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The photopolymerization of carbon-60 (Cg,) molecules encapsulated inside single-walled carbon nanotube
(en-Cgp) is investigated through far-field and near-field Raman spectroscopies. In general, a moderately intense
laser irradiation invokes complete photopolymerization of nonencapsulated bulk Cg, molecules (bulk-Cg).
However, in contrast, we observed in our experiments that the en-Cg, molecules never get completely poly-
merized, even under long and strong irradiation. In both far-field and near-field Raman measurements, we
observed evidences of simultaneous occurrence of polymerization and depolymerization of en-Cg, during the
process of irradiation. The temporal fluctuation of Raman intensity associated with Cgj-monomer peak con-
firmed that en-Cgy molecules jump back and forth between the polymerized and depolymerized states. The
results have been discussed through the unique movement of Cg, molecules inside nanotube, and through the
interaction between Cg, molecules with the inner wall of the nanotube in en-Cgq, sample, which generates
frictional heat, responsible for the scission of polymeric bonds between neighboring Cg, molecules. The
frictional scission competes with the photopolymerization process, resulting in a temporally dynamic situation

where the sample can never get completely polymerized even under strong irradiation.

DOI: 10.1103/PhysRevB.81.245416

I. INTRODUCTION

Since the discovery of carbon-60 (Cgp) in 1985, it has
been one of the most investigated molecules of its family,!
because this molecule in its composite nanostructural form
has promising characteristic for future nanoscale devices by
controlling the shapes and the chemical properties of the
composite.>* Indeed Cgq, acts as a strong acceptor upon
photo excitation and can be used for photoconductor, light-
emitting diode,® second-order nonlinear optical material,®
and optical limiting devices.” One of the interesting features
of Cgy is that it is known to polymerize under UV to visible
light irradiations, forming a variety of crystal structures such
as rhombohedral, tetragonal, or orthorhombic, depending
upon the polymerization conditions.®° In fact, it is believed
that the photochemical process in Cg is very efficient, lead-
ing to one dimmer per absorbed photon.!? It is also reported
that C4y could be efficiently encapsulated in a quasi-one-
dimensional single-walled carbon nanotube (SWNT),'
which can lead to interesting applications. Photopolymeriza-
tion process of Cg, encapsulated in SWNT (en-Cg) has also
been investigated in the recent past,'>”'* where the possibil-
ity of Cg, partially forming a one-dimensional chain was
suggested. The polymerization process was monitored
through the decreasing intensity of Raman peak that corre-
sponds to isolated Cg, molecules (monomers). The authors
could not confirm complete polymerization in their experi-
ment, as the Raman peak corresponding to the monomers
never disappeared completely. Nevertheless, they concluded
that at sufficiently high laser irradiation, the Cg, molecules
would completely polymerize and would form a perfect one-
dimensional chain inside the SWNT. The sample used in
their study was extremely dense, where it is difficult to un-
derstand the flow of energy during the laser irradiation. In
contrast, in a thorough study, we have found that under am-
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bient conditions it is impossible for en-Cq, molecules to
completely polymerize, even under a long-time high-power
laser irradiation reaching the threshold of ablation, for a
sample that is fairly dispersed. It should be noted here that
even if the SWNTSs are dispersed, we have confirmed that the
intermolecular distance for these en-Cgqy molecules inside a
SWNT is short enough for a possible polymerization to take
place. Instead, we found evidences of random events of po-
lymerization and depolymerization during a long exposure,
which never leads to a complete polymerization with forma-
tions of one-dimensional Cg, chain inside the SWNT. Our
results are also in contrast to some of the XRD
observations'>~!7 where authors demonstrated reduced inter-
molecular distances confirming complete polymerization of
Cgo molecules inside SWNT. However, this was observed
only under high pressure and high temperature, which is
completely different experimental environment in compari-
son with the present report under atmospheric pressure and
room temperature.

Out of several Raman-active vibrational modes of Cg,
molecules, only the nondegenerate A,(2) pentagonal pinch
mode at 1467 cm™! is strong enough to be detectable from a
small volume of the sample. When Cg, monomer molecules
turn into oligomers, they create covalent bindings resulting
in complexity in Raman spectrum. The most distinguished
change due to this covalent bonding appears in the A (2)
mode, which lowers its vibrational frequency by about
10 cm™!, easily detectable in Raman spectra. Therefore, a
comparison of the intensity ratio between the monomer and
oligomer peaks can provide a quantitative measure for the
amount of polymerization. In the case of complete polymer-
ization, the monomer peak would disappear. Thus, it is very
convenient to utilize Raman spectroscopy to study the poly-
merization phenomenon in Cg, molecules.

