PHYSICAL REVIEW E 68, 031605 (2003
Surface freezing in binary mixtures of chain molecules. I. Alkane mixtures
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X-ray surface scattering and surface tension measurements are used to study surface freezing in molten
mixtures of alkanes. These binary mixtures consist of protonated and deuterated alkanes, as well as of alkanes
of different lengths. As for pure alkanes, a crystalline monolayer is formed at the surface a few degrees above
the bulk freezing temperature. The structure of the monolayer has been determined on an angstrom scale. A
simple theoretical approach is used to account for the thermodynamical observations at the surface and in the
bulk. The model is based on a competition between entropic mixing and a repulsive interaction due to
chain-length mismatch. The surface and bulk liquid phases are treated as ideal mixtures, while the solid phases
are treated as regular mixtures. The theory is found to account well for all the mixtures studied, both
hydrogenated-hydrogenated and hydrogenated-deuterated. The repulsive interaction and its dependence on the
chain lengths of the components are determined from fits to the measured data.
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I. INTRODUCTION We present here a study of SF in binary mixtures of al-
kanes. The surface thermodynamics of the melt in its liquid
Surface freezingSH is a first-order formation of a solid and SF phases was studied by surface tension measurements,

layer at the surface of a medtboveits bulk freezing point and the surface-normal and in-plane structure of the SF layer
[1-4]. With very few exceptions, the opposite effect, surfacewas studied by surface specific synchrotron x-ray scattering.
melting, i.e., the melting of the surface layleglowthe bulk  Its properties and structure, and the effect itself, are strongly
melting point, is the rule in nature, and was observed irdominated by the delicate balance between entropy, which
metals, semiconductors, polymers, molecular crystals, icromotes homogeneous mixing, and the repulsion between
etc. [5]. Nevertheless, since the discovery of SF in normakne two different-length molecules, which promotes segrega-
alkanes a decade a¢p—4], SF was demonstrated to be the tion of the species. Since the interactions among alkane mol-

rule, rather than the exception, in chain molecules. SF igcyles and their affinity to the surface differ with carbon
exhibited by the simple, purely van der WaaledW)- mpers, the temperature range of the SF effect and the

mteractltr;g, rr:ormal ﬁlkanq£H3(C:f|2)”*§CdH§|’ allc(Jbrewilted . monolayer’s structure and composition vary with the carbon
as G, by the much more complicated diblock semifluori- number differenceAn. For smallAn mixtures, the crystal-

nated alkanes, by alcohdI€H;(CH,),_;0OH], which have : :

both hydrogen bonds and vdW interactions, by alkenes, dil-Ine surface layer is a mixture of the-two co_mponents. For
: ' largeAn, one component of the bulk binary mixture strongly

ols, alkyl ethylene glycols, and mixtures and solutions of all

these[1—4,6—9. Binary mixtures of different-length mol- dom_inates the sgrface cr_ystalline Iayer. We have studied ex-
ecules of the same species are of particular interest. B{FNSIVely two series of mixture, with Cao, sn @nd Ge—an
changing the composition and the components’ chaifVith Css WhereAn ranges between 2 and 18. The two series
lengths, they allow, in principle, the tuning of the bulk free _show qualitatively similar surface phase behavior with vary-
energy continuously over ranges often not accessible 9 An.
monocomponent melts. The new dimensions provided in We have also studied the effects of iSOtOpiC substitution
phase space by the use of mixtures should generate new pH? the mixtures, by employing mixtures of protonated)C
nomena not observed in monocomponent melts. Thus, SF iand deuteratefiCD;(CD,),-,CDs3, abbreviated here as,p
mixtures is of high importance for fields like wetting, critical alkaneq10]. Here we studied mixtures ofpand G,, with
phenomena, low-dimensional physics and nanoscienceé=20, 23, 26, 32, and 36, to investigate the possible influ-
Moreover, alkanes in “real world” situations, such as lubri- ence of isotopic substitution on SF. This effect was shown to
cants, fuels, etc., occur mostly as mixtures, not as pure contze small in the bulk for equal-length moleculéd]. The SF
pounds. SF in mixtures should be, therefore, of importancéayer, where easy exchange of molecules with the underlying
also to applied science and industrial applications. liquid bulk is possible, is a solid where the very slow kinetics
of a solid bulk is practically eliminated, and phase separation
effects can be studied with practically immediate kinetics.
*Present address: Physics Department, Brookhaven Nationdlhough the phase diagram of the deuterated materials is gen-
Laboratory, Upton, NY 11973, USA. erally different from that of their protonated counterparts, we
TCorresponding author. Email address: deutsch@mail.biu.ac.ii show that the same simple theoretical approach used for the

1063-651X/2003/68)/031605%13)/$20.00 68 031605-1 ©2003 The American Physical Society



SLOUTSKIN et al. PHYSICAL REVIEW E 68, 031605 (2003

protonated-protonated mixtures is also valid for the 8F ' T ' ' ' T
deuterated-protonated ones. | CLi(9):Cu(1-0) 4
Finally, we also address in this study several theoretical
issues concerning SF. Theoretical and simulational models
were proposed to explain the SF effect in pure materials
[12-14. A few of these were successful in accounting for
the observation§12—-14. However, none of the models al-
lows, even in the simplest casgk?—14], a direct prediction
of the SF behavior and properties of binary mixtures. We use> 25 - :
here a mean-field thermodynamics approach based on idee I e —¢=0
solution theory and the theory of strictly regular mixtures to sl - l/’ ------- $=0.34
account for the experimental observations using the proper- S o=1
ties of the pure components. Only one fit parameter is used, r
the repulsion energy due to chain-length mismatch, and its 23l : . - . - L -
behavior is shown to be practically universal, depending only 2 2 7T 1K 0 !
on the chain-length difference between the species. T (K)
In Sec. Il the experimental details are discussed. Section i, 1. Several typical surface tensiop)(temperature scans of
Il presents the thermodynamical theory developed to acc,+ C,q alkanes are shown for the liquid bulk concentratior (
count for the behavior of the freezing of the bulk and of thejisted. The curves end at the bulk freezing temperatures. Since the
surface, along with its very favorable comparison with themeasurement errors in the absolute surface tension values are no
measurements. Section IV describes the x-ray surfaceetter than~1 mN/m, all curves were shifted by small amounts to
diffraction results and their interpretation. The last sectionmake them coincide &k, to enhance presentation clarity. The
Sec. V, presents our conclusions. A second paper will presentlues of the curves shown ailg=38.6, 46.5, and 58.6 °C, for
a closely related study of SF in alcohol mixtures, as well asp=0, 0.34, and 1, respectively.
conclusions drawn from both studies on the causes, prope,
ties and behavior of SF in chain molecules in general.

mN/m})

lecular weight speciesp, was determined from temperature
scans of the surface tensigifT). At some temperature be-
low T strong fluctuations occur in the force exerted by the

