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Hydrogenation of C60 molecules inside SWNT was achieved by direct reaction with hydrogen gas at elevated
pressure and temperature. Evidence for the C60 hydrogenation in peapods is provided by isotopic engineering
with specific enrichment of encapsulated species and high resolution 13C and 1H NMR spectroscopy with the
observation of characteristic diamagnetic and paramagnetic shifts of the NMR lines and the appearance of
sp3 carbon resonances. We estimate that approximately 78% of the C60 molecules inside SWNTs are
hydrogenated to an average degree of 14 hydrogen atoms per C60 molecule. As a consequence, the rotational
dynamics of the encapsulated C60Hx molecules is clearly hindered. Our successful hydrogenation experiments
open completely new roads to understand and control confined chemical reactions at the nano scale.

Carbon nanotubes provide unique possibilities for the studies
of nano scale physics and chemistry in the confined interior
space of SWNTs. Ever since the discovery of peapods,1 single
walled nanotubes (SWNTs) have been proposed as potential
ultra clean nano reactors2,3 or gas transport systems.4 They can
be filled not only by C60 but also with many other molecules
like, e.g., pentacene,5 metalloscenes,6 and hexamethylelamine.7

However, only very few attempts have been made to modify
encapsulated species. At present, these are intercalation of C60

with alkali metals,8 high pressure polymerization of C60,9,10 and
catalyst growth of nanotubes inside SWNTs.11 It is well-known
that C60 reacts with hydrogen gas at a given temperature and
pressure.12 It was also recently shown that with correctly chosen
conditions hydrofullerenes of high isomeric purity can be
synthesized.13,14 Therefore, it is of great interest to verify if the
same reaction is possible in the confined space of SWNT.

Three samples, peapods (14.5 mg), bulk fullerene powder
(100 mg), and empty SWNTs (15 mg) the same as that used
for filling experiments, were exposed to hydrogen gas at ∼13
Bar and 670-680 K. Analysis of the XRD patterns recorded
from the C60 sample, treated in the same experiment as the
peapods but in separate containers, proved successful hydro-
genation. Approximate composition of the final product was
determined as C60Hx with x ∼ 18, verified by an increase in the
cell parameter (a ) 14.51 Å compared to a ) 14.17 for pristine
C60) which is known to increase proportionally with the degree
of hydrogenation (a)14.55 Å for C60H18).12-14 However, it is
not given that fullerene molecules encapsulated in SWNT are
also hydrogenated at the same conditions. Most likely, molecules
close to the open ends or to hole defects of the nanotube will
be hydrogenated, but will hydrogen be able to access the whole
space of the peapod? Another open question concerns the

possible reaction of hydrogen with nanotube walls. This
possibility should be considered and could complicate the
analysis further. In order to clarify these important points, we
have used Raman spectroscopy (Renishaw 1000 grating spec-
trometer with an argon ion laser as excitation source) and solid
state nuclear magnetic resonance (NMR) measurements (Bruker
and Tecmag spectrometers). NMR is widely used for studies
of structural and dynamical properties of fullerene compounds15,16

but sparsely used in the case of SWNTs compounds.17-19 The
progress was largely hindered for two main reasons. First is
the presence of magnetic catalyst impurities commonly present
in SWNT samples. This problem can be circumvented by using
SWNT, purified with a novel magnetic filtration method.20

Second, isotopic engineering with specific enrichment of C60

molecules should be implemented in order to discriminate
between the signal originating from carbons at the nanotube
walls from the carbons at encapsulated molecules. In this study,
single walled nanotubes (PII-SWNT, Nanotube Solution Inc.)
with 1% 13C natural abundance and C60 with 25% enriched 13C
(MER Corporation) have been used, leading to an enhancement
of the signal of the encapsulated molecules of interest. The filling
of the SWNT with C60 molecules was achieved by annealing
the samples inside a sealed quartz tube for 10 h at 650 °C. After
the filling step, the peapods were annealed in dynamic vacuum
at 650 °C for 1 h to remove any exterior C60. The filling factor
of C60 inside SWNTs prior to hydrogenation was estimated from
high resolution transmission electron microscope measurements
to be ≈70 ( 7%, and the average diameter of the SWNTs was
estimated to be about 1.5 nm. A typical HR-TEM picture of
our peapod sample is shown in Figure 1.

