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Abstract: [n]Cycloparaphenylenes behave as molecular tem-
plates of “perfectly chemically defined” single-wall carbon
nanotubes. These [n]CPP molecules have electronic, mechan-
ical, and chemical properties in size correspondence with their
giant congeners. Under mechanical stress, they form charge-
transfer salts, or complexes with fullerene, by one-electron
concave–convex electron transfer.

A given [n]cycloparaphenylene ([n]CPP) can be considered
as the shortest length cylindrical version of (n,n) armchair
single-wall carbon nanotubes (SWCNTs; Figure 1). The
unique tubular shape of SWCNTs is key for their outstanding
optical, electronic, and mechanical properties, which are the
basis of their applications as unique nanomaterials.[1, 2] How-
ever, a full understanding of the molecular foundation of
these outstanding characteristics is still incomplete, which is
due, among other factors, to difficulties in the chemical
definition of SWCNTs, a drawback which is intimately related
to current syntheses and the absence of orthodox methods for
their bottom-up chemical preparation.[2] In this regard,

[n]CPPs are perfectly-defined hydrocarbon compounds envi-
sioned as the cyclization of long linear oligo[n]parapheny-
lenes,[3–9] and have been already prepared by well-established
organic synthetic reactions.[3–9] Very recently, significant
progress has been made with the demonstration of the
preparation of SWCNTs using [n]cycloparaphenylene mole-
cules as templates.[2a,10]

In our interest of exploring possible mechanical, chemical
and spectroscopic analogies between [n]CPPs and SWCNTs,
we here study [n]CPPs in an oligomeric approach to
SWCNTs. Furthermore, the study of the [n]CPPs might
provide relevant insights about the exclusive properties
imparted by their unique belt-shape or nanohoop structure
and relate them to known properties of SWCNTs. Further-
more, [n]CPPs are significant on their own right given their
salient optoelectronic and structural properties,[3–9,11] and
their host–guest ability to form supramolecular assemblies[7, 12]

(van der Waals nanotubes). The sizeable radius of the
[n]CPPs together with their bendable peripheral cyclic p-
electron delocalization provides us with an excellent oppor-
tunity to study their electronic, structural, and mechanical
properties as a function of the precise chemical structure.

Raman spectroscopy has been established as the most
suitable method to probe the molecular and electronic
structure of sp2-carbon nanostructures[13] and to establish
structure–property relationships in SWCNTs allowing the
formulation of structural–spectroscopic correlations. In par-
ticular, the frequency of the radial breathing mode (RBM),
n(RBM), is used to estimate the diameter distribution in
SWCNTs based on its linear trend with the inverse of the tube
diameter d.[14] Herein, we use Raman spectroscopy to probe
the molecular level changes in the electronic structure of
[n]CPPs as a function of their sizes/diameters (Figure 1) from

Figure 1. Chemical structure of [n]CPP, n = 6–12, with n = 10�s and
s = 4, 3, 2, 1, 0, �1, and �2. r = [n]CPP radius. Radii are taken from
references [3–9].
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[6]CPP to [12]CPP, aiming to get new structural and chemical
insights within the context of molecular strain, peripheral or
cyclic p-electron delocalization, mechanical flexibility, and
host–guest properties. The latter aspect deserves special
mention, as we have realized a novel full charge-transfer
host–guest complex between [10]CPP and C60 promoted
under high pressure, which contrasts with that well-known
supramolecular complex solely formed by p···p van der Waals
concave–convex interactions.[7] The interpretation of these
phenomena is guided by quantum-chemical calculations that
included full geometry optimizations and frequency and
intensity (Raman and IR) calculations at the B3LYP/6-31G*
level. Frequencies were scaled with the uniform scaling factor
of 0.97.