Il. EXPERIMENT sample on the Wilhelmy plate. These fluctuations mark the
onset of bulk freezing';(#). As earlier studies shoyl8],
A. Cell and samples even in materials that do show supercooling of the bulk

The alkanes were purchased from Cambridge |Sotopef§eezing transition, the Wilhelmy plate acts as a nqqleator
(deuterateriand Sigma-Fluka-Aldrictiprotonated] were la- and the temperature range of supercooling is significantly

beled 99% pure, and used as received. The mixtures are Ior@duced. Preliminary bulk calorimetry measurements indi-

ared by weiahing the required amounts into a alass vialCat€ @ po_ssible lack of bulk supercooling in me_lts of binar_y
Eeating ¥o~ 1(?°C%bove thqe highest melting point gand Mix- alkane mixture when the components do not differ much in

: : X : length. Thus, at least for mixtures of small chain-length mis-
ing the melt with a stir bar for half an hour. The well-mixed —

sample is then poured onto a preheated silicon substrate aH&atCh’An/n_(nl_nZ)/[(nl_+ n,)/2], one may e_zquate_the
sealed in a temperature regulated cell. The experimental r nset temperature of t'he Wllhelmy plate fluctuayons with the
sults are mostly independent of the thermal cycle whe ﬁ;;:%dg?g'callfsqsu'ﬂbglrj]mgé’lﬂ]k ngez'ggn pt?émcf)bt;-igz q
cooled below bulk freezing and reheated. Nevertheless, th Py P T i

. . : : . ffom the surface tension scan@n Fig. 1), as AS®
results discussed below are those obtained in the first COO“ngdy/dT|T<Ts—d7/dT|T>TS. Note, however, that these val-

cycle of the mixed melt. ) i
ues are giverper unit areg same asy, rather thamer mol-

ecule[18]. Since, to the best of our knowledge, no direct
measurement of the molecular area inligaid surface layer

The surface tensiofST) y was measured using the Wil- is available in the literature, we cannot use the measured
helmy plate method17]. The Wilhelmy plate was made of surfaceAS® to obtain the entropy loss at the surfaper
filter paper to enhance wetting by the alkane sanjpg].  molecule Rather, we use the measurbdlk entropy loss
The ST is a direct measure of the surface excess free engfpon SF,AS, which is known from earlier calorimetric
gies: y= 5— €~ T(S°—S?), wheree® and €° are the ener- studies1,19] in units of J(K mol), to derive the entropy loss
gies andS® and SP are the entropies of the surface and thePer molecule, and use this value for both surface and bulk

bulk, respectively. The surface tension temperature scans f${€€zing. The consistent results obtained using values calcu-
several G+ C,g mixtures are shown in Fig. 1. The first- ated this way support the validity of the assumption of

order surface freezing transition is directly manifested by ;{]heearslﬁr'fgigt:gclj ?:ttrﬁé){&%zﬁ’er moleculeupon freezing at
sharp change in the slope of the surface tensby,dT '

=-S5+, from a small negative value for tie> T, liquid
surface phase to a large positive value for TheT, crystal-
line surface phas€l,4,18. The variation of the SF onset  The structure of the vapor-liquid interface of the melt has
temperatureT¢(¢) with the concentration of the high mo- been studied by x-ray reflectivityxR) and x-ray grazing

B. Surface tension measurements

C. X-ray methods
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incidence diffraction(GID). The reflectivity R(q,), where  surface and penetrates the surface layer to a dept7éf A.
d,=(4m/\)sina is the surface-normal momentum transfer, Scanning the detector horizontally at an angjgerelative to
a is the angle of incidence of the x-ray beam aRd the specular reflection plane, the intensity diffracted out of
=1.5 A is the wavelength of synchrotron radiation usedthe evanescent wave by the crystalline structure of the sur-
yields information on the electron density profile normal toface is measured as a function of the in-plane momentum
the surface, and allows accurate measurement of the thickransfer q, = (47/\)sin(6p/2) [1,20,23. This GID diffrac-
ness and electron density of a surface-frozen 1426121.  tion pattern can be analyzed by standard crystallographic
For an ideally smooth and abrupt surface separating two meechniques to yield the in-plane structure. In particular, for an
dia of different constant densities, the reflectivity is known ashexagonal packing of the molecules in the SF layer, the

the Fresnel reflectivity22], nearest-neighbor ~ separation is  given bya
=2l/[q, cos(30°), whereq, is the peak position of the
q,— ﬂ 2 single GID peak observed in this case. Finally, the magnitude
Re(Q,) = M (1)  and direction of the tilt of the SF layer's molecules can be
q,+ ~/q§—q§ deduced from the Bragg RodBR)—the surface-normal in-

tensity distribution, measured at the in-plane GID peak posi-
tions[1,20,23. The three scans, XR, GID, and BR, allow a
complete determination of the in-plane and surface-normal
structure of the SF monolayer.

whereq,=0.02 A~* corresponds to the critical angle of in-
cidence,a., below which total reflection of the impinging x
rays occursRe falls off monotonically as (8./9,)* for q,

=4q.. A real-world interface is seldom abrupt, or ideally
smooth, and its x-ray reflectivity is given by [ll. RESULTS: THERMODYNAMICS

We present here the results of the surface tension mea-
it:24 7 @) surements on the _various binary alkane_ mixturgs studigd qnd
Pbulk the thermodynamical theory that explains their behavior in
terms of the pure components’ properties. For samples where
the length mismatch of the two components is small, a “mix-
ture model” was employed, in which the free energy of the
solid phase includes entropic and enthalpic terms to account
for the mixing. For samples where the length mismatch is
large, a “solution model” was used, in which a single-
component solid phase is assumed and thus the free energy
does not include mixing terms. The measured quantities used

R(a,) f 1 d<p( )
RF(QZ)

where p(z) is the electron density variation with depth
below the surface, and the density averading ) is done in
the surface parallel plan0]. Approximating the electron
density profile by a sum dfl + 1 slabs of fixed densities; ,
R(q,)/Rg(g,) can be modeled as

R(q,) N Pi—Pi+1| ..~ .22 2 in the analysis and figures discussed below are listed in
=| > |——|e %Pie7 9 12dZ | (3)  Taples | and Il
Re(dy) [0\ pouik ables | and Il.
wherei sums oveN+1 layers,D; is the distance of thith A. Basic theory of alkane mixtures
interface from the bulk,o; is the width of the Gauss- The behavior of the surface phase can be accounted for, in

distributed interfacial roughnesgy= pp i, andpn+1~01iS  general, using the properties of pure components and taking

the electron density of the vapor. For the alkane melt's surinto consideration the mixing entropy and the molecular in-

face in the SF phase, a two-slai £ 2) model can be used. teractiongd24—26. The liquid phase of a binary alkane mix-

