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Abstract. The phase diagram of the newly synthesized mixed crystal Cgo-biphenyl is investigated as a
function of temperature by single-crystal X-ray scattering. Diffuse scattering investigations evidencing
complex disorder and local order effects are presented. Two phase transitions leading to two different dou-
blings of the high temperature unit cell are observed, at 212 K and 147 K. The first transition is attributed
to the ordering of twisted biphenyls, which couples to the orientational ordering of the Cgo molecules as
the temperature decreases. Full ordering of the Cgo molecules is achieved below 100 K only, in the low
temperature phase. The rich phase diagram of Cgo-biphenyl is due to the interplay between fullerene and

biphenyl ordering phenomena.

PACS. 61.10.Eq X-ray scattering (including small-angle scattering) — 61.10.Nz Single-crystal and powder
diffraction — 61.48.4+c Fullerenes and fullerene-related materials — 64.70.Kb Solid-solid transitions

1 Introduction

In the last few years much attention has been focused
on the study of the physical properties of fullerene ma-
terials, and in particular on the investigation of the elec-
tronic properties (conductivity and superconductivity) of
fullerene salts prepared by doping fullerene crystals with
alkali metals [1]. Further advances may be expected to
come from preparative chemistry through the synthesis
of different fullerene salts [1-3]. The strategy of prepar-
ing new compounds constituted by fullerenes and a dif-
ferent species, and to subsequently dope them with al-
kali metals, looks very promising for obtaining materials
with potentially attractive electronic properties. Neutral
mixed fullerene-biphenyl crystals Cgo[(CgHs)z2] have been
recently synthesized in this perspective [4]. This article
deals with the structural properties of the neutral com-
pound.

Although a significant number of neutral mixed com-
pounds of Cgp has been reported in literature (a non-
exhaustive list of references can be found for example
in references [2,5]), detailed structural investigations
are rare. In particular the potential orientational de-
gree of freedom linked to the specific shape of the
fullerene molecule has received little attention so far.
A few notable exceptions, where orientational disorder
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has been recognized and/or analyzed, are the cases of
Cs0(CsHg)s [6-8], Ceo(P4)2 [9] and the molecular com-
plex of hydroquinone and Cg [10]. Additionally, although
orientationally ordered, the Cgg molecules present strong
uniaxial librational motion in Cgq(BEDT-TTF), (BEDT-
TTF= bisethylenedithiotetarthiafulvalene) [11] and Cgo
(bis-BEDT-TTF)CS; [12]. In none of the above mentioned
examples, has any attempt to analyze orientational disor-
der by X-ray diffuse scattering been made. Indeed, up to
now, pristine Cgg and Cro remain the only fullerene mate-
rials on which a thorough analysis of disorder, either static
or dynamic, has been performed [13-15].

The structure of the fullerene-biphenyl crystal at
room temperature and at 155 K has been refined by
Pénicaud et al. [4] using four-circle X-ray diffraction data.
The results show that the structure is monoclinic at both
temperatures, with a doubling of the value of the pa-
rameter ¢ at 155 K (room temperature parameters are:
a=10424 A, b =16.932 A, ¢ = 10.32 A, 3 = 100.8°).
The space groups at room temperature and at 155 K are
C2/m and 12/a, respectively. The structure of the crys-
tal can be visualized as an alternation of fullerene planes
with biphenyl planes, both with nearly hexagonal packing,
along the direction c (see Fig. 1a). Fullerene-fullerene dis-
tances in the (a, b) plane are d = 9.94 A and 10.42 A, to
be compared to 10 A in pure Cgg. Tetrahedral empty sites,
delimited by a triangle of Cgg and by the hydrogen in meta
position of the biphenyl behind or facing the triangle are
present, and their size, comparable to that of the empty
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Fig. 1. Representation of the Cgp-biphenyl crystal structure
according to the data in reference [4]: (a) at room temperature,
where two Cgo orientations are superimposed; (b) an (a, c)
layer at 155 K, showing the doubling of the period along c. Fig-
ure la shows that fullerene (a, b) planes and biphenyl (a, b)
planes alternate along the direction c. The rhomb points to
nearly hexagonal packing in the (a, b) planes.

sites in pure Cgg, is suitable for doping. At room temper-
ature, the Cgp molecules are found to adopt two orienta-
tions, randomly distributed, while the biphenyl molecule is
flat. At 155 K, on the contrary, the two orientations of the
fullerenes are found to be ordered (they alternate along c;
Fig. 1b). Moreover, the biphenyl molecule is twisted with
an angle of ~22.9° between the two phenyl rings. The
biphenyl molecules exhibit two orientations, correspond-
ing to opposite twist angles and alternating along c.

