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We present temperature, laser power, and pressure dependent Raman spectral analysis of Cgp oxide
(Ce00) thin films prepared by the photolysis method. The first order temperature, laser power, and
pressure coefficients of the Raman frequencies are evaluated and are utilized for evaluating the
thermal conductivity of CgO. Its thermal conductivity is found to be 0.7 W m~! K~! which is mar-
ginally higher than that of bulk Cgp. Raman frequencies corresponding to C—O and C—C bonds blue-
shift with a decrease in temperature which is attributed to the thermal contraction of CgyO
molecules. The density functional measurements have been performed to optimize CgyO structure.
The contraction in the C—O bond length has been corroborated with the experimental Raman shifts
at different temperatures and is used to evaluate the linear expansion coefficient of CgyO. Pressure
induced compression and polymerization of CgO clusters are also illustrated. This study highlights
the interplay between thermal and mechanical transformations in the CgO cluster which may regu-
late its thermoelectric properties by tuning the intermolecular interactions. Published by AIP
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Il. INTRODUCTION

Designing efficient thermoelectric materials for convert-
ing heat into electricity is a global challenge. In order to
enhance the thermoelectric properties, one may either reduce
the thermal conductivity of the material or increase its thermo-
electric power."? As most of the thermoelectric materials are
subjected to high temperatures under ambient conditions for
their applications, their long term stability is generally desired.

Fullerenes and their derivatives are used in both organic
and inorganic nanocomposites to improve their thermoelec-
tric efficiencies.”® Thanks to their ultralow thermal conduc-
tivities, the presence of Cgp in the bulk media limits the
phonon transport path which in turn reduces the heat
conduction.”™ However, it is difficult to maintain pristine
Ceo as it readily reacts with atmospheric oxygen and forms
oxide.'*!!

Two stable oxygen containing fullerene isomers are
observed: (i) epoxy like structure (with a single C—C bond)
and (ii) annulene like structure (with a broken C-C
bond).'*™'* Although there are several reports on the thermal
conductivities of empty and endohedral fullerenes, the heat
conduction in oxygen containing fullerenes has not been
reported to date.">™" In oxidized fullerenes, the unpaired
electron in C—-O~ may contribute to additional electron-
phonon interaction which may regulate the thermal conduc-
tivity of Cgp in air.'®

Raman spectroscopy is often used for understanding the
inter- and intra-molecular interactions in fullerenes. The
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Raman spectra of Cgy and CgnO have been previously
reported showing the intermolecular interactions between the
cages and the cage functionalization by oxygen. Like Cey,
most of the cage vibrational modes are present in CgO
except that they are split due to the presence of oxygen
which lifts the vibrational degeneracy.'”° Under thermal
and mechanical stress, Cgy conformation and its interaction
with the neighborhood may vary which can affect the heat
conduction and thermoelectric efficiency.?'*

In this work, we report temperature, laser power, and
pressure dependent Raman spectra of CgpO film. The first
order temperature, laser power and pressure coefficients of
the Raman frequencies are evaluated and are utilized to
measure the thermal conductivity of CgpO. Both temperature
and pressure influence the structural and optical properties of
Cg0O which modulates its thermal conductivity.

Il. EXPERIMENTAL DETAILS

Ceo was oxidized using photo-oxidation techniques
described by Rao er al.>* and Heymann and Chibante.”*
Pristine Cgp (99.5%, SES Research) dissolved in toluene was
simultaneously irradiated with UV light (100 W short arc Hg
lamp) and was bubbled with oxygen gas for 3h. The
obtained precipitates were dried in air under ambient condi-
tions for 10 days. The oxidation of Cgy was confirmed by
using the room temperature Raman spectrum which was
found to be in accordance with the previous report.”® The
obtained product was kept in CS, and was labeled as
Cg00. The solution was drop-casted on a glass substrate, and
the prepared thin film (thickness ~ 0.32 mm) was used for
the optical measurements.
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Temperature dependent Raman characterization of CgpO
was performed using LABRAM HR-800 spectrometer at an
excitation wavelength of 488 nm. The thin-film was mounted
in THMS-600 stage, Linkam, UK, where the temperature
was varied between 80K and 300K in a thermal step of
20K. In order to avoid the sample heating, | mW laser
power was imposed on the films during the measurements.
After background subtraction and fitting the Raman peaks
with Lorentzian profiles, the peak positions were determined.

