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Abstract. We present a study by Raman spectroscopy and X-ray diffraction/diffuse scattering of Cgo single-
crystals treated at high-pressure and high-temperature. This allowed us to obtain structural information
on the Cgo dimer state which can be considered as an intermediate state in the polymerization process. In
the 1-6 GPa pressure range the crystals are primarily formed of dimers with additional minor fractions of
monomers, 1D and 2D polymers, as shown by the analysis of the Raman spectra. The dimers are disordered
within an average cubic lattice derived from that of the monomer. Single-crystal diffraction patterns reveal
a characteristic diffuse scattering intensity distribution which has been simulated by calculating the diffuse
scattering produced by dimer and trimer model structures. Satisfactory agreement is obtained for random
positional and orientational disorder of the Cgo-Cgp dimers although a small concentration of similarly
disordered trimers is likely. In a first approximation the dimer/trimer disorder can be considered as random
but various inter-dimer correlations are probably present, as discussed.

PACS. 61.48.+c Fullerenes and fullerene-related materials — 61.43.Bn Structural modeling: serial-addition

models, computer simulation — 78.30.Na Fullerenes and related materials

1 Introduction

The rich pressure-temperature phase diagram of Cgg ex-
hibits three relatively distinct regions [1-3]. At low tem-
perature (T < 350 K), pressure mainly affects the
orientation of the Cgg balls whose molecular structure
remains unaltered [4,5]. In an intermediate temperature
range (350 K < T < 900 K) double bonds open up on
the molecules and a cycloaddition mechanism begins to
operate under pressure, leading to polymerized phases
with chains or layers of Cgy molecules linked by four-
membered rings [6]. At higher temperature (7' > 900 K)
the Cgp molecular structure collapses and various phases
have been reported, including intriguing ultra-hard disor-
dered or amorphous phases [7,8].

In the intermediate temperature range the first stage
of polymerization consists in the formation of Cgy dimers
where pairs of molecules connect via 2+2 cycloaddition.
The Cgg dimers adopt a characteristic dumb-bell Doy,
symmetry [9,10]. Actually, Cgo dimers can be obtained
using different procedures. Soon after the mass produc-
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tion of fullerenes it was recognized that laser irradia-
tion of Cgp induces photodimerization [11]. More recently
Ci20 has been obtained using a mechanochemical reac-
tion of Cgg with potassium cyanide [12]. In both cases
it was found that the structure of these dimers con-
forms to that of the high-pressure ones. On the other
hand a different dimer structure is observed in the com-
pound Kz (Cgp)2 prepared by solid-state reaction of potas-
sium and Cgg: in the (060)3_ anion a single bond joins the
two Cgo molecules [13].

The dimerization of Cgp thus exhibits various interest-
ing aspects worth studying. This is the case, in particu-
lar, of the high-pressure dimers, which can help us under-
stand the mechanisms at play during the first stages of the
pressure-induced polymerization. Theoretical and experi-
mental studies have recently addressed the characteristics
and properties of these dimers, as summarized below.

Using semi-empirical quantum chemical calculations
Ozaki et al. [14] have shown that the dimer is more sta-
ble than the monomer and higher polymers and that the
distortion of the Cgp molecules plays an important stabi-
lizing role. Dzyabchenko et al. [15] calculated the possible
crystal packings of the Cgy dimers by minimization of the
lattice energy using a bond-charge intermolecular poten-
tial model. The authors found that the various packings
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Table 1. Details of the pressure-temperature treatment, lattice parameters and volume per Cgo for the different crystals.

Crystal  P-T treatment Lattice Volume per Cego
number parameter (A) (A®)
(0.05 A) (+7 A3)
1 1.8 GPa, 450 K for 4 hours 13.77 653
2 P =1 Gpa, T =513 K, 2 h30, 13.82 660
followed by T = 558 K, 30 min

3 1.5 GPa 423 K, 15 min 13.85 664

4 2.5 GPa, 423 K, 15 min 13.89 670

5 4 GPa, 423 K, 15 min 13.94 677

6 6 GPa, 423 K, 1000 s 13.85 664

retain approximately the Cgy face-centred cubic arrange-
ment while their relative stability varies with pressure.
One of the dimer structures, with symmetry P2;/a, was
shown to be geometrically favourable for the formation
of the Cgp polymer chains and of the higher polymers.
Experimentally, the X-ray powder diffraction patterns of
the dimer state were interpreted in terms of a disordered
face-centred cubic (fcc) lattice where each molecule is
shifted from its ideal position in the direction of one of
its 12 neighbours, i.e. along the (110) directions, to form
a Cgo dimer [16]. On the average it was found that the cu-
bic fcc symmetry remains. Furthermore, the microscopic
structure was suggested to consist of domains (possibly
with one of the predicted structures) separated by defects
such as stacking faults [16]. However, no experimental ev-
idence for the existence of these predicted structures has
been reported, so far.

The spectroscopic (infrared and Raman) properties
have been thoroughly examined. Cohesive energy and
Raman spectra of the Cgg dimers have been calculated
by Porezag et al. using a density-functional tight-binding
method [17]. Detailed comparative studies, by Davydov
and co-workers, of the infrared and Raman spectra of the
dimer, orthorhombic, tetragonal and rhombohedral phases
have been reported [10,16,18,19]. In the Raman spectra
clear signatures of the dimers are provided by the shift
of the characteristic A4 (2) high energy mode of Cgg from
1469 cm~! to about 1463 cm~! and the presence of an
interball mode at 96 cm ™. The infrared line at 796 cm ™!
was used to study the kinetics of dimerization of Cgy at
1.5 GPa and 373-473 K and the dimerization activation
energy was determined (134 kJ mol~1) [19]. Far-infrared
transmission spectra were measured and calculated using
first-principle quantum molecular dynamics for the dimer,
linear chain (orthorhombic) and rhombohedral polymers
by Long et al. [20]. Wagberg et al. studied the formation of
dimers and polymers at 1 and 1.7 GPa using an analysis of
the Raman spectra and in particular the A, (2) peak. The
influence of the route through the P-T diagram (isother-
mal vs. isobaric) and of the orientational state of the
Cgo monomers were analysed [21].

