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Calorimetry and neutron di†raction have been used to identify and characterise the formation of a solid
monolayer of pentane adsorbed on graphite and coexisting with liquid pentane. The observed behaviour is
quite di†erent from other alkanes in that the monolayer does not melt above the melting temperature of the
pure pentane but at a temperature very similar to that of the bulk material. The lower melting point of the
bulk pentane in the pentane/graphite system, when it is present in a relatively small amount, allows the melting
point of the solid monolayer to be clearly resolved.

Introduction

The adsorption of simple molecules such as alkanes, carbox-
ylic acids and alcohols on to solid surfaces from their liquids
has been extensively studied by calorimetry and isotherm
measurements.1h3 These are model systems for a variety of
interesting problems such as lubrication, detergency and col-
loidal stabilisation. IdentiÐcation and characterisation of
adsorbed layers in this type of system is difficult largely
because the presence of the liquid creates a buried interface,
which is difficult to access with structural probes. Some struc-
tural information from buried interfaces is available using
techniques such as specular neutron reÑectivity4 and scanning
tunnelling microscopy (STM).5 However, reÑectivity measure-
ments only provide structural information normal to the
plane of the interface and there is still often signiÐcant uncer-
tainty over the interpretation of the results from STM tech-
niques. Additionally, STM images of the monolayer cannot be
obtained if the material above the monolayer is solid. We
have recently shown that the combination of calorimetry,
incoherent elastic neutron scattering and neutron di†raction is
e†ective for the investigation of monolayers adsorbed from
their liquids and solutions.6,7

Recently, we presented data for a number of materials from
the homologous series of alkanes in liquid contact with graph-
ite. In all cases, except pentane, it was demonstrated that solid
monolayers are adsorbed from the liquid on to the solid sub-
strate, the melting points of these layers being approximately
110% of that of the bulk alkane in the absence of graphite.8
This behaviour has also been observed for alcohols and car-
boxylic acids.7,9 Pentane appears to be a notable exception to
this behaviour. Thus, as the previous investigation of the
pentane/graphite system,8 using incoherent elastic neutron
scattering, no evidence for the melting of a solid monolayer
could be found above the bulk melting point. Here we present
adiabatic calorimetry and neutron di†raction results that
show that pentane does form a solid, crystalline monolayer
but has a very similar melting point to that of the bulk such
that the bulk melting would have obscured the monolayer
transitions in the earlier study.

Experimental

Adiabatic calorimetry

The method and experimental details of adiabatic calorimetry
have been presented in detail elsewhere.10 Essentially, the heat
capacity of a sample of substrate (graphite) dosed with a
known amount of adsorbate (pentane) is directly determined
as a function of temperature by adding tiny amounts of elec-
trical heating energy to the sample and measuring the tem-
perature rise. Transitions are indicated as peaks in the heat
capacity and the transition enthalpy can be obtained from the
peak area.

Neutron di†raction

Details of the neutron di†raction technique and apparatus are
presented elsewhere.11,12 The instrument used in this work
was the multidetector powder di†ractometer D20 at the Insti-
tut LaueÈLangevin, Grenoble13 with an incident wavelength
of 0.241 nm. Scattering from crystalline two-dimensional
adsorbed layers gives rise to di†raction peaks,14,15 which can
be used to determine the structure of the layer in a manner
analogous to di†raction from three dimensional crystals. Dif-
fraction from two-dimensional crystalline structures gives rise
to peaks with a characteristic saw-tooth line shape,14,15 while
Ñuid phases give rise to very broad, symmetrical di†raction
peaks. The di†raction pattern from the adsorbed material is
obtained by subtraction of the scattering from the substrate
alone from that of the substrate and adsorbed material
together.

Samples

The adsorbent used for the neutron di†raction was recom-
pressed exfoliated recompressed graphite Papyex (Le Carbone
Lorraine) with a speciÐc area of 14 m2 g~1 determined by
adsorption of nitrogen. Approximately 16 g of graphite was
used in these experiments. The Papyex used for the adiabatic
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calorimetry had a speciÐc surface area of 16.6 m2 g~1 with
approximately 9 g used for each measurement. The graphite
substrates were outgassed under vacuum in an oven at 350 ¡C
before known quantities of alkane were added as liquid by
micro-syringe under an inert atmosphere of helium. Proto-
nated n-pentane was used for the calorimetry measurements.
Fully deuterated n-pentane was used for the neutron di†rac-
tion measurements to reduce the incoherent scattering that
would have arisen with the protonated alkanes and was
obtained from Cambridge Isotope Laboratories with quoted
deuteration levels of [99%. When dosing the graphite it is
convenient to know the approximate number of equivalent
monolayers adsorbed. This can be estimated from the area per
molecule, based on the approach of Groszek,3 and the speciÐc
surface area of the graphite.