In this article, we will present and discuss new X-
ray scattering results, obtained as a function of tempera-
ture, to determine the phase diagram of fullerene-biphenyl
and the order/disorder phenomena in this crystalline com-
pound. Let us mention that a detailed knowledge of the
structural properties of the neutral compound should be
useful to better control the alkali metal doping which is
under way [4].

2 Experimental results: X-ray diffraction
and diffuse scattering

The fullerene-biphenyl crystals have been prepared by
slow co-crystallization of a saturated solution of Cgy and
biphenyl in toluene at room temperature [4]. The size
of the crystal used for the present study is 0.1 x 0.2 x
0.5 mm3. Different X-ray scattering investigation meth-
ods have been used: (i) the precession technique, to ob-
tain undistorted patterns of selected reciprocal planes at
room temperature, (i) the fixed-crystal fixed-film tech-
nique under vacuum and using a cryocooler, to follow the
evolution with temperature of both the Bragg peaks and
the diffuse scattering, (iii) measurements on a three-circle
diffractometer (lifting-detector geometry) equipped with a
cryocooler, to obtain quantitative data for the Bragg peak
intensities. CuKa or MoKa radiations (corresponding to
wavelengths A = 1.5418 A and 0.711 A, respectively) were
selected by reflection on doubly-bent graphite monochro-
mators. Diffraction patterns, taken with techniques (i)
and (ii), were recorded with X-ray films or imaging plates.

The Cgp-biphenyl crystal was first characterized at
room temperature using the precession technique. The
analysis of precession photographs for different recipro-
cal layers reveals that the intensity of the Bragg reflec-
tions is in good agreement with that calculated using the
structural model of reference [4]. These photographs also
exhibit diffuse scattering features such as sharp streaks
parallel to b* and broad planes characterized by h+l =n
(integer).

Figure 2a shows a photograph taken at room tem-
perature using the Laue monochromatic technique with
A = 0.711 A which gives access to large wave-vectors. Two

intense diffuse halos at @ ~ 0.52 A" and Q ~ 0.84 AT!
are observed. These halos are typical of strong orienta-
tional disorder of Cgp molecules, as will be discussed in
Section 3. Other scattering features are also visible in Fig-
ure 2a (modulations of the diffuse intensity inside the ha-
los and some diffuse scattering outside the halos) and they
will be discussed in Section 3 as well.

Let us now consider the evolution of the scattering
features that occurs upon lowering the temperature.

Diffraction patterns obtained at room temperature
and at T' = 200 K are shown in Figures 3a and b. It can
be seen that superstructure Bragg peaks are present at
T = 200 K. Simulations of the diffraction pattern allowed
us to index these superstructure peaks: their indices are
(h, k, 1+ 1/2) when referred to the high temperature re-
ciprocal lattice (h, k and [ being integer). Moreover, they
satisfy the condition h + k + 2] = 2n in agreement with
what is expected for the body-centered monoclinic space
group I12/a and for the doubling of the parameter ¢, as
determined in reference [4] at 155 K. These results show
evidence that the structural transition between the two
monoclinic phases C2/m and 12/a observed at room tem-
perature and 155 K, respectively, as reported in refer-
ence [4], actually occurs above 200 K.

