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a b s t r a c t

The polymerization of fullerenes has been an interesting topic for almost three decades. A rich polymeric
phase diagram of C60 has been drawn under a variety of pressure-temperature conditions. However, only
linear or perpendicular linkages of C60 are found in the ordered phases. Here we used a unique bilayer
structural solvate, C60$1,1,2-trichloroethane (C60$1TCAN), to generate a novel quasi-3D C60 polymer
under high pressure and/or high temperature. Using Raman, IR spectroscopy and X-ray diffraction, we
observe that the solvent molecules play a crucial role in confining the [2 þ 2] cycloaddition bonds of C60s
forming in the upper and lower layers alternately. The relatively long distance between the two bilayers
restricts the covalent linkage extended in a single individual bilayer. Our studies not only enrich the
phase diagram of polymeric C60, but also facilitate targeted design and synthesis of unique C60 polymers.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Polymeric fullerenes with different configurations are of great
interest and of fundamental importance due to their superior
properties and unique structure. As the most popular fullerene, C60

has been extensively studied under a wide range of pressure and
temperature conditions. The C60 cages pack linear one-dimensional
(1D, orthorhombic), 2D (tetragonal or rhombohedral) polymers and
even 3D polymers in high pressure and high temperature (HPHT)
conditions starting from the face centered cubic (fcc) lattice
monomer [1e5]. The validity of these structural models are sup-
ported by the results and investigations of multi adduct regiose-
lectivity. The [2 þ 2] cycloaddition occurs preferentially at [6,6]
bonds [6], and the e bisadduct presents a linear (or perpendic-
ular) polymer and is favored among the eight isomers [7]. For C70,
the reaction diagram contains orthorhombic, rhombohedral,
tetragonal phases as well shared general features with that of C60

but with significantly fewer phases [8]. As reported, a zigzag and

chain-like polymer extended along the c axis of C70 could be ob-
tained under high pressures and high temperatures [9]. Here, we
present a quasi-3D polymerization of C60 by choosing a unique
fullerene solvate with a bilayer structure. This opens a new door for
the design of polymeric fullerenes with different linkage
configurations.

Solvated fullerenes in which C60 is separated by solvent mole-
cules are a series of crystalline materials with high stability, tunable
metrics, and functionality. The intercalated solvent molecules play
an important role in the construction of solvate molecules with
different structures and further influence the phase transition un-
der high pressure. For example, while the fcc lattice is maintained in
C60$C8H8 under ambient conditions due to the perfect placement of
cubane in the octahedral voids [10], copolymers of C60 and the
decomposition product of cubane are observed when heating with
high pressure [11]. Intercalation of C60 with an aromatic molecule,
m-xylene, results in C60$m-xylene with a hexagonal close-packed
(hcp) structure. This exhibits no pressure-induced polymerization
up to 13 GPa because of isolation from the solvent molecule [12,13].
At higher compression values, long-range ordered carbon clusters
are present based on the total isolation along the three-fold axis of* Corresponding author.
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the lattice. In addition, C60/AgNO3 [14,15], C60/Ni(OEP) [14,15],
C60(Fe(C5H5)2)2 [16,17], and TDAE-C60 (TDAE: tetrakis-
dimethylamino-ethylene) [18,19], etc. transformed to the one-
dimensional polymeric phase when polymerized C60S16 was in
the b,c-plane [20]. C60/CS2 forms a 3D polymeric phase catalyst via
CS2 under high pressure/high pressure and high temperature (HP/
HPHT) conditions [21,22]. In all, the C60 solvate was confined by
molecules regardless of particle size, aromaticity or redox reac-
tivity. However, this has not yet been constructed as a nonlinear
polymer. It is still unclear whether a properly intercalated molecule
could induce the formation of a nonlinear polymer with stimuli.
The answer to this question will consummate the correlation be-
tween an intercalated molecule and the fullerene cage. Further-
more, it could enrich the diversity of lattice tuning via an intrinsic
molecule.