In Figure 2, panels a and b, we show the Raman spectra of
the untreated (I) and the hydrogen treated peapod samples (II).
The radial breathing mode positions of the SWNTs at 150 and
167 cm-1 indicate the presence of tubes with diameters of 1.57
and 1.46 nm, respectively.21 This is in good agreement with
the estimated tube diameter from the HR-TEM although
resonance effects to some extent limit the use of Raman
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spectroscopy to give a full picture of the diameter distribution.
In addition to the SWNT Raman modes we see for the untreated
peapod sample weak but clear signals from the C60 molecules
confined in the SWNTs. The positions of the Ag(1) and the Ag(2)
mode at 484 and 1450 cm-1 are downshifted compared to
pristine C60 due to the 13C enrichment of the C60 molecules.
For the hydrogen treated peapod sample, the C60 signal vanishes.
This effect of the hydrogenation is observed for all hydrogen
treated peapod samples that we have analyzed. Most probably
this is related to the broad distribution of stochiometry of C60Hx

which makes the Raman features rather broad and weak relative
to SWNTs. However the Raman spectrum of SWNT remains
unchanged. It can thus be concluded that the hydrogenation has
a strong effect on the confined C60 molecules but a small effect
on the SWNT host. Since Raman spectroscopy provided only
limited information regarding composition of the hydrogenated
sample, the most detailed information was obtained by NMR
spectroscopy.

The NMR study was performed first on an empty SWNT
sample, then on a peapod sample synthesized from these
SWNTs, and finally on that very same peapod sample subjected
to hydrogenation treatment. When the NMR data obtained for
pristine and hydrogenated peapods are compared, it is possible
to assign the observed effects confidently only to molecules of
C60 situated in the interior space of SWNT.

Figure 3 a shows the magic angle spinning NMR spectra of
untreated peapods (III) and hydrogen treated peapods (IV)
together with pristine C60 (I) and empty SWNTs (II). The signal
from the untreated peapods (III) can be fitted with three lines,
the first at 111.3 ppm (�-position), a second at 118.8 ppm, and
a third at 148.2 ppm (R-position). The line at 111.3 ppm is
assigned to C60 molecules in the interior of the SWNT. This
signal is diamagnetically shifted from the normal position of
FCC C60, located at 143.6 ppm (trace I). The diamagnetic shift
occurs due to a local magnetic field on the C60 molecules
produced by ring currents on the honeycomb surface of the
nanotube.20,22 The same effect has been observed for 3He
encapsulated inside fullerene molecules.23 The sharp character
of this line, together with the static spectra (Figure 4a) discussed

below, indicates that the C60 molecules are still rotating inside
the carbon nanotubes (�-position). This result is in agreement
with semiempirical calculations24 and recent experiments,25

which show that C60 molecules inside nanotubes rotate at the
NMR time scale at room temperature. The signal at 118.8 ppm
represents the NMR response of the carbons in the SWNTs as
in trace II for empty nanotubes.17,18 Finally the line at 148.2
ppm represents C60 molecules at the interior of SWNT but
located at tube defects, giving rise to a slight paramagnetic shift
of the NMR line position compared to pristine C60 (I). Its
significant broadening compared to freely rotating C60 suggests
that the C60 molecules are no longer rotating when located in
the vicinity of nanotube defects (R-position). The broadening
indicates also that C60 molecules are not located outside the
SWNT, which would show up as a narrow line at 143.6 ppm.26

A more distinct sign that the C60 molecules are static in
R-position is the presence of rotational side bands when spinning
the sample at 4 kHz instead of 10 kHz (not shown). The
hindered rotation is also supported by static NMR measurements
as discussed below.

Figure 1. HR-TEM picture of the untreated peapod sample before
hydrogenation.

