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Positional order and thermal expansion of surface crystallineN-alkane monolayers
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We report a high-resolution synchrotron grazing incidence x-ray diffraction measurement of a surface
crystalline monolayer at the liquid-vapor interface of then-alkane eicosane (C20H42) just above its melting
temperature. The peak width of the surface monolayer rotator phase is shown to be resolution limited and
implies positional correlations of at least;1 mm. The high resolution allowed determination of the temperature
dependence of the peak position over the narrow~3 °C! temperature range of the surface crystal phase. The
two-dimensional thermal expansion was determined to be (dA/dT)/A51.8(60.1)31023 °C21, which is
comparable to the expansion in similar chain length bulkn-alkane rotator phases. Our data are consistent with
the power-law shaped scattering tails expected from quasi-long-range order in two dimensions.
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Surface freezing occurs inn-alkanes@1# and other chain
molecules@2–4#, where an ordered monolayer forms at t
surface of the melt a few degrees above the freezing t
perature@1,5–7#. The high temperature ordered bulk phas
of then-alkanes are rotator phases, which are plastic crys
with three-dimensional long-range order of the molecul
centers of mass, but which lack long-range order with resp
to the molecules’ rotation about their long axes. The surf
frozen monolayers of then-alkanes exhibit a structure an
entropy similar to that of the hexagonal rotator phase. T
structure of the monolayer has been determined previo
with x-ray reflectivity and grazing incidence diffractio
@1,5#, and its thermodynamics with temperature depend
surface tension measurements@6,7#. On the basis of those
measurements, no structural variations within the monola
phase were ascertained.

Previous grazing incidence diffraction~GID! measure-
ments@1# were performed using a setup capable of only l
in-plane resolution (Dqres50.015-Å21 full width at half
maximum!. The crystalline coherence length is given by t
Debye-Scherer formula (j50.932p/Dq) whereDq is the
line shape broadening in the absence of resolution effect
the smallest resolvableDq is Dqres then coherence length
greater than 0.932p/Dqres cannot be resolved. For the pre
vious measurements, the maximum resolvable cohere
length was about 400 Å. Furthermore, the absence of
shape information did not allow us to ascertain whether
lateral order was~quasi! long range or hexatic, nor coul
lattice properties, such as the thermal expansion coeffic
of the monolayer be ascertained. While the surface ten
was found to vary substantially across the;3 °C range of the
surface phase~see Fig. 1!, no variations in the surface ten
sion slope were observed. Since the temperature depen
slope of the surface tension gives the surface entropy cha
its constant value suggests that no structural phase transi
occur within the surface frozen phase.
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This paper describes GID measurements carried out w
high in-plane resolution, made possible using third gene
tion synchrotron sources. Our results demonstrate that
diffraction peaks are essentially resolution limited, implyin
that the domain size is at least on the order of 1mm. The
high resolution allowed us to measure very accurately
temperature variation in the GID peak position. The result
coefficient of the thermal expansion is (dA/dT)/A51.8
31023 °C21 where A is the molecular area. This value
comparable to the coefficient measured in the bulkRII rota-
tor phase.

The experiments were performed at the Complex Mat
als Collaborative Access Team~CMC! beamline ID-9B at
the Advance Photon Source~APS! at Argonne National
Laboratory using unfocused undulator radiation and a liq
nitrogen cooled Si~111! two bounce monochromator. Bot
the undulator and monochromator were set to provide ra
tion at 8.15 keV (l51.5212 Å). The newly commissione
CMC liquid spectrometer utilized a Ge~111! crystal to tilt the
beam downward at a grazing incident angle,a50.1°, which
is about 70% of the critical angle. The spectrometer outgo

FIG. 1. Temperature dependence of the surface tension of
using the Wilhelmy plate method obtained using a different cel
©2001 The American Physical Society02-1
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angle b, was also set at 0.1°, with a resolution widthDb
50.1°. A Ge~111! crystal analyzer, mounted on the detec
2u arm in a dispersive configuration, was used to prov
excellent in-plane resolution with a direct beam width
D2u50.0064° full width at half maximum~FWHM!. Since
minimal differences were observed in direct beam scans
tween the dispersive and nondispersive direct beam con
rations, no finite energy bandwidth corrections were
quired. Including the effects of a finiteDb provides a
resolution width of 6.231024 Å 21 FWHM at the scattering
vector ofq;1.5 Å21, where the measurements were carr
out. N-eicosane, C20H42 ~abbreviation C20! was obtained
from Aldrich, and used as obtained. The temperature c
trolled sample chamber for liquid surface reflectivity w
described previously@1#.

