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Surface freezing in binary mixtures of chain molecules. Il. Dry and hydrated alcohol mixtures
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Surface freezing is studied in dry and hydrated alcohol mixtures by surface x-ray scattering and surface
tension measurements. A crystalline bilayer is formed at the surface a few degp@esthe bulk freezing
temperature. The packing is hexagonal, with molecules aligned along the surface normal in all cases. The
in-plane lattice constant reveals a qualitatively different behavior with composition for hydrated and dry
mixtures. The simple theoretical approach used successfully for alkane and deuterated alkane mixtures ac-
counts well also for the alcohol mixtures. The repulsive length-mismatch term opposing the mixing entropy
term in the free energy of the mixtures is shown to have a universal behavior for all mixtures studied:
protonated alkanes, deuterated alkanes, and dry and wet alcohols. This universality is somewhat counterintui-
tive in view of the different interactiong.g., hydrogen bonding in alcohdlis the different mixtures.
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I. INTRODUCTION between the chains and hydrogen bondiH8) between the
hydroxyl groups in the SF alcohol bilayer allows fine tuning
The surface freezingSF) effect in alkanes has been dis- of the structure of the bilayers by bulk additiiés-8]. Thus,
cussed in the preceding pagét, denoted hereafter as I. The when water molecules are introduced into the system, they
present paper deals with SF in melts of binary mixtures ofntercalate into the center of the bilayer and increase its
alcohols. For melts of pure single-component samples, SF ithickness by a constart2.5 A regardless of chain length
alcohols differs from that in alkanes in several important[5,6]. More importantly, the intercalated water molecules al-
aspects. In alkang<CH;(CH,),,_ ,CHj3, denoted by ¢], the  ter the hydrogen bonding, and impart an increased stability
surface-frozen layer is a single molecule thjék-4]. In al-  to the SF bilayer, reflected in high& and T; temperatures
cohols[ CH3(CH,),-,CH,OH, denoted by (OH], the SF  and larger existence rangasl than those of the dry alco-
layer is two molecules thick, i.e., it is a bilayer. The polar hols. The increased stability is due to an anomalously larger
hydroxyl headgroups of both layers reside at the center of thevater solubility in the solid rotator phase as compared to the
bilayer, thus minimizing oleophobic-oleophilic interactions liquid phase. Thus, hydrated alcohols solidify at higher tem-
[5,6]. The range of chain lengths exhibiting SF in alkanes isperatures than the dry ones, both at the surface and in the
16=n=50. In alcohols, however, only molecules with evenbulk. However, the temperature shifts relative to the dry case
number of carbons and chain length with<16<28 undergo are not equal for the bulk and the surface, rendering the
surface freezing. This odd-even effect is probably due to th@xistence rangeAT=T¢— T; significantly larger than those
different orientations of the terminal OH group relative to thein the dry sample$5,6]. The increased stability is also re-
molecular axis. This renders the formation of hydrogenflected in the considerable extension of the range of chain
bonds, which stabilize the two-layer structure of the SF film,lengths for which SF occurs, from & <28 for the dry to
unfavorable in odd alcohol$,6]. The temperature range of 10<n<=28 for the hydrated alcohols. All the aspects of SF,
existence AT=Tg—T¢, between the onsets of surfac)  other than those discussed above, are similar in alkanes
and bulk (T;) freezing in alcohols=2 °C, is smaller than and alcohols and are fully described in the Introduction of
that of alkanes=3.5°C. The molecules in the SF layer are Paper I.
hexagonally packed, and are surface normalnfar24. For In this study we explore the SF effect in alcohol mixtures,
n>24, the molecules have a finite titin the next-nearest both dry and hydrated, in order to elucidate the relative role
neighbor direction. Finally, while the surface-frozen phase inand importance of vdwW and HB interactions in the SF of
alcohols is a rotator phase with random molecular plane orialcohols, and to extract the “universal” characteristics of the
entations for alln<26, for GgOH the SF phase is fully effect, common to both alkanes and alcohols. From a theo-
crystalline, with herringbone order in the molecular planeretical point of view, the microscopic origins of SF in alco-
orientations. hols seem to be similar to those in alkaf@s-11], however
The existence of both van der WaaislW) interactions the hydrogen bonding should produce a small but non-
negligible contribution[12]. As discussed for alkane mix-
tures, the use of alcohahixturesprovides an additional tun-
*Present address: Physics Department, Brookhaven Nation#ing knob for the chemical potentials, which can, and does

Laboratory, Upton, NY 11973, USA. [13,14], uncover new phases and phase transitions. For ex-
TPresent address: Continental AG, Jaedekamp 30, D-30419 Haample, as demonstrated in a previous stlth}, an alcohol
nover, Germany. which does not exhibit SF in its pure state, e.g. @H, may
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28 F ' ' L ' slope on the bulk concentratiap. The way thermodynami-
7 cal data are derived from the ST scans is the same as in
Paper |. Note that considerable bulk undercoolifgsner-
ally of unknown magnitudgsexist in mixturesof alcohols
[15]. Thus, the bulk freezing temperatures obtained in ST
measurements on dry alcohol mixtures do not correspond in
many cases to the thermodynamical equilibrium freezing
, temperatures. Thus, we did not attempt to address the bulk
a liquid-solid transition of the dry alcohol mixtures in this pa-
R — ¢=0.03 )

23 L 7 i per. For hydrated alcohols, the supercooling problems are
L ST ¢0=0.14 much less severe, as shown in an earlier sfd&y, and their
2| A . ¢=1 freezing temperatures are included in this study.
s ; The structure of the SF bilayer was explored by surface-
20k . L . L . L . specific synchrotron x-ray measurements. The surface-

-3 2 1 0 ' normal electron density profiles were obtained from x-ray

T-T, (K) } reflectivity (XR) measurements as a function of the surface-

normal momentum transfey,. The in-plane 2D lattice struc-
ture and molecular tilt directions and magnitudes were mea-
sured by grazing-incidence diffractidGID) measurements
as a function of the surface-parallel momentum trangfer
and Bragg-rodBR) measurements alorgy, at the positions
of the GID peaks. The x-ray measurements were carried out
using synchrotron radiation at beam line X22B, NSLS. The

