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Marcel Krug,” Youzhi Xu,'’ Andreas Hirsch,” Timothy Clark,” Dirk M. Guldi,”
Max von Delius,” Konstantin Amsharov,” Andreas Goérling,'” M. Eugenia Pérez-Ojeda,*™ and

Thomas Drewello*™

In memory of the late Dr. Roman I. Flyunt, a dear colleague and friend.

Abstract: We investigate the gas-phase chemistry of non-
covalent complexes of [10]cycloparaphenylene ([10]CPP) with
Ceo and C;, by means of atmospheric pressure photoioniza-
tion and electrospray ionization mass spectrometry. The
literature-known [1:1] complexes, namely [10]CPPDC,, and
[10]CPPDC,,, are observed as radical cations and anions. Their
stability and charge distribution are studied using energy-
resolved collision-induced dissociation (ER-CID). These meas-
urements reveal that complexes with a C,, core exhibit a
greater stability and, on the other hand, that the radical
cations are more stable than the respective radical anions.
Regarding the charge distribution, in anionic complexes
charges are exclusively located on Cg4 or C,, while the

\

charges reside on [10]CPP in the case of cationic complexes.
[2:1] complexes of the ([10]CPP,DCq0)"*™* type are ob-
served for the first time as isolated solitary gas-phase species.
Here, C¢-based [2:1] complexes are less stable than the
respective C,, analogues. By virtue of the high stability of
cationic [1:1] complexes, [2:1] complexes show a strongly
reduced stability of the radical cations. DFT analyses of the
minimum geometries as well as molecular dynamics calcu-
lations support the experimental data. Furthermore, our novel
gas-phase [2:1] complexes are also found in 1,2-dichloroben-
zene. Insights into the thermodynamic parameters of the
binding process as well as the species distribution are derived
from isothermal titration calorimetry (ITC) measurements.

Introduction

Recent synthetic progress has paved the way towards an
amazing array of strained, carbon-based nano-structures with
bent 1 systems, for example, solitary and fused rings, catenanes

and even knots.' Among them, ring molecules are of special
interest. Showing intriguing photophysical and electronic
properties, they are, for example, promising for new optoelec-
tronic applications.”'? Moreover, ring molecules, also referred
to as nanohoops, have advanced as new protagonists in the
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field of host-guest chemistry."® Aromatic cycloparaphenylenes
(CPPs) are prominent representatives of this new class of
nanohoops.”™ " However, even nanohoops consisting of
antiaromatic units have been recently reported."*'® To tune
their molecular properties, CPPs have been chemically modified.
In this context, the substitution of hydrogen by halides"*? as
well as carbon by nitrogen”=? have been achieved. Addition-
ally, introduction of electron-donating or withdrawing groups®*
and larger m-frameworks®? into the ring molecule have been
reported.

As hosts for numerous guest molecules such as smaller
rings,®*>¥ fullerenes,*** fullerene dumbbells,****" endohe-
dral metallo fullerenes,****>? |arger PAHs®** and organic
cations,” CPPs represent a tremendously important contribu-
tion to the world of noncovalent inclusion complexes. Bonding
results from concave/convex m-m, CH-mt and/or charge-m
interactions between host and guest. The bond energy in some
of these complexes can be quite substantial. For instance, the
bond strength in [10]CPPD>C,,, one of the most prominent CPP
fullerene complexes, is determined to be approximately
50 kJmol "B

By introduction of matrix-assisted laser desorption/ioniza-
tion (MALDI) and electrospray ionization (ESI) as soft ionization
methods for the non-destructive analysis of CPPs, we have
recently extended the experimental repertoire for the study of
CPPs and their noncovalent complexes by mass spectrometry-
based gas-phase studies. For instance, MS®> experiments
provided evidence for a [10]CPP that is firmly interlocked within
a [2]rotaxane.® Furthermore, we were able to determine the
relative bond strength of a CPP-based porphyrinoid host
molecule to Cg,"” as well as the relative bond strength between
the host molecules [10]CPP, aza[10]CPP and methyl-aza[10]CPP
and the Cq, guest.®?

In this study, CPPDfullerene complexes are investigated by
atmospheric pressure photoionization (APPI) and electrospray
ionization (ESI) mass spectrometry (MS) in combination with
density functional theory (DFT). We are able to observe stable
[2:1] complexes in which two CPPs encapsulate one fullerene.

The charge distribution in [1:1] and [2:1] complexes between
[10]CPP and fullerenes is elucidated for cations and anions and
the relative stabilities of the complexes are established by
energy-resolved collision-induced dissociation (ER-CID) experi-
ments. In addition, the formation of the [2:1] complexes is
studied in solution using isothermal titration calorimetry (ITC)
and the thermodynamic parameters of the binding process are
determined.

