at the nano-
scale may play a significant role in their performance, since
the way how the nanomaterial is intra-/intermolecularly
assembled can be of paramount importance in phenomena
such as energy/electron transfer, supramolecular interactions,

solvation, or for the delivery of species, when the processes
are considered at small length scales.?

A common strategy for the development of applications
based on [60]fullerene is the design of multi-adduct deriva-
tives with appropriate substituents imparting good solubility
and intra-/intermolecular interactions for the desired pur-
pose.’) Hexakis-adducts of Cy, are suitable scaffolds for the
construction of giant molecules (e.g. tridecafullerenes or
carbon nanotube-fullerene conjugates) with promising appli-
cations,! whose structural implications and photophysical
properties, however, have not been completely unravelled
yet.

Sugar residues surrounding the hydrophobic Cg, core
allow excellent solubility of these derivatives in polar solvents
like water. Thus, the 1:2 [60]fullerene-y-cyclodextrin host-
guest complex was shown to preserve the fullerene’s ability to
photosensitize the production of singlet oxygen (hereafter
'0,) despite a ca. 50% reduction of the fullerene surface
accessible to oxygen from the aqueous phase, owing to the
effective shielding by the two cyclodextrin moieties.”! How-
ever, in the case of glycodendro[60]fullerene monoadducts,
their amphiphilic behavior can cause self-assembly in water
(favoured through mt-wt interactions between the Cq, moieties),
leading to formation of well-defined compact micellar
supramolecular aggregates.!’ Mannose-derivatized conju-
gates have been widely applied as recognition elements or
labelling agents of biological substrates,” as key components
of sensors,® in fluorescence imaging,” and in the photo-
dynamic therapy of pathogens!'” or cancer.!"!

Herein we report on the synthesis, structural and photo-
physical characterization in water and molecular modelling of

[*] Dr. ). Ramos-Soriano, Dr. A. Pérez-Sénchez, S. Ramirez-Barroso,
Prof. B. M. lllescas, Prof. D. Garcia-Fresnadillo, Prof. N. Martin
Department of Organic Chemistry, Faculty of Chemistry, University
Complutense of Madrid
Avenida Complutense, 28040 Madrid (Spain)

E-mail: beti@ucm.es
dgfresna@ucm.es
nazmar@ucm.es
K. Azmani, Dr. A. Rodriguez-Fortea, Prof. J. M. Poblet
Department of Physical and Inorganic Chemistry, Rovira i Virgili
University
Marcel li Domingo 1, 43007 Tarragona (Spain)
Dr. C. Hally, Prof. S. Nonell
Institut Quimic de Sarria, Universitat Ramon Llull
Via Augusta 390, 08017 Barcelona (Spain)

Wiley Online Library

These are not the final page numbers!

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Dr. J. Rojo

Glycosystems Laboratory, —Chemical Research Institute (11Q)
CSIC—Seville University

Avenida Américo Vespucio 49, 41092 Sevilla (Spain)

Prof. N. Martin

IMDEA Nanoscience Institute

C/ Faraday 9, Campus de Cantoblanco, 28049 Madrid (Spain)

@ Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202104223.
© 2021 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angew. Chem. Int. Ed. 2021, 60, 2—12


http://orcid.org/0000-0002-3054-0679
http://orcid.org/0000-0002-3054-0679
http://orcid.org/0000-0002-4727-8291
http://orcid.org/0000-0002-4727-8291
http://orcid.org/0000-0002-4022-1583
http://orcid.org/0000-0002-4022-1583
http://orcid.org/0000-0001-5884-5629
http://orcid.org/0000-0001-5884-5629
http://orcid.org/0000-0002-4533-0623
http://orcid.org/0000-0002-4533-0623
http://orcid.org/0000-0002-4533-0623
http://orcid.org/0000-0002-5831-4446
http://orcid.org/0000-0002-5831-4446
http://orcid.org/0000-0002-8900-5291
http://orcid.org/0000-0001-7348-7583
http://orcid.org/0000-0001-7348-7583
http://orcid.org/0000-0003-3173-3437
http://orcid.org/0000-0003-3173-3437
http://orcid.org/0000-0002-5355-1477
https://doi.org/10.1002/anie.202104223
http://dx.doi.org/10.1002/anie.202104223
http://dx.doi.org/10.1002/ange.202104223
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202104223&domain=pdf&date_stamp=2021-06-14

