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Abstract: 

Near-infrared (NIR) Raman spectroscopy has been used to analyze intermolecular bonding in 

solid C70, treated for two hours under pressures in the range 0.8 to 2 GPa at temperatures 

between 350 and 600 K. The spectra obtained are analyzed in detail with the aim of finding 

spectral lines characteristic for the monomer C70, the dimer C140, and possibly for higher 

oligomers. In agreement with earlier studies, several new modes are observed in the NIR 

Raman spectra, in sharp contrast to what is found in Raman studies using visible light 

excitation. From the relative intensities of the characteristic dimer stretch line at 88 cm-1 and a 

mode at 457 cm-1, characteristic for the monomer, a semi-quantitative estimate for the dimer 

fraction in the material can be found as a function of pressure and temperature. From these 

results a reaction map, similar to that recently derived for C60, can be drawn. The data 

obtained indicate that C70 is almost completely polymerized into large, random oligomers (or 

polymers) after long-time treatment at elevated temperatures (> 500 K) and pressures (>1.2 

GPa). The phase diagram of C70 is updated and briefly discussed in the light of this and other 

recent high pressure studies. 
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1. Introduction 

 

While the lightest and most common stable fullerene, C60, has been extensively studied, 

the properties of the second lightest, C70, are significantly less well known. This is particularly 

true for the high pressure properties. While there is a very extensive literature on the high 

pressure properties and structures of C60 (see reviews in Refs. [1-7]), including in-depth 

studies of both the dimer and of several well defined one-, two- and three-dimensional 

polymers, there is only a small number of studies on C70. There are valid reasons for this: C70 

was initially much more expensive than C60 and more difficult to obtain in reasonably pure 

form, and although the basic physical properties of the two fullerenes are rather similar the 

lower symmetry of both the molecule and the crystal structure(s) makes both structural and 

spectroscopic work much more complicated for C70 than for C60. Also, already the first 

reports on photo-polymerization of C70 discussed the low reactivity of the molecule and traced 

this to its structure [8]. C70 has only ten reactive double bonds, five of these radiating out from 

each pentagonal “polar” end cap; for comparison, C60 has 30 reactive bonds distributed 

equally on the quasi-spherical molecular surface. Intermolecular bonding in C70 is thus much 

less likely than in C60 and the bonds formed are highly directional, and most early high-

pressure studies failed to find any significant polymerization during or after treatment [2,4].  

As in solid C60, the C70 molecules undergo quasi-free rotation above room temperature 

where the effectively spherical molecules adopt a close-packed structure, usually with a face-

centered cubic (fcc) lattice. On cooling or compression the rotational motion is reduced to 

uniaxial rotation around the molecular axis and the molecules tend to line up in parallel with 

their axes perpendicular to the close-packed original 111 plane, resulting in a transition into a 

rhombohedral (rhh) structure [9,10]. In this phase dimers, C140, may be formed by the same 

cycloaddition mechanism as in C60 [11], but formation of an ordered polymer is highly 

unlikely because the five-fold symmetry of the bonding sites around the rotational axis of the 

molecule is not compatible with the three-fold symmetry of the lattice in the same direction. 

In principle, an ordered helical-chain polymer with five molecules per helical turn might exist, 

but because long-range molecular interactions are weak the probability of forming such a 

structure is very low. No long-range ordered polymeric structures should thus form from 

rhombohedral, originally fcc, C70 due to these topochemical constraints. However, C70 may 

also crystallize in the hexagonal close-packed (hcp) structure and the AB stacking of this 

lattice enables polymerization into an ordered zig-zag chain structure with an orthorhombic 

lattice [12]. Dimers may form also in this phase when high pressure is applied or when 



irradiated with sufficiently energetic radiation such as visible light. The properties of C140 

have been well studied by both experiments [11] and calculations [11,13]. One particularly 

interesting feature is that out of several possible dimer structures, high pressure treatment 

seems to produce only a single one with symmetry C2h [11]. 

Interest in C70 has recently been rekindled by several new developments. Quite recently, 

Marques et al. showed that the topochemical constraints for polymerization in rhombohedral 

C70 can be overcome by application of a sufficiently high pressure. They demonstrated the 

existence of two long-range ordered polymers with rhombohedral [14] and monoclinic [15] 

structures. Although polymerization of C70 at high pressure and high temperature had been 

reported earlier [2,4,12,16-18], these are the first ordered polymeric structures originating 

from fcc or rhombohedral C70 that have been identified in detail. Another interesting branch 

of fullerene science is matrix controlled polymerization in fullerene solvates [19], first used to 

produce C60 dimers in high yield [20]. When fullerenes are confined in an inert matrix or co-

crystallized with a solvent defining the positions and orientations of the fullerene molecules, 

subsequent treatment at high temperature and pressure may produce a predetermined 

polymeric fullerene structure. Recent studies have shown that dimers, one- and two-

dimensional fullerene polymers [21-23] can be produced in this way, and even ordered 

materials consisting of amorphous carbon clusters derived from collapsed fullerenes [24,25]. 

Although most studies so far have concentrated on C60, the directional bonding properties of 

C70 opens new possibilities for such work to create anisotropic structures or open carbon 

structures for energy storage applications. 

While dimerization and polymerization in C60 has already been well investigated [1-7,26], 

intermolecular bonding in C70 is still basically unexplored and the discussion above shows 

that there are strong reasons to investigate the high pressure intermolecular bonding reaction 

in C70 further. In a recent paper [26] the formation of intermolecular bonds in C60 was mapped 

as a function of pressure (up to 2 GPa) and temperature (up to 750 K) using a simple method 

based on Raman scattering. However, while the number of intermolecular bonds per molecule 

in C60 can easily be found from Raman spectroscopy because the Ag(2) “pentagonal pinch” 

mode shifts in a predictable way with the number of such bonds, no similar convenient probe 

exists for C70. In fact, Raman scattering of visible light usually does not show any spectral 

changes after dimerization or polymerization. However, in earlier studies on dimers [11] and 

zig-zag chain polymers [12] Raman scattering of near-infrared (NIR) light have shown the 

appearance (or disappearance) of several lines in the spectrum, and very recently it was shown 

that this technique could be used to obtain at least quasi-quantitative information on the 



fraction of dimers in a sample treated under high pressure and temperature [27,28]. In this 

work, the NIR Raman technique has been applied to C70 samples treated at five different 

pressures between 0.8 and 2 GPa at temperatures up to 600 K, and from the data obtained the 

formation of intermolecular bonds has been mapped in the same way as previously done for 

C60 [26]. The new data also allow a revision of previously published phase diagrams for C70 

[2,4]. 

 

2. Experimental details 

 

Samples were obtained from BuckyUSA, Houston, TX, USA, in the form of C70 powder 

with a fullerene purity of better than 99.5 percent. Before the high pressure treatment the 

material was heated in a dynamic vacuum to eliminate solvents and most adsorbed 

atmospheric gases and to break up any photo-induced dimers or polymers [8]. The 

temperature was first raised to 100oC for 24h, then increased to slightly above 200oC for more 

than 24 h. Evolved gases were removed by a turbomolecular pump. After treatment the 

sample tube was transferred to an argon-filled glove-box, with O2 and H2O levels below 1 

ppm, before opening. The dried material was stored in the glove-box in a dark container to 

avoid photo-induced dimerization [8] and all pressure cells were filled inside the glove-box. 