The upper slab represents the (§ , alkyl chain and the ture can be treated as an ideal mixture, since chain-length

lower slab represents the smaller density;Ghithyl group  mismatch is irrelevant in the liquid phase, where most of the

at the monolayer-bulk interface. The slab of the second memolecules are kinked and no long-range positional order ex-

thyl groups at the monolayer-vapor interface is included injsts. Thus, the free energy of a bulk comprisMgnolecules

the roughness of the interface. This model was used successf C, andM molecules of G, can be written a§24,25,21

fully to represent the density profile of the SF phase of pure

alkane meltg1,3] and alkane-containing solution$8]. The N M

densities, thicknesses, and interfacial roughnesses of all lay- F'b:Nf'r?jLMf'n?Jr kKgT|NIN——+M In——|, (4)

ers are refined in the fit to yield the best fit of the model to N+M N+M

the experimental reflectivity curveR(q,). To reduce the

number of fit parameters, all interfaces were assumed to have b b b )

the same roughness. In our two-slab model this practice Wherefi"=e¢ ~Tgisthe bltl;llkfr_ee energy of a ”}g'_ecq'e In

results in five fit parameters: two thicknesses, two densities? “qU'd melt of pure G, € is its energy, and5"” is its

and one roughness parameter. entropy, withi=n,m. The Iast term is the mixing entropy
The in-plane structure of the SF monolayer is probed bydue to the additional N+M)!/(N!M!) distinguishable

x-ray GID [20,23. Here, the incident angle is set t@  States in a binary mixture as compared to a pure material.

<a., so that total external reflection of the impinging x rays The chemical potentials of Cand G, are given byu,

occurs, yielding an evanescent wave, which travels along the: 9F'®/oN and ,u'b IF'®/ oM.
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TABLE I. Thermodynamical data obtained by surface tension measurengerstshe mole fraction of the long-chain species in the bulk
liquid, T, is the surface freezing temperatufg, is the bulk freezing temperature, add®® is the entropy loss, per unit area, upon surface
freezing. For G,+ D3y, ¢ is the protonated alkane fraction.

¢ T; (°C) Ts (°C) AS* (mI[m*K]) ¢ T; (°O) Ts (°C) AS®* (mI[m*K])
CagtCss CaotCas
1 74.55 77.1 1.84 1 74.73 77.33 1.85
0.7 70.86 73.43 1.88 0.69 71.91 74.42 1.83
0.44 66.56 69.33 1.86 0.44 69.04 71.7 1.79
0.3 63.94 66.86 1.67 0.23 66.33 69.32 1.72
0.18 62.06 65.18 1.55 0 64.62 67.42 1.63
0 60.08 63.17 1.55
Caot Co CaotCop2
1 49.94 52.98 1.40 1 43.51 46.6 1.20
0.66 45.39 48.59 1.36 0.73 41.26 44,55 1.18
0.45 42.17 45.41 1.33 0.55 39.95 43.31 1.13
0.18 37.37 41.0 1.22 0.39 38.24 41.86 1.16
0.06 35.98 39.39 1.20 0.23 37.27 40.64 1.12
0 35.68 38.61 1.17 0 35.68 38.83 1.07
CaotCos CaotCoe
1 53.01 56.05 1.45 1 55.66 58.63 1.42
0.67 48.3 51.48 1.45 0.7 50.91 53.94 1.43
0.48 45.93 49.11 1.48 0.41 44.66 47.73 1.39
0.43 41.87 45.12 1.37 0.3 41.66 44.86 1.29
0.33 40.18 43.67 1.30 0.14 37.04 40.99 1.14
0.24 38.7 42.36 1.77 0 35.63 38.65 1.05
0.15 37.0 40.88 1.20
0.07 36.07 39.91 1.16
0 35.63 38.65 1.15
C3ot+Cse CaotCso
1 74.6 77.09 1.84 1 64.62 67.42 1.63
0.84 73.52 76.18 1.87 0.8 61.95 64.59 1.69
0.77 72.86 75.51 1.84 0.67 59.26 62.04 1.75
0.67 72.33 75.02 1.81 0.53 57.51 59.27 1.75
0.47 71.11 73.83 1.76 0.45 55.98 56.96 1.70
0.24 69.76 72.21 1.76 0.38 545
0.12 68.76 71.78 1.77 0.15 47.1
0.06 68.65 71.54 1.72 0.08 42.2
0.05 68.52 71.36 1.72 0.03 35.75 39.27 1.09
0 68.3 70.64 1.73 0 35.63 38.65 1.05
Caot Cag Cs6t D32
1 60.5 63.6 1.50 1 74.8 77 2.03
0.74 57.9 60.05 1.50 0.95 74.29 76.84 1.99
0.66 54.84 57.39 1.74 0.9 73.88 76.33 2.0
0.5 52.6 55.2 1.54 0.8 72.97 75.27 1.96
0.42 51.16 52.7 1.72 0.7 72.08 74.02 2.01
0.41 48.3 49.41 1.42 0.6 71.15 72.44 2.08
0.26 44.5 45.14 1.56 0.5 69.68 70.94 1.97
0.23 44.88 45.42 0.41 68.67 70.07 2.06
0.21 42.3 43.1 1.11 0.4 68.58 69.6 2.05
0.17 40.1 41.93 1.09 0.30 67.26 68.98 2.0
0.16 41.44 42.11 0.20 65.79 67.67 1.95
0.13 38.6 41.3 1.08 0.15 65.24 66.72 1.89
0.11 40.36 41.25 1.09 0.102 64.5 66.05 1.90
0.1 36.8 40.6 1.05 0.101 64.49 66.52 1.60
0.09 35.8 40.05 1.11 0.068 64.0 65.52 1.96
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TABLE I. (Continued.

@ T: (°C) Ts (°C) AS® (mI[m*K]) é T: (°C) Ts (°C) AS® (mI[m*K])
0.07 35.35 39.78 1.11 0.05 63.65 65.35 1.94
0.05 35.3 39.45 1.08 0 63.3 65.9 1.8
0 35.71 38.75 1.08