Results

Adiabatic calorimetry

Fig. 1(a) and (b) presents the adiabatic calorimetry measure-
ments from 3 and 7 equivalent monolayers of pentane
adsorbed on graphite. There are no transitions in the heat
capacity of pure graphite in this temperature region. The heat
capacity is normalised by the total quantity of adsorbate in
the cell. Although only two coverages were investigated here it
is clear that the behaviour of the transitions with coverage can
be used to assign the observed transitions. Bulk transitions are
expected to scale approximately as the total amount of

Fig. 1 Adiabatic calorimetry measurements from (a) 3 and (b) 7
equivalent monolayers of pentane on graphite. The heat capacity is
normalised to the total amount of adsorbate in the cell.

adsorbate while, in contrast, any monolayer transition will
keep the same absolute magnitude once the nominal coverage
is greater than a monolayer. With this scaling bulk peaks
therefore remain essentially unchanged in size with increasing
coverage while monolayer peaks will appear smaller.

At a coverage of 3 monolayers, Fig. 1(a), there are several
transitions evident : a sharp peak at 128 K (designated A), a
much broader peak at 136.5 K (B) and another sharp peak at
140.6 K (C). In Fig. 1(b) there are again three peaks but peak
B has increased in magnitude and shifted to a signiÐcantly
higher temperature of 140.4 K. Peaks A and C, in contrast,
have only shifted slightly to 128.5 and 142.4 K respectively
with the increase in coverage.

Given that the data have been normalised as already
described, the change in relative magnitude of the peaks with
increasing coverage can be used to identify and distinguish
monolayer and bulk transitions. Peak A decreases with
increase in coverage indicating a transition in an adsorbed
layer. Peaks B and C overlap somewhat at higher coverage
and a simple curve Ðtting procedure was used to estimate the
relative contributions. On the basis of this simple curve Ðtting,
peak B increases slightly in magnitude, consistent with a bulk
transition, while peak C decreases indicating that it is associ-
ated with a transition in an adsorbed layer. The width of peak
B is also reduced on increasing the coverage.

The behaviour of the peak assigned to bulk pentane at Ðrst
sight is somewhat surprising. However, shifts from low tem-
perature towards the normal bulk value (143.48 K16) with
increasing coverage have been observed for inert gases in
contact with graphite17 and for other linear alkanes with
graphite.8 The reason is not completely clear but is probably
associated with the presence of small crystallites of bulk
material trapped in small pores of the graphite. In previous
studies the normal bulk temperature is obtained after 5È10
equivalent monolayers have been deposited on the surface.8

Neutron di†raction

The neutron di†raction patterns from deuterated pentane,
adsorbed on graphite at a coverage of 3 equivalentC5D12 ,

monolayers at temperatures of (a) 70, (b) 120, (c) 140 and (d)
150 K are shown in Fig. 2. The scattering from the graphite
background has been subtracted and the residual feature at
2h \ 41È44¡ arises from imperfect subtraction of the intense
(002) reÑection from the graphite basal planes. Sharp peaks
due to detector instability at 2h B 15, 23 and 52¡ have also
been removed. The remaining peaks in the Ðgure are di†rac-
tion peaks from the pentane.

Very little change occurs in these patterns with increasing
temperature up to a temperature of 120È130 K where a broad
peak characteristic of a Ñuid begins to appear in the region
2h \ 30È45¡. This Ñuid scattering continues to grow up to 140
K, at which point a number of the sharp peaks evident at 70
K have disappeared. The intensities of the sharp peaks that
still remain at 140 K have decreased at 145 K and have van-
ished completely by 150 K.