GDCh
~~—

a series of globular glycodendrimeric tridecafullerenes dec-
orated with mannose sugars as terminal units (11-13,
Scheme 1 and Scheme 2). These globular multifullerenes
display rather long-lived triplet excited states and, in partic-
ular, compound 13 shows an exceptionally long mean triplet
lifetime of 93 ms in aqueous phase at room temperature. This
experimental finding has no precedents in the previous
literature, since this value is in sharp contrast with the other
much shorter-lived fullerene derivatives under study in this
article. Moreover, the ultra-long-lived triplet excited state of
compound 13 measured in this work is also well apart from
those triplet lifetimes described for other organic molecules
or coordination compounds, in solution at ambient temper-
ature, reported so far.”

Results and Discussion
Synthesis and Characterization

The synthesis of tridecafullerenes 11 and 12 was carried
out by following a click-chemistry based synthetic strategy as
depicted in Scheme 1. From monoadduct 1, hexakis-adduct 3
was obtained by Bingel-Hirsch cycloaddition of di(pent-4-yn-
1-yl) malonate,['¥ yielding the asymmetric derivative append-
ed with ten alkyne moieties and a chloride group at the focal
point. Addition of the carbohydrate azides 4 or 5§ by copper-
catalyzed azide-alkyne cycloaddition (CuAAC)™ in DMSO,
using CuBr-S(Me), as catalyst,™ leads to the chloride
derivatives 6 and 7 which, after treatment with sodium azide,
allow the quantitative preparation of the building blocks 8
and 9 appended with 10 and 30 sugar moieties, respectively.
From these azide fullerene hexakis-adducts, tridecafullerenes
11 and 12 can be obtained by CuA AC click chemistry reaction
with symmetric alkyne derivative
10."! Compounds 11 and 12 are
endowed with 120 and 360 man-
nose units, respectively, and were

R [a]
obtained in 83% and 58% yield Units of Ceo)-
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Figure 1. UV/Vis absorption spectra (phosphate saline buffer, PBS
solution, pH 7.4) of the mannose-labelled tridecafullerenes 11-13
under study and their corresponding hexakis-adduct structural precur-
sors 6 and 7.

with previous reports of hexakis-adducts with relatively
similar substitution patterns.!”

A remarkable hypochromic shift was observed in the UV/
Vis absorption spectra of tridecafullerenes 11-13 when the
absorption coefficients of the peaks in the 269-273 nm region
were compared with those of their respective hexakis-adduct
precursors x 13 (Figure 1 insert)." Hypochromicities were in
the 10-15% range for 11 vs. 6 and 12 vs. 7, respectively, while
a 30 % hypochromic shift was observed in the case of 13 vs. 6.
Such a hypochromic effect could be related to solvent
exclusion in the case of tridecafullerenes, due to their more
compact structure vs. the hexakis-adduct precursors, favour-
ing hydrophobic interactions in the inner domain, and to their
tendency to self-aggregate via supramolecular interactions by

Table 1: Structural features and optical absorption parameters of the mannose-labelled tridecafuller-
enes 11-13 under study and their corresponding hexakis-adduct structural precursors 6 and 7 (shell

after purification by ultrafiltration =~ Compound Ce units  Spacers Sugars  UV/Vis absorption
(Amicon’). The synthesis and char- core shell Cg- Ceo- Aaps™ [nm]®! (e [mol ™' dm’ em ™))
acterization of tridecafullerene 13 oo sugar
(Scheme 2) has been reported else- 6 0 1 0 A 10 214 (107500), 241 sh (68400), 269 (52000), 276 sh
where.™ Characterization of all (50600), 313 sh (32100), 335 sh (23600)
new compounds and their aggrega- 1 1 12 | A 120 213 (1084600), 247 sh (672400), 269 sh (603900),
tion in water (Figure S1) was car- 330 sh (332600)
R . 7 0 1 0 B 30 211 sh (349200), 245 (110600), 280 (78800), 309 sh
ried out by using standard tech- (55100), 320 sh (51300), 332 sh (44100)
niques (Supporting Information). 12 1 12 1 B 360 243 (1119000), 273 (859000), 316 sh (53 9400), 332 sh
(453300
13 1 12 11 A 120 244 sh (529200), 272 (463700), 309 sh (341800),