. 4 . _ pure components were obtained from Sigma-Aldrich-Fluka,
with another alcohol. The two-dimension&D) surface and were labled at least97% pure. The mixtures were

foze e 3 vl Sl sysom, 20 a e <ot by ing e requod amoun 1 i ol
y y 9 Y'ume of 0.3 cr (ST) or 0.7 cn? (x rays, heating them to at

namical approach based on the strictly regular mixtur o ; . .
theory[16,17], as done for the alkane mixtures in Paper lﬁvﬁ?isth::ocofnagg;ﬁtth:nrgelsttli:]ﬁnpo'\r/]it gfrgzilh'%ze;mﬁéfcgg
This provides a rare opportunity to investigate the very basic 9 P ’ g vig y P

properties of the long-chain alcohol and alkane molecule W't(;] aﬁ[rr&aglnetrllclstlrre.r for>#5 m:jn. F?r ﬂt]e exrp])er!tmhezntséon
such as the intermolecular repulsion energy due to chaisﬁy rated aiconols, a ring-snaped water trougn with <=3 ¢m
length mismatch, which are difficult to obtain from bulk o_f water surrounded the_alcohol container which resided in-
measurements, due to the strong interlayer coupling and thséde the sam_ple cell. This generated a saturated water vapor
significant kinetic barrier§15]. We find a practically identi- f’;\tmosphere in the cell. The sample was hy_drgted by absorb-
ining water from the vapor. A complete restitution of all the

cal behavior for the interchain repulsion energy .
protonated-protonated  alkane  mixtures deuteratecf-’ro.pertIeS measured on the dry sample was observed upon
’ n(il{ylng of the hydrated samples.

protonated alkane mixtures, both discussed in Paper I, a The measured XRs of the surface crvstalline phase were
the dry and hydrated alcohol mixtures discussed in this pa- ured 7 e su ystalline p . w
nalyzed quantitatively using a layered interfa¢box” )

per. It is argued that this represents a universal behaviof* . . : .
common to SF of all alkyl-chain molecules. rhodel, The pox model, used also In previous mixure studies
The x-ray and surface tension measurements for a numb§ . p '

: - : H,),,_1 chain of the upper layef?) the OH head groups
of alcohol mixtures spanning a range of length dlf'ference’}r= gion. (3) the (CH,),._, chain of the lower layefsame as

C2OH(9):C,,OH(1-0)
WET

27 |-

26 -

25 |

24 |-

A

vy (mN/m)

FIG. 1. Typical temperatur€ scans of the surface tensigiiT)
of hydrated GgOH+ C,gOH mixtures, for the indicated GOH con-
centrationsp. The curves end at the bulk freezing temperatdres
The cusp denotes the surface freezing temperdiyreSmall verti-
cal shifts, all within the absolute experimental accuracy, were ap
plied to the curves to make thej(Ts) coincide.

are presented and discussed below. They are analyzed wit ﬁox (1)], and(4) the CH; terminal group at the bilayer-liquid

the th tical model ted in P I, modified to tak . . o
© (heoretica’ MOCe’ presented In Faper |, Modilec o ta ulk interface. An additional box represents the liquid sub-

into account the different structure of the SF layer and, fo h Three diff " h i a4
the hydrated samples, the presence of water in the mixtur 1 aste.th rs.? ieren rqutg Pess p?lr]ame ers we&elassume :
This last point is discussed in detail in the Appendix. Finally,. ) at the bilayer-vapor interface?) the upper and lower

: : : erfaces of the OH slab, ar(®) at the bilayer-liquid bulk
}2? :I?I%?;fl?rl(efs asttlljjrdeiz(;) firt]hg;r;)t:rrclzhaanndg?hgn:rré]é/ean;epi;glrjssgrﬁerface. The model used for fitting the BR is the same used

for pure alcoholg6].
Further details of the experimental setup and techniques
Il. EXPERIMENTAL TECHNIQUES used are given in Paper | and in R€]f§,15,18.

The surface phase boundaries were explored by surface
tension (ST) measurements, using the Wilhelmy plate
method(see Paper)l This also provides values for the en-
tropy loss upon surface freezing. Several typical temperature In this section we present results extracted from the sur-
scans of the ST of GOH+ C,sOH hydrated mixtures are face tension measurements on the various binary alcohol
shown in Fig. 1. Note the clear dependence of the Bub- mixtures studied, and their analysis by the theoretical model

Ill. RESULTS: THERMODYNAMICS
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presented below. The measured quantities for the variouas Fig. 3 shows, hydration also induces SF in the pydre,
mixtures are listed in Table I. =0, C,OH whereas no SF occurs in the dry sam(bieg. 2).
All of these effects indicate an increased stability for the SF
phase in hydrated alcohol mixtures as compared to the dry
A. The phase behavior ones. This conclusion is in agreement with that drawn from
1. Experimental results measurements on pure alcohfs5)].
) The bulk freezing temperaturesT;(¢) of C;gOH
_The surface freezing temperaturés of thg dry_ alcohol +C,,0H and GgOH+ C,sOH mixtures, as obtained in ST
mixtures, measured by ST, are plotted in Figpdints, Vs measurements, are also shown in Fighalf-solid symbols
the liquid bulk Concentrz_;ltlozb=N/(N+M)_, whereNis the  p prominent minimum is observed ab~0.1 for C,4OH
number of the long-chain molecules akdis the number of | ¢ OH. This minimum is a feature common to most mix-
the short-chain molecules in the liquid bulk. Note the almosty g investigated, and is characteristic of a solutionlike be-
linear Ts(¢) for C1g0H+C0H and for G,OH+C10H.  hayior. However, theneasured T(¢) points do not exhibit
Upon increasing the_relatlve chain mismatch between the; g 1< $=0.2 the sharp slope change expected for ideal
pure componentsin/n=2(n—m)/(n+m), wheren,m are  solutions[19,18, but rather indicate a rounded, continuous
the carbon numbers of the two components, a more curveglope change, observed in the measured points for both
T«(¢) is observed. For very largéAn/n (e.g., Gg®OH  C;g0H+C,,0H and GgOH+C,0H in Fig. 3. The bulk
+ C,6 OH) the mixture reverts to a solutionlike behavior, phase diagram of hydrated mixtures with a small-chain

whereTg(¢) is linear in Ing for ¢=0.2 and linear in In(1  length mismatch\/n do not exhibit significanT; hysteresis.
—¢) for $=0.2[18,19. In our case, no SF is observed for However, for the GOH+C,gOH compound, it is highly
nearly equimolar mixtures with high interchain mismatch. probable that supercooling occurs over a signifieamange,
Such regions, e.g., the dashed line region fofgGE  particularly in the vicinity of black holes, an effect found in
+ C,g0H mixtures in Fig. 2, where no SF occurs, were nick-other sample$18—20.

named “black holes” in Paper I. Black holes were also ob-

served in Paper | in similarly largén/n alkane mixtures. 2. Theoretical analysis

An intriguing new effect is exhibited by th&,(¢) curve of
C,1g0H+ C,,0OH: the surface freezing point of the mixture at
¢~0.1is lower by 1-2 °C than th&; of either of the pure

