
Nanoscale

PAPER

Cite this: Nanoscale, 2024, 16, 21068

Received 31st May 2024,
Accepted 17th October 2024

DOI: 10.1039/d4nr02287d

rsc.li/nanoscale

Stability of [10–12]cycloparaphenylene complexes
with pristine fullerenes C76,78,84 and endohedral
metallofullerenes M3N@C78,80†

Markus Freiberger,‡a Olga A. Stasyuk, ‡b M. Eugenia Pérez-Ojeda, a

Luis A. Echegoyen, c,d Miquel Solà *b and Thomas Drewello *a

[n]Cycloparaphenylenes ([n]CPPs) are strained macrocycles, comprising only sp2-hybridized carbon

atoms. In recent years, [n]CPPs have become of great research interest in the field of supramolecular

chemistry since their special structure enables the formation of novel host–guest complexes. In this work,

we investigate the gas-phase chemistry of noncovalent complexes of [10–12]CPP with the pristine fuller-

enes C76/78/84 and the endohedral metallofullerenes (EMFs) Sc3N@D3h-C78, Sc3N@D5h-C80 and M3N@Ih-

C80 (M = Sc, Y, Lu, Gd). The [1 : 1] complexes with [10–12]CPP are detected as radical cations. The stability

and charge distributions of these complexes are studied using energy-resolved collision-induced dis-

sociation (ER-CID). Our results assess the size complementarity, the influence of fullerene symmetry and

size as well as the role of the metal size inside the EMF on the binding affinity and complex stability. Two

main trends in complex stability have been found: First, [10–12]CPP form more stable complexes with

EMFs than with pristine fullerenes and second, all complexes of EMFs with the C80 skeleton show similar

stability despite the different metal clusters encapsulated. Another major finding is the fact that [11]CPP is

generally the most suitable host for fullerenes with a C76/78/80/84 skeleton. Considering the charge distri-

butions, we observe the existence of two different fragmentation channels for complexes with EMFs

where the radical cation is either located at the CPP or at the EMF: (1) [n]CPP+• + EMF and (2) [n]CPP +

EMF+•. This behavior allows a clear distinction of the cage isomers ([11]CPP. Sc3N@Ih-C80)
+• and ([11]

CPP. Sc3N@D5h-C80)
+• in the MS2 experiment. The experimental results are accompanied by density

functional theory (DFT) calculations of ionization potentials (IPs) and fragmentation energies. The compu-

tational results fully confirm the measured order of complex stabilities and explain the prevalence of EMF

or CPP signals in the spectra by the trend in ionization potentials.

Introduction

The groundbreaking discovery of multi-walled carbon nano-
tubes1 and fullerene peapods2 paved the way for three decades
of intensive research regarding the supramolecular chemistry
of carbon networks with curved π-systems. Particularly, the
possibility to alter the unique electronic properties of carbon
nanotubes by encapsulating guest molecules, such as the

endohedral metallofullerenes (EMFs) Gd@C82,
3 La2@C80,

4,5

Dy@C82,
6 Ce@C82,

7 etc. attracted considerable attention.
Cycloparaphenylenes (CPPs) represent the shortest sidewall
segment of armchair carbon nanotubes.8 Since their first syn-
thesis in 2008,9 CPPs and their derivatives have become inten-
sively studied model systems in the field of supramolecular
chemistry. An important aspect regarding the complexation of
CPPs with fullerenes is the size and the shape complementar-
ity of both entities.10,11 The so far most studied CPP-fullerene
host–guest system is certainly the [10]CPP. C60 complex.12–18

Here, [10]CPP, featuring a cavity with a diameter of 13.9 Å,19

encloses C60, which has a diameter of 7 Å.20 This leads to an
intermolecular C–C distance of roughly 0.35 nm, which
strongly resembles the interlayer spacing of graphite
(0.34 nm)21 and is hence considered the ideal size difference.
[11]CPP and [12]CPP exhibit larger diameters of ≈15 (ref. 22)
and ≈16.5 Å.23 Accordingly, these CPPs are expected to prefer-
ably encapsulate fullerene guests larger than C60. For example,
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C70 adopts lying, standing, and half-lying orientations when
encapsulated by [10]CPP, [11]CPP, and [12]CPP, respectively.24

There are also reports suggesting complex formation between
[11]CPP and C76 or C78,

22 while [12]CPP was identified as a
suitable host for C84.

