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Neutron diffraction has been used to characterize the structure of the solid phase of the completed monolayer
of n butane on the MgO�100� surface at low temperature. The monolayer is found to adopt a commensurate
�7�2��2R45° � structure with lattice constants a=29.47 Å and b=4.21 Å, P2gg symmetry and four molecules
in the unit cell. Excellent agreement with the experimental diffraction pattern is realized, using a Lorenztian
profile to describe the line shape.
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I. INTRODUCTION

Neutron scattering techniques are widely used to simulta-
neously probe the microscopic spatial and temporal behavior
of condensed matter. While not typically a surface-sensitive
probe, neutrons can also be applied to investigate the prop-
erties of molecules adsorbed on the surface of, or entrained
within, high surface-to-volume ratio materials. Exfoliated
graphite �with trade names Grafoil and Papyex� is one such
material that has been extensively used in neutron-scattering
studies of adsorption where the objective has been to deter-
mine the structure of simple molecules adsorbed on the
graphite basal plane. These studies are possible because this
form of graphite has surfaces that are easily prepared and
kept clean, has a high specific area ��10 m2 g−1�, and uni-
form �crystalline� surface exposure. Only a small number of
other materials fulfill all of these requirements; consequently,
a more limited understanding of molecular adsorption on
nongraphitic materials exists. There is currently a surge of
activity surrounding the synthesis and characterization of
nanometer-scale materials. Metal oxides �MO� play an im-
portant role in this emerging nanotechnology field because
they are used in a wide range of applications, such as in
pigments for paints, supports for catalysts, base components
in cosmetics and medical ointments and creams, and in op-
toelectronics, e.g., tunable and Micro Electro Mechanical
Systems �MEMS� devices, actuators, and novel sensors/
detectors. Despite this enormous growth in interest, open
questions still remain for even the simplest of metal oxides
�MO�, like magnesium oxide �MgO�, on how the surface
corrugation, symmetry, and imperfections �vacancies and de-
fects� affect the physical properties of the adsorbed molecu-
lar layer. The knowledge base is even less complete on the
role MO surfaces play in mediating simple chemical reac-
tions. By using a new synthetic process, large quantities of
uniform, high-quality powders of MgO in the form of
nanocubes with principally �100� exposure can be produced
that are ideal for use in surface adsorption research. This
material is currently being used as part of a comprehensive
investigation of the adsorption properties of short-chain
normal alkanes adsorbed on the MgO�100� surface using
a combination of thermodynamic and neutron-scattering
techniques. We report here recent neutron diffraction mea-

surements from adsorbed monolayers of deuterated n butane
�C4D10� on the MgO�100� surfaces. To date there are pub-
lished structures for the first two members of the alkane
series �methane and ethane� thin films adsorbed on
MgO�100�.1–4

II. EXPERIMENTAL DETAILS

A. Sample preparation

The synthesis and subsequent handling of the MgO
samples used in this study have been described in our earlier
papers.5,6 Approximately 10 g of MgO powder �consisting of
�200 nm cubic particles with �100� surface exposure� were
loaded into a thin-walled, cylindrical aluminum cell �25 mm
diameter, 50 mm tall� in an argon-filled glove box and sealed
using an indium wire o-ring. The cell was mounted on a
cryogenic transfer stick specifically designed for use in
neutron-scattering experiments. A compact, computer-
controlled, gas handling system designed for use at neutron
facilities was used to prepare the butane films �this device
and related gas handling procedures have been described
elsewhere�.7 During a typical neutron experiment, butane gas
is introduced into the sample cell at 190 K in aliquots of
about one-tenth layer until the desired quantity of gas is ad-
sorbed. The adsorbed film is then cooled at a rate of
�1 K/min to 140 K and then annealed there for several
hours. Finally, the sample is slowly cooled ��0.5 K/min� to
4 K where the neutron diffraction measurements are per-
formed.

