
The investigation of mixed monolayers adsorbed from solution :
octane and nonane mixtures on graphite¤

Miguel A. Castro,a Stuart M. Clarke,*b Akira Inaba,c Thomas Arnoldd and Robert K. Thomasd

a Instituto de Ciencia de Materiales de Sevilla, Avda, Americo V espucio, Sevilla, Spain
b Cavendish L aboratory, Madingley Road, Cambridge, UK, CB3 0HE,
c Department of Chemistry and Research Centre for Molecular T hermodynamics, Graduate
School of Science, Osaka University, T oyonaka, Osaka 560-0043, Japan

d Physical and T heoretical Chemistry L aboratory, South Parks Road, Oxford, UK OX1 3QZ

Received 30th July 1999, Accepted 16th September 1999

The combination of sensitive calorimetry, incoherent elastic neutron scattering and neutron di†raction has
been used to demonstrate the formation of solid layers containing both octane and nonane adsorbed onto
graphite from the binary alkane mixture. This combination of methods allow us to characterise the adsorbed
layer in some detail including the absolute composition and melting temperature as a function of solution
composition. The evidence presented here suggests that the two alkanes exist on the surface as patches of pure
material not as a single crystal incorporating both alkanes.

Introduction

The presence of solid monolayers of simple alkanes, alcohols
and carboxylic acids adsorbed from solution to a solid
surface, typically graphite, has been a signiÐcant issue for
many years. The early calorimetry and isotherm
measurements1h4 suggested that the adsorption was sufficient-
ly strong that ordered layers could be formed. These mono-
layers have a role in many important interfacial phenomena,
but their characterisation is difficult, largely because of the
presence of the solution. Recently structural information from
techniques such as specular neutron reÑectivity5 and scanning
tunnelling microscopy (STM)6 has started to become avail-
able. However, reÑectivity measurements only provide struc-
tural information normal to the plane of the interface and
there is still often signiÐcant uncertainty over the interpreta-
tion of the results from STM techniques. Recently we have
developed the more direct methods of incoherent elastic
neutron scattering7 and coherent neutron di†raction8h10 to
clearly identify the presence of solid monolayers adsorbed
from solution and provide crystallographic detail of their
structures. Neutron di†raction has been used previously to
investigate the adsorption of solid monolayers of pure
alkanes.11h13 These techniques have the sensitivity to dis-
tinguish the surface layer from the bulk phases while mini-
mising the problem of obtaining adequate transmission. With
techniques such as these, which are not surface speciÐc, it is
desirable to enhance the relative contribution from the
adsorbed layer by using powdered, high speciÐc surface area
substrates and to reduce the quantity of bulk solution phase
to a minimum. Previous calorimetry measurements on related
systems indicate that the minimum amount required to have
the characteristics of the true bulk solution phase is of the
order of 5È10 monolayers.10

Incoherent elastic neutron scattering is a powerful tool for
the investigation of monolayers adsorbed from pure materials
and solutions7,8 providing unambiguous information on both
the state and absolute composition of an adsorbed layer and

¤ Contribution No. 6 from the Research Centre for Molecular Ther-
modynamics.

the surface area per molecule on the surface. SigniÐcantly, this
technique is able to distinguish the individual behaviour of
each component of multicomponent solutions8 even when the
components are as similar as octane and nonane. Neutron
scattering techniques are time consuming and difficult mea-
surements to make so calorimetry has been used in this work
to survey the temperature and composition behaviour to
target neutron measurements.

In our previous work we have employed binary mixtures of
alkanes and long chain carboxylic acids8 and binary mixtures
of alkanes of di†erent lengths.10 In these cases one component
was much more strongly adsorbed than the other, principally
due to the di†erences in chain length with the longer mol-
ecules more strongly adsorbed. In this work we consider mol-
ecules that are very similar in length, octane and nonane(C8),over a wide concentration range. Because the strength of(C9),adsorption of the two molecules is similar, we may expect
more e†ective competitive adsorption and a behaviour that is
sensitive to solution composition.

