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ABSTRACT: [6]-, [8]-, [10]-, and [12]cycloparaphenylenes
(CPPs), the smallest even-numbered carbon nanohoops
synthesized to date, are probed by Raman spectroscopy. For
the highly symmetric even [n]CPPs, group theory predicts that
there are 133 Raman-active modes in total for n ≥ 8, 73 for
[6]CPP, and 100 for [4]CPP. The Raman-active modes of
these even-numbered CPPs are identified by comparing
experimental results with theoretical Raman spectra calculated
using density functional theory (DFT). Taking advantage of
the symmetry arguments in these symmetric molecules allows
the assignment of the observed Raman peaks, as well as the
identification of their dependence on the sizes of the CPPs.

1. INTRODUCTION
[n]Cycloparaphenylenes ([n]CPPs) are carbon nanohoops that
can be viewed as single structural units of (n, n) armchair carbon
nanotubes (CNTs),1−6 as illustrated in Figure 1. The integer

n denotes the number of benzene rings in the nanohoop.
Since the seminal work of Jasti and Bertozzi first synthesizing the
[9]-, [12]-, and [18]CPPs,1 various synthetic approaches for
different sizes of CPPs have been reported.5−13 The essential
challenge of the synthetic process lies in overcoming the
increasingly high strain energy of the distorted aromatic
structures as the hoop size decreases.1,10 These curved aromatic

structures have drawn attention recently as novel materials due to
their propensity to form guest−host complexes,14 ability to
perform in electron-transfer applications,15,16 and unique size-
dependent optoelectronic properties.17 For instance, the trend of
red-shifted fluorescence with decreasing CPP size, contradictory
to the intuitive “particle-in-a-box” model for semiconducting
quantum dots, is now fuelling experimental and theoretical
investigations.9,18 Furthermore, as CPPs represent the smallest
fragment of armchair carbon nanotubes, there is great potential
for the rational “bottom-up” synthesis of one-dimensional (1D)
carbon nanotubes using these 0D seeds.19,20

Another major area of interest for CPPs is their vibrational
properties, especially the Raman characteristics, which play
critical roles in the optoelectronic applications typical for CNTs
and graphene.21−23 Raman spectra are also useful for identifi-
cation and as a readout mechanism for changing electronic and
structural properties due to environmental stimuli. The CNTs,
being solid state systems, have very simple Raman features
with only a few signature modes; on the other hand, the CPPs,
as molecular systems, exhibit much more complicated Raman
spectra with over 130 active modes, and a better under-
standing of their origins and size dependence is needed.
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Figure 1.Carbon nanohoops depicted as a section of carbon nanotubes.
The hydrogen atoms on the [6]CPP are omitted for clarity.
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Here we present the experimental Raman data for [6]-, [8]-,
[10]-, and [12]CPPs, the smallest even-numbered carbon
nanohoops synthesized to date. We compare them to the
corresponding calculated Raman spectra using density functional
theory (DFT). By taking advantage of group theory in these
highly symmetric molecules, we are able to assign the observed
Raman modes, as well as the vibrational size dependence.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
The samples were bulk solid CPP material prepared by drop-
drying CPP/chloroform solutions on separate glass substrates
and letting the chloroform evaporate completely. The Raman
spectra for the [6]-, [8]-, [10]-, and [12]CPPs were acquired
under ambient conditions using backscattering geometry with a
20× 0.4 N.A. microscope objective and a 785 nm laser with the
incident power around 0.3 mW. These Raman results were
compared to low-power (∼0.01 mW) test results of the same
samples to make sure that no heating effects were present under
the 0.3 mW laser power.
DFT Raman calculations for the [4]−[20] (even-numbered)

CPPs were carried out using theGaussian 09 programs24 with the
B3LYP exchange correlation functional and the 6-31G* basis set.
The DFT spectra were adjusted with empirical scaling factors
obtained by linear regressions of the calculated and experimental
peak positions.
Computational results25,26 indicate that the ground-state

geometries of the even-numbered [n]CPP molecules exhibit
D(n/2)d symmetry, for which the benzene units are alternately
canted with a certain dihedral angle between adjacent units. In
contrast, all of the odd-numbered CPPs are asymmetric
molecules (C1 symmetry). Here we concentrate on the higher
symmetry even-numbered CPPs. As shown in Figure 2a an even