The high pressure treatment was carried out using the same procedure and equipment as in 

the earlier study on C60 [26]. As described in more detail elsewhere [29], the C70 powder was 

placed on the surface of a copper strip with an electric heater at one end. The temperature was 

measured at six points along the strip by putting thin Constantan wires in contact with the 

copper. The Cu-Constantan combination was calibrated against a calibrated Si diode and a Pt 

resistance sensor. Because the position of the Constantan wires could easily be found from 

imprints left in the Cu base and/or a Teflon cover film, the temperature at each point along the 

copper strip could be accurately calculated from its measured position. Pressure was applied 

in a piston-cylinder device, 45 mm in internal diameter, with a pressure-versus-load 

calibration based on the Hg melting line [30] and using Teflon and talc as pressure 

transmitting media. Five samples were studied at different pressures. In the earlier study on 

C60 [26] samples were treated for 1 h, but because of the known lower reactivity of C70 [8,11, 

12,31] the present samples were treated for 2 h at high temperatures. Due to the high heater 

power (35-65 W) there was a slow temperature rise in the cell with time and the temperature 

could be kept accurately constant at only a single thermocouple position. The largest total 

temperature change at any measurement point during a 2 h run was of the order of 7 K. 



Because the polymerization reaction is usually irreversible and becomes faster with increasing 

temperature, the effective treatment temperature at each point was calculated as the highest 

average temperature measured during any 30 minute period. 

The pressure cells were opened under red darkroom light and the treated samples were 

stored in closed boxes to avoid additional photopolymerization. The polymerization state was 

studied using NIR Raman spectroscopy with 830 nm excitation. At this wavelength the 

photon energy (1.50 eV) is too low to cause dimerization and a recent preliminary study 

[27,28] showed that the sample composition in terms of monomers and dimers could be 

deduced from the intensities and positions of the Raman lines observed with this laser. The 

results obtained also agreed extremely well with data collected in earlier work with 1064 nm 

NIR excitation [11, 12]. Because the CCD detector of the Renishaw 1000 Raman 

spectrometer used was not optimized for the present wavelength range the signal strength 

decreased exponentially for frequency shifts above approximately 500 cm-1. This is not a 

serious limitation, since the earlier study on C70 [27] showed that many useful 

polymerization-induced spectral changes occurred in the low-energy range. An attempt was 

also made to use visible light excitation (Ar+-ion laser, 514 nm) in the Raman studies. 

However, in agreement with most earlier work [32-34] little information about dimerization 

or polymerization could be found with this laser since all lines observed with NIR excitation 

to be characteristic for monomers, dimers or higher oligomers were either absent or very weak 

when using visible light excitation. All data presented below have thus been obtained using 

NIR Raman excitation and the basic method presented earlier [27,29], which has been slightly 

extended in an attempt to include data from further Raman lines in the analysis. 

 

3. Results and discussion 

 

3.1 Raman spectra for C70 treated under high pressure and temperature 

 

The physical properties of C70 dimers produced by high temperature treatment under 

high pressure have been studied in detail in a groundbreaking paper by Lebedkin et al. [11]. 

They found that C140 could be produced in high yield (30-50%) by short time (30 min) 

treatment of C70 near 1 GPa at 483±10 K. A very small insoluble fraction (< 5%) was 

attributed to the formation of higher oligomers of C70. The yield did not change much when 

the reaction time was varied from a few minutes to several hours, indicating a rapid approach 

to equilibrium between dimer production and breakdown, but at pressures below 0.8 GPa or 



temperatures below 453 K the yield decreased rapidly. Guided by this information the 

intermolecular bonding reaction in C70 was here investigated by treating five samples at 0.8, 

1.0, 1.25, 1.6 and 2.0 GPa, respectively, using heating powers adjusted to give maximum 

temperatures near 550 K at the three lowest pressures and 600 K at the two highest ones. The 

data obtained at 1.6 GPa have already been analyzed in some detail [27,28]. The reaction time 

used, 2 h, should be large enough to ensure equilibrium conditions even at the lowest 

temperatures and pressures. The treated samples have been studied by NIR Raman 

spectroscopy, as described above. A total of 236 NIR Raman spectra were collected at 

positions corresponding to treatment temperatures between approximately 350 and 600 K. 

Fig. 1 shows Raman spectra for both pristine (monomeric) C70 and for C70 treated for 

2 h at 1.0 GPa and 484 K. In the latter sample the dimer fraction has been estimated to be 74 

% (see Section 3.3). An exponential correction factor has been applied to both spectra to 

compensate for the decreasing sensitivity of the detector above 500 cm-1 and a non-linear 

background has been subtracted from the corrected spectrum of the pressure treated material. 

With increasing treatment temperature and pressure the signal-to-noise ratio deteriorates 

noticeably, especially at high Raman shifts, due to noise, detector sensitivity fall-off and an 

increasing fluorescence from dimers which have a strong fluorescence peak near 1.55 eV 

[34], very close to the energy of the Raman excitation laser. Further spectra showing the 

evolution of both Raman signals and background with increasing temperature at a pressure of 

1.6 GPa were shown in Ref. [27]. 

 

Fig. 1. NIR Raman spectra for pristine C70 (bottom) and for C70 treated for 2 h at 1.0 GPa and 484 K 

(top). Arrow points to the dimer stretch mode at 88 cm-1. (A color version of this figure can be viewed 

online.) 



NIR Raman data are already available in the literature for both pristine [11,12] and 

pressure-treated C70 [11], for purified dimers [11] and for ordered zig-zag polymers of C70 

[12], and a direct comparison shows that the data shown in Fig. 1 are in excellent agreement 

with literature data regarding both peak positions and relative intensities. It is obvious that 

several new lines appear in the spectrum from the pressure-treated material and that a few 

lines decrease very strongly in intensity. Some other peaks seem to shift their apparent 

positions, but it was recently shown [27] that these apparent shifts are actually due to changes 

in the relative intensities of sub-lines in nearly degenerate line complexes.  

The Raman spectra changed subtly after pressurization even near room temperature. 

Several spectra were measured on pristine grains which after drying should have mainly the 

fcc structure, and these spectra were all in excellent agreement. Similarly, spectra collected 

from samples treated at the lowest treatment temperatures (355-370 K) at each pressure were 

also in excellent agreement with each other, allowing for the presence of some very weak 

dimer signals above 1 GPa. However, the two groups of spectra differed slightly from each 

other, mostly in relative peak intensities. The obvious conclusion is that the differences were 

caused by the well-known transformation of the fcc structure into the rhh structure under 

pressure [9,10,35]. This transition usually occurs at a pressure below 0.8 GPa [10,35] and is 

associated with a significant decrease in volume [2,3,10,35]. Because this transformation is 

outside the scope of this paper it will not be discussed further here but a list of observed mode 

frequencies and the relative mode intensities (areas), obtained by fitting Voigt functions to the 

peaks using a commercial peak-fitting program [36], is given for the Raman spectra from both 

phases in Table S1 in the Supporting information. 

