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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 talkane eicosane (FgH,,) 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 leastlL um. The high resolution allowed determination of the temperature
dependence of the peak position over the nar(8RC) temperature range of the surface crystal phase. The
two-dimensional thermal expansion was determined to d&/dT)/A=1.8(=0.1)x10 3°C %, which is
comparable to the expansion in similar chain length uéitkane 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 inralkanes[1] and other chain This paper describes GID measurements carried out with
molecules[2—-4], where an ordered monolayer forms at thehigh in-plane resolution, made possible using third genera-
surface of the melt a few degrees above the freezing tention synchrotron sources. Our results demonstrate that the
perature[1,5—7]. The high temperature ordered bulk phasegdiffraction peaks are essentially resolution limited, implying
of the n-alkanes are rotator phases, which are plastic crystaihat the domain size is at least on the order girh. The
with three-dimensional long-range order of the moleculeshigh resolution allowed us to measure very accurately the
centers of mass, but which lack long-range order with respedemperature variation in the GID peak position. The resulting
to the molecules’ rotation about their long axes. The surfacgoefficient of the thermal expansion iIA/dT)/A=1.8
frozen monolayers of the-alkanes exhibit a structure and X107 3°C™* where A is the molecular area. This value is
entropy similar to that of the hexagonal rotator phase. The€omparable to the coefficient measured in the jikrota-
structure of the monolayer has been determined previouslior phase.
with x-ray reflectivity and grazing incidence diffraction =~ The experiments were performed at the Complex Materi-
[1,5], and its thermodynamics with temperature dependengls Collaborative Access Teaf€MC) beamline ID-9B at
surface tension measuremefi€s7]. On the basis of those the Advance Photon SourcéAPS) at Argonne National
measurements, no structural variations within the monolayeraboratory using unfocused undulator radiation and a liquid
phase were ascertained. nitrogen cooled $111) two bounce monochromator. Both

Previous grazing incidence diffractio(GID) measure- the undulator and monochromator were set to provide radia-
ments[1] were performed using a setup capable of only lowtion at 8.15 keV §=1.5212A). The newly commissioned
in-plane resolution 4q,.=0.015-A"1 full width at half = CMC liquid spectrometer utilized a GEL1) crystal to tilt the
maximum. The crystalline coherence length is given by thebeam downward at a grazing incident angte; 0.1°, which
Debye-Scherer formulaée 0.9 27/Aq) whereAq is the  is about 70% of the critical angle. The spectrometer outgoing
line shape broadening in the absence of resolution effects. If
the smallest resolvablaq is Aq,.s then coherence lengths

greater than 0.9 27/Aq,.s cannot be resolved. For the pre- E 28 [ ]
vious measurements, the maximum resolvable coherence g 3

length was about 400 A. Furthermore, the absence of line Bo7L T ]
shape information did not allow us to ascertain whether the oy T

lateral order wadqquas) long range or hexatic, nor could 226 'f Ts ]
lattice properties, such as the thermal expansion coefficient E l

of the monolayer be ascertained. While the surface tension 025 ]
was found to vary substantially across th8 °C range of the .§

surface phasésee Fig. 1, no variations in the surface ten- @ 24 oy

sion slope were observed. Since the temperature dependent 35 36 37 38 39 40 41 42 43 44

; . Temperature [°C]
slope of the surface tension gives the surface entropy change,
its constant value suggests that no structural phase transitions FIG. 1. Temperature dependence of the surface tension of C20
occur within the surface frozen phase. using the Wilhelmy plate method obtained using a different cell.
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angle B, was also set at 0.1°, with a resolution widkg 110* , ,
=0.1°. A G€111) crystal analyzer, mounted on the detector — 38.03°C 36.84°C  36.09°C
260 arm in a dispersive configuration, was used to provide 3 810°

excellent in-plane resolution with a direct beam width of % R

A26=0.0064° full width at half maximunfFWHM). Since 3¢

minimal differences were observed in direct beam scans be- : 410° [

tween the dispersive and nondispersive direct beam configu- -‘.,=,

rations, no finite energy bandwidth corrections were re- ézm‘* g

quired. Including the effects of a finitdB provides a -

resolution width of 6.X10°* A~ FWHM at the scattering 010° . :

vector ofg~1.5 A1, where the measurements were carried 1.513 1.515 A" 1517 1519

out. N-eicosane, &H., (abbreviation C2p was obtained q

from Aldrich, and used as obtained. The temperature con- F|G. 2. Grazing incident scans at 38.03, 36.84, and 36.09 °C.
trolled sample chamber for liquid surface reflectivity wasThe peaks are nearly resolution limited.

described previousljl].