A comparative calorimetric study of the dimers, 1D
and 2D polymers, by Iwasa et al. indicated that the dimer
state is the most stable and that the stability decreases as
the number of intermolecular bonds increases [22]. Ther-
mal expansion of the Cgg polymers including the dimers

was studied between 10 and 500 K by Nagel et al. [23].
Polymerization reduces expansivity, as expected. The de-
polymerization and its kinetics were also studied between
400-500 K. The activation energies are similar for the
dimer and the higher polymers (168 4+ 5 kJ mol~! for the
dimers) but the depolymerization rate is much higher for
the dimers [23].

In spite of the numerous studies devoted to the
Cgo dimers there is a need to collect and analyze more ex-
perimental data (in particular structural) to determine the
nature of the dimer organization i.e. whether the dimers
are ordered and if so what type of structure is stabi-
lized. The analysis of the data is somewhat difficult as
spectroscopic and powder diffraction studies [16,19,21,24]
have demonstrated that the dimers actually coexists with
the monomer and the higher polymers. The details of
the pressure and temperature treatment and in particu-
lar the path through the P-T' diagram, i.e. raising P then
T or the opposite, have an effect on the relative propor-
tion of the different polymers. Moreover, the treatment
time is an important parameter and the dimers appear
to be intermediate products of polymerization [16,19,24].
In fact, it was shown that the maximal content of dimers
is about 80-85% in the Cgy samples polymerized under
high pressure and temperature. The possibility of obtain-
ing 100% dimerization thus remains an open question.

In the present work we address some of these problems
through combined Raman spectroscopy and X-ray diffrac-
tion/diffuse scattering experiments performed on the same
Cgp single crystals. Raman spectroscopy allows us to iden-
tify the characteristic modes of vibration of the dimers and
other polymers and to analyze the possible phase coex-
istence. Single-crystal X-ray diffraction/diffuse scattering
is adequate for the structural analysis of molecular or-
der/disorder states. The complementarity of these tech-
niques for unravelling fullerene polymer structures was
demonstrated previously in the case of the orthorhombic
(O') [25] and tetragonal/rhombohedral (T/R) [26] struc-
tures.

2 Experimental

We have studied six Cgp crystals pertaining to the dimer
state. They were prepared according to various experi-
mental procedures and temperature/pressure treatments,
as summarized in Table 1.
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Crystals 1 and 2 were grown from Cgg powder (Tech-
nocarbo), purified by thermal treatment in a vacuum and
sublimated using a two-zone Pyrex-glass vertical oven
(700770 K). The Cgy monomer crystals were selected
by inspection and X-ray diffraction (a minor twin frac-
tion was present in crystal 2). They were compressed in a
piston-cylinder device using silicon oil as hydrostatic pres-
sure transmitting medium. Heating was accomplished by
inserting the sample in a Pyrex glass tube wound with
Kanthal wire. Spun silica wool was used to insulate the
oven and reduce temperature gradient and heat losses.
The temperature was stable within about 1 K. The treat-
ment was ended by quenching the sample to room tem-
perature under pressure, at an initial rate of about 150—
200 K/min, before the pressure was released.

Crystals 3-6 were grown from high-purity (99.98%)
fullerite powder (Term USA) by sublimation in a vacuum-
sealed quartz tube. The resulting single crystals were
taken in hermetic copper tubes containing petroleum oil
as hydrostatic pressure transmitting medium. The tubes
were treated in a piston-cylinder device “Maxim” (for
sample 3) or in a high pressure device “Toroid” (for sam-
ples 4, 5,6). The temperature was stable within about 2 K.
At the end of the treatment the crystals were similarly
quenched down to room temperature.

The Raman spectra of crystals 1-2 were measured in
a back scattering geometry with a Renishaw 1000 grating
spectrometer, using a notch filter to remove the Rayleigh
line and a CCD detector to collect the Raman scattering.
As probing laser we used an Argon ion laser (514 nm).
For crystals 3-6 we used a Brucker FT Raman RTS100
spectrometer and a Nd-YAG laser as excitation source
(1064 nm). A very low power density (<1 W/cm?) was
employed to avoid inducing any photopolymerization or
photo-assisted oxidation. We have observed that single
crystals are even more sensitive to such photo-induced ef-
fects than are polycrystalline samples.

Diffraction patterns have been collected by tak-
ing monochromatic X-ray precession photographs.
CuKa (A = 1.5418 A) or MoKa(X\ = 0.71069 A) radia-
tions were selected by reflection on doubly-bent graphite
monochromators. Details of the scattering patterns
up to wave-vectors of about 4 A~! were obtained using
CuKa radiation. Complementary data were obtained with
MoKa in order to reach higher wave-vectors in reciprocal
space. Both X-ray films (for better spatial resolution
and suitability to reveal weak diffuse scattering features)
and imaging plates (for rapid collections of digitalised
data sets) were used to record the patterns. Precession
photographs were made for the main reciprocal planes
relative to the cubic lattice of the parent Cgg monomer
phase.

3 Results
3.1 Raman spectra

Figure 1 shows the Raman spectra of the 6 crystals stud-
ied here. The general appearance of these spectra varies,
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Fig. 1. Raman spectra of crystals 1-6. (a) between ~70 and
1700 cm™!; the different spectra have been shifted for clarity;
(b) between 1400 and 1500 cm™! showing the region of the
Ag(2) pentagonal pinch mode, the dotted line marks the fre-
quency (1463 cm™!) associated with the Ag(2) mode for the
dimer; (c) low frequency range (<200 cm™'), the dotted lines
mark the frequencies associated with the stretching intermolec-
ular mode for the dimers (96 cm™') and chains (118 cm™).

depending in part on the different technical procedures,
such as probing laser and type of spectrometer, used. In
particular, different probing lasers can give large differ-
ences, especially in the backgrounds of the spectra. In
spite of these differences all spectra exhibit similarities in
the positions of the main groups of lines. Furthermore, all
spectra show the typical signs of polymerization such as a
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Fig. 2. Diffraction patterns for the h — k 4+ [ = 0 layer plane
(perpendicular to [111]). (a) Experimental precession photo-
graph (CuKa) for crystal 5 and (b) calculated diffraction pat-
tern. In (a) the arrows point to some of the diffuse scattering
features. Weak powder diffraction rings are also visible. The
dotted circles outline specific regions referred to in the text.

splitting of the Hy-modes, a downward shift of the Ag(2)
mode, originally at 1469 cm~! (Fig. 1b), and the appear-
ance of new modes. Some of these new modes originate
in previously forbidden modes now allowed by the lower
symmetry of the molecules formed. The band of modes
just below 1000 cm ™! and the new modes near 100 cm ™!
(Fig. 1c) are fingerprints for the existence of covalent in-
termolecular bonds in the material.