Earlier studies [11,27,31,33,34] indicate that treatment of C70 at pressures below 2 

GPa and temperatures below 600 K should result mainly in the formation of the dimer C140 

and that no ordered polymeric structures should be produced. However, both dimers and 

monomers contain reactive bonds and dimers may thus form further intermolecular bonds [8], 

subject to the topochemical restrictions discussed above. At sufficiently high temperatures, 

where molecular librations and vibrations have large amplitudes, long-time treatment might 

thus result in pseudo-random growth into larger disordered clusters, oligomers, or possibly 

even large polymers, as confirmed by the observation of an insoluble fraction by Lebedkin et 

al. [11]. In another recent study of nano/micrometer C70 crystals under high pressure [34], 

long time treatment at high temperature led to permanent changes in the fluorescence 

properties. The reason for this was traced to a decrease in average intermolecular distance 

caused by the random formation of a large number of intermolecular bonds. The resulting 



large, random oligomers or polymers locked the lattice into a permanently “compressed” 

state, in agreement with the model just discussed. Because the formation of intermolecular 

bonds is a thermally activated equilibrium process it may even be possible to obtain a partially 

ordered dimer state if the random dimers and oligomers created initially are given enough 

time to break up and re-form in structurally and energetically more advantageous positions or 

orientations. 

The aim of this study is to describe quantitatively the formation of intermolecular 

bonds in C70 under high pressure. To do this, it is necessary to find characteristic Raman lines 

for at least the monomer and for molecules with a single cycloaddition bond (i.e., C70 in 

dimers). The dimer stretch mode, earlier reported at 89 cm-1[11], is the obvious choice for the 

latter. No intramolecular modes exist below 200 cm-1 [11,12,37] and the observation of the 

characteristic stretch mode is thus incontrovertible evidence for the presence of dimers. 

Regarding the monomer, the very strong mode visible in Fig. 1 at 457 cm-1 for pristine C70 

decreases strongly after pressure treatment and disappears completely for pure dimers (single 

cycloaddition bond) [11] and for zig-zag molecular chains (two cycloaddition bonds on each 

molecule) [12]. This mode can thus be assumed to be characteristic for the C70 monomer [27]. 

All Raman lines strong enough to be used for numerical analysis were fitted by Voigt 

functions and line intensities, defined as their areas, were studied as functions of temperature 

and pressure. A preliminary analysis was carried out for a sample treated at 1.6 GPa [27,28] 

but later, more detailed studies at both this pressure and at four additional pressures have 

provided much additional information. The following observations may thus be helpful in 

future studies of intermolecular bonding in C70: 

The dimer stretch mode is rather weak but is easily observed at 88 cm-1 using NIR 

excitation, as shown in Fig. 1. It is absent in pristine C70 and in material treated under pressure 

at low temperature, but its intensity grows rapidly with increasing treatment temperature. At 

all pressures a maximum is found at some intermediate temperature and above this the 

intensity declines (see Corrigendum [28] to Ref  [27]). At the highest pressure, 2 GPa, the 

mode becomes very weak and difficult to observe above 550 K. This agrees well with the 

results of another recent study [34] in which no dimer stretch mode could be observed after 

treating C70 for several hours at 2 GPa and 700 K. As expected, no polymer stretch mode was 

observed near 105 cm-1 [12] in any sample but a very weak additional dimer mode [11] could 

often be detected at 129 cm-1.  

The strong line complex near 225 cm-1 (Figs. 1 and 2a) could usually be fitted by two 

sub-lines, at 225 and 229 cm-1, in both pristine (fcc) and pressure-treated (rhh) C70, but in a  



 

  

Fig. 2. Close-up views of some important peaks in the NIR spectra shown in Fig. 1, showing the fitted 

peaks. The peak positions and widths are allowed to vary in order to detect any systematic shifts in 

peak positions. (A color version of this figure can be viewed online.) 

 

few cases a third line at 220 cm-1 was needed. After treatment at the highest temperatures and 

pressures a weak fourth sub-line near 215 cm-1 was often observed. With increasing treatment 

temperature the relative intensities shift to lower energies, shifting the highest peak down 

from 229 to 225 cm-1, in agreement with observations for both dimers [11] and polymers [12]. 

It was observed earlier [27] that at 1.6 GPa the total intensity of this line complex was 

practically constant, showing only a very weak decrease with increasing treatment 

temperature. The present study has confirmed this behavior at all pressures studied and the 

total intensity of this complex is thus a useful calibration feature. The intensity of the sub-line 

at 229 cm-1 decreased strongly with increasing treatment temperatures, suggesting it might be 



characteristic for monomers. However, a plot of the intensity of this line as a function of that 

of the monomer mode at 457 cm-1 showed strong deviations from proportionality at the 

highest pressures and temperatures. This sub-line is thus the strongest in the complex for 

monomers and quite weak for dimers, but seems to reappear when two or more intermolecular 

bonds are formed to create larger oligomers. Unfortunately, this mode cannot be resolved in 

published spectra for dimers [11] and zig-zag chains [12]. 

The strong line complex near 260 cm-1 in Fig. 1 can be fitted by three sub-lines, at 

252, 259 and 264 cm-1 (Fig. 2a). A fourth line at lower energy is sometimes necessary at very 

high treatment temperature. The intensities of all the three original sub-lines decrease with 

increasing treatment temperature. At all pressures the intensity of the 264 cm-1 sub-line is 

proportional to that of the characteristic monomer mode at 457 cm-1, and in principle this sub-

line can also be used as a fingerprint for monomers. However, because it is more difficult to 

fit accurately the area of such a sub-line than that of the single mode at 457 cm-1, only the 

latter has been used in this work. The line at 252 cm-1 also weakens rapidly with heat 

treatment while the strength of the 259 cm-1 line decreases more slowly. An extrapolation 

indicates that for dimers the total relative intensity of this line complex is about 25% of that 

for monomers. These results are in good agreement with available Raman data for purified 

dimers [11] which show a weak peak, down-shifted to near 256 cm-1. For the zig-zag polymer 

only a very weak signal  near 250 cm-1 remains [12], suggesting that all lines in this complex 

disappear when two cycloaddition bonds are formed, at least if both are on the same side of 

the molecule.  

A new, strong mode near 280 cm-1 is observed after treatment at high temperature and 

pressure (Figs. 1 and 2a). As reported earlier [27], this appears near 278 cm-1 at low treatment 

temperature but after heating to higher temperatures a second sub-line appears near 281 cm-1 

and rapidly grows to become the strongest component. The total intensity of this mode is 

proportional to that of the stretch mode below the dimer plateau temperature, although neither 

of the intensities of the individual components is. At high treatment temperature the intensity 

of this line keeps increasing and remains high even when that of the stretch mode decreases, 

and it must be concluded that this mode exists in both dimers and higher oligomers. This is 

verified by the reported NIR Raman spectra of both dimers [11] and polymers [12]. The line 

has also been observed in a Raman study using visible light excitation [33]. 