In this paper, the influence on the polymerization of C60 solvate
grown from 1,1,2-trichloroethanewas studied andmonitored by in-
situ Raman and Fourier transform infrared (FTIR) spectroscopy. The
C60$1TCAN behaves differently from other C60 solvates under high
pressure, and a quasi-3D oligomerization in the bilayer is observed
for the first time. X-ray powder diffraction (XRD) measurements
were performed on a C60$1TCAN to detect the lattice shrinking
under high pressure. In terms of geometry structure, the interca-
lated solvent molecule tunes the spatial arrangement of C60 cages
in C60$1TCAN, and the steric confinement of TCAN affects the
polymerization behavior of C60 cages under high pressure. The re-
sults of this study will help explain the diverse cross-linking
fullerene derivatives and will enrich the phase diagram of poly-
meric C60.

2. Results and discussion

We studied C60$1TCAN due to its unique bi-layered structure
[23,24] (Fig. 1). As Michaud et al. reported, the lattice metrics of the
C60$1TCAN solvate is orthorhombic, and the symmetry is mono-
clinic (space group P21/n, a ¼ 10.1302(5) Å, b ¼ 31.449(2) Å,
c ¼ 10.1749(5) Å, b ¼ 90.14(8)�). The fullerene cages stack along the
b crystallographic axis. The square-like C60 layer has a type of AB-
B’A’-AB parallel to the ac plane (Fig. 1). The orientation disordered
TCAN molecule was injected between the C60 species and
contributed to the relatively large interstitial cavities parallel to the
b axis.

Group theory predicts that a C60 molecule have Ih symmetry as
well as two Ag and eight Hg Raman-active vibrations. In situ high
pressure Raman was used to study the polymerization behavior of
C60$1TCAN as shown in Fig. 2. For forbidden photo-polymerization,
all of the in-situ pressure-induced Raman experiments of
C60$1TCAN were conducted with a 785 nm excitation laser. Two
shoulder peaks at 333 and 525 cm�1 were detected in the inves-
tigated range, and these were attributed to the CeCl bending and
Cl3C and Cl2HC expansion as well as contraction vibration modes of
the guest solvent molecules, respectively (Supplementary Fig. 1a)
[25].

Five peaks at 342, 353, 534, 567, and 579 cm�1 could not be
observed in fcc C60. These were activated Hu(1), F2u(1), F1u(1), F1g(1)
and Hu(2) modes due to the symmetry reduction and the short
intermolecular distance (stronger intermolecular interactions) [26].
Otherwise, this is similar to that of pristine C60. Supplementary
Fig. 1b shows that the Raman peaks of 1428 cm�1, 1470 cm�1 and
1575 cm�1 correspond to the pentagon shear [Hg(7)], pentagon
pinch [Ag(2)], and hexagon shear [Hg(8)], respectively. The other
two obvious peaks at 268 cm�1 and 493 cm�1 are assigned to Hg(1)
squashing mode and Ag(1) breathing mode, respectively. In
particular, the Ag(2) is one of the most sensitive modes to the
polymer structure and charge transfer. For instance, it downshifts

from 1470 cm�1 in the monomer to 1465 cm�1 in the dimerdthis
corresponds to two sp3-like coordinated carbon atoms per
fullerenemolecule [27]. Upon further polymerization, the softening
is 12 cm�1 in the linear polymeric chains [28], 20 cm�1 in the planar
tetragonal phase, and 60 cm�1 in the 2D rhombohedral polymers
[29]. The peak position of the Ag(2) mode in C60 and C60$1TCAN are
the same, and this indicates the absence of charge transfer in the
solvate molecule.

As pressure increases, shifts and splitting of the icosahedral
modes were observed under optimal conditions. For example, the
Hg(1) and Hg(2) modes split into doublets and present shoulder
peaks with a ~5 cm�1 shift to their parent modes at 0.7 GPa (Fig. 2).
In addition, a very small but non-negligible shoulder peak was
observed on the lower side of the Ag(2) mode at 0.7 GPa. Other than
that, there were two new peaks at 516 and 526 cm�1 that could be
attributed to the activated F1u(1) mode [29]. The peak splitting and
the activation of the silent mode could be attributed to the sym-
metry reduction due to the lattice deformation under high pres-
sure. In fact, traces of dimers may have already started to form here
and become significant at 2.1 GPa. Two F1u(1) modes at 516 and
526 cm�1 became more obvious. A splitting of the Hg(1) mode
appeared at 304 cm�1 and a new peak ascribed to the activated

