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Abstract: The induction of chirality on pristine full-
erenes through non-covalent embedding in an asymmet-
ric nano-confinement has only been rarely reported.
Bringing molecules with such a unique electronic
structure and broad application range into a chiral
environment is particularly appealing for the develop-
ment of chiroptical materials, enantioselective photo-
redox catalysts and systems showing chirality-induced
spin selectivity (CISS). In this study, we report the
formation of a chiral, configurationally stable Pd2L4

capsule assembled from a C2-symmetric, ‘ribbon-shaped’
ligand with a Tröger’s base naphthalimide (TbNaps)
backbone, easily synthesized in three steps from com-
mercially available compounds. Embedding chirality
directly into the ligand backbone ensures a relatively
lightweight receptor design whose aromatic panels
create a strongly shielded inner cavity of about 700 Å3

volume. Fullerenes C60 and C70, as well as a pair of
corannulenes, can be bound in acetonitrile (where
unsubstituted fullerenes are insoluble) and X-ray struc-
tures of host-guest complexes were obtained. Tight
interactions between the chiral host and the fullerene
guests leads to the induction of a circular dichroism
(CD) on the characteristic absorption bands of the
forbidden π–π* transitions of the fullerenes, backed up
by sTDA TD-DFT calculations and detailed investiga-
tion of the electronic excited states.

Introduction

Fullerenes are among the most extensively studied mole-
cules in chemistry, renowned not only for their unique
spherical structures but also for their distinct electronic
properties, leading to broad applications in materials
science,[1] photovoltaics,[2] molecular electronics,[3] and
medicine.[4] Fullerenes and supramolecular chemistry have
been closely intertwined over the years,[5] especially because
fullerene purification and selective derivatization are notori-
ously challenging tasks that have greatly benefited from
advancements in the field of weak interactions. Numerous
supramolecular hosts have been developed to interact with
fullerenes, facilitating their separation, chemical modifica-
tion and application as materials. These hosts include for
example organic rings and cages,[6–10] tweezers,[11,12] metal–
organic frameworks (MOFs),[13–15] and discrete coordination-
driven architectures.[16–19] Recently, this last category has
garnered considerable attention, mostly because of the ease
of synthesis and modularity of such compounds, obtained by
self-assembly between simple organic building blocks and
metal ions in solution.[20,21] Several studies have shown the
encapsulation of the most common fullerenes C60 or C70 but
also of bigger ones such as C84 or derivatives such as
PCBM.[22–30] More recently, there has been a growing
interest in developing hosts that control the precise covalent
functionalization of fullerenes.[23,31–34] However, one area
that remained largely underexplored is the introduction of
chirality into such vessels, going along with a transfer of this
chirality to the encapsulated fullerene guest. There are only
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a few reports on chiral induction onto fullerenes through
supramolecular interactions and most of these focus on
fullerene networks featuring extensive guest-guest
interactions.[35–39] Tightly closed supramolecular capsules, as
compared to their more open-meshed cage analogs, often
show intimate host-guest interactions. This has been show-
cased by Yoshizawa and co-workers in their studies on the
encapsulation of a wide variety of neutral guests, including
fullerenes, in anthracene-panelled Pd2L4 capsules,[40–42] just
recently also including a chiral derivative carrying exohedral
sugar attachments.[43]

A few years ago, some of us reported dibenzo[2.2.2]-
bicyclo-octane- and triptycen-based ribbon-shaped ligands
to create lightweight, shielded Pd2L4 assemblies that encap-
sulate various polyaromatic hydrocarbons, including
fullerenes.[22,23,44] Others of us studied a range of polycyclic
aromatic derivatives of the chiral Tröger's base motif,
featuring a similar ‘ribbon-shaped’ core structure as the
aforementioned ligands, for a wide range of
applications.[45–47] Recently, we teamed up to combine the
design of modularly self-assembled, atom-economic hosts
for fullerenes with the inherent chirality of Tröger's base.

While Tröger's bases were first introduced into metal-
losupramolecular assemblies by the Lützen group,[48–53] we
herein report the first chiral Pd2L4 coordination capsule
obtained from a Tröger's base backbone with naphthalimide
(Nap) moieties ensuring an almost fully enclosed cavity. We
show it to encapsulate either a pair of corannulenes, a single
C70 and also selectively extract C60 from complex mixtures of
polyaromatic hydrocarbons, highlighting its potential for
purification applications. Furthermore, we show that the
chirality of the host is transferred to the encapsulated
fullerene guest as we could observe Cotton effects emerging
from the absorption bands of the forbidden t1u

!hu fullerene
electronic transitions.

