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Abstract: Carbon nano peapods, with their electronic properties and spintronics, have attracted great
attention regarding their potential applications when combined with fullerenes or their derivatives
encapsulated inside. Herein, we have designed and synthesized a series of fullerene derivatives
with different functional groups, which are then encapsulated into single-walled carbon nanotubes
(SWCNTs). Accurate morphological characterization with high-resolution TEM reveals a clear
correlation between the filling ratio of the peapods and the steric bulk of the functionalized groups.
Further spectroscopic characterizations reveal diameter-selective interactions between the fullerene
derivatives and SWCNTs, which, in turn, influence the electronic structures of the nanotubes. Our
results have shed new light on the controlled synthesis and property-tuning of nano peapods.

Keywords: peapod; carbon nanotubes; fullerenes; fullerene derivatives

1. Introduction

Since the discovery of a new type of hybrid carbon nanostructure, with fullerenes in-
side carbon nanotubes (CNTs), the so-called peapods [1], a range of hollow fullerenes [2–4]
and metallofullerenes [5–8], have been encapsulated into SWCNTs. Accordingly, carbon
nanotubes acting as nano-containers [9] and nano-reactors [10] have become a hot topic
in terms of the exploitation and modification of their excellent electronic [11] and me-
chanical properties [12] in nanomaterial science. It is well established that the fullerene
dopants can modify the electronic structures of SWCNTs [13–15] and lead to advantageous
physical and chemical properties that could be utilized in many applications, such as
nanoelectronics [16,17], quantum computing [15,18], and thermoelectricity [19,20].

It has gradually become understood that the unprecedented properties and functions
of peapods are due largely to the interactions between fullerenes and SWCNTs induced
by the attractive physical and chemical properties of the encapsulated fullerenes. More
importantly, the exteriors of fullerene molecules can be involved in organic reactions,
facilitating the attachment of functional groups to their carbon cages and thereby imparting
numerous distinct properties. As a consequence, the fullerene cages serve as vehicles
for transferring some electrostatically bonded complexes into carbon nanotubes, which
exert a shielding effect on the optical properties of the guest molecules, such as emission
quenching [21,22]. This means that the combination of functionalized fullerenes with
unique properties and SWCNTs holds paramount significance. However, the previous
studies into the encapsulation of functionalized fullerenes into SWCNTs have focused
mainly on the control of specific orientations and the packing of molecules inside SWCNTs,
as observed via high-resolution TEM [23–25]. The interactions between different fullerene
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derivatives and SWCNTs in their peapod structures, which are closely related to the
resultant properties of the peapods, are yet to be systematically studied.

In this work, pristine C60 and three C60-derivatives (1, 2 and 3) containing different
functional groups [23] have been successfully inserted into SWCNTs. The structural dia-
grams of are depicted in Figure 1. Our results reveal that the filling ratio of the resultant
peapods decreases with the increasing steric bulk of the addends. More importantly, we
confirm, for the first time, that the encapsulation of these fullerene derivatives is highly
dependent on the diameter of the SWCNTs, as evidenced via the Raman and UV spectro-
scopic results.

Inorganics 2023, 11, x FOR PEER REVIEW 2 of 8 
 

 

mainly on the control of specific orientations and the packing of molecules inside 
SWCNTs, as observed via high-resolution TEM [23–25]. The interactions between differ-
ent fullerene derivatives and SWCNTs in their peapod structures, which are closely re-
lated to the resultant properties of the peapods, are yet to be systematically studied. 

In this work, pristine C60 and three C60-derivatives (1, 2 and 3) containing different 
functional groups [23] have been successfully inserted into SWCNTs. The structural dia-
grams of are depicted in Figure 1. Our results reveal that the filling ratio of the resultant 
peapods decreases with the increasing steric bulk of the addends. More importantly, we 
confirm, for the first time, that the encapsulation of these fullerene derivatives is highly 
dependent on the diameter of the SWCNTs, as evidenced via the Raman and UV spectro-
scopic results. 

 
Figure 1. Structural diagrams of C60(a) and its derivatives 1(b), 2(c) and 3(d).  