In this paper the adsorption behaviour of the binary mix-
tures of the linear alkanes, octane and nonane on(C8) (C9)graphite are investigated using incoherent elastic neutron scat-
tering (IQNS) in combination with calorimetry and neutron
di†raction. Two calorimetry methods have been used, di†eren-
tial scanning calorimetry (DSC), to characterise these
materials over a wide range of composition, coverage and
temperature and adiabatic calorimetry, a more accurate
method, to address particular compositions of interest in more
detail. Incoherent elastic neutron scattering measurements
conÐrm the presence of solid adsorbates and allow determi-
nation of the absolute composition of the monolayers.
Neutron di†raction also conÐrms the formation of solid
monolayers, provides an independent estimate of composition
and provides a means of characterisation of the structure of
the mixed monolayer observed.

Experimental
Only a brief outline of the IQNS, calorimetry and neutron
di†raction techniques are presented here ; full details can be
found elsewhere.
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IQNS

The experimental approach is based on the underlying prin-
ciple that the intensity of incoherent elastic scattering depends
upon the quantity of solid material present in the sample
cell.9,10 This technique is sufficiently sensitive to observe sub-
monolayer quantities of solid material even in the presence of
signiÐcant quantities of liquid or solution. In this work we are
principally concerned with the evolution of the elastic scat-
tering intensity with temperature and, as discussed pre-
viously,10 the high resolution of the instrument IN10 at the
Institut Laue-Langevin, Grenoble, France, enables us to
obtain this information directly. The intensity of incoherent
scattering is particularly strong for protons, even relative to
deuterons, which means that isotopic labelling can be used to
investigate individual components of multicomponent
systems.8

In these experiments each sample of graphite is dosed with
one alkane and then the other alkane is sequentially added to
sweep the mole fraction of the mixture. During this experi-
ment two shapes of sample can were employed. Initially a Ñat
can was used to optimise the illuminated volume of sample
without causing transmission problems. However, it proved
difficult to replace and orient the sample, after dosing with
alkanes, in a repeatable fashion leading to a small but signiÐ-
cant variation in scattering level and background. Subse-
quently a cylindrical can was used, which enabled a much
more reliable repositioning of the sample after dosing with
very repeatable scattering and background levels. The mea-
sured transmission of the dosed samples was approximately
80% in both cases.

Di†erential scanning calorimetry (DSC)

The DSC measurements were performed on two Perkin-Elmer
DSC7 systems at the Polymers and Colloids Group, Caven-
dish Laboratory and at the Department of Materials Science
and Metallurgy, both at the University of Cambridge, as dis-
cussed previously.10 The minimum temperatures accessible
with these instruments were [ 65 ¡C and [ 130 ¡C, respec-
tively. The heating rate used was 10 ¡C min~1.

Adiabatic calorimetry

The method and experimental details of adiabatic calorimetry
have been presented in detail elsewhere.14 Essentially, the heat
capacity of a sample of substrate (graphite) dosed with a
known amount of adsorbate is directly determined as a func-
tion of temperature by adding tiny amounts of electrical
heating energy to the sample and measuring the temperature
rise. Transitions are indicated as peaks in the heat capacity.

Neutron di†raction

The neutron di†raction measurements presented here were
performed on the OSIRIS instrument at ISIS, Rutherford
Appleton Laboratory, Chilton, Didcot, Oxfordshire, UK.
Pulses of neutrons from the source, via a methane moderator,
are selected into wavelength batches by two choppers and are
scattered by the sample to a bank of detectors in an almost
back scattering geometry. This geometry gives high resolution.
The wavelength of the scattered neutrons is determined from
their time of Ñight.

Samples

The recompressed exfoliated graphite, Papyex (Le Carbone
Lorraine), was used as adsorbent in these experiments with a
speciÐc surface area10 of 14 m2 g~1. Protonated alkanes were
obtained from Aldrich, and puriÐed by passage through an
alumina column (Brockmann I, activated, basic). Deuterated
nonane was obtained from Cambridge Isotope Laboratories

and deuterated octane from Aldrich, both with a quoted deu-
teration level of T99%. The graphite substrates were outgassed
under vacuum in an oven before known quantities of the
adsorbates were added as liquid and annealed at a tem-
perature just below the bulk boiling point.

It is convenient to prepare samples with coverages in terms
of a number of equivalent monolayers. This requires estimates
of the surface area per molecule (octane 52.4 A2 and nonane
57.6 A2)4 and the speciÐc surface area of the particular sample
of graphite (14 m2 g~1). From now on we refer to equivalent
monolayers as monolayers. The solution composition will
depend upon the composition of the adsorbed monolayer if it
has a di†erent composition to the solution. However, where
there are reasonable quantities of bulk solution present the
adjustment of the concentration by adsorption is small. In this
work we make the approximation that the solution composi-
tion is unchanged by adsorption.