Figure 2. (a) Raman spectra excited with an argon ion laser (514 nm)
of (I) untreated peapods and (II) hydrogen treated peapods. The region
from 100-400 cm-1 is enlarged 5 times to show the Radial breathing
mode. (b) Raman spectra excited with an argon ion laser (514 nm),
enlarged to show the weak C60 Raman modes (marked by stars) of (I)
untreated peapods and (II) hydrogen treated peapods.
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The hydrogenation of our peapods results in drastic modifica-
tions of the NMR spectra. The 13C NMR MAS spectrum (Figure
3a, IV) shows that the signals of R and � molecules keep their
individual ratio but the line positions and their fwhm is changed
(see also Table 1). Both the line representing C60 located at
defects (R-position) and the line representing C60 in the �
position are paramagnetically shifted from the values in
untreated peapods. The paramagnetic shift, caused by the charge
transfer between hydrogen and fullerenes, provides clear
evidence for hydrogenation of the C60 molecules. Also, the sp2

line position is in good agreement with that of the 13C NMR
shift in C60H18.14 In addition we can extract information about
the dynamics of hydrogenated C60 inside of SWNT from the
spectrum shown in Figure 3a (IV). This is important since it
helps to clarify the interactions between the C60 molecules and
the nanotube walls. The presence of spinning side bands from

both resonances, the line at 152.1 ppm (R position, weak) and
the line at 117.8 ppm (� position), suggests that after hydro-
genation the R- and �-C60 molecules are static, indicating an
increase of the fullerene-nanotube interaction probably due to
steric effects.

Further evidence for hydrogenation of C60 in peapods is
provided by the appearance of two sp3 lines located at 48.7 ppm

Figure 3. (a) 13C MAS NMR of pristine C60 (I), Single walled
nanotubes (empty) (II), untreated peapods (III), hydrogen treated
peapods (IV), and CP-MAS of hydrogen treated peapods (V). (b) Fit
of high resolution 13C MAS NMR spectrum of hydrogen treated
peapods. SWNT (I), paramagnetically and diamagnetically shifted C60

(II), fitted curve (III), and experimental NMR spectrum (IV). The
numbers at each spectrum represent its relative contribution to the total
fit. The estimated relative errors in the fits are about 10%.

Figure 4. (a) 13C Static NMR spectra of peapods fitted with the tensors1

of SWNT (I), static C60 (II) and freely rotating C60 (III). The total fit
is shown in (IV) and the experimental data in (V). The numbers at
each spectrum represent its relative contribution to the total fit. The
estimated relative errors in the fits are about 10%. (b) 13C Static NMR
spectrum of hydrogenated peapods has been fitted with the tensors of
SWNT (I), static hydrogenated C60 (II), static hydrogenated C60 that is
shifted diamagnetically (III), and freely rotating C60 that is shifted
diamagnetically (IV). [Tensor components (δ11, δ22, δ33) for hydroge-
nated peapods are in ppm [TMS]; SWNT (-42.2, 164.8, 233.8), static
hydrogenated C60 (42.4, 191.4, 222.4), static hydrogenated C60 that is
shifted diamagnetically (8.1, 157.1, 188.1) and freely rotating C60 that
is shifted diamagnetically (126.3, 113.3, 113.3).] The total fit is shown
in (V) and the experimental data in (VI). The numbers at each spectrum
represent its relative contribution to the total fit. The estimated relative
errors in the fits are about 10%.
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and 14.4 ppm, attributed to C-H bonds on the R- and
�-hydrogenated C60 molecules, respectively. The sp3 line at 48.7
ppm is interpreted to originate from the sp3 carbon of C60

molecules located at nanotube defects and thus expected to be
not diamagnetically shifted because of the absence of nanotube
ring currents at these positions. [This value is in good agreement
with the line position at about 40 ppm of sp3 carbons in C60H18

14

considering the expected paramagnetic shift of the encapsulated
hydrogenated C60 molecules. It should be noted that the
diamagnetic shift separating C60 carbons at R and � positions
(Figure 3a, IV) is approximately the same for the sp3 carbons
(-34.3 ppm) as for the sp2carbons (-36.9 ppm).] Additional
support for the successful hydrogenation of C60 is found in the
cross polarized magic angle spinning (CP-MAS) experiments
on the hydrogen treated sample (trace V in Figure 3a). The CP-
MAS enhances the signal of carbon spins either directly bonded
to a hydrogen (sp3 carbons) or in its vicinity (sp2 carbons
adjacent to sp3 carbons), making it possible to observe the quite
large distribution of the sp3 carbon signal indicating a high
degree of C60 hydrogenation.

