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Résumé. 2014 Une étude du cyclohexane adsorbé sur graphite a été effectuée par diffraction de
neutrons et de rayons X entre 77 et 260 K. Dans le domaine de la monocouche, trois structures
solides ont été observées qui sont, par ordre de densité croissante, une structure commensurable
~7 . ~7, (S1), une structure hexagonale incommensurable (S2 ), et une structure rectangulaire
centrée (S3 ). La température de fusion était située à 240 K, et un diagramme de phases proposé.
Une seule couche monomoléculaire est adsorbée à 77 K avant la condensation tridimensionnelle,
alors que deux couches sont adsorbées à 233 K. La formation de la seconde couche fait intervenir
une transition du premier ordre d’une monocouche hexagonale (S2) en une bicouche rectangulaire
centrée (S3)’

Abstract. 2014 An X-ray and neutron scattering study of C6H12 adsorbed on graphite has been
performed from 77 to 260 K. In the monolayer range, three solids have been observed ; they
exhibit, in order of increasing density, a commensurate ~7 . ~7 structure (S1), an incommensur-
ate hexagonal structure (S2)’ and a centered rectangular structure (S3 ). The melting temperature
has been located at 240 K, and a tentative phase diagram has been proposed. Only one layer is
adsorbed at 77 K before 3D condensation, whereas two layers are adsorbed at 233 K. The

completion of the second layer occurs according to a first order transition process from a

hexagonal monolayer (S2) to a centered rectangular bilayer (S3).
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1. Introduction. 

Rare gas adsorption on graphite has given rise to numerous thermodynamical and structural
investigations. In the case of more complex molecules, which were then. studied, 2D solid
phases with no equivalent plane in the bulk were found, some of them being commensurate
[2-4]. Such structures could be expected for cyclohexane (C6Hl2), owing to its molecule non
globular shape and large size. The thermodynamical properties of C6H12 films physisorbed on
(0001) graphite have been studied for the last years by adsorption isotherm measurements [5-
8]. In the most developed and recent investigation [8] a set of isotherms is presented in the
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203-293 K temperature range. The isotherms exhibit two steps, corresponding to the

adsorption of two monolayers before reaching the saturating vapour pressure. From the
temperature dependence of the second step pressure, the second layer was shown to appear at
145 K. Below this temperature, only one monolayer was assumed to be adsorbed. The first
layer critical temperature was estimated to be 237 ± 1 K. The completion of the first

monolayer was located on the isotherm at the beginning of the plateau between the two steps,
the adsorbed molecule cross being section 36.75 Â2 at this point. The second step height is
larger than that of the first : the ratio between the amounts respectively adsorbed at the first
and the second layer completion is 2.27. From these results, and on the basis of

thermodynamical considerations, the author concluded that the first isotherm step is

representative of a first order gas-liquid transition, the monolayer solidification occurring in
the plateau. This conclusion is grounded on the difference in adsorbed amounts at the

beginning and at the end of the plateau between the two isotherm steps (about 20 %). The
second step is assumed to represent the second monolayer adsorption, according to a first
order gas-solid transition process.

In spite of these assumptions, no information about the structure of C6H12 physisorbed films
was available until now. In this paper we report a structural investigation of these films by
neutron and X-ray diffraction, leading to a tentative phase diagram with three different solids
SI’ S2 and S3. Si is commensurate with a .J7 ..J7 structure ; S2 is hexagonal incommensurate
and S3 is centered rectangular.

2. Sample characteristics and preparation

The neutron diffraction experiments were carried out at the Laue Langevin Institute

(Grenoble, France) on the two axis D1B spectrometer, equipped with a multidetector. Two
series of measurements were performed. The incident beam wavelength was 2.517 Â for the
first one, and 2.525 Â for the second.
The X-ray diffraction experiments were performed with a 1 200 W generator producing the

CuK« radiation (wavelength 1.5418 Â) and a position sensitive detector [3].