Photophysical Characterization

321 sh (308700), 331 sh (283000)

[a] The structural features are defined according to the number of [60]fullerene hexakis-adduct units (at

The absorption spectra of tri-
decafullerenes 11-13 and their hex-
akis-adduct structural precursors 6
and 7 in PBS solution are depicted
in Figure1 and S2. The UV/Vis
spectral features are collected in
Table 1 and are in good agreement  [c] Uncertainty +£15%.
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B =(CH,);-(1,2,3-triazole)-(C
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the core and/or shell, only shell units are considered in the case of the synthetic precursors 6 and 7), on
the type of spacer units between the core—shell fullerenes and the shell fullerene-terminal sugar
(mannose), and on the number of terminal sugars at the distal ends of the shell fullerenes, according to
Schemes 1 and 2, as follows: core fullerene 10, shell fullerenes 6 or 7, spacer | =CH,-(CH,OCH,)-
CH,O-(CHy,),; spacer Il = (CH,); spacer A= (CH,);-(1,2,3-triazole)-(CH,),-O-mannose (a); spacer
H,)-(CH,0CH,),-C-[CH,OCH,-(1,2,3-triazole)-(CH,),-O-mannose (a)]s.
[b] PBS aqueous solution, pH 7.4. Wavelength uncertainty 3 nm for peaks, £5 nm for shoulders (sh).
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Scheme 1. Synthesis of tridecafullerenes 11 and 12.
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Scheme 2. Structure of tridecafullerene 13.

hydrogen bonding between the external sugar residues (Fig-
ure S1). To some extent, this hypochromism would be similar
to the changes in optical density observed when nucleobase
interactions are modified in nucleic acids, due to changes in
solvent composition or during melting/annealing processes.!

Table 2 collects the wavelengths of the fluorescence
emission maxima (A.,,") and the lifetimes of the singlet
(ts) and triplet (7r) excited states of tridecafullerenes 11-13
and their corresponding hexakis-adduct structural precursors,
6 for 11 and 13, and 7 for 12. Table 2 also collects the dynamic
bimolecular quenching rate constant of the lowest triplet
excited states (T;) by O, (k,'o,), the probability of T,
quenching by molecular oxygen (P'y,), and the singlet
oxygen production quantum yield (@,) and 'O, lifetime (z,)
in PBS solution.

A Dblue shift about 15 nm between A.," of 6 and 7 is
observed (compare spacer A for 6 vs. spacer B for 7 with
a larger glycodendrimeric structure and number of sugar
units). Tridecafullerenes 11-13 also show blue-shifted emis-
sion with respect to their respective monofullerene precursors

Research Articles

6 and 7 (Figure S3). In particular, compound 13 shows
a 134 nm shift with respect to 6. These results agree with
the hypothesis of decreased solvation illustrated by the
hypochromic shift of absorption spectra of tridecafullerenes,
especially 13, evidencing a poorer stabilization of the excited
singlet state due to less water solvation in the tridecafuller-
enes.

Moreover, the nanoheterogeneous behavior of these
systems is supported by the bi-exponential functions usually
required to fit the fluorescence decays (Figure S4). Further-
more, the mean emission lifetimes (tg)) are shorter in 11-13
than in 6 and 7, showing that S, is less stabilized in the case of
the tridecafullerenes due to reduced interactions with the
polar solvent, as confirmed by the higher energy gap of 11-13.
Compound 13 shows again an extreme behavior, displaying
the shortest fluorescence lifetime (0.22 ns) and highest energy
gap.