3.2 X-ray diffraction patterns

The high-pressure high-temperature treatments generally
preserved the overall shape and cubic symmetry of the
crystals (even though the surface morphology of their faces
was usually damaged). This cubic symmetry was utilized
to orientate the crystals and to collect diffraction patterns
(mainly precession photographs) of the main cubic recip-
rocal lattice planes. This procedure provided us with com-
prehensive reciprocal space data for all crystals.

Figure 2a shows a typical layer pattern, perpendicular
to [111], (Bragg reflections fulfil the condition h—k+1 =0
where h, k, [ refer to the cubic lattice) for crystal 5. This
pattern exhibits several components:

(i) Bragg peaks corresponding to the cubic lattice
(with a unit cell parameter a = 13.94 + 0.05 A). They
are found to be extinct if h, k and [ do not have the same
parity, showing that the average lattice is face centred cu-
bic, like the parent monomer lattice at room temperature
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Fig. 3. Diffraction patterns for the ! = 0 layer plane (per-
pendicular to [001]). (a) Experimental precession photograph
(CuKa) for crystal 1 and (b) calculated diffraction pattern. In
(a) the arrows point to some of the diffuse scattering features.
Weak powder diffraction rings are also visible. The dotted cir-
cles outline specific regions referred to in the text.

and atmospheric pressure. These extinctions are fulfilled
for all measured patterns (note that some parasitic weak
peaks are due to minor twin elements present in the pris-
tine Cgo crystals; see for example Fig. 7 for crystal 2).

(ii) Diffuse scattering intensity modulations dis-
tributed in the entire reciprocal layer. Note, in particular,
the broad spots and streaks, marked by black arrows.

These diffraction and diffuse scattering features dis-
play the characteristic 6-fold symmetry expected for equa-
torial layer planes normal to (111) directions (3-fold axes).

A similar association of Bragg peaks and diffuse scat-
tering modulations is observed for all crystals. As an
example, Figure 3a shows the [ = 0 layer pattern for
crystal 1. In this crystal the lattice parameter a is slightly
shorter (13.7740.05 A). The characteristic 4-fold symme-
try is obeyed by both Bragg peaks and diffuse scattering
features. Black arrows mark some of the diffuse scattering
features.

For the same crystal Figure 4a shows the [ = 0 layer
pattern recorded with MoKa. The pattern reveals the dis-
tribution and fading out of the diffraction and diffuse scat-
tering features at high ¢ values.
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4 Analysis and discussion of the results
4.1 Raman spectroscopy

The Raman spectra shown in Figure 1 can be analysed on
the basis of the detailed knowledge gained from the wealth
of theoretical and experimental spectroscopic studies per-
formed in recent years. As compared to pristine Cgg, the
downward shift of the Ag(2) mode from its original posi-
tion near 1469 cm ™! and the splitting of the Hy modes are
very clear. The spectra are very similar to those reported
previously for the Cgg dimers obtained by mechanochem-
ical reaction of Cgp with potassium cyanide [12] and to
those observed for the pressure induced dimers [10]. All
samples, with the possible exception of crystal 2, show
a distinct band of new modes around 980 cm™'. These
modes are a clear signature that all samples contain poly-
mer bonds. The very weak band in the spectrum of crys-
tal 2 might indicate that this crystal (or at least its sur-
face) has a lower polymerization level than the others.
For the analysis of the Raman spectra of polymeric sam-
ples, the A,(2) line is without doubt the most useful
line. Figure 1b shows that this line is centered at 1462—
1464 cm ™! for all samples, a position which is characteris-
tic for the presence of dimers. For most of the crystals this
line is broadened asymmetrically towards lower frequen-
cies, which indicates the presence of a fraction of linear
chains contributing their characteristic line at 1459 cm™!.
For crystal 1, and to a smaller extent crystal 4, the con-
centration of such chains is high enough to create a well
developed shoulder in the spectrum. Weaker shoulders are
also discernible near 1450 cm ™" (crystal 4) and 1446 cm ™!
(crystal 6) indicating a small concentration of 2D poly-
mers. For crystals 1 and 2 one also notes the presence of
a mode at about 1425 cm™!, originating from the Hg(7)
mode of pristine Cgg. This mode is often clearly observable
when the sample is probed by an Argon ion laser.

The appearance of a low-frequency mode at 96 cm™?,
corresponding to longitudinal vibrations in the dimer, is
usually taken as another clear signature of the presence
of dimers. Figure 1c shows the low-frequency range of the
Raman spectra. For crystals 1, 3, 4 and 5 a mode is visible
at this position, while it cannot be detected for crystals 2
and 6.

All crystals except crystal 2 clearly reveal a mode at
118 em™!, a position characteristic for similar vibrations
in one-dimensional chains. On the other hand, Figure la
exhibits a very weak or negligible mode at 344 cm™!.
Previous studies have revealed that such a mode is pro-
nounced in the Raman spectra of orthorhombic pressure-
polymerized samples [9,27], especially single crystals, but
weak or negligible in those of dimer phases or photopoly-
merized materials [28]. Note, however, that the signif-
icance of this mode as a fingerprint of chains and or-
thorhombic polymers is disputed [18].

In conclusion, the Raman analysis indicates that our
crystal samples contain mainly dimers and little unre-
acted Cgg. Considering the existence of a shoulder at
1459 cm~! and a weak peak at 118 cm™! observed for

Fig. 4. (a) Precession photograph (MoKa) and (b) calculated
diffraction pattern of the [ = 0 layer plane for crystal 1. Note
the relatively good fit in the outlined regions.

most samples we infer a small concentration of short lin-
ear chains and higher polymers.

4.2 Bragg peaks and diffuse scattering

The Bragg peaks correspond to the average structure of
the dimer state while the diffuse scattering intensity is
the signature of structural disorder i.e. unit-cell dependent
deviations from this average structure.