2.1 SUBSTRATE. - The substrate was Papyex, manufactured by the firm « Le Carbone
Lorraine ». It is a compressed exfoliated graphite with large specific area and a preferential
orientation of the six-fold axis.
Two samples with different densities were used. The denser one is more suitable for

scattering experiments on adsorbed monolayers, and has been used in numerous studies [2, 3,
9-12]. It is compressed to 1.1 g. cm - 3, having a surface area estimated to be 20 m2. g-1 and a
mosaic spread of 38° (full width at half maximum [10]). X-ray scattering and one of the
neutron scattering experiments were carried out with it. But compression of exfoliated
graphite results in a decrease of the surface uniformity and in an increase of capillary
condensation phenomena during adsorption, especially when more than one monolayer is
adsorbed [10-13]. That is why part of the neutron scattering experiments were performed with
a less compressed Papyex, whose density was 0.1 g. cm- 3, specific area 40 m2 . g-1 and mosaic
spread 74° [10]. Under these conditions, a measurable signal of the adsorbed film could still be
obtained, and the adsorptive properties of the graphite surface were less altered by
compression than for the 1.1 g. cm - 3 density Papyex.
For X-ray as well as for neutron studies, the sample was a stack of Papyex disks arranged

parallel to the scattering plane. Details of the experimental procedure are given elsewhere
[2, 3, 10].
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2.2 ADSORBATE. - The temperatures of three dimensional (3D) cyclohexane triple and
critical points are :

The C6H12 molecule has a predominant stable configuration, the chair form, with a carbon-
carbon distance of 1.517 Â and a carbon-hydrogen distance of 1.084 Â [14, 15].
Three crystalline forms of cyclohexane are known [16, 17] :
- solid 1 is stable between 279.8 and 186 K. It is a plastic phase with a face centered cubic

cell ; a = 8.61 Â at 195 K ; Z = 4 ; the space group is fm3m ; the non-extinction rules are :

- solid II is stable below 186 K. At 115 K crystal data are : monoclinic cell ;
a = 11.23 Â, b = 6.44 À ; c = 8.20 À ; 03B2 = 108.83° ; Z = 4 ; space group probably C2/c ;
non extinction rules :

- solid III is a metastable phase obtained by quenching the liquid or solid 1 at 77 K.

Incomplete quenching of solid 1 leads to a mixture of solids II and III. Annealing of solid III
at temperatures between 120 and 186 K irreversibly gives solid II. The solid III structure is
not elucidated.

C6H12 was a Merck product of 99.7 % purity. It was purified by pumping on the condensed
phase at 193 K inside the introduction system. In order to enhance the coherent neutron
scattering cross-section of the film, deuterated cyclohexane (C6D12) delivered by the C.E.A.
(Saclay, France) was used. C6D12 was kept under argon and transferred under vacuum into
the introduction system.

2.2 ADSORPTION PROCEDURE. - For all experiments, the gas was introduced in contact with
the sample at 233 K, so as to control the adsorption equilibrium by pressure measurements.
Lower temperatures were then slowly reached (0.5° . min-1 cooling) to avoid gas condensation
on the cell walls. Figure 1 shows a schematic drawing of an adsorption isotherm at 233 K, in

Fig. 1. - Schematic drawing of an adsorption isotherm of cyclohexane on graphite at 233 K, 0 :

fractional coverage ; P : equilibrium pressure.
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order to define the different cyclohexane coverages which have been studied. The completion
of one monolayer is located at the end of the plateau between the two steps. From the slope of
this plateau, it can then be deduced that its beginning corresponds to 0.8 monolayer.

3. Results.

3.1 NEUTRON SCATTERING STUDY OF C6H12 ADSORPTION IN THE MONOLAYER AND SUB-
MONOLAYER REGIME. - Figure 2 shows diffraction patterns obtained at 233 and 77 K

respectively for a 0.9 monolayer C6D12 film adsorbed on 1.1 density Papyex. The scattering
from the substrate has been subtracted. Three Bragg peaks can be distinguished in both
difference spectra, the most intense of which clearly exhibits the sawtooth profile character-
istic of diffraction from a 2D polycrystal. The fourth peak, observed at Q = 2.21 Å-1 on the
77 K spectrum is likely to be due to a bad subtraction of the (110) aluminium peak arising
from the diffraction cell. The positions of the three Bragg peaks observed on both spectra are
those of a hexagonal structure of parameter 6.35 Â, which is incommensurate with respect to
the substrate.