The “monomer fingerprint” line at 457 cm-1 (Fig. 2b) has already been discussed 

briefly above. It is very strong in the NIR Raman spectrum of both fcc and rhh C70 but rapidly 

decreases in intensity when the sample is treated at high pressure and temperature and 



disappears in fully dimerized [11] or polymerized [12] material. A very weak additional mode 

is always observed just above 450 cm-1 but seems to be independent of the bonding state. 

When excited with visible light neither monomers nor dimers give a significant Raman signal 

from the 457 cm-1 mode. 

When the “monomer” line declines it is replaced by two new, strong lines at 445 and 

472 cm-1(Fig. 2b). After treatment at temperatures below the dimer stretch mode plateau 

temperature the lower energy line has approximately twice the intensity of the high energy 

line and the sum of their intensities is quite similar to the intensity lost from the monomer 

line. In the preliminary study [27] the sum of the intensities of these two lines was used as a 

measure of the dimer fraction. However, careful recent studies show that the two lines evolve 

in different ways with increasing treatment temperature. Above 500 K at 2 GPa the intensity 

of the 472 cm-1 line indicates an apparent number of intermolecular bonds 2-3 times higher 

than the intensity of its lower energy counterpart, suggesting that the 445 cm-1 mode is more 

easily excited in dimers and the 472 cm-1 mode in larger oligomers. This observation agrees 

well with earlier results: for pure dimers [11], the 445 cm-1 line is twice as strong as the line at 

472 cm-1 while the opposite is true for the polymer [12]. Both lines thus exist for both dimers 

and for larger oligomers, but with different relative intensities, and in principle it might be 

possible to find the relative fractions of dimers and larger oligomers from the ratio of the 

intensities of these lines. 

Above 500 cm-1 the sensitivity of the CCD detector used decreased significantly. Still, 

several new lines or sub-lines could be observed in the range 500-1600 cm-1 and several of 

these were studied to see if they could be used to identify dimers or oligomers. However, 

most new modes appeared close to existing lines, making accurate fitting difficult.  Also, the 

signal-to-noise ratio was decreased further by increasing background and noise levels with 

increasing treatment temperature, especially at the highest pressures, mostly because of the 

known shift of the photoluminescence of C70 to lower energies on dimerization [34] but 

possibly also because of molecular collapse and/or the formation of amorphous structures. 

Two new lines at 733 and 1195 cm-1 always appeared in pressure-treated material with 

intensities that correlated well with that of the dimer stretch line. However, both lines are 

relatively weak. The line at 733 cm-1 is very close to a double peak at 737 and 742 cm-1 found 

in both monomers and dimers [11,12] and the line at 1195 cm-1 falls between two strong 

peaks at 1185 and 1229 cm-1. Due to the presence of the nearby lines and the increasing noise 

and background signals the areas could not be reliably fitted above 450-550 K, depending on 

treatment pressure. It was thus not possible to determine whether they are characteristic for 



dimers only or also for larger oligomers. However, a peak at 733 cm-1 is clearly visible for 

dimers [11] but is possibly very weak for polymers [12], while peaks near 1195 cm-1 are 

present for both dimers [11] and polymers [12] but difficult to resolve. 

Finally, the strong peak at 1565 cm-1 in pristine C70 decreases strongly in intensity 

after high pressure, high temperature treatment while two new peaks (Figs. 1 and 2c) appear 

at 1550 and 1571 cm-1. A similar behavior is observed also for pure dimers [11] and the zig-

zag polymer [12]. In the earlier study at 1.6 GPa [27] the signal-to-noise ratio was too low to 

resolve these changes but data at 1.0 and 1.25 GPa clearly show the growth of the side peaks 

and the decline of the original line. However, the signal-to-noise ratio was not high enough 

for an accurate determination of the evolution of the peak intensities as functions of treatment 

pressure and temperature.  

Several other Raman modes in the range 600 – 1250 cm-1 appeared or increased in 

intensity with increasing treatment temperature, for example at 690, 722, 1067 and 1222 cm-1. 

Most are observed already in pristine C70 and thus cannot be used as fingerprints for 

intermolecular bonds; also, their intensities increase more slowly with treatment temperature 

than that of the stretch mode. However, lines at 1065 and 1067 cm-1 were indeed observed for 

pure dimers [11] and the zig-zag polymer [12], respectively. Another line at 1468 cm-1 was 

observed for both monomers and dimers [11,12] (see also Fig. 1) but disappeared for zig-zag 

polymers [12], and its absence might thus be an indicator of multiple intermolecular bonds. In 

the present spectra a rather strong mode was indeed observed at 1470 cm-1 in both pristine and 

dimer-rich samples but decreased rapidly in intensity at temperatures above the dimer plateau 

range. At 0.8 GPa, however, this peak showed only a shallow minimum before recovering its 

strength at high temperature. This behavior is in qualitative agreement with the suggestion 

that this mode only exists for monomers and dimers, but the experimental signal-to-noise ratio 

was too low to verify this hypothesis quantitatively. 

The observed changes in the NIR Raman spectrum are thus in excellent general 

agreement with existing data. However, one important difference was noted between the 

present results and literature reports [11,12]. The 1064 nm NIR spectra for both dimers and 

polymers show strong new peaks just below 970 cm-1, but no such peaks are observed here. 

For C60, a peak at 950-970 cm-1, originating from atomic vibrations near the intermolecular 

bonds, is found for both dimers and polymers and it is reasonable to expect a peak of similar 

origin in C70. Although such peaks were actively looked for in the present spectra only some 

very weak lines were observed (see Fig. 1). The reason for this is not known.  



In addition to the NIR Raman data presented above, Raman spectra were also obtained 

using visible light excitation (514 nm, Ar+ ion laser) for both pristine C70 and for material 

treated at about 35 different pressure-temperature conditions. These spectra were 

complementary to the NIR data; all spectra showed excellent signal-to-noise ratios at high 

Raman shifts, but with the present set-up no useful signals were obtained below 500 cm-1. A 

careful study verified earlier observations that Raman spectroscopy using visible light gives 

little information about the bonding state in C70. Figure S1 in the Supplementary information 

shows three spectra obtained from different samples. One of these is pristine C70, one should 

contain about 70% dimers and one should contain 89% large oligomers (see next Section), but 

the three spectra are indistinguishable and none of the important characteristic lines discussed 

above is visible. Premila et al. [33] reported a weak new Raman line at 278 cm-1 and a new 

shoulder at 1426 cm-1, near the strong 1446 cm-1 peak, after treatment at 750oC at pressures of 

1-4 GPa. Although the observation of a line near 280 cm-1 agrees well with the present results 

no additional high frequency line was observed here.  

Finally, an attempt was made to obtain numerical data for Raman peak positions and 

intensities for dimers from the present results by subtracting a suitable fraction of the results 

for rhh C70 from the data for mixed samples, calculating the dimer and monomer fractions as 

discussed in the next Section. While peak positions should be correct the intensity data 

obtained from this procedure and presented in Table S1 in the Supplementary information are 

much less accurate than the data for fcc and rhh C70. In spite of this the data are still in very 

good agreement with those shown in Ref. [11] for purified C140. 

