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Abstract: We report the fully-fledged photophysical characterization of isomerically pure,
empty-caged, tubular fullerenes Dsh-Coo and Dsg-Ci00 and compare their key properties. In
particular, the focus was on cage sizes between 60 and 150 carbon atoms with D3, D3g4/n, and Dsg/n
symmetry. The optical band gap of Ds4-Cigo is 1.65 eV, which is larger than 1.37 eV of Dsp-Cop. In
stark contrast to the nonluminescent Dsp-Coo, Dsg-Cioo luminesces at room temperature.
Transient absorption spectroscopy shows that photoexcited Dsq-Cigo is subject to a slow
intersystem crossing that generates a triplet excited state. In contrast, a fast, nonradiative
internal conversion governs the deactivation of Dsy-Cop: In this case, exploring the corresponding
triplet excited state required triplet-triplet sensitization experiments with anthracene. Density
functional theory calculations revealed the electronic structure of the fullertubes, and
calculations are consistent with our experimental findings. The calculated band gap
systematically decreases with the number of carbon atoms within the D3 and Dsg/n series. In
contrast, an oscillating behavior is noted within the series of Dsqm fullertubes. Finally,
photoexcited Ds¢-Ci00 was found to undergo hole transfer with electron-donating triethylamines
readily but not electron transfer with electron-accepting methyl viologens.
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Introduction:

Thirty years ago Kratschmer and Huffmann achieved a breakthrough in synthetic carbon
allotrope research by reporting the large-scale synthesis of buckminsterfullerenes.'® Ever since,
the most abundant fullerenes, Cso and C;o, have been the two most intensely investigated
nanocarbons. Applications range from materials science and medicinal chemistry to nanoscience
and many more.* In the past, many investigations have focused on higher fullerenes up to Csa
and isomers thereof. Research on even higher fullerenes faces, however, two major
impediments. The first is the drastically increasing number of isomers as the number of carbon
atoms increases, and the second the limited solubility of higher empty-caged fullerenes.>®

To overcome these hurdles, two strategies, exohedral and endohedral functionalization, have
been used that allow isolation and characterization of higher fullerenes beyond Cgs. Exohedral
functionalization vyields, for example, chlorinated fullerenes such as tubular Cigo-Cl12, C104-Cl22,
and Ci0s-Cl12.7° A major drawback of this approach is, however, that the electronic structure of
the resulting fullerenes is heavily perturbed and bears little or no resemblance to that of pristine
fullerenes. Endohedral functionalization based on encapsulating metals or metal carbides
contributes to the stabilization of higher fullerenes. It relies on the transfer of electrons/charges
from the encapsulated species to the fullerene.®! However, this endohedral functionalization
also alters the electronic structure of the carbon framework through the redox reactions
between cage and guest, even though the fullerene framework remains intact.

Recently, Stevenson et al. reported the isolation of the largest fullerenes to date; up to Cise,*?
most notably the highly symmetrical Dsph-Coo and Dsg-Cigo. Their tubular shape is essentially a
structural combination of single-walled carbon nanotubes (SWCNTs) and fullerenes.
Correspondingly, they are termed fullertubes. In an independent study, they also reported the
further characterization of Dsp-Coo and Dsq-Cio0 by means of 3C NMR, XPS, and Raman
spectroscopies. Raman and 3C NMR results were consistent with semi-conducting and metallic
properties for Dsh-Coo and Dsg-Cioo, respectively.t3

To date, the excited-state dynamics of empty-caged, tubular fullerenes beyond Css remain
completely unexplored. This is where the current work sets in. We report on the characterization
of these recently isolated, isomerically pure nanotubular Dsp-Coo and Dsg-Cigo. Additionally, to
compare our experimental findings we investigated several series of tubular fullerenes up to Ciso,
by means of quantum chemical calculations. In a nutshell, tubular fullerenes with Dz or D3g/n
symmetries follow a trend of decreasing optical band gap with increasing cage size. In contrast,
increasing the cage size of tubular fullerenes with Dsq/n symmetry results in an oscillating optical
band gap. Furthermore, our experimental results show that Dsg-Cigo luminesces upon
photoexcitation and is subject to slow intersystem crossing that results in the population of a
triplet excited state. Photoexcited Dsn-Coo, on the other hand, deactivates via nonradiative
internal conversion on a ps-time scale.