To ensure that the signal from hydrogenated carbons does
not come from the hydrogenation of the nanotube walls in the
peapod sample or from hydrogenated graphitic nanoparticles,
we performed a similar hydrogenation treatment of the same
starting nanotube material (containing no C60 molecules) of the
same starting nanotube material that was used to prepare
peapods. NMR measurements performed on this sample did not
reveal any signals from hydrogenated carbons which means that
nanotube walls and carbon particles are not hydrogenated at
the treatment conditions used in our experiments. This result
indicates that all hydrogenation observed in peapods occurs on
the C60 molecules.

Fitting the NMR data for the hydrogenated peapods (Figure
3a, IV) can be done using one Lorentzian line at 118.8 ppm
representing the SWNTs and a distribution of Lorentzian lines
centered around 152.1 and 117.8 ppm representing the C60

molecules at R and � positions, respectively.27 This fit (Figure
3b) allows us to estimate that the SWNT provides a 16 ( 2%
contribution to the measured signal whereas the remaining 84%
comes from encapsulated C60. This result agrees well with a
70% filling factor of peapods and a 25% 13C enrichment of
encapsulated C60.20

The results of 13C MAS NMR experiments are summarized
in Table 1 and show the line position for each signal and its
intensity in relation to the total carbon signal from C60. The
ratio between the sp2 and sp3 carbons contributions allows us
to estimate the number of hydrogenated carbon atoms as ∼17
( 2% of all carbons in C60 molecules. This means that if all
C60 molecules were homogeneously hydrogenated to the same
degree (which is probably not the case, as discussed below)
they would have a hydrogen content of about 10 hydrogen atoms
per C60 molecule. Summarizing, our MAS 13C NMR spectra
provides clear evidence for hydrogenation of C60 encapsulated
in peapods and shows that hydrogenation hinders the rotational
freedom of the C60 molecules.

Additional support to the conclusions extracted from the 13C
MAS NMR data is obtained from static 13C NMR spectra

(Figure 4). As before, the 13C spectra from the untreated peapod
sample is presented first (Figure 4a) followed by a discussion
of the differences due to hydrogenation (Figure 4b). The static
spectrum of the untreated peapods has three main contributions:
(a) the typical powder line shape from SWNTs with a contribu-
tion fixed to 16% from the results of the MAS spectrum (figure
4a, I), (b) the chemical shift anisotropy tensor (CSA) of static
paramagnetically shifted C60 (figure 4a, II), and (c) the rotating
diamagnetically shifted C60 (Figure 4a, III). [Tensor components
(δ11, δ22, δ33) for peapods are; SWNT (-42.2, 164.8, 233.8),
static C60 (38.5, 187.5, 218.5), freely rotating C60 that is shifted
diamagnetically (119.9, 106.9, 106.9). Tensor components (δ11,
δ22, δ33) for hydrogenated peapods are; SWNT (-42.2, 164.8,
233.8), static hydrogenated C60 (42.4, 191.4, 222.4), static
hydrogenated C60 that is shifted diamagnetically (8.1, 157.1,
188.1) and freely rotating C60 that is shifted diamagnetically
(126.3, 113.3, 113.3).] Note that the broad line shape for rotating
C60 as compared to FCC C60 is related to the anisotropic currents
on the outer nanotubes.22,26,28 Fitting the tensors allows to
estimate the proportion of blocked C60 at defects versus rotating
C60 (shifted diamagnetically) as 31.7:68.3. The C60 signal here
is normalized to 100% since we find no hydrogenation of the
SWNT walls. This new estimation is consistent with the MAS
spectra.

If the spectra of the reference peapods are now compared
with the hydrogenated peapods (Figure 4b, VI), the broadening
of the sharp C60 line clearly indicates that most of the originally
rotating C60 molecules have been blocked by the hydrogenation.
The fit of the experimental data includes contributions from the
tensors corresponding to blocked hydrogenated C60 at defects,
blocked hydrogenated C60 (shifted diamagnetically):rotating C60

(shifted diamagnetically), in the ratio of 31.7:45.8:22.5. This
indicates that 22.5 ( 2% of the C60 molecules are still rotating
after the hydrogenation treatment, probably because they are
either not hydrogenated at all or hydrogenated to a lower degree.
Recalculating the previous ratio 0.17 for sp3/sp2 carbons using
the fact that the sp3 signal only comes from 77.5% of the
molecules, we obtain a hydrogenation degree of 22 ( 2% which
would correspond to an average hydrogen content of 14
hydrogen atoms per C60 molecule. This refinement of our
previous estimation using all available experimental data should
be considered as a more precise determination since it takes
into account the fraction of nonhydrogenated molecules present
in peapods even after treatment.