 

3.2 Intermolecular bonding in C70 below 2 GPa 

 

The NIR Raman data collected have been used to estimate semi-quantitatively the 

amounts of dimers and other oligomers formed in C70 when treated under various pressure-

temperature conditions. The method used was described in an earlier paper [27], showing that 

the relative intensity of the dimer stretch mode could be used to find reasonable values for the 

dimer fraction. Attempts were also made to use the line near 280 cm-1 and the sum of the 

intensities of the lines at 445 and 472 cm-1 for the same purpose, and it was suggested that an 

average value obtained using several Raman lines would reduce the scatter in the final data. 

The method used can be briefly outlined as follows: 



 To eliminate variations in the overall spectral intensities, all intensities were normalized 

by dividing the areas of each peak by the total area of the peak near 225 cm-1, found to 

be practically independent of treatment conditions [27]. 

 The normalized intensities were plotted as functions of the intensity of the “monomer” 

line at 457 cm-1. An extrapolation to zero monomer intensity gave a calibration value 

for the intensity corresponding to pure dimers. At 0.8 GPa the monomer fraction 

varied little and the extrapolation was uncertain; similarly, the uncertainty was large 

when large oligomers were formed at high temperatures at the higher pressures. The 

fit was thus limited to the range where the intensities of the dimer stretch mode and 

the line studied showed similar temperature dependences. No systematic dependence 

on pressure was observed and the final calibration values were found as a weighted 

average over results obtained at all pressures, giving a higher weight to results 

obtained at 1.25 and 1.6 GPa. 

 The fractions of molecules connected by covalent intermolecular bonds were found by 

dividing the normalized intensities for each mode by the corresponding calibration 

values for pure dimers.  

The intensity of the “monomer” mode at 457 cm-1 could be used in a similar way to find 

the fraction of monomers.  

 In this work, the earlier analysis has been extended using further Raman modes and to 

results obtained at four additional pressures. It should be remembered that the applied 

pressure is not fully hydrostatic and there are local variations in sample surface quality, 

impurity levels (mainly talc, as pressure transmitting medium), grain orientation, etc. Because 

both deviatoric stress and grain orientation may influence the reaction rate there may be local 

variations in the structures and Raman spectra obtained and no smooth evolution with 

pressure and temperature can be expected. In addition, the analysis of the Raman spectra may 

sometimes be associated with significant uncertainties. For lines which are weak compared to 

the typical noise level, fitted areas may easily be uncertain by a factor of two or more, while 

for strong single lines the inaccuracy in the fitted parameters mainly depends on the procedure 

used to remove the slightly non-linear background and may be well below 10%. For the dimer 

fraction, the uncertainty is estimated to be about ±15% of the calculated value in the low 

pressure – low temperature region, increasing to 20-30% or more as the background and noise 

levels increase at higher pressures and temperatures (representative error bars are shown in 

Fig. 4). However, although the scatter may be large the general trends are easily identified.  



  

Fig. 3. The molecular fraction of C70 monomers as a function of treatment temperature as calculated 

from the 457 cm-1 mode for samples treated at 1.0 GPa (solid dots) and 2.0 GPa (open squares). (A 

color version of this figure can be viewed online.) 

 

No single “bonding” mode could be identified at all temperatures. The dimer stretch 

mode and the strong new low-energy modes usually appeared at quite low treatment 

temperatures and with increasing temperature all “bonding” modes discussed in Section 3.1 

appeared, but with a further increase in treatment temperature the dimer stretch mode 

diminished in intensity and many other weak modes were gradually lost in the noise and 

background signals. 

To illustrate the general behavior at different pressures Fig. 3 shows the very different 

evolutions of the monomer fraction with treatment temperature at 1 GPa and at 2 GPa. At 1 

GPa the monomer fraction shows a clear drop with increasing temperature up to about 490 K, 

above which it recovers and tends to return toward its low-temperature value. A similar but 

much more shallow minimum is found at 0.8 GPa. Such a behavior indicates a thermal 

equilibrium between the dimer and monomer fractions. At 2 GPa, on the other hand, the 

monomer fraction drops to below 10% near 460 K and then decreases further at all higher 

temperatures, falling below 5% near 600 K. Very low high-temperature monomer fractions, 

roughly 15% and 10%, respectively, were also found above 480 K at 1.25 and 1.6 GPa. 

For comparison the dimer fractions, as calculated from the intensities of the dimer 

stretch mode at 88 cm-1, are shown for the same samples in Fig. 4. Although the scatter is high  

for both samples it is clear that for the dimers the general behavior is quite similar at the two  



 

Fig. 4. The molecular fraction of C140 dimers as a function of treatment temperature as calculated from 

the intensity of the 88 cm-1 dimer stretch mode for samples treated at 1.0 GPa (solid dots) and 2.0 GPa 

(open squares). Estimated uncertainties are shown as error bars at selected temperatures. (A color 

version of this figure can be viewed online.) 

 

pressures, with a rapid initial intensity increase, a peak or plateau structure at intermediate 

temperatures and a rather rapid drop above, especially at 2 GPa. A very similar result is 

shown for the dimer fraction calculated from the stretch mode at 1.6 GPa in Ref. [28].  

 Although the results for all new modes were quite similar to those for the dimer stretch 

mode at low treatment temperatures, the results for most modes differed increasingly from 

that for the stretch mode with increasing temperature at pressures above 1 GPa. While the 

stretch mode invariably showed an intensity decrease at the highest temperatures used, the 

intensities of most other new modes either saturated or continued to increase up to the highest 

temperatures studied (or as long as the lines could be observed in the noise). As a crude 

approximation the measured monomer and dimer fractions add up to about 100% after 

treatment at all temperatures at and below 1 GPa, but at pressures above this there is a rapidly 

growing deviation of the sum of these relative fractions from 100%. On the other hand, the 

sum of the fraction of intermolecularly bonded molecules calculated from most other new 

Raman lines and the fraction of monomers add up to a number much closer to 100%. 

Assuming that most new Raman modes can be excited in all molecules attached by at least 

one intermolecular bond, this behavior was attributed to the formation of large, structurally 



disordered (“random”) oligomers or polymers, growing by the attachment of further 

monomers to existing dimers and oligomers. Although detectable by Raman scattering such a 

dense, random network of large disordered oligomers or polymers would be practically 

invisible in a diffraction experiment because it would show a diffraction diagram 

corresponding to the original rhombohedral lattice structure, although with a slightly smaller 

lattice spacing and with some disorder broadening of the diffraction lines. At all temperatures 

from 300 to 700 K, diffraction diagrams corresponding to a rhombohedral lattice with quite 

broad diffraction lines are indeed observed for C70 at all pressures from about 1 GPa and up to 

at least 5 GPa [9,16-18,32,33]. 

The point where deviations between the evolution of the stretch mode and other new 

modes were first observed varied with pressure and between modes, probably reflecting the 

balance between the intensity contributions from dimers and from other types of oligomers for 

each individual mode. For example, the intensity of the mode near 280 cm-1 started to deviate 

noticeably already at rather low treatment temperatures and showed a continuous increase 

with temperature, while the results for the mode near 472 cm-1 actually differed rather little 

from those for the stretch mode even at the highest temperatures and pressures. 