The same theoretical model employed for the alkane and
deuterated alkane mixtures in Paper | was also used here for
. L the dry and the wet alcohol mixtures. The liquid phase was
components of the mixture. It is widely known that thelk assumed to be an ideal mixture, while for the solid phase the

freezing point of a material can often be lowered by mixing_, . . N
with a second, even higher-freezing-point, material. How-StrICtIy regular mixture theory was adoptgth,17]. This in

ever no similar effect was observed to date for sheface troduced an additional term in the free energy, accounting for
frozén phases. the chain length mismatchn/n. This mean-field-like term
The behavior of the hydrated alcohol mixtures, shown in'S Proportional to the average number of pair interactions
Fig. 3 (points is very similar to that of the dry mixtures, Pe€tween long and short molecules and to the interchange
except for the hydrated (#) being usually shifted up from €N€rGYwp,s (herewy, is used for the interaction energy in the
the corresponding dry(#) by a few degrees. As discussed PUlk, and os—at the surfac)e[l@_,l?_ls. Tfle Ior;g moleculses
in the Appendix, usingb=N/(N+ M) for the concentration ~2¢Cur I the solid with a probabilitt™/ (N>+M~), whereN
of the hydrated mixture instead of the rigorous .y, (M?®) is the number of longshor) speciesn the solid phase.
=N/(N+M+W), whereW is the number of water mol- The short molecules occur with a probabilitiyls/ (NS
ecules in the system, is, to a good approximation, the samé M°). The arguments justifying the use of these expres-
as assuming that the hydration level is linear Ni(N sions, and the theory of Paper I, which are valid for binary
+M). The agreement of the measured values with th ixtures, for the hydrated mixtures, which should properly
theory, discussed below, supports the validity of this approxiP€ treated as ternary mixtures, are given in the Appendix.
mation for all hydrated mixtures addressed here. As for thdi0t€ also that the theory used for the alkanes in Paper |
dry mixtures, an almost lineaF(¢) is found for a small f'issumed a linear variation with of the contribution of the
relative chain length mismatchn/n, while significant de- internal degrees of freedom to the system's free energy, a

i ; i . hibited by mixt it 1 reasonable assumption for chains interacting only via a vdW
viations from linearity are exhibited by mixtures with large potential. The validity of this theory for alcohols, which have

An/n. The hydration reduces the tendency to form blacky polar headgroup and interact by both vdw and HB poten-
holes in largeAn/n mixtures, as reflected, for example, by tials, is not self-evident. Its application to alcohols assumes
the smaller¢ range of the black hole in the hydrated implicitly that the energetic contribution of the HB-
C,50H+ C,g0OH mixture in Fig. 3 as compared to the dry one interacting OH groups to the free energy also varies linearly
in Fig. 2. This reduction in the) range is a result of the between the values of the pure components, i.e., thoge at
anomalously larger water solubility in the surface-frozen ro-=0 and at¢=1. Several good reasons can be given why
tator phase as compared to that in the liquid surface phassaich an assumption should not be valid. However, the good
[6,5]. This causes larger upshifts i than inT;, thus in-  fits of the theoretical expressions to the experimental data
creasingAT and decreasing the-range where SF is pre- with only a single fit parameten;,  as well as the univer-
empted by bulk freezing, i.e., thg range of the black hole. sality of the behavior ofw, for all mixtures, includ-
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TABLE I. Thermodynamical and structural results for the SF layer of binary alcohol mixtdreés.the mole fraction of the longer
component. The surface tension measured thermodynamical quantities are the Jurffa®d(the bulk T;) freezing temperatures, and the
entropy loss per unit area upon SEJ). The structural quantities measured by XR and GID are the half thickness of the surface frozen
bilayer d and the lattice spacin@. The “black-hole” regions, where SF does not occur, are marked by “—.” For the wgD8
+C,g0H, ¢=0.2 mixture two different values are given for the bilayer half thickriessne below and one above the demixing transition.

P T T, AS d a
(°C) (°C) (mI[m? KJ) A) A)
C,50H+ C,,0H Dry
1 69.7 70.55 2.19 29.4 4.854
0.82 66.4 67.8 1.97
0.77 28.9 4.840
0.66 63.5 65.4 2.08 28.7
0.45 59.0 61.8 2.28 27.6 4.837
0.26 56.35 59.3 2.04 26.0 4.836
0.17 55.4 58.5 2.10
0.1 55.5 58.25 2.02 24.9 4.842
0.07 56.0 58.1 2.04
0 57.6 58.2 2.04 24.8 4.820
C1g0H+ C,,0H Wet
1 72.3 74.0 1.84 30.56 4.942
0.82 69.35 71.35 1.74
0.77 30.2
0.66 67.3 69.5 1.90
0.45 63.25 65.85 2.12 28.7 4.853
0.26 60.6 63.4 1.83 27.2 4.857
0.17 59.35 62.3 1.96
0.1 59.45 62.25 1.90 26.1 4.859
0.07 59.2 61.6 1.88
0 60.0 61.77 1.90 25.6 4.946
C,50H+ C,40OH Dry
1 77.96 78.66 2.77 33.2 4.902
0.86 75.4 76.3 2.22
0.73 734 74.4 1.07 32.8 -
0.62 727 72.7 - - -
0.51 69.5 69.5 - - -
0.41 67.0 67.0 - - -
0.32 65.0 65.0 - - -
0.23 57.6 59.0 3.98 335 4.769
0.2 31.3
0.19 315 4784
0.15 54.0 57.0 2.01 24.6 4.868
0.11 54.15 57.35 2.03
0.07 55.1 57.5 1.94
0.04 56.0 57.7 1.82
0 57.2 57.7 2.1 24.8 4.82
C1g0H+ Co60H Wet
1 80.65 82.0 2.86
0.86 78.2 79.3 3.10
0.73 75.55 77.35 2.86 35.0 4.846
0.62 73.2 75.2 3.53
0.51 70.3 725 3.28
0.41 67.2 70.2 3.25 34.2 4.819
0.32 63.5 67.5 2.97
0.23 60.7 62.7 3.07
0.19 28.2 4.843
0.15 58.65 61.75 2.08 265 4.857
0.11 57.6 61.4 2.02
0.07 58.2 61.5 1.95
0.04 59.2 61.8 1.91
0 60.0 61.75 1.96 25.6 4.946
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) T T, AS d a
(°C) ) (mI[m? KJ) A) A)
C,40H+ C,,0H Dry
1 70.0 70.65 1.97 29.4 4.854
0.87 67.3 67.95 2.46 29.5 4.839
0.74 65.2 65.55 2.78 29.3 4.824
0.63 62.48 - - - -
0.52 59.3 - - - -
0.42 56.0 - - - -
0.34 53.0 - - - -
0.31 49.7 52.6 2.26
0.28 48.25 51.4 2.40 26.4 4.828
0.2 46.6 49.6 1.81
0.15 45.7 49.3 1.79 23.3 4.831
0.11 455 49.2 1.78
0.07 46.4 49.1 1.65
0.04 475 49.2 1.45
0 48.9 49.25 1.36
C160H+ C,,0H Wet
1 72.8 74.6 1.92 30.6 4.942
0.87 70.0 71.8 2.05 30.8 4.855
0.74 67.3 69.1 2.39 30.7 4.838
0.63 64.6 66.6 2.45 30.6 4.846
0.52 61.55 64.04 2.60 29.2 4.847
0.42 57.2 59.7 2.23
0.34 54.1 57.0 2.24
0.31 53.7 56.6 2.15
0.28 51.9 54.7 2.21 275 4.837
0.2 50.9 53.9 1.74
0.15 49.9 53.4 1.60 24.9 4.849
0.11 49.6 53.35 1.58
0.07 49.8 53.4 1.48
0.04 50.9 53.7 1.47
0 51.9 53.8 1.47 23.0 4.891
C,5OH+ C,g0H Dry
1 81.8 82.9 2.32 35.1
0.92 80.9 81.85 2.72
0.85 80.1 80.5 2.83
0.78 785 79.4 2.93
0.72 79.0 35.3
0.6 775 - - - -
0.49 75.0 - - - -
0.39 705 - - - -
0.3 67.4 - - - -
0.22 64.0 - - - -
0.14 57.1 - - - -
0.1 54.3 57.3 2.13 - -
0.07 55.24 57.54 1.88 24.4
0.03 56.25 57.9 1.83
0 57.5 58.0 1.88 24.8
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TABLE I. (Continued.