Results and Discussion

The 1,8-naphthalimide Tröger's base (TBNap) ligand LP/M

used herein was synthesised as its racemate through a
modified three-step procedure previously used in the
Gunnlaugsson group (SI),[45–47] starting from the commer-
cially available 4-nitro-1,8-naphthalic anhydride and 3-
amino-pyridine. Combining racemic LP/M with a Pd(II)
precursor such as [Pd(CH3CN)4](BArF)2 (tetrakis[(3,5-
trifluoromethyl)phenyl]borate, BArF, as large, non-coordi-
nating counter anion) or [Pd(CH3CN)4](BF4)2 in a 2 :1 ratio
in DMSO-d6 or CD3CN produced one major set of
resonances in the 1H NMR spectrum which we attributed to
the formation of both of the homochiral Pd2L

P
4/Pd2L

M
4

lantern-shaped cages (Figure 1b). However, several other
signals could be observed in the spectrum, and we inferred
that a smaller number of other isomers were also concom-
itantly formed. Hence, fully narcissistic chiral self-sorting
was not achieved under these conditions. Further evidence
for the formation of the dinuclear Pd2L4 motif in solution
was obtained by ESI-MS analysis (observation of 4+ , 3+

and 2+ charged species) and by 1H NMR DOSY spectro-

scopy (SI). On the other hand, we observed clean narcissistic
chiral self-sorting upon crystallisation, and single crystals
containing the two enantiomers Pd2L

P
4/Pd2L

M
4 in a 1 :1 ratio

(racemic mixture of the two enantiomers in triclinic space
group P1) could be grown by slow solvent evaporation from
a mixture of the LP/M TBNap ligand and [Pd(CH3CN)4]-
(BF4)2 in chloroform/acetonitrile over two weeks. The
structure resembles a Pd2L4 lantern in which the two PdII

ions are linked by four ligands, providing a Pd� Pd distance
of �14 Å. Void volume calculations were performed on the
Pd2L4 skeleton by a rolling probe method using the Molovol
software[54] (probe sizes=2.8 Å, 6 Å), revealing an internal
cavity of more than 700 Å3 (Figure S73). The size and
spherical shape of the cavity, along with the tightly arranged
aromatic naphthalimide panels, were anticipated to provide
an optimal environment for the binding of larger polycyclic
aromatic hydrocarbon (PAH) guests.

Indeed, upon heating the mixture of the isomeric Pd2L4

assemblies and powdered fullerene C60 at 85 °C overnight in
CD3CN (or DMSO-d6), the colour of the solution was
observed to change from yellow to brownish. The 1H NMR

Figure 1. a) Self-assembly of racemic ligand LP/M with Pd(II) cations.
Complete narcissistic chiral self-sorting occurs only upon guest
encapsulation. b) Stacked 1H NMR spectra (298 K, CD3CN, 500 MHz)
of the mixture of cage isomers and the outcomes of the encapsulating
different PAHs. c) X-ray structures of the two cage enantiomers
resulting from chiral self-sorting during crystallization.
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spectrum revealed a single new set of 1H signals, showing
downfield shifting for all protons on the naphthalimide
units, with the inward-facing protons of the cage (Ha)
shifting upfield, indicating an interaction with the π-rich
surface of C60 (Figure 1b). In the 13C NMR spectrum
(CD3CN), a prominent signal at 141.2 ppm corresponding to
encapsulated fullerene C60 was also observed. A similar
phenomenon occurred when we offered corannulene (cora)
as guest, as the mixture converged towards a unique set of
signals corresponding to host-guest complex (cora)2@Pd2L

P
4/

Pd2L
M
4 (Figure 1b). Hence, the system underwent complete

narcissistic chiral sorting in solution, templated by inter-
action with the guest molecules. When the cage mixture was
stirred at 85 °C in the presence of C70, a similar colour
change could be observed, with the sample turning reddish.
The 1H NMR spectrum, however, remained very complex
and we attribute this to either the formation of several
isomers of the host-guest complex in solution (in terms of
composition of enantiomeric ligands), or the desymmetriza-
tion of the host-guest complexes by conformationally
locked, non-spherical C70, or a combination of both (Fig-
ure 1b). The exclusive formation of dinuclear cages contain-
ing a single fullerene was confirmed by HR-ESI-MS where
solely the signal of [C70@Pd2L4]

4+ was identified (Fig-
ure S53).