The average structure can be described within a face
centred cubic lattice and there is no signature of other
structures such as the 1D orthorhombic phases (O and O’)
or the ordered dimer structures predicted by Dzyabchenko
et al. [15] (for instance the monoclinic P2;/a structure).
From the sets of precession photographs obtained for all
crystals studied here (1-6) we have derived cubic unit-
cell parameters, which are listed in Table 1, together
with the corresponding volumes per Cgg unit (1/4 of
the unit-cell volume). On average the cell parameters
are about 2% shorter than that of the ambient pressure
Cgp monomer (14.15 A). In fact, the volumes per Cgo are
close to that of the “low pressure” orthorhombic poly-
mer phase (O') as found by Moret et al. (663 A3) [25]
and Agafonov et al. (658 A®) [29] and slightly larger than
that of the “high pressure” orthorhombic polymer phase
(O) reported by Niiiez-Regueiro et al. (650.5 A3) [30,31].
We point out that the unit-cell parameter values for the
6 crystals do not exhibit a clear dependence on the pres-
sure and/or temperature of the treatment. On the other
hand they are spread slightly more than expected from
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the estimated accuracy of the measurements. This may
reflect some difference in structural organization (the dis-
order model proposed below in Sections 4.3 and 4.5 is
flexible; the degree and nature of disorder may vary, in re-
lation with the details of the P-T treatment). Note that in
Figures 2a and 3a, for instance, the Bragg peaks at low-q
values appear to be broad, in particular in the azimuthal
direction. This effect can be attributed, for the most part,
to the combination of a saturation of the photograph with
the large mosaic spread of the crystals (another possible
contribution will be mentioned below, in Sect. 4.4).

Turning to the diffuse scattering we first recall that
Ceo crystals (monomer) are known to produce two broad
spherical halos of diffuse scattering intensity at ¢ =
3.3 A1 and ¢» = 5.3 A~!. This diffuse scattering orig-
inates from the orientational disorder of the Cgy cages ro-
tating about their centres. The intensity within the halos
is continuous but it displays modulations whose analysis
has given information on the nature of the intermolecular
interactions (see [32] for a review). The diffuse scatter-
ing observed for the present crystals exhibits some simi-
larities with that of the Cgp monomers. Figures 2 and 3
and in particular Figure 4a show that the intensity of the
diffuse scattering features is maximum inside 2 circular
regions (labelled 1 and 2 in Fig. 4) corresponding to the
monomer halos, at ~qg; and ¢2. Actually, this can be at-
tributed to the properties of the Cgo molecular structure
factor, related to the shape of the molecule (using the
symmetry-adapted-function formalism this structure fac-
tor can be expanded in terms of spherical Bessel functions
and it exhibits maxima around ¢; and g2, as shown pre-
viously [32-34]). However, the distribution of diffuse scat-
tering intensity maxima and modulations (Figs. 2-4) is
markedly different from those of the Cgyp monomer [35,36].
The absence of “monomer halos”, as such, establishes that
the fraction of orientationnally disordered Cgy monomers
in the present crystals is too small to produce an observ-
able diffuse scattering intensity. We can roughly estimate
that the concentration of monomers is less than 10-15%.
This is in agreement with the analysis of the Raman re-
sults (Sect. 4.1).

4.3 Structural model of disordered dimer lattice

On the other hand, as the Raman data indicate that the
crystals contain a large amount of dimers it is reasonable
to assume that the observed diffuse scattering is the signa-
ture of some disorder introduced in the monomer crystal
structure upon the formation of dimers. This should be
considered in relation with the dimerization mechanism.
A reasonable assumption is that Cgy monomers are drawn
closer by pressure and undergo thermally activated libra-
tions so that Cgg pairs may happen to be in favourable ori-
entations to join via the opening of facing double bonds on
each molecule and the formation of four-membered rings.
In a first approximation one can consider that this pro-
cess is random: in the face-centred cubic monomer struc-
ture the bonding of near-neighbour Cgy molecules pro-
ceeds randomly. In particular the dimers form along any

of the 6 equivalent (110) directions. Therefore, the disor-
der of the Cgp dimers should exhibit both positional and
orientational character.

To test this hypothesis we have built a structural
model for the disordered dimer lattice and the resulting
Bragg peak and diffuse scattering intensities have been
calculated. We consider a Cgyp model crystal of dimen-
sions N1 xNyx N3 unit cells and we use a random choice
algorithm to select a Cgy molecule. If this molecule is a
monomer, i.e. not engaged in a dimer yet, we select at ran-
dom one of its monomer near-neighbours (excluding the
Cgo’s already dimerized) and the corresponding Cgp pair
is formed by drawing the molecules closer by §/2, sym-
metrically, along the (110) direction. 6 (~0.69 A) is the
difference between the Cgo-Cgo distance in a fcc monomer
lattice with parameter 13.85 A (the average parameter
for the present crystals) and the Cgp-Cgo distance, i.e.
9.10 A [12,37] for a dimer molecule. This procedure is
repeated until no new dimer can be formed (details are
presented in Appendix A). It should be noted that it is
not possible to obtain 100% dimerization using such a pro-
cedure and a small fraction (about 3.5%) of Cgp monomers
are “trapped” because all their neighbours are already
dimerized.

Figure 5 displays a representative section of the cor-
responding 3D model crystal showing the distribution of
the dimers formed by the molecules in one arbitrary (001)
layer.

A supplementary source of disorder lies in the orien-
tation of the dimers around their respective (110) axes
as defined, for instance by the orientation of the plane
formed by the four-membered ring. In a first approach we
have assumed that this orientation is randomly distributed
within the crystal either dynamically if the dimers rotate
or librate around their axes or in a frozen configuration.
However, inter-dimer interactions are not negligible com-
pletely and correlations should certainly be introduced in
a more accurate description of the dimer organization.

4.4 Comparison of experimental and calculated
diffraction patterns

We have calculated the Bragg peak and diffuse scattering
intensities produced by the above model crystal charac-
terized by i) dimers randomly distributed in position and
(110) orientation, ii) complete rotational disorder of the
dimers around their (110) axis. Details of the calculation
are given in Appendix B.