Concerning the T, lifetime in the absence of quenchers
(7r,), longer lifetimes are shown by tridecafullerenes 11-13 in
comparison with 6 and 7 (both displaying lifetimes around
50 ps). Almost a twofold increase from 64 to 110 ps can be
observed when 11 and 12 are compared (cf. spacer A vs.
spacer B with a larger glycodendrimeric structure, Table 1,
Scheme 1 and Scheme 2). Furthermore, in the case of com-
pound 13, an extraordinarily long triplet mean lifetime (7py,)
of 93 ms was detected, whose discrete components t; and 7,
are 30 ms (42% amplitude) and 280 ms (58 % amplitude),
respectively (Table 2, Figure 2 and S5).

According to previous literature reports on the photo-
physics of [60]fullerene-sugar conjugates (Bingel-type mono-
adducts), these derivatives show shorter T lifetimes on going
from hydrophobic to polar environments (ca. 50 ps in toluene
vs. 35 us in acetonitrile),” providing additional support to the
hypothesis suggesting lower polarity around the Cy, units of
the globular tridecafullerenes vs. the more open monofuller-
enic hexakis-adduct precursors 6 and 7, due to limited solvent
accessibility to the inner domains of 11-13. Moreover, when

Table 2: Photophysical parameters of the mannose-labelled tridecafullerenes 11-13 under study and their corresponding hexakis-adduct structural

precursors 6 and 7.9

Compound ~ Ae,™ [nm]®! 75 [ns] (% amplitude) 77, [us] Trair [US] ky'o, [M~'s7] Py, @, Tp [ps]™
T Ty ol
6 652 1.0(77)  31(23) 15 50 2.7 1.30%10° 0.95 0.11 66.2
N 590 0.5(74) 2726 1.1 64 42 0.82x10° 0.93 0.02 63.5
7 635 1084  41(16) 1.6 53 4.4 0.77x10° 0.92 0.13 63.0
12 616 0.5(66) 3.0(34) 1.3 110 9.1 0.37x10° 0.92 0.05 64.6
3.70
13 518 0.2 (97) 2.5 (3) 022 7, 30000M 0.42 8.50%10° 0.99 0.07 3.2
7, 2800001
Try 930000

[a] PBS aqueous solution, pH 7.4. [b] Wavelength uncertainty =10 nm. [c] Singlet excited state lifetime, biexponential fitting of the time-dependent
fluorescence intensity decay profiles was usually required (I¢(t) =A-+2B;xe ™™, i=1, 2) where B; is the corresponding preexponential factor related
to signal amplitude and 7; is the discrete lifetime component. Uncertainty £10%. [d] Triplet excited state lifetime in the absence of quencher. Ar-
purged deuterated PBS solution. Uncertainty £10%. [e] Triplet excited state lifetime in the presence of O, quencher. Air-equilibrated d-PBS solution.
Uncertainty £+ 10%. [f] Dynamic bimolecular quenching rate constant of triplet excited states by O,. Uncertainty 4= 15 %. [g] Probability of triplet excited
state quenching by O, under air-equilibrated conditions. P'o, =1—(zr, /77,). [h] Singlet oxygen production quantum yield. Uncertainty &10%.

[i] Singlet oxygen phosphorescence lifetime measured in d-PBS solution with an optical density <0.1 at 355 nm (dye concentrations in the 10~°~
107° M range) in very good agreement with the expected 'O, lifetime in deuterium oxide, 64.4 ps.”” Uncertainty =3 %. [j] 7y is the preexponential

weighted mean lifetime (7, =2B;x 7,/ZB), where 7, and Ty, stand for the mean lifetime of the singlet and triplet excited states, respectively.

121]

Uncertainty £10%. [k] Biexponential fitting of the triplet excited state decay profile was required. [I] Singlet oxygen lifetime in PBS solution.
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Figure 2. Red line: Transient absorption of the triplet excited-state of
13 in Ar-purged deuterated PBS (A, 355 nm, 4, 650 nm, 9.4 m)
pulse™). Black line: Fit of a biexponential decay function to the data.

Blue: Residuals plot.
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0 100

the series 11-13 is considered, tridecafullerene 13 is the one
showing the longest triplet lifetime (93 ms) and the highest
hypochromic shift in the UV/Vis absorption spectrum. It also
shows the largest blue-shifted fluorescence and shortest lived
S,. These differences in the photophysical properties of 13
may be attributed to the fact that compound 13 has got spacer
II (hydrophobic shorter alkyl) vs. I (hydrophilic longer
polyether) when 13 and 11, with the same A spacer and
number of sugar units, are compared.