For the DSC measurements approximately 20 mg of graph-
ite was used dosed with fully protonated materials. The total
coverage was in excess of 40 monolayers. Approximately 10 g
of graphite was dosed with fully deuterated materials for the
neutron di†raction measurements to reduce the incoherent
scattering that would have arisen if protonated materials were
used. Mixtures of both protonated and deuterated alkanes
were used for the IQNS measurements as discussed below. In
the adiabatic calorimetry 9.21 g of graphite was dosed with
adsorbate (10 equivalent monolayers of octane required 475
mg and 10 equivalent monolayers of nonane 477 mg).

Results
Di†erential scanning calorimetry

Fig. 1 shows the DSC thermogram for a mixture of octane
and nonane adsorbed on graphite at mole fraction of octane

of 0.75 and a total coverage equivalent to about 40(Xoct)monolayers. The graphs are plotted such that an upward peak
corresponds to an endothermic transition. Over the tem-
perature range investigated here there are no features in the
DSC thermogram of graphite alone. By comparison of DSC
thermograms with and without graphite, the two peaks in Fig.
1 at the lowest temperatures can be shown to arise from the
bulk solution. Note that at this high coverage the temperature
of the bulk transitions are identical whether or not graphite is
present. This would not necessarily be the case at lower total
coverages.10 Since the highest temperature peak only appears
when both graphite and alkanes are present, it must be associ-

Fig. 1 DSC thermogram of octane and nonane mixture, with Xoct \0.75, on graphite. Upward peaks correspond to endothermic tran-
sitions. The inset shows the monolayer transition region in more
detail.

5018 Phys. Chem. Chem. Phys., 1999, 1, 5017È5023
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ated with an adsorbed layer. The results of measurements at
the same total coverage but over the full range of solution
composition are summarized in Fig. 2.

Bulk behaviour. The higher of the two bulk transitions is
taken to be the bulk melting point. Starting with one pure
component, this shows the expected depression in freezing
point as the other component is added. Over the composition
range from about to 0.75 this melting point isXoct \ 0.45
approximately constant. The lower temperature transition
moves to a lower temperature with increased mole fraction of
octane. The peak magnitude for this second transition
decreases with increasing octane mole fraction until it cannot
be observed at of approximately 0.8. For compositionsXoctbetween about 0.3 and 0.9 the higher of the two peaks(Xoct)also has a low temperature shoulder, which, over the range
that we can observe it, occurs approximately at 212 K. It is
tempting to attribute this to a eutectic line but there are
strong reasons for supposing that it is not, and we return to
this below.

Pure bulk nonane forms a rotator phase just before
melting15 and we interpret the lowest temperature transition
for pure nonane in Fig. 2 as a transition to this rotator phase.
The range of stability of rotator phases is generally found to
be enhanced by additives16 and this behaviour is also unam-
biguous in Fig. 2 as octane is added. Pure octane, however,
does not form a rotator phase15 and it is therefore not sur-
prising that the rotator phase transition weakens and even-
tually disappears at high octane mole fractions. The most
important consequence of the variation of the temperature of
transition to the rotator phase with composition is that it
must mean that octane forms a solid solution in nonane over
the composition range over which this temperature variation
is observed. It is this observation that makes it impossible that
the shoulder at about 212 K is associated with a eutectic line.
For a eutectic to exist there has to be a two-phase region at
temperatures below the eutectic temperature. The conse-
quence of this is that over a signiÐcant range of composition
around the eutectic composition the two phases have to have
a Ðxed composition and one of these phases is the rotator
phase. However, the rotator phase transition shows quite
unambiguously that the composition of the rotator phase in
this region of composition is varying continuously. Hence,

Fig. 2 Coverage and temperature dependence of the bulk and mono-
layer transitions of octane and nonane mixtures on graphite. The
Ðgure includes transitions observed with and without the graphite
substrate used to identify bulk transitions. Lines are provided as
guides to the eye.

octane and nonane in the bulk do not form a eutectic. A phase
diagram that is consistent with all the data is shown schemati-
cally in Fig. 3. It indicates that bulk nonane and octane form
a continuous range of solid solutions. The presence of the
minimum in the melting temperature of the mixture indicates
that mixing in the solid state is not ideal. Evidently, the dis-
parity in size is sufficient to cause some non-ideality.