Cyot D3 Cs2t D3
1 35.54 38.54 1.14 1 68.57 71.32 1.7
0.97 35.05 38.69 1.08 0.91 68.13 70.77 1.64
0.96 35.12 38.82 1.17 0.87 67.94 70.47 1.72
0.94 38.57 38.9 1.97 0.83 67.72 70.32 1.67
0.88 43.87 0.76 67.4 69.79 1.65
0.81 48.26 0.73 67.25 69.81 1.75
0.73 51.18 0.69 66.96 69.33 1.69
0.65 54.56 0.63 66.8 69.36 1.77
0.55 55.46 0.53 66.35 69.0 1.74
0.44 57.66 58.53 1.04 0.43 65.89 68.5 1.74
0.31 59.15 60.4 1.88 0.33 65.21 67.85 1.78
0.17 61.11 62.91 1.83 0.23 64.67 67.33 1.76
0.05 62.55 64.42 1.85 0.11 64.09 66.67 1.73
0 63.3 65.9 1.8 0 63.3 65.9 1.8
Cy3+ D3 Co6t D32
1 46.77 49.85 1.34 1 554 58.04 1.52
0.97 46.46 50.0 1.35 0.93 55.43 58.11 1.53
0.91 46.36 50.22 1.38 0.85 55.62 58.66 1.58
0.86 46.64 50.4 1.39 0.77 56.14 59.22 1.63
0.83 47.26 50.71 1.40 0.68 56.74 59.7 1.63
0.79 48.34 51.0 1.46 0.59 57.48 60.12 1.67
0.75 50.5 52.17 1.53 0.38 59.3 61.69 1.74
0.71 52.14 52.9 2.0 0.26 60.61 62.9 1.86
0.62 54.52 55.47 1.97 0.14 61.9 64.08 1.83
0.57 55.1 56.42 1.86 0 63.3 65.9 1.8
0.46 57.23 58.6 1.97
0.35 58.45 60.1 1.9
0.25 59.89 61.4 1.83
0.15 61.2 62.39 1.89
0.08 62.03 63.35 1.8
0 63.3 65.9 1.8

In the crystalline phase, ordered layers are formed irwherefS®=e®— TS is the bulk free energy of a molecule
which all chains are extended and aligned parallel to ongn acrystalof pure G (i=n,m). The third term is, again, the
another. The crystal can then be regarded as mixture of Cykixing entropy. The last term in Ed5) is the interchange
inders with similar diameters but different lengths. In thisenergy in the zeroth-order approximation to the “strictly-
case, the mixture can no longer be considered ideal, sinGggylar” mixture theory[25]. It consists ofw, times the
exchanging a single molecule between pugeadd G, crys-  propability of occurrence of a nonidentical pair in a ran-
tals raises their total energy by twice the interchange energ)({jormy mixed binary mixture, neglecting higher-order inter-

:sbt[r?g"zr?lﬁosr?r?etheeafah (r;Olle;#;etheteéﬁgs ngh:?"ngnnde:r::[' actions[24,25. The chemical potentials are obtained, again,
'9 : yerp gy ENT a5 1%P=oFP/gN and uP=gF®/gM. The last, repulsive,

cal pair is increased by &,/z, compared to an identical term in Eq.(5) favors phase separation, whereas the mixin

pair. The free energy of the crystalline phase is then N EQ. vors p paration, whe Xing

[24,25,27—29 entropy term favors a homogeneously mixed phf3@.
T When XgT> wy,, the mixing entropy is dominant and a ho-

mogeneously mixed crystalline phase may exist at any mole

N
FP=NfPL+MFEP+kgT|NIN——+M In

N+ M N+ M fractionx. However, when RgT<wy,, the repulsive interac-
tion dominates for compositions close to equimolar, and
to NM ©) phase separation will occur for thesein the crystalline
PN+M’ phase[28].
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TABLE Il. Same as Table | above, but for the mixtureg;€Cs5 and Gg+ C35. These have an additional transition, at the edge of the
black hole region, as discussed in the text, to a phase with a different tilt and higher entrofyidbes AS;) than at the usual surface
freezing AS°). For some compositions the transition occur§ a& T, . For others, the SF transition @t= T is directly to the anomalous
SF phasé8].

Cpst Cag Cat Cse
¢ Ty Ts AS® Tie AS ¢ Tt Ts AS® Ty AS
1 74.73 77.33 1.85 1 74.73 77.33 1.85
0.57 69.43 70.96 1.99 69.67 0.68 70.66 72.93 1.95
0.52 68.42 69.67 191 69.36 2.81 0.57 69.33 71.06 1.98
0.43 66.83 68.03 3.05 0.52 68.14 69.72 2 68.74 3.08
0.35 65.72 66.46 2.9 0.45 67.7 69.18 1.96 68.55 2.84
0.15 59.2 59.54 2.4 0.42 66.6 68.01 2.85
0.08 53.15 56.91 1.348 0.3 64.3 64.6
0 52.81 55.97 1.36 0.24 62.75 62.98
0.17 60.7 60.7
0.14 58.41 60 151
0.12 56 59.59 1.49
0.07 55.62 59.42 1.46
0 55.66 58.63 1.42
B. Resullts for the bulk from previous measuremenf4,19. Using these, Eqs(8)

At the bulk solid-liquid transition, the solid crystal phase @nd (9) can be solved by fitting them to the bulk freezing
coexists with the liquid phase, each component having thémperatures measured as a function of concentration,
same chemical potential in the two phases. Equating the relf1(¢), for a given mixture. This yields the solid bulk com-
evant chemical potentials yields positionsx,(¢) and the interchange energy,. Note that

the freezing temperature is, by definition, the temperature at

be+kBT In ¢=fﬁb+ KeT IN X+ 0p(1—Xp)2, 6) which the first soljd gra_in is nucleated within the liquid bull_<.
The volume of this grain is, however, very small, so that its
compositionx,# ¢ does not change the actual remaining

2 +kpTIN(1— ) =F+ksTIN(1—Xp)+wpX5.  (7)  liquid compositiong from the nominakp,. However, as the
_ _ _ o temperature is reduced, the solid fraction grows, and the
Here the left-hand sides are the chemical potentil{ u)2)  composition will increasingly deviate from the nominal

of the G, (C;) molecules in the liquid bulk and the right- ¢,. The whole process obeys Ed8) and(9) at any given
hand sides are the chemical potentiaf® (x<P) of the G,  temperature, implying thaf, in these equations is not the
(C,) molecules in the crystalline bulk phase.=N/(N single freezing temperature, but a particular solid-liquid co-
+ M) is the mole fraction of the Cmolecules in the liquid existence temperature out of a range of temperatures in the
bulk andx, is the mole fraction of the same molecules in thevicinity of the rigorous freezing temperature. The experimen-
crystalline bulk. It is important to note that, in genera), tally observed transition is sharp, proving this range to be
differs from ¢. The free energy differencE®—f!° of each  small [31]. EachT; corresponds to some+# ¢, through
component can be derived from the pure component’s bullEds. (8) and (9). Experimentally, of course, onlg, can be
freezing temperatureT;; and the latent heate]’— €™  controlled independently. _
=Tfyi(Sﬁ'b— SP), using fP—fP= (T_Tf,i)(S:b_ S =(T The results obtained using the theory above for a mixture

—Tf,i)ASb, whereASIb denotes the entropy loss upon bulk of two clqse-length alkanes are shown in Fig. 2. qud fit
freezing of a single Cmolecule. Using these, Eqe) and  (dashed lingto the measured;; values(closed squargsin
(7) yield Fig. 2b) is qbtamed, supportmg_the appllggbl_llty of the
theory above in this case. The solid compositigns found
b 5 b to deviate from the nominal liquid compositios, by up to
Ti(h)=[Tt,nASy— wp(1—xp)J[AS+ kg IN(Xp/ )], ~15%, as shown in dashed line in Figa2 Note that the
(8 two components of these mixtures have almost equal lengths,
differing only by ~2.5 A. Thus,w, is small and so is the