Figure 2 shows the 785 nm excitation Raman spectra for
the seven [n]CPP compounds. The low wavenumber regions
of [10]CPP and [12]CPP are clearly dominated by single
bands at 286 and 242 cm�1, respectively, that would belong in
principle to RBM radial-like modes. To check this hypothesis,

we have carried out quantum chemical calculations of the
vibrational Raman spectra for the most stable conformers of
the [n]CPPs (Supporting Information, Section S1). We
noticed that the two bands above are predicted at 274 and
233 cm�1 in [10]CPP and [12]CPP (Supporting Information,
Figures S2.1, S3.1, and S.4.1 and Tables S2.1, S3.1, and S4.1);
however, correspond to E2g or E2 symmetry modes, thus not
representing true RBM modes, which are totally symmetric
modes. In the shorter [n]CPPs, the low frequency region is
much more complex, and only with the help of the predicted
theoretical spectra we are able to assign the E2g or E2 modes in
the Raman spectra at 258, 323, 356, 404, and 442 cm�1 in [11]-,
[9]-, [8]-, [7]-, and [6]CPP, respectively. Interestingly, as the
radii of these molecules are known (Figure 1), we found
a clear linear dependence of their frequencies on 1/d
(Scheme 1a), which is a unique property of the RBM
modes in SWCNTs, so we suggest to label them as pseudo-
RBM modes. The calculated spectra also permit to assign the
true totally symmetric RBM modes to those bands at 153, 165,

189, and 231 cm�1 in [9]-, [8]-, [7]-, and [6]CPP, respectively.
Interestingly, fitting the frequencies of these modes against (1/
d), we obtain a very similar slope (197 nm cm�1) to that
typically found in SWCNTs (227 nmcm�1; Scheme 1).

The nearly cylindrical shape of the [n]CPPs implies
a strain component on its formation energy, which accounts
for the positive work owing to rolling and cycling a linear
oligophenylene of the same size.[15] We have represented in
Figure 3 the variation of the strain energy and the pseudo-
RBM frequency with the number of rings. As both energetic

and spectroscopic parameters display the same trend, the
pseudo-RBM frequencies in the [n]CPPs (and the RBM
frequencies in SWCNTs) can be considered as experimental
observables of the strain energy according to the expression
given in Scheme 1. In Figure 3, taking [12]CPP as a reference,
we compare both the [n]CPPs pseudo-RBM frequencies and
the corresponding RBM ones of (n,n) armchair SWCNTs
divided by that of the [12]CPP (E2) and (12, 12) SWCNTs
(A1g), respectively. We observe a good match between these
ratios, suggesting that [n]CPPs again mimic the relevant
structural properties of SWCNTs, despite their different
chemical constitution.

In the 1560–1600 cm�1 range the most intense Raman
bands appear at 1567 cm�1 in [6]CPP, 1574 cm�1 in [7]CPP,
1582 cm�1 in [8]CPP, 1584 cm�1 in [9]CPP, 1589 cm�1 in
[10]CPP, 1592 cm�1 in [11]CPP, and 1593 cm�1 in [12]CPP.
These bands originate from totally symmetric vibrations
arising from collective CC stretching modes of the benzenoid
rings along the transversal tube axis direction (Supporting
Information, Figures S2.1 and S3.1 and Tables S2.1 and S3.1).
All of the [n]CPPs show sub-bands at higher frequencies
(1600–1610 cm�1) owing to localized transversal modes, which
reside on alternant rings. The transversal character of both

Figure 2. 785 nm Raman spectra of the compounds in solid state at
room temperature. From bottom to top: [6]CPP to [12]CPP.

Scheme 1. n(cm�1)-(1/d) fits for the pseudo-RBM (a), and RBM (b) in
[n]CPPs. Strain energy as a function of the pseudo-RBM Raman
frequency. See the Supporting Information, Figure S4.2 for details.

Figure 3. Left: Relative frequency (n ([n]CPP pseudo-RBM modes)/
n ([12]CPP pseudo-RBM mode) experimental (stars) and theoretical
(circles); and (n((n,n) SWCNT-RBM modes)/n((12,12) SWCNT-RBM
modes) with square symbols) as a function of n, SWCNTs data.[16]

Middle: Variation of the strain energy[15] of the [n]CPP as a function of
n. Right: Variation of the per-ring quinonoid character as a function of
n (see the Supporting Information, Section S6 for details).
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bands resemble that of G+ band in armchair SWCNTs.[16,17]