The fact that only the dimer stretch mode gives a reliable value for the molecular dimer 

fraction at all temperatures makes it difficult to apply the averaging procedure suggested 

earlier [27]. At low temperatures and pressures only dimers are created and averaging over all 

modes is possible, but at higher temperatures an appropriate maximum “safe”  temperature for 

inclusion in the average must be determined for every mode. Such procedures were tested 

using both straight and weighted averages and indeed gave rather smooth curves for the dimer 

fraction as a function of temperature at all pressures. However, because of the rather 

subjective choice of modes to be included in the average at different temperatures this 

procedure was not used in the final evaluation, and all data given for the dimer fraction in this 

paper have been calculated from the intensity of the dimer stretch line only.  

 Several attempts have been made to find modes characteristic for larger oligomers, but 

with little success. Probably, all, or most, of the variable-strength modes discussed above are 

activated by intermolecular bond formation in both dimers and larger clusters. As noted 

above, the ratio between the intensities of the 445 and 472 cm-1 peaks might possibly give a 

low-accuracy indication and the disappearance of the mode near 1468 cm-1 might possibly 

indicate a polymeric state, but for both features the signal-to-noise ratios are too low for an 

accurate evaluation. The background level is probably in part proportional to the oligomer 

fraction but experimentally there is a strong correlation also with the dimer fraction. The only 



practical estimate of the oligomer fraction is thus obtained by simply subtracting the monomer 

and dimer fractions from unity, as done above, but because of the scatter in the input data 

these results are of low accuracy. However, this procedure indicates that the oligomer fraction 

is always small at low temperatures (below 410 K) and at low pressures, probably never 

larger than 5% up to 1 GPa. At higher pressures significant fractions are found. At 1.25, 1.6 

and 2 GPa significant oligomer formation seems to start near 460, 440 and 410 K, 

respectively. Above this the molecular fractions increase approximately linearly with 

treatment temperature reaching 60, 75 and 90%, respectively, near 600 K. At the highest 

temperatures and pressures studied here the material is thus almost completely polymerized, 

in agreement with the conclusions of a recent investigation of C70 samples treated at 700 K 

and 2 GPa [34]. 

 

3.3 Reaction map for the dimerization of C70 under pressure 

 

From the results discussed above it is possible to draw a reaction map for dimerization of C70 

under high pressure, high temperature conditions, similar to those given earlier for C60 [26]. 

At each pressure the dimer fraction was calculated as a function of treatment temperature 

from the intensity of the dimer stretch mode, as shown in Fig. 4, and the results were used to 

draw the map shown in Fig. 5. The reaction temperatures corresponding to dimer fractions of 

2, 5, 10, 20… percent were identified and plotted at each reaction pressure. Contour lines 

were obtained by fitting standard cubic splines to the corresponding coordinates; in some 

areas the contours had to be redrawn manually to avoid crossing or other unphysical behavior. 

The noise in the raw data (see Fig. 4) has been taken into account in the same way as for C60 

[26] by manually adding hills and valleys in the figure wherever needed. To enable a direct 

comparison with the data for C60 [26] the same levels and, in the electronic version, the same 

color codes have been used. It should be noted that the resulting map is not unique since many 

similar but slightly different maps can be drawn from data available as discrete points at a few 

pressures only. Several versions, all correctly reporting the experimental data, were thus 

drawn and the present map should be considered as the author’s subjective view of how to 

represent the data best. For example, it is an interesting question whether the continuous 

narrow area or ridge containing more than 80% dimers truly exists. The Raman data show 

such a state at very nearly the same temperatures at all treatment pressures from 1.0 to 2.0 

GPa, however, and in the author’s view it would be unreasonable not to connect these areas.  

 



 

Fig. 5. Reaction map for the dimerization of C70 showing the molecular dimer fraction after 2 h 

treatment at the pressures and temperatures indicated, as calculated from the relative intensity of the 

dimer stretch mode at 88 cm-1. Symbols indicate synthesis conditions used in other work: black ring 

Ref. [11], black cross Ref. [31] and white ring Ref. [12]. Lines indicate possible positions for the 

dimer-monomer thermal equilibrium line. Full line from Refs. [38,39], dashed line calculated from the 

equilibrium line in C60 as discussed in the text. (A color version of this figure can be viewed online.) 

 

A direct comparison between Fig. 5 and the corresponding data for C60 given in Figure 

3 of Ref. [26] shows both similarities and differences. Because of the lower reactivity of C70 a  

slightly higher temperature is needed for dimerization of C70 than for C60 at any given 

pressure and the evolutions of both the dimer and the oligomer fractions with temperature are 

slower, in spite of the increase in reaction time by a factor of two. This results in a slightly 

wider plateau for obtaining a high dimer fraction in C70 than in C60, but the highest dimer 

fractions observed are quite similar for the two materials. The dimer concentrations saturate at 

values between 60 and 70%, which indicates that in both cases the dimers mainly form 

disordered structures in the original crystalline lattices. However, locally the fractions may 

exceed 80%, which probably indicates the existence of structurally ordered dimer clusters. 

The variations in the dimer fractions with applied pressure are similar in the two materials, 

but for C70 higher dimer fractions are obtained at high pressures, again probably because its 

lower reactivity slows down the formation of larger oligomers. For both materials dimers 

react with each other and with remaining monomers at high temperatures and pressures such 



that larger units are formed. For C70, only disordered oligomers are expected, as discussed 

above, while for C60 ordered or disordered oligomers or polymers may be formed depending 

on the actual pressure-temperature conditions in the experiment [1-7, 26].  

For C60, dimerization occurs in a step-like fashion [26] but for C70 the dimer fraction 

increases very smoothly with increasing temperature (Fig. 4). As expected, higher pressures 

reduce intermolecular distances and enable dimerization at lower temperatures. The data in 

Fig. 5 suggest that the typical temperatures for both onset of dimerization and maximum 

dimer concentration decrease by approximately 40 K GPa-1, which is a somewhat larger slope 

than for C60 [26]. An extrapolation using this value suggests that at 293 K dimerization should 

begin (2% dimers) near 3.5 GPa, while the dimer fraction should reach 40% near 4.5 GPa. 

Taking into account the common tendency for phase lines to curve away from the axis, high 

dimer fractions can thus be expected in the pressure range 5 - 7 GPa at room temperature. 

Although these pressure values are very uncertain they are in reasonable agreement with 

results from recent studies by infra-red spectroscopy [40] which showed very clear evidence 

for a high dimer concentration near and above 7 GPa. Also, Christides et al. [10] observed an 

unexpected drop in molecular volume near 6 GPa while Maksimov et al. [41] found an 

unspecified phase transition near 5.5 GPa at 400 K. Both observations might be associated 

with dimerization but in both cases direct evidence for this is lacking. We can also compare 

the data obtained here with those of Lebedkin et al.[11] who synthesized C140 by treating solid 

C70 for 30 minutes near 1 GPa at 473-493 K (within the black ring in Fig. 5). Direct 

purification by chromatography was reported to yield 30-50% dimers and about 5% insoluble 

material, probably larger oligomers. These results are in excellent agreement with the data 

presented here, considering that the present reaction time is four times longer and that some 

material probably was lost during the purification process. According to an earlier report by 

Soldatov et al. [31], infra-red spectroscopy indicated that only 20% monomers remained in 

the material after treatment for several hours at 1.1 GPa and 493 K (black X in Fig. 5), in 

perfect (but probably fortuitous) agreement with the present data.  