The phase behaviour of other binary mixtures of shorter
alkanes di†ering in chain length by one unit has beenCH2reported.17 In each of the systems reported (C11/C12 ,

and the crystals struc-C12/C13 , C13/C14 , C14/C15 C15/C16)tures of the two alkanes di†er, being orthorhombic (“oddÏ) and
triclinic (“evenÏ), and the phase diagrams clearly exhibit non-
ideal behaviour. The phase diagrams of andC12/C13 C14/C15 ,
are qualitatively similar, e.g., exhibiting a pronounced
minimum in the melting curve and the same behaviour of the
onset of a rotator phase, to that determined here for octane
and nonane, even though the bulk crystal structures of octane
and nonane are both triclinic. It is interesting that in another
binary alkane mixture and mixing is ideal but can(C19 C21)be made non-ideal (i.e., a temperature minimum) by going to
high pressures.18

Monolayer transitions. The heat capacity peak at tem-
peratures above the bulk melting point in Fig. 1 can be attrib-
uted to a transition of an adsorbed layer. As for the bulk
material the transition temperature falls from either pure com-
ponent giving rise to a pattern that more closely resembles
eutectic formation than did the bulk, but with an apparent
eutectic composition richer in octane. The greater resemblance
to a eutectic is that the decline of temperature towards the
apparent eutectic is greater and sharper than was found for
the bulk melting point. It is important to note that DSC is
unable to distinguish which component or mixture of com-
ponents is adsorbed at any composition, except at the limits of
the pure single components. The value of such a eutectic tem-
perature would, of course, be the true eutectic temperature,
but the eutectic composition would be undetermined because
we do not know the composition of the adsorbed layer, only
the total. Although the form of the adsorbed monolayer
melting point behaviour suggests eutectic behaviour, the DSC
data does not show the eutectic line. Thus, at all composi-
tions, a phase diagram with a eutectic should show a small
phase transition at the eutectic temperature. However, for a
monolayer, this would demand a high experimental sensi-
tivity.

For a Ðrst-order bulk melting transition the best estimate of
the transition temperature in a DSC trace is the temperature
at which the onset of the transition occurs, while for higher
order transitions, which may occur for monolayer melting, it
is the value at the peak maximum. The uncertainty in the

Fig. 3 Schematic phase diagram of the bulk and monolayer behav-
iour of octane and nonane mixtures adsorbed on graphite.

Phys. Chem. Chem. Phys., 1999, 1, 5017È5023 5019
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transition temperatures determined by DSC arises from the
temperature calibration of the instrument and the extrapo-
lation procedure used to Ðnd the onset temperature. In Fig. 2
we have given peak positions for all transitions, all of which
will be relatively high, and we estimate the error to be about 5
K.

Adiabatic calorimetry

Adiabatic calorimetry is a very labour intensive experiment
and therefore we only examined a small selection of condi-
tions for investigation. In general, the transitions reported
above using DSC agree with those observed with adiabatic
calorimetry measurements. However, the adiabatic calorime-
try data were recorded using long equilibration times and, not
surprisingly, some extra transitions are observed. Here we
only present the additional information obtained with adia-
batic calorimetry. Fig. 4 presents adiabatic calorimetry data
from a mixture of octane and nonane at a mole fraction of

in the region of the transition in the adsorbedXoct\ 0.6
monolayer. There are now two peaks evident in this region
whereas only one was present in the DSC. Allowing for the
uncertainty in the temperature of the transition from the DSC
measurements, the upper of the two peaks seen in adiabatic
calorimetry is almost certainly the melting point of the
adsorbed monolayer. The lower peak corresponds to a tran-
sition about 10 K below the melting temperature and could be
associated with a eutectic line. Unfortunately, we can not
make an unambiguous assignment of this peak for reasons
that will become clear below.