Laser power dependent Raman measurements were per-
formed at room temperature using the Renishaw inVia
RM2000 spectrometer using an excitation wavelength of
514.5 nm. The laser power was varied between 0.1 mW and
0.5 mW. The beam was focused on the sample using 50x
objective (numerical aperture, 0.75). In order to evaluate the
experimental beam diameter, the image of the focused laser
spot on the sample surface was acquired using a calibrated
camera mounted on the microscope. The image was analyzed
using ImageJ] software and its cross-sectional profile is
plotted in Fig. 1. The profile is fitted with the Gaussian
function where 1/e? width a is found to be 3.6 um.

High pressure Raman measurements were performed
using Diacell Lever Maxi (easyLab) diamond anvil cell
equipped with 1 mm diameter culet and stainless steel gasket
having 0.25mm hole. 16:3:1 of methanol-ethanol-water
mixture was used as a pressure transmitting medium which
maintained the hydrostatic conditions up to 14.5 GPa.*>*¢
Raman spectra were obtained using 514.5nm excitation,
where the laser power on the sample was maintained below
3 mW. Ruby chips were loaded in the sample chamber and
their luminescence was used to evaluate the pressure.”’

lll. RESULTS AND DISCUSSIONS
A. Temperature dependent Raman analysis

In Cgp, three Raman peaks at 273, 497, and 1469 cm™!
have been assigned to H, squashing mode, A, breathing
mode, and A, pentagonal pinch mode, respectively.?*° The
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Length (um)

FIG. 1. Profile of the laser spot on the surface of the sample (square) fitted
with the Gaussian function (line). The inset shows the image of the laser
spot (laserpower = 0.15 mW) acquired using 50x objective on the Raman
microscope.
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room temperature Raman spectrum of CgyO is shown in
Fig. 2. The vibrational modes of CgO are observed in the
same characteristic region as that of pristine Cgo; however,
the modes appear split as well as shifted due to the reduced
symmetry of Cg in the presence of oxygen.>*® The Raman
spectrum of CgpO was acquired in two regions: (i) 200-700
cm~! and (i) 1000-1600cm~'. In the lower-frequency
region, the appearance of 256.3(3)cm™~! and 270.5(1) cm™!
peaks in CgoO is attributed to the split in the H, squashing
mode of Cgy where 256.3 cm™! peak arises due to the trans-
lation of the bound oxygen atom. The peaks 488.7(2) cm™!
and 493.6(1) cm™! in CgoO are attributed to the A, breathing
mode of the cage. In the higher-frequency region, the peak at
1458.8(2)cm™! is accompanied by a shoulder peak at
1468.4(2) cm~! which are attributed to photo-polymerization
of Cgp.>>" In this work, the thermal analysis is performed
on 256.3cm™~!, 270.5cm™', 1458.8cm™!, and 1468.4 cm™!
vibrational modes of Cg(O.

The Raman spectra of CgO in the temperature range
80-300K are shown in Fig. 2. Upon decreasing the
temperature to 80 K, all vibrational modes blueshift. At 80 K,
256.3cm~! and 270.5cm™' peaks are observed at 257.3(3)
and 271.6(1)cm~', whereas 1458.8cm~' and 1468.4 cm™!
peaks are seen at 1462.3(1)cm~! and 1471.8(4) cm™!, respec-
tively. The thermal variation of 256.3cm™!, 270.5cm™',
1458.8 cm™!, and 1468.4 cm~! peaks is shown in Fig. 3. The
shift in Raman frequencies (w) with temperature can be
related to the following equation:*"

o(T) = wo + 27T, )

where w( is the frequency at absolute zero and y;, is the
first order temperature coefficient. The thermal variation of
256.3, 270.5, 1458.8, and 1468.4 cm™! peaks is fitted with
the above equation (see Fig. 3), and the fitting parameters @
and y are tabulated in Table I.