Fig. 2. - Neutron diffraction spectra of 0.9 monolayer cyclohexane films adsorbed on 1.1 density
Papyex. (a) : 77 K ; (b) : 233 K. The smooth curve is the calculated diffraction profile according to the
model of Ruland and Tompa.

The relative intensities of the Bragg reflections in the 233 K spectrum, corrected from the
Lorenz factor, are 100, 7, 18. They are in good agreement with those calculated from the
structure factor of a freely rotating C6H12 molecule (100, 8, 13).

This model could not be applied to the 77 K spectrum for which the relative intensities of
the same Bragg peaks are 100, 23 and 62. The experimental peaks were then fitted with those
calculated by means of the model of Ruland and Tompa [18, 19] for a fixed position of the
C6H12 molecule. The Debye Waller factor was set equal to unity, the three fitting parameters
being the three Euler angles (03C8, ~ and 0) which determine the orientation of the molecule,
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represented in figure 3. These angles were systematically varied to find the best agreement
between calculated and observed Bragg profiles. The best fit, obtained for tu =133° ± 2,
0 = - 148’ - 2 and 0 = -16° ± 2, is shown in figure 2. Whereas several orientations give the
good relative intensities of the peaks, this is the only one which leads to a profile close to the
experimental spectrum. This is due to the dependence of the structure factor on

qz, to which each line profile is very sensitive [11, 20]. The spectra obtained on 0.1 density
Papyex under the same conditions of coverage and temperature are quite similar (Figs. 5a and
8a).
The spectrum obtained at 200 K and 0.7 layer coverage is very similar in shape to that of the

0.9 layer, 233 K, except that the positions of the three Bragg peaks are those of a hexagonal
structure with 6.51 Å parameter, instead of 6.35 Â previously determined, and correspond to
a commensurate 7 . J7 solid. This structure has already been observed for several
adsorbates on graphite, among which benzene [21, 22, 23] whose molecular shape is relatively
close to that of C6H12. The unit cell area is then 36.7 Â2 . This value is in very good agreement
with the molecular cross-section estimated from volumetric measurements (36.7 Â 2, [8]) at
the beginning of the plateau between the two isotherm steps (0.8 monolayer adsorbed with
our conventions).

Fig. 3. - Schematic drawing of the cyclohexane molecule in the chair-form configuration,
Ø , 03C8 and 0 are the Euler angles.

Figure 4 shows the changes in shape of the (10) Bragg peak at 0.7 monolayer coverage with
temperature between 200 and 260 K. From the broadening of the peak with increasing
temperature, melting may be located at 240 ± 5 K, which is very close to the 2D critical
temperature (237.5 K) previously determined [8]. This observation suggests the existence of
an incipient triple point for the cyclohexane monolayer.

In conclusion to these first results, C6Hi2 adsorbed on graphite up to 0.9 monolayer was
shown to form a solid with hexagonal structure whose arameter depends on the film density.
The lowest density is that of a commensurate /7. 7 solid, which forms according to a first
order transition (first step on the isotherm) and whose melting temperature is 240 K.
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Fig. 4. - (10) diffraction profiles of 0.7 layer cyclohexane film adsorbed on 1.1 density Papyex.
Dependence on temperature.

3.2 NEUTRON SCATTERING STUDY OF C6H12 ADSORPTION FOR COVERAGES HIGHER THAN
ONE MONOLAYER. - Higher cyclohexane coverages have been studied on 0.1 density Papyex
because, as it has already been emphasized, capillary condensation occurring during
adsorption is less significant than on 1.1 density Papyex.
The first reported results were carried out at 77 K, the thermodynamical study conclusions

being that only one C6H12 monolayer can be adsorbed on graphite at this temperature [7, 8].
Figure 5 shows diffraction spectra measured when C6H12 amounts equivalent to 1.3 and 2
monolayers respectively were introduced in contact with the substrate. They are different
indeed from that of the 0.9 layer, and exhibit at least eight new Bragg peaks. Moreover, the
relative intensities of two peaks, whose position is marked by an arrow in figure 5, clearly
increase with increasing C6H12 amount, which could be assigned to 3D condensation. These
results would then corroborate the previous assumption [7, 8] according to which only one
monolayer can be adsorbed at 77 K.