[n]CPPmolecule can be viewed as a hoop with n/2 repetitions of
a double-benzene unit. Figure 2b shows that the dihedral angles
of [n]CPPs increase with n and tend to converge to a constant
value around 35.8°, which is the theoretical dihedral angle of a
polyparaphenylene (PPP) open chain.

3. EXPERIMENTAL AND COMPUTATIONAL RESULTS

3.1. Raman Spectra. Figure 3 displays both the experimental
and calculated Raman spectra for [6]-, [8]-, [10]-, and [12]CPPs.
The calculated Raman peaks below 1400 cm−1 are under-
estimated in amplitude for all of the CPPs. The insets in Figure 3
show the magnified low-frequency regions, from which we can
also see some apparent discrepancies in the relative intensities
between the experiments and calculations, for instance, the
multipeak band around 800 cm−1, especially for the [10]- and
[12]CPPs. Apart from the relative intensity issue, the
corresponding experimental and theoretical results agree well
with each other.

3.2. Irreducible Representations of the Raman Modes.
Table 1 lists the Raman-active modes for even [n]CPPs from our
group theory calculations. Generally, for even-numbered CPPs
with D(n/2)d point group symmetry, there are 133 Raman modes
(15A1 + 30E2 + 29En/2−1, when n/2 is even, and 15A1g + 29E1g +
30E2g, when n/2 is odd). Two exceptions are [4]- and [6]CPPs,
the smallest possible even-numbered carbon nanohoops, where
[4]CPP has 100 Raman modes (15A1 + 15B1 + 14B2 + 28E) and
[6]CPP has 73 (15A1g + 29Eg) due to their lower symmetries and
degrees of freedom. Our predictions of the number of the modes
and their symmetries are in accordance with the results from the
DFT computations for all carbon nanohoops from [4]- to
[20]CPPs. The calculations show that there are a dense number
of modes up to∼1800 cm−1, followed by a gap until∼3000 cm−1.
The modes above 3000 cm−1 are related to the C−H bond
stretching.26 Here we confine our experimental measure-
ments, and thus theoretical discussions, only to the modes
below 1800 cm−1.

4. ANALYSIS AND DISCUSSION

4.1. High-Frequency Regime (∼1150−1700 cm−1). We
show in Figure 4 the frequency region 1450−1650 cm−1 of the
experimental Raman spectra for the four CPPs. The three
significant peaks observed are attributable to the carbon−carbon
bond stretching. The peak around 1500 cm−1 is a doubly
degenerate mode, with the irreducible representation Eg for
[6]CPP, E2g for [10]CPP (and larger even-numbered [n]CPPs
when n/2 is odd), and E2 for [8]- and [12]CPPs (and larger even-
numbered [n]CPPs when n/2 is even). We name it the Gio mode
as it corresponds to the Cipso−Cortho bond stretch. The peak with
the highest intensity (namely, the G1 mode) is a totally
symmetric mode (A1 when n/2 is even, and A1g when n/2 is
odd, which we will denote collectively as A1(g)) for all even-
numbered [n]CPPs. The side peak to the right of G1 is a doubly
degenerate mode, which we call the G2 mode. Similar to the Gio
mode, G2 is Eg for [6]CPP, E2g for [10]CPP (and larger even-
numbered [n]CPPs when n/2 is odd), and E2 for [8]- and
[12]CPPs (and larger even-numbered [n]CPPs when n/2 is
even). We shall denote E2 and E2g as E2(g) collectively for the
following discussion. Both the G1 and G2 modes are related to
the Cortho−Cortho and Cipso−Cipso bond stretching. The nomencla-
ture G1, G2, and Gio is chosen to emphasize the kinship with the
G modes of CNTs and graphene corresponding to the C atom
vibrations tangential to the surface.26−28 As n increases, the Gio