Next, the two TBNap enantiomers were separated by
chiral HPLC on an IA Chiralpak column using a mixture of
DCM and MeOH (97.5/2.5) as eluent. The 1H NMR spectra

in CD3CN of the two separate fractions were identical to
that of the racemic mixture in the same solvent (Figure S15)
and showed mirror image behaviour in circular dichroism
(CD) spectroscopy. By comparing the signs of the observed
Cotton effects with literature values reported for similar
derivatives possessing the same TBNap core structure, we
could empirically assign the absolute configuration.[51] This
assignment was further confirmed by X-ray crystallography
of the cages formed from the (isolated) enantiomers, using
the anomalous diffraction method (Flack parameter 0.028(7)
and 0.05(2) for Pd2L

P
4 and Pd2L

M
4 respectively; Figure 1c

and Table S3–4). Consequently, the first eluted fraction
corresponds to the LM enantiomer, while the second is
attributed to the LP enantiomer.

When mixed in CD3CN with a Pd(II) source, enantio-
merically pure ligands LP or LM yielded the anticipated cages
Pd2L

P
4 or Pd2L

M
4 as pure products (from this point forward,

we use a single enantiomer notation unless the behaviours
of the enantiomeric cages are being compared). The
resulting cages displayed a single set of signals in the 1H
NMR spectrum, matching the major set of signals of the
mixture resulting from the use of the racemic ligand (Fig-
ure 2a). The Pd2L4 stoichiometry could again be unambigu-
ously confirmed by using ESI-MS analysis, as well as DOSY
NMR, which yielded a hydrodynamic radius of rh= 12.8 Å
(in CD3CN) which is typical for this type of dinuclear cage
assembly. Finally, as mentioned above, we obtained crystals
of both the Pd2L

P
4 and Pd2L

M
4 cages by slow vapor diffusion

Figure 2. a) Stacked 1H NMR (298 K, CD3CN, 500 MHz) spectra of enantiopure TBNap ligand LP, enantiopure cage Pd2L
P
4 and host-guest

complexes C60@Pd2L
P
4, C70@Pd2L

P
4 and (cora)2@Pd2L

P
4. b) HR-ESI-MS spectra of C60@Pd2L

P
4, C70@Pd2L

P
4 and (cora)2@Pd2L

P
4. Magnified areas

correspond to the 4+ species without counter anion and show the measured and calculated isotopic patterns. c) Corannulene displacement by C70

upon heating the sample over 72 hours. The two boxes highlight the binding preferences established through competition experiments as well as
the selective fullerene purification from a complex mixture of PAHs.
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of diverse solvents into acetonitrile solutions (see Support-
ing Information for structures).

Next, we examined all ligands and assemblies by UV/Vis
absorption spectroscopy. In accordance with a previously
reported derivative bearing a para-pyridine donor group,[55]

ligand LP/M showed an absorption band in the UV region
centred at 346 nm, which corresponds to a π–π* transition,
as well as a broader band around 385 nm attributed to an
internal charge transfer (ICT) transition of the TBNap unit
(Figures 4a, S58). Following its coordination to Pd(II)
cations, the absorption properties remain nearly identical to
those of the free ligand with no significant shifts of these
bands, despite slight changes in their absorbance. The
addition of a small excess of Pd(II) did not further alter this
spectrum, confirming that the fully assembled Pd2L

M
4 cages

were the only relevant compounds even at the lower
concentrations used for these optical spectroscopy experi-
ments. Additionally, both the ligand and the cage exhibited
a shoulder in the far-UV region, clearly observable at
265 nm. The similarities between ligand and cage enantiom-
ers were also reflected in their CD spectroscopic profiles.