It is reasonable to assume that after 2 equivalent mono-
layers have been added, any further pentane added will form
bulk material and therefore those peaks that change in magni-
tude can be identiÐed as arising from bulk pentane. This is
supported by other workers considering the adsorption of
alkanes on graphite who have also identiÐed bulk nucleation
at coverages above 2 equivalent monolayers.18 Here we
assume that any bulk pentane present when 2 equivalent
monolayers have been added has a structure (and extent of
preferred orientation on the surface) similar to material added
subsequently. Fig. 3 shows the subtraction of the pattern at 2
equivalent monolayers from that at 5 equivalent monolayers
at 70 K and should therefore represent the scattering from
bulk pentane. Indeed, the positions of the peaks in this pattern
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Fig. 2 Experimental neutron di†raction pattern from 3 equivalent monolayers of deuterated pentane, adsorbed on graphite at tem-C5D12 ,
peratures of (a) 70, (b) 120, (c) 140 and (d) 150 K. The scattering from the graphite substrate in the absence of any adsorbate has been subtracted
in preparing this Ðgure. The feature at 2h \ 41È44¡ in (a) is a region of imperfect subtraction of the intense graphite (002) reÑection. The arrows in
(b) indicate some of the peaks arising from the solid monolayer (2D) and those from the bulk (3D), as described in the text.

agree well with those of the published structure of bulk
pentane19 as shown by the results in Table 1. On the basis of
this argument we identify the peaks corresponding to bulk
pentane in the di†raction pattern in Fig. 2 (marked 3D) and
assign the remaining peaks to scattering from the monolayer
(marked 2D).

The peaks that we have assigned to bulk pentane are those
that disappear at 120È140 K and therefore it is the bulk
pentane that melts Ðrst, well below the normal melting point
of bulk pentane at 143.48 K, but in excellent agreement with
the calorimetry data (at 3 monolayers the melting peak is at

Fig. 3 Neutron di†raction pattern from “bulk Ï pentane calculated
from the subtraction of the scattering patterns at 2 equivalent mono-
layers from that at 5 monolayers at 70 K. The intensity scale of this
Ðgure is twice that of Fig. 2.

136.5 K). The peaks that remain above 130 K must be those
associated with the adsorbed monolayer, which coexists with
bulk liquid pentane. It is the bulk liquid pentane that is
responsible for the broad peak underneath the peak from the
monolayer at 34¡ seen in Fig. 2(c). The adsorbed monolayer
melts at about 145 K, approximately the same as the normal
bulk melting point.

To extract a di†raction pattern from the adsorbed mono-
layer alone requires an estimate of the scattering from the
liquid pentane at 140 K in Fig. 2(c) to be made. Above 150 K
all the pentane has melted and the corresponding pattern can
be used to estimate the level of scattering from the liquid. Fig.
4 presents the resulting di†raction pattern, i.e. the di†raction
pattern of the solid adsorbed monolayer of pentane that
coexists with liquid pentane at 140 K. The pattern contains
peaks with the asymmetric line shape characteristic of di†rac-
tion from two-dimensional layers,14,15 conÐrming that this is
indeed scattering from an adsorbed monolayer.

Fig. 5 presents neutron di†raction data from deuterated
pentane, adsorbed on graphite at the higher coverageC5D12 ,
of 5 equivalent monolayers at temperatures of (a) 70, (b) 140,

Table 1 Comparison of the experimentally observed position of
peaks from “bulk Ï pentane from Fig. 3 with those expected from the
orthorhombic bulk structure of pentane19 (a \ 0.410, b \ 0.9076,
c\ 1.4859 nm)

Peak 2hobs@degree 2hcalc@degree Index

1 18.7 18.1, 18.9 (110), (020)
2 24.8 24.5 (120)
3 32.5 32.6 (130)
4 35.8 35.7 (011)
5 37.5 37.8, 38.4 (101), (040)
6 39.1 39.1, 39.5 (111), (021)
7 42.5 41.6, 42.6, 42.7 (140), (121), (230)
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Fig. 4 The neutron di†raction pattern from the solid monolayer of
pentane after removal of the scattering from liquid pentane. The
intensity scale of this Ðgure is half that of Fig. 2.

(c) 145 and (d) 150 K. The behaviour observed at 5 mono-
layers is qualitatively similar to that obtained at 3 monolayers
given in Fig. 2. At low temperatures the patterns are domi-
nated by the intense scattering from 3D pentane which falls as
the bulk material begins to melt. The bulk peaks are signiÐ-
cantly reduced in intensity but are still clearly evident at 140
K, and have almost gone at 145 K. This behaviour is in good
agreement with the calorimetry data where the melting point
at 5 monolayers coverage is found to be 140.4 K and signiÐ-
cantly higher than that observed at 3 monolayers coverage.
The peaks characteristic of the 2D monolayer, given in Fig.
2(a) and 4, are also evident at in Fig. 5(a). These have also
reduced in intensity by 145 K coexisting with remnants of the
bulk peaks. By a temperature of 150 K only a broad peak
characteristic of a Ñuid remains indicating that by this tem-
perature both 2D and 3D solids have melted, again in good
agreement with the calorimetry data. At this higher coverage

of 5 equivalent monolayers the melting points of the mono-
layer and the bulk are clearly much closer than at 3 equivalent
monolayers coverage.