However, no G� modes are recognized owing to the absence
of a well-defined longitudinal direction in the [n]CPPs
(Supporting Information, Tables S2.1 and S3.1).[17] These
modes derive from the 8a mode in benzene, which allows us
to analyze the benzoquinonoid nature of such molecular
structures. It is well known that 8a mode frequencies around
1600 cm�1 are characteristic of benzo-aromatic moieties,
while down-shifted frequencies are typical of benzoquinonoid
moieties.[18] Such a correlation between Raman frequencies
and aromatic-quinonoid character is further corroborated by
the oxidation of [10]CPP to its radical cation ([10]CPPC+;
Figure 5), which unequivocally provokes ring quinoidization,
and shows the main Raman band at 1569 cm�1. The detection
of the G bands between 1565–80 cm�1 in the shorter [n]CPP
indicates that their rings are partially quinoidized, or that
benzene aromaticity is partially broken due to two main
effects: 1) The inter-ring connecting carbons become pyrami-
dalized (sp2!sp3 evolution) and 2) the rings are slightly bent
to accommodate the macrocyclic curvature and to mitigate
ring strain. The Raman band at 1567 cm�1 indicates a benzo-
quinonoid structure and strong cycle strain in [6]CPP, while
that at 1595 cm�1 in [12]CPP reveals a slightly curved
macrocycle with a ring aromatic character similar to that of
linear oligoparaphenylenes (Supporting Information, Fig-
ure S5.1 and Table S5.1). The behavior of these bands has
been further investigated as a function of the temperature and
irradiation time, allowing interesting conformational proper-
ties of the [n]CPPs to be deduced (Supporting Information,
Section S8).

The force field of a given molecule is the true connection
between its vibrational observables (frequencies) and the
electron density. A force constant analysis of the 1600 cm�1

Raman modes allows us to quantify a degree of quinoidiza-
tion close to 14% per ring for the smallest [6]CPP (Figure 3;
Supporting Information, Section S6). This indicates that
quinoidization and sp2!sp3 re-hybridization owing to the
curvature take place only in a moderate degree, which is
sufficient to maintain the prevalent aromatic character of the
rings as a condition to preserve chemical stability, even in the
more strained member of the series [6]CPP. This distinctive
partial quinonoid character might provoke an incipient
activation for cycloaddition reactions, which would support
the demonstration that SWCNTs grow by vertical condensa-
tion of [n]CPPs.[2]

Analyzing the bands appearing around 1190–1220 cm�1, it
is seen that they mainly emerge from in plane CH bending
modes, b(CH), and those around 1260–1270 cm�1, corre-
sponding to ring breathing modes, n(CC) (Supporting Infor-
mation, Figure S7.1). The relative Raman intensity ratio, In(C-

C)/Ib(CH), in linear oligophenylenes has been related to the p-
conjugation domain size as a function of the torsional angle
(q) between neighboring rings (that is, a larger ratio means
higher torsional angle or smaller conjugation).[19] We have
obtained In(C-C)/Ib(CH) for each [n]CPP (Supporting Informa-
tion, Figure S7.2) and noticed that it progressively increases
with increasing the [n]CPP size. This might reveal smaller
conjugation in the largest [12]CPP, thus confirming that in the
larger [n]CPPs the behavior is closer to linear oligoparaphe-

nylenes: thus, [12]CPP can be viewed as a collection of short
linear oligophenylenes cyclically embedded to form a macro-
cycle. In this regard, large [n]CPPs behave as nearly
equivalent to linear oligoparaphenylenes, which is in agree-
ment with: 1) the almost full aromatic character of the rings in
these relatively long compounds; and 2) the exponential
variation of the ring strain with size, with a strong attenuation
effect starting in [11]-[12]CPP.

Table 1 shows selected data from the optimized theoret-
ical geometries. The inter-ring CC bonds are rather large for
[6]CPP, revealing an inefficient orbital overlap between the
2pz orbitals of adjacent benzenes. The rings disclose a typical
quinoidal character (r1< r2) that decreases with increasing n.