Results and Discussion

Figures 1a and b display the positive-ion mode mass spectra of
solutions containing [10]CPP and Cg, as well as [10]CPP and G,
respectively. The most prominent signal in both spectra (at m/z
760.3) is assigned to CPP**. CPP ionization is preferred due to
the much lower ionization energy (IE) of the CPP compared to
the fullerenes® The signals at m/z 1481.3 and 1601.3
corroborate the existence of [1:1] complexes,
([10]CPPDCqy/70) *°. Interestingly, we also find signals at m/z
2242.6 and 2362.6 due to the formation of the [2:1] complexes,
([101CPP,DCy4q70) . Our observations provide clear evidence for
their existence in the gas-phase, which has already been
suggested in earlier solution-based experiments.*® MS' spectra
were also recorded in negative-ion mode (see Figure ST in
Supporting Information), in which signals corresponding to
[1:1] as well as to [2:1] complexes are also present.

For noncovalent host-guest complexes, the cleavage of the
noncovalent bonding between the host and the guest molecule
represents the energetically most feasible dissociation reaction
and leads to the separation of two separate entities. Since mass
spectrometry is based on the detection of ions, it is a powerful
tool to reveal the charge distribution in the dissociating
complex. Figure 2 shows the result of collision-induced dissoci-
ation (CID) of the Cg-based [1:1] complex in the positive-
(Figure 2a) and negative-ion mode (Figure 2b). In the positive-
ion mode, the positive charge is generated by releasing an
electron in the ionization event. The resulting ion is the radical
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Figure 1. Positive-ion MS' spectra of solutions consisting of [10]CPP and a) Cg, or b) Cy.
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Figure 2. MS? spectra of the complex [10]CPPDCy, in a) positive- and b) negative-ion mode.

cation of the complex. Regarding the negative-ion mode, the
radical anion is formed by the introduction of an extra electron
into the neutral host-guest complex during the ionization
process. Dissociation of the cationic complex leads exclusively
to the formation of the [10]CPP radical cation while the Cg,
radical anion is the only fragment ion evolving from dissocia-
tion of the anionic host-guest complex. This indicates that, in
the case of the cationic complex, the charge resides on the CPP
ring upon dissociation. In the anionic complex, on the other
hand, the charge is entirely located on the fullerene. The
observed charge localization in the radical cation is the result of
the lower ionization energy of the nanohoop and has already
been reported.®® The charge distribution in the radical anion
originates from the larger electron affinity of the fullerene,
facilitating the accommodation of an extra electron. There
exists the possibility of charge transfer prior to dissociation.
However, we have no indication of it.

The CID mass spectra of the radical cation and anion of the
[2:1] complex are displayed in Figures 3a and b, respectively.

For both polarities, loss of one neutral [10]CPP ring is the first
step and leads to the corresponding charged [1:1] complex
ions. These then show the same dissociation behavior as
observed for the isolated [1:1] ions (see Figure 2). Regarding
the cationic [1:1] complex, we eventually observe the formation
of CPP** via C4 release. In the case of the anionic [1:1]
complex, C4* evolves via CPP loss. Such a dissociation in
combination with the underlying isotope pattern confirms the
[2:1] composition. In turn, it provides the postulated structure,
that is, two CPPs noncovalently associated with one fullerene. It
also reveals the charge localization within these complexes.
Interestingly, we were unable to generate a noncovalent
([TO0ICPP), dimer ion in these experiments, which underpins the
importance of the fullerene as the central entity to connect the
CPPs. We find that the C,-based [1:1] and [2:1] complexes
follow the same dissociation behavior as discussed above. The
respective spectra are provided in the Supporting Information
(see Figures S2 and S3).
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Figure 3. MS? spectra of the complex [10]CPP,DCq, in a) positive- and b) negative-ion mode.
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Next, energy-resolved CID experiments were performed
with the [1:1] and [2:1] complex ions. To this end, a selected
precursor ion is activated by multiple collisions at well-defined
kinetic energies. Conventionally, the total energy that is
available for transfer from kinetic into internal energy is
determined from the center-of-mass frame and is referred to as
center-of-mass collision energy (E,.)."® Using this approach to
evaluate the present data led to rather ambiguous results (see
Figure S17 and S18). Hence, another way of data processing
was deemed important. Semi-empirical molecular dynamics
calculations suggest that activation of the complexes leads
predominantly to distortions and molecular movements within
the much more flexible CPP, while the fullerene remains more
or less static (Figures S11-16). Therefore, the dissociation of the
complex is primarily caused by structural changes of the CPP
ring, while the fullerene remains almost unaffected. This leads
to the assumption that the collision energy is initially trans-
ferred to the CPP ring rather than the whole complex. To take
these considerations into account for the data analysis, the
collision energy was derived by dividing the laboratory kinetic
energy by the degrees of freedom of the hosting CPP rather
than considering the whole complex (E,,, DoF ' (CPP)/V). For a
more detailed discussion, we refer to section 5 of the
Supporting Information.