The intensities of the superstructure Bragg peaks
have been measured as a function of temperature using
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Fig. 2. (a) Fixed-crystal fixed-film photograph at room tem-
perature (MoKa radiation, A = 0.711 A, cylindrical film of
diameter ¢ = 57.3 mm), the crystal is mounted with (a+b)
approximately vertical perpendicular to the X-ray beam, (b)
simulation of the diffuse scattering for complete orientational
disorder of the Cgo molecules, (c) simulation of the diffuse
scattering for the Cgo disorder proposed in reference [4], with
two Cgo orientations. In (a), the arrows point toward dif-
fuse halos at Q ~ 0.52 A™" and 0.84 A7 (Q is defined by
Q = 2sin(0)/N).

a three-circle diffractometer. As a typical example, the
variation of the intensity of the superstructure peak (2,
9, —1.5) in the range 170—250 K is displayed in Fig-
ure 4. It shows that the transition between the mono-
clinic phases C2/m (phase I) and I12/a (phase II) occurs at
Tec1 ~ 212 K and that it is of second order. Pretransitional
diffuse scattering peaks are observed above Tg;. They
have been analyzed with Ornstein-Zernicke Lorentzian
correlation functions along the directions a*, b* and c*.

Fig. 3. Fixed-crystal fixed-film photographs taken at: (a) room
temperature, (b) 7' = 200 K, (¢) T = 100 K (CuKa radia-
tion, A = 1.5418 A, cylindrical film ¢ = 61 mm). The crystal
is mounted with (—a-4c) approximately vertical. The arrow
in (a) points toward the @ ~ 0.52 A™" diffuse halo. The ar-
rows in (b) point toward superstructure peaks corresponding to
a doubling of the parameter c. Those in (c¢) point toward super-
structure peaks corresponding to the unit cell (a+ b, a—b, c).
The sharp rings are due to diffraction from the sample holder.
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Fig. 5. Temperature dependence of the intensity of superstruc-
ture peaks of phases II and III: (a) (2, 9, —1.5) and (b) (1.5,
8.5, —1).

The correlation lengths thus obtained are shown as a func-
tion of temperature in the inset of Figure 4.

The comparison of the diffraction patterns at T =
200 K (Fig. 3b) and at 100 K (Fig. 3c) shows that an-
other phase transition occurs between 200 K and 100 K.
The superstructure peaks (h, k, I + 1/2) disappear while
new peaks around (h+1/2, k+1/2, 1), as indexed in the
high temperature phase structural basis, appear. The cor-
responding low temperature phase, evidenced here for the
first time, is named phase III.

Detailed three-circle experiments allowed us to show
that phase III has a triclinic symmetry, and that two types
of domains of phase III are present in the crystal, because
of the symmetry lowering from monoclinic to triclinic. Re-
finement of peak positions within one domain of phase III
leads to unit cell angles § and  which are almost the same
as for the high temperature phases (100.8° and 90°, re-
spectively), while the angle «, between the axis b and ¢, is
found to be 90.9°, instead of 90°. Moreover the analysis of
the orientational relationships between the domains shows
that the deviation of a from 90° mainly corresponds to a
change in the orientation of the axis ¢, while the planes
(a, b) are unchanged. Superstructure peaks at (h + 1/2,
k+1/2,1) correspond to a unit cell defined by the vectors
(a+b, a—b, c). The evolution of the intensities of the su-
perstructure peak (2, 9, —1.5), characteristic of phase II,
and of the (1.5, 8.5, —1) peak characteristic of phase III,
is displayed in Figure 5. The transition between phases I1
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Fig. 6. Intensity of the first diffuse scattering halo (Q ~
0.52 Ail) versus temperature.

and IIT is found to occur at Toe ~ 147 K and to be first
order with an hysteresis of about 4 K.

The evolution of the diffuse scattering halos with tem-
perature is revealed in Figures 3a—c. The diffuse scattering
intensity is quite strong at room temperature, decreases
at 200 K and becomes negligible at 100 K. This evolu-
tion has been followed quantitatively using measurements
made with the imaging plate and diffractometer tech-
niques, both techniques providing similar results (Fig. 6).
The intensity of the diffuse scattering halos is found to be
nearly constant in phase I. Below the second order transi-
tion at ~212 K, it starts decreasing until ~100 K, where
it disappears completely.

3 Discussion

The discussion is organized as follows. The structural rela-
tions between phases I, IT and III are discussed first. Then
we consider the complex diffuse scattering features mea-
sured at room temperature. The evolution of the diffuse
halos with temperature is finally presented with a possi-
ble scenario for the ordering phenomena as a function of
temperature.