It has to be noted that such a long triplet lifetime has
never been described for a fullerene derivative at room
temperature in the liquid phase. In this way, a triplet lifetime
of 0.25 ms for pristine Cy, in benzene-like solvents has been
reported,’® while lifetimes in the 0.4-55 ms range have only
been reported for Cy, in the solid phase (either for crystalline
Cy or in glass or rare gas matrices at 1-10 K, 0.4 ms; or in Cy,
thin films, 55 ms)™®! and lifetimes below 0.30 ms have been
described for multi-adduct blends of fullerenes for organic
solar cells.” Concerning [60]fullerene hexaadducts, phos-
phorescence lifetimes of 4.4 and 3.7 s have singularly been
reported for two hexapyrrolidine derivatives of Cq, with T}
and D; symmetry, respectively, at 77 K, again in a glass
matrix.?) In fact, to the best of our knowledge, such an
exceptionally long-lived triplet state has never been described
in the previous literature on photophysics of organic mole-
cules or coordination compounds in solution at room temper-
ature.”” Long T, lifetimes are of particular interest in
applications like photocatalysis, photovoltaics, biomedicine
and optoelectronics based on nonlinear phenomena.

Concerning quenching by molecular oxygen, the T,
lifetimes of the air-equilibrated aqueous solutions (7r,,) are
in the 0.4-9.1 ps range (cf. 0.29 ps for Cg, in toluene),* and
allowed the determination of the dynamic bimolecular
quenching rate constants by O, (k,'o,, Table 2) via Stern—
Volmer analysis (Supporting Information). The observed
k"o, are ca. one order of magnitude below the theoretical
diffusion control limit in water at 25°C (Smoluchowski’s
theory, kg’ ~7.4x10° M~'s™"),”7 except for 13 (with spacer
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I vs. I), and are higher for the series 11 vs. 12 and 6 vs. 7 when
spacer A vs. B is concerned and the precursor hexakis-adducts
or their corresponding tridecafullerenes are also compared,
revealing the consequences of the molecular design. In this
way, tridecafullerene 12, the only one with three-branched
terminal sugar units (Scheme 1), which should show the most
entangled sugar shell, as described in the Computational
Analysis section, is the tridecafullerene with the lowest
bimolecular quenching constant by dioxygen (0.37 x
10° M~'s™"). This trend is also followed by compound 7, its
structural precursor (0.77 x 10° M~'s™', Table 2) thus reveal-
ing a higher steric hindrance towards O, difussion. Converse-
ly, and once again, the behavior of compound 13 is specific,
since the bimolecular quenching rate constant by O, (8.5 x
10° M~'s™") is purely diffusion-controlled given the excellent
agreement, within experimental error (+15%), with the
theoretical kqdiffT rate constant.

Regarding the probability of T, quenching by O, (Py)),
rather high values (> 92 %, Table 2) have been observed in all
cases under air-equilibrated conditions, according to the long
lifetimes of the triplet states providing enough time for the
quencher-quenchee encounter to occur. Indeed, compound 13
deserves a special comment again, since its unprecedented
long 77, allows for the quantitative quenching of its T, state by
0,.

A study of the 'O, production quantum yield (®,) by
these compounds sheds light on the efficiency of the
intersystem crossing process generating T, since @, is limited
by the value of the triplet state quantum yield (@, @, <
@).2 The @, values of the hexakis-adducts 6 and 7 (0.11 and
0.13, respectively) are, within experimental error, in excellent
agreement with the @, and @ values that can be expected for
Bingel-Hirsch-type hexakis-adducts (0.11 for @1)."! On the
other hand, the @, values of tridecafullerenes 11-13 are well
below the 0.11 limit of @ for the hexakis-adduct building
block, and show strong differences between them (Table 2).
This could also be explained by a different solvent access to
the tridecafullerene’s core, consequently influencing, via
changes in the polarity around the fullerene units, the @
value, the stability of Ty, and its 77,. Indeed, several properties
of tridecafullerenes 11-13 such as the UV/Vis hypochromic
effect, the presence of aggregates (Figure S1),*!! the blue-
shifted emission and shorter fluorescence lifetimes, the
increase of 7y, from 6, 7 to 11-13 and, moreover, the
dependency of the @ of Cy, with the polarity of the medium
(0.80 in long-chain alkanes vs. 1.0 in benzene),” point to
a solvent effect influencing @ of the tridecafullerenes.
Therefore, water exclusion from 11-13, by comparison with
their hexakis-adduct precursors 6 and 7, seems to be of
paramount importance concerning the properties of trideca-
fullerenes (see also the Computational Analysis section).