In the following the bond strengths of the cationic and
anionic [1:1] complexes consisting of [10]CPP and Cgyq are
discussed. The corresponding graphs are shown in Figure 4. We
find that dissociation of the radical anion occurs at lower
collision energies compared to the respective radical cation,
revealing a weaker noncovalent interaction. Furthermore, the
complex with C,, is in both polarities slightly more stable than
the complex with Cg,. Overall, the following stability trend is
obtained for the [1:1] complexes:

([10]CPP > Cgo) " < ([10]CPP D Cyo) ™
< ([10]CPP D Cg)** < ([10]CPP D Cy)

1.01 1:1 Complexes
] 0 [10]CPP2Cyyrg
0.8 Coo
FE Eq = 0.124
-ES E (?70
2061 E = 0.131
T
g
= 0.41 =]
£ Ceo
5 ] Ey=00825
2 0.24 Cis
] Eq=0.0901
0-0- T T T
0.1 0.2 0.3

E,., DoF' (CPP)/V

Figure 4. Energy-resolved collision-induced dissociation graphs of positively
and negatively charged [10]CPPDCg7.
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Theoretical investigations of the bond strength between
[10]CPP and Cg/C,, support a stronger binding within the
complex of [10]CPP and GC,,.*® This is rationalized by the fact
that C,, features a larger m-system with ovoid geometry than
the spherical Cq,. This enables increased interaction with the
nanohoop. Since mass spectrometry relies on ions, DFT
calculations were performed with respect to the charged
complexes, [10]CPPDCqy70 * and [10]CPPDCqy50"°, thereby
accounting for possible influences of the charge (see Support-
ing Information). For the charged complexes, we observe a
similar scenario as for neutral species. In particular, stronger
interactions between [10]JCPP and fullerene were observed for
C,, as guest. This observation fits the respective ER-CID
measurements. In contrast to the experimental findings, which
imply a reduced stability of the anionic complex, theory
indicates no difference in bond strength when comparing the
cationic and anionic complexes (Table S1 and S2). We attribute
the lower stability of the anionic complex to the increased
electron density at the fullerene, enhancing repulsive compo-
nents within the interaction of the m-systems of the host and
the guest. In particular, the negatively polarized cavity of the
CPP is expected to be repelled by the negative charge of the
fullerene.®**"

Also, in the case of the [2:1] complexes, the ER-CID
measurements (see Figures 5a and b) reveal that both, the
charge and the size of the central fullerene, influence the
complex stability. Among the studied complexes, the radical
cation ([10]CPP),DC4,** is the least stable while the radical
anion of this [2:1] complex shows enhanced stability. The
dissociation of C,;-based [2:1] complexes occurs at higher
collision energies and we find only a small difference between
the radical cations and anions. An increased stability of these
complexes is caused by the C,, core being larger and thereby
providing more surface area for interaction with the second
CPP ring. The following order of stability applies to the [2:1]
complexes:

([10]CPP, D Ceo)** < ([10]CPP, D Cgo) " <
([10]CPP, D Cyo)** < ([10]CPP, D Cyo) ™

Considering that all [2:1] complexes decompose in the
same manner, that is, they lose one neutral CPP ring as the first
step, this stability order reflects the ability of the respective
[1:1] complex to accommodate a second CPP.

For the [2:1] complexes, it is possible to deduce important
information from the energetic difference between the first and
the second fragmentation event. Cy-based complexes reveal a
relatively large energetic difference between the first and the
second fragmentation event, indicating that the second CPP
binds only very loosely to the fullerene. For the larger C,, core,
on the other hand, the energetic difference is not as
pronounced since C,, can properly bind the neutral CPP in
addition to the charged one. For positively charged complexes,
the first fragmentation (loss of the neutral CPP) occurs at
significantly lower collision energies than the second fragmen-
tation (loss of the positively charged CPP). This clearly shows
that the positively charged CPP is preferably bound to the

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Energy-resolved collision-induced dissociation graphs of positively and

fullerene. The respective negatively charged complexes show a
quite different behavior. Here, the collision energy required for
the first and the second fragmentation is almost identical. Such
an observation suggests that both CPPs occupy a similar
binding site at the negatively charged fullerene.