At the vapor interface of C20, a hexagonal rotator cr
talline surface phase forms upon cooling below a tempe
ture Ts , with the bulk remaining molten. At temperature
above Ts , the crystalline surface phase vanishes, and
bulk is terminated by an isotropic liquid surface. The bu
on the other hand, crystallizes into a distorted rotator ph
(RI) at Tf that is about 3 °C belowTs . We note that theRI

phase is metastable with respect to forming the triclinic cr
talline phase@8–10#, a phase that is characteristic of the pu
shorter even numbered carbon numbern-alkanes.

The bulk and surface phase transition temperatures, a
with information on the surface entropy, can be ascertai
from surface tension measurements. In Fig. 1 we show
temperature dependence of the surface tension of C20 m
sured using the Wilhelmy plate technique@7#. The disconti-
nuity in slope atTs538.7 °C corresponds to the transitio
from an ordinary liquid surface to an ordered surface mo
layer. The slope changeD(dg/dT)51.16 dyn/~cm K! corre-
sponds to the decreased entropy of an ordered surface
pared to an ordinary liquid surface, and has been show
correspond closely to the molar entropy change associ
with the bulk rotator-liquid transition@11#. The surface ten-
sion can no longer be measured below the bulk freezing t
perature,Tf535.7 °C.

Previous x-ray reflectivity measurements showed that
ordered monolayer of C20(Tf,T,Ts) is 24.1 Å thick over
the entire 3 °C temperature range, and without a noticea
temperature dependence@1,5#. This thickness correspond
closely to the calculated molecular length. The single
plane reflection atq>1.516 Å21 indicates hexagonal pack
ing. Bragg rod measurements showed that the elongated
ecules are oriented normal to the surface, and are consi
with the thickness deduced from the reflectivity measu
ments@1,5#.

In Fig. 2, we show grazing incidence in-plane 2u scans
@plotted as a function ofq54p3sin(2u/2)/l# of the hexago-
nal peak for three different temperatures. For the narrow
peaks, the width is very close to the resolution limit. A low
bound for the coherence length is obtained from the m
sured diffraction peak widthDq50.0007 Å21. This implies
that correlated domains extend over a range greater
9000 Å. We note that the small variations in the peak wid
did not change systematically with temperature. Rath
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these variations are attributed to a small offset in the ori
tation of the surface crystallites from the Bragg condition

The peak positions inq are shown as a function of tem
perature in Fig. 3. A linear fit yields q
51.5676– 0.001392(70) T, with T in °C andq in Å21. The
area per molecule for a hexagonal lattice is given byA
58p2/A3q2. The two-dimensional thermal expansion
thus (dA/dT)/A522(dq/dT)/q5(1.860.1)31023 °C21.
This can be compared to values for bulk phases of the
kanes which are;1.331023 °C21 for theRII hexagonal ro-
tator phase,;2.331023 °C21 for the orthorhombicRI rota-
tor phase, and;5.331023 °C21 for the orthorhombic
herringbone crystal phase@12,13#. We see that the therma
expansion in the hexagonal rotator surface phase of C2
comparable to the rotator phases of the other alkanes,
clearly much greater than the nonrotator crystal phases.
however, somewhat higher than that of the bulk hexago
phase, lying between the values for theRII andRI bulk ro-
tator phases.

For two-dimensional crystals, long wavelength fluctu
tions destroy the true long range order which is exhibited
ordinary three-dimensional crystals. A logarithmic decay
the correlation function leads to the well-known power-la
form for the diffraction line shape characterized by an exp
nenth. For perfect crystalline alignment~single crystal! the
intensity falls as (Dq)h22, whereas for random alignmen
~perfect powder! it falls as (Dq)h21 @14–17#, whereDq is

FIG. 2. Grazing incident scans at 38.03, 36.84, and 36.09
The peaks are nearly resolution limited.

FIG. 3. The in-plane peak positions of the hexagonal phase,
function of temperature. Hereq54p/)a, wherea is the interpar-
ticle distance.
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the longitudinal in-plane momentum transfer deviation fro
the peak. Our data exhibit such power-law tails with
alignment of macroscopic domains intermediate betwee
single crystal and a good powder. Thus, while the measu
peak positions were reproducible regardless of the degre
alignment, the power-law tails exhibited some scatter w
exponents ranging between21.05 and21.60. Since powder
averaging decreases the apparent slope, the data are c
tent withh<0.4, comparable to the value of 0.5 obtained
Bergeet al. for Langmuir films on water@15#. A more de-
finitive measurement of the power-law line shape require
systematic averaging over the azimuthal distribution.

We have shown that the surface frozen monolayer of C
exhibits hexagonal order, with positional correlations exte
ing over 1 mm. The coefficient of thermal expansion, e
tracted from the variation of the rotator phase lattice c
h,

.

r-
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stant, is in reasonable agreement with that of the bulk rota
phase. In addition, the power-law line shape is consis
with the predicted quasi-long-range order. The power-l
exponent may increase with decreasing temperature if
phase exhibits packing frustration@16–19#.
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