In order to gain deeper insight into the role played by the
aqueous solvent and its possible exclusion from the inner
domains of the tridecafullerenes, the ability of sodium azide
to quench the T, of 13 was examined in deuterated PBS.
Compound 13 is ideal for this experiment because its ultra-
long T, lifetime provides the highest sensitivity for probing its
own microenvironment. On the other hand, azide anion (N;")
is able to deactivate triplet excited states efficiently through

Angew. Chem. Int. Ed. 2021, 60, 2—12
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energy/electron transfer processes.”” However, unlike mo-
lecular oxygen, the azide anion must be transported by the
solvent to the close environment of the excited state in order
to deactivate it. Therefore, quenching of T, of 13 by N;~
should be dependent on the access of water, as a carrier of
azide anions, to the Cy, units inside the globular structure of
the tridecafullerene.

Stern—Volmer analysis of quenching experiments of T, of
13 by azide yielded a dynamic bimolecular quenching rate
constant (k") of 2.5(£0.5) x 10* M™'s™" (Figure S6), well
below the diffusion control limit expected in water (kqdiffT).
Furthermore, the decay traces of T, of 13 show a noticeable
decrease of the signal amplitudes at zero time as the quencher
concentration increases (Figure S6). This result could be
explained if a fraction of those T, states of 13 reached by N5~
could be statically quenched. Accordingly, a value of 1.1(%
0.3)x10*M™! was found for the equilibrium constant for
complex formation between 13 and sodium azide (Figure S6).
Recently, weak binding interactions between NaN; and Cg,
have been evidenced by N NMR experiments.”!! In this
regard, formation of a yellow complex between N;~ and 13
has been detected by UV/Vis spectroscopy (Figure 3). A

0.154

1.5 2 .
& 0104
2 g
< 0.05
-~ 1.0
g T S 2k ot o 0o Huto! o
[NaNg] / m
0.5 N ;

500 600

Alnm

300 400

Figure 3. Changes in the UV/Vis absorption spectrum of 13

([13]=2 uM) upon addition of azide anion from 0 mM (black) to
1020 mM (blue). Insert shows the fit of a dual 1:1 and 1:2 complex
formation model between 13 and azide anion to the absorbance data
at 366 nm (see also Figure S7).

Benesi-Hildebrand plot revealed a deviation of linearity at
high concentrations of N;~ (not shown), suggesting that
a second azide ion binds to the initial complex. Indeed, the
optical density difference (AO.D.=0.D.(13+N;7)—0.D.-
(13), Figure S7) shows a maximum that shifts to longer
wavelengths with increasing N;~ concentrations, suggesting
the formation of two complexes. The data could be fitted
satisfactorily (Figure 3) with a model where a 1:1 complex is
initially formed, which binds a second azide ion at higher
concentrations. The fit yielded the 1:1 and 1:2 complex
formation constants of 741 M~ and 2.2 M, respectively. The
much lower value of the second constant is consistent with the
hindrance of a second N;~ incorporation by the higher
electrostatic barrier around the fullerene.
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Computational Analysis

Theoretical calculations in simplified model systems were
performed in order to describe the most characteristic
structural features of these glycodendrimeric multifullerenes.
Due to the high complexity of 11-13, we started our study
with the central (core) [60]fullerene (Supporting Information,
Table S1 and Figure S8) and then increased the complexity
step by step to the peripheral fullerenes and from the
peripheral fullerenes to the final tridecafullerene (see the SI
and Figures S9-S12 for more details).