P T T, AS d a

(°C) (°C) (mI[m? K]) (&) )
C1g0H+ C,g0H Wet

1 84.25 85.8 2.77 37.8 4.956

0.92 83.3 84.7 2.80

0.85 82.0 83.4 2.83

0.78 80.8 82.0 3.38

0.72 79.0 80.9 3.72 38.2 4.859

0.6 76.5 78.2 3.38

0.49 73.8 755 3.25

0.39 68.0 - - - -

0.3 65.8 68.0 3.18

0.22 63.0 64.8 3.63 385 4.770

0.2 33.3,38.6

0.14 58.0 61.37 2.12

0.1 57.5 61.5 2.04

0.07 57.8 61.28 2.00

0.03 58.8 61.6 1.80

0 60.15 61.8 1.77 25.6 4.946

C,50H+ C,,0H Dry

1 74.8 75.4 2.55 31.4 4878

0.87 72.55 73.25 2.55 31.1

0.69 67.35 69.15 2.20 31.7

0.53 31.2

0.49 62.8 64.9 2.55

0.33 58.6 61.6 1.90 30.1 4.870

0.25 55.8 58.6 1.90

0.16 54.8 57.0 1.40 30.1

0.1 54.1 56.45 1.90

0.06 54.7 56.25 1.70

0 57.45 58.15 1.70 24.8

ing alcohols, as discussed below, strongly supports the valid- The theoretical fits to the measur&g(¢) are shown in
ity of our theoretical model also for alcohols. solid lines in Fig. 2 for the dry alcohol mixtures and in Fig.
The theory in Paper | requires values of various thermo3 for the wet ones. In a black-hole region, the theoretical fit
dynamical quantities of the pure components. As pointed ouis plotted with a dashed line. However, tifeboundaries of
in Paper |, the ST measurements yield the entropy loss upathis region are not calculable accurately from theory. The
SF per unit area. Since the area/molecule in the liquid suvalues ofwg extracted from the fit are discussed below.
face phase is not known, we used the meas[2&pdry bulk In the dry mixtures, the bulk behavior is complicated by
entropy loss per molecule in the calculations of both the dnkinetic effects(e.g., supercooling making the phase bound-
and the wet alcohols, bulk and surface. For the absolute sufty difficult to obtain experimentally and to describe theo-
face tension of pure alcoholsy(,y,) we used a second- retically. By contrast, the hydrated smalh/n mixtures do
order polynomial extrapolation of published valug22], notihow significant bulk supercoolings. However, for large-
which, unfortunately, extend to only<18. Because of un- An/n mixtures supercooling should become significant even
avoidable variations in cutting the paper plates to size, antor hydrated alcohol§18]. Indeed, the formulas used for
their depth of immersion in the sample melt, the absolutébulk alkane mixtures in Paper | provide excellent fits for the
values of the surface tension can be trusted only tamall-An/n hydrated alcohol mixtures, as can be observed
~1 mN/m. To within this somewhat limitedbsoluteaccu-  for the GgOH+C,,OH mixtures in Fig. 3. However, at
racy, ourrelative-scale[1] ST measurements agree with the jarger An/n deviations of the theory from the experiment
extrapolated values for both dry and hydrated alcohols. Ngyecome significant, as can be seen for thgOEi+ C,gOH
consistent shifts in the ST values between dry and hydrategulk freezing temperaturé& () in Fig. 3 (dash-dot line and
samples were detected. In any case, since oply-(ym) is  semiclosed circlesThe points in the vicinity of a black hole
used in the equations, consistent shifts of nearly equal sizere generally expected to supercool more thamegions
would cancel out. Finally, we remind the reader thgtis  where SF exists. This is because the SF layer provides addi-
varied in the fit until the best agreement between the meaional nucleation sites for the bulk solid, reducing the kinetic
sured and calculate@y(¢) is achieved. For further details, barrier for nucleation, and hence also reducing the supercool-
and the equations used, see Paper I. ing T range. For the bulk mixture of @H+ C,40OH, shown
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FIG. 2. Surf ‘ . Tesof d lcohol FIG. 3. Same as Fig. 1, but for hydrated mixtures. The measured
- 2. Surface freezing onset temperatufgsof dry alcoho bulk freezing temperature$; are also shown for OH+ C,,0OH

IrpixF(ljJrers].¢ isTLhe mole. frac;iolndotf the IOI:ger cl;)mpqntent_rirr: tlhe \%emisolid squargsand GgOH+ C,g0H (semisolid circley along
Iquid phase. The experimental data are shown Dy poInts. 1Ne iN€ga, 1he theoretical fit¢dash-dotted lines The black-hole region of

were obtained by fitting the theoretical expressionTgf¢) to the CsOH+ C,s0H is shown by a dashed line. ThegOH+ C,dOH

measured values refining the interchange energy of the componengnd OH+C,.OH d : . o
ata were upshifted for clarity by 4 and 10 °C,
as described in the text. The dashed line fQgQH+ C,gOH de- respggtively 2 P i

notes a “black-hole” region where surface freezing does not occur.
The GgOH+CpeOH and the GgOH+ C,gOH mixtures were up-  the Gibbs-like enrichment of the surface by the lower-
shifted for clarity by 4 and 10 °C, respectively. The excess m°|arsurface-energy component. In our mixtures this is the longer
concentration of the long component in the surface-frozen pkase, component for almost all alcohols anl The surface en-
over the bulk liquid phase concentratigh is shown in the inset for richment of the solid phase.— ¢, is shown in the inset to