To probe the validity of the model the calculation has
been used to simulate the experimental diffraction pat-
terns and in particular those of Figures 2a, 3a and 4a,
for the layers defined by h + k +1 = 0 and | =
0. The experimental Bragg peak intensities are semi-
quantitatively reproduced by the calculation. Calculated
Bragg peak intensities are only slightly different for crys-
tals formed of monomers, dimers (+ monomers) and
trimers (4+ monomers), as is illustrated in the case of
dimers and trimers in Figures 7a and 7b. Moreover, the
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Fig. 5. Distribution of the Cgo dimers (and remaining monomers) in a (001) plane of the model crystal. In-plane and out-of-plane
dimers involving, at least, one Cgo molecule located in the (001) plane are represented.

complete rotational disorder approximation used (see Ap-
pendix B) may be a too crude approximation to account
precisely for Bragg peak intensities [32,38]. The broad-
ening of the low-q Bragg peaks observed in Figures 2a
and 3a was attributed in Section 4.2 to a combination of
saturation and mosaic spread. We mention here that it
may also partly reflects some deviation from the average
lattice model that is considered here. We do not analyse
in details the Bragg peak intensities in this paper, but we
put emphasis on the distribution of the diffuse scatter-
ing intensity, which provides a more stringent test. Note
that the Bragg peak and diffuse scattering intensities cal-
culated in Appendix B have different scales. Therefore,
in Figures 2-4, 6 and 7 the relative weights of the Bragg
and diffuse scattering components have been normalised
to match the observed patterns.

Figures 2b, 3b and 4b show simulated diffuse scattering
patterns to be compared with the corresponding experi-
mental ones. Based on visual inspection it appears that
the agreement between the experimental and simulated
diffuse scattering distributions is qualitatively satisfactory
in several regions. To test the dependence of the diffuse
scattering intensity distribution on the intermolecular dis-
tance d of the dimer we have calculated the diffraction
patterns for different values of d (or ¢). Figure 6 shows
a set of h — k = 0 calculated patterns for d = 9.79, 9.45
and 9.10 A (§ = 0,0.34 and 0.69 A, respectively) together
with the corresponding experimental pattern obtained for

crystal 2. The main effects of varying the d value can be
summarized as follows. In the case of the monomer dis-
tance (d = 9.79 A) no diffuse scattering is observed at low
angle. As d is shortened some diffuse scattering develops in
this region. Moreover the diffuse scattering maxima move
slowly outwards (to higher ¢ values, see for instance the
row of diffuse spots outlined in the figures). The sensitiv-
ity of these effects is obviously not high enough so that it
could be used to determine the intermolecular distance d
but it appears that the value chosen here to simulate the
patterns of Figures 2-4 (9.10 A) is quite satisfactory.

The qualitative agreement of the experimental and
simulated diffuse scattering distributions strongly suggests
that the present model of randomly disordered dimers
constitutes a rather good approximation for the structure
of our crystals. However, several discrepancies remain, at
the quantitative level, in particular when the relative in-
tensities of the various diffuse scattering modulations are
considered. This is the case for instance in the region of
the (forbidden) (550) reflection (circled in Figs. 2 and 3)
where the experimental and simulated diffuse scattering
exhibit differences. In Figure 3, the central region of dark
and light diffuse scattering (circled in dotted line) is not
reproduced adequately. These discrepancies indicate that
the model could be improved or refined. Some suggestions
along these lines are discussed below.
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Fig. 6. (a) Experimental (CuKa, crystal 2) and (b-d) calculated diffraction patterns of the h—k = 0 layer plane (perpendicular
to [110]) for different values of the intermolecular distance of the dimers.

4.5 Proposed improvements of the structural model

Firstly, even though the dimers appear to dominate, the
Raman results suggest that a small fraction of other poly-
mers are formed. Furthermore, several IR, Raman and
X-ray diffraction studies have shown that a mixture of
dimers, 1D chains (orthorhombic phases) and 2D polymers
is often observed in the low-pressure low-temperature re-
gion [18,19,21]. This prompted us to investigate the pos-
sibility of Cgg trimers, which are the first stage leading
from dimers to short chains. To test this hypothesis we
have built a randomly disordered structural model with
trimers using a similar algorithm as for the dimers (see
Appendix A). This procedure leads to a maximum concen-
tration of 87% of trimers and 13% of monomers. The cal-
culated diffuse scattering produced by this model is shown
in Figure 7a for the h — kK = 0 layer plane. Figure 7b
shows the corresponding diffuse scattering produced by
the disordered dimer model described in Section 4.3. Over-
all the two distributions are similar and the intensity max-
ima are located in the same regions but the trimer model
generates a sharper diffuse scattering distribution (as ex-
pected, qualitatively, if one considers that trimers form
a more “correlated” model than the dimers). Comparing
with the experimental pattern (crystal #2, Fig. 7c), it ap-
pears that this “sharpening effect” leads to some improve-
ment of the fit, in particular at large ¢ values where the
observed diffuse scattering modulations are sharper than
those of Figure 7b. However, at low ¢’s, the peculiar pat-
tern of undulating streaks of the trimer model (Fig. 7a)
is not observed experimentally. Note also that, near the
(550) reflection (dotted circles) the diffuse scattering in-
tensity distribution is still different from the experimental
one. Therefore, it appears that the model of disordered
trimers leads to some improvement of the fit, even though
it is limited. It is thus reasonable to consider that a small
fraction of disordered trimers (and probably short chains)
are present in the low-pressure low-temperature region.
The algorithm we used to build the model implies that,
once a dimer (trimer) is formed, the two (three) corre-
sponding molecules cannot pair with another molecule.
This intrinsic “exclusion” scheme induces occupational
correlations for the formation of the neighbouring dimers
(trimers). Moreover, other types of correlations between

Fig. 7. Diffraction patterns for the h — k = 0 layer plane
(perpendicular to [110]). The diffuse scattering distributions
calculated for (a) the disordered trimer model and (b) the dis-
ordered dimer model are compared to the (c) experimental
pattern (CuKa, crystal 2). The dotted circles outline specific
regions referred to in the text.

neighbouring dimers (or trimers) are worth considering.
In particular, the formation of a dimer leads to a dis-
placement of two Cgg molecules which modifies the lo-
cal environment of their neighbours. As a result the fur-
ther dimerization of neighbouring Cgy molecules will be
influenced. It may be favoured, leading to a clustering of
dimers, or hindered. This will affect also the orientation of
the dimers to be formed. For instance, there may be a ten-
dency to form parallel dimers, i.e. with the same specific
(110) axis. Such an alignment would be favourable to the
formation of ordered chains as found in the orthorhombic
polymer structures. The influence of this type of correla-
tions (i.e. a tendency for the alignment of dimers) on the
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diffuse scattering has not been investigated in the present
work.