Fig. 5 shows that the dimer fraction decreases significantly below 1 GPa as well as at 

both low and very high temperatures, confirming the observation by Lebedkin et al. [11] that 

the dimer fraction falls off rapidly near 0.8 GPa where the intermolecular distance is too large 

for a significant number of intermolecular bonds to form. Also, at and below 1 GPa the 

observed dimer fraction increases with increasing temperature to a clear maximum near 500 

K, then decreases again while the monomer fraction recovers to correspondingly higher 

values (see also Figs. 3 and 4). This is in strong contrast with the behavior observed at higher 



pressures where the monomer fraction instead saturates at very low values, well below 10%, 

at the highest temperatures (Fig. 3). The reason for this should be the existence of an 

equilibrium condition between thermally induced dimer formation and thermal breakdown at 

low pressures. For C60, such an equilibrium boundary between monomers and polymers was 

observed by Bashkin et al.[42] by volumetric measurements, but for C70 no equilibrium 

boundary has been identified up to now. Because dimer formation in C70 does not change the 

lattice structure appreciably and is probably not associated with a large change in sample 

volume, this is not surprising. A crude estimate of the location of such an equilibrium line can 

be found by comparing the known excitation energy for thermal breakup of polymers in C60, 

1.9 eV [43], with that for dimer breakup in C70, 1.6 eV [44]. Assuming similar prefactors in 

the Arrhenius breakdown rates these numbers suggests that C140 should break down at 

approximately 16% lower temperatures than C120. Naively scaling down the equilibrium line 

found by Bashkin et al. [42] by this number results in the dashed line in Fig. 5, which agrees 

quite well with the breakdown behavior observed. The present data also agree well with the 

full line, which is an extrapolation to high pressure and temperature of an unexplained phase 

line found by Samara et al. [38,39] by differential thermal analysis of C70 under pressure up to 

400 K. Samara et al. studied the structural phase diagram of C70 using He or N2 as pressure 

transmitting media. While data obtained using He gas were in reasonable agreement with 

other work, measurements in N2 showed a very steep phase line tentatively attributed to the 

transition between the fcc and rhombohedral structures. While He easily penetrates the C70 

lattice to act as a spacer, making intermolecular bonding impossible, N2 enters to a much 

smaller extent. It is thus possible that in this experiment Samara et al. actually observed the 

breakdown of a small concentration of C70 dimers caused by photopolymerization or even by 

the high pressure treatment itself. If so, this may be one of the earliest experimental 

observations of dimer formation and breakdown in C70.  

At 1.25 GPa and above the monomer fraction does not recover on heating above 500 K, 

probably because the dimer-monomer equilibrium line here falls well above 600 K. However, 

the dimer fraction still decreases at high temperatures due to the formation of larger 

polymerized units. In C60, large chain-like polymers were found to form at high temperature. 

Below 1.5 GPa no chain stretch mode was found and the polymers were assumed to be 

basically random, snake-like structures, but at higher pressures an ordered one-dimensional 

polymer was formed [26]. Because no ordered polymeric structure can form in initially fcc 

C70 in the pressure range studied here the discrepancy between the observed dimer and 

monomer fractions must be due to the formation of large, disordered oligomers of C70 as 



discussed above. Starting from hexagonally close-packed C70 a zig-zag polymer is reported to 

form near 573 K at 2 GPa (white ring in Fig. 5) [12] but no trace of such a structure have been 

found in the present experiments using originally fcc C70. 

 

3.4 Updated phase diagram for C70 under pressure 

 

Finally, using the present results together with other recent data [14,15] it is possible to update 

earlier versions [2,4] of the phase diagram of C70 under pressure, as shown in Fig. 6. The data 

in this figure are valid for solid C70 with a fcc structure at ambient pressure near room 

temperature. C70 crystals with the hcp structure under ambient conditions form an ordered 

polymeric structure near 2 GPa [12] and this material probably has a very different structural 

phase diagram. 

 

 

 

 

Fig. 6. Structural phase diagram of C70 based on the present work and Refs. [10,11,14,15,17,18,34,35, 

38-40,45]. Symbols indicate experimental coordinates reported in Refs. [14] (black square) and [15] 

black dot). See text for further details. (A color version of this figure can be viewed online.) 



As in earlier work [2,4], the phase boundary (solid line in Fig. 6) between the fcc phase 

(with free molecular rotation) and the rhombohedral high pressure, low temperature phase 

(with uniaxial rotation) is based on the diffraction data of Kawamura et al.[45] at high 

temperature and on several other works [10,35,39] near room temperature. The nearby dashed 

line in the figure indicates the approximate location of the equilibrium phase line between 

monomeric C70 (above and to the left) and intermolecularly bonded material (dimers and/or 

polymers/oligomers). 

The present mapping of the low-pressure area in Fig. 5 shows clearly the initial 

structural evolution toward a dimer-rich phase at temperatures between 400 and 500 K in the 

pressure range near and above 1 GPa, and the drop in dimer concentration at still higher 

temperatures. The contours shown in Fig. 6 correspond approximately to the area where the 

dimer fraction is higher than 50%; the data have been extrapolated to higher pressures using 

the general trends in Fig. 5. Although the extrapolation should be reasonably correct up to at 

least 3 GPa the uncertainty at higher pressures is indicated by the gradual fading of the lines. 

However, a comparison with other recent work [40] shows that the extrapolation is in quite 

good agreement with experimental data obtained at 293 K above 5 GPa. The “dimer” 

boundaries shown should not be regarded as sharp. As discussed above, at temperatures below 

the “dimer-rich” area there is a continuous growth in dimer fraction with increasing 

temperature and at temperatures above the upper boundary there is a corresponding growth 

and/or merger of the dimers into large disordered oligomers or even polymers. Although the 

low-pressure, low-temperature boundaries for this behavior basically coincide with the upper 

boundary of the “dimer” area, the behavior at higher temperatures and pressures is still not 

well known. Blank et al. [17] made an extensive X-ray investigation of the structures of solid 

C70 at pressures of 4 to 12.5 GPa at temperatures between 300 and 1800 K. Up to 700 K their 

data showed only the presence of the original low-pressure rhombohedral lattice. However, it  

is probably impossible to distinguish the diffraction diagrams originating from this original 

lattice from those of the same lattice after random dimerization or oligomerization, except for 

a slight disorder broadening of the lines and a small decrease in the average lattice 

parameters. Based on the present results, therefore, in Fig. 6 the material in this range is 

labeled as consisting of disordered oligomers. Very few monomers and practically no dimers 

were observed by Raman scattering in this and other recent work [34] after treatment at 600 to 

700 K at 2 GPa and it is reasonable to assume that this trend is further accentuated at even 

higher temperatures and pressures. 