. . . . S 1
C1g0H+ C,,0H (dashed lingand GgOH-+ CpdOH (solid line) mix- i 5 0 1y typical cases representing mixtures with small

tures. Note the discontinuity at~0.2 for C;gOH+ C,gOH (dash- i =
dotted vertical ling and the negative values below this singularity. &1d large length mismatch. The smai/n mixtures, repre-

No similar features are observed fogOH+ C,,OH, where only ~ sented by the (gOH+ C,;0H shown by a dashed line, form

small deviations ofs from ¢ are observed. Thex(— ¢) curves an almost ideal mixture in the surface-frozen phase. In this

shown in the inset are obtained from the theory, as described in theéaSexs exceedsp only slightly, peaks at nearly equimolay,

text; note that these curves are meaningful only outside the blacknd the deviation is continuous . For IargeAn/F mix-

holes. tures, represented by, €OH+ C,OH shown in a solid line,
the deviationsx,— ¢ are much larger, with peaks shifted to

in Fig. 3, two experimental points @=0.3 and 0.39 adja- lower ¢. For very largeAn/n a discontinuity occurs ixs,
cent to the black-hole region, 0.35¢$=0.48, are indeed as shown by the dash-dot line in the inset. For this mixture
found to lie well below the theoretical curve, indicating the the deviation ofxs from the bulk concentratior) reaches
existence of a considerable nucleation barrier and of super~300% and peaks ap=0.2. Since the, discontinuity at
cooling. ¢$=0.2 is located within a black hole, where SF does not
The fits of the theoretical model to the measufiede) occur, no demixing effect on the SF phase can be observed.
values yield, in addition t@, also the concentratioxy(¢) However, for the same hydrated mixture, where the black-
of the longer component in theolid surface phase. As dis- hole is much smaller, SF does exist¢gat=0.2. As discussed
cussed in Paper kg differs from the bulk nominalp due to  below and elsewhergl3], a discontinuous demixing transi-
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tropy will be reduced most for these mixtures, causing the

2.7 £
< observed maximum iAS(¢). Another likely reason for the
Nx 2.4 maximum inAS(¢) is the anomalously high heat capacity of
E 24 the rotator phasénown to occur in the bulkwhich results
) in curvature inT¢(In ¢) as ¢ decreases from unity, as dis-
E18 C.OH + C,,OH DRY cussed in the Appendix of Ref19].
(2 15 © experiment Using thex¢(¢) values obtained from the theoretical fits

theory to the measured¢(¢) values, and without any adjustable

parameters, we calculate the theoretical entropy losses upon
SF, AS(¢), and compare thenflines) with the measured
values(points in Fig. 4. The expression used for calculating
AS(¢) is identical with Eq.(14) in Paper |, multiplying the

2
m K
[\*)

-y
LATN DL DL AN INNLENNN B BN B
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- 21 result by a factor of 2 due to the bilayer structure of the SF
é 18 phase. Fon=22 the pure alcohol SF phase comprises tilted
v molecules, while for alcohol mixtures no tilted phases are

C,.OH + C,,OH WET I_- found. The possible entropy change due to the loss of tilt
] upon mixing withn<22 molecules was neglected in the cal-
' ' ' culation. The theoretical lines in Fig. 4 agree well with the
measured values for smalin/n, as demonstrated in Fig.

1
K")
w W
w o
—_—

o F
o

—— 1
—o—1

M =

o [ } { 4(a) for C;gOH+C,,0H, and in a previous study of;6DH
E 30 r { +C,gOH [15]. However, for largeAn/n the shallow peaks at
2.7 1  #~0.5 can not be described well within our simplistic the-
~24 | - oretical model, and deviations are observed in Figs,ctin
(2 21 [ C OH < CLOHWET n this ¢ region. We remind the reader, however, that the results
18 18+ Lo I ] shown in Fig. 4 are not fits but theoretical predictions with-
L . L L 1 L 1 L L out adjustable parameters. They are based on the results of
0.0 0.2 0.4 0.6 0.8 1.0 fits to T¢(¢), where only a single unknown parametey is
) refined. Even this parameter is shown to have a universal

behavior for all the chain molecule mixtures studied, includ-
ing alcohols and alkanes. With this in mind the theory-
periment agreement f&S(¢) can be deemed reasonably

FIG. 4. The measuregointy surface entropy loss upon surface
freezing,AS, for one dry and two hydrated alcohol mixtures. The
theoretical predictions, having no adjustable parameters, are show
by solid lines. Note the maxima appearing in the experimental dat&’OOd'
at ¢~0.5 for highAn/n mixtures[(b) and(c)], which our simple

theory cannot reproduce. For discussion see text. IV. RESULTS: STRUCTURE

. . ) o The values obtained in the x-ray measurements for both
tion occurs here in the SF bilayer, resulting in the observaye surface-normal and surface-parallel structure of the
tion of a solid-solid thin-thick transition in the bilayer. surface-frozen bilayer are listed in Table I. We now discuss
the x-ray results in detail.
B. Entropy

The entropy loss upon SBS(¢), is an important ther-
modynamical quantity, obtainable from the slope change of
the y(T) curve upon SKsee Paper)! Figure 4 shows the A representative set of x-ray reflectivities measured for
measured\ S(¢) (pointg for several dry and hydrated mix- the SF phases of dry,gOH+ C,,0H mixtures, is shown in
tures. Since the entropy of pure molten alcohols growsig. 5. As can be readily seen, the ideal Fresnel reflectivity,
roughly linearly with the molecular length in the length RF(qZ)~q‘Z‘, is strongly modulated by the finite thickness,
range addressed here, their entropy loss upon SF also growigh-density SF bilayer residing at the liquid-vapor interface
with the molecular lengti [3,2]. In mixtures, the entropy of the mixtures. The layer thicknesgyjaye~2m/Aq;, is
loss upon SF is also influenced by changes in the mixingnversely proportional to the periaklg, of these Kiessig-like
entropy[15], which, in turn, depends on the different com- fringes. The period increases @s- 0, indicating a decreas-
positions of the liquid ¢) and solid &) phases. Therefore, ing thickness for the SF bilayer. This is as expected, since the
it is not surprising that a nonlineakS(¢) is measured, as fraction of short molecules in the SF bilayer should increase
shown in Fig. 4a). Moreover, the measurefiS(¢) shown in  with that of the bulk wheng—0. A quantitative analysis
Figs. 4b,0) exhibit a small, broad maximum gt~0.5. This  was done by fitting the measured XRoints by the four-
peak in the entropy loss may result frofrdependent re- slab model discussed above. The fits are shown by lines in
strictions on the complete randomality of the packing of theFig. 5. The corresponding surface-normal electron density
molecules in the solid phase. If these restrictions becomerofiles derived from the fit are plotted in the inset. The only
most prominent near equimolar mixtures, the solid phase erconsistent variation observed in the density profilespas