Apart from simply aligning, the dimers could adopt
more elaborate arrangements such as the ordered struc-
tures proposed by Dzyabchenko et al. [15]. We already
mentioned above that the Bragg peaks (average structure)
did not show evidence for these ordered structures which
means that they are not stabilised at long-range. How-
ever similar configurations could be stabilised locally in
the form of short-range correlations. It would be useful to
introduce these correlations in the structural model and
to test their effects on the diffuse scattering.

One should also consider the specific orientation of
the dimers about their axis. In the above model we
have assumed full orientational disorder around their axis
(static or dynamic). This is clearly a simplification because
dimer-dimer and dimer-monomer interactions should in-
fluence the orientation of the dimers around their axes.
Preferred orientations should occur and affect the diffuse
scattering intensity distribution.

Introducing these various types of interactions into the
structural model would be a challenging but rewarding
task as it would help us understand the mechanisms of the
transition from the dimers to the higher oligomers. In this
respect, a comparison of the calculated and experimental
diffuse scattering intensity should be a well-suited probe
to discriminate between the various models of interactions.

5 Discussion and conclusion

Our results show that Cgg crystals predominantly formed
of disordered dimers (with minor fractions of monomers,
trimers, chains and 2D polymers) can be prepared in a
relatively wide pressure range. This is in agreement with
previous pressure-temperature diagrams of Cgp (see [18]
for example). Figure 8 displays a tentative updated dia-
gram, for the low-P low-T ranges, that combines recent
results [16,18,19,21,24]. The two shaded regions (with ap-
proximate contours) mark the zones of appearance of the
dimers, in coexistence with the monomer, trimers, 1D and
2D polymers. Note that dimerization has been found to
start at room temperature already [24]. Labels 1-6 mark
the present crystals. crystal 2 (1 GPa, 558 K) stands at the
low-P border of the upper region while the points repre-
senting the other crystals are located near the (tentative)
limit separating the two regions. We have also included
data points for the orthorhombic O’ structure observed
in crystals treated at 1 GPa-585 K [25] and 1.5 GPa-
723 K [29].

As we pointed out already (Sect. 1) the path used to es-
tablish the pressure-temperature conditions and the treat-
ment time affect the resulting states of polymerization
This is the case in the shaded regions but it is also true
for the 2D polymers. Thus, the “heating then pressing”
procedure leads to predominantly tetragonal P4s/mmc
structures (where the successive polymer sheets are ro-
tated by 90°) [26,39] while “pressing then heating” was
found to stabilize a different stacking (Immm), all lay-
ers having the same orientation [40]. It is also worth not-
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Fig. 8. Tentative pressure-temperature diagram of Cgo in the
low-P low-T region. The monomer phases (fcc, sc and glassy
crystal) are separated by solid lines. Two shaded regions denote
the coexistence of different structures. The dashed lines sepa-
rate the stability regions of the orthorhombic, tetragonal and
rhombohedral structures. The numbers stand for the 6 crys-
tals studied here while the square and circle correspond to or-
thorhombic crystals (structure O’) treated at 1 GPa—585 K [25]
and 1.5 GPa—723 K [29], respectively.

ing that powders and single-crystals may lead to different
polymerized states when treated under similar conditions.
This is indicated, for example, when comparing crystal 2
with a powder sample treated under the same conditions
by Wagberg et al. [21]. While crystal 2 is composed essen-
tially of dimers the powder was found to contain about
55% chains (linear and branched) and only 27% dimers.
The fact that powders appear to polymerize more “easily”
than macroscopic single crystals may be a size effect if we
assume that the relatively slow rearrangements needed to
obtain aligned and ordered polymer chains (and layers)
from the disordered dimers (see below) are more efficient
in very small crystallites. Interestingly, it was shown that
a single crystal treated at 585 K (instead of 558 K) and
the same pressure (1 GPa) is almost completely composed
of polymerized chains (orthorhombic structure O’ [25]): a
slightly higher temperature seems to be required for single
crystals.

The influence of the pressure/temperature treatment
on the structure of the polymerized states should be
considered in relation with the structural properties of
the specific monomer phase (face-centred-cubic or simple-
cubic) that serves as a “parent” phase. The stability re-
gions of these two phases, separated by an ascending line,
are shown in Figure 8.

At P = 1 GPa, as the temperature is raised (for
instance to 558 K as for crystal 2), the formation of
the dimers proceeds inside the fcc monomer phase re-
gion, where the Cgg molecules undergo rapid reorienta-
tions about their centers. It implies a high probability for
Cgo neighbours to align two of their 30 double bonds and
join via the opening and condensation of these bonds into
four-membered rings. For the other crystals (1, 3-6) the
dimerization is achieved inside the sc region where the ori-
entations of the Cgg molecules are such that electron-rich



34 The European Physical Journal B

double bonds face either electron-poor pentagons (P ori-
entation) or hexagons (H orientation). In fact, while the P
orientation is more stable at low pressure and low temper-
ature, the H orientation is rapidly stabilized by pressure
(see [2] for a review) so that the dimerization of crystals 1
and 3-6 is achieved with H-oriented molecules. It has been
shown that small librations about the H orientations are
sufficient to bring neighbouring molecules into adequate
bonding orientations [31].

It has been suggested that the higher degree of ori-
entational disorder of the fcc phase would lead to less
well ordered polymers than the sc phase. In particular,
the low-pressure polymers and the photo-polymers would
be more disordered than the high-pressure polymers [31].
Our results actually show that whatever the “parent”
phase, fcc or sc, dimerization appears to generate dimers
which are disordered both positionally and orientation-
ally (Sect. 4.4). No ordered arrangement of the dimers is
stabilized at long-range; the dimers form randomly along
any of the six equivalent (110) directions and their orien-
tation about the dimer axis is (in a first approximation)
arbitrary.