Fig. 5 presents adiabatic calorimetry data from (a) pure
nonane and (b) pure octane adsorbed on graphite at a cover-
age of ten equivalent monolayers. The adiabatic calorimetry
results at this coverage contain several features. The bulk
melting point of nonane at 219 K is evident as a large peak.
However, there are now three peaks above this temperature,
not present for pure nonane in the absence of graphite, which
we therefore assign to an adsorbed monolayer. It is difficult to
interpret these three transitions but it is probable that the one
at highest temperature is associated with melting of the
adsorbed monolayer. The lower ones must then be solid/solid
transitions in the monolayer, such as the formation of rotator
or hexatic phases. For pure octane on graphite, Fig. 5(b) there
are just two peaks associated with the adsorbed layer and,
again, the higher of the two is probably associated with
melting. It is the presence of these other transitions in the
monolayer that makes it impossible to be certain that the
lower transition observed at a composition of isXoct\ 0.6
associated with a eutectic line. Adiabatic calorimetry data

Fig. 4 Adiabatic calorimetry measurements from a mixture of octane
and nonane, with a mole fraction, of 0.6 adsorbed on graphite inXoct ,the monolayer region.

Fig. 5 Adiabatic calorimetry measurements from 10 equivalent
monolayers of (a) pure nonane and (b) pure octane adsorbed on
graphite in the monolayer region.

obtained at showed only a single monolayer peak,Xoct \ 0.8
which would be consistent with either a eutectic (and 2D solid
phase separation) or with a continuous series of solid solu-
tions.

Incoherent elastic neutron scattering

As discussed above, the contributions from protonated com-
ponents will dominate the incoherent scattering ; the contribu-
tion from the deuterated components will always be relatively
small. To examine the separate components of the mixture,
combinations of protonated and deuterated molecules, such as
mixtures of d-octane, with h-nonane,C8D18 , C9H20(scattering predominantly from the nonane), and h-octane,

with d-nonane, (scattering predominantlyC8H18 , C9D20 ,
from the octane), were used. By this means the amount of
solid octane and nonane at each temperature could be deter-
mined separately.

The actual contribution to the incoherent elastic scattering
from each component depends upon the incoherent cross-
section of the individual molecules. The actual protonated
samples used in this work are taken to be fully protonated.
However, the level of deuteration is important because even a
small amount of protonated material will greatly increase the
incoherent scattering from that component. Table 1 gives the
incoherent scattering cross-sections from the protonated and
deuterated alkanes used in this work and this takes into
account the true extent of deuteration. The contribution of the
deuterated component to the scattering can then be calculated
for the mixtures used. It is estimated that the deuterated com-
ponent will account for approximately only 10% of the total
scattering when present at even twice the mole fraction of the
protonated component.

5020 Phys. Chem. Chem. Phys., 1999, 1, 5017È5023
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Table 1 Incoherent cross-sections for the materials used in this work

Incoherent cross-section/ba

Molecule Protonated material Deuterated material

Octane 1438 64.76
Nonane 1598 71.96

a 1 b (barn) \ 10~28 m2.

Fig. 6 shows the intensity of the incoherent elastic peak as a
function of temperature for a Ðxed quantity of h-octane and
increasing amounts of d-nonane in the sample cell. For the
case of pure h-octane at the lowest temperatures all the octane
is solid giving a strong elastic signal. As the bulk melting
point (216 K) is approached and crossed the intensity falls
signiÐcantly. However, above the bulk melting temperature
there is still a signiÐcant residual intensity. At this temperature
this residual intensity cannot arise from bulk solid material
and must therefore result from the presence of immobile
adsorbed species. We have discussed the timescale of this
immobility in previous papers.9,10 For the purposes of our
discussion here, it means solid-like material. The residual
intensity from the solid adsorbed layer is maintained to higher
temperatures when the adsorbed layer melts and the elastic
scattering falls to the level of the graphite background. The
melting temperatures of the adsorbed layer can be estimated
from these Ðgures based on the position of the end of the
monolayer plateau. The level of scattering expected for a solid
monolayer of h-octane can be estimated, based on the level of
scattering at low temperatures when all the octane is solid, the
speciÐc surface area of the graphite (14 m2 g~1) and the area
per molecule.4 This level of scattering for a monolayer is illus-
trated in Fig. 6 and is in reasonable agreement with the level
of the monolayer plateau observed. This simple calculation
suggests that there is only a single layer adsorbed on the
graphite and that the molecules are predominantly lying with
their long axes parallel to the graphite surface, since GroszekÏs
estimate of the area per molecule was based on this molecular
orientation.