Te(d)=(Tt mASY— wpX2)/{ASD repulsive mismatch term in E@5). This, in turn, results in
’ " the dominance of the mixing entropy at all compositions, and
+kg In[(1—xp)/(1— )]} (9) a continuous composition curvg(¢) is obtained, deviating

only slightly (=15%) from ¢, as shown in dashed line in
The entropy loss upon bulk freezing,SP, and the bulk  Fig. 2@). When the chain-length mismatch is large, as for the
freezing temperatures; ; of the pure components are known Cyg+ Cgs mixture shown in Fig. 3x,(¢) deviates from¢
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FIG. 2. Thermodynamics of 45+ C,, mixtures. ¢ is the mole
fraction of G,. (&) The excess molar concentration of the long
component in the surfadeolid line) and bulk (dashed ling solid
phases relative to the bulk liquid phase. Their derivation from the

FIG. 3. Same as Fig. 2, but for the,3 Cz mixture. The
shaded region irfc) is a “black hole,” where no surface freezing
occurs. The high values afS, shown in(c) by triangles, corre-
iﬁpond to a different phase from that of both pure matef@isles.
This phase, discussed in depth in R&f, cannot be obtained from
Jour simple theoretical model.

experimental data using a thermodynamical model is discussed
the text. (b) The surfaceTg (open circles and bulk T; (solid
squaresfreezing temperatures, obtained from surface tension me

surements. The fits to theory, discussed in the paper, are shown % improvedisee dash-dotted lipdy increasing the entropy

Ilne_s. (c) The entropy Ioss_, upon surface freezing. _The_ circles are it the pure components by 20% above their experimental
derived from surface tension measurements. The line is the predic- ) .
value[1,19], keeping the same interchange enesgy. The

tion of our theoretical model, based on the mole fraction diﬂerence% havi f in thi is sh in Ei dash-
between the solid and the liquid phases, showan The line is ehavior o Xb(_d’) In this case 1S shown In ig.(& (. ast
obtained without any adjustable parameters. dotted ling. This behavior is not an isotope effe(qvh_lch is
expected to be sma|lL1]), but rather a characteristic of all

) ) ) largeAn mixtures. The need to increa%ﬁ m ad hocto
much more:=60% [Fig. 3@, dashed ling The mismatch 5 pieve a better fit of the measuréd #) in Fig. 4(b) (dash-
term in this case is large, and can dominate for ce®  joteq Jing, most likely reflects the anomalously high heat
This occurs in Fig. @) near¢~0.18, where a large, albeit anacity of the rotator phase, which results in curvature in

still continuo_us, drop iy is obse_rved. This curve, however, T:(In ¢) as ¢ decreases from unity, as discussed in the ap-
can also be interpreted as showing a jump between two cOfsengix of Ref[32]. Finally, in spite of the deviations found

stant xy(¢) values. Figure @) also shows a good fit to for IargeAn/anIues, as those shown in Figs. 3 and 4, all

T:(¢) at the edges¢p—0 and¢p— 1, but significant devia- . . —
tions for midrangeg values. A similar effect is observed in Mixtures withAn/n=0.3 show an excellent agreement of the
Fig. 4, where results are shown for a larye mixture of ~ theory in Eq.(8) and(9) with the measured () values. In

deuterated-hydrogenated molecules. The deviations of@ddition to supporting the thermodynamical theory presented
T.(#) from the fit in Fig. 4b) are similar to those in Fig. gbove, thls_ indicates that no significant supercooling occurs
3(b), though here the deviations extend over a considerabl{f! these mixture$33].

larger ¢ range. Note that for these larden values the ob-
served behavior can also be accounted for by the ideal solu-
tion theory discussed below with a rotator-crystal phase tran- For the case of surface crystallization in a binary mixture,
sition with decreasingp, as shown for ¢+ C,3 solutions  the chemical potentials of each component in the liquid and
[32]. For the Gz-D3, mixture the fit toT¢(¢) [Fig. 4b)] can  in the crystallinesurfacephases must be equal:

C. Results for the surface
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liquid surface compositiog® is generally different from that

0.6
05 of the bulk ¢ due to the preferential adsorption of the lower-
04 energy species at the surface, an effect widely known as the
- ’ Gibbs adsorption rule. We use here the simplest form of this
VS 03 rule [34], which can be easily derived using the chemical
0.2 potentials of the liquid bulk and the surface phases, given in
0.1 Eq. (4 above, and some standard thermodynamics
0.0 [18,25,26:
64 5=l [(1— p+ oIy, (12
§ 60 where we define the dimensionless parameter
56
5 T =exfl (Ym~ ¥n) AlkT], (13
48 |- B2 i vn (vm) are the surface tensions of purg CC,) compo-
-TT—IF‘I; —t nents at the given temperature afet25 A? is the area per
— 2.2 i ] molecule[18]. According to previous studidd,4] the sur-
¢ 20 face tension of a pure Cat a fixed temperaturey, (T
N =const-T,,,), decreases witm as y,=Bn 2% with B
g 18 =65.4 dyne cm?'. Thus, Eq.(12) drives for a slight, but
E 16 important, enrichment of the short chain component at the
= surface, i.e.¢p= ¢°. However, the difference betweehand
w14 ¢° is small and continuous, so that the general phase behav-
< . ior is the same as that of the bulk.

Equation(12) provides the necessary link allowing us to
solve the equations for¢( ¢°), obtained from Egs(10) and
(12), by fitting them to the measuretl(¢). This yields the

FIG. 4. Same as Fig. 2, but for the protonated-deuteratgd C solid lines in Figs. 2—&). As can be seen, in all cases good
+ D3, mixture. The dash-dotted line i@ and(b) denotes a differ-  fits ensue. The differences between the correspondifig)
ent calculation employing a 20% higher entropy loss upon bulkcurves and thébulk liquid mole fraction, ¢, are shown in
freezing for the pure component. Figs. 2—4a). While no discontinuities are observed in