Fig. 1. Visualization of the refined crystal structure of the C60$1TCAN. The cuboid
represents the monoclinic unit cell of C60$1TCAN. For clarity, only the averaged centers
of mass of the C60$1TCAN is shown, and some fullerenes are displayed with a trans-
parency to better visualize the positions of the other molecules. Both the transoid and
gauche TCAN conformers are present since both of them exist in the solvate molecule
in ambient condition. (A colour version of this figure can be viewed online.)
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F1u(2) mode emerged [29,30]. The most prominent includes a
shoulder peak that softens to about 5 cm�1 to low frequency of the
Ag(2). Furthermore, the full width at half maximum (FWHM) of
Ag(2) mode broadens to three times than that under ambient
conditions.

On the other hand, the background of Raman spectra increased
from 1 atm to 2.1 GPa (Supplementary Fig.1). A broad luminescence
band is observed at 3.1 GPa and shifts to high frequency as the
pressure increases. This decays over 7.1 GPa. The electronic tran-
sition in the C60 molecule from the lowest unoccupied electronic
state (triply degenerated t1u state) to the highest occupied elec-
tronic state (fivefold degenerated hu state) is dipole forbidden
[31,32]. Doping or polymerization might reduce the symmetry of
the C60 molecule allowing previously forbidden electric-dipole
transitions [33,34] to drastically enhance the photoluminescence
(PL) intensity. In addition, the volume reduction and bond forma-
tion of the C60 cages under high pressure results in an enhanced
interaction between molecules. The distortion of C60 cages induces
a shift and broadening of the energy bandswhile promoting dipole-
dipole transitions [35]. Furthermore, under high pressure, the
exciton trapping time and the singlet to triplet conversion time
should be different from that of the pristine sample [35]. The band
gap also slowly decreases with increasing pressure, and the exci-
tation becomes more efficient.

The pressure dependence of the frequency (dy/dP) is deter-
mined by linearly fitting the equations. The slope of the Ag(2)
frequency-pressure relationship is 4.09 cm�1 GPa�1 at a low pres-
sure range. It slightly decreases to 3.15 cm�1 GPa�1. The pressure-
dependence of the peak positions of the main Raman modes are
shown in Supplementary Fig. 2. Although all peaks besides Ag(2)
are difficult to detect over 3 GPa, peak splitting is seen near 0.7 GPa.
The inflection point is ~2.1 GPa and is obviously present in these
modes. This might be because the lattice symmetry decreases with
increasing pressure leading to significant dimer formation. These
dimers are precursors to larger oligomers which are found over
~2.1 GPa.

To further study the structural changes of C60$1TCAN at the
inflection points seen in Supplementary Fig. 2, the Raman spectra of
the samples decompressed from 3.1 GPa, 4.0 GPa, 7.6 GPa, 8.3 GPa,

and 9.1 GPa were collected using a 785 nm laser as shown in Fig. 3.
All of the vibrational peaks corresponding to the cage structure
remain after decompression. This suggests that the C60 cage was
preserved. However, the recovered samples show more and
broader bands than the pristine sample indicating a decrease in
symmetry. On another hand, the disordered dimer/polymer
orientation and the degree of polymerization can also attribute to
the broadening, as shown in pristine C60 [30].

For instance, the Hg(1) mode presents a low-frequency peak at
252 cm�1 recovered from 3.1 GPa. There is another weak peak at
295 cm�1 when decompressed from 4.0 GPa. This is an obvious
feature of C60 dimerization [29]. Furthermore, the I255/I268 (the
intensity of the peak at 255 cm�1 over that of the peak at 268 cm�1)
increased with increasing pressure. This is a feature of high mole-
cule weight C60 polymerization [29]. At the same time, the shoulder
of the Ag(1) mode appeared when the sample was decompressed
from 7.6 GPa. As reported, the Ag(1) mode softens 6 cm�1 for the
dimer and 8 cm�1 in the orthorhombic polymer [29]. This new
shoulder confirms that the mixture phase contains the monomer
and C60 with one or two cycloaddition bonds.