A. X-ray reflectivity
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driving out one of the components. Hence the increasing
10" deviations ofxs from ¢ (as shown, e.g., in the inset to Fig. 2
» and the consequent deviations df$) from a linear varia-
10 tion with ¢, observed in Fig. 6 upon increasing the molecu-
10° lar length mismatch.
For a very large length mismatch, discontinuous behavior
10° is observed ind, as can be seen in Fig(® at ¢= ¢,
5 ~0.2. Such a transition was studied in a hydrategdOE
10 +C,gOH mixture [13], where a temperature-induced thin-
i 10° thick solid-solid quasi-2D phase transition was foundgat
= . values close tap;, . Accordingly, in Fig. 6c) two points are
= 10 shown for thesamesample of a wekp=0.2 mixture. At a
O 10° temperatureT~64 °C a thin layerd~33.5 A, is observed
L_IIJ . with a G,gOH concentratiorkg=0.3. As the temperature is
o 10 decreased to below~63.4 °C a new free energy balance is
L 107 achieved, and a solid-solid transition occurs in the SF bi-
o layer, to a higher gGOH concentrationxs=0.7, and a cor-
10" respondingly highed~38.5 A.
107 Thexy(¢) values derived from th&g(¢) fits can be used
to calculate, independently from the values refined from the
10™ o8 XR measurements, the surface-frozen bilayer’s half thick-
» ,— X nessed using the knownd values[6] of the pure compo-
10 F C.OH + C.OH DRY N o0 9 nents. The simplest approach is a linear interpolation:
A 16 + Ly i
:2-16 \'% m d(¢)=(xsd,/cosb,+[1—xs]d,)cog O,Xs), (1)
0.0 041 02 03 04 05 06 ) )
q (A1) wherexs=X¢(®), 6, is the tilt angle of the pure long com-

ponent(the short pure components addressed here are always

FIG. 5. X-ray reflectivitieqpointg for the surface-frozen phase “”“”e‘?)’ andd, anddp, qre the pqre Components’ 'bllayer
of C,;g0H+C,,0H Dry mixtures. The fringe period is inversely half thlcknesses{6]. The increase in the bilayer thlckn_ess
proportional to the bilayer thickness, which is seen to grow monoUPON hydration by~2.5 A, due to the water molecules’ in-
tonically with the concentration of GOH in the mixture,». The  tercalation into the bilayer’s centgs,6] is taken into account
lines are fits by a four-slab model, and the corresponding surfac?y using the hydrated pure component valuesdfpandd,, .
normal electron density profiles are shown in the inset. The reflecNote that we have assumed that the effective contribution to
tivities and the density profiles are shifted vertically, for clarity.  the thickness from the tilt is linear in the concentration of the

o ) o . long component, i.e., cp&(¢)]=cos@Xy), so thatd( ) var-
varied, is a systemgtlc reducnon in the SF layer’s th|(;knes§as from6=0 to 6= 6,,. This approach is an oversimplifica-
as¢—0, as shown in Fig. @ (open circlegfor these mix-  tjon of the real behavior, since our BR scans show that the
tures. molecules are already untilted at a very low concentration of

the untilted componentx(—1). Moreover, the change from
B. Layer thickness tilted to untilted molecules is restricted to a very small

The half-bilayer thicknesd($) =dpjaye/2 refined in the region gnd may even be discontinu.ous with However, a
XR fits for several representative mixtures is plotted in Fig.comparison of thel value of the pureilted long components

6. While the GgOH+ C,,H data[(b), open circles for dry [#=1, in Figs. éc) and Gd)] with those of the mixtures,
mixtures, solid squares for the wet mixtufésterpolates al- particularly at¢=<1, indicates that within our accuracy, the

most linearly between thd values of the SF layers of the €ffect of the change in the tilt is small. Thus, the linear ap-
pure materials, mixtures with Iargﬁn/ﬁ show a signifi- proximation ¢( ) = 6yX; can be considered as a reasonable

cantly more curveds dependence, and even a discontinuoud 'St @PProximation, which considerably simplifies tig)

. L . calculations. Thed(¢) curve calculated using Eql) is
behavior, as for GOH+ C,40OH in Fig. §c). This trend, ana- . : .
lyzed quantitatively below, is easy to understand qualita—sl:]rcégnliggss?rl]'dl(:?ry ?'ngﬁg daenr(ijndatﬂ;—td?r(]ihsyirl?rt\?g rr?a{);-no
tively: as the chain length mismatch grows, the energy cos& . 9. ©. g tha ;
for close packing chains of unequal lengths, and the corre‘?‘dJUSt"’lbIe parameters, the agreement IS good for all mixtures
sponding term in the free energy, also gro,W The mixingShOﬂn' However, the best agreement is obtained for small

entropy term, which has the opposite sign, is much less af2n/n, as demonstrated by the,{OH+ C;OH mixture in
fected by the length variation, and thus the free energy inFig- &b), and our previous study of ,OH+C;gOH [15].
creases upon increasing chain length mismatch. The mixture The poorer agreement between the measured and calcu-
attempts, therefore, to reduce its energy by lowering thdatedd for largeAn/n mixtures indicates the need for a more
number of short molecule—long molecule contacts, i.e., bysophisticated expression. As a next-order approximation a
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FIG. 6. The half thicknesd(¢) of the surface-frozen bilayer of several dgpen circlesand hydratedsolid squaresalcohol mixtures,
as obtained from the fits to the reflectivity measurements. To compare the thickness data, obtained experimentally, with the theoretical
predictions one may use either the lingsolid line for dry, dash-dotted line for webr the quadrati¢dash-dot-dot for dry, dash for wet

interpolations discussed in the text. Note that while the linear interpolation yields better results at thie/fovimit (b), the guadratic one
works better for highAn/n (c) and(d). The dotted region iric) marks a black-hole region.

second-order polynomial was employed, and found to de- The d(¢) curves calculated from Eq2) are shown in

scribe better the behavior of[13]: dash(hydrated dash-dot-dotteddry) lines for the four mix-
tures in Fig. 6. Equatio2) agrees better with the measure-
d( ) =Ld X2+ 2x%(1—x)1/coS0-+ dt 1—x.12 ments for largeAn/n mixtures than the linear approximation
()={dnlxXs +2X(17%5)] 0 m[ 1% in Eq. (1), but now the deviations become larger for the
X €og OnXs). (2 smallAn/n mixtures, e.g., Fig. ®).
Here, the assumption is that the contributions to the x-ray C. In-plane structure

reflectivity are taken in pairs of adjacent molecules, and that )

the contribution of a pair consisting of a long and a short 'n€ GID measurements show an hexagonal in-plane
molecule is the same as that of a long-long pair. Téwua) packmg for qll alcqhol mixtures Studlefji with a characteristic
contributions of these two combinations are taken to be difSingle GID diffraction peak af,~1.5 _A - The correspond-
ferent from that of a short-short pair. Using this specifici"d BRS show a surface-normal orientation of the bilayers’
weighting-by-pairs scheme to interpolate the layer’s ha|fmoleculgs, to W|th|n_ the experimental resolution of 4°-5°
thicknessd(¢) between those of the pure components,for all mixtures studied.