14

Several studies focused on the CPP-fullerene complexes
given their uses in fullerene purification and selective
functionalization,16,25 fullerene radical stabilization26,27 with
interest in energy storage and conversion applications such as
quantum information and solar cell technology,28 construction
of rotaxanes29,30 and interlocked structures, controlled release,
etc.31 However, the number of reports covering the complex
formation of CPPs with EMFs is very limited.22,32–37 Itami et al.
demonstrated that Gd@C82 is selectively bound by [11]CPP in
a mixture with various empty fullerenes.33 In addition, we and
other researchers have recently reported an enhanced stability
of the [10]CPP. Li+@C60 host–guest system compared to [10]
CPP. C60.

38–41 Interestingly, the computational investigation
of [11]CPP complexes with mono- and dimetallic EMFs
revealed no significant dependence of the complex stability on
the nature of the endohedral species.22 Thus, it remains
unclear whether the electronic nature of endohedral clusters
and the corresponding charge transfer to the fullerene cage
contributes to a stronger binding with CPPs in comparison to
complexes with pristine fullerenes of similar size. On the other
hand, the size selectivity of [11] and [12]CPP towards larger
fullerene cores remains also unclear. Several studies suggest
that [11]CPP is the ideal host for fullerenes with a C80/82

skeleton,22,32,33 while others works show that [12]CPP forms
very stable complexes with C78–C84 based fullerenes.34,35,37,42

This investigation compares host–guest complexes of
[10–12]CPP with the pristine fullerenes C76/78/84 and the EMFs
Sc3N@D3h-C78, Sc3N@D5h-C80, and M3N@Ih-C80 (M = Sc, Y, Lu,

Gd) aiming at the establishment of trends in their stability.
Electrospray ionization (ESI) mass spectrometry (MS) in combi-
nation with energy-resolved tandem mass spectrometry has
proven to be a very suitable tool for the analysis of CPPs and
their non-covalent complexes with C60 and C70.

15,43 This tech-
nique is used in combination with density functional theory
(DFT) calculations of ionization potentials (IPs) and fragmen-
tation energies to contribute to a deeper understanding of the
obtained experimental results.

Results and discussion

The first set of experiments is concerned with the complexa-
tion of [10–12]CPP with the pristine fullerenes C76,78,84 using
ESI MS. While of interest in its own right, this study also aims
at the determination of the ideal CPP host size for the desired
formation of complexes with C78- and C80-based EMFs. Thus
the pristine fullerenes C76,78,84 cover those fullerene sizes
employed in the EMFs, in particular as empty C80 was not
available to us. Complexation with the three fullerenes leads to
very similar results. While the mass spectra of the pristine full-
erenes C76/78 can be found in the ESI (Fig. S1 and S2†), C84 is
taken as a representative and discussed here in more detail.
The C84 sample used in this experiment contained a mixture
of the two most abundant isomers D2 and D2d. Previous work
on the complexation of C84 with [10] and [12]CPP demon-
strated that in both cases the D2 isomer forms the most stable
complexes.14 So far, complexation between [11]CPP and C84

has not yet been studied.
Fig. 1 depicts the positive-ion mode mass spectra of solu-

tions containing either [10], [11], or [12]CPP and C84. In all
spectra, the CPP radical cation represents the most abundant

Fig. 1 Positive-ion mode ESI MS1 spectra of solutions containing C84 and (a) [10]CPP, (b) [11]CPP or (c) [12]CPP.
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species. Additionally, a signal corresponding to the respective
host–guest complex is observed for all three mixtures, thereby
demonstrating that all of the examined CPPs are able to form
a host–guest complex with C84. The ([11]CPP. C84)

+• complex
is most abundantly formed, followed by ([12]CPP. C84)

+• and
([10]CPP. C84)

+•.
To identify the most stable host–guest complex among

([10–12]CPP. C76/78/84)
+•, we performed energy-resolved col-

lision-induced dissociation experiments (ER-CID). For this
type of experiment, the ion of interest is mass selected and
subsequently submitted to multiple collisions with a stationary
collision gas (N2), whereby, the collision energy is stepwise
increased to eventually induce complete dissociation. The col-
lision energy, E50, at which 50% of the parent ions have disso-
ciated into their daughter ions is chosen as a relative measure
of stability.