As the pressure further increases, the low-frequency constitute
is enriched comparedwith the high-frequency one. The Ag(2) mode
softens at a low frequency as the number of covalent bonds per C60

increases [27e29]. No significant changes were found when the
sample decompressed from 3.1 GPa. It split into two peaks with the
new peak near 1465 cm�1 when recovered from 4.0 GPa. The
1465 cm�1 peak is attributed to the C60 dimer [29], and this dem-
onstrates strong dimerization above 3 GPa. As the pressure
increased, a new Raman active mode is expected for the C60 poly-
mer with two cycloaddition bonds near 1460 cm�1. This was
observed in the sample recovered from 7.6 GPa and coincided with
the results obtained from the Hg(1) and Ag(1) modes. The peak area
ratios of 1470 cm�1, 1465 cm�1 and 1460 cm�1 follow a regular
trend with degree of polymerization. The proportion of the peak at
1470 cm�1 decreased when the sample decompressed from 3.1 GPa
to 9.1 GPa. At the same time, the area of the peak at 1460 cm�1

increased as the pressure increased from 7.6 GPa to 9.1 GPa. This
showed that the C60 dimer combines into larger units and was
confirmed by the appearance of Raman signals from molecules
with two cycloaddition bonds. As expected, the peak area at
1460 cm�1 increased when accompanied by a deepening of the
degree of polymerization. Hence, pressure induces new types of

Fig. 2. Raman spectra of C60$1TCAN. Gathered using a 785 nm excitation laser under
high pressures; peaks related to the solvent molecule were marked with black arrows,
new peaks were marked with stars. For clarify, the intensity of the spectra obtained at
1 atm, 2.1 GPa, 3.1 GPa and 4.2 GPa were enhanced 1.5 times. The spectrum insert was
amplified 3 times in both the horizontal and vertical direction. (A colour version of this
figure can be viewed online.)

Fig. 3. Raman spectra of pristine C60$1TCAN and recovered samples to 1 atm from
different pressures. The new peaks are marked with red arrows. (A colour version of
this figure can be viewed online.)
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intermolecular interactions and corresponding vibrations to
possibly explain the resolved Raman bands that are absent in the
pristine sample. In conclusion, there is significant dimerization at
pressures over 3.1 GPa. These dimers start to polymerize over
7.6 GPa. This concurs with the pressure dependence data.

The formation of intermolecular bonds of C60 is a thermally
activated process, and the polymerization reaction is very slow at
room temperature. Thus C60$1TCAN treated under HPHT could
potentially synthesize the polymer phase. The Raman spectra of the
recovered C60$1TCAN after treatment at 1.2 GPa and 573 K is shown
in Fig. 4. In contrast to C60 that contains ~75% disordered “chains”
and approximately 20% dimers in the same condition [36], poly-
merized and unpolymerized C60 coexist in the treated C60$1TCAN.
The peak areas showed that a small proportion of C60 transformed
to a dimer-rich phase and barely contains polymer with two
cycloaddition bonds on C60. Versus the cold compression of
C60$1TCAN, the polymerization degree is larger under high tem-
perature, but still smaller than that of C60 under HPHT conditions.

To enhance the degree of polymerization, higher pressures
(3.0 GPa and 4.6 GPa) were used in the HPHT treatment. A doublet
splitting of the Hg(1) mode was seen as a shoulder in the low-
frequency range combined with an activated Gg(1) mode at
~473 cm�1 when the sample was recovered from 4.6 GPa to 573 K.
In fact, these results were seen on the sample recovered from 3.0
GPa/573 K although it is not as obvious as the sample treated by 4.6
GPa/573 K. Moreover, the Ag(2) contains two component near 1464
and 1458 cm�1 with a few at 1469 cm�1. In addition, the I1458/I1464
(the intensity of the peak at 1458 cm�1 over that of the peak at
1464 cm�1) increased with compression. It contains almost all of
the C60 monomer that participated in the reaction. The proportion
of polymer increased as the treatment pressure increased. More
than 50% of themolecules have two cycloaddition bonds and others
have a single bond as shown in the disordered dimers. These results
suggest that high temperature facilitates polymerization, but for-
mation of pure polymer from C60$1TCAN is harder than that of C60