Figure 2. Geometries of even-numbered CPP molecules. (a) An even
[n]CPP has a symmetry of D(n/2)d, where the benzene units are
alternately canted with a certain dihedral angle between adjacent units.
(b) The plot shows the size dependence of the dihedral angle. The
dihedral angle θ is the angle between the plane defined by atoms (1, 2, 3)
and that by atoms (2, 3, 4). The red line (∼35.8°) indicates the dihedral
angle of a long polyparaphenylene (PPP) molecule and is an
approximation of the dihedral angle for [n]CPP when n → ∞.
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mode decreases in frequency, whereas both the G1 and G2modes
increase in frequency with a decreasing separation between them.
Our calculations show that the Cipso−Cipso bonds exhibit more
single-bond character with decreasing n, as indicated by the
increasing bond lengths. Such weakening of the Cipso−Cipso
bonds due to increasing strain (as n decreases) is also associated
with relative strengthening of the Cipso−Cortho bonds, thus giving
rise to the decrease in G1 and G2 frequencies and the increase in
Gio frequency (as n decreases). The reader is directed to ref 26 for
more information on the size dependence of the CPP G modes.
Fitted experimental Raman frequencies for the G peaks, as well as
various other peaks, of [6]-, [8]-, [10]-, and [12]CPPs can be
found in the Supporting Information.

The two bands around 1200 and 1275 cm−1 in Figure 5 are
related to the C−H bond bending in the benzene planes and the
breathing (or irregular deformations) of the benzene units,
respectively. Specifically, the peaks in the 1200 cm−1 band
correspond to C−H bending motions where the intrabenzene H
atoms move against each other, as exemplified by the strongest
A1 mode (∼1200 cm−1) in this band for [8]CPP; the peaks in the
1275 cm−1 band are related to the asymmetric breathing or
irregular in-plane distortions of the six-member carbon rings,
with the strongest peak representing a totally symmetric mode
(e.g., A1 around 1270 cm−1 for [8]CPP in Figure 5). We relate
the 1275 cm−1 band to the D-band in CNTs because of their
similar six-carbon-ring behaviors and comparable frequency
regions,21,29−31 except that the momentum conservation require-
ment in solid state CNTs is relaxed for CPPs due to their
molecular nature; hence, they are allowed without defects. In
fact, this band is prominent in CPPs. As is seen in Figure 5, the
most intense peaks in these two bands for the even-numbered
CPPs are both totally symmetric modes A1(g). Figure 6 shows the
overlaid comparisons of the experimental and calculated Raman
spectra for the four CPP species. We have scaled the frequencies
(for typically ∼±5%) of the original calculated Raman spectra
for each individual CPP so that the two strongest modes in the

Figure 3. Experimental (red) and calculated (blue) Raman spectra for [6]-, [8]-, [10]-, and [12]CPPs. A universal scaling factor of 0.97 is used to
scale the original calculated frequencies of all CPPs. The insets magnify the low-frequency regions in which the Raman amplitudes are small.
Comparisons of the experimental and calculated spectra show high agreement between one another except for some apparent differences in the
relative intensities.

Table 1. Theoretical Raman-Active Modes for Even-
Numbered [n]CPPsa

Raman-Active Modes Special Cases

n/2 is even 15A1+30E2+29En/2−1
(133 modes)

15A1+15B1+14B2+28E for n = 4
(100 modes)

n/2 is odd 15A1g+29E1g+30E2g
(133 modes)

15A1g+29Eg for n = 6
(73 modes)

aA, B − single modes; E − doubly-degenerate modes.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp5117195
J. Phys. Chem. C 2015, 119, 2879−2887