The q inter-ring torsional angle increases with n, approaching
those predicted for the linear parents. The g angle (1808 in
[n]LPP) reveals that the curvature of the macrocycle is
attained by forcing it from 1808 what further interferes the
coupling between vicinal 2pz orbitals. This suggests that cyclic
conjugation in the [n]CPPs has a different nature than
standard linear conjugation, which is always driven by
a maximal inter-ring pz orbital overlap.

Internal strain can be modulated by application of
external stresses or pressures, and such experiments have
revealed key information about the structural and mechanical
properties of SWCNTs.[20] We have therefore performed
series of pressure-dependent Raman experiments using an
anvil cell device[21] on the largest and smallest members,
[6]CPP to [12]CPP; maximum pressures around 8–10 GPa
were achieved. Figure 4 compares the Raman spectra mea-
sured at ambient conditions, high pressure, and after pressure

Table 1: B3LYP/6-31G* optimized geometries of the [n]CPP.[a]

[n]CPP r(CC)interring r1(CC) ring r2(CC) ring q g q[b]

6 1.490 1.393 1.410 27.1 150 36.0
8 1.487 1.391 1.407 30.7 157 –
10 1.485 1.392 1.407 32.8 162 –
12 1.484 1.390 1.406 33.5 165 35.9

[a] See the Supporting Information, Section S1 for the definition of the
bond distances [�] and angles [8] . [b] [n]LPP.

Figure 4. 785 nm Raman spectra of: a) [6]CPP and b) [12]CPP, before
(solid line), with an applied pressure around 6 GPa (gray line) and
after the pressure release (dotted line). Bands with asterisks corre-
spond to the diamond used as pressure sensor. Inserted schemes
represent (from left to right) the molecular models before applied
pressure, with applied pressure, and after release.
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release. In [12]CPP, pressure does not seem to cause any
irreversible change, in clear contrast to that observed in
[6]CPP, where significant frequency and spectral changes are
found: the pseudo-RBM mode of [6]CPP shifts to lower
values, and the 1600 cm�1 region is completely modified. The
first observation suggests ovalization of the cycle (flattening)
and formation of two pseudo-linear segments, more aromatic,
which would be responsible of the bands at 1605 cm�1. Such
irreversibility in [6]CPP reveals that the cyclic shape collapses
below 8 GPa and remains quenched in a sandwiched-like
structure when the pressure is released to ambient conditions
(see insert in Figure 4), a phenomenon already found in
SWCNTs.[22, 23] Similar pressure experiments are presented in
the Supporting Information, Figure S9 for the [n]CPP mol-
ecules; changes before and after the pressure cycle are
progressively smaller as the size increases, presumably
because less strained molecules would require higher pres-
sures to undergo an equivalent permanent deformation.

We have also conducted two challenging experiments
under pressure. First, we used a 1:1 [6]CPP and [12]CPP
mixtures aiming to encapsulate [6]CPP into [12]CPP just to
emulate a ultrashort double walled CNT (DWCNT).[24a] The
Raman spectra of the mixtures before and after the pressure
cycle are displayed in the Supporting Information, Fig-
ure S10.1. Very small changes are observed in the Raman
spectrum, thus indicating that pressure could promote
encapsulation of [6]CPP into the internal cavity of [12]CPP,
and thus preventing [6]CPP to collapse. This observation is in
good agreement with previous results observed in DWCNTs,
where the outer tube acts as pressure protector of the inner
tube.[24]

The success of the [6]CPP encapsulation into [12]CPP
under pressure, together with the fact that some [n]CPPs can
also accommodate C60-fullerene into their internal cavities,
led us to explore the properties of [n]CPPs + C60 complexes,
which is also in clear analogy with the “SWCNT+ C60

peapods”.[25,26] It is p–p interactions that are responsible for
the assembly of some [n]CPPs with C60, giving rise to the
formation in solution of 1:1 stoichiometric supramolecular
complexes driven by a surprisingly high exo-thermicity.[7] In
particular, concave–convex p–p interactions are strongly
promoted in these complexes owing to the natural curvature
adjustment between the [n]CPP host and the C60 guest. We
prepared 1:1 powdered mixtures of [10]CPP and C60 and
applied pressures up to 6 GPa, which are well below the
22 GPa limit of chemical stability found for C60.