Xs( ), regions of steep variations occur for the largean
fI54+ kg TIn ¢S=FS+kgTInxs+ ws(1—xg)?, (10)  values neagy~0.2. If, upon increasingn further, a discon-
tinuous jump occurs ing(¢) at this, or nearbyg value, the
s o 5 occurrence of a rare solid-solid two-dimensioraD) de-
fntkeTIN(1—¢%) =f +kgTIN(1—xs)+weXs. (1) mixing transition can be expected in the surface-frozen layer.
This was indeed observed recentBb].
Here the left-hand sides are the chemical potenﬁi},-:fls{,u',f’1 Using the crystalline surface compositiong¢) obtained
of the G, (C,,) surface molecules in their liquid phase, andfrom the T¢(¢) fits, one can calculate the entropy loss upon
the right-hand sides are the chemical potentig{S(uf) of  SF of themixturefrom those of the pure components without
the G, (C,,) surface molecules in their crystalline phasg. introducing any further parameters requiring adjustments:
is the surfaceinterchange energy, which is generally differ-

ent fromw, used in Eqs(6) and(7) for the bulk. ¢° is the ASS= X ASS+(1—Xx)ASS +k N X+ (1—
mole fraction in the liquid surface phase arg (generally XA S (1= %) ASptke{[Xs I Xt (1=%5)
different from ¢°) is the mole fraction in the crystalline sur- XIN(1=xg)]—[¢%In >+ (1— %) In(1— ¢%)]}.

face phase of the Omolecules. These two equations for the
surface are the same as E(®. and (7) used above for the

bulk. The free energy difference of each componéft  Here the term in the curly brackets accounts for the change
—fyy is calculated in exactly the same way as for the bulkin the mixing entropy of the system when the @olecular
yielding == (T— T )(SP—S)=(T—Tsn)AS),  fraction changes fromp® to x° upon surface freezing. The
whereAS;, denotes the entropy loss upsurfacefreezing of — agreement of this expression, which does not contain any
a single G molecule andl,, denotes the measursdrface  adjustable parameters, with the valuesA@&® derived from
freezing temperaturd1,4]. Equations(10) and (11) are the slopes of the measuredT) curves is good, as can be
solved, as above, to yield fofg(¢°) a set of equations seen in Figs. 2—#). This further supports the applicability
analogous to Eq<8) and(9). However, the next step, solv- and validity of the simple thermodynamical theory employed
ing the equations fox(#) and wg by fitting them to the above to account for the measured thermodynamical data.
measuredT¢(¢), cannot be carried out directly, since the The shaded region in Fig.(§ corresponds to a region in

(14
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phase spacéicknamed “black hole}j where the SF effect 8 v T v T v T v T
rotator 1

does not occur, due to the preemption of surface freezing by ;4 ™ 9]
bulk freezing, as can be observed in the corresponding
andT; values in Fig. 8). The triangles at 04 ¢$<0.55 in 5
Fig. 3(c) denote a different surface frozen phase, a rare tran- 72 =
sition into which was thoroughly explored in earlier studies ol e
[8,36]. That phase is of small relevance here, since here we© I
deal only with the general behavior of the different binary ':1 68 |-
alkane mixtures. Obviously, this phase, which has a different’
structure and entropy, cannot be predicted by our simple the-

74

oretical model. Note that they(¢) values derived here are “r o7 Cps + Gy

also used below to derive the layer thicknesses at vakigus 62 | Cu+Cs |

for comparison with results obtained by x-ray reflectivity. ol ol > Cu+Co ]
Finally, we note that, in principle, an expression analo- s’ . ! . L . .

gous to Eq.(14) can be used to calculate the entropy loss -20 1.5 -1.0 -0.5 0.0

upon freezing of théulk, AS°(¢), for the mixtures. How- In()

ever, a comparison of this expression with experiment is N0t £ 5 The high chain-length mismatch limit: Bulk solutions.
possible at present, since, to the bes_t of our knoyvledge, th@36 solutions in Gy (open squargs Cys (open circley and Gg
only measured bulk S°( ) values available in the literature (solid triangles are shown to fall on the same line, as predicted by
[33] are for trivially smallAn=1,2, which would not pro-  solutions theory. A solid-solid transition occurs in the bulkTat

vide a stringent test for thAS°( ) expression. =68.5°C, as manifested by the slope change in the surface-
tension-measured bulk freezing temperature data. These tempera-
D. Bulk solutions tures are linear in Ing) both above and below the transition, as

_ expected for a solution. The lines correspond to transitions to a
The Gt Cy (M=18, 25, and 2Bbulk T(¢) was found rotator (solid) and a crystaldashed bulk phase. The pure material

to be poorly fitted by the expressions derived from the theoryhrgpies used are 10-15 % higher than experimentally measured.
above, Eqs(8) and (9). A similarly poor fit is obtained for larger-scale plot is shown in the inset.

other An/n=0.3 mixtures. On the other hand, the large
chain-length mismatch in these mixtures, which tends tqi
phase-separate the components, allows them to be describ,

as solutions rather than mixtures, i.e., substitutiger 1 in [1,19]. The most probable reason for these deviations is that
the equations above for the higher molecular weight compo=

nent andx,= 0 for the lower molecular weight component, our freezing points are slightly supercooled. Our previous

X : : study on G;+C;, solutions[18] demonstrated that super-
As shpwn by S'r9t6{32] Fh's eventually leads to a linear cooling is indeed possible in solutions, although no super-
behavior ofT¢(¢) in In():

cooling is found in bulk pure alkanes in thisrange[19].

The deviations could also be caused by inhomogeneities in
Ti=Tint+ (KeTen/ASDIN ¢ (159  the solutions, by the oversimplified description, which ne-
glects internal degrees of freedom, etc. Finally, note that the
behavior of allAn/n>0.3 mixtures, including the G-D,,
ones, can be accounted for quantitatively, using the same
solution theory employed above. In all cases slightly larger

andT(4) will still be linear in In(¢) above and below the  \ o a1yes are obtained, by about the same amount as those
transition, but with different slopd82]. The T;(¢) vs In(¢) of the Gys mixtures above.

behavior is independent of the thermodynamical properties

of the low molecular weight “solvent,” and thus allows us to

show all three solutions on the same plot in Fig. 5. As clearly E. The interchange energy
seen in the figure, the bulk undergoes a phase transition at
T~68.5°C, which is almost certainly a rotator-crystal tran-
sition, similar to that observed in,gsolutions[32]. Above
the transition, the freezing occurs at a liquid-rotator equilib

rium line (solid). Below the transition, the freezing occurs at . o .
a liquid-crystal equilibrium line(dashed ling which has a chains, the sensitivity to a m'S”.‘a?tCh cannot be the same as
for the small ones, due to the finite number of gauche con-

lower slope due to a 50% higher entropy loss upon freezingf . in th h bendi L bl
as compared to that at a liquid-rotator transition. The interiOrMations in the rotator phase, bending, etc., itis reasonable

section of the dashed line and tfieaxis até=1 yields the (© assume thai, s should depend on the unitless quantity
temperature at which the liquid-crystal transition would haveAn/n, wheren is the average of the two chain lengths. Ex-
occurred in pure G, if there was no rotator phase. This pandingw, s as a power series iAin/n, the constant term is
temperature, 73 °C, is lower by 1.9 °C than estimated earlieof course zero, since interchanging equal-length chains does
[19]. The slopes of both the liquid-rotatdsolid) and the not cost energy. The first-power term must also be zero, since