B. Neutron diffraction

The neutron diffraction experiments were primarily per-
formed at ISIS the pulsed spallation neutron source at the
Rutherford Appleton Laboratory �Didcot, UK� using
OSIRIS, a time of flight �TOF� instrument operating in the
high-resolution, backscattering diffraction mode. The
wavelength-defining choppers were typically run at a fre-
quency of 25 Hz, producing a selectable, 4 Å wide wave-
length band at the sample position. Collecting TOF diffrac-
tion data at several settings of the wavelength-band choppers
and then “stitching” together the individual segments pro-
duces a single diffraction pattern. The OSIRIS instrument
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sits at the end of a supermirror guide that views a liquid
hydrogen moderator resulting in a high flux of thermal neu-
trons at the sample position from 2 to 8 Å. The combination
of high-flux and well matched resolution ��d /d�6�10−3�
available in the diffraction mode on OSIRIS makes it ideally
suited for the study of adsorbed layers of small
molecules.8–10 These neutron diffraction studies were per-
formed using a difference technique in which the diffraction
signal from the adsorbed monolayer film on the MgO surface
is obtained by subtracting off the signal due to neutrons scat-
tered by the bare MgO substrate and sample can before the
butane film is adsorbed. A more limited set of complemen-
tary, low Q �large d spacing� diffraction data �Q�0.8 Å−1�
was also recorded on the high-intensity diffractometer D20 at
Institute Laue Langevin in Grenoble, France. The data ob-
tained from D20 complements that obtained on OSIRIS be-
cause measurements covering a Q range not practically ac-
cessible on OSIRIS can be performed. The D20 diffraction
studies were extremely important because we were able to
establish that no �additional� low Q diffraction peaks �large
d-spacing structures� were missed during our OSIRIS experi-
ments.

III. RESULTS

A. Adsorption isotherms

As noted above, a systematic and comprehensive study of
the adsorption properties of the alkanes on MgO is ongoing.
Although the investigation of the adsorption thermodynam-
ics of butane on MgO�100� surfaces using high-resolution
volumetric adsorption isotherms is not completed, the pre-
liminary findings were an extremely valuable guide for the
neutron scattering investigations. A subset of isotherms be-
tween 158 K�T�182 K are shown in Fig. 1, while the in-
set illustrates the comparison of a butane isotherm �at 198 K�
to a methane isotherm �77 K� performed on the same MgO
sample. Previous thermodynamic and structural studies of
methane adsorbed on MgO�100� powders have established
that the first layer forms a commensurate �2��2R45° solid
phase with a surface area per molecule �APM� of 17 Å2 at
temperatures below �80 K.3,6 Using this value and compar-
ing the relative number of molecules needed to complete the
first layer for methane and butane isotherms �on the same
MgO sample�, we have determined that the APM of butane is
42 Å2 �at 180 K�. This 42 Å2 should be an upper bound for
the APM of the monolayer butane solid phase at low tem-
perature. The lower bound for the APM of the monolayer
solid can be set at �30 Å2 by noting the minimum two-
dimensional �2D� “footprint” of butane molecules lying with
their long axis parallel to the surface of the substrate based
on the molecular dimensions determined from structural
studies of the bulk butane crystal structure.10 Furthermore, an
APM of 33 Å2 was found for monolayer butane film ad-
sorbed on graphite.11 By combining the thermodynamic and
structural information above with simple steric models of
n-butane molecules a trial structure that placed the butane
molecules on the MgO�100� surface with the long axis par-
allel to the surface was chosen as a starting point for analyz-

ing the neutron diffraction data described below.

B. Diffraction results and structural analysis

A typical neutron diffraction pattern from a solid mono-
layer butane film adsorbed on MgO�100� at 4.2 K is shown
in Fig. 2. The diffraction data shown in Fig. 2 are of remark-
ably good quality �when compared with data previously pub-
lished in other adsorbed film studies�. The pattern consists of
seven distinct diffraction peaks, each with the characteristic
“Warren” �i.e., sawtooth� line-shape12–14 representative of the
scattering from a randomly oriented, 2D, crystalline solid
with long-range order. The positions of all the observed

FIG. 1. Butane isotherms in the temperature range 158–182 K.
The inset compares an isotherm from methane and one from butane
measured on the same sample to estimate the surface area of each
butane molecule. It is clear that two layering transitions are evident.
This behavior is similar to that observed for propane and ethane on
MgO, whereas methane forms at least seven discrete layering tran-
sitions. The butane surface coverage used in the diffraction mea-
surements corresponds to the crest of the first step of the isotherm,
equivalent to �0.08 mmol, or “monolayer completion.”

FIG. 2. Schematic picture of the P2gg structure adopted by n
butane on MgO, which illustrates the molecular arrangement and
defines the fit parameters; a and b are the unit cell parameters, HB
is the “herringbone” angle, and y is the displacement along the b
axis. The centers of the four molecules within the unit cell are thus
located at �0, +y�, � a