The models made by three Cg, fullerenes show that the
longer the Cy-Cyy spacer, I vs. II, the higher the distance
between the peripheral fullerenes (d;) and the higher the
o angle. In general, isosceles triangle dispositions are
reproduced, i.e., the pairs of values for the d, distance and
the 3 angle are very similar (Figure 4, S9 and Table 3).

Ly
¥ S <>
Josa 55

Figure 4. Two views of the optimized structure for the simplest model
of three Cg, of the glycofullerene with spacer Il. In this model M, the
peripheral fullerenes are not functionalized with sugars. The three
fullerenes define, roughly, an isosceles triangle characterized by d,
(distance between the centre of mass of the two peripheral fullerenes
-brown and green-), d, (distance from the centre of mass of one
peripheral fullerene to the core fullerene -grey-), o (angle between the
peripheral-core-peripheral fullerenes) and 3 (angles between the pe-
ripheral-peripheral-core fullerenes (Figure S9).

When the models are functionalized with the external
carbohydrates we observe that there is a non-negligible
interaction between the peripheral fullerenes because the
distances between them (d;) decrease with respect to non-
functionalized systems (M; and My,). This fact is corroborated
by the interaction energies calculated considering only the
two peripheral fullerenes (what we call “Two Cg” model in
Table 3), where the spacer to the core fullerene was removed.
In the two C4, model, the structures for My,, Mz and My,
were re-optimized, but the variation in the d; distance is
hardly changed with respect to those obtained in the anchored
three Cg model. The computed interaction energies are
significantly different from zero, with values ranging between
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Table 3: Geometrical parameters and interaction energies for models made by three and two Cg, fullerene.

Model® Spacers Compound Three Cg, model Two Cg model

Coo—Ceo Ceo—sugar d, [A] d, [A] ol B[] di [A] E (PM6)* E (DFT)"
M, I CH,® 31.3 38.5/38.6 47.9 66.165.9 31.3 0.0 0.0
Mia I A 11 (52.0 A 27.8 34.8|34.2 47.5 65.1]67.3 27.8 —39.8 —59.8
Mg I B 12 (71.1 A 31.1 35.9/35.9 47.0 64.3|64.4 311 —94.5 -
M, I CH,® 17.4 27.5]27.8 36.8 70.7|72.5 17.4 0.0 0.0
Miia Il A 13 (42.3 A 15.7 25.5/26.6 35.0 68.9|76.1 14.5 -71.8 —-115.0

[a] Model systems are defined considering spacers as defined in Table 1 (see also the SI). M,,, Mz and M, contain the actual peripheral shells for
compounds 11, 12 and 13 and model systems for the core fullerene as shown in Figures S10-S12. d1, d2, a and § parameters are defined in Figures 4
(caption) and S9. [b] M, and M,, are the simplest models in which all the malonates are replaced by methylene units, except the ones that link the
peripheral and core fullerenes. [c] Estimated radius for the corresponding theoretical model. [d] The two C¢, models are built from the three Cgy models
by removing the linkers to the core fullerene. [e] Interaction energies at PM6 in kcal mol™" correspond to E(two Cg, model)-2E(Cqp), where the two Cq
model structures are reoptimized except for M, and M,, entries. [f] All DFT energies were computed from PM6 geometries.

—40 and —115kcalmol™' (Table 3). The strength of the
interaction depends directly on the distance between ful-
lerenes and the number of interactions between them. Model
M, shows same peripheral d; distance as non-functionalized
fullerene M;, however the interaction energy is around
—90 kcalmol ™. Therefore, the length of the Cq-sugar spacer
along with the presence of the three terminal saccharides
allows the peripheral fullerenes to interact rather efficiently.
The interaction takes place essentially through the hydrogen
bonds established between hydroxyl groups of the sugars and
the nitrogen atoms of the triazole ring (Figure 5). Somehow,
these different interaction energy values define the compact-
ness degree of the glycofullerene, making it more rigid or
flexible depending on the strength of the interaction between
fullerenes.