Apart from overcoming an energy barrier for the process
of polymerization to occur, it is also required that the Cg
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molecules align parallel to the reactive carbon double bonds
of the adjacent molecules and stay in close proximity for the
2+2 cycloaddition covalent bonding to take place. In fact,
under room temperature, Cqy molecules freely spin along
randomly oriented axis, which gives them a possibility to
change their relative orientations. When excited with exter-
nal light, the long-lived triplet state of Cg, gives the mol-
ecules enough time to orient parallel during their random
spin and to form polymeric covalent bonds with the neigh-
boring molecules, provided the molecules are in close
proximity.'® Thus, photopolymerization of Cg, can readily
occur under sufficiently intense light irradiation. On the other
hand, it is also known that the polymeric covalent carbon
double bonds in an oligomer can easily break to create
monomers, if sufficient energy is provided to the oligomers,
for example, by means of raising the temperature.'® This
means, while Cg, monomers could be polymerized by light,
they can also return back to the monomer state under the
presence of sufficient energy. Thus, if there is another source
of energy, the C¢, molecules under light irradiation may un-
dergo a temporal fluctuation of phase between monomer and
oligomer. This is what we have observed in the case of
en-Cgy molecules, and we anticipate that this behavior is as-
sociated with the unique movement of en-Cg, molecules,
which receives enough energy from the surrounding SWNT
to overcome the energy barrier to jump back and forth be-
tween polymerized and depolymerized states.

In this paper, we report on the photopolymerization phe-
nomena of en-Cg, molecules, measured through confocal
micro-Raman spectroscopy. In order to compare the photo-
polymerization process of en-Cgy molecules with that of free
Ceo molecules, we have also studied the process of photopo-
lymerization of C4y molecules dispersed uniformly on a glass
substrate, which we refer as the bulk-Cy, sample. By chang-
ing the irradiation power and the exposure time, we moni-
tored the relative strengths of Raman peaks that correspond
to the monomers and oligomers of Cg, molecules, to under-
stand the process of polymerization. Further, we have also
analyzed the sample through the technique of tip-enhanced
Raman spectroscopy (TERS) (Refs. 20-23) that allows us to
selectively study nanometric area of the sample. The results
on photopolymerization of en-Cg, molecules are discussed
through the spectroscopic signatures of polymerization and
depolymerization.

II. EXPERIMENTAL DETAILS

The C¢, molecules and the SWNTs used in this study
were purchased from Matsubo Co. and Meijo Carbon Co.,
respectively. For the preparation of bulk-Cg, sample, 8.3 mM
of Cgg-toluene solution was dropped on a cover-glass slip
and dried at the temperature of 180 °C. The sample was
dried at a fast rate so that a possible crystallization and for-
mation of isotropic sample could be avoided. In order to
prepare en-Cgy, sample, SWNTs were sonicated in nitric acid
solution for 6 h to open the tube ends. The open-ended
SWNTs were evacuated in a quarts glass cell for 30 min at
the temperature of 400 °C for perfect drying. The SWNTs
were then mixed with Cg, molecules and the mixture was
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heated to 600 °C for 12 h after sealing them in a quartz-glass
cell under a pressure of ~107> torr. The mixture was then
dissolved in toluene and was sonicated followed by the fil-
tration to remove extra Cq, molecules outside of the tube.?*
The purification process was repeated several times to com-
pletely remove the unencapsulated Cqy molecules. The fil-
trated Cq-SWNT was dispersed in 2,2,3,3-tetrafluoro-1-
propanol and drop-and-dry coated on a cover-glass slip for
Raman measurements. Encapsulation was confirmed by both
Raman spectroscopy and transmission electron microscope
(TEM) imaging.

Utilizing a 532-nm diode laser, the sample was illumi-
nated and confocal Raman scattered light was collected
through a high-numerical-aperture (NA) objective lens. The
collected Raman signal was dispersed through a polychrom-
eter and the dispersed signal was recorded by a liquid-
nitrogen-cooled charge coupled device (CCD) camera. In or-
der to invoke photopolymerization, the sample was exposed
to various values of illumination power, however, Raman
scattering was always excited by a low laser power of
8 uW, which we confirmed to be too low for causing any
structural changes, including polymerization, even for a long
exposure of more than 100 min. All the experiments were
carried out under room temperature.