yields the quadratic expression of E&) above. Since no
direct measurement of; can be made with our setup, we
cannot verify Eq.(2) directly. However, in the bulk, where The lattice spacings derived from the GID measurements
this quantity is measurable, the dependence of the crystallingre plotted in Fig. 7 for both the dippen symbolsand the
layer thickness orx,, is known to be nonlinear and is better wet mixtures(solid symbol$. As found earlier for pure alco-
approximated by a second-order polynonjits,23, akinto  hols [6], the in-plane lattice constara=2/[q, cos 309

Eqg. (2). (for a hexagonal cell increases upon hydration. This is

1. Lattice constant

031606-10



SURFACE FREEZING IN BINARY ... . 1l. ... PHYSICAL REVIEW E58, 031606 (2003

L1 I ' 1 ' | ' 1 ' L
496 |\ DRY WET .
\ | C,OH +C,OH—o——e—
494 |\ C,OH+C,OH--0----u-- . FIG. 7. The lattice constara(¢) of the hex-
. agonally packed surface-frozen bilayer, for sev-
4.92 eral dry(open and wet(solid) mixtures. While in
the dry mixtures the lattice constant is almost in-
2 4.90 dependent ofp, the hydrated samples show sig-
~ nificantly lower a values for the mixtures, com-
© 488 pared to the pure materials. This effect may result
’ from the existence of voids within the bilayer be-
cause of the close packing of different-length
4.86 chains. The voids may facilitate the inclusion of
water molecules in the layer without requiring a
4.84 lattice expansion. The lines are only guides to the
eye.
4.82

clearly observed in comparing the relevaft=0 and$p=1  +0.05)x10 2 °C ! (dry) and (1.16:0.17)x10 3°C !
values in Fig. 7. Since the SF existence rangésfor pure  (wet) were measured recently for thg JOH+ C,4OH alco-
dry C,,OH is zero and is very small for,@OH, no in-plane  hol mixtures[15]. The values in Table Il are also close to the
data could be obtained for themt=0. The most outstand- (6+0.5)x 10 * °C~* obtained for the dry and hydratd),

ing feature observed for the hydrated mixtures is the strongulk phase in pure and mixed alcohdi®l], to the (6.5
reduction ina, relative to the pure materials, for almost the +0.5)x 10" % °C~! measured for a surface-froze®y; al-
full 0 <¢<1 range. The increase aupon hydration in pure  kane monolayer in a G+ C,, solution[18], and to the (9

alcohols most probably reflects the difficulty in incorporating + 9 5)x 104 °C~! measured for the surface-frozen mono-
the water molecules into the well-ordered, densely packeghyer of a pure G, alkane mel{24].

lattice having relatively few defects. By contrast, in mixtures
the packing of two different chain lengths into the same crys-
talline structure should significantly increase the number of
defects and voids, making possible the incorporation of wa- The orientation of the molecules relative to the surface
ter molecules into the structure without requiring a latticenormal can be determined from the measured BRs. Several
dilation. Therefore, almost no difference is found betweertypical measured BRs are shown in Fig. 8 for dry;@QH

the lattice constants of a given mixture in its dry and wet+ C,,OH mixtures. A BR measured for a wet mixture is
states while for the pure materials the difference is large. Irshown in the inset. The measured val(@esints were fitted
mixtures with a large chain length mismatchn/n=0.35,  (lines by the BR model used for dry and hydrated pure
the lattice constant of the surface-frozen layay, at ¢ alcohols[6]. The model assumes a bilayer structure of hex-
€[0.25,0.9 is significantly lower than all the results ob- @gonally packed molecules, with the molecules of the upper
tained for smallAn/n mixtures. In such mixtures, no signifi- ![:i?r: r?s{g'g%égm? thh?’;:!tot\cvv ?30; tB;l_O\pgebr;?iﬁ r g?;(;r?o;ri:r?ti
cant mixing occurs a$=0.25, i.e., the surface bilayer con- th'g kind iblES.25 Tﬂ b'F thi z 9 d th
sists of an almost pure long component as expected, an%I is kind are possiblEs, 25]. The bilayer thickness and the

indeed found 18], for a solution of the long component in an roughness values obtained from the BR fits were found to

inert solvent. In this case the usual linear thermal expansioﬁ]gerﬁte tlc? vza:lth?ﬁstisé Vég?ng:gzg ;er]:greg;;gm_rthhee f?t(sR ?;?;Suur:_e'
of the SF layer results in a smallarsince the SF tempera- ' y

tures are reduced considerably from that of the pure solute’s _ N

melt. Such a contraction of the lattice constant should be TABLE Il. The thermal expansion coefficientr=(da/dT)/a
linear in T, allowing a measurement of the expansion coeffi-of the lattice constant of the quasi-2D surface-frozen bilayer for
cient of the SF bilayer aar=(da/dT)/a, whenever a large the indicated GGOH+ C,OH mixtures.¢ is the liquid mole fraction
existence ranga T is obtained for a mixture. Unfortunately, ©f the longer component.

the occurrence of black holes in the SF range of laxgén

2. Molecular orientation

. - . Dr Wet
mixtures limits the range o$ and the number of mixtures m n & Y o & o
for which such measurements could be carried out. et et
: (x1073°C™h (x1073°C™Y
In several samples the SF existence rangewas large
enough(several degrees Celsju® allow a measurement of 16 22 015 1 0.15 0.91
the linear expansioa, at a constant bulk fractiogp. The 18 26 0.23 1.3 0.5 1.4
results are listed in Table Il. No specifiedependent trend 18 22 0.26 1.15

could be observed in the data. Very close values, (1.02

031606-11



SLOUTSKIN et al. PHYSICAL REVIEW E 68, 031606 (2003

1.2 ! 18 ] . .
—_ - . S C,;OH + C,,OH WET
2, o LM Ay 0 3 ¢=0.87
c I '\ Fy > ] FIG. 8. Bragg rod scans for a series of
3_ 1Kl @ C1g0H+ C,,0H dry mixtures(points. The width
o 08 Dl ) & é ' i of the BR, which is inversely proportional to the
8 UL e z, surface-frozen bilayer’s thickness, decreases with
> ] : o mand 7 increasing¢. The corresponding growth of the
= s L A“A“ \ : LAY °) bilayer thickness is due to the increase in the
0 w4 Q%&O : fraction of the long-chain molecules in the solid
E ﬁ; % bilayer. The theoretical fits are showlines) to
— o4 } 4 ES _ correspond well to the experimental data, except
=z C..OH + C,.OH DRY E'q\% %% for the low-q, region,q,~0.03 A™%, where the