Fig. 2c provides the breakdown graphs of ([10–12]
CPP. C84)

+•. We found that [10]CPP forms the least stable
complex followed by [12]CPP. This observation is in good

agreement with previous calculations14 but the first experi-
mental prove. [11]CPP forms the most stable inclusion
complex with an E50 value of 0.203 V, confirming the best size
match. According to our calculations, an average non-covalent
C⋯C distance between [11]CPP and D2-C84/D2d-C84 in the inter-
acting area is 3.41/3.37 Å. Hence, the ideal size difference cri-
terion is met. In the breakdown graphs of ([10–12]
CPP. C76/78)

+•, [11]CPP is also the best host (Fig. 2a and b).
Comparing the complexes with C76/78/84, two trends become
evident (Fig. S1, ESI†). First, complexes with [11]CPP and [12]
CPP become more stable with increasing fullerene size which
we relate to an increase in the number of interacting
π-orbitals. Second, complexes with the [10]CPP host exhibit the
opposite trend and C76/78 complexes are more stable than the
complex with C84. This indicates that the latter is too large for
the rather small [10]CPP host. In the following, we will only
discuss complex formation between the EMFs and [11]CPP
since it is the most suitable host. The measurements with [10]
and [12]CPP can be found in the ESI, Fig. S2 and S3.†

Fig. 2 Energy-resolved collision-induced dissociation graphs of (a) ([10–12]CPP. D2-C76)
+•, (b) ([10–12]CPP. C2v/D3-C78)

+• and (c) ([10–12]
CPP. D2/2d-C84)

+•.
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Fig. 3a shows the MS1 spectrum of a mixture of [11]CPP
and Y3N@Ih-C80. Again, the most dominant signal in the spec-
trum is [11]CPP+• at m/z 836. In contrast to pristine C84, an
additional signal corresponding to the radical cation of
Y3N@C80 is observed at m/z 1240, indicating a reduced ioniza-
tion potential of the endohedral fullerene. Besides these two
species, the host–guest complex ([11]CPP. Y3N@C80)

+• can be
identified at m/z 2078. The MS1 spectra with C80 encapsulating
other metal clusters (M = Sc, Gd and Lu) exhibit analog signals
and are shown in Fig. S4–S6.†

To gain insight into the charge distribution of the studied
host–guest complexes, a MS2 experiment was performed
(Fig. 3b). Dissociation of ([11]CPP. Y3N@C80)

+• leads to the
formation of radical cations of [11]CPP and Y3N@C80.
Surprisingly and contrary to what was observed for empty full-
erenes, the more abundant fragment ion is (Y3N@C80)

+• even
though the MS1 spectrum was dominated by [11]CPP+•. Taking
into account the MS2 spectra of other M3N@C80 complexes as
well as their calculated IPs (Fig. S7–S9 and Table S1†), a
certain trend becomes evident. If the EMF exhibits a low IP, an
intense fullerene signal is observed. On the other hand, when
EMFs have large IPs, the intensity of the CPP signal increases
(Fig. S10, ESI†).

Another factor that can have an impact on the charge distri-
bution upon fragmentation is a partial charge transfer in [n]
CPP. EMF complexes. However, the results of Mulliken popu-
lation analysis for the [11]CPP. La@C82

32 and [12]
CPP. Sc2C2@C2n

42 complexes suggest a very small amount of
charge transfer between the host and guest molecules
(0.07–0.08e). Thus, the intensities of the signals are primarily
determined by the IPs of CPPs and EMFs.