[27] Figure 5
displays the Raman spectra of the mixture recovered at
ambient conditions after a pressure cycle. In the spectral
range around 1460–1470 cm�1 we observe the two strongest
Raman bands, one at the same frequency as pristine C60, and
another one at 1463 cm�1. In the [10]CPP region at 1570–
1600 cm�1 we observe a new band at 1569 cm�1 while the band
at 1589 cm�1 disappears. Interestingly, the changes of these
Raman bands in the [10]CPP@C60 complex formed in solution
are very small, in accordance with p–p interactions that are
unable to produce appreciable changes in the electronic
structure of the individual components (supramolecular
effect). Our observations in the experiment with pressure
substantially differ from that described for the [10]CPP@C60

solution complex; as seen in Figure 5, pressure promotes the
appearance of new Raman bands that correlate perfectly with
those of the C60 radical anion (C60C

�)[27] and the [10]CPP
radical cation ([10]CPPC+).

The straightforward interpretation is that the application
of pressure produces the releasing of one electron from the
donor [10]CPP to the acceptor C60 yielding a charge-transfer
charge-separated complex, or a [10]CPPC+@C60C

� salt. We can
reasonably assume that, as already demonstrated herein,
pressure might induce flattening of the [10]CPP that
approaches the electron-donor surface to the acceptor one
to a distance feasible for the electron transfer, which is
a situation that is unlikely to occur in solution. This electron-
transfer reaction is a good example of the chemical reactivity
in the electronic polarized cavity of [n]CPP provided that
a suitable sandwiched transition state is formed.

We have also analyzed the frequency of the pseudo-RBM
in the [10]CPPC+@C60C

� complex which upshifts by 8 cm�1

(296 cm�1). According to the (1/d) frequency dependence,
this shift indicates a slight reduction of the [10]CPP size in the
complex, or that the [10]CPPC+ is “compressed” owing to the
loss of one electron and quinoidization of the structure with
the concomitant decrease of the radius (the pseudo-RBM
mode in [10]CPPC+ alone was undetected). The C60 band at
270 cm�1 scarcely shifts in the complex, in agreement with the
barely observable displacement of just + 1 cm�1 in K3C60

(C60C
3�).[27]

Finally, similar complexation experiments of C60 under
pressure have been carried out with [9]CPP and [11]CPP
(Supporting Information, Figure S11.1). In the former case,
the 1585 cm�1 band is displaced to 1561 cm�1, in agreement
with the formation of a radical cation quinoidal structure.
Noticeably, this band is displaced to lower frequencies
relative to [10CPP]C+, as a sign of the attainment of a larger
quinoidization in the shorter phenylene core. No appreciable
spectral changes were observed in the experiment of C60

under pressure with [11]CPP, which is probably due to
a lack of size matching.

In summary, we have performed a thorough study of the
Raman properties of [n]cycloparaphenylenes, which can be
considered as the first molecularly well-defined models of
SWCNTs. We provide with some spectroscopic–structural
relationships between: 1) the parallel behavior and depend-
ence of the pseudo-RBMs in [n]CPPs with those RBM of

Figure 5. 785 nm Raman spectra of 1:1 CHCl3 solution mixtures of
[10]CPP and C60 and in solid state after the application of a 6 GPa
pressure. The spectra of the neutral C60 and [10]CPP together with
those of the C60 anion and of CPP radical cation are also shown.
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(n,n) armchair SWCNTs; 2) the ring cyclic strain, molecular-
level benzene quinoidization and ring size; and 3) the trans-
formation of “pure” cyclic p-electron conjugation into
pseudo-linear conjugation (cyclically embedded). On the
other hand, high-pressure studies allow: 1) new insights on the
plastic and conformational properties of these nanohoop-
shaped systems; and 2) proposal of the formation of a charge
transfer complex, [10]CPPC+@C60C

� , as a further progress
relative to the already-known p–p van der Waals
[10]CPP@C60 supramolecular analogue. Overall, our study is
a complete initiative to correlate structural, spectroscopic,
and chemical properties in well-defined [n]CPP models and to
relate such properties with those of SWCNTs.
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