For TERS measurements, the sample was excited with
400 uW of a 488-nm diode laser. The beam was expanded
20-fold using a beam expander and an evanescent mask was
inserted in the beam path. A cover-glass slip, on which the
sample was placed, was set on an inverted oil-immersion
microscope objective lens (X60, NA=1.4). The Raman sig-
nal was efficiently collected by the same objective lens. A
pinhole with a diameter of 200 wm was inserted in the col-
lection path to decrease the intensity of background far-field
signal. The collected signal was guided to a single spectrom-
eter and detected using a liquid-nitrogen-cooled CCD cam-
era. TERS was excited by bringing a metallic nanotip close
to the sample. The nanotip was prepared by coating silver on
a commercially available AFM cantilever by vacuum evapo-
ration that resulted in a tip with apex diameter of about 30
nm. The reference data was collected by taking the tip off the
sample.

III. RESULTS AND DISCUSSION

Electron microscopy is one of the common ways to image
nanomaterials. We therefore utilized this technique for the
preliminary visualization of the encapsulation of Cgy mol-
ecules in SWNTs. The TEM image of en-Cgq, sample, an
example of which is shown in Fig. 1, confirms that there
were no Cgy molecules attached on the outer walls of the
SWNTs or anywhere between the SWNTs. This was also
confirmed by taking the TEM image from different parts of
the sample. A careful observation of the contrast in TEM
image indicates the presence of Cg, molecules inside the
nanotubes, which was further confirmed from x-ray diffrac-
tion and Raman scattering to compliment the TEM image. It
can also be observed in this image that Cg, molecules are in
physical contact, indicating the possibility of one-
dimensional polymerization of Cg, molecules inside the
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FIG. 1. TEM image of Cg, encapsulated in an isolated SWNT.
The contrast in this image depicts the presence of closely packed
Cgo molecules inside the tube, as illustrated by the dotted circles in
a zoomed area in the inset. This is also evident that there are no Cg
molecules on the outer wall of the SWNT.

SWNT. We also confirmed the amorphous nature of bulk-Cg,
sample through scanning electron microscope (SEM) images
(not shown here), which suits better for photopolymerization
process in comparison with crystalline samples.

A. Photopolymerization of bulk-Cg

In order to understand the process of photopolymerization
in en-Cgp, we first investigated the bulk-Cy, sample by study-
ing the power dependence of laser irradiation on the photo-
polymerization process. Figure 2 shows Raman signature on
the photopolymerization of bulk-Cg, probed through the
A,(2) pentagonal pinch mode.’> Raman spectra of bulk-Cg
before and after laser irradiation (AN=532 nm, power
=1 mW, and exposure=1 min) are shown in Fig. 2(a). Be-
fore laser irradiation, Raman spectrum shows the A g(2) mode
at 1467 cm™!, which corresponds to monomer Cg, mol-
ecules. This peak is suppressed after laser irradiation and a
new peak appeared at 1457 c¢cm~!, which corresponds to the
vibrational mode of percolating clusters of molecules caused
by polymerization process. This mode was originally a tan-
gential A (2) symmetry mode in pristine Cg.>> Figure 2(b)
shows the power dependence of the laser irradiation for the
photopolymerization process, which is quantified by the in-
tensity ratio of /4¢7/11457, Where Ij45; and I 45; represent
Raman intensities of the monomer mode at 1467 cm™' and
the polymer mode at 1457 cm™!. The irradiation wavelength
was 532 nm, the illumination power was varied from 0 to 1
mW and the sample was exposed for 1 min in every experi-
ment. The laser power during Raman measurements was set
to 8 uw and Raman signal was accumulated for 5 min. In
order to polymerize a fresh area of the sample, each experi-
ment was performed at different positions of the sample,
however, we confirmed by SEM image that the sample was
uniform within the microscopic observation area. As one can
clearly see from Fig. 2(b), the irradiation power significantly
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FIG. 2. (Color online) (a) Raman spectra of bulk-Cg, sample in
the spectral range of A,(2) mode, before (lower curve) and after
(upper curve) laser irradiation. The blue spectrum shows a mono-
mer peak at 1467 cm™' while the red spectrum shows a polymer
peak 1457 ecm™'. (b) Laser irradiation power dependence of the
amount of polymerization, quantified by the intensity ratio
L1467/ 11457, Where 11447 and 1457 represent Raman intensities of the
modes at 1467 and 1457 cm™, respectively. The exposure time, the
accumulation time and the observation laser power for Raman mea-
surements were 1 min, 5 min, and 8 uW, respectively.

affects the degree of photopolymerization. The threshold ir-
radiation power necessary for photopolymerization of
bulk-Cg is about 80 ww and the irradiation power of about
200 wpw is enough to cause complete photopolymerization
within 1-min exposure.