Furthermore, the geometry of the carbon cage needs to be
considered due to its influence on the electronic properties of
the respective EMFs. For instance, C80 based EMFs exist in two
isomeric forms: Ih and D5h. In 2005, Echegoyen et al.44 demon-
strated that the oxidation potential of the less abundant D5h

isomer of Sc3N@C80 is 0.27 V less positive compared to the Ih
isomer, thus it can be oxidized much more easily. Exploiting

this difference, they achieved separation of the two isomers
with a suitable oxidation agent.44,45 To evaluate the impact of
the cage isomerism on the host–guest chemistry of the EMFs,
we also compared the MS2 spectra of complexes between [11]
CPP and the two isomers of Sc3N@C80 (Fig. 4a and b). Indeed,
the spectra reveal a significant difference regarding the charge
distribution upon dissociation. In the case of the D5h isomer,
almost no charge is located at the CPP, and the daughter ion
spectrum is dominated by the Sc3N@C80

+• signal. Contrarily,
the MS2 spectrum of the complex between [11]CPP and the Ih
isomer yields 24% of [11]CPP+•. Considering that both com-
plexes differ only by the geometry of the carbon cage, it is
interesting to note that collision-induced dissociation provides
such a clear distinction between the two fullerene isomers.

Next, we turned our attention to Sc3N@D3h-C78, which has a
carbon cage of different size and symmetry. Sc3N@C78 is a
specific EMF with a non-negligible mixing of the molecular
orbitals of the cluster and the fullerene cage.46,47 Fig. 4c illus-
trates the MS2 spectrum of the ([11]CPP. Sc3N@D3h-C78)

+•

complex ion, which is very similar to the spectrum of ([11]
CPP. Sc3N@D5h-C80)

+•. This is in complete agreement with
the value of the oxidation potential, which is much lower for
Sc3N@D3h-C78 than for Sc3N@Ih-C80, but closer to the
Sc3N@D5h-C80 isomer.45,48 Here, the [11]CPP radical cation is
not detected, and only Sc3N@C78

+• is formed. Hence, our
experiments show that the encapsulated nitride metal cluster,
the cage symmetry as well as the cage size influence the elec-
tronic properties and fragmentation pathway of the complexes
with CPPs.

We performed ER-CID experiments with all successfully
formed fullerene/EMF based host–guest complexes. Fig. 5a
shows a comparison of the breakdown curves of [11]CPP based
[1 : 1] complexes with D2-C76, C2v/D3-C78, D2/D2d-C84,
Sc3N@D3h-C78 and M3N@Ih-C80 (M = Sc, Y, Lu, Gd) as guests.
Similar curves for [10]- and [12]CPP based complexes are
shown in Fig. S11, ESI.† It is observed that the EMFs form sig-
nificantly more stable complexes than the pristine fullerenes,
which is consistent with previous experimental studies.33,38–40

Fig. 3 (a) Positive-ion mode ESI MS1 spectrum of a solution containing [11]CPP and Y3N@Ih-C80, (b) MS2 spectrum of the complex ([11]
CPP. Y3N@Ih-C80)

+•.
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The stability of such complexes can possibly be explained not
only by the shape and size complementarity but also by the
electrostatic complementarity of CPPs and EMFs, which was
confirmed by positive and negative regions of the molecular
electrostatic potential (MEP).22 In the case of the metal nitride
cluster fullerenes, the carbon cage above and below the metal
cluster is negatively charged, while the area around the cluster
has positive potential (Fig. S12, ESI†). The positive potential
around the Sc3N cluster is slightly higher than around the Y3N
and Lu3N clusters. On the other hand, the cavity of CPP has
negative MEP regions, thus preferring to encapsulate electron-
deficient species.22,41 Consequently, the metal nitride cluster
inside EMFs is oriented in the plane of [11]CPP, thereby pro-
viding electrostatic complementarity.

The EMF based complexes with CPPs reveal three clear
trends. First, the stability of complexes with [n]CPPs decreases
in the following order: [11]CPP > [12]CPP > [10]CPP, which is
clearly visible in Fig. 6. Second, the slightly smaller C78 core
leads to an observable decrease in stability which we attribute
to less stabilization via π–π interactions. This observation is
also consistent with the complexes of pristine fullerenes (Fig. 2
and 5a). Third, all complexes of EMFs with the C80 skeleton
show similar stability despite the different metal clusters
encapsulated. This indicates that for the investigated M3N
clusters the nature of the encapsulated metal cluster does not
affect the interaction strength. We emphasize that these find-
ings are obtained for the cationic complexes and that the be-
havior of the corresponding neutral complexes might deviate.

Fig. 4 MS2 spectra of (a) ([11]CPP. Sc3N@Ih-C80)
+•, (b) ([11]CPP. Sc3N@D5h-C80)

+• and (c) ([11]CPP. Sc3N@D3h-C78)
+•.