2. Results and Discussion 
The resultant peapod structures with C60, 1, 2 and 3 inside SWCNTs are first investi-

gated via HR-TEM (Figure 2). Meanwhile, based on the synthesis procedures of peapods, 
no other substance other than C60, 1, 2 and 3 could contribute a round shape in the HR-
TEM images, suggesting the successful encapsulation of the fullerene dopants inside 
SWCNTs. Moreover, we have roughly estimated the filling rate of peapods as being above 
80% via HR-TEM observation (Figure S13 in Supplementary Materials). It appears that the 
filling ratio of the peapods decreases along with the increasing bulk of the addends in 
these hybrids, possibly due to the increasing steric hindrance of the functional groups. 
Moreover, the derivatives (1, 2 and 3) exhibit largely disordered arrangements, with larger 
inter-fullerene spacing inside SWCNTs (Figure 2b–d) than that of C60@SWCNT peapods 
(Figure 2a). In particular, the short and rigid organic group attaching to the fullerene cage 
is clearly seen in the 1@SWCNT peapods (Figure 2b). Furthermore, it has been observed 
that the substantial size of the side group in compound 3 impedes its encapsulation within 
the SWCNT, and leads, instead, to a conspicuous attachment onto the external surface of 
the nanotubes, adopting folded conformations (Figure 2d). In contrast, the attachment of 
the fullerene moiety on the surface of the SWCNT is not obvious in C60@SWCNT, 
1@SWCNT, and 2@SWCNT, but these fullerene derivatives are largely encapsulated. 
These results confirm a size effect of the side group of fullerene derivatives on the encap-
sulation ratio and even the attachment on the SWCNT surface. Moreover, a collapse in the 
fullerene entities is observed in 1@SWCNT, 2@SWCNT, and 3@SWCNT (Figure 2b–d), but 
the spherical structure of C60 is rather intact, as found in C60@SWCNT. These results indi-
cate that the functionalized derivatives (1, 2 and 3) are less stable than pristine C60 under 
electron beam irradiation. 

Figure 1. Structural diagrams of C60 (a) and its derivatives 1 (b), 2 (c) and 3 (d).

2. Results and Discussion

The resultant peapod structures with C60, 1, 2 and 3 inside SWCNTs are first investi-
gated via HR-TEM (Figure 2). Meanwhile, based on the synthesis procedures of peapods,
no other substance other than C60, 1, 2 and 3 could contribute a round shape in the HR-TEM
images, suggesting the successful encapsulation of the fullerene dopants inside SWCNTs.
Moreover, we have roughly estimated the filling rate of peapods as being above 80% via
HR-TEM observation (Figure S13 in Supplementary Materials). It appears that the filling ra-
tio of the peapods decreases along with the increasing bulk of the addends in these hybrids,
possibly due to the increasing steric hindrance of the functional groups. Moreover, the
derivatives (1, 2 and 3) exhibit largely disordered arrangements, with larger inter-fullerene
spacing inside SWCNTs (Figure 2b–d) than that of C60@SWCNT peapods (Figure 2a). In
particular, the short and rigid organic group attaching to the fullerene cage is clearly seen in
the 1@SWCNT peapods (Figure 2b). Furthermore, it has been observed that the substantial
size of the side group in compound 3 impedes its encapsulation within the SWCNT, and
leads, instead, to a conspicuous attachment onto the external surface of the nanotubes,
adopting folded conformations (Figure 2d). In contrast, the attachment of the fullerene
moiety on the surface of the SWCNT is not obvious in C60@SWCNT, 1@SWCNT, and
2@SWCNT, but these fullerene derivatives are largely encapsulated. These results confirm a
size effect of the side group of fullerene derivatives on the encapsulation ratio and even the
attachment on the SWCNT surface. Moreover, a collapse in the fullerene entities is observed
in 1@SWCNT, 2@SWCNT, and 3@SWCNT (Figure 2b–d), but the spherical structure of C60
is rather intact, as found in C60@SWCNT. These results indicate that the functionalized
derivatives (1, 2 and 3) are less stable than pristine C60 under electron beam irradiation.
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interactions between fullerene moieties and SWCNTs are highly diameter-selective in the 
samples under study (Figure 3b and Table 1) [27]. The un-doped SWCNTs display typical 
RBM peaks corresponding to the diameters of 1.89 nm, 1.65 nm, and 1.35 nm, respectively. 
After encapsulation, the peaks corresponding to the samples with a diameter of either 
~1.89 nm or ~1.65 nm are unchanged, indicating that the encapsulation of C60, 1, 2 and 3 
does not affect strongly the vibrations of these large nanotubes because of weak inter–
outer interactions. We can, thus, speculate that the effect of the suppression between the 
encapsulated fullerenes and SWCNTs is probably the major reason for the unchanged 

Figure 2. HR-TEM images of (a) C60@SWNTs, (b) 1@SWNTs, (c) 2@SWNTs, and (d) 3@SWNTs.