even under HPHT conditions.
Based on these considerations, the polymerization procedure

becomes gradually clear. The short nearest distance between the
C60 cages in the C60$1TCAN makes the dimerization occur more
easily. Bond formation causes local strain, although the positions of

neighboring atomic will slightly change to offset the void. The
increasing distance between the unreacted monomers is insuffi-
cient for further dimerization. As a result, the dimerization of
C60$1TCAN occurs at a lower pressure than that of C60 and the
degree of dimerization is lower than that of C60 treated under the
same condition. On the other hand, C60 dimers meet more steric
hindrance when they are rearranged to the optimal position and
orientation compared to C60 monomer. Furthermore, the disor-
dered dimer-monomer mixture makes positional and orientational
matching more challenging.

For these reasons, further cycloaddition to get a polymer with
high molecule weight (HMW) is unlikely. High temperature can
promote cage rotation and is conducive to HMW polymers. How-
ever, faster intermolecular cycloaddition causes low completeness
of dimerization. Consequently, cycloaddition is enhanced under
high temperature, but no pure polymer with a HMW has yet been
obtained. The same phenomenon has been observed in other doped
C60 such as C60/ferrocene [16]. The incomplete polymerization
reasons were classified into three parts: layered packing arrange-
ment, insufficient reduction of the volume at the polymerization
pressure used and competing C60 orientational ordering [14].

FTIR is another useful method to probe structural trans-
formation under high pressure. It is well known that an isolated C60
molecule has four IR-active vibrational modes at 527, 576, 1183, and
1429 cm�1. These are attributed to F1u(1), F1u(2), F1u(3) and F1u(4)
symmetries, respectively [37]. For C60$1TCAN, the vibrational
modes are at the same position because of the weak van der Waals
intermolecular interactions. Besides, seven vibration modes
belonging to the TCAN molecule are observed in the FTIR spectrum
(Fig. 5).

Upon pressure-induced polymerization, the intermolecular
bonds provide a strong new interaction mechanism to break the Ih
symmetry of the isolated C60. As a result, numerous new Raman
and IR modes are observed. These are attributed to both the formed
covalent intermolecular bond and the intramolecular bonds
because of the reduced symmetry. The position and shape of the
F1u(4) mode is sensitive to both the charged state and the covalent
numbers per cage [38]. In the IR spectrum of the dimer, three
modes with odd symmetry at 711, 754 and 799 cm�1 were attrib-
uted to F2u(2), Gu(3) and F2u(3), respectively. These are present
when the samples are compressed to 1.7 GPa. The splitting of F1u(3)

Fig. 4. Raman spectra of pristine C60$1TCAN and samples treated by high pressure and
high temperature. Samples are treated at 1.2 GPa, 573 K, 20000 s (olive), 3.0 GPa, 573 K,
20000 s (blue) and 4.6 GPa, 573 K, 20000 s (black). For clarify, all the peak intensities of
sample treated under 3.0 GPa, 573 K, 20000 s are multiply 5 and sample treated under
4.6 GPa, 573 K, 20000 s are multiply 10. (A colour version of this figure can be viewed
online.)

Fig. 5. FTIR spectra of C60$1TCAN with pressure ranging from 1 atm to 22.2 GPa and
recovered to 1 atm from 22.2 GPa. Peaks related to the solvent molecule were marked
in black, while attributed to the C60 cage were in red. New peaks were marked with
stars. For clarify, part of the range was amplified 3 times in both the horizontal and
vertical direction. (A colour version of this figure can be viewed online.)
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in the polymer is more pronounced when the bands appear at 1207
and 1234 cm�1 under high pressure (7.3 GPa). Although several
reports have summarized 1426 (F1u(4)) and 1464 cm�1 (Ag(2)) as
the two vibration modes for the C60 dimer and 1426 (F1u(4)),
1446 cm�1 (F1u(4)) for C60 orthorhombic polymer, it is easy to
distinguish the two dimer peaks but hard to determine the weak
and broad peaks in the spectrum of the orthorhombic polymer.
Thus, we conclude that the sample dimerized near 1.7 GPa and
polymerized from 7.9 GPa to 10.9 GPa. This nicely correlates to the
Raman measurements.