The unit cells in phases I, IT and IIT are (a, b, c), (a,
b, 2¢) and (a+Db, a—b, c), respectively. Surprisingly, the
superstructure peaks characteristic of phase II disappear
in phase III. Both phases IT and III correspond to different
doublings of the phase I unit cell, a rather unusual feature.
Furthermore, the transition towards phase III corresponds
to a symmetry lowering with a change of the angle o from
90° to ~90.9°, due to a small reorientation of the axis c.
The tilt of the ¢ axis is probably induced by the complex
interactions which govern the stacking of the alternating
dense (a, b) layers of fullerenes and byphenyl molecules.
Finally, let us notice that the transition between phases I1
and III is first order, as expected between two phases with
no group to sub-group relation.

The room temperature diffuse scattering is complex
and composed of several components, which are recalled
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and discussed below: i) pretransitional diffuse peaks at
(h, k, 1 +1/2), ii) lines along b* iii) (hkl) planes with
h £ 1 = integer, iv) broad diffuse halos at wave vectors
Q~052A " andQ~084 A"

As shown in Figure 4, the (h, k, I +1/2) diffuse peaks
are due to pretransitional diffuse scattering. Correlation
lengths along directions a, b and c increase when lowering
temperature in phase I (see inset). The transition from
phase I towards phase II appears rather isotropic as the
correlation lengths are of the same order of magnitude.

The sharp diffuse lines along b* are associated to
stacking faults between (a, c) planes. The broad dif-
fuse planes with h £ [ = integer correspond to some
kind of disordered “chains” running along [1,0,£1] direc-
tions, where there is an alternation between biphenyl and
fullerene molecules, as shown in Figure 1b. The correla-
tion length along the chains, deduced from fitting the in-
tensity lineshape across the planes with a Lorentzian, is
about 50 A. The nature of these stacking faults and of
these “chains” would be interesting to clarify because it is
probably related to the interactions between the biphenyl
and fullerene molecules.

Let us now discuss in more details the diffuse scattering
halos observed at room temperature. We have considered
two different models with full and partial orientational dis-
order and the corresponding simulated diffuse scattering
patterns are shown in Figure 2b and c, respectively.

The simulation in Figure 2b was performed assum-
ing that the Cgy molecules can exhibit any orientation,
with equal probability, and that the relative orientations
of neighboring molecules are not correlated. The diffuse
scattering intensity was calculated from [16,17]:

Ip(Q) & fo(Q)* Y lguii(27QR)]? (1)
1#0

where Q is the modulus of the wave vector Q, fc is the
carbon form factor, g; is the Cgg molecular form factor
for the [ value of angular momentum, calculated within
the symmetry-adapted functions formalism [18], the func-
tions j; are spherical Bessel functions and R is the radius
of the Cgp molecule.

In Figure 2c, the simulation was performed for two
differently oriented molecules randomly distributed on lat-
tice sites. We have chosen the orientations deduced from
the structural analysis of reference [4]. As demonstrated
in reference [19], in such a case, the diffuse intensity reads:

Ip(Q) x| F1(Q) — F»(Q) |? (2)

where F1(Q) and F3(Q) are the form factor of the
Cgo molecule in its two orientations. The lack of agree-
ment between Figure 2a and c rules out the second model
of orientational disorder with two orientations for the
Ceo molecules at room temperature. A much better agree-
ment is found between Figure 2a and b, which shows that
the fullerene molecules exhibit strong orientational disor-
der with nearly all possible orientations at room temper-
ature [20]. Nevertheless, the presence of intensity mod-
ulations of the diffuse scattering halos, which take place

inside the Brillouin zone, indicates that some orientational
correlations between the Cgg molecules are present; their
analysis is not pursued here. Modulations of this type
have, for instance, been observed in pure Cgg [17,21,25]
and allowed one to test different models of intermolecular
interactions [13,22-25] and to determine intermolecular
orientational pair correlation functions [13,15].