The scattering, represented by other data sets in Fig. 6 for
the same quantity of h-octane and increasing quantities of d-
nonane, is still dominated by the contribution from the proto-

Fig. 6 Incoherent elastic neutron scattering as a function of tem-
perature for solutions of di†erent compositions of h-octane and d-
nonane adsorbed on graphite, 0.75 and 0.5. The scatteringXoct \ 1.0,
in this Ðgure is dominated by the contribution from the protonated
octane. The arrow indicates the intensity of scattering expected from a
solid monolayer of pure octane. The various transitions are discussed
in the text. This data was obtained at a momentum transfer, Q, of
1.416 A~1, where Q is deÐned here as (4psinh)/j where j is the
neutron wavelength (0.6275 nm) and h is half the scattering angle.

nated octane. Although these curves show similar qualitative
features, they di†er in several important respects, most impor-
tantly, the level of scattering at the monolayer plateau is
falling with increasing nonane concentration. This clearly indi-
cates that the amount of octane in the solid monolayer is
falling. Thus, the longer alkane, nonane, progressively dis-
places octane from the surface with increasing nonane concen-
tration in the solution. Assuming that each octane molecule
adopts the same area per molecule as in the pure octane
monolayer we can estimate the fraction of the monolayer
occupied by octane as a function of solution composition, as
illustrated in Fig. 7(a). The monolayer transition temperatures
are in good agreement with the calorimetry measurements.
The IQNS results conÐrm that the transitions observed in the
calorimetry are associated with melting of the adsorbed layers.

Similar data taken with h-nonane with increasing amounts
of d-octane exhibit similar features where the initially com-
plete monolayer of nonane is gradually replaced by octane.
However, these measurements, unlike those for the h-octane
case, were made in a Ñat can and the quantitative estimates of
the amounts of nonane in the solid monolayer, given in Fig.
7(b), are considered to be less reliable. In the case of pure
nonane, only a single monolayer transition is evident.

Neutron di†raction

The neutron di†raction patterns from mixtures of octane and
nonane on graphite are given in Fig. 8 with mole fractions

of 0.0, 0.6 and 1.0. The temperatures have been selected(Xoct)to be approximately 10 ¡C above the bulk melting point at

Fig. 7 Composition dependence of the solid monolayer formed by
octane and nonane as a function of solution composition. (a) Amount
of solid octane and (b) amount of solid nonane in the monolayer. This
Ðgure includes data from both incoherent neutron scattering and
neutron di†raction.

Phys. Chem. Chem. Phys., 1999, 1, 5017È5023 5021
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Fig. 8 Neutron di†raction patterns from mixtures of octane and
nonane of di†erent composition with of 0.0 (top), 0.6 (middle) andXoct1.0 (bottom). The arrows indicate the monolayer peaks, as discussed
in the text, and a peak from the sample can.

that composition. A peak arising from scattering by the
sample can is also identiÐed in this Ðgure. The di†raction
pattern from pure nonane on graphite, top data set in Fig. 8,
has an additional peak, relative to the background and indi-
cated by the arrow, arising from the solid monolayer of pure
nonane. There is also a very broad peak from the Ñuid nonane
underneath this sharper reÑection. The adsorbed layer peak is
asymmetric, rising sharply at high d-spacing and falling slowly
to low d-spacing, a characteristic of two-dimensional mono-
layers.19,20

The di†raction pattern from adsorbed octane also given in
Fig. 8 shows two additional peaks, relative to the background,
arising from the solid monolayer of pure octane. These are
again indicated by arrows in Fig. 8.

The di†raction pattern at the composition of 0.6, Fig. 8Xoctmiddle data set, and observed at the other compositions inves-
tigated 0.8 and 0.9), not shown, contain peaks(Xoct \ 0.4,
characteristic of both octane and nonane monolayers which
coexist. There is no evidence of displacement of these peaks
with solution composition suggesting that no mixed crystal is
formed but rather patches of pure nonane and pure octane
coexist on the surface together. This again strongly indicates
that the monolayers behave as a eutectic mixture. The relative
intensity of the peaks can be used to estimate the composition
of the solid monolayer with solution composition. In this cal-
culation we have taken the intensity of the peaks with pure
nonane and pure octane to be complete monolayers. The
results of this calculation are presented in Fig. 7(a) and (b) and
are seen to be in good agreement with the values determined
by IQNS. If the solid monolayer is simply a replacement of
octane by nonane or vice versa then the total fractional cover-
age should always be unity. Within the errors of the measure-
ment the sum is indeed unity.