The resonance at 612 cm�1 is absent under ambient condition
but becomes very prominent under high pressure. This is because
the Hu(2) mode has features that are characteristic of the pressure-
polymerized C60 indicating modification of the cage. The C60 dimer
shows a peak at 613 cm�1, which shifts to 614 cm�1 at 1.7 GPa. The
doublet at 612 and 622 cm�1 of C60$1TCAN decompressed from
22.2 GPa indicates that the product is different from the C60 dimer
and orthorhombic polymer. This is in contrast to the C60 dimer and
the orthorhombic C60 polymer with the Hu(2) mode at 613 cm�1

and 612 cm�1 [29], respectively. Of note, a shoulder peak at
764 cm�1 could not be observed in orthorhombic C60 polymers, but
this can be seen in the two-dimensional tetragonal one [39].
Perhaps the 612 cm�1 peakmay still be from dimers, however some
novel spectroscopy features do not from a straight, linear chain
system. Hence the high-pressure polymeric phase is quite different
from known C60 polymers.

Polymeric C60$1TCAN produced by large volume press under
high pressure and high temperature is characterized using 13C
magic angle spinning nuclear magnetic resonance (MAS NMR)
measurements at room temperature. As shown in Supplementary
Fig. 3, several resonances between 160 and 65 ppm have been
observed besides the partial carbon fragment at around 30 ppm.
Two isotropic lines at positions 70 and 50 ppm are attributed to the
solvent while typical sp3 carbon evidence for the formation of co-
valent bonds between cages is overlapped at 70 ppm. Broad line
around 146 ppm corresponds to a continue distribution of CeC
distances due to a partial disorder. Deconvolution result exhibits a
refinement structure. The clear peak splitting at 146 ppm is a
further manifestation for inequivalence of the two carbon atoms
bridging neighboring molecules in the polymeric phase [9,40].

It is important to discuss geometry structure to explain the
stability of C60$1TCAN and the degree of polymerization. Starting

from the disordered C60 dimers, a low-pressure 1D orthorhombic
phase characterized by different orientations of the chains around
their axes has been found [41]. Parallel straight chains along one of
the six 〈110〉 directions were present at high-pressure (above
2e3 GPa). However, it is impossible for this to occur on C60$1TCAN.
The TCAN molecule parted four near-neighbored cages in one layer
and [2þ 2] cycloaddition bonds alternately connect the C60 cages in
the upper and lower layers. Thus, polymerization is confined to
single individual bilayers in the ac plane with no bonds between
bilayers.

Bisadditions at [6,6]-junctions of C60 enable eight regioisomers
[7]. The e and trans-3 bisadducts were generally formed preferen-
tially by a (2 þ 2) cycloaddition reaction among the eight isomers.
However, in C60$1TCAN, as shown in Fig. 6, cage II, III, IV, and V are
the four fullerenes nearest to cage I. If the first cycloaddition
occurred between cage I of the A0 layer and cage II of the B0 layer
(shown as the first adduct position with blue double bond in
Fig. 6a), then cage III and V are near the location of the e addition
site and cage IV is near the location of trans-3. This demonstrates
that polymers with more than three C60 cages prefer to form a V-
shaped or N-shaped polymer (Fig. 6b and Supplementary Fig. 4). Of
note, the cage position and orientation are expected to change to
get a stable product.

The distance between the center of mass position of two near-
neighbored C60 in the fcc bulk C60 is 10.1 Å [10], and the mini-
mum in C60$1TCAN is 8.8 Åda much smaller value (Fig. 1). As a
result, the overlap of p orbitals in C60$1TCAN is larger than that of
C60, which is beneficial to dimerization. The center-to-center
C60eC60 distances decrease as pressure increases. Generally, it is
9.1 Å in C60 [2 þ 2] cycloaddition polymers and about 9.4 Å when a
single CeC bond links two cages [5,42,43]. For confined C60, the
nearest-neighbor cage distance could approach a value of 8.45 Å
near 10 GPa [44]. The much shorter C60eC60 distance in C60$1TCAN
causes easier dimerization accompanied by a low degree of poly-
merized structure. In addition, the nearest two cages in C60$1TCAN
penetrate AB bilayers or A’B’ bilayers. The minimum distance be-
tween the two cages in the same layer is 10.13 Å along the an axis.
The nearest cage distance along the c axis is 10.18 Å and along the b

axis is as long as 11.50 Å.
These results indicate that polymerization of C60$1TCAN is

confined to single individual bilayers in the ac plane with no bonds
between the bilayers under high pressure. Similar to the C60 cages