B. Photopolymerization of en-Cg,

The presence of SWNT surrounding in encapsulated
sample significantly changes the photopolymerization behav-
ior of en-Cg, in comparison with that of bulk-C¢, under am-
bient conditions. Unlike the bulk-Cg, sample, the en-Cg
sample does not show complete polymerization even after
stronger and longer exposures. This is evident from the pres-
ence of monomer peak in Raman spectrum, which always
appears with noticeable intensity. Figure 3(a) shows two Ra-
man spectra obtained at two different excitation powers and
accumulation time from the en-Cg, sample. The lower spec-
trum in Fig. 3(a) was obtained with 8 uW of excitation and
100 min of accumulation, which we confirmed to be too low
to invoke photopolymerization while the upper spectrum was
obtained with 500 uW of excitation and 5 min of exposure,
which is high enough to cause a thorough photopolymeriza-
tion in bulk-Cgy. In order to focus our attention on vibra-
tional mode associated with Cgj, the spectra are corrected for
SWNT background and are shown in the spectral range of
1450-1480 cm™'. The blue spectrum shows a peak at
1464 cm™', which is downshifted by 3 cm™!, in comparison
with the A,(2) mode of bulk-Cq. This shift originates from
the interaction between the SWNT wall and Cg, molecules,

245416-3



SAITO et al.

Raman Intensity (counts)

04

T T T T T
1440 1450 1460 1470 1480 1490
Raman Shift (cm-!)

1464 (counts)
=]
=N
i

Irradiation Power (mW)

16 (C)

I1464/11458
o

Time (min)

FIG. 3. (Color online) (a) Raman spectra of en-Cg, sample in
the spectral range of A,(2) mode, measured with two different ob-
servation laser powers of 8 uW (blue curve) and 500 uW (red
curve). In order to focus our attention on the Cg vibrational modes,
the SWNT background signal was removed. The A,(2) mode in
blue spectrum is observed at 1464 cm™!, which is downshifted by
3 c¢cm™! in comparison with bulk-Cg, sample due to encapsulation.
This peak is still observed in the red spectrum, which, in addition,
shows a polymer peak at 1458 cm™', as illustrated by the dotted
curves. (b) Irradiation power dependence of the monomer peak in-
tensity. The exposure time, the accumulation time and the observa-
tion laser power were 1 min, 20 min, and 8 wW, respectively. (c)
Time dependence of the intensity ratio /y464/11453. Where /44 and
I1453 represent Raman intensities of the modes at 1464 and
1458 cm™!, respectively. All measurements were performed under
500 W irradiation with an accumulation time of 5 min from the
same spot of the sample.

and is characteristic of the encapsulation.’® On the other
hand, the red spectrum shows a broader peak, which can be
deconvoluted into two modes appearing at 1458 and
1464 cm™. It is interesting to see that the peak at
1464 cm™! still appears with noticeable intensity, indicating
that, unlike in the bulk-C¢, sample, C¢, monomers still exist
in the en-Cg, sample at such a strong exposure. The other
peak at 1458 cm™! comes from Cg, oligomers, indicating the
coexistence of polymerized and unpolymerized sample dur-
ing the measurement time.

Focusing our attention to the monomer peak at
1464 cm™!, we measured the intensity of this peak after
I-min exposure with various irradiation powers, which is
shown in Fig. 3(b). Each spectrum was measured with
8 uW of excitation power for an accumulation time of 20
min from a fresh area of the sample and the intensity of Cg
mode was calibrated with the intensity of the G band of
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SWNT to avoid any possible inhomogeneity of the sample.
The irradiation power was varied from 0 to 5 mW. For irra-
diation power larger than 5 mw, the sample started to get
damaged due to the effect of laser ablation. As can be noticed
from Fig. 3(b), the intensity of A,(2) mode does not show
any obvious dependence on the irradiation power, which is
very different from what we saw in the case of bulk-Cg
sample in Fig. 2(b). This indicates that the Cq, monomers
still exist and their average amount remains unchanged even
around the threshold irradiation power that causes ablation of
the sample. It was confirmed from x-ray diffraction that av-
erage intermolecular distance of Cg, encapsulated in SWNT
was shorter than that of monomers but longer than that of the
polymer,”'3 which means Cq, molecules were close enough
to form polymer under light irradiation.