The disordered dimer state, as represented for instance
by our model structure in Figure 5, raise questions about
the further stages of polymerization. The formation of par-
allel polymer chains, such as in the O and O’ orthorhom-
bic structures, requires numerous rearrangements (break-
ing intermolecular dimer bonds — four-membered rings
— and forming new ones). As the temperature is raised
and the chains become more stable these rearrangements
have to become cooperative in order to lift the frustration
of the disordered dimer structure. A likely possibility is
that the strains induced by the molecular displacements
(shortening of the intermolecular distance as a result of
the bond formation) probably favour polymerization in a
directionally ordered process, as pointed out by Wagberg
et al. [21]. At 1 GPa, for example, this cooperative process
leads to the formation of the O’ structure between 558 and
585 K [25] with little remaining disorder, except for the
presence of domains due to the six equivalent (110) direc-
tions of the chains and the associated cubic-orthorhombic
symmetry lowering.

Turning to the formation of the 2D polymers from ei-
ther the O or O’ structures, which implies the combination
of parallel chains into layers we emphasize that it can be
achieved by specific rotations of these chains (around their
axes) to allow for interchain bonding, without breaking
the chains, as pointed out earlier [41]. We recall that, in
the orthorhombic structures, the orientations of the chains
(around their axis) are either identical (1 = 0°, O struc-
ture) or alternate (p ~ £29°, O structure) (as usual the
chain orientation is defined by the angle p formed by the
plane of the four-membered ring and the (a, ¢) orthorhom-
bic plane). To obtain the tetragonal P4s/mmc structure,
for instance, further rotations of the chains are needed so
that the orientation of chains belonging to successive lay-
ers are alternatively parallel (z = 0°) and perpendicular
(1 = 90°) to the stacking direction (see Fig. 1 in Ref. [41]).

Finally it is worth comparing the characteristics of
the dimerization and polymerization in Cgp and in Crp.
Lebedkin et al. [42] studied in details the dimerization
of C7g at 1 GPa and 450 K and they found that the
molecules join by [2+2] cycloaddition across double bonds
from the polar regions to form four-membered rings, in a
similar way as for Cgg. This dimerization is favoured by
the parallel orientation of the molecular 5-fold axes and
the uniaxial rotation about these axes. Strong similarities
between Cgg and Cro dimers have been reported (spec-
troscopic properties, thermal and photodissociation) but
an interesting difference is that, while Cgg dimers can be
considered as an intermediate state of the polymerization
process (with treatment time being an important param-
eter), the dimerization of C7 appears to be “kinetically”
frozen [42]. On the other hand the structural organiza-
tion of the C7¢ dimers has not been characterized but
it is likely that they are disordered, at least partially. A
diffraction/diffuse scattering study similar to the present
one would give information on this question. We note that
a Crp molecule can bond to several neighbours, up to 12,
like in Cgg, but there are only 10 reactive double bonds
per molecule instead of 30. This may cause a more frus-
trated situation for the C7¢ dimers when they rearrange
in order to form chains. This has been actually achieved,
at higher pressure and temperature (2 GPa, 573 K) by
Soldatov et al. who were able to polymerize Cry single
crystals (with hexagonal-close-packed stacking) and ob-
tained zig-zag linear chains aligned in an orthorhombic
structure [43].

In conclusion, the combination of Raman spectroscopy
and X-ray diffraction/diffuse scattering on high-pressure
high-temperature treated Cgg single-crystals has allowed
us to characterize the Cgy dimers. Although the dimer
state is an intermediate product of polymerization all
6 crystals, prepared in the range 1-6 GPa, are composed,
for the most part, of dimers, with minor fractions of
monomers, 1D and 2D polymers. In the whole pressure
range the dimers are disordered and the associated diffuse
scattering intensity distribution has been analyzed using
computer-generated model structures. By comparison of
the diffuse scattering produced by these model structures
with the observed single crystal scattering patterns we
have shown that the dimers are both positionally and ori-
entationally disordered. Calculations were also made for
similar model structures based on trimers indicating that
a small concentration of disordered trimers probably co-
exist. In a first approximation the dimer/trimer disorder
can be considered as random although inter-dimer/trimer
correlations are likely.
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Appendix A: Structural model of disordered
dimer and trimer lattices

We consider a face centred cubic crystal of Cgp molecules,
formed of NixNsxNj3 unit cells. Its unit cell parame-
ter a is chosen as that of the average lattice found for
the dimer state: a ~ 13.85 A. It consists of four sim-
ple cubic sub-lattices and thus contains 4xNj;xNsxNg
molecules. This crystal is placed inside a larger box formed
of (N7142)x(N2+2)x (N3+2) unit cells, to avoid spurious
effects at its borders. We associate to each molecule a
three-dimensional vector ‘u’ that will define the molecu-
lar displacement associated with the dimerization.

Let us first detail the procedure developed to obtain
a crystal of dimers. We use a random choice algorithm to
select a Cgy molecule among the 4xN; XNy x N3 molecules
of our crystal. We select at random one of its twelve near-
neighbours (even if the molecule is at the border of the
crystal, all twelve-neighbours can be considered because of
its inclusion in a larger box). These two selected molecules
are then associated to form a dimer. The displacement as-
sociated to the first molecule is set to u = 6R,/v/2 and that
associated to the second one is u = (—6)R/v/2, where R
is the intermolecular distance in the monomer crystal, in
reduced units (along (110) direction, R=(1/2,1/2,0) for
instance). In the dimer, the molecules are thus displaced
by /2 one toward the other, and the intermolecular dis-
tanceis d = %—5. Fora = 13.85 A and d = 9.1 A [12,37],

the displacement 4 is 0.69 A.

We then consider the smaller set of molecules formed
of those not yet selected before: there are (4xN;xNyxN3
—1) such molecules if the second selected molecule was
outside our crystal, or (4xNjxNgxN3 —2) otherwise. The
above selection process of a pair of molecules is repeated
within this smaller set (the second molecule of the pair
being chosen, at random, among the monomers which are
nearest-neighbours of the first selected molecule).

This procedure is iterated until all molecules have been
taken under consideration. It allows us to construct a
crystal formed of dimers with no correlations between
their long axes orientations and their positions, as is il-
lustrated in Figure 5. A small amount of monomers still
remains: it happens when all neighbours around a selected
molecule are already belonging to a dimer. Typically, with
our procedure, the amount of trapped monomer molecules
is about m = 3.5%.