Results and Discussion:

Dsh-Coo and Dsg-Ci00 Were produced and isolated as reported recently by Stevenson et al.}>13 The
ground-state electronic absorption spectra of Dsp-Coo in toluene and Dsg-Cigo in carbon disulfide
(CS2) are shown in Figure 1a. Dilute solutions of Dsy-Coo are yellow and feature strong absorptions
all the way up to 600 nm with major maxima at 327, 338, 376, 418, 478, and 583 nm. The latter
tails off on in the red with an absorption onset at around 920 nm.

Overall, the absorption spectra are in sound agreement with those reported previously.*>* The
ground-state absorption spectrum of Dsq-Cig0 in CS; features major absorptions at 411, 573, and
661 nm, followed by a low-intensity 755 nm shoulder and an absorption onset at 780 nm. The
strong maximum in the visible range lends Dsg4-Ci00 @ purple color in solution. This renders it
potentially useful as photosensitizer and/or building block in charge-transfer systems. Absorption
spectra recorded in o-xylene are virtually identical to those found in CS; for Ds4-Ci00 €xcept that
all maxima are blue-shifted by approximately 4 nm (see Figure S8).

Dsh-Coo lacks any detectable fluorescence. In contrast, Dsq-Ci00 reveals fluorescence beyond 750
nm with 765 and 900 nm maxima. Saturating CS; solutions of Ds4-C10o With dioxygen rather than
nitrogen strongly quenches the Dsg-Ci00 fluorescence (Figure S9). At the same time, we detected
fluorescence at 1270 nm, which we assign to the photoluminescence characteristics of singlet
dioxygen. In fact, an excitation spectrum taken at 1270 nm is a perfect match to the Ds4-Cioo
absorption spectrum (Figure S10). Singlet dioxygen sensitization implies, however, the presence
of a photo-sensitizer in its triplet excited state. Accordingly, we postulate that Dsq-Cigo
deactivates, at least in part, via intersystem crossing. This is in stark contrast to the trend
observed for higher fullerenes smaller than Dsg-Ci00, Which give negligible triplet quantum
yields.’> No singlet dioxygen photoluminescence was detected upon photoexcitation of
dioxygen-saturated solutions of Dsy-Cop in, for example, toluene.

Next, we turned to the excitation energy gaps. The lack of fluorescence for Dsp-Coo made it
necessary to derive its excitation energy gap from the 920 nm absorption onset to give a value
of 1.34 eV in toluene. For Dsg-Ci00, we used the long-wavelength absorption and the short-
wavelength fluorescence to derive a value of 1.61 eV.

Our experimental results encouraged us to revisit the theoretical predictions for higher
fullerenes.’® First, we looked into the electronic structure of I1n-Cso and Dsn-C70 to benchmark
our density functional theory (DFT) calculations (see Supporting Information (SI) section 3.2 for
details). Pure density functionals, such as BLYP,'’ provide reasonable quantitative values for the
HOMO-LUMO and electrochemical gaps (see Sl sections 3.2 and 3.4 for details). Optical gaps are
best predicted through time-dependent DFT calculations with hybrid functionals with small
proportions of Hartree-Fock exchange, for example, B3LYP,8 TPSSh,® or PBE1PBE.%° In excellent
agreement with the experimental results, the TD-B3LYP/def2-SVP band gaps, that is, the lowest
vertical transition, are for Dsh-Coo and Dsg-Ci00 1.37 and 1.65 eV, respectively.
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Figure 1. (a) Absorption spectra of Dsp-Coo in toluene (gold) and Dsa-Ci00 in CS2 (blue) normalized
to the 336 nm, and 573 nm maxima, respectively. (b) Differential absorption spectra on the
subpicosecond (fs) time scale obtained from ultrafast transient absorption (TA) experiments (Aexc
=480 nm) of Dsp-Coo in degassed toluene with several time delays between 1 and 2500 ps at room
temperature. (c) Differential absorption spectra on the nanosecond time scale obtained from TA
experiments (Aexc = 570 nm) of Ds4-C100 in degassed CS; with several time delays between 2 ns and
100 us at room temperature. Time delays for (b) and (c) are given in the corresponding legends.