The Raman spectroscopic characterization of empty SWCNT, C60@SWCNT, 1@SWCNT,
2@SWCNT, and 3@SWCNT peapods is carried out to study the interactions between the
fullerene moieties and SWCNTs. It is obvious that the encapsulation of these C60-molecules
does not cause any additional structural damage to the nanotubes because of the nearly
identical intensity of the D bands (1342 cm−1) for the above four samples (Figure 3a). In
addition, there is a slight broadening of the G-bands (1572 cm−1) of the doped nanotubes
(Figure S9), especially in C60@SWCNTs and 1@SWNTs, which further confirms the high
filling ratio and strong interactions between the dopants and SWCNTs [26].
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Figure 3. Raman spectra of the C60@SWCNT, 1@SWCNT, 2@SWCNT, and 3@SWCNT peapods and
empty SWCNTs in the ranges of (a) 1300–1800 cm−1 (D bands and G bands) and (b) 50–400 cm−1

(RBM bands). The Raman spectra were obtained with an excitation wavelength of 532 nm, at
room temperature.

The Raman results in the radial-breathing-mode (RBM) region reveal that the mutual
interactions between fullerene moieties and SWCNTs are highly diameter-selective in the
samples under study (Figure 3b and Table 1) [27]. The un-doped SWCNTs display typical
RBM peaks corresponding to the diameters of 1.89 nm, 1.65 nm, and 1.35 nm, respectively.
After encapsulation, the peaks corresponding to the samples with a diameter of either
~1.89 nm or ~1.65 nm are unchanged, indicating that the encapsulation of C60, 1, 2 and
3 does not affect strongly the vibrations of these large nanotubes because of weak inter–
outer interactions. We can, thus, speculate that the effect of the suppression between the
encapsulated fullerenes and SWCNTs is probably the major reason for the unchanged
resonant condition of the doped SWCNTs. However, the peak at 183 cm−1, corresponding
to a diameter of 1.35 nm for the pristine SWCNTs, is obviously shifted for the doped
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samples. To expand, a new peak at 172 cm−1 (1.44 nm) is observed for C60@SWCNTs, and
new peaks in a range from 175 cm−1 (1.42 nm) to 191 cm−1 (1.27 nm) are found for another
three peapods. According to the relevant research, it is customary to assess the successful
formation of peapods by scrutinizing the emergence of distinct signals within the Raman
spectra of the peapod systems [28,29]. These results clearly confirm the diameter-selective
interactions between the fullerene derivatives and SWCNTs. In particular, the appearance
of RBM peaks corresponding to a diameter of about 1.40 nm is attributed to interactions
between the SWCNTs and the encapsulated fullerenes (C60, 1, 2 and 3) inside the nanotubes,
while the interactions between SWCNTs and the functionalized fullerenes attached to
the outer surfaces of nanotubes lead to the appearance of RBM peaks corresponding to a
diameter below 1.30 nm. The appearance of these new RBM peaks provides strong evidence
of the diameter-selective interactions between SWCNTs and the functionalized fullerenes
inside and outside the nanotubes [30].

Table 1. The positions of the RBM peaks for the SWCNTs before and after the encapsulation of C60, 1,
2 and 3 (the values in parentheses are the diameters of the corresponding tubes, calculated via the
RMB peaks, using the equation D (nm) = 248/ω).

Samples The RBM Peaks (cm−1) and Calculated Diameters (nm) of the SWCNTs

SWCNT 131.22 (1.89) 150.30 (1.65) 183.70 (1.35)
C60@SWCNT 131.22 (1.89) 152.15 (1.63) 172.22 (1.44) 183.70 (1.35)

1@SWCNT 131.22 (1.89) 151.22 (1.64) 178.42 (1.39) 195.28 (1.27)
2@SWCNT 131.22 (1.89) 162.22 (1.64) 174.64 (1.42) 190.77 (1.30)
3@SWCNT 131.22 (1.89) 149.40 (1.66) 181.02 (1.37) 195.28 (1.27)