The procedure used to obtain a crystal made of trimers
(with no correlations between their long axes orientations
and their positions) is very similar to the one developed
above for the dimers. A molecule is chosen at random
as above. We then consider the pairs of nearest neigh-
bours on each side of this molecule, which can bond to it
and form a trimer (meaning that none of the neighbours
is already involved in a trimer). A pair of nearest neigh-
bours is then chosen at random among the available pairs.
The central molecule is characterized by a displacement
u = 0, the two others have displacements u = 26R/ V2
and u = —20R/ V2, R being an intermolecular distance in
reduced units, as above. The distance between molecules

in the trimer is the same as in dimers: d = % — §. Some
monomers remain, with u = 0, when no pair of neigh-
bours can be selected to form a trimer. This restriction
on a pair of neighbours being more severe than that on a
single neighbour used for dimers, the amount of monomer

molecules is larger: m ~ 13%.

Appendix B: Calculation of the Bragg peaks
and diffuse scattering intensities
for the structural models

In the dimer or trimer model crystals, the n-mers long
axes orientations and positions are not correlated and the
monomers are randomly located. On average, the posi-
tions of the molecules are those of the initial crystal. The
crystal thus exhibits an average face-centred cubic symme-
try with unit cell parameter a, as observed experimentally.
The disorder due to the dimers or trimers random orienta-
tions and to the dimers or trimers and monomers random
relative positions gives rise to specific diffuse scattering.

To calculate the scattered intensity, we make summa-
tions over the 4xNj xNyx N3 molecules positions in the
starting monomer crystal or in the resulting dimerised or
trimerised ones: for a molecule M, the initial position is
Ry and the final one Ry 4+ uy, where uyy is the displace-
ment u associated with each molecule (see Appendix A).
We assume that Cgg monomers have random orientations
with respect to their centres of mass, and that molecules
in Cgp dimers or trimers form a rigid set, which can take
any orientation with respect to the n-mer long axis. No
positional Debye-Waller factor is considered in this first
approximation. In the following, one will calculate rota-
tional mean values of molecular form factors or of prod-
ucts of them (..}t within the scope of this hypothesis.

The scattered intensity I(q), where q is the wave vec-
tor, writes

I(q) ~

> (FuF) exp(iq(un — uyr)) exp (ig(Ry — Rar)) -
M, M’

s

It can be expressed as the sum of two terms: Ig+Ip, with

Is(q) ~ (Fm)(Fyy ) (exp(ig(un — unr)))

X Z exp(iq(Rm — Rmr))
M, M’

In(a) ~ Y (FuFyp) explia(um — uwr)) — (Fu) (Fp)
M, M/

x (exp(iq(um — unrr)))) exp(ig(Ra — Rar)).-

The first term gives Bragg peaks, associated with the av-
erage lattice, while the second one corresponds to diffuse
scattering, i.e. disorder or local order with respect to the
average lattice.
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Table 2. Parameters used to calculate the form factor of a Ceo
molecule averaged over its rotation around an axis of polymer-
ization i. The molecule can be decomposed into layers j at
abscissa z; A along the axis (the origin is at the centre of the
molecule). In a layer j, n(j) C atoms are located on a circle of
radius R; (A).

j Zj R; n(j)
1 0 3.54 4

2 0.72 3.47 12
3 1.17 3.34 8

4 1.42 3.24 8

5 2.30 2.69 8

6 2.59 2.41 8

7 3.02 1.85 8

8 3.47 0.70 4

The molecular form factors and their products, aver-
aged over orientational disorder, are given below.

The form factor of a Cgy monomer, averaged over all
its orientations, is given by

<F(Q)>orientations = 60f¢(¢])]0 (qR)

where jg is the spherical Bessel function of order 0, fc is the
form factor of carbon, ¢ is the modulus of the wave-vector
q and R is the Cgo molecule radius (R ~ 3.54 A).

For a molecule rotating around an axis i (i = 1-6 cor-
respond to the six near neighbour directions: [110], [110],
[011], [011], [101], [101]), the form factor writes

(F(Q))asxis i = fe(@) Y n(4) cos(qy (i)z;)Jo(qL (i) R))

j=1

where q(i) and g (i) are the components of the wave
vector q along the direction ¢ and perpendicular to it.
The index j runs over layers of atoms on the Cgy molecule
perpendicular to the axis i, with z; > 0, z; being the layer
abscissa along 7. I; is the distance of C atoms in layer j
to the axis i and n(j) is the number of atoms in layers
of abscissa +z;. Values of z;, R; and n(j) are given in
Table 2. Jj is the cylindrical Bessel function of order 0.

The mean value of the product (FyFyy/) is equal to the
product of the mean values (Fy) and (Fyp ) if M # M/ or
if M and M’ do not belong to the same n-mer. Indeed, in
this case, the molecular orientations are not correlated.

For M= M’= monomer, using the symmetry adapted
function formalism [32-34], one calculates

>

1=6,10,12,16,18...

(F(Q)F*(Q))y, = 47 f? (gui(qR))?

where g¢ = 2.56, g10 = 19.35, g12 = 7.89, g16 = 17.9,
gi1s = 38.2, and where j; represents the spherical Bessel
function of order .

If M and M’ belong to the same n-mer, one finds:

(F(a)F*(q))axis i =

F2(60 42 cos(qy (i) (i) Jo(qu (i)rj L (i)

>3’

where the indices j and j' refer to the atoms on a Cgg
molecule of the n-mer, with positions r; and r; with re-
spect to its center of mass, and where r;;/ (i) and r;;/ 1 (i)
are the components of the vector rj;; = r; —r; along the
axis i and perpendicular to it, respectively.

The diffuse scattering patterns simulated using the in-
tensities calculated as above present an inherent noise or
“speckle” effect due to the limited size of our model crys-
tals. To remedy this artefact we have built a number of dif-
ferent model crystals with 4xN;xNgx N3 molecules (the
crystals differ because the dimers (or trimers) are selected
at random) and the calculated intensities In have been
averaged over these crystals. Typically, this averaging is
efficient to smooth out the data and obtain satisfactory
diffuse scattering patterns for 100 crystals, composed of
4 x 10 x 10 x 10 = 4000 Cgo molecules.
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