Fig. 5 Energy-resolved collision-induced dissociation graphs of host–guest complexes between [11]CPP and (a) D2-C76, C2v/D3-C78, D2/D2d-C84,
Sc3N@D3h-C78 and M3N@Ih-C80 (M = Sc, Y, Gd, Lu); (b) Sc3N@Ih-C80 and Sc3N@D5h-C80.
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Fig. 5b shows a direct comparison of the ([11]
CPP. Sc3N@C80)

+• complexes for Ih and D5h isomers of C80.
Although a clear difference between the two isomers was
observed in the MS2 spectra (Fig. 4), the analysis of the break-
down curves reveals that both complexes are isoenergetic.
Thus, we assume that the stability of the complex does not sig-
nificantly depend on the cage isomer if the attractive van der
Waals interactions are not altered. This observation was
further confirmed by the similar NCI (non-covalent inter-
action) isosurfaces49 of the [11]CPP. Ih-Sc3N@C80 and [11]
CPP. D5h-Sc3N@C80 complexes (Fig. S13†).

Computational studies

Non-covalent interactions play an important role in the supra-
molecular chemistry of carbon nanostructures. The accurate
description of such interactions is a primary goal in the study
of fullerene-CPP complexes. However, this task presents a chal-
lenge for computational methods due to the significant contri-
bution of dispersion interactions. Density functional theory
(DFT) offers a good balance between computational cost and
accuracy.50,51 In particular, a range-separated hybrid ωB97M-V
density functional with VV10 nonlocal correlation provides
fairly accurate results for intermolecular interaction
energies.52–54

The geometry of the complexes in the neutral and radical
cation forms was optimized using the DFT BLYP
functional55,56 with D3(BJ) dispersion correction57,58 and def2-
SVP basis set.59,60 The M3N (M = Sc, Y, Lu) clusters prefer a flat
geometry within the fullerene Ih-C80 and are able to freely
rotate inside the cage, which is consistent with the experi-
mental and previous computational results.61–63 However, the
large Gd3N cluster cannot maintain a flat geometry and is

forced into a pyramidal shape inside the cage.64 In complexes
with [11]CPP, the M3N@C80 fullerenes are located at the center
of the host molecule in such a way that the metal cluster lies
in the plane of [11]CPP. This arrangement allows for the best
distribution of attractive (electrostatic, dispersion) and repul-
sive forces.22

To evaluate the effect of the metal cluster on the stability of
the host–guest complexes, we compared the [11]
CPP. M3N@C80 complexes with the complex formed by the
C84 fullerene, since the diameter of its stable isomer is less
than 5% larger than the diameter of the M3N@C80 fullerenes.
The commercial C84 fullerene is a mixture of the D2d and D2

structural isomers, thus we considered the complexes with [11]
CPP for each of them. The most energetically stable isomer is
the nearly spherical D2d isomer, while the D2 isomer is very
similar to D2d in both energy and shape.65 Their host–guest
complexes are also isoenergetic, with an energy difference of
less than 1 kcal mol−1 at the BLYP-D3(BJ)/def2-SVP level. An
average distance for non-covalent C⋯C contacts is 3.37 and
3.41 Å for the D2d and D2 isomer, respectively.

To understand the differences in the experimental MS1 and
MS2 spectra, we computationally studied the electronic pro-
perties of the host–guest complexes and their separated units
at the ωB97M-V/def2-TZVPP//BLYP-D3(BJ)/def2-SVP level. In the
MS1 spectra, the M3N@C80

+• radical cation could be observed
while no C84

+• signals appeared. This observation is associated
with the lower ionization potential (IP) of the studied EMFs
compared to the pristine C84. The ion formation proceeds in
our experiments through electrochemical oxidation within the
ESI source and the calculated IP is used here as a measure to
indicate the ease of electron loss from the neutral molecular
entity. The IP was calculated as the energy difference between
the neutral and cationic forms of the system at the optimized
geometry of the neutral species. According to the results, IPs
of M3N@Ih-C80 (M = Sc, Y, Lu) EMFs are 0.4–0.5 eV lower than
that of C84. Notably, the IPs of the EMFs are comparable with
the IP of [11]CPP (Table S1†). Therefore, both EMF and CPP
signals were detected in the MS1 spectra. The IP also influ-
ences the signal intensity. For example, the larger signal inten-
sity of Sc3N@Ih-C80