The UV-Vis-NIR spectroscopic results for the empty SWCNTs, C60@SWCNTs, 1@SWCNTs,
2@SWCNTs, and 3@SWCNTs, together with the corresponding precursors (C60, 1, 2 and 3),
are shown in Figure 4 (Figures S8 and S10–S12), to allow further investigation of the inner–
outer interactions. The precursors (C60, 1, 2 and 3) dissolved in CS2 display strong bands at
around 330 nm, with a characteristic absorption peak at about 430 nm for the [6,6]-addition
patterns in 1, 2 and 3 [13,31]. However, these characteristic peaks disappear completely after
encapsulation inside nanotubes, indicating a shielding effect of the π-system of SWCNTs
on the absorption of fullerene derivatives. Upon encapsulating fullerene derivatives,
the peapods exhibit a significant broadening of approximately ~13 nm and a blue shift
of approximately ~10 nm at the absorption band of 300–400 nm, compared to pristine
SWCNTs (Figure 4b), suggesting that the encapsulated fullerenes have an obvious influence
on the electronic structure of the SWCNTs.
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3. Materials and Methods
3.1. Purification of SWCNTs

The deuterated chloroform (99.8%) was supplied by J&K Chemical Limited. The other
chemicals and solvents were purchased from Sinopharm Chemical Reagent Co., Ltd. All
the chemicals and reagents were used without further purification.

The SWCNT samples, with a purity of 75 wt%, were supplied by OCSiAl Ltd. The
as-received SWCNT samples were heated at 350 ◦C in air for 30 min, and then were refluxed
in a mixed solution of K2S2O8 (0.2 mol/L) and sulfuric acid (98%), with a volume ratio
of 6:1, at 60 ◦C for 24 h. The resulting samples were washed with hydrochloric acid to
further remove metal impurities. The high purity over 90% of the resulting SWCNTs
was verified via TGA and Raman spectra (Figure S1a,b). The diameter distribution of the
SWCNTs was estimated to be in the range of 1.27 nm–2.05 nm via Raman spectroscopy and
HR-TEM observation. The oxidation treatment opened the ends and led to some defects
along the walls of the SWCNTs, which guaranteed sufficient entrances and facilitated the
encapsulation process of the fullerene derivatives. However, the exposed nanotube ends
were also functionalized with carboxylic groups to go against the efficient encapsulation of
fullerenes [32,33], which should be eliminated prior to the encapsulation process. To this
end, the purified SWCNTs were conducted with a heat treatment at 500 ◦C for 30 min in
air to ensure sufficient holes and the decomposition of carboxylic groups. The resulting
SWCNTs were kept at 120 ◦C to get rid of water and were taken out immediately prior to
the encapsulation process.

3.2. Synthesis of 1, 2 and 3

The fullerene derivative 1 C60(C6H15N) (Figures S2 and S3) was synthesized according
to a previously reported procedure [31]; the fullerene derivative 2 C60(C12H14O2), PC61BM
(>99.5%, HPLC) was purchased from Luminescence Technology Corp; the fullerene deriva-
tive 3 C60(C17H27NO) was prepared according to the procedure outlined in Scheme 1.
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Scheme 1. The synthetic procedure for derivative 3.

To explain further, a solution of C60 (720 mg, 1 mmol) (Figures S6 and S7) in 150 mL
chlorobenzene was mixed with 4-(octyloxy) benzaldehyde (936 mg, 4 mmol) and sarco-
sine (268 mg, 3 mmol) in 20 mL chlorobenzene, and the reaction mixture was heated at
120 ◦C under an argon atmosphere. The whole reaction process was monitored via HPLC
(Figure S4). In the beginning, the two peaks corresponding to the solvent and C60 appeared
at 4.3 min and 7.9 min, respectively, indicating that no reaction had taken place. After
60 min, the peak of the desired product 3 appeared at 4.7 min, and the peak intensity contin-
ued to increase along with the increasing reaction time. The reaction was terminated after
300 min revealing a significant increase in the intensity of the product peak, accompanied
by a notable attenuation of the starting material peak. Simultaneously, peaks indicative of
bis- or multi-adducts were observed. Finally, the reaction mixture was separated via HPLC,
which gave 3 (Figure S5) in a yield of 68% based on the consumed C60.