2881

http://dx.doi.org/10.1021/jp5117195


scaled spectra overlap with the maxima of the experimental
peaks. The theoretical Raman-active modes are marked as the
blue matchsticks and denoted with their corresponding
irreducible representations. The symmetries of the observed
side peaks in these two bands cannot be determined conclusively
from the calculated spectra. It would require polarization analysis
to do so irrefutably. Nevertheless, we are still able to make some
general comments about these modes based on symmetry: (1)
The side peaks to the left of the A1(g) mode in the 1200 cm−1

band may arise from doubly degenerate modes. For [6]CPP, the
only possibility is the Eg mode according to the DFT calculation;

for other even-numbered [n]CPP with odd n/2, there can be two
contributing modes, E1g and E2g, as shown for [10]CPP in Figure 6;
for even [n]CPP where n/2 is even, there are also two possible
modes, E2 and En/2−1, for example, E2 and E3 for [8]CPP and
E2 and E5 for [12]CPP. It is worth noting that even though some
of the modes are predicted to be insignificant in intensity, they
may still be visible in experiment owing to either symmetry
breaking or overall inaccuracy in the calculated intensities.32 (2)
The side peaks around the A1(g) mode in the 1275 cm−1 band
may also arise from the doubly degenerate modes. For [6]CPP,
there are two Eg modes on the right side of the A1g peak; for other
even [n]CPP where n/2 is odd, starting from [10]CPP, there are
two E1g modes and two E2g modes close to the A1g peak; similarly,
for even [n]CPP where n/2 is even, there are two E2 modes and
two En/2−1 modes. (3) In the right tail of the 1275 cm

−1 band one
may observe small signals from an A1(g) mode and several doubly
degenerate modes. (4) It is also possible that the discrepancies
between the calculated and observed peak positions, for example,
the experimental peaks to the right of the 1250 cm−1 A1g peak for
[6]CPP, result from imprecise calculation in DFT32 or from
symmetry breaking and the concomitant peak shift in the real-
world measurements.

4.2. Intermediate-Frequency Regime (∼530−1150
cm−1). It can be seen from Figure 3 that the experimental
Raman peaks below 1150 cm−1 are generally low in intensity.
The only significant peak in the frequency regime 900−1150 cm−1

is around 1000 cm−1 from a doubly degenerate mode E2(g)
(or Eg for [6]CPP) as shown in Figure 7. In Figure 7 we use
[8]CPP to illustrate that the vibrational motion of the modes are
composed of two benzene vibrational modes: a Raman-active
mode and a Raman-inactive mode corresponding to two types of
six-member carbon rings breathing with constant C−H bond
lengths, both around 990 cm−1 in the benzene Raman spectrum.
In Figure 8, the significant modes are highlighted and grouped

according to their vibrational motions and symmetries. Using the
symmetry arguments, we are able to identify the size dependence
of various modes in this regime. Groups a−d are all composed of
doubly degenerate modes of irregular bond bending and/or ring
deformations. There are several closely spaced modes in group b
with various relative intensities for different CPPs, and we are
unable to assign the irreducible representations to each of them
with confidence at the time. Representative modes for the four
groups are laid out on top of Figure 8. Group e in the trapezoidal
area defines a special category of CPP Raman-active modes that
are characterized by out-of-plane C−H bond bending motions.
Figure 9 is a magnification of the regime (780−850 cm−1) where
the strongest of these modes reside. Although considerable
discrepancies in relative intensities exist between the experiments
and the calculations, the comparison still provides enough insight
in the positions of the peaks. The four most important peaks are
the three A1(g) modes and the doubly degenerate mode on the
right tail, examples of which are taken from the [8]CPP
calculations.

4.3. Low-Frequency Regime (below 530 cm−1).The low-
frequency peaks below 530 cm−1 are very weak and almost
negligible compared to the high-energy peaks, which can be
observed in both the experimental and calculated spectra in
Figure 3. We exhibit in Figure 10 the lowest frequency part of our
measured Raman spectra. Signals around and below 150 cm−1 are
questionable, as they may be polluted by signal from the laser.
Theoretically, the peaks below 200 cm−1 mostly come from
vibrations of the atoms in the radial direction of the hoop such as
radial breathing modes (RBMs) and squeezing modes, which are

Figure 5. Experimental Raman spectra between 1150 and 1350 cm−1.
The 1200 cm−1 band corresponds to C−H bending motions where
the intrabenzene H atoms move against each other. The peaks in the
1275 cm−1 band are related to the asymmetric breathing or irregular
in-plane distortions of the six-member carbon rings. The most intense
peaks in these two bands for the even-numbered CPPs are both totally
symmetric modes A1 or A1g.