4 ,−y�, � a
2 , � b

2 −y��, and � 3a
4 , � b

2 +y��. The posi-
tions of the atoms are then defined by the coordinates listed in Table
II with the HB and axial rotations applied.
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peaks, including the weak peak �indexed as �5,1� in Fig. 3�,
are listed in Table I. While the diffraction data tabulated
there is from the ISIS experiments, it is consistent with data
collected on D20 �not shown�. As noted above, the D20 ex-
periments did not yield any evidence of additional diffraction
peaks at low Q. The same procedure used to previously ana-
lyze the neutron diffraction data was followed here.3,15–17 It
is often a challenge to determine the structure in these ad-
sorbed film studies because the accuracy of the structural
parameters is directly tied to the number of diffraction peaks
observed. In order to simplify the determination of the bu-
tane on MgO film structure, we limited the number of free
parameters. For example, the intramolecular bond lengths
and angles were set to those determined through optimiza-
tion of a free gas molecule using Gaussian.18 Furthermore,
the initial unit cell dimensions and the molecular orientations
used the steric models and APM considerations noted above
as a guide during our structural determination. Using these
conditions, we quickly found that a rectangular unit cell with
lattice constants a=29.47 Å and b=4.21 Å and containing
four butane molecules, adheres to the close-packing condi-
tions described by Kitaigorodskii19 and accounts for all the
diffraction peaks we recorded. Using these cell parameters,
one calculates an area occupied by each molecule of 31 Å2,
a value that compares favorably with the considerations
above. After several additional trials, we found that when the
molecules are arranged in a 2D structure with P2gg symmetry

yielded the very best fit to the experimental data. We note
that this arrangement produces systematic absences of dif-
fraction peaks with Miller indices �h ,0� with h=odd and
�0,k� with k=odd. Centered unit cells with higher symmetry
did not produce systematic absences consistent with our ex-
perimental diffraction data. By keeping the intramolecular
bond lengths and angles of the molecule fixed, the only ad-
justable parameters needed to calculate the diffraction profile
is the “herringbone” �HB� and “axial” �AX� angles and the
relative displacement along the b direction �y� �see Fig. 2
and Ref. 16�. The final values used to obtain the calculated
pattern �Fig. 3� are given in Table II. This represents the
best-fit to the experimentally observed diffracted intensities.
The sensitivity of the calculated intensities to the values of
HB, AX, and y their error limits. We note that the AX values
quoted in Table II are for rotations of each pair of molecules
in the unit cell. The two molecules closest to the origin form
one “pair” of molecules while the remaining two form the
second pair. All rotations are with respect to the “starting
positions” given by the Cartesian coordinates provided in
Table II. We note that the significant enhancement in the
signal-to-noise ratio realized by performing these measure-
ments with OSIRIS yields a significant advantage �and chal-
lenge� when a calculation of the line shape of the entire
diffraction pattern is attempted. While it is obvious from an
inspection of the diffraction data that they have a sawtooth

TABLE I. A comparison of the experimental and calculated
peak positions. The positions of the peaks are given in momentum
transfer, Q �Å−1�.

Observed Position Index

0.851±0.007 0.8528 �4,0�
Not observed 1.2792 �negligible intensity� �6,0�
1.510±0.005 1.5076 �1,1�
1.550±0.005 1.5522 �2,1�
1.622±0.005 1.6237 �3,1�
1.720±0.005 1.7056 �8,0�

1.7189 �4,1�
1.84±0.02 �low intensity� 1.8341 �5,1�
Not observed 1.9657 �negligible intensity� �6,1�
Not observed 2.1106 �negligible intensity� �7,1�
2.267±0.005 2.2664 �8,1�
2.430±0.005 2.4309 �9,1�

FIG. 3. Experimental diffraction pattern and “best-fit” calculated
pattern for n butane adsorbed on MgO. The peaks are indexed for
the rectangular unit cell a=29.47 Å, b=4.21 Å.

TABLE II. Fit Parameters.

Atom x y z Fit parameters

C1 −1.9336 −0.1281 0.0000 a /Å 29.47±0.25

C2 −0.5470 0.5420 0.0000 b /Å 4.21±0.02

D1 and D2 −2.0352 −0.7374 0.8737 V/° 90

D3 and D4 −0.4453 1.1513 0.8737 HB angle/° 18±1

D5 −2.6936 0.6250 0.0000 y �displacement� /Å 0.37±0.05

AX angle �pair 1� / ° 35±25

AX angle �pair 2� / ° 55±25
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appearance, even a cursory attempt at fitting the entire dif-
fraction pattern makes it clear that Warren’s description of
the 2D line shape will not reproduce the experimental dif-
fraction pattern well. This requires us to consider some other
methods for describing the functional form of the line shape.
Fortunately, the literature contains several alternative 2D line
profile descriptions to Warren’s approach, including one
based on strain-induced defect formation,19 and others where
a Lorentzian or Lorentzian-squared decay of the scattering
intensity occurs as one moves away from the Bragg position
of the actual rods.20 In this study, we found that a Lorentzian
profile gives the best fit to the data.