3.3. Characterizations

High-resolution transmission electron microscopy (HR-TEM) observations were per-
formed with a FEI Tecnai G2F20 S-TWIN at an acceleration voltage of 200 kV. The imaging
conditions were set to minimize the irradiation damage as much as possible. The specimens
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were suspended in ethanol (99.9 vol.%) via sonication and then dropped onto a copper mi-
crogrid. Raman spectra were collected using a LabRAM HR800 spectrometer and measured
via random selection with a laser excitation wavelength of 532 nm in ambient conditions.
The suspensions of peapods in ethanol were added dropwise onto the microslide, resulting
in film samples. UV–visible–near-infrared (UV-Vis-NIR) spectra were recorded using a PE
Lambda 750S spectrophotometer, with a wavelength range of 300–800 nm for the fullerenes
and their derivatives dissolved in CS2, and of 300–2000 nm for the empty and doped SWC-
NTs dispersed in ethanol (the results for the peapods dispersed into D2O with surfactants
such as sodium cholate, sodium deoxycholate, and sodium dodecylbenzenesulfonate were
quite similar to those for ethanol). The isolation of C60 and its derivatives was conducted
via preparative high-performance liquid chromatography (HPLC) with an LC-9130 NEXT
instrument, using toluene as an eluent. MALDI-TOF mass spectra were measured using
a BIFLEX III spectrometer, with 1,1,4,4-tetraphenyl-1,3-butadiene as the matrix. 1H and
13C NMR spectra were recorded in deuterated chloroform at 600 MHz and 151 MHz, re-
spectively. Chemical shifts (δ) were given in ppm relative to the solvent, and the coupling
constants (J) were given in Hz. Thermal gravimetric analysis (TGA) was performed under
air flow from the ambient temperature to 800 ◦C, at a heating rate of 10 ◦C/min.

4. Conclusions

In conclusion, we successfully encapsulated C60 and its three derivatives into SWCNTs
to obtain the corresponding peapod structures. Our findings indicate that the filling ratio
of peapods evidently relies on the steric bulk of the functional group of the derivatives.
Moreover, Raman spectroscopic characterizations illuminate that the selective appearance
of the RBM peaks of the doped SWCNTs is clearly associated with the diameter-selective
interactions between SWCNTs and the functionalized fullerenes both inside and outside
nanotubes. It is further confirmed that the encapsulation of functionalized fullerenes
directly affects the electronic structure of SWCNTs via UV-Vis-NIR absorption spectra. Our
study exposes the relationship of the interactions between the functionalized fullerenes
and SWCNTs in hybrid peapod structures. We expect that the insights gained in this
investigation may provide future theoretical works for designing controllable synthesis of,
and good properties in, nano peapods. Our results have shed new light on the controlled
synthesis and property-tuning of nano peapods.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11100386/s1, Figure S1. Thermal gravimetric analysis
for SWCNTs after multi-step purification (a). The Raman spectra of SWCNTs (b); Figure S2. HPLC
profiles of the reaction mixture between C60 and triethylamine probed at different times at 140 ◦C.
Conditions: Buckyprep column (Φ4.6 mm × 250 mm), toluene eluent; flow rate 1.0 mL/min, detection
wavelength 330 nm; Figure S3. MALDI-TOF mass spectrum of functionalized fullerene 1; Figure S4.
HPLC profiles of the reaction mixture between C60 and 4-(octyloxy) benzaldehyde probed at different
times at 120 ◦C. Conditions: Buckyprep column (Φ4.6 mm × 250 mm), toluene eluent; flow rate
1.0 mL/min, detection wavelength 290 nm; Figure S5. MALDI-TOF mass spectrum of functionalized
fullerene 3; Figure S6. MALDI-TOF mass spectrum for C60; Figure S7. Raman spectra of C60; Figure
S8. The log–log UV-Vis absorption spectra of (a) C60, 1, 2 and 3 dissolved in CS2; (b) 1@SWCNTs,
2@SWCNTs, 3@SWCNTs, C60@SWCNTs, and empty SWCNTs dispersed in ethanol. Normalized
UV-Vis absorption spectra of (c) C60, 1, 2 and 3 dissolved in CS2; (d) 1@SWCNTs, 2@SWCNTs,
3@SWCNTs, C60@SWCNTs, and empty SWCNTs dispersed in ethanol; Figure S9. Raman spectra of
C60@SWCNT, 1@SWCNT, 2@SWCNT, and 3@SWCNT peapods and empty SWCNTs in the range of
1500–1700 cm−1; Figure S10. UV-Vis absorption spectra of (a) the double-walled carbon nanotubes
found in [34] and (b) the SWCNTs and peapods in this work. The dashed red arrows indicate the
absorption band at around 300–400 nm; Figure S11. UV-Vis absorption spectra of (a) the SWCNTs
found in [35] and (b) the SWCNTs and peapods in this work. The dashed red arrows indicate the
absorption band at around 500 nm; Figure S12. UV-Vis absorption spectra of (a) 2, 2@SWCNT,
and SWCNT; (b) 2; Figure S13. The HR-TEM results of (a) the C60@SWCNT peapods and (b) the
C60@SWCNTs prepared via large-diameter SWCNTs (1.79~2.05 nm) are included.
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