We then proceeded to investigate the host-guest proper-
ties of the enantiopure assemblies. As with the racemic cage
mixture, homochiral cage Pd2L

P
4 could take up one fullerene

C60 or two molecules of corannulene (Figure 2a). When a
solution of the cage was stirred at 70 °C in the presence of
an excess of C70 powder, the 1H NMR signals of the
assembly shifted significantly, with the shift of the inward-
pointing proton Ha being notably affected (Figure 2a). These
changes in the chemical environment, comparable to obser-
vations made for other host-guest systems, indicate the
encapsulation of fullerene C70 within the available inner
space of the cage. The encapsulation of the three guests was
further confirmed by ESI-MS analysis, where prominent
peaks for [C60@Pd2L

P
4]
4+, [C70@Pd2L

P
4]
4+ or

[(cora)2@Pd2L
P
4]
4+ could be identified in the respective

spectra (Figure 2b). We attempted the encapsulation of
several other planar aromatic guests (coronene, pyrene,
benzopyrene), but these efforts were unsuccessful. As the
solubility of fullerene is dramatically low in CD3CN, we
could not directly determine the binding constants for these
host-guest interactions in this solvent. However, competition
experiments enabled us to establish a ranking of the binding
strengths between the three guests as follows: C60>C70>

cora. When a preformed solution of (cora)2@Pd2L
P
4 (still

with corannulene excess, as it is slightly soluble in
acetonitrile) was stirred at 70 °C in presence of powdered
C60 or C70, we observed the slow and gradual replacement of
corannulene in the cavity (see Figure 2c for example and
Figure S54–56). After 72 h, the guest exchange reactions
were completed and only the signals corresponding to
C60@Pd2L

P
4 (SI) or C70@Pd2L

P
4 (Figure 2c), respectively,

could be observed by NMR. On the other hand, when a
solution of empty Pd2L

P
4 was stirred at 70 °C in the presence

of C60 and C70 (SI), the recorded 1H NMR spectrum after
24 h showed only signals corresponding to C60@Pd2L

P
4.

Further heating did not lead to any changes. Thus, we
conclude that this represents the thermodynamic minimum
of the system and not a kinetically trapped state. We could

also demonstrate the selective extraction and purification of
C60 from a mixture containing several PAHs (see box in
Figure 2), or from carbon soot. When those mixtures were
stirred with an acetonitrile solution of Pd2L

P
4, C60 was the

only PAH taken up by the cage assembly. Following this,
addition of toluene and centrifugation resulted in precipita-
tion of the C60@Pd2L

P
4 host-guest complex and solubilization

of the other PAHs. We could then recover uniquely the
C60@Pd2L

P
4 species (Figure S57).

More intriguingly, when C60@Pd2L
P
4 was stirred in a

biphasic system with carbon disulfide (CS2), no fullerene
release was observed, attesting an extremely strong affinity
of the cage for the guest, as compared to the reported
example of a similar extraction experiment.[22] The replace-
ment of corannulene is most likely driven by both entropy
(as one fullerene releases two molecules of corannulene)
and enthalpy (with an increase in favourable π–π interac-
tions between the host and guest) effects. On the other
hand, we attribute the selective binding of C60 over C70 to a
better fit of spherical C60 to the globular cavity of Pd2L

P
4.

These arguments could be confirmed by obtaining
crystals of (cora)2@Pd2L

P
4 and C60@Pd2L

M
4 suitable for

synchrotron diffraction analysis, as well as by preparing a
DFT-optimized model (ωB97X-D/def2-SVP) for C70@Pd2L

P
4

(Figure 3). The host-guest species (cora)2@Pd2L
P
4 crystalli-

zes in the C2 space group while C60@Pd2L
M
4 does so in the

P1 one. Comparing the crystal structure of the empty host
with those of the host-guest complexes indicates an induced-
fit phenomenon, also referred to as the “breathing”
mechanism.[56,57] In the empty cage, the Pd� Pd distance
measures 14.0 Å, while the average N� N distance between
the oppositely arranged Tröger's base backbone nitrogen
atoms is 17.1 Å (Figure 3a), respectively. The same distances
in the C60@Pd2L

P
4 host-guest complex are 15.5 Å and 15.3 Å,

respectively. In contrast, in the (cora)2@Pd2L
P
4 complex,

they are 14.8 Å and 16.3 Å, respectively. Apparently, the
host undergoes a lateral contraction (concomitantly with an
increase of the Pd� Pd distance) to maximize the host-guest
π–π interactions. Such breathing phenomenon was also
observed in the DFT-optimized structures of all the host-
guest complexes (Table S1). The perfect fit of fullerene C60

within the cavity of Pd2L
P
4 is emphasized by visualizing the

Conolly surface representation of the guest that shows a
nearly fully occupied inner space (Figure 3b).