To explore the interaction between pairs of fullerenes,
some models with five Cg, containing perpendicular pairs of

peripheral fullerenes were also analysed (Figure S12). The
results are analogous to those presented before. Interaction
between fullerenes within the same pair, i.e., attached to the
same cyclopropane ring, compression of structures and
isosceles triangle disposition of fullerenes are reproduced.

Furthermore, we find that the interaction between axial
and equatorial pairs of fullerenes is somewhat attractive (=
—24 kcalmol ™) for the model containing spacers I and A. If
a larger Cq-Cq, spacer is used, the interaction between two
neighbouring adducts is essentially null. This means that
shorter spacers induce a more compact globular glycofuller-
ene because the pair of fullerenes are connected, i.e., able to
interact, and they are not free as in the case of longer spacers
(Figure S12).

In order to have a clearer visualization of the glycoden-
drimeric tridecafullerene, we constructed from the My,
model a complete structure for glycofullerene 13, and then

Figure 5. Optimized two Cg, model corresponding to My, highlighting the hydrogen bonds formed between fullerenes.
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Figure 6. 3D representation for compound 13. Core Cq, in yellow. Interactions among saccharides make the system very compact for short Cg-Ce

spacers.

it was partially relaxed. Figure 6 shows a 3D representation of
the computed structure. Compound 13 is presumably quite
fluxional given the composition and total number of atoms
(7086), but the structure in Figure 6 clearly shows the
compactness of this giant molecule, and the presence of
interactions between pairs of neighboring fullerenes. It is also
relevant to emphasize the pseudo-spherical layer that the
sugars make up around the 12 peripheral Cg,. Probably, this
layer is the only part of the molecule that is in contact with the
solvent in aqueous solution, while its inside is supposed to
have a hydrophobic nature according to the results of the
photophysical characterization.
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Conclusion

The synthesis and photophysical behavior of a series of
tridecafullerenes (a [60]fullerene core surrounded by a shell
of twelve C, units endowed with 120 or 360 mannoses and
with different linkers) is reported. Triplet excited-state life-
times of the tridecafullerenes in aqueous solution are strongly
dependent on the type of linker between the fullerenes, and
short alkyl chains afford structures with longer triplet life-
times than those with larger polyether-like spacers. Moreover,
triplet-state quenching experiments with O, and N;~ anion
suggest limited access of water molecules to the inner
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domains of the tridecafullerenes, due to the interweaved
chains with terminal sugars (H-bonding network) and the
tightness provided, in particular, by the short alkyl-type
spacers connecting the shell fullerenes to the central core unit.
Consequently, the intersystem crossing efficiency and the
triplet excited-state lifetimes (showing an unprecedented
value as long as 93000 ps in the liquid phase at room
temperature!) of the tridecafullerenes are modulated. Mo-
lecular modelling helps to ascertain the origin of the differ-
ences in the experimental photophysical properties of the
giant superfullerenes in terms of the dissimilar structural
compactness provided by sugars’ shell and the highly hydro-
phobic nature of the short alkyl spacers among the core—shell
Cy units.

The results now reported allow a better understanding of
the structure and features of these singular systems, and pave
the way to a fine control on the structural, biological and
photophysical properties on these less-known but amazing
globular-shape multivalent fullerenes. In particular, thanks to
the ultra-long triplet lifetime exhibited by one of our
tridecafullerenes and the quantitative quenching of this
triplet by O,, the complete trapping of the triplet state by
oxygen, even in hypoxic environments, might find applica-
tions for the photodynamic treatment of hypoxic tumours.
Further work is underway on the exploitation of compounds
with ultra-long excited-state triplet lifetimes such as 13 in
biomedicine, photovoltaics, photocatalysis, photon upconver-
sion and other nonlinear phenomena like reverse saturable
absorption under low irradiance.
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An unprecedented ultra-long-lived triplet
excited state (93 ms in water at 25°C) has
been measured for a globular glycoden-
drimeric tridecafullerene. The photo-
physics of S, and T,, T, quenching by O,
and N;~, and molecular modelling pro-
vide unequivocal evidence of the role
played by the molecular design of the
spacers connecting the core—shell Cq,
units and the Cgy-sugars on the degree of
water solvation and its effect on this re-
markable finding.
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