In order to determine more accurately what part of these spectra can be assigned to 3D
C6Hl2 crystallites, an amount equivalent to 15 C6H12 layers was introduced in contact with
graphite. The resulting spectrum is presented in figure 6, and is mostly 3D, as can be seen
from the symmetrical shape of the Bragg peaks. The positions of all the Bragg peaks of the
previously elucidated monoclinic structure [16, 17] are found in the explored angular domain.
Some other peaks, marked by an arrow in figure 6, are also observed. But, as has already
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Fig. 5. - Neutron diffraction profiles of cyclohexane films adsorbed on 0.1 density Papyex at 77 K :
(a) : 0.9 layer ; (b) : 1.3 layer ; (c) : 2 layers. Peaks marked by an arrow clearly increase with increasing
coverage.

Fig. 6. - Neutron diffraction profile of 3D cyclohexane at 77 K. Bragg peaks marked by an arrow
cannot be assigned to the monoclinic phase II. They probably originate from the metastable

cyclohexane phase III.
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been emphasized, incomplete quenching at 77 K of the high temperature (T&#x3E; 186 K) 3D
phase results in a mixture of the monoclinic phase and a metastable phase, whose structure is
not yet elucidated [16, 17]. As C6 H12 was introduced at 233 K and then cooled from 233 to
77 K, we think that these extra peaks originate in the metastable structure.
Coming back to the diffraction patterns shown in figures 5b and 5c, as could be expected,

the Bragg peaks whose relative intensity increases with increasing C6H12 amount in contact
with graphite are also observed in the 3D spectrum shown in figure 6. But the positions of the
other Bragg peaks are also either the same or very close to those observed in the 3D

spectrum. We tried to suppress the 3D contributions in figures 5b and 5c by subtracting from
these patterns the figure 6 3D spectrum multiplied by the ratio of measured intensities of the
typically 3D Bragg peak at Q = 1.61 A-1 1 respectively in figure 6 and in figures 5b and 5c
patterns. The measured values of these ratios are very close to those calculated, assuming that
the 3D contributions in figures 5b and 5c correspond to C6H12 amounts equivalent to 0.3 and 1
layer respectively in accordance with the assumption that only one layer is adsorbed at 77 K.
Results are shown in figure 7. The two patterns initially corresponding to the 1.3 and 2 layer
coverages are very similar in shape and intensity. Six Bragg peaks can be distinguished in both
spectra, whose positions correspond to a centered rectangular structure with the unit cell
parameters a = 5.63 Â, b = 6.06 Â and y = 117.65". The unit cell surface area is then

30.2 Â2, instead of 36.7 Å2 for the V7 . 7 commensurate structure. Such a decrease in the
surface area may be assigned to a change in the molecule tilting with respect to the graphite
surface with increasing C6 H12 coverage up to one monolayer. We did not find a satisfactory fit
of the diffraction profiles shown in figure 7 with that calculated according to the model of
Ruland and Tompa, whatever the orientation of the molecule. This discrepancy might be due
to an anisotropic Debye-Waller effect ; but a calculation taking this effect into account would
involve too many parameters for the fit to keep a physical significance.
The same C6H12 coverages have also been studied at 233 K. At this temperature, it has been

established from adsorption isotherm measurements that two C6Hl2 layers can be adsorbed on

Fig. 7. - Cyclohexane adsorbed on Papyex 0.1 at 77 K. Scattering profiles obtained by subtracting the
3D contribution to the 1.3 layer film (a) and 2 layers film (b) spectra.
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Fig. 8. - Neutron diffraction profiles of cyclohexane films adsorbed on 0.1 density Papyex at 233 K :
(a) : 0.9 layer ; (b) : 1.3 layer ; (c) : 2 layers.

Fig. 9. - Neutron diffraction profile of a 1.3 layer cyclohexane film on 0.1 density Papyex at 233 K. The
smooth curve is obtained by summing 0.7 x (0.9 layer spectrum) and 0.3 x (2 layers spectrum) at the
same temperature.