At the vapor interface of C20, a hexagonal rotator crys+these variations are attributed to a small offset in the orien-
talline surface phase forms upon cooling below a temperagtion of the surface crystallites from the Bragg condition.
ture T, with the bulk remaining molten. At temperatures  The peak positions il are shown as a function of tem-
aboveTg, the crystalline surface phase vanishes, and thg@erature in Fig. 3. A linear fit vyields g
bulk is terminated by an isotropic liquid surface. The bulk, =1.5676—0.001392(70) T, with T in °C arglin A™%. The
on the other hand, crystallizes into a distorted rotator phasarea per molecule for a hexagonal lattice is given Ay
(R)) at Ty that is about 3 °C below,. We note that th&?,  =87%/\/39%. The two-dimensional thermal expansion is
phase is metastable with respect to forming the triclinic crysthus dA/dT)/A=—2(dg/dT)/q=(1.8=0.1)x10 3°C L.
talline phas¢8—10], a phase that is characteristic of the pureThis can be compared to values for bulk phases of the al-
shorter even numbered carbon numbelkanes. kanes which are-1.3x10 2°C™! for theR;; hexagonal ro-

The bulk and surface phase transition temperatures, alorigtor phase;-2.3x10~2°C* for the orthorhombidR, rota-
with information on the surface entropy, can be ascertainetpr phase, and~5.3x1073°C™* for the orthorhombic
from surface tension measurements. In Fig. 1 we show thberringbone crystal phagd2,13. We see that the thermal
temperature dependence of the surface tension of C20 me&xpansion in the hexagonal rotator surface phase of C20 is
sured using the Wilhelmy plate technig[id. The disconti- comparable to the rotator phases of the other alkanes, and
nuity in slope atT,=38.7 °C corresponds to the transition clearly much greater than the nonrotator crystal phases. It is,
from an ordinary liquid surface to an ordered surface monohowever, somewhat higher than that of the bulk hexagonal
layer. The slope chang&(dy/dT)=1.16 dyn{cmK) corre-  phase, lying between the values for tRg andR, bulk ro-
sponds to the decreased entropy of an ordered surface cor@tor phases.
pared to an ordinary liquid surface, and has been shown to For two-dimensional crystals, long wavelength fluctua-
correspond closely to the molar entropy change associatdiPns destroy the true long range order which is exhibited by
with the bulk rotator-liquid transitiof11]. The surface ten- ordinary three-dimensional crystals. A logarithmic decay of
sion can no longer be measured below the bulk freezing tenthe correlation function leads to the well-known power-law
perature,T;=35.7 °C. form for the diffraction line shape characterized by an expo-

Previous x-ray reflectivity measurements showed that thé@ent 7. For perfect crystalline alignmertsingle crystal the
ordered monolayer of C2W¢<T<T,) is 24.1 A thick over intensity falls as 4q)7 2, whereas for random alignment
the entire 3°C temperature range, and without a noticeabléperfect powderit falls as (Aq)7 ! [14—17, whereAq is
temperature dependen¢&,5]. This thickness corresponds
closely to the calculated molecular length. The single in- 1.518

plane reflection aj=1.516 A~! indicates hexagonal pack- q_ = 1.5676 - 0.0013924 T

ing. Bragg rod measurements showed that the elongated mol- 1517 F P ]

ecules are oriented normal to the surface, and are consistent ;.-:

with the thickness deduced from the reflectivity measure- =

ments[1,5]. g1o18 ¢ ;
In Fig. 2, we show grazing incidence in-plané &cans b

[plotted as a function af= 4 X sin(26/2)/\ ] of the hexago- 1515 [

nal peak for three different temperatures. For the narrowest

peaks, the width is very close to the resolution limit. A lower 1514 . . . . .

bound for the coherence length is obtained from the mea- 355 36.0 365 370 375 380 385

Temperature [°C]

sured diffraction peak widtihgq=0.0007 A~1. This implies
that correlated domains extend over a range greater than FIG. 3. The in-plane peak positions of the hexagonal phase, as a
9000 A. We note that the small variations in the peak widthfunction of temperature. Herg=4/v3a, wherea is the interpar-

did not change systematically with temperature. Ratherticle distance.
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the longitudinal in-plane momentum transfer deviation fromstant, is in reasonable agreement with that of the bulk rotator
the peak. Our data exhibit such power-law tails with anphase. In addition, the power-law line shape is consistent
alignment of macroscopic domains intermediate between @ith the predicted quasi-long-range order. The power-law
single crystal and a good powder. Thus, while the measuregxponent may increase with decreasing temperature if the
peak positions were reproducible regardless of the degree ghase exhibits packing frustratigh6—19.
alignment, the power-law tails exhibited some scatter with
exponents ranging betweenl.05 and—1.60. Since powder We gratefully acknowledge discussions with Oleg Gang.
averaging decreases the apparent slope, the data are condiseokhaven National Laboratory is supported under DOE
tent with »=<0.4, comparable to the value of 0.5 obtained byContract No. DE-AC02-98CH10886. Work at the CMC
Bergeet al. for Langmuir films on watef15]. A more de- Beamlines was supported, in part, by the Office of Basic
finitive measurement of the power-law line shape requires &nergy Sciences of the U.S. Department of Energy, and by
systematic averaging over the azimuthal distribution. the National Science Foundation, Division of Materials Re-
We have shown that the surface frozen monolayer of C2@earch. Use of the Advanced Photon Source was supported
exhibits hexagonal order, with positional correlations extendby the Office of Basic Energy Sciences of the U.S. Depart-

tracted from the variation of the rotator phase lattice con-
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