To put our experimental results into context, we further explored the trend of the HOMO-LUMO,
optical, and electrochemical gaps within the series of tubular fullerenes between Cso and Ciso
with D3, D34/n, and Dsq/n symmetry (see Sl section 3.5). The gaps of tubular fullerenes with D3 and
Dsg/h symmetry decrease continuously with increasing cage size. It is noteworthy that fullertubes
of D3 symmetry consistently have a lower gap than the D3q/n analogous with the same number of
carbon atoms. Contrary to these findings, the gaps of the Dsq/n series oscillate with a pattern
repeating after every third species; for example, large gaps are found for Dsh-C70 and Dsp-Ci30 and
small gaps for Dsg-Cso, Dsh-C110, and Dsg-Ciao (see Figures S22-S24).

In addition to the optical properties of the fullertubes, we were interested in their reduced and
oxidized states. Differential pulse voltammetry (DPV) and cyclic voltammetry (CV) experiments
in 1,2-dichlorobenzene (0-DCB) disclose two reversible reductions for Dsp-Coo at —1.1 and -1.4 V
versus Fc/Fct and a single oxidation at +0.6 V versus Fc/Fc* yielding an electrochemical band gap
of 1.7 eV (Figures S4 and S5). For Dsg-Ci00, we find three reversible reductions at -1.1, -1.3, and
-1.7 V versus Fc/Fc* and one single oxidation at +0.9 V versus Fc/Fc* resulting in an
electrochemical band gap of 2.0 eV (Figures S6 and S7).

To calculate the first reductions and oxidations, we optimized the structures on the B3LYP/def2-
SVP level of theory and described the solvent environment with the polarizable continuum model
(PCM) o0-DCB.?2* A thermodynamic correction of the zero-point energy was achieved by
calculating the normal modes within the harmonic approximation. For Dsy-Cog, the calculated
values are -0.97 and +0.73 eV versus Fc/Fc* for the first reduction and oxidation, respectively.
For Ds¢-Ci00, those are found at —=1.04 and +0.85 eV versus Fc/Fc*. The calculated values are in
near-perfect agreement with the experimental results, whereas deviations may probably stem
from deficiencies within the PCM model or the neglecting of ion pairing effects.

To corroborate the conclusions drawn from the fluorescence measurements, we turned to
ultrafast transient absorption (TA) pump-probe spectroscopy on the sub-pico- (fs-TAS) and -
microsecond (us-TAS) time scales. For nonfluorescent Dsh-Cop, the differential TA spectra, which
were recorded in toluene right after the 480 nm photoexcitation, include maxima at 434, 553,
595, 670, 760, 1098, and 1201 nm (see Figure 1b). Features in the near-infrared are broad in
nature with a 1098 nm maximum. Notably, the maximum around 570 nm masks the bleaching
due to ground-state absorption. From single-wavelength and global analyses we estimate that all
of the aforementioned features decay with a lifetime of 125 ps. (Commencing with time delays
of 800 ps, no transient absorption changes are discernible.) By virtue of a single species present
that decays monoexponentially, we hypothesize that its origin is that of a singlet excited state. In
line with the fluorescence assays, the decay is nonradiative without any significant intersystem
crossing.'®

Next, we carried out triplet-triplet energy transfer (TTET) experiments in toluene with
anthracene as the energy donor and Dsh-Cop as the energy acceptor to generate triplet excited-
state TA signatures. Figure S3 surveys us-TAS results for anthracene with a time delay of 3.00 ps
upon 387 nm photoexcitation in the absence and presence of Dsh-Coo. In the presence of Dsp-Cag,
the differential TA spectrum gives rise to a 478 nm minimum, which is perfectly in line with the
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corresponding steady-state absorption maximum of Dsy-Coo. Maxima are discernible at 574 and
890 nm, albeit broad and weak. From kinetic analyses, we confirm TTET; that is, the anthracene
triplet excited state decay goes hand-in-hand with Dsh-Cop triplet excited state formation. The
sensitized triplet excited state lifetime is 20.1 us, as determined by single wavelength analysis of
the 890 nm time absorption profiles.