3142

graphite before reaching the saturating vapour pressure. Figure 8 shows the diffraction

patterns of 1.3 and 2 layer films. When two layers are adsorbed (Fig. 8c), six Bragg peaks can
be distinguished in the spectrum, very similar to those obtained for a complete monolayer at
77 K (Fig. 7). It may be assumed to correspond to the same structure with slightly different
parameters (a = 5.75 Â, b = 6,09 Â, y =118.15°) due to thermal expansion. In the 1.3 layer
pattern, the first two Bragg peaks (Q = 1.17 and Q = 1.26 Â-1) already observed for the two
layer pattern are also observed at about the same positions, but with reversed relative
intensities. Such a pattern can be obtained by a linear combination of 0.9 and 2 layer spectra,
as shown in figure 9. This observation implies the coexistence of the hexagonal 0.9 layer phase
with a bilayer phase a rectangular structure during the first order transition process of second
layer formation. Figure 9b has been obtained, assuming that 70 % of the graphite surface is
covered with a monolayer of hexagonal structure and 30 % with a bilayer, which corresponds
exactly with the 1.3 layer total coverage.
The spectrum presented in figure 10a is obtained at 233 K when a cyclohexane volume

equivalent to 15 layers is introduced in contact with the sample. Subtraction of the two layer
spectrum (Fig. 8c) from figure 10a leads to the pattern of figure 10b on which the Bragg peaks
are much more symmetrical, and characteristic of a 3D phase. This observation is in

agreement with thermodynamical results, according to which two layers are adsorbed at
233 K before reaching the saturating vapour pressure. The Bragg peak positions are those of
the face centered cubic structure previously found for the 3D cyclohexane crystal at this
temperature [16, 17].

Figure 11 shows the scattering profile obtained when cooling the two layer film to 150 K.
Typically 3D peaks arise (marked by an arrow in Fig. 11), whereas the relative intensities of
the first two Bragg peaks are reversed with respect to the same coverage spectrum at 233 K.
These features probably mean that the second adsorbed layer is stable only for temperatures
higher than predicted from thermodynamical results (145 K) [8].

Fig. 10. - Neutron diffraction profile of 3D cyclohexane at 233 K : (a) spectrum obtained when a
cyclohexane amount equivalent to 15 layers is introduced in contact with 0.1 density Papyex ; (b) the
same when the two layers spectrum has been subtracted.
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Fig. 11. - Neutron diffraction spectrum of a two layers cyclohexane film adsorbed on 0.1 density
Papyex at 150 K. Bragg peaks marked by an arrow are clearly 3D.

In conclusion to this section, it was shown from a neutron diffraction study on 0.1 density
Papyex, in agreement with thermodynamical results, that only one cyclohexane layer is

adsorbed on graphite at 77 K, while two layers are adsorbed at 233 K before 3D

condensation. The densest structure of the monolayer adsorbed at 77 K has a centered
rectangular unit cell. The same structure is observed when two layers are adsorbed at 233 K.
The second layer filling at 233 K involves a first order transition from one layer with
hexagonal structure to a bi-layer with a centered rectangular structure.

3.3 X-RAY SCATTERING STUDY. - In the diffraction pattern obtained with X-rays incident
upon a 0.9 layer cyclohexane film adsorbed at 77 K, two Bragg peaks are observed around
Q = 1.14 Â-1 and Q = 2.36 Â - 1, which can be assigned to the same hexagonal incommensur-
ate structure as observed in neutron scattering experiments. The intensities of the two
observed peaks are in the ratio 100-16, instead of 100-62 as observed in the neutron scattering
pattern measured at the same temperature and cyclohexane coverage (Fig. 2). This

discrepancy can be explained by the difference in neutron and X-ray scattering cross sections
of the C6H12 atoms. Using the model of Ruland and Tompa with the orientation determined
by neutron scattering for the same coverage and temperature for the C6H12 molecule, the
intensities of the Bragg peaks located at Q = 1.14 Å - 1 and Q = 2.36 Å-1 are in the ratio
100/13, in good agreement with the observed values on the X-ray scattering profile. This
corroborates the validity of this orientation.

