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Abstract: We analyze the insoluble product mixture obtained from
cycloparaphenylene (CPP) synthesis via Suzuki coupling and
reductive aromatization. Traditional mass spectrometry suggests a
homologous series of macrocycles with 12 to 84 phenylene units.
Ion mobility mass spectrometry (IMMS), however, unravels an
unexpected complexity of isomers with identical chemical formula,
but different topologies. Whereas macrocycles containing up to 30
phenylene units show only one structure, the homologue with 36
phenylene units forms at least four different isomers with significant
molecular size differences. They can be assigned to catenanes
composed of CPPs with 2x18 and 12+24 phenylene units together
with the ordinary [36]CPP macrocycle. Most likely, a trefoil knot of
the CPP with 36 moieties is also present. For the first time,
catenanes can be elucidated in a simple reaction mixture by
analyzing their ions in the gas phase which lies beyond the scope of
traditional analytical methods.

Cycloparaphenylenes (CPPs) are attractive model compounds
as they constitute the smallest elements of carbon nanotubes
(CNTs) and “seed particles” for a bottom-up fabrication of
CNTs.[1] Furthermore, their electronic and optoelectronic
properties qualify CPPs as active components of molecular
electronics and photovoltaics.[2] CPPs with sizes from 5 to 16
and 18 phenylene rings have been synthesized.[3] With
increasing number of phenylenes, different CPPs are hardly
separable via conventional methods and have escaped further
analysis.
Similar to the first pioneering synthesis of [n]CPPs, our
synthetic approach (Scheme 1) is based on Suzuki coupling of
1,4-syn-dimethoxy-2,5-cyclohexadiene derivatives 1 and 2 as
“kinked” precursors.[4] The molecules are prone of
macrocyclization as shown in previous works.[5] We extended
the reaction time to 96 hours to ensure complete conversion and
introduced phenyl groups as end-cappers to achieve a better
distinction of cyclic and linear products. The resulting mixture 3
was separated from insoluble material which we attribute to the
formation of acyclic oligomers. Reductive aromatization of the
cyclic products 3 by treatment with sodium naphthalenide
afforded a mixture of fully conjugated CPPs. Their insolubility
prevents separation by chromatographic methods and
characterization by solution NMR or single crystal X-ray
diffraction.

[a]

Herein, we elucidate the complex mixture using matrixassisted laser desorption ionization (MALDI) together with ion
mobility mass spectrometry (IMMS). These methods combine
three features: i) solvent-free sample preparation of insoluble
analytes, ii) molecular size dependent separation by IMS, and iii)
tandem mass spectrometry. The analysis points toward homoand heterocatenanes where only “macro-mono-cycles” would
have been expected.
High resolution MALDI MS using our solvent-free sample
preparation[6] (Figure 1) discloses signals up to 6390 Da. The
mass difference between neighboring monoisotopic peaks is
456.19 Da, corresponding to the molecular weight of six paraphenylene groups. The detected absolute masses correspond
exactly to multiples of 456.19 Da, indicating the absence of end
groups. Thus, the oligomer peaks can be assigned exclusively to
CPPs consisting of equal numbers of the initial A-A and B-B type
building blocks with ring sizes from 12, 18, 24 … up to 84
phenylene rings. A CPP with 6 phenylene units is not detected
which can be rationalized by its high ring strain. The absence of
odd numbered repeat units, such as oligomers with 3, 9, 15, etc.
phenylene rings, further supports the assignment to cyclic
structures, because those are not possible from the underlying
chemistry. The homologous series of molecules is denoted as Pn
where “n” represents the number of phenylene rings. High
resolution and exact mass measurements enable the
assignment of elemental compositions for each oligomer. As
shown for the signal at 2737.1323 Da (insert in Figure 1), the
chemical formula is C216H144 and the experimental isotopic
distribution fits well to theory, thus matching a CPP consisting of
36 phenylene units, here denoted as P36.
IMS can separate gas phase ions of equal molecular weight
due to their molecular shape differences, represented by their
collision cross-section (CCS) values. Even isomeric species can
be distinguished, thereby overcoming the intrinsic limitation of
mass spectrometry to separate ions exclusively due to their
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Figure 1. MALDI mass spectrum of the insoluble CPP product mixture.
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Scheme 1. Synthetic route towards cycloparaphenylenes (CPPs).

mass-to-charge (m/z) ratio.[7] So far, IMS has been used to
reveal the molecular architectures of a series of mechanically
interlocked polyrotaxanes[8], catenanes[9] and polymers[10].
Figure 2 shows the ion mobility spectra of oligomers up to P36.
The measurements are carried out by using 10V collision energy
prior to ion mobility separation in order to dissociate noncovalently bonded aggregates of small CPPs which also
contribute to a small extend to the signals P24, P30 and P36
(Figure S1). Therefore, the ion mobility traces in Figure 2 are
exclusively due to covalently and mechanically bonded isomers.
The ion mobility spectra of the small oligomers P12, P18, P24 and
P30 show only one peak in each case, suggesting that there is
only one structural isomer present. They can be assigned to
increasing ring sizes, i.e. [12]-, [18]-, [24]- and [30]CPPs. The
IMS trace of P36 , however, displays four clearly visible signals
with significant drift time (DT) differences pointing towards, at
least, four different isomeric structures. From the continuous
increase in drift time with increasing CPP size of the
homologous series in Figure 2, we assign the signal with the
highest drift time to the macrocycle with 36 phenylene rings. The
peaks at lower drift times, however, must be due to molecules
with considerably more compact molecular shapes, i.e. smaller
CCS values.