Additional scattering patterns, not shown, from 8 mono-
layers of pure nonane below the bulk melting point at 200 K
and 212 K also were collected. It is observed that on passing
through the transition temperature several di†raction peaks
from the nonane become a single peak consistent with a struc-
tural transition from a low symmetry to higher symmetry
structure. These patterns are thus consistent with the hypothe-
sis that the lowest temperature bulk transition in Fig. 1 is the
onset of a rotator phase.

Discussion and conclusions
The incoherent elastic neutron scattering measurements
demonstrate the competitive adsorption of octane and nonane

on graphite resulting in the formation of a solid monolayer
containing both octane and nonane with a composition that
depends upon the solution concentration. It is found that the
longer alkane, nonane, is preferentially adsorbed unless there
is a signiÐcant excess of octane in the solution.

The results from the incoherent elastic scattering and calo-
rimetry experiments on these alkane mixtures presented here
extend our earlier work7,9,10,14 and indicate that only single
solid monolayers are adsorbed, in contrast to other workers
who reported the formation of more than one solid monolayer
in pure alkanes adsorbed on graphite.21,22 The DSC and
IQNS results show reasonable agreement in the melting tem-
peratures of the monolayers.

The results presented here also indicate the formation of
monolayers with molecules lying with their long axis parallel
to the surface. Other recent di†raction studies also support
this model of molecules lying Ñat on the surface but highlight
a particular di†erence in the crystal structures of “oddÏ and
“evenÏ alkanes adsorbed on graphite.23 “EvenÏ members have
solid monolayers crystal structures with a zig-zag arrange-
ment of molecules, pgg space group, in contrast to the “oddÏ
alkanes, e.g., heptane, in which the molecules all lie parallel to
each other. However, dodecane is an exception and forms a
monolayer where molecules lie parallel to one another.23
Kitaigorodskii has discussed the importance of symmetry in
the formation of mixed crystals.24 In simple terms, two mol-
ecules that have di†erent crystal symmetries will not form
mixed crystals but eutectics.

Other workers have identiÐed the formation of ordered
monolayers of pure alkanes adsorbed onto graphite at sub-
monolayer and multilayer coverages including the zig-zag
arrangement of molecules parallel to the graphite surface for
butane11 and hexane.12,13 However, the melting point of the
butane layer at high coverages was very close to that of the
bulk, and not 10% higher than the bulk, as observed here.
Additionally, the butane system is reported to form a crys-
talline bilayer11 unlike the octaneÈnonane system where the
IQNS data only indicate solid monolayers.

The neutron di†raction measurements also provide an inde-
pendent estimate of the monolayer compositions, which are in
good agreement with IQNS results. The di†raction is also
consistent with the hypothesis that no mixed crystal is formed
rather patches of pure octane and pure nonane coexist on the
surface side-by-side.

Bulk nonane is known to form a rotator phase in the bulk
at temperatures very close to the bulk melting point.15 This is
reÑected in the transition just below the bulk melting point in
Figs. 1 and 2. Rotator phases are reported to be stabilised in
mixtures of alkanes and we explain the widening region below
the bulk melting point of Fig. 2 in this manner. Pure octane
does not show a rotator phase so this feature must disappear
before pure octane is reached, and it does.

The rotator phases of bulk alkanes usually occur as the
crystal structure tends to a more symmetric hexagonal
arrangement of molecules. Evidence for a similar change in
symmetry indicating such a transformation was reported here.

The heat capacity peak from the rotator phase is somewhat
lower in temperature than for nonane in the absence of graph-
ite. We attribute this displacement to some structural pertur-
bation of the bulk nonane in the pores of the graphite, such
that the transition to the rotator phase is shifted to lower tem-
peratures. Depression of bulk melting points in the pores of
graphite has been reported elsewhere.21,22

The highest temperature transition of Fig. 5(a) we attribute
to melting of the solid monolayer of nonane because this coin-
cides with the loss of translational motion observed in the
IQNS data.

We are currently unable to unambiguously identify the
lower temperature transitions of the monolayer. There are
several possibilities, particularly the formation of monolayer
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rotator or hexatic phases. The current di†raction data did not
show any clear evidence for such transitions. However, recent
di†raction data from dodecane adsorbed onto graphite from
its liquid indicate that a solid monolayer with low symmetry
is replaced by one with higher symmetry before the monolayer
melts.23
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