These strong interactions between the chiral host and
the guests prompted us to investigate the photophysical
characterisation of these systems further (Figure 4). Encap-
sulation of fullerene C60 in a 1 :1 manner resulted in a clear
rise of the far-UV band observed in the absorption
spectrum, with the shoulder initially located at 265 nm
becoming a clear band centred at the same wavelength
(Figure 4a). This effect is also observed for C70, however in a
more moderate fashion. The C60 binding also leads to a
broadening of the following band, previously centred at
346 nm, and concomitantly, two new maxima can be
observed around 338 nm and 348 nm, respectively. Eventu-
ally, the band centred at 385 nm undergoes a hypsochromic
effect, as well as a more pronounced tailing observable up to
500 nm at this concentration. While C70 leads to similar
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modifications for the first band at 346 nm, the effect is
significantly stronger for the second one. Indeed, not only
does the absorption band (initially located at 390 nm) show
a clear tailing to higher wavelengths but the emergence of a
new band around 500–550 nm becomes observable. Compar-
ison of the UV/Vis absorption spectra at a higher ligand
concentration of 1.4 mM, in the assemblies, further strength-
ens the previous observations. The empty cage absorption

band completely disappears at 475 nm (assigned to the ICT)
while the one for the cage with C60 is extended up to
600 nm. On the other hand, the host-guest complex of C70

presents a new band at 485 nm with a shoulder at 565 nm
and is still visible at 650 nm at this concentration. The strong
π–π interactions between the naphthalimide moieties of the
TBNap ligands, amplified by the curved shape of the latter,
and the fullerenes within the cavity, result in the formation

Figure 3. a) From left to right, crystal structures of “empty” Pd2L
M

4, (cora)2@Pd2L
P
4 and DFTmodel of C70@Pd2L

P
4. b) Crystal structure of

C60@Pd2L
M

4 with the surface representation of the fullerene to highlight the occupied volume of the cavity. The inset shows a zoom on the aromatic
panel to C60 interaction by π–π stacking. For both a) and b), the Pd� Pd and N� N distances (marked in purple), measured in solid-state, are given
to emphasize the “breathing” phenomenon.

Figure 4. a) The UV/Vis absorption spectra comparison of the ligand, empty cage and the two fullerene host-guest complexes at 0.12 mM in ligand
concentration. The right spectrum shows the 450–750 nm region for the same species with a ligand concentration of 1.4 mM. New bands
emerging from the symmetry-forbidden t1u

!hu electronic transitions of fullerenes C60 and C70 can be seen. b) The fluorescence emission spectra of
the TBNap ligand, empty cage and the two fullerene host-guest complexes displaying the luminescence increase upon cage formation and
quenching upon guest binding within the cavity.
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of an aromatic electron-poor/electron-rich host-guest com-
plex.

Having investigated the ground state interactions, we
next measured the fluorescence emission of the TBNap
ligand LP as well as the empty cage Pd2L

P
4 and the host-

guest complex C60@Pd2L
P
4 (Figure 4b). When excited at

350 nm, LP shows a broad emission band centred at 560 nm
and tailing up to more than 700 nm, while also displaying a
shoulder in the blue region at 430 nm. Interestingly,
coordination to Pd(II) led to an increase in the luminescence
intensity of the main band and the shoulder disappeared.
The emission remained overall broad (400 nm to >700 nm)
as is typically observed for such ligands. This increase in
emission is likely triggered by a restriction of motion of the
ligand in the rather tight cage assembly which results in a
suppression of nonradiative pathways. Excitation at higher
wavelengths such as 450 nm drastically decreased the
intensity of emission and blue-shifted the band to 520 nm.
Furthermore, the binding of C60 or C70 caused a severe
quenching in (the TBNap) fluorescence of the assembly and
the intensity decreased by a factor of five. A conceivable
explanation for this phenomenon would be a photoinduced
electron transfer (PET) from ligand to fullerene which
becomes competitive to the emission pathway (i.e. dark

states being populated). This is not surprising, as fullerenes
are known to be good electron acceptors.[58,59] Further, DFT
calculations (geometry optimization with the ωB97X-D
exchange correlation functional (XCF)[60] and def2-SVP
basis set[61] and single point energy calculation with the def2-
TZVP basis) for both free fullerenes C60/70 and the host-
guest complexes C60@Pd2L

P
4 and C70@Pd2L

P
4 allowed us to

obtain and visualize the frontier orbitals of the guests and
host-guest species (Figure S69–72). The HOMOs are fully
(for the C60 complex) or mostly (for the C70 complex)
located on the ligands while in both cases the LUMOs are
located on the fullerene guest.