Figure 4. Experimental Raman spectra in the high-frequency region
1450−1650 cm−1. The Gio mode corresponds to Cipso−Cortho bond
stretch, and the G1 and G2 modes correspond to Cipso−Cipso and Cortho−
Cortho bond stretch. As n increases, the Gio mode decreases in frequency,
whereas the G1 and G2 modes increase with a decreasing separation
between one another.
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also present in CNTs.33,34 The modes between 200 and
450 cm−1 can be roughly characterized as vibrations with
minimal intrabenzene bond length change. Of particular interest
in this area is the single peak (A1(g)) around 500 cm

−1, named the
radial flexing mode (RFM) because of the synchronous flexing
motions of all the benzene units in the hoop radial direction.26

Like the RBM for CNTs, the radial flexing mode is dependent
on the size of the nanohoop, but it is distinct from the RBM in
that the RBM corresponds to the expansion−contraction motion
of the tube in the radial direction.35,36 While the RBM serves as
the signature Raman mode of CNTs, which is extensively used
for the identification of nanotube species due to its size
dependence effect, the radial flexing mode may be of less

importance to the CPPs because of its low intensity and, more
importantly, the fact that all of the CPP Raman modes are more
or less size dependent.

4.4. SizeDependenceof theCPPRamanModes.Figure 11
displays the size dependence of selected calculated Raman
frequencies between 0 and 1600 cm−1. At the top of the figure, we
use the experimental Raman spectrum of [8]CPP as a sample to
show the approximate positions of different modes. The filled
circles (blue) indicate the five most significant modes in the high-
frequency regime as discussed in section 4.1, including the
Gmodes and the strongest modes in the 1200 cm−1 band and the
1275 cm−1 band (D band), respectively. The empty circles
(green) indicate the two significant modes in the intermediate
regime as discussed in section 4.2, including the strongest mode
in the 800 cm−1 band and the 1000 cm−1 mode. The empty
squares (red) indicate selected modes in the low-frequency
regime, including the radial flexing mode discussed in section 4.3
and three other insignificant modes. All points are labeled
with their irreducible representations. Note that due to the lower
symmetry of [4]CPP, some of its Raman modes bear different
representations than the larger CPPs. All modes shown in the
plot are size dependent for n≤ 14, but tend to converge to certain
constant values as n becomes large, a behavior similar to that of
the size dependence of the dihedral angle shown in Figure 2b.
Similar to the convergence of the dihedral angle, the Raman
frequencies should also converge to their limiting values defined
by the Raman-active modes of the linear PPP molecule. It is
worth noting that the calculated Raman frequencies shown in
Figure 11 (as well as the calculated Raman spectra and modes
shown in all previous figures) are scaled from the original
calculated Raman spectra by DFT. The original calculated
Raman frequencies are in general higher than the experimental
values. This overestimation is a common problem for the DFT
Raman spectra of large molecular systems and is likely caused by

Figure 6. Comparisons between the experimental and calculated Raman spectra in the region between 1150 and 1350 cm−1. We scaled the original
calculated Raman spectra for each individual CPP so that the two strongest modes in the scaled spectra overlap with the maxima of the experimental
peaks. Separate scaling factors (0.972, 0.977, 0.978, and 0.977 for [6]-, [8]-, [10]-, and [12]CPPs, respectively) are used for optimal overlap of the
experimental and calculated peaks. The theoretical Raman-active modes are marked as the blue matchsticks and denoted with their corresponding
irreducible representations. Side peaks in these two bands may arise from various doubly degenerate modes.