In the following analysis we shall only consider the small angle Bragg peaks (Q  1.4 Å-1 )
and assume that the observed structures are the same as those determined by neutron
scattering when the peaks are located at the same wave vectors as in the full neutron-

scattering profiles. Figure 12 shows a sequence of X-ray diffraction patterns at a fixed

coverage of 1 monolayer, and various temperatures. Within the considered wave vector
range, only one Bragg peak is observed between 233 and 111 K, whose position varies from
Q = 1.14 Å-1 1 to Q = 1.17 Å-1 with decreasing temperature. This peak can be assigned to

JOURNAL DE PHYSIQUE. - T. 50, N° 20, 15 OCTOBRE 1989
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Fig. 12. - X-ray diffraction profile of a one layer cyclohexane film adsorbed on 1.1 density Papyex.
Dependence on temperature : (a) : 77 K ; (b) : 104 K ; (c) : 107 K ; (d) : 111 K ; (e) : 160 K ; (f) :
233 K.

the incommensurate hexagonal phase already determined, with a unit cell parameter
continuously decreasing with decreasing temperature, down to a value of 6.25 A at 111 K. A
new Bragg peak (Q = 1.26 Å-1 ) arises at 107 K, whose relative intensity with respect to the
first peak (Q =1.17 A-1 ) increases when decreasing temperature. The features observed at
77 K are those of the centered rectangular solid already elucidated by neutron scattering
experiments. Spectra at 107 and 104 K may be obtained by a linear combination of the
hexagonal structure one peak pattern with the rectangular structure two peaks pattern,
implying the coexistence of these two structures (Fig. 13).
The main contribution of X-ray scattering experiments to this study is then to enable the

determination of the type of transition occurring between the different phases of a solid
C6H12 film adsorbed on graphite in the monolayer range. There is a continuous transition
from a B/7 . B/7 commensurate to hexagonal incommensurate structure with progressive
decrease of the unit cell parameter. The transition from the incommensurate hexagonal phase
to the centered rectangular phase is first order, evidenced by the coexistence of the two solids.

4. Conclusion.

All the results obtained in the first monolayer range are summarized in the phase diagram
proposed in figure 14. The different temperatures and coverages studied either by neutron
scattering or by X-ray scattering are reported in the diagram, and enable to locate the
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Fig. 13. - X-ray diffraction profiles of one layer cyclohexane film adsorbed on 1.1 density Papyex, (a)
107 K. The smooth curve is obtained by summing the 77 K spectrum with 0.9 x (111 K spectrum) ; (b) :
104 K. The smooth curve is obtained by summing the 77 K spectrum with 0.4 x (111 K spectrum).

Fig. 14. - Phase diagram for a cyclohexane monolayer on graphite : 0 : fractional coverage ;

Si : commensurate J7 . J7 phase ; S2 : incommensurate hexagonal phase ; S3 : centered rectangular
phase ; H.F. : hypercritical fluid ; (e) physical conditions for neutron scattering experiments ; (*)
physical conditions for X-ray scattering experiments.

boundaries of existence or coexistence domains of the different phases. The three observed
solid structures are, in order of increasing density : 
- a commensurate hexagonal Vi. ô structure (S1 ) with unit cell parameter
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- an incommensurate hexagonal structure (S2) with unit cell parameter continuously
varying from 6.51 to 6.25 Â ;
- a centered rectangular structure with unit cell parameters a = 5.63 Â, b = 6,06 Â,

y =117,65°.
The phase transition Sl-S2 is continuous.
The phase transition S2-S3 is first order.
The melting temperature of the Si structure, studied for a 0.7 layer coverage, was estimated

to be 240 K.

Moreover, it was shown that only one monolayer is adsorbed at 77 K before 3D

condensation, whereas two layers are adsorbed at 233 K. The rectangular structure

S3 is also observed for the 2-layer film at 233 K. The second layer completion occurs according
to a first order transition process from a hexagonal monolayer (S2 ) to a centered rectangular
bilayer (S3).
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