A closer look at the experimental results, however, indi-
cated that the flat response of Raman intensity in Fig. 3(b)
was averaged over the exposure time. Indeed, we found that
the Raman intensity of the A,(2) mode fluctuates randomly
over a period of time. Figure 3(c) shows the time dependence
of the intensity ratio between the polymer and monomer
peaks of en-Cg, sample. Raman spectra were measured from
the same area of the sample with an accumulation time of 5
min and an excitation power of 500 uw, which showed vis-
ible fluctuation of Raman intensities over the time. The fluc-
tuation of the intensity ratio in Fig. 3(c) clearly indicates that
there is a temporal dynamic phase change of en-Cg, between
polymer and monomer during the light exposure. It should
also be noted that we could not see any temporal fluctuation
in the A,(2) mode under the exposure of 8 uW, confirming
that the temporal fluctuation in Fig. 3(c) was evoked by the
strong irradiation.

The spatial resolution in above-mentioned experiments
was about 500 nm and hence the temporal fluctuation ob-
served in Fig. 3(c) was also averaged over the focal area in
Raman measurements. In order to understand this temporal
fluctuation at a much higher spatial resolution, we utilized
the TERS technique, where the observation area is compa-
rable to the size of the tip apex (~30 nm in present case).
Thus, by utilizing TERS, we could study the temporal fluc-
tuation from a much smaller area of the sample. Figure 4(a)
shows TERS spectra from en-Cq, sample, where the red
spectrum was measure with tip in close contact with the
sample while the reference far-field spectrum in blue was
measured by taking the tip off the sample. Due to the lower
sensitivity in TERS experiments, one can hardly see the
A,(2) mode of Cg in the far-field spectrum shown in blue.
However, as the tip comes close to the sample, the enhanced
spectrum, presented in red, clearly shows the A,(2) mode of
Cgp, Which originated from a very small volume in close
vicinity of the tip apex. It was found that the A,(2) mode in
TERS spectrum shows much faster temporal fluctuation, in
comparison with the previous case of far-field measurements
in Fig. 3. Figure 4(b) shows the intensity fluctuation in A,(2)
mode in TERS, measured from the same area of the sample
at intervals of 2 min. Here, instead of the intensity ration
between the monomer and polymer peaks, we plot only the
intensity of the monomer peak, because the signal-to-noise
ratio for the polymer peak was significantly weak in TERS
measurements. The temporal fluctuation in Raman intensity
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FIG. 4. (Color online) (a) Near-field Raman spectra of en-Cg,
sample in the spectral range of A,(2) mode. Blue curve shows nor-
mal Raman spectrum (far-field) while the red curve shows TERS
spectrum (near-field). Due to poor sensitivity in these experiments,
the A,(2) mode cannot be observed in the far-field, however, it
appears clearly in the TERS spectrum due to the field enhancement.
(b) Time dependence of TERS intensity of the monomer peak at
1464 cm™' obtained from a fixed sample position. The spectra were
recorded under 400 uW observation power with accumulation time
of 2 s. The temporal fluctuation of this peak becomes stronger and
frequent when measured from a small area (~30 nm) of the sample
in TERS experiments.

in Fig. 4(b) clearly indicates that the Cq, molecules encapsu-
lated in SWNT jump back and forth between the monomer
and polymer phase under light irradiation. This is more
clearly seen from a smaller volume of the sample, where
there are lesser possibilities of averaged observations. Also,
TERS results show a faster fluctuation than the far-field mea-
surements, because, owing to the field enhancement, TERS
has the capabilities of faster measurements.