+• compared to [11]CPP+• agrees with a
difference in their IPs (0.07 eV higher for [11]CPP). We
obtained the following trend regarding the IP values: IP
(Sc3N@D5h-C80) < IP (Sc3N@Ih-C80) < IP ([11]CPP) ≈ IP
(Lu3N@Ih-C80) ≈ IP (Y3N@Ih-C80) < IP (C84). This trend is con-
sistent with the experimentally determined trend regarding
the oxidation potentials of the EMFs,66,67 see Fig. S14 in ESI.†
The IP of empty Ih-C80 is even lower than the IPs of EMFs, as
this isomer has a 4-fold degenerate HOMO occupied by only
two electrons, making it unstable. However, it is stabilized by
the endohedral cluster, as its HOMO is filled by six extra elec-
trons from the cluster, resulting in a stable closed-shell elec-
tronic structure.

In addition, the MS1 signals of the [11]CPP. M3N@C80

complexes were found to be more intense than the ones of the
[11]CPP. C84 complexes (Fig. 1, 3 and S4†), which is due to
the [11]CPP. M3N@C80 complexes requiring less energy for

Fig. 6 Comparison of the E50 values (collision energy) for the studied
host–guest complexes between [n]CPP (n = 10, 11, 12) and various
fullerenes.
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ionization. This is caused by a different electron density distri-
bution over the frontier orbitals (Fig. S15†). When [11]CPP
interacts with M3N@Ih-C80, its HOMO is stabilized by the posi-
tive electrostatic potential of EMF. As a result, the highest
occupied molecular orbital (HOMO) of EMF-based host–guest
complexes is mainly located not on [11]CPP but on the fuller-
ene cage with an energy between −7.11 and −7.15 eV. In turn,
the HOMO of [11]CPP. C84 is completely located on [11]CPP
and lies much lower in energy than the HOMO of [11]
CPP. M3N@Ih-C80 (Table S2†). During the MS1 experiment an
electron is removed from the HOMO of the complexes, which
is facilitated for the complexes of EMFs due to their higher-
lying HOMO. After the loss of an electron, the electron density
in ([n]CPP. M3N@Ih-C80)

+• and ([n]CPP. C76,78,84)
+• is redis-

tributed and all complexes have a similar electronic structure,
with the spin density located on the fullerene cage (Table S3†).

The stability of the oxidized complexes was estimated refer-
ring to the energy required to break the radical cations of the
studied complexes into two fragments. Table 1 shows the cal-
culated energy values for two possible fragmentation pathways:
(1) [11]CPP+• + M3N@C80 and (2) [11]CPP + M3N@C80

+•

(Fig. 7). The results for the complexes with [10]CPP and [12]
CPP are collected in Tables S4 and S5.† It can be seen that the
fragmentation following pathway 1 is preferable for all com-
plexes except for ([11]CPP. Sc3N@Ih-C80)

+•, where the two
pathways are almost isoenergetic. The preference of the [11]
CPP+• formation can be explained by comparing the ionization
potentials of M3N@Ih-C80 and [11]CPP fragments in the

complex (Table S3†). In all cases except ([11]CPP. Sc3N@Ih-
C80)

+•, the IP of the [11]CPP fragment is lower than the IP of
the EMF fragment, thus the probability of [11]CPP+• formation
is slightly higher. For pathway 1, the fragmentation energies
for the C84-based complexes (≈59 kcal mol−1) are lower than
the energies for EMF-based complexes (≈64–67 kcal mol−1).
These results confirm the experimental finding that the EMFs
form more stable complexes with [11]CPP than the pristine
C84. The histograms for computational and experimental
results are presented in Fig. S16, ESI.† It is worth noting that
comparing the BSSE-corrected binding energies for neutral
[11]CPP complexes with pristine fullerenes and EMFs
(Table S6†) leads to the same conclusion, but the differences
between pristine fullerenes and EMFs are less pronounced
than when comparing fragmentation energies.