Negative temperature coefficient y, arises due to
thermal contraction of the sample which affects both bond
lengths and inter- and intra-molecular interactions. y; of
Cg00O are found comparable to that of pristine Cgy revealing
that both molecules experience similar contraction with
decrease in temperature.”> However, in the low frequency
region, y; of CeO and Cgp is smaller than that of Gd and
Dy doped Cg,.'® This could be attributed to the rigid skeleton
of Cgp as compared to that of Cg,. Linewidths of the lower
frequency peaks remain nearly constant with the temperature
illustrating minimal anharmonic contributions to the Raman
shifts.

In order to elucidate the dynamics of C-O bond in
Cg00, the calculations within density functional theory
(DFT) are performed on the optimized structure of CgO
(annulene-like) by varying the C—O bond length. The theo-
retical Raman spectrum of a CgO single molecule was
obtained by using the functional B3LYP method with an
extended 6-31G(d) basis set (optionSCF = Tight). Molecular
modeling and vibrational spectral analysis are performed
using Gaussian 09.>* The obtained Raman spectrum is com-
pared with the experimental result in the frequency range of
200-600 cm™! and is shown in Fig. 4(a). The notable peaks
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FIG. 2. Temperature dependent Raman spectra of C4O measured between 80 K and 300 K using 488 nm laser excitation. The thermal analysis is performed on

the peaks marked by stars.

can be seen at 235.7, 242.6, and 272.9 cm~!, whereas experi-
mentally, the corresponding Raman peaks were observed at
256.3cm™! and 270.5cm~!. The experimental spectrum is
acquired for CgoO films, whereas the DFT measurement is
done on a single molecule and, this is why, a small variation
in the two results can be noticed.

From the optimized structure of CyO, C—O bond length
is found to be 1.398 A which is in line with the previous
reports.***> To observe the changes in the Raman frequen-
cies due to contraction, we deliberately changed the C-O
bond length by 0.7%. In Fig. 4(b), the observed shift in the
235.7cm™! peak is shown as a function of C—O bond length
and is fitted with an exponential decay function. As C-C
bond lengths are constrained to remain unchanged, no shift
in the 273 cm™! peak is noticed. Both calculated and experi-
mental results illustrate thermal contraction in C—-O bond
blueshifts the Raman peak at 235.7 cm™!. Experimentally,
the peak at 256.5cm~! blueshifts by 1cm™' at 80K as
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compared to that at room temperature which is ascribed to
thermal contraction in C-O bond by 0.009(2) A. The linear
thermal expansion coefficients of bulk and thin films of Cg
have been reported previously by Gugenberger et al.*® and
Pugachev et al.”’’ using dilatometry and electron optical tech-
niques, respectively. However, no report on the oxide mole-
cule is found. We evaluated the thermal expansion
coefficient of CgyO and it was found to be 30 x 107°K~!
which is slightly larger than that of pristine Cgp at 80K
(~20 x 1079 K~").>**7 Owing to their reduced symmetry as
compared to that of Cg, the oxide molecules interact weakly
with each other which may lead to increase in their expansiv-
ity as compared to the unoxidised ones.

B. Thermal conductivity of C¢,O

Thermal conductivity can be estimated using the first
order temperature and laser power coefficients of the Raman
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FIG. 3. Temperature dependent Raman shifts observed at (a) 256.3 cm™" and 270.5 cm™! and (b) 1458.8 cm™! and 1468.4 cm™! peaks.
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TABLE 1. Temperature dependent frequency coefficients (y;) and the
frequency at absolute zero (@) of various vibrational modes of Cg)O.

Peak position (cm™!) 2r (em T K1) wp (cm™)
256.3 —0.004(2) 257.6(3)
270.5 —0.005(1) 271.9(2)
1458.8 —0.016(3) 1463.6(5)
1468.4 —0.012(3) 1471.9(3)

shift. The laser power dependent Raman spectra of CgoO
were obtained at room temperature using 514.5 nm excitation
and by varying the laser power between 0.1 mW and
0.5mW. At 0.1 mW, CgO vibrational modes are found at
256.5(6)cm~! and 270.7(2)cm~! and their variation with
laser power is plotted in Fig. 5. Upon increasing the laser
power to 0.5 mW, 256.5cm™! peak shifts by —1.2(5)cm™!
and 270.7cm™! peak shifts by —0.7(1)cm~'. The linear
power coefficients (y;) are found to be —2.9(6) cm™!/mW
and —2.8(9) cm™'/mW for 256.5cm~! and 270.7cm™!
peaks, respectively. With an increase in the laser power, the
local temperature of the fullerene thin films increases which
leads to redshift in their Raman frequencies.