In addition to the parameters that determine the size of the
unit cell and the location/orientation of the molecules within
the cell and the functional form of the diffraction profile,
several other factors must be considered to calculate the dif-
fraction profile. The spatial correlation length was set to
�300 nm, a value consistent with the size of the MgO
nanocubes. The Debye-Waller factor was set to unity because
these experiments were performed at 4 K where the thermal
motion was considered to be negligible. No correction was
used �or needed� to account for the preferential ordering of
the MgO powder �unlike diffraction studies of alkanes ad-
sorbed oriented graphite substrates like Grafoil or Papyex�.
This is consistent with earlier studies of methane on
MgO�100� and suggests that the samples can be considered
randomly oriented powders. The resolution function for the
instrument was obtained using the OSIRIS calibration data
and the convolution parameters described in the General
Structure Analysis System �GSAS� manual.

IV. DISCUSSION

Inspection of Fig. 3 clearly indicates that the calculated
line shapes, using the parameters and considerations dis-
cussed above, reproduces the neutron diffraction pattern re-
markably well and reaffirms that our structural assignment is
good. The best fit to the experimental data �detailed in Table
II� actually deviates slightly from true P2gg symmetry. This
finding is probably the result of the restrictions we placed on
rigidity of the intramolecular bond lengths and angles used in
the fit and also because we believe a small amount of orien-
tational disorder is most likely present. We note, however,
that the calculated line-shape structure is rather sensitive to
the choice of HB angle. There is a significant amount of
confidence to be placed in the HB angular assignment and
resulting error �we estimate that the value quoted for HB is
not off by more than 1° from the reported value�.

A. Comparison with adsorption on graphite and bulk structure

It has been shown that several of the n alkanes, e.g.,
ethane, hexane, and octane, also form commensurate, rectan-
gular monolayer solid structures on the basal plane of graph-
ite with the molecules arranged in a herringbone pattern with
P2gg symmetry.16 The formation of a commensurate over-
layer usually indicates that the corrugation of the underlying
potential energy surface reinforces the stability of the solid
film. On graphite, it has been proposed that the excellent

match of the alkane’s C-C backbone to the hexagonal graph-
ite surface net is responsible for aiding the
commensurability.21 For butane on graphite, the
literature11,22–26 indicates that a commensurate structure
forms that closely resembles the �100� plane of the bulk bu-
tane crystal. It is worth considering whether the butane-on-
MgO structure bears any simple relationship to the bulk solid
structure. The results we presented above indicated that the
best fit was found with unit cell parameters a=29.47 Å and
b=4.21 Å. These values that strongly suggest that the butane
monolayer film forms a 7�2��2R45° commensurate solid
with the underlying MgO�100� surface �lattice parameter,
2.98 Å�. Unlike the graphite case, however, no simple rela-
tionship exists between the commensurate film structure we
deduced from our fitting procedure and a low index plane of
the bulk crystal. During our structural analysis, trial struc-
tures with unit-cell dimensions and molecular distributions
close to the low index bulk planes were considered,10 but
these did not yield diffraction patterns that were close to our
experimental pattern. Finally, we can also use the results of
our preliminary adsorption isotherms displayed in Fig. 1 to
comment further on the possible structural relationship of the
film to the bulk butane solid. Substrates well matched to the
structure of a low index plane of the adsorbates bulk solid
tend to show numerous layering steps �i.e., �4 or 5� in the
adsorption isotherm. For example, previous adsorption stud-
ies of methane on MgO�100� revealed an adsorption iso-
therm with six or seven distinct steps and that the structure of
bulk methane �II� �100� is a close match for the �100� face of
the MgO. On the other hand, Fig. 1 shows that the adsorption
isotherms for butane on MgO have only two steps even in
the lowest temperature traces. Hence the absence of
multilayer stepwise growth extending beyond two solid lay-
ers seems to also imply that no simple relationship exists
between the film structure and one of the low index surfaces
of the bulk solid.

V. CONCLUSION

We have used neutron diffraction to determine the struc-
ture of a solid monolayer film of deuterated n butane ad-
sorbed on the MgO�100� surface at 4 K. The solid adopts a
commensurate, 7�2��2R45°, herringbone structure with
P2gg symmetry and four molecules per unit cell. The excel-
lent fit to the diffraction data lends confidence that these data
can be used as dependable constraints for developing poten-
tial energy surfaces. The next steps in this investigation will
be to complete a thorough thermodynamic investigation of
the n-butane/MgO system, use the thermodynamic findings
and the structural findings to perform accurate computer
modeling of the minimum energy configuration of the mol-
ecules within the solid, and to develop an accurate potential
energy surface. These results will then be used to predict and
to understand the dynamical properties of the butane mono-
layer solid to be explored in a separate inelastic neutron-
scattering investigation. Furthermore, the evolution of the
butane film structure and dynamics with coverage and tem-
perature, particularly in the bilayer region, should also be
informative.
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