At first glance, a contradiction results from the observation
that [1:1] complexes are more stable as positive ions, while
[2:1] complexes show the reversed behavior. A closer look
reveals, however, that the instability of the [2:1] cation results
from the enhanced stability of the underlying [1:1] complex.
This renders the addition of a second CPP ring difficult and
facilitates the dissociation of the [2:1] complex to afford the
[1:1] complex.

Our calculations also revealed for [2:1] complexes that the
magnitude of the fragmentation energy is determined by the
size of the fullerene and, hence, the ability of the fullerene to
interact with the inner m-system of both nanohoops. Figure 6
illustrates both calculated [2:1] complexes with visualization of
the non-covalent interactions (green area).

It becomes evident that C,, features a larger interaction
surface with both [10]CPPs and forms the more stable complex.
Additionally, in both [2:1] complexes dispersion interactions

E,;, DoF ' (CPP)/V

negatively charged a) [10]CPP,DC,, and b) [10]CPP,DC;, complexes.

between the hydrogen atoms of the two [10]CPPs are present
but play a minor role.

With the formation regarding the respective [1:1] and [2:1]
complexes in the gas-phase and by DFT studies at hand, the
question arose whether this is transferrable to solution. Thus,
we turned to complex formation in 1,2-dichlorobenzene
(0-DCB) using ITC. This technique has been proven to be a very
powerful tool to study the complexation between fullerene
derivatives and strained carbon nanohoops, thereby providing
the binding affinities, stoichiometries and thermodynamic
parameters of the complex formation.* The titrations were
performed in two different ways. First, the [10]JCPP concen-
tration was kept constant and increasing amounts of Cg/;, Were
added in order to favour the formation of the [1:1] complex, as
shown in the thermograms of Figures7a and c. Second,
titrations with a constant concentration of Cq4,, and an excess
of [10]CPP were performed to promote the formation of the
[2:1] complexes (Figures 7b and d).

The global analysis of the triplicate titration with the
independent sites binding model revealed a stoichiometry close
to 1 (n=0.986) and a binding constant K,=2.49-10° M~' for
[10]ICPPDCs,, and n=0.735 and K,=6.20-10°M~" for

Figure 6. Optimized geometries of [10]JCPP,DCq, (left) and [10]CPP,DC;, (right) complexes with visualization of the non-covalent interactions.
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Figure 7. Thermograms and corresponding binding fittings using the independent model from the ITC titrations in 0-DCB. a) and c) [10]JCPPD>Cq/70, b) and d)

[10]CPP,DCq7 (solubility limitations hampered ideal host-guest titrations and optimal sigmoidal curves could not be obtained). e)

upon titration using the stoichiometric 2:1 binding model.

[10]CPPDC;, as [1:1] complexes (see Table 1 and Figures 7a and
7b, respectively). Notably, the affinity trend observed in o-DCB
is reversed to that found in our gas-phase experiments. The
higher solubility of C,, in 0-DCB (Cg, 24.6 gL' versus 36.2 gL™
for G, in 0-DCB)®"*? plays a fundamental role in the binding
process. Previous experiments in toluene also confirm a higher
[10]CPP affinity for Cg, (compared to C,0).P**"" Nevertheless, a
reversed “affinity trend” in both of these experiments is no
contradiction at all. Gas-phase collision experiments refer to the
dissociation of the pre-formed complex. Solution-phase titration
experiments relate to its equilibrium formation in solution.
Analysis of those titrations that featured an excess of
[10]CPP unambiguously corroborated the formation of the [2:1]

and f) species evolution

complexes. The stoichiometry is very close to 2 for both
fullerenes, that is, n=1.910 for C¢, and n=2.073 for C,, (Table 1
and Figures 7b and d). Further analysis by means of the
stoichiometric approach to consider a [2:1] binding model
(Table 2 and Figures S4-7 for standard deviations and fitting
details) offered the differences in binding affinities for the first
and second CPP ring and allows to follow the species
distribution upon titration (Figures 7e and f). As shown in
Figure 7e, the formation of [10]CPP,DCy, predominates the
process after addition of more than 2 equivalents of [10]CPP.
The binding constants for the first and second binding event
K, and K,, are in the same order of magnitude (Table 2) with
K., being slightly larger than K,,. For G, a significant excess of

Table 1. Thermodynamic parameters obtained from the ITC fitted with the independent sites model.