The steady state thermal conductivity of nanoscale
systems is reportedly small and remains nearly independent
of the carrier frequencies.”® However, previous reports on
molecular dynamics simulations of Cgy crystals have shown
that the heat conduction is mostly contributed by the low fre-
quency phonons (< 100 cm™') which arise due to intermo-
lecular interactions.* Due to experimental constraints, the
thermal variation in the Raman frequencies greater than
200cm™! is considered for the thermal conductivity mea-
surements in CgpO films. For homogeneous and semi-infinite
sample (sample thickness > the laser diameter), the steady
state thermal conductivity, «, is given by39’40

L
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where a Gaussian profiled laser beam having a as 1/e> width
is used to generate the heat flux, AT is the rise in the local
temperature due to laser heating, and L is the laser power. To
examine the spectral contributions to the heat conduction, x
is evaluated for both low and high frequencies at 256.5 cm™!
and 488.9cm~!. At 0.15mW, AT are found to be 35K
and 30K, and x are found to be 0.72)Wm ' K~! and
0.83)Wm~! K™, respectively, for 256.5cm™~! and 488.9 cm™!
peaks. This shows that the thermal conduction is nearly inde-
pendent of the carrier frequencies. In endohedral fullerenes
M@Csg,, thermal conductivities are reportedly larger than
that of Cgo and C600.16 This could be attributed to the
Raman frequencies considered for the evaluation of the
thermal conductivities of the endohedral fullerenes which are
smaller (<200 cm™!) than that of CgO.

Unlike graphene, fullerene molecules offer high Seebeck
coefficients and low thermal conductivities which collec-
tively enhance the figure of merits and thermopower of ful-
lerene based thermoelectric materials.>*' The Seebeck
coefficient and electrical conductance of Cgy, Cgp, and
M@Cg, molecules have been previously reported and are uti-
lized for the comparison of their figure of merits.'>** As the
thermal conductivity of Cgy is much smaller than that of
M@Cs,, it is better suited and thus is applied for the thermo-
electric applications.””"'® Our findings suggest that CgO,
whose thermal conductivity is at par with Cgy and nearly 50
times smaller than that of M@Cg,, may also find suitable
applications in thermoelectric devices.

C. Pressure dependent Raman analysis

Figure 6 shows pressure dependent Raman spectra of
Cs0O up to 5.5 GPa. The frequency range from 1250 cm™' to
1400 cm™! is overshadowed by a strong 1332 cm™~! peak of
diamond in the pressure cell. Due to this, the spectra were
taken in two separate regions (i) 200-600cm~! and (ii)
1400-1600 cm~'. At ambient pressure, due to the presence of
oxygen, the degenerate Raman modes are observed at
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FIG. 4. (a) Experimental and calculated Raman spectra of CyoO in the region 200-600 cm™'. (b) Raman shift in the 235.7 cm™! peak as a function of C-O

bond length.
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FIG. 5. Laser power dependent Raman shift in 256.5 cm™' and 270.7 cm™!
peaks of CgO.

256.3(4)cm~! and 270.7(2) cm~! and at 1458.5(6) cm~! and
1468.3(1)cm~'. The observed shift in these Raman peaks
with the applied pressure is shown in Fig. 7. Both 256.3 cm™!
and 270.7 cm~! peaks redshift upon increasing the pressure
up to 0.8 GPa. Above 1 GPa, both peaks disappear. The peak
at 1458.5cm™! shifts to higher frequencies, whereas 1468.3
cm~! peak redshifts upon increasing the pressure to 1.2 GPa.
Above 1.2 GPa, two peaks appear as one at 1463.8(2) cm™!
which shifts linearly to higher frequencies with pressure up
to 5.5 GPa. By releasing the pressure, the reappearance of
1458.5cm™! and 1468.3 cm™' peaks was seen, whereas no
notable modes were observed in the low frequency region.
The linear pressure coefficient (dw/dp) for each mode is
evaluated and is presented in Table II. At 0.8 GPa, the peaks
at 256.3cm™! and 270.7cm™! redshift by 8cm™! and
lem™!, respectively, as compared to that at atmospheric
pressure. Unlike graphite where the pressure below 1.2 GPa