Another direct proof of C60 hydrogenation inside of peapods
is found by 1H NMR (see Figure 5). Consistent with the 13C
NMR data, the same general trend is observed, with one line
assigned to the protons on the C60 molecules located at the �
position inside the SWNTs (-25 ppm) and one line attributed
to the protons on the C60 molecules located at the R position (2
ppm). The latter shift is in very good agreement with the normal
1H chemical shift that usually lies between 0-10 ppm, while
the first diamagnetically shifted line clearly supports the
magnetic shielding inside the nanotubes and consequently the
presence of hydrogen inside the SWNTs.

The average diameter of the SWNTs in our sample is
approximately 1.5 nm, as estimated from HR-TEM and Raman
spectroscopy. The outer diameter of C60 molecules is about 1
nm, whereas a hydrogen molecule in the gas phase has a kinetic
diameter of ∼4 Å.29 Taking into account a van der Waals
distance from carbon walls of SWNT (∼3.2 Å from each side),
it seems to be difficult for molecular hydrogen to penetrate into
the whole lengths of peapods. Our experiments however indicate
a rather high amount of structural defects at the nanotube shell

TABLE 1: Line Positions and Ratios from 13C MAS NMR
Experiments

assignment peapods hydrogenated peapods

sp2 at R position 148.2 ppm (31.7%) 152.1 ppm (25.7%)
sp2 at � position 111.3 ppm (68.3%) 117.8 ppm (56.3%)
sp3 at R position 48.7 ppm (5.65%)
sp3 at � position 14.4 ppm (12.35%)
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(giving rise to hindered C60 rotation). Some types of nanotube
defects could open up windows in the nanotube walls allowing
the hydrogen to penetrate. Nevertheless, this still probably
cannot fully explain the quite high hydrogenation degree of
encapsulated C60 that we observe in our experiments. Therefore,
some mechanism which involves atomic hydrogen should be
considered. Taking into account the high reaction temperature
a high mobility of hydrogen atoms on the surface of C60 is
plausible. Migration of atomic hydrogen on the surface of carbon
materials is currently actively discussed in connection to
hydrogen storage in carbon materials doped with metal nano-
particles (spill over mechanism, see, e.g., ref 30). In this model
molecular hydrogen split on atoms by some metallic nanopar-
ticles and migrates in atomic form along the surface on the
carbon substrate. A somewhat similar mechanism could be
proposed for peapods as well. Hydrogen molecules split on
the C60 molecule closest to the nanotube entrance, migrate to
the inner walls of the nanotube and diffuse along the walls to
fullerene molecules situated deeper inside of nanotube. More
theoretical and experimental work is required to verify the
proposed mechanisms of C60 hydrogenation in peapods.

In conclusion, high temperature treatment of peapods with
hydrogen gas results in a selective hydrogenation of the C60

molecules inside of SWNT, but not of the nanotube walls. 13C
NMR MAS/static and 1H NMR provide compiling evidence that
encapsulated C60 molecules in hydrogen treated peapods are
indeed hydrogenated and consequently that the rotation of these
molecules is blocked. The effect of C60 hydrogenation is
revealed by the freezing of the C60 molecules, the observations
of diamagnetic/paramagnetic line shifts, and the appearance of
sp3 carbon lines. It is very likely that also chemical reactions
with some other gases (e.g., fluorine, chlorine, and possibly even
formation of fullerenols) could be possible inside SWNTs thus
expanding the research into a new field of physics and chemistry
in confined one-dimensional nano vessels.
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Figure 5. 1H MAS NMR of hydrogen treated peapods.

Physical Chemistry in Nano Vessels J. Phys. Chem. C, Vol. 113, No. 20, 2009 8587

D
ow

nl
oa

de
d 

by
 F

R
IT

Z
 H

A
B

E
R

 I
N

ST
 D

E
R

 M
PI

 o
n 

Ju
ne

 3
0,

 2
00

9
Pu

bl
is

he
d 

on
 A

pr
il 

27
, 2

00
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
jp

80
95

74
3

http://pubs.acs.org/action/showImage?doi=10.1021/jp8095743&iName=master.img-004.png&w=202&h=224