%uid-crystal (dashedl lines correspond toAS3 values
ﬁlgher by 10-15% than the measured values of pug C

even for¢ values as low as 0.1. Here the subscnigienotes
the pure solute componentg{ If, upon changings, any
solid-solid bulk phase boundary is crossAc‘.EnﬂJ will change,

The interchange energy parametey, s is due to the
chain-length mismatchAn between the molecules of the
pure components in the bulk and the surface mixtures. As
such, it should obviously depend akn. Since for long
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FIG. 7. The bulk interchange energy, /kgT for the protonated-

FIG. 6. The interchange energys/kgT for the protonated- )
protonated(open circleg and for the protonated-deuteratésblid protonatedopen symbolsand for the protonatgd-deute_rat@mhd
symbols frozen phases. Squares denote solutions, while circles and

triangles surface-frozen phases. Note that both fall on the sam(%. . . . C
. . e {|angles denote mixtures. The fit shown in the solid line includes
line. The inset shows the data on a larger scale. The solid line is a fi . —,
to all points with An/n)2<0.12, while the dashed line is a fitto all 2 POINtS up to &n/n)=0.08.
available points. The former is preferable, as discussed in the text.
the accuracy of the present measurements the “isotope mis-

— A ) match” is negligibly small.
clearly wp s(An/n) = wy (~ An/n). Thus, the first nonzero In the solid bulk phase, Fig. 7, the linear fit in the

. _2 . _< . _ o
term is (An/n)“. SinceAn/n<1 for all mixture addressed low An/n region [(An/n)?<0.08] vyields wy/kgT

here, we truncate the series after the first nonzero term. For —, , i
. — . . =17.8(An/n)~. Note that despite the large differences be-
very high An/n~=1 phase separation will occur and the

: . ) tween the sort of interactions in the quasi-2D surface solid
samples will anyway behave as solutions, not as mixtures

Thus, we have chosen to plot the interchange energy Otjz)hase and those in the 3D bulk crystal, the essential behavior

) . — of the interaction parameter remains the same. The higher
tained from the fits off (¢) andT(¢) vs (An/n)®in Figs.  constant factor (17.8 instead of 11.2) clearly means that the

6 and 7, with the insets showing the data over a larger ranggy, |k interchain repulsive interaction is higher than that at the

For both the surface and the bulk solid phases, a linear degrface, which is reasonable since accommodating different

pendence onAn/n)? is indeed found, as expected, at leastchain lengths in the layered 3D solid induces significant

for An/n=<0.3. strains in the structure. Moreover, the linear range of
For the solid surface phase, shown in Figag/kgT can  w,/kgT in (An/n)? is smaller, extending tAn/n=0.3 only.

be fitted either by 11.2{n/n)? (dashed ling if the full Samples having highekn values will undergo a bulk phase

range ofAn/n up to ~0.5 is included, or by 13.1{n/n)2  transition, as for the L+ Cgs, Cyet Cos, and Ggt Cgg SO-

(solid line), if only points up toAn/n~0.35 are included. lutions discussed above, and may show significant super-

The last fit is preferable, since clearly the truncated expan(—:OOImg' In this case our mixtures theory, which assumes

) . : , — thermodynamical equilibrium, is inapplicable, and the solu-
sion discussed above is valid only for smal/n values. At 4ions theory needs to be invoked. Thus, the points for

!argeA n/n p_hase separation occurs and a so_lutionlike behava n/n=0.3 derived from mixtures theory and shown in Fig. 7
ior ensues, i.ex,=0 at low ¢, andx;=1 at high¢ values. i squares should be taken with a grain of salt. Finally, our
At this An/n limit, the interchange energy term in the free interchange energies are of the same order of magnitude as
energy has to approach zero. Therefore the error bar in theredicted by Matheson and Smit28]. However, a detailed
fitted ws/kgT is too large to allow a clear determination of quantitative comparison is not possible because of the un-
the behavior. Note that the b+ C;, mixture corresponds to  availability of numerical values for some of the parameters
zero chain-length mismatch, but may be expected to have @quired for their calculation.

finite interchange energy due to the different isotopes. This
“isotope mismatch” interchange energy turns out to be
small, as indicated by the fact that, corresponding to the
Da,+ Cs, mixture being close to zero in Fig. 6. Moreover, the ~ The structure of the surface-frozen monolayers of the
ws values of all other deuterated-protonated mixtures, whictyarious mixtures was probed by surface-specific x-ray mea-
have both a “length mismatch” and an “isotope mismatch” surements. The x-ray results for several mixtures were dis-
are equal, within the scatter observed, to the values of theussed previously8,36,37. Here we concentrate on the
corresponding protonated-protonated mixtures that have &sot Css Mixtures as a typical example of a mixture with
“length mismatch” only. We conclude, therefore, that within small (An/n)2=0.033.

IV. X-RAY RESULTS
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TABLE lll. X-ray GID derived data. The mole fractioxy of Cgg
in the surface-frozen phase of g¢@ Cyg mixture was calculated
from the measured¢(¢) using our theoretical modety, is the
position of the GID diffraction peak and is the corresponding
lattice spacing. The surface-frozen layer’s thicknésgas derived

If from a two-slab model fit to measured x-ray reflectivity curves.
~
oc -1
¢ Xs a. (A7 a (A) d (A)
1 1 1.494 4.856 42.08
0.71 0.88 1.495 4.852 41.95
0.45 0.67 1.502 4.831 41.01
0.22 0.34 1.503 4.826 38.45
0 0 1.504 4.825 36.22

those found for pure alkang$]. A monotonic growth withp
is found for the layer thickness, from the thickness of a pure
surface-frozen &, layer at¢=0, to that of a pure surface-
frozen Gg at ¢=1. This implies that at intermedia® val-
ues both Gy and Gg must be present in the surface-frozen
layer, and are most likely homogeneously mixed. In Fig.
9(b), we show(open circlesthe average layer thickness val-
uesd obtained from the reflectivity fits in Fig.(8), for the
various concentrationgh. The molecules in the surface-
frozen phase of the puresgCwere previously measured by
Bragg rod scans and found to have tiltsé¥ 18° from the
surface normal in the nearest-neighbor direcfibh Solving
Egs. (10) and (11) for xs(¢) and wg by fitting them to the
measured ¢(¢) values, as discussed above, yields an excel-
lent agreement between the experimenf@ints and the
FIG. 8. (a) Measuredpoints and fitted(lines) x-ray reflectivity,  theoretical(line) T4(¢) curves, shown in the inset to Fig.
normalized to the Fresnel reflectivity off an ideal surface, for theg(b)_ The layer thickness can now be deduced from the
surface-frozen phase of thez@3 Css mixture series.(b) The xs(¢) values obtained, shown in the inset to Figa)9 As-
surface-normal density profiles derived from the fits(@. The  gyming the tilt of the molecules in the surface frozen phase
layer thickness can be seen to grow withwhile the other param- ¢ the mixture to be linear in the concentratioyy the mono-
eters stay unchanged. layer thickness of the mixture is expected to be