System K, [1/M] AH [cal/mol] AG [cal/mol] AS [cal/mol*K] n

Cgo into [10]CPP (24940.23)-10° —(6.16+£0.49)-10° —~7.36-10° 401 0.986 4-0.09
[10]CPP into C4 —(9.17+0.16)-10° —6.08 1.910+0.23
Cyo into [10]CPP (6.204+0.87)-10* —(6.87£1.96)-10° —6.54-10° -1 0.73540.11
[10]CPP into C;, —(3.64+0.49)-10° 9.72 2.073+0.13
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Table 2. Thermodynamic parameters obtained from the ITC data fitted with the [2:1] stoichiometric model.

System K, [1/M]? AH [cal/mol] AG [cal/mol] AS [cal/mol*K]

[10]CPP into Cy, K, =2.46-10° —(6.33+0.07)-10° —7.35-10° 344
K,,=(3.79+0.07)-10° —(8.54-£0.00)-10° —7.61-10° -3.13

[10]CPP into Cyq K,,=4.56-10" —(5.0540.00)-10° —6.35-10° 437
K,,=(1.89+0.07)-10* —(3.30+1.89)-10? —5.83-10° 18.5

[a] For the global fitting K,; was set to the K, value received from a previous fitting of the triple titration of C/C;, into [10]JCPP evaluated with the 1:1
binding model, which is why there is no error given for this first binding constant.

[10]CPP (ca. 6 equivalents) is needed so that [10]CPP,DC,,
outweighs [10]CPPDC,, in solution (Figure 7f). This stems from
the lower affinity of binding the second [10]CPP (Table 2).
Interestingly, the second [10]CPP binding to C,, shows an
inversion in the entropic contribution with respect to the Cg
fullerene, which becomes positive. This fact reflects again the
above mentioned solubility differences, which might also be
related to solvophobic effects. Furthermore, the ovoid shape of
C,, implies a larger influence of the relative orientation in the
complex formation and might also play a role in the entropic
term. Nevertheless, in absolute values the entropic contribution
(cal/mol) is almost negligible in comparison to the enthalpic
term (kcal/mol). Overall, and in view of the thermodynamic
parameters obtained, the binding for both [1:1] and [2:1]
complexes is an exothermic and enthalpy-driven process.

Conclusion

Using APPlI and ESI mass spectrometry in positive- and
negative-ion mode, we successfully investigated literature-
known [1:1] complexes between [10]CPP and Cqy;, as well as
the novel [2:1] complexes consisting of two [10]CPPs and one
fullerene. In addition, our experimental findings are supported
by theoretical calculations.

Energy-dependent collision experiments were performed to
examine the charge distribution and the dissociation behavior
of the [1:1] complexes. In the case of the positively charged
complexes, the charge is solely located at the [10]CPP while for
negatively charged complexes the charge resides at the
fullerene. This is due to the lower ionization energy of [10]CPP
and the higher electron affinity of the fullerenes. Regarding the
stability of the [1:1] complexes, we find that Cg-based
complexes are less stable than the respective C,, analogues and
that the radical cations are more stable than the negatively
charged complexes.

The fragmentation of the [2:1] complexes proceeds step-
wise. First, one neutral [10]CPP is released, thereby forming the
corresponding [1:1] complex. Subsequently, the dissociation of
the [1:1] complexes occurs. It can also be seen that C;, as the
central entity yields more stable [2:1] complexes as its larger
dimension allows for stronger binding of the second [10]CPP.
Contrary to the [1:1] complexes, the [2:1] complexes exhibit a
greatly reduced stability of the radical cation, which results
from the high stability of the corresponding positively charged
[1:1] complex.

Chem. Eur. J. 2023, 29, e202203734 (7 of 8)

Additionally, the presence of the [1:1] and [2:1] complexes
was unambiguously confirmed in solution using ITC revealing
the corresponding stoichiometries and thermodynamic parame-
ters. The gas-phase experiments and DFT calculations reveal a
somewhat more pronounced stability of the C,, complex, while
equilibrium formation in solution prefers the complexation with
Cs (with K, ranging from 10* to 10°M™'). However, the
stoichiometry of n=2 as well as the species evolution upon
titration corroborated the formation of [10]CPP,DC,, and
[10]CPP,DC,, complexes during an exothermic and enthalpy-
driven process.

This study provides new insights into the gas-phase and
solution chemistry of [10]CPP with Cg0, thereby contributing
to a detailed understanding of the fascinating host-guest
chemistry of fullerenes and nanohoops.
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