Quite interesting observations were made when charac-
terizing the homochiral host-guest systems using CD spec-
troscopy (Figure 5a, see Figure S63 for a plot of gabs). At
0.12 mM concentration of TBNap (within the assembly),
encapsulation of C60 and C70 leads to the disappearance of
the small Cotton effects at 342 nm, 349 nm and 362 nm,
respectively, as well as the change in the CD signal sign at
329 nm. The CD band of the empty cage located at 390 nm
is redshifted, especially for C70, reaching 404 nm upon host-
guest formation. Eventually, even at this concentration, a
new CD band, with very low intensity, can be observed at
530 nm for the C70 host-guest complex. Increasing the

Figure 5. a) CD spectra comparison of the empty cages and the two fullerene host-guest complexes at 0.12 mM in ligand concentration. The right
spectrum shows the 450–750 nm region for the same species with a ligand concentration of 1.4 mM. b) Computed CD spectra of the empty cages
and the two fullerene host-guest complexes matching experimental data. The numbers on the right spectra correspond to the excited state number
yielding major contributions (dashed lines). c) Depiction of the molecular orbitals involved in the dominant CSFs of excited state 13 in the
C60@Pd2L

P
4 complex taken as an example. All MO isosurface pictures were produced using a 0.01 isovalue.
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concentration of the TBNap ligand to 1.4 mM in the
assembly, unambiguously confirmed the appearance of these
new CD bands. For the C60 host-guest complex, the
previously described absorbance tail becomes also observ-
able in the CD (gabs=2.00×10� 3 at 500 nm) and small
fluctuations are observable after 600 nm with a more
pronounced CD band centred at 687 nm (gabs=1.47×10� 3).
The effect arising from the C70 host-guest complex is even
more pronounced. Stronger CD bands centred at 530 nm
(gabs=2.18×10� 3), 590 (gabs=1.37×10� 3) as well as 645 (gabs=
3.31×10� 3) nm were observed. Moreover, a positive Cotton
effect at 485 nm is followed by a negative band at 563 nm.
All these effects emerge in a region in which neither the free
organic ligand nor the empty cage displays any CD
absorptions, and therefore can be attributed to the full-
erenes’ symmetry-forbidden t1u

!hu electronic transitions
under the influence of the chiral capsule environment.[35,37]

This also explains why their intensity is weak as compared
to the cage absorptions.

To unambiguously confirm that those absorption and
CD bands were the consequence of fullerene-centred
transitions, the UV/Vis absorption spectra of C60 and C70

and the host-guest complexes were recorded in benzene and
in a 1 :1 acetonitrile/benzene mixture, where all species are
soluble (Figure S62). This absorption region (450–700 nm)
corresponds to the typical window for symmetry-forbidden
t1u

!hu transitions in fullerenes (Figure S62). A detailed
analysis of the fullerene electronic situation can be found in
the experimental section (Figures S71,72). Comparing the
spectra of the free and the encapsulated C70 or C60 (Fig-
ure S62) in the previously mentioned absorption region,
confirmed their similar origin, as they can be accurately
matched. Moreover, these bands are in accordance with
those observed in the CD spectra (Figure 5a). Thus, we can
assume that the effects observed in the CD experiments are
emerging from a host-to-guest chiral induction of the chiral
Pd2L

P/M
4 capsule onto the pristine fullerene guest within its

cavity. We finally proceeded to a control experiment in
which free ligand at a concentration of 1.4 mM was mixed
with fullerene C60 or C70 in acetonitrile, sonicated and heated
to favour potential fullerene solubilisation (Figure S64).
Recording of the CD spectra does not show the previously
described bands, underlining the importance of the cage
environment both for solubilisation of the fullerene and for
the chiral information transfer.

We computed both UV/Vis absorption (see Supporting
Information for detailed analysis Figure S74) and the CD
spectra (Figure 5b) of the empty host and the two host-guest
complexes using the sTDA method,[62,63] def2-TZVP basis
set and PBE0 XCF,[63] and could satisfyingly reproduce these
spectral features. For all the structures, the strong contribu-
tion close to 250 nm was reproduced by the simulations, as
was the signal due to the Cotton effect close to 350 nm.