At high pressure and high temperature, several polymeric phases have been reported in 

C70. Although it has long been believed that ordered polymers may form only in initially hcp 

C70, both Blank et al. [17,18] and later Marques et al.[14,15] have shown that even initially 

fcc C70 may transform into ordered structures under sufficiently high pressure. Marques et al. 

recently reported that C70 treated at high pressure (10 GPa) and elevated temperature (543 K) 

formed a zig-zag chain polymer. This structure is created by shifting close-packed molecular 

planes by small amounts, leading to a final monoclinic structure with symmetry C2/c [14]. 

The diffraction diagrams from the polymeric phase were reported to be difficult to distinguish 

from those of a rhombohedral structure and it is possible that earlier studies [17] have 

identified this structure as the normal rhombohedral phase of C70. So far, this phase has only 

been reported to appear at a single point in the pressure-temperature phase diagram of C70 

[14], indicated by a black square in Fig. 6. It is possible that the same phase exists in a wide 

range of pressures and temperatures, as tentatively suggested in the figure. However, further 

experimental data are clearly needed to define the boundaries for this phase. 

Above 700 K, several structural phases have been reported. In their X-ray diffraction 

study mentioned above, Blank et al. [17] delineated the phase boundaries for two phases, a 

“disordered cross-linked layered” structure and a three-dimensionally polymerized, tetragonal 

structure, as shown in Fig. 6. Quite recently, Marques et al. [15] identified a two-dimensional 

layered structure with puckered layers, in which each C70 molecule is bonded to three of its 

neighbors, in the same region. This structure was reported to form at 7 GPa, at all 

temperatures between 873 K (black dot in Fig. 6) and 1073 K, although at the highest 

temperatures amorphous breakdown products were also found. It is highly probable that this 

structure corresponds to the cross-linked layered structure reported by Blank et al.[17] and 

this area in the reaction diagram has thus tentatively been associated with the structure 

identified by Marques et al., with phase boundaries taken from Blank et al. 

Blank et al. [17] further reported the formation of a three-dimensional polymeric 

structure above 10 GPa and 700 K and later [18] also several other structures found by 

electron diffraction. These structures were formed under conditions close to the boundary 

between the layered two-dimensional and the three-dimensional structures shown in Fig. 6 

and included an intriguing one-dimensional “ladder” or conjugated chain polymer, consisting 

of linked dimer units. However, until further data are available none of these structures is 

entered into the reaction diagram.  

Because no NIR Raman data are available for any of the new structures discovered by 

Marques et al. and Blank et al. it was not possible to search for these in the present 



investigation. However, even without this information the new reaction diagram for C70 

shown in Fig. 6 must be seen as a great step forward compared to our earlier knowledge of 

this system under pressure. 

 

 

 

4. Conclusions 

 

In this work, NIR Raman spectroscopy has been used to successfully map the formation of 

intermolecular bonds in C70 treated under high pressures and temperatures. In comparison 

with C60, the lower reactivity of C70 leads to a somewhat slower growth of the molecular 

fraction of dimers with increasing treatment pressure. However, the maximum yields of 

dimers from the high pressure reactions are very similar for the two fullerene materials. 

Furthermore, the combination of a low reactivity and strict topochemical constraints on the 

polymerization reaction also results in slower formation of larger oligomers and polymers in 

C70, such that the effective pressure-temperature range for high dimer yield is significantly 

larger for C70 than for C60. At temperatures above 450-500 K the C70 dimers react further and 

grow into large oligomers and/or polymers. Because of the incompatibility between the 

symmetries of the lattice and the geometry of the reactive bonds on the molecules no ordered 

polymeric structures are produced in C70 in the pressure range investigated, and the final 

structural state after high pressure reactions at high temperatures is probably strongly 

disordered, consisting of branched, winding molecular chains. Although such a material is 

nominally structurally amorphous the individual molecules are still very close to their 

positions in the initial crystal and a diffraction experiment will probably give a diffraction 

diagram showing the original lattice, modified by some disorder broadening of the lines. 

Other recent work [14,15,17,18] shows that the formation of ordered polymers is possible at 

sufficiently high pressures, as in C60, but no trace of such structures was found here.  

The NIR Raman results have been used to construct a reaction diagram for dimerization 

and an earlier pressure-temperature phase diagram has been updated in the light of this and 

other recent works. The present work shows that intermolecular bonds easily form under 

similar high pressure conditions in both C60 and C70, indicating that an extension of recent 

work on the polymerization of fullerenes confined in solvates to C70-based materials should 

be possible. In such applications the directional bonding properties of the C70 molecule could  



possibly enable the creation of novel open or anisotropic structures with scientifically 

interesting, and possibly technologically useful, properties. 
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Appendix A. Supplementary data 

Supplementary data related to this article can be found at ????. These data include 

Raman spectra for C70, dimer-rich, and oligomer-rich material, obtained using visible laser 

light excitation, as well as numerical data for the peak positions and intensities for nominally 

fcc and rhh C70 and for C140.
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Figure captions: 

 

Fig. 1. NIR Raman spectra for pristine C70 (bottom) and for C70 treated for 2 h at 1.0 GPa and 

484 K (top). Arrow points to the dimer stretch mode at 88 cm-1. (A color version of this figure 

can be viewed online.) 

 

Fig. 2. Close-up views of some important peaks in the NIR spectra shown in Fig. 1, showing 

the fitted peaks. The peak positions and widths are allowed to vary in order to detect any 

systematic shifts in peak positions. (A color version of this figure can be viewed online.) 

 

Fig. 3. The molecular fraction of C70 monomers as a function of treatment temperature as 

calculated from the 457 cm-1 mode for samples treated at 1.0 GPa (solid dots) and 2.0 GPa 

(open squares). (A color version of this figure can be viewed online.) 

 

Fig. 4. The molecular fraction of C140 dimers as a function of treatment temperature as 

calculated from the intensity of the 88 cm-1 dimer stretch mode for samples treated at 1.0 GPa 

(solid dots) and 2.0 GPa (open squares). Estimated uncertainties are shown as error bars at 

selected temperatures. (A color version of this figure can be viewed online.) 

 

Fig. 5. Reaction map for the dimerization of C70 showing the molecular dimer fraction after 2 

h treatment at the pressures and temperatures indicated, as calculated from the relative 

intensity of the dimer stretch mode at 88 cm-1. Symbols indicate synthesis conditions used in 

other work: black ring Ref. [11], black cross Ref. [31] and white ring Ref. [12]. Lines indicate 

possible positions for the dimer-monomer thermal equilibrium line. Full line from Refs. 

[38,39], dashed line calculated from the equilibrium line in C60 as discussed in the text. (A 

color version of this figure can be viewed online.) 

 

Fig. 6. Structural phase diagram of C70 based on the present work and Refs. 

[10,11,14,15,17,18,34,35,38-40,45]. Symbols indicate experimental coordinates reported in 

Refs. [14] (black square) and [15] black dot). See text for further details. (A color version of 

this figure can be viewed online.) 