A. The surface-normal structure

Figure 8a) shows the Fresnel-normalized x-ray reflectivi- d()=[xsnF (1= X)dmlCOS o), (16

ties measured for different compositions of€ Cgg in their | 1o 0, is the tilt of pure G and d,,d,, are the fully

surface frozen p_hase. Al re_flectivitie_s measurEd TOFTS extended lengths of the pure components of the surface fro-
show a monotonic fall-off typical of a liquid _surface havmg aan layer. Note, that assuming the tilt to be lineaxdtis just
Gaussian roughness due to thermally induced capillaryy 5nnroximation. Experimentally the tilt is known to vanish
waves[1]. Below Ts, however, all five curves in Fig.(8  geady at very low concentrations-6%) of the untilted
show Kiessig fringes indicating the existence of a Surfac%omponent as discussed below. Equatip8), shown in a
Igygr of an elec_tron density high.er.than that of the underlyings g |ine in Fig. 9b), agrees very well the experimental data
"q‘.“d bulk. All five curves are similar, except for the modu- ithout any further adjustable parameters, supporting the
lation period, suggesting that the only difference is the avergyqasted molecular model for the vertical structure of the
age surface layer thickness. The fits to the two-slab modg yer.

discussed abovéines) agree very well with the measured We note that the smooth variation d¢) observed here
data. The thickness values derived from the fits in Fig) 8 oceurs only in mixtures with smalkn/n, Even though the

are listed in Table il. In all the corresponding density IOrO_inclusion of two different-length chains in the same layer is
files, shown in Fig. &) the density of the (Ch),, layer less expensive energetically in the surface than in the bulk

was found to be 0.3160.006e/A®, while the liquid bulk - ;
density was fixed at 0.28/A3. The roughness W(ZlS found to (due to absence of a rigid 3D lattice at the surjater large

vary around 4.7 A and no specific trend could be identified®noughAn/n values the energy cost will be prohibitive.
either with ¢ or with T in the limited temperature range of Thus, at any point on the¢(T) phase diagram where sur-
existence of the surface frozen monolayer for all concentraface freezing occurs a single component, pure, surface phase

tions. All the refined parameters have very similar values towill be obtained, for a large enoughn/ﬁ[lS]. Obviously,
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in previous studie$8,36,37, for all samples a single in-
plane diffraction peak was found gt~1.5 A%, indicating

an hexagonal packing, with nearly surface-normal mol-
ecules. The widths of the GID peaks were resolution limited,
implying an order coherence length of at least a few hundred
A, similar to those found for pure alkangk,38]. The lattice
spacingsa derived from the peak positions for the various

s . concentrations are shown in Figa® The data show a sig-
nificant increase ire with ¢. However, an increase ig
necessarily causes an increasé jn as shown in the inset to
I Fig. 9b), and hence also a thermal expansioreofrhe in-
crease observed iais roughly equal to that expected from
X, — i i the thermal expansion, using the 7%@0 “°C™! linear
1 thermal coefficient of expansion measured for the surface-

4.83 |-

42 [ frozen layer in alkanels7,18,39 and~ 8 °C spread off ()

4 for 0=<¢=1 in the inset to Fig. ®). An assignment of the

w0k growth ina to thermal expansion alone is, however, not ten-
—~ I able, since the dependence afon the temperaturd at
=< 39 | which the GID data was taken deviates significantly from
© - linearity. A more detailed GID and Bragg rod study would be

38 i required to separate possible lattice spacing dependence on

37k ¢ from thermal expansion effects.

36 L o eE ad 00 08 TS V. CONCLUSION

0.0 0.2 0.4 0.6 0.8 1.0

The surface-freezing effect was studied for binary mix-
tures of normal alkanes. The layer formed at the surface

FIG. 9. (a) The lattice parametea of the hexagonally packed below Ty is found to be an ordered monolayer of surface-
crystalline surface monolayer forgg+ Cs5. The inset shows the normal molecules, with an order coherence length of at least
mole fractionxs of Csg in the solid surface phase for the given a few hundred A, very similar to the crystalline monolayer
liquid bulk mole fractiong of C35. The mole fractiors is obtained  found on the surface of single component liquid alkalrigs
from a fit of a theoretical expressidfine) to the measuredy(¢) For mixtures where the length difference of the two compo-
(points, both shown in the inset tth). (b) The thicknessl(4) of  nenis js small, the crystalline monolayer consists of a mix-
surface frozen monolayer for the;3- Csg mixtures, as derived ture of the two components, with a concentration close to
from the x-ray reflectivity measuremer{{ints, and as calculated ' L
theoretically from the components’ molecular lengtfise). that of the bulk, and a smooth variation of the structural

parameters between those of the two pure components. For a

this leads to a discontinuous behavior dff¢). Moreover, !arge Iength differencan, the surface crystalline monolayer
for large An/n values, the surface-freezing region mapd 'S richer in the Ionger compon_en_t than the bulk for almost all
does vanish for a range of nearly equimolar liquid bulk mix- ¢ a@nd a noncontinuous variation of the structural param-
tures, nicknamed a “black hole.” Such a black hole is shown€t€rs may occur with a variation of the bulk composition.
by the shaded region in Fig(@. Finally, distinct new phases This behavior is analogous to the bulk phase behavior: for
can sometimes be observed at the edge of such a black hoRmall chain-length difference the molecules mix homoge-
A crystalline, as distinct from a rotator, surface frozen phaseeously, whereas for IargAn/ﬁ they phase separate. In
was observed at the edge of the black hole region jg C cases where the surface phase consists mostly of one of the
+ Cs6, shown by triangles in Fig.(8). This phase was stud- two components, the surface-frozen phase may undergo a
ied and characterizefB] and shown to be of a different phase transition between two compositions at a spedific (
structure than that of the 0s5p<1 mixtures of Gg+Css.  ¢)-space location. The overall phase behavior of the mix-
Demixing transitions, where the surface-frozen layer's comtures, including the transition temperatures, the entropies, the
position varies abruptly between two values as the temperanonolayer thicknesses, and the surface fraction as function
ture is changed, are also expected to occur at thedasdge ot An/n and compositions, can be accounted for quantita-
of a black hole. Such a transition was indeed observed r&ely using the ideal mixture theory for the liquid phase and
cently in the surface-frozen phase of a binary mixture Ofhe strictly regular mixture theory in its zeroth approximation

different-length alcohol§35) for the solid phase. For largen/n mixtures the bulk behav-
ior is not too well described by the strictly regular mixtures
theory. While the solution theory approach provides a better
GID measurements were also carried out for the sameéescription, this is achieved at the expense of introducing
C3o+ C3 mixtures used in the reflectivity measurements. Asadditional parameters, which are not known independently

B. The surface-parallel structure
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