The rich CD feature in the 350–450 nm range also
matched well with a broadened tail extending to 450 nm and
the weaker signals observed beyond 500 nm. Again, this
host-guest binding resulted in major changes in the long-
wavelength region, where the empty cage does not present
any CD activity.

For C60@Pd2L
P/M

4, we observed a slight underestimation
of the CD intensity in the 450–550 nm spectral window,
while a stronger feature overlapping with the 600 nm tail in
the experimental spectrum was correctly modelled. The
weaker signals in the 600–650 nm range were more difficult
to match by broadening the CD lines with Gaussian
distributions, while the stronger features in the 650–700 nm
window match well with the simulation (contributions no.
13, 21, and 24 to the C60@Pd2L

M
4 signal highlighted with

dashed pink lines in Figure 5b). Similar results were
obtained for C70. However, the weak tail observed before
500 nm was shown to be more intense in the calculated
spectrum. The Cotton effect close to 500 nm and the feature
in the 550 nm region were reproduced, while the complex
feature in the 550–650 nm range showed an additional
Cotton effect slightly below 600 nm, which was not observ-
able in the experiment data. By inspecting the major
contributions to the CD spectrum of the C70@Pd2L

P
4

complex (dashed blue lines in Figure 5b), the ‘dip’ in the
positive CD band around 600 nm that was observed in the
experiment was rationalized by the presence of a strong
negative contribution present in the simulation at that
wavelength (excited state no. 21). Therefore, the negative
band at 600 nm in the predicted CD spectrum was produced
primarily because of a major overestimation of such
contribution, which shifted the signal to negative values.
This discrepancy between the computed spectrum and the
observed spectrum then affects the intensity of the signal
approximated by Gaussian broadening, while the energy
window of the CD signal matches the experiment.

Finally, an analysis of the CIS-like (CIS=configuration
interaction singles) wavefunction from the sTDA calcula-
tions provided deeper insight into the electronic structure of
the host-guest complexes and how the binding affects the
resulting optical properties (Table S2, Figure S75). The 400–
700 nm window was strongly affected by guest complexation,
as signals from the empty cage were negligible. For the sake
of brevity, and as an example in Figure 5c, we report the
canonical molecular orbitals no. 347, 349, 353, and 359 which
are involved in the dominant CSFs (configuration state
functions) in excited state number 13 of the C60@Pd2L

P
4

complex. Excited state no. 13 shows a strong mixing of the
CSFs, which have a large amplitude in the CIS wave-
function. Additionally, the dominant CSFs constitute full-
erene-centred excitations and host-guest charge-transfer
excitations, where one electron is moved from the fullerene
to the naphthalimide walls of the Pd2L

P
4 cage. The

resonance of these CSFs in the CIS wavefunction results in
the spectral features observed in the 400–700 nm regions of
the absorption and CD spectra.

Conclusions

We here report a new chiral Pd2L4 capsule based on readily
accessible, configurationally stable, Tröger’s base derived
ligands, featuring a cavity that strongly binds fullerenes C60

and C70 in polar solvents. By embedding the asymmetric
moiety right into the backbone of the curved, π-interacting
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ligand, a relatively lightweight chiral receptor could be
obtained. Through the effect of host-to-guest chiral induc-
tion, CD bands arise in the visible region, assigned to
characteristic electronic transitions within the fullerene
guests. The introduction of chirality to fullerenes has
attracted considerable attention over the last years and only
a few reports have so far described chirality transfer onto an
encapsulated, achiral fullerene via supramolecular
interactions.[43] While impressive progress has been made
with respect to covalent modification approaches to turn
pristine fullerenes into chiral derivatives, this often neces-
sitates laborious synthetic methods and purification
effort.[33,64–66] With an emergent interest in the chirality-
induced spin selectivity (CISS) effect,[67] growth of research
in the field of spintronics,[68,69] and fullerene-based
materials,[1,70,71] this type of supramolecular chiral induction
promises to find broader application in the near future.
Previously, we showed that one can generate a long-lived
C60 radical anion within the cavity of a Pd2L4 capsule based
on similar (but achiral) ribbon-shaped ligands.[72] Further
studies will now explore the possibility of generating and
stabilizing such radical species within the cavity of the herein
reported TBNap based chiral host to bring organic radicals
into a chiral environment. Furthermore, our system is
currently studied to serve as a modular platform for the
enantioselective covalent derivatization of encapsulated full-
erenes.
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