Turning to fs-TAS experiments with Dsq-Ci00 in CS2, immediately after 570 nm, photoexcitation
maxima at 364, 684, and 828 nm are noted together with a minimum at 410 nm (see Figure 1c).
Single-wavelength and global analyses resulted in a 5.54 ns lifetime of the underlying singlet
excited state, a value that is in the typical range of singlet excited-state deactivation. A closer
analysis of the fs-TAS reveals that the singlet excited-state decay coincides with the parallel
formation of transient maxima at 420, 484, and 649 nm. From ps-TAS, a dioxygen-sensitive
lifetime of 15.4 ps was determined (see Figure S11). This finding supports the notion that the
decay is that of a triplet excited state. In TTET experiments with energy-donating anthracene, we
found the same spectral characteristics. In o-xylene, the same triplet excited-state fingerprints
gave rise to a longer lifetime of 97.7 us (see Figure S12). (We attribute the shorter lifetime in CS;
to residual dioxygen in the solvent and to lower viscosity compared to o-xylene.)

In general, fullerenes are excellent electron acceptors. They are widely used as building blocks in
energy-conversion schemes. SWCNTSs, on the other hand, are better characterized as electron
donors.?>%3 Dsg-Cioo is the archetype fullertube, whose structure resembles that of a finite, end-
capped (5,5)-armchair SWCNT. As such, we probed the electron-accepting properties of
fullerenes and those of the electron-donating SWCNTs with, however, the same building block,
that is, Dsq-Ci100. To this end, we employed electron donating triethylamine (EtsN) and electron
accepting methylviologen (MV?*), respectively, in us-TAS experiments (see Figure S13). (The lack
of triplet excited states for Dsh-Coo hampered any diffusion controlled electron transfer
experiments.) Despite the presence of variable EtsN concentrations, upon 570 nm
photoexcitation in fs-TAS, the Dsq-Cioo singlet excited state is seen to transform to the
corresponding triplet excited state. It is important that the intersystem crossing dynamics remain
virtually unchanged even in the presence of 10 M EtsN. However, the triplet excited-state
fingerprints are subject to a faster decay. For example, rather than seeing a 15.4 ps lifetime in
the absence of any EtsN, vide supra, it takes 1.70 ps in the presence of 10™* M EtsN, by which the
425,490, 547,648, and 681 nm maxima are replaced by 432, 498, and 617 nm maxima. The latter
are assigned to the one-electron reduced form of Dsg-Cigo. Given that the oxidation of the
strongly electron donating EtsN occurs at +0.69 V versus SCE,?*2> together with the Dsg4-Cioo
reduction of -0.7 V vs SCE, we postulate a thermodynamically driven hole transfer from the
triplet excited state of Dsq-Ci00 to EtsN. In contrast, no detectable changes were noted at MV?*
concentrations as high as 10~ M. Here, the reduction of the electron accepting MV?* at -0.69 V
vs SCE?® together with the oxidation of Ds¢-Ci00 at +1.3 V vs SCE are, however, unfavorable to
electron transfer. (Values were converted to V versus SCE using the conversion E°1/2 (Fc/Fc*) =
+0.40 vs SCE.)



cap-view side-view

Figure 2. Electrostatic potential (red: —0.0025; blue: +0.0025 au) of Dsp-Coo, Ds4-Ci00, Dsn-Ci10,
and Dsq-C120 mapped on the electron density isosurface (0.001 au). Calculations performed with
BLYP/def2-SVP in the gas phase.

Recently, the importance of charge distribution within Dsp-Coo Was highlighted to govern the
cocrystallization with electron-rich nickel-porphyrins (NiP).1* NiP interacts preferentially with the
side of Dsn-Coo, Where the electrostatic potential is positive. This contrasts to the caps with their
negative electrostatic potentials. We repeated these calculations for Dsy-Coo, Dsd-Ci00, Dsh-Ci1o,
and Dsqg-Ci0 at the BLYP/def2SVP level, and the resulting electrostatic potential maps are shown
in Figure 2. The corresponding plots suggest that Dsh-Cgo, Dsg-C100, Dsh-Ci110, and Dsg-Ci20 are best
described as two Cso caps with negative potentials connected by the same cycloparaphenylenes
with positive potentials. Such large areas of positive potential are promising for a complexation
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with, for example, cycloparaphenylenes (CPPs). CPPs not only are shape complementary but also
feature negative electrostatic potentials on their concave sides.?” We therefore hypothesize a
significant stability of CPP complexation with longer fullertubes. These experiments are the focal
point of ongoing studies.
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