The variation of the intensity of the first diffuse halo as
a function of temperature is shown in Figure 6. The inten-
sity is roughly constant in phase I. It starts to decrease
below 212 K in phase II, and it vanishes at ~100 K, in
phase ITI. We can thus assert that the orientational disor-
der of the Cgg molecules is unchanged with temperature
in phase I, while in phase II there is a progressive improve-
ment of the Cgg orientational order. At 155 K, the diffuse
scattering intensity is only 35% of the high temperature
value: roughly 65% of the molecules are now orientation-
ally ordered. The structural analysis performed at 155 K
in reference [4] shows that these Cgp molecules are or-
dered with two preferential orientations alternated along
the direction ¢ (as shown in Fig. 1b). The reason why the
ordering of Cgy occurs only progressively as a function of
temperature is still an open question.

Combining the results obtained in this article with
the structural refinements of reference [4], we can draw a
schematic picture of ordering phenomena in Cgg-biphenyl
as a function of temperature. At room temperature, strong
disorder is present, with, in particular, complete Cgg ori-
entational disorder that makes all the fullerenes equivalent
in phase I. The biphenyl molecules are, on average, flat.
The structure 12/a, determined for phase II at 155 K [4],
corresponds to the ordering of twisted biphenyl molecules
and of fullerenes with two orientations alternated along
the direction c. Our results on the progressive ordering
of fullerenes as a function of temperature in phase II, in-
fer that the transition between phase I and phase II at
212 K is in fact driven by the ordering of twisted biphenyl
molecules only. This ordering is indeed sufficient to sat-
isfy doubling of the unit cell along ¢ and the 12/a space
group symmetry requirements. The Cgg ordering starts
at ~212 K, after the second order phase transition, in
a compatible way with the 12/a symmetry. The Cgg ori-
entational ordering is not complete at the transition to
phase III (147 K) and it proceeds in this phase until com-
pletion at about 100 K. However, the superstructures and
symmetries of phases II and III are different, which implies
that a full re-ordering of both biphenyl and the already
ordered Cgp molecules occurs at the transition between
these two phases.

In brief, the phase diagram of Cgp-biphenyl is very
rich due to the combined ordering phenomena of its two
different molecular constituents. Concerning the progres-
sive ordering of the Cgg molecules, some similarity may
be noticed between Cgo-biphenyl and pure Cgg, as fol-
lows. In the low temperature phase Pa3 of pure Cg, the
Cgo molecules can take two sorts of orientations, orien-
tation ‘P’, with pentagons looking towards the double-
bond of neighboring molecules, and orientation ‘H’, with
hexagons facing these double-bonds [26]. The diffuse
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scattering disorder due to the existence of these two ori-
entations diminishes with temperature, while more and
more molecules get ‘P’ orientations [27,28].

4 Conclusion

In this work, we have performed a study of the phase di-
agram of fullerene-biphenyl Cgo[(CsHs)2] as a function of
temperature. The fullerene-biphenyl phase diagram is very
rich due to the interplay between fullerene and biphenyl
ordering processes. The results show that it is more com-
plex than indicated by previous four-circle measurements,
where two different monoclinic phases (phases I and II)
were evidenced at room temperature and 155 K [4]. In
particular, our results show the existence of a third phase
(phase III), observed below ~147 K.

The transition between phases I and II is shown to
occur at 212 K and to be second order. Phase II is charac-
terized by a doubling of the unit cell of phase I, due to the
doubling of the parameter c. Phase III is triclinic and it
corresponds to a different sort of doubling of the phase I
unit cell, with parameters (a+b, a—b, ¢). These different
unit cell doublings in phases II and III are unusual. The
transition between phases II and III occurs at ~147 K and
is first order with hysteresis. The original phase diagram
of Cgp-biphenyl would be worth studying in more details.
In particular, the effect of pressure would be interesting
to measure. Pressure may stabilize one of the low temper-
ature phases with respect to the other and, for instance,
lead to the suppression of the intermediate phase II with
a direct transition between phases I and III.

Several diffuse scattering features have been measured
at room temperature, evidencing complex disorder or local
order phenomena. In particular strong diffuse halos are an
evidence of Cgg orientational disorder. These molecules
start to get orientationally ordered below the transition
at 212 K, but they actually get completely ordered only
in phase IIT at ~100 K.
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