The CPP-to-fullerene signal ratio observed in the MS2 experi-
ment is explained comparing the ΔEfrag values for the two frag-
mentation pathways. If the fragmentation energy for pathway 1 is
much lower than for pathway 2, we observe only the [11]CPP+•

signal in the MS2 spectrum, as for the ([11]CPP. C84)
+• ion. On

the other hand, if the fragmentation of the complex ion prefer-
ably follows pathway 2, we observe only the fullerene signal, as
for ([11]CPP. Sc3N@D3h-C78)

+•. In turn, if the fragmentation
energies for both pathways are comparable, both [11]CPP+• and
M3N@C80

+• signals can be observed in the spectrum, as for the
([11]CPP.M3N@C80)

+• ions.
The complexes with the Sc3N cluster represent a special

case with a prevalence of the fragmentation pathway 2

Table 1 Energies (ΔEfrag, in kcal mol−1) for fragmentation of [11]CPP. fullerene ions along different pathways calculated at the ωB97M-V/def2-
TZVPP//BLYP-D3(BJ)/def2-SVP level and experimental ratio of signals

Complex ΔEfrag (pathway 1) ΔEfrag (pathway 2) Differencea CPP-to-fullerene ratiob

([11]CPP. Sc3N@Ih-C80)
+• 67.93 67.60 −0.33 24 : 76

([11]CPP. Y3N@Ih-C80)
+• 63.77 69.17 5.40 30 : 70

([11]CPP. Lu3N@Ih-C80)
+• 66.93 72.07 5.14 52 : 48

([11]CPP. Gd3N@Ih-C80)
+• 63.58 70.26 6.68 51 : 49

([11]CPP. D2d-C84)
+• 58.64 72.43 13.79 100 : 0

([11]CPP. D2-C84)
+• 58.95 71.29 12.34 100 : 0

aDifference = ΔEfrag(pathway 2) − ΔEfrag(pathway 1). b [11]CPP vs. fullerene ratio of the intensities observed in experimental MS2 spectra.

Fig. 7 Two possible fragmentation pathways for ([11]CPP. M3N@C80)
+• (M = Sc, Y, Lu, Gd) in the ER-CID experiment.

Paper Nanoscale

21074 | Nanoscale, 2024, 16, 21068–21076 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 7
:1

6:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02287d


(Table S7†). Accordingly, the fullerene signal dominates in the
corresponding MS2 spectra. The IPs of Sc3N@D5h-C80 and
Sc3N@D3h-C78 are 6.61 and 6.54 eV at the ωB97M-V/TZVPP
level, respectively, being significantly lower than the IPs of
Sc3N@Ih-C80 (7.00 eV) and [11]CPP (7.07 eV). Thus, the for-
mation of their radical cations upon dissociation is more favor-
able than the formation of [11]CPP+•. The correlation between
the calculated preferred fragmentation pathway and intensity
of the fullerene signal can be found in Fig. S17, ESI.†

Conclusion

We have successfully investigated host–guest complexes
between [10–12]CPP and D2-C76, C2v/D3-C78, D2/D2d-C84,
Sc3N@D3h-C78, Sc3N@D5h-C80, and M3N@Ih-C80 (M = Sc, Y, Lu,
Gd) by means of tandem mass spectrometry and DFT calcu-
lations. The soft ESI technique enabled the successful ioniza-
tion and transfer of [1 : 1] complexes of all investigated systems
from solution into the gas-phase. Using ER-CID experiments,
we observed that [11]CPP is the best host for fullerenes with a
C76/78/80/84 skeleton. It also became evident that [n]CPPs form
more stable complexes with EMFs than with pristine fullerenes
of similar size. The computational results fully confirm the
experimental findings and explain the prevalence of EMF or
CPP signals in the spectra by the trend in ionization poten-
tials. Moreover, the difference in the fragmentation energy for
two possible pathways, (1) [11]CPP+• + M3N@C80 and (2) [11]
CPP + M3N@C80

+•, correlates with the experimentally observed
CPP-to-fullerene signal ratio. The results suggest that an
energy difference greater than 10 kcal mol−1 results in the
detection of only one signal in the MS2 spectrum. Otherwise,
both [n]CPP+• and M3N@C80

+• signals are observed. The
present study provides essential molecular-level insights into
the key factors of the complexation between [n]CPPs and pris-
tine/endohedral fullerenes.
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