It is clear that the behaviour observed with the di†raction
measurements are entirely consistent with the results from
calorimetry presented above. Thus, the bulk pentane in the
system melts signiÐcantly below the normal bulk melting tem-
perature at low coverages with the melting point shifting
towards the normal bulk melting point with increasing cover-
age. The presence of an adsorbed monolayer with a melting
point close to that of normal bulk pentane is also clearly indi-
cated by both the di†raction and the calorimetry.

Discussion and conclusions
The presence of a solid adsorbed monolayer of pentane
coexisting with bulk liquid is clearly demonstrated by the
combination of sensitive calorimetry and neutron di†raction.
The existence of such an adsorbed monolayer is the same as
for the other linear alkanes adsorbed on graphite from liquid
or solution (in other alkanes). However, pentane is quite dif-
ferent from the other alkanes in that the adsorbed monolayer
melts at approximately the same temperature as the melting
point of bulk pentane. Comparable adsorbed layers of the
other alkanes all typically melt at temperatures about 10%
higher than their normal bulk melting points. It is interesting
that the only reason that the melting of the adsorbed mono-
layer of pentane can be observed is that bulk pentane in this
situation itself has a signiÐcantly lower melting point than the
normal bulk material. Previous measurements on the pentane/
graphite system were performed at a much higher coverage
than the work here.8 At higher coverages the melting of the
bulk material and that of the adsorbed monolayer increas-
ingly tend to coincide. This e†ect is already evident in Fig. 1(b)
and Fig. 5. At the coverage used for our earlier incoherent
neutron scattering experiments, we would now expect not to

Fig. 5 Experimental neutron di†raction patterns from 5 equivalent monolayers of deuterated pentane, adsorbed on graphite at tem-C5D12 ,
peratures of (a) 70, (b) 140, (c) 145 and (d) 150 K. The scattering from the graphite substrate in the absence of any adsorbate has been subtracted
in preparing this Ðgure. The intensity scale of this Ðgure is twice that of Fig. 2.
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be able to distinguish the melting of the adsorbed monolayer
from that of the bulk, as indeed was observed.

Pentane is clearly anomalous in its adsorption behaviour
relative to the other linear alkanes. It is noteworthy that
pentane also has a quite di†erent bulk crystallographic struc-
ture from the other alkanes. In most of the alkanes with
orthorhombic crystals the molecules lie parallel to one
another and the basal plane, but in pentane they lie at an
angle to each other and the basal plane.19 Understanding the
overall pattern of behaviour of the adsorbed alkanes will
require crystallographic detail of the adsorbed monolayer
structures, which we are currently attempting to gather.

The calorimetry revealed a second transition in the
adsorbed monolayer at temperatures below the depressed
melting point of the bulk pentane. We are currently unable to
identify this transition. It is possible that it is a transition to a
rotator or hexatic phase before the adsorbed monolayer melts.
If the transition corresponds to the onset of a rotational
motion on the surface where the molecules reorient between n
sites then the expected conÐgurational entropy change,20,21
*S, would be R ln(n) or 5.8, 9.13, 11.53 . . . J K~1 mol~1 for
n \ 2, 3, 4 . . . . The entropy may be estimated from the experi-
mental data using *S \ *H/T , where the enthalpy, *H, is
estimated from the area of the peak in the calorimetry data
(811 J mol~1) and T the transition temperature (128 K). The
experimentally determined value of *S is therefore 6.34 J K~1
mol~1. This value is consistent with the onset of a two fold
reorientation corresponding to the molecules “Ñipping over Ï
on the surface. Several other linear alkanes both at multilayer
and sub-monolayer coverages on graphite show evidence for
an additional monolayer transition where incoherent neutron
scattering data indicate there is only a single layer.8,10 In
these cases the transitions are well above the bulk melting
point and can only arise from the adsorbed monolayer.
Further di†raction and quasi-elastic neutron scattering mea-
surements will be needed to resolve this issue.
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