Figure 7. Peak around 1000 cm−1 (Eg for [6]CPP; E2g for other even
[n]CPPs with n/2 being odd; E2 for even [n]CPPs with n/2 being even)
is due to the vibrational modes composed of two types of benzene
vibrational modes. The mode in the left inset is an active mode in the
Raman spectrum of benzene, and the one in the right inset, inactive.
Both benzene modes are around 990 cm−1.
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the neglect of anharmonicity of vibrations or the overestimation
of the harmonic force constants.32 Here we have used the scaling
factor method37,38 as an empirical correction for the misalign-
ments between the experimental and calculated Raman
frequencies of the [6]−[12]CPPs. The same scaling factors
(∼0.97) are applied to extrapolate the theoretical Raman
frequencies of [14]−[20]CPPs without knowing their exper-
imental values. Although the theoretical Raman frequencies

obtained in this way (e.g., Figure 11) may not be used as good
estimators of the precise frequency values, they are still useful for
visualizing the general trends of the size dependency. However,
as a result of the limitations in the quantity, accuracy, and/or
resolution of the experimental data, aggravated by the less than
perfect calculated results, dedicated analysis on specific Raman
modes and bands are necessary for more in-depth understanding
of the CPP Raman features.

Figure 8. Groups of Raman peaks in the region 530−900 cm−1. Groups a−d are all composed of doubly degenerate modes of irregular bond bending
and/or ring deformations. The figures displayed on top are the representative modes for groups a, b, c, and d, respectively. Group e in the trapezoid
comprises modes corresponding to the out-of-plane C−H bond bending illustrated in detail in Figure 9.

Figure 9.Magnification of the regime where the strongest out-of-plane C−H bending modes reside. Separate scaling factors (0.972, 0.977, 0.978, and
0.977 for [6]-, [8]-, [10]-, and [12]CPPs, respectively) are used for optimal overlap of the experimental and calculated peaks. The vibrations for the four
modes for [8]CPP are displayed as examples. The theoretical Raman-active modes are marked as the blue matchsticks and denoted with their
corresponding irreducible representations.
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5. CONCLUSION
We have analyzed the Raman spectra of [6]-, [8]-, [10]-, and
[12]CPPs with the help of DFT calculations and group theory.
The total numbers of Raman-active modes for even [n]CPPs
with D(n/2)d symmetries are predicted by group theory and

confirmed by comparisons with the DFT results. Key Raman-
active modes of even-numbered CPPs are discussed in detail, and
all major peaks are categorized according to their vibrational
motions and/or point group. By taking advantage of the
symmetry arguments, we are able to identify both experimental

Figure 10. Low-frequency region (<500 cm−1) for [6]-, [8]-, [10]-, and [12]CPPs. Peaks in this region have very low intensities compared to the high-
frequency peaks. The single peak around 500 cm−1 corresponds to a totally symmetric mode in which all of the benzene units synchronously flex in the
radial direction of the hoop.

Figure 11. Size dependence of selected calculated Raman frequencies of even-numbered CPPs. A universal scaling factor of 0.97 is used. The sample
spectrum on top is the experimental Raman spectrum from [8]CPP. The filled circles (blue) indicate the five most significant modes in the high-frequency
regime as discussed in section 4.1, including the G modes and the strongest modes in the 1200 cm−1 band and 1275 cm−1 band (D band), respectively; the
empty circles (green) indicate the two significant modes in the intermediate regime as discussed in section 4.2; the empty squares (red) indicate selected
modes in the low-frequency regime, including the radial flexingmode discussed in section 4.3 and three other insignificantmodes. All points are labeled with
their respective symmetries. As n becomes large, all modes tend to converge to the limit values defined by the infinite PPP molecule.
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and calculated Ramanmodes of the same origin in different CPPs
and thus to observe their size dependency. These will be useful
in studying the evolution from the CPP Raman modes to the
CNT Raman modes, to bridge the gap between the Raman
spectroscopies of the carbon nanohoops and nanotubes. In
addition, the group theory of ground-state even-numbered CPPs
may also serve as a useful baseline for probing any symmetry-
breaking effects in CPPs due to strain or vibronic coupling.
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