Fig. 6. Regioselective bisadduct of fullerene. (a) Visualization of the B’A’ layer of the refined C60$1TCAN crystal structure and the possible C60 bisadduct regioisomer configurations
of cage I. (b) red and pink lines exhibit two possible orientations of the polymerization. (A colour version of this figure can be viewed online.)
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in a bilayer, these structures are sutured with covalent bonds. After
dimerization, rearrangement and reorientation of the cages can
create an available steric configuration for further polymerization.
This is more difficult to realize on a dimer than on a monomer,
though the lattice volume reduction after dimerization allows other
molecules to take up positions that are favorable for further dimer
formation. In addition, tuning the disordered dimers to match the
binding site in a nonlinear chain is much harder. Consequently,
quasi-3D oligomerization in a 2D bilayer structure is obtained here,
which coincides well with the experiment results.

The structure changes under high pressure were confirmed by
XRD, as shown in Supplementary Fig. 5. The position and orienta-
tion disorder of the C60 moieties leads to broad diffraction profiles.
Although it is hard to refine the Bragg peaks, the main peaks in the
pattern could be indexed. It should be noted that an identifiable
new peak (2q ¼ 2.78�) appears at 3.7 GPa and becomes obvious
with pressure increasing. The appearance of this peak is an indi-
cation of structure change casued by the polymerization. However,
the high pressure phase can not be solved realiablely with the
limited number of the peaks.

We studied the variation in d spacing of the (040) lattice plane
as the pressure increased from 0.3 GPa to 8.2 GPa (Supplementary
Fig. 6) and found that it shifted from 8.135 Å to 7.571 Å as the
pressure increased. This demonstrates that the change in lattice
parameter b is around 0.141 Å. Accordingly, the distance between
near-neighbor bilayers decreases with increasing pressure, but the
gap over 11 Å confirms that it is impossible to form a covalent bond
along the b axis under high pressure. Hence, the XRD data confirm
our geometry structure analysis and the vibration experimental
results again.

The effect of TCAN on the structure and properties of C60$1TCAN
under high pressure could be summarized as below. First, TCAN
with a medium particle size between CS2 and aromatic intercalated
molecules expands the cubic lattice to a monoclinic structure with
a relative isolated bilayer configuration in C60 cages along the b axis.
Second, C60 is relatively insoluble in TCAN, which implies a weaker
interaction between injected molecules and the carbon cage. As a
result, TCAN is not wrapped tightly around the cage, with room for
the polymerization and confines the cross-linking in certain ori-
entations. Third, the stability of TCAN ensures polymerization un-
der HP/HPHT condition. Based on these considerations, the
principle behind quasi-3D oligomerization in a bilayer structure is
clearly explained.

3. Conclusion

In this work, we successfully synthesized a quasi-3D oligomer of
C60 by compressing C60$1TCANda solvate with unique bilayer C60

structure. The in situ Raman and infraredmeasurements under high
pressures suggested that the high dimer fraction presented at about
2.1 GPa. A polymer with C60 cages linked in the upper and lower
layers started to form above 7.9 GPa. The data show that about 50%
molecules have a single cycloaddition bond, and approximately 50%
have two bonds. No single molecules (without any intermolecular
bonds) are seen, and the sample must be fully oligomerized. In
addition, FTIR shows signs of dimers but also lines belonging to a
hitherto not observed polymeric phase, which different from the
known chains or known 2D phases. The structure of C60$1TCAN and
its polymeric phases were determined by XRD showing that the
C60s bridged into the polymer that extend along the single indi-
vidual bilayers in the ac plane of the parent structure under high
pressure. Our results demonstrate the crucial role of the TCAN
solvent molecule in initial lattice structure design and polymeri-
zation confinement under HP/HPHT.
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