Figure 2. Ion mobility spectra of different CPP oligomers obtained at very low
collision energy of 10V to remove non-covalently bonded aggregates (see SI).

Application of CID to the isomers of P36 after ion mobility
separation provides insight into the individual fragmentation
behavior (Figure S2). In Figure 3, the intact isomeric structures
of P36 are denoted from M1 to M4 according to their drift time
differences. The dissociation products own the same drift time
as the precursor structures inside the green frames.

Figure 3. IMMS image of P36 obtained with CID at 200V after ion mobility
separation. The x- axis corresponds to the m/z value and the y- axis
represents the drift time. The brightness of the color indicates the peak
intensity (yellow implies high intensity).

In case of M3, two dissociation products appear at 912 Da
(annotated as P12) and 1814 Da (annotated as P24). These m/z
values correspond exactly to [12]CPP and [24]CPP, therefore
suggesting that M3 consists of two smaller macrocycles with
different sizes. Analogously, there is only one intense peak at
1312 Da (P18) with the same drift time as its parent ion M2 This
indicates that M2 consists of two [18]CPPs. We thus safely
conclude that the isomeric structures originate from catenanes
with mechanically interlocked CPPs, where at least one covalent
bond has to be broken to cause a dissociation into cyclic and
linear fragment ions, both having exactly the same m/z values.
M4 does not produce any fragments at 200 V which is in
accordance with the assignment to the regular macrocycle
[36]CPP. In case of M1, the smallest component of the P36
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isomer mixture, no dissociation into defined masses of smaller
ring sizes can be observed. The absence of defined fragments
and the compact structure (smaller than 2×[18]CPP) suggest the
presence of a molecular knot[9] of the [36] CPP. Furthermore, it
can be speculated that the high signal width in case of M1 and
M3 arises from conformational flexibility of certain isomers as
well as from contributions of more complicated interlocked
structures of the catenanes.
In summary, the results from fragment ion analysis of P36
provide clear evidence for the existence of two different
catenanes, exclusively composed of either one [12] CPP and
one [24] CPP or two [18] CPPs as presented in Figure 4.
Estimated from the peak intensities of P36 isomers, the
catenanes occur in significant amounts as compared to the
regular [36]CPP.

compositions and the decreasing drift times detected from M4 to
M1.

Table 1. Calculated CCS values for the (single chain) macrocycle and
potential catenane as well as trefoil structures of P36.

CCS
value
2
(Å )

[36]CPP

[2]catenane
([12]CPP+[24]CPP)

[2]catenane
(2×[18]CPP)

Trefoil knot

904
(Figure
4a)

878
(Figure 4b)

841
(Figure 4c)

655.01
(Figure 4d)

Thus, ion mobility tandem mass spectrometry of an insoluble
oligomeric mixture of CPPs reveals an unexpected, but exciting
structural complexity. Whereas the results from traditional mass
spectrometry would have been erroneously assigned to pure
macrocycles up to very large ring sizes with 84 phenylene units,
our findings demonstrate the co-existence of macrocycles and
catenanes. Even though this has been proven for isomeric
structures at a mass of 2737 Da, it can be expected that the
larger macrocycles are in reality even more complex mixtures of
catenanes and knots rather than ordinary monocycles.
From a synthetic viewpoint, the formation of significant
amounts of CPP catenanes without targeted approaches of
supramolecular preorganization[12] of the phenylene building
blocks is certainly surprising and deserves further attention.
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Figure 4. Isomeric structures of macrocycle, catenanes and trefoil knot hidden
in P36 (C216H144, exact mass = 2737.1323 Da).
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The assignment to catenanes with different compositions can
be rationalized by molecular modeling. Therefore, the threedimensional (3D) structures of the four P36 isomers with different
topologies are energy optimized by molecular dynamics
calculations[11] and submitted to CCS value calculations
(Experimental part in SI). The derived CCS values provide a
relative size determination which can be qualitatively compared
to the measured drift times in IMS. Ions with larger CCS values
at the same molecular weight move slower in ion mobility
separation, hence having higher drift times. The calculated CCS
values are summarized in Table 1.
The size decrease, represented by the decrease of CCS
values in the order of [36]CPP (904 Å2), [2]catenane
([12]CPP+[24]CPP) (878 Å2), [2]catenane (2×[18]CPP) (841 Å2)
and the trefoil knot of [36]CPP (655.01 Å2), is in line with the
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