The temporal fluctuation of Raman intensity is a clear
evidence of the fact that under sufficient light irradiation, the
Cgo molecules in en-Cg, sample jump back and forth be-
tween polymer and monomer phases. A similar situation
could not be observed in the case of bulk-Cgy, which means
this phenomenon is somehow related to the encapsulation.
While, in the process of polymerization, new C-C bonding
between neighboring Cg, molecules is established through
the irradiation, simultaneous scission of these bonds take
place due to the interaction of Cg, molecules with SWNT,
which brings the molecules back into monomer phase. Ther-
mal vibration is one of the known driving forces for the
scission of polymeric bonds. It has been observed that even
by the heat created by the irradiation laser, C-C polymeric
bonding can break.! In such situation, bond forming com-
petes with thermal scission in the same experiment. In our
case, apart from the laser heating, the thermal energy comes
from the interaction between en-Cg, molecules and the inner
wall of SWNT, mostly as friction. It is known that Cg, mol-
ecules can rotate freely inside the SWNT at room
temperature.”’->° In a recent study through NMR,?® it was
observed that the free rotation of Cg, molecules brings in
some interference from the inner walls of the SWNT pre-
venting the polymerization of Cg, molecules inside the nano-
tube. Another study through neutron scattering? depicted
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strong orientational disorder due to the rotations of Cg, mol-
ecules. In both reports, the authors observed that the rotation
of C¢, molecules invokes some interaction between Cg, mol-
ecules and the inner walls of SWNT, which interferes with
the polymerization process. We believe this interaction is the
frictional force that generates some heat, which helps in
breaking up the Cg)-Cg4y bondings. Similarly, a short oligo-
mer can rotate along the axis of the SWNT. In this situation,
the friction force between Cgy molecule and the inner wall of
SWNT would twist the polymer chain, making it possible to
break the polymeric bond. In addition, Cy, molecules in
en-Cg, sample can also move back and forth inside SWNT
because of the inner force called internal pressure.’® Internal
pressure is a static capillary force between Cy, molecules and
the inner wall of SWNT, which is considered as the driving
force for the encapsulation.?! Friction is also created by this
internal pressure, which can lead to the scission process of
Cgo polymer inside SWNT. Indeed, in a high-resolution TEM
imaging experiment,’? it was observed that Cg, molecules
formed bonds with SWNT walls under electron beam irra-
diation and few seconds later, the bonds recovered. The au-
thor claimed that such coalescence was not a particular phe-
nomenon under the electron-beam irradiation but can be
more generally found in a study with careful heat treatments.
Such bond formation would also change the bonding energy
of the original polymeric bonds, helping the scission process
to occur easier than the case of bulk-Cgy. It can easily be
predicted that such bond formation would also act as a fric-
tion force for the inner movement of Cg, molecules, leading
to the scission process. Thus we conclude that the interaction
between Cgy molecules and the inner wall of SWNT is the
driving force of the scission, which competes with the poly-
meric bond formation under light irradiation. We also note
here that polymer bond breaking was not reported to occur in
the experiments where polymerization of encapsulated Cg
molecules was seen under high pressure and high
temperature,”~!7 even after returning back to the ambient
conditions. This means that our observation of spontaneous
polymer bond breaking at ambient condition is somehow
also related to high laser irradiation. We believe that the laser
irradiation adds further energy to the frictional heat, resulting
in easy scission of the polymer bonds. Due to this dynamic
situation, the en-Cg, molecules never form a steady one-
dimensional polymer inside the SWNT, even though their
intermolecular distances are short enough for the polymer-
ization to take place. Rather, they jump back and forth be-
tween monomer and polymer states with time, the signature
of which can be found in the form of temporal fluctuation of
Raman intensities.

IV. CONCLUSIONS

In conclusion, the laser-irradiated photopolymerization
process of encapsulated Cg, molecules inside SWNTs was
investigated through Raman and TERS measurements. Un-
like the nonencapsulated bulk-Cg, molecules, we observed
that the en-Cg, molecules never get completely polymerized,
even under long and strong irradiation. Both Raman and
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TERS measurements showed evidences of simultaneous oc-
currence of polymerization and depolymerization of en-Cg
during the laser irradiation. The unique movement of Cg
molecules inside SWNT generates frictional heat, which re-
sults in the scission of polymeric bonds between neighboring
C¢o molecules. Thus, heat-generated polymeric bond break-
ing competes with photogenerated polymerization process
during the laser irradiation, resulting in a dynamic coexist-
ence of polymers and monomers. This phenomenon is ob-
served through the temporal fluctuation of Raman intensity
associated with Cgy-monomer peak, which confirmed that
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en-Cg molecules jump back and forth between the polymer-
ized and depolymerized states during laser irradiation.
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