J. Appl. Phys. 124, 195105 (2018)
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FIG. 7. Pressure dependent Raman shift observed for degenerate H, mode
(256.3cm™! and 270.7cm™!) and degenerate A, mode (1458.5cm™! and
1468.3 cm™!) of CgO. A dotted vertical line at 1.2 GPa is used to demarcate
between Phase I and Phase II of Cg(O.

has negligible effects on the C—C bonds, we conclude that
the observed redshifts in C—C and C—O modes with pressure
are due to reduced inter-molecular spacing and subsequent
compression of the CgO cluster.**** Compressing the
molecular cluster not only reduces the lattice parameter but
also constrains the rotational motion of the molecules. The
change in dw/dp of 1468.3 cm™! peak at 1.2 GPa is attributed
to the Cgo orientational phase transition”® where the applied
pressure increases the interaction between the neighboring
molecules leading to the formation of inter-molecular bonds
and thus their polymerization.*> From the obtained results,
we infer that above 1.2 GPa pressure, polymerization of
Ce0O occurs.

The covalent bonds between neighboring fullerene cages
may modify the interaction potential and can result in the
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FIG. 6. Pressure dependent Raman spectra of CyoO in the frequency range (a) 200-600 cm™~! and (b) 1400-1600 cm™".
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TABLE II. Pressure dependent frequency coefficients (dw/dp) of various
vibrational modes of CgyO.

dw/dp dw/dp
Peak position (Phase I) (Phase II)
(ecm™! at 1 atm) (ecm~' GPa™!) (cm~' GPa™h)
256.3 —14(7)
270.7 —5(3)
1458.5 4(2) ...
1468.3 —4(2) 1.6(2)

increase in Debye temperature and heat transport.*® A similar
increase in the thermal conductivity of compressed Cgg clus-
ters is reported for the pressure above 0.3 GPa.*’ An effective
compression of these cages inside the carbon nanotube
peapod structures has also presented change in their conduc-
tivities.*® Unlike the bulk samples, the studies on Cgp dimer
junctions have shown that their thermal conductivities are
nearly 20 times smaller than that of the monomer.***
Despite having larger thermopowers and Seebeck coeffi-
cients, the dimers and other higher clusters show smaller
figure of merits as compared to the single Cgy molecule.**-°
This has been attributed to both electronic as well as
phononic contributions to the thermal conductivities of the
dimers.** As the applied pressure initiates the polymerization
of Cgg, we propose that the pressure induced structural
changes in CgO molecules as well as the clusters may tune
the carrier’s contribution to the thermal conductance and may
act as a mean to moderate their thermoelectric efficiency.

IV. CONCLUSIONS

In summary, we have synthesized CgoO by the photolysis
method. The temperature, pressure, and laser power depen-
dent Raman spectra of CgyO thin films have been examined.
The temperature dependent shift in the phonon modes shows
contraction in the fullerene cage and C—O bond length at low
temperatures. Thermal effects on the Raman frequencies are
utilised for evaluating the thermal conductivity of Cg O thin
films and is found to be 0.7(2) Wm~! K~! which is margin-
ally greater than that of Cgg. Thanks to their low thermal
conductivities, which are the prerequisites for higher figure
of merits, both Cgy as well as its oxide version appear as
potential candidates for the thermoelectric applications.

In addition, a pressure dependent Raman study is also
performed on CgyO at room temperature. Redshift in the low
frequency Raman modes is ascribed to the compression of
the cluster and thus the constrained rotational motion of the
molecules. Polymerization of CgyO is also observed at high
pressures and is found to be reversible with the release of
pressure. Pressure induced polymerization in CgpO films may
modulate its thermal properties and the conductivity which
may decide its thermal efficiency for future applications.
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