o 6=1 % ] dip of the measured intensity is larger than that
0.2 A $=0.26 Ry | obtained from our model fit. The inset shows a
o =0 ‘G‘J@uq; % representative Bragg rod scan for a hydrated al-
~ 4 ] cohol mixture.
0.0 . L . 1
0.1 . 0.2 0.3
q. (A)

tilted molecules for all mixtures to within the 4—5° resolu- tures. In the smalkn/n mixtures, the dryxs( ) curve al-
tion of the experiment. This is unlike the SF bilayers of puremost coincides with the wet orfé5], as shown for ¢OH
alcohols, where for 2&n<28 tilted phases were observed + C,,0H in Fig. 9 in dash-dottedhydrated and dash-dot-
[6]. The fact that even a small bulk admixture of a different-otted(dry) lines. For largeAn/n mixtures, the curvature of
length alcohol eliminates the molecular tilt indicates thatxs(¢>) is larger and so is the difference between the dry and
even in systems with very high chain length mismatch, &ne wet curves, as shown for degolid line) and wet(dashed
finite, though small, mixing of the two components occurs injine) C10H+ Co6OH in Fig. 9. We have denoted theg dif-

the surface-frozen phase. It is also the case that a smallrence between dry and wet samples for these two mixtures
amount of mixing eliminates the tilted phase in bulk alkanesby 7 and e at particular concentrations, as marked in the
Future studies of the molecular orientation in mixtures Offigure. ’

24<n=28 alcohol molecules at small bulk dilutions may
reveal concentration-induced or temperature-induced tilting
transitions. The BR’s width is inversely proportional to the
bilayer thickness. As shown in Fig. 8, the BR’s width in-
creases upon a reduction g@f indicating a decrease in the 0.8
bilayer thickness with an increase in the short component®
concentration. In most of the dry mixtures, a small, but mea:
surable, deviation of the theoretical fit from the experimental o6 -

data is observed at log; values, just above the strong Vine- ,¢ | ! g Cwo"'_‘a %OH

yard peak[26] at q,=q., where q.~0.02 A™! is the ! 7 =
surface-normal momentum transfer at the critical angle for %[ F ]
total reflection. The experimental data in this region show ¢ : — _/

deep minimum which was not observed in pure materials an. | , 72 — CuOH + C.OH, [ng i
which could not be reproduced by the present model. While £ e C,OH + C,.OH, DRY

the origin of this feature is not clear, over the rest of the [ #COH + C0H - i ", WET
range of the BR, the measured and fitted curves agree vel o0 019, . ! . . . A
well with each other, and the values refined from the fit agres 0.0 02 04 06 08 1.0
well with those obtained from XR. ¢

FIG. 9. The effect of hydration on the surface-frozen phase

V. HYDRATION INDUCED TRANSITIONS composition for the low- and the highna/n limit. For small-chain
o _length mismatch, the hydration changes only marginally the

We now explore the effects of hydration in some detail.syrface-frozen mole fractiox calculated from our theoretical
Though the expressions used for the hydrated and the nofodel, as described in the text. See, e.g., the small difference
hydrated mixtures are the same, thgvalues of the pure between the dry(dash-dot-dgt and the wet(dash-dot C;gOH
hydrated components are different from those of the dry ones C,,0H surface-frozen fractions at=0.77. However, a signifi-
[6,5]. Moreover, thews values obtained from the fit of the cant change occurs upon hydration at the I‘M{T”mit; eg., e
theoretical expressions to the measutgfiy) are close to, for the G OH+ C,sOH mixtures at¢=0.19(solid and dashed line
but, usually, lower than those of the corresponding dry mix<for dry and wet mixtures, respectively
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What would be the effect of these differences on the

measured layer thickneg® For the smallAn/n limit, the x4
difference is negligible. Thus, the layer thickness will in-
crease upon hydration only by the same.5 A found in A ALy
pure alcohols and assigned to the intercalation of the wate 442 | G1OH+C,0H, $=0.77 RO
molecules into the bilayer’s centg8]. In largen pure alco- . A
hols, hydration may increaskby reducing the tilt angle. In 10° _W(J%m-momoq . DRY -
the case of Fig. 9 this does not occur since no tilted phase it 4 9057

N
; ; . Hamrenma e, 00
observed in these mixtures even when dry. In contrast to this 4+ &, i, 2o
e N4
"y WET -

— L4 .
simple behavior for smalkn/n mixtures, the behavior of ol
s C,OH+C,0H, ¢=0.19 RN
]

largeAn/n mixtures is considerably more complicated. Here 107 -
the molar concentration of the longer componegt, is sig-
nificantly reduced upon hydration, as demonstrated: by A-1

Fig. 9. This drives a decreasednby an amount correspond- 9. (A)

ing to thexy(¢) difference. The intercalation, however, con- ol " bt T (b)

tributes to a fixed~2.5 A increase ird, as for smallAn/n

mixtures and pure compounds. The end result depends on th

relative magnitudes of the two effects. The XR measure- %8¢ /.~ O~__—--=

ments, and the density profiles extracted therefrom, for thes~ C,.OH + C,,0H, ¢=0.77

two samples discussed above, are shown in Fig. 10. The<< - / i -,

agreement with the trends discussed is very good. While for £~ [WET,”

the GgOH+C,,0OH, $#=0.77 mixture, the modulation pe- <« [~~~ , ~ =77 7777 ~Ce—

riod is reduced by hydration, indicating an increasel,ithe o2 L ;7

opposite is found for the OH+ C,sOH, ¢=0.19 mixture. | DRY. -/ C,OH + C,OH, ¢=0.19

Here the modulation period increases upon hydration, indi- WET~

cating a decrease in thickness. This can be assigned to th 0.0 beme=t L ' L L L L T—

dominance of the thickness decrease due to the reduction i -20 0 20 ,40 60 80

Xs over the thickness increase due to the water intercalation Z(A)

For a quantitative analysis, the four-slab electron density o i )

model discussed above was used, and(liites) to the mea- FIG. 10. (a_) _X-ray reflectlvmes (p0|_nts) normalized to _the

sured(points Fresnel-normalized XR were carried out. The Fresnel. ref!ectmty of an ideally sharp interface, for t.he .mlxtu’res

resultant electron density profiles in Fig. (bp show the  SPOWN in Fig. 9. For GOH+Cp0H, $=0.77 the Kiessig fringes

clear reduction of the layer thickness upon hydration inperlod dt_acrease_s upon hydratlon.Thls corres_ponds to_an increase of

C,{OH+ C,OH, as expected from the reduceg derived ~2.5 A in the bllayer thickness, due to the intercalation of water

fr(l)?n the T26(¢>) ’fitted CBNES in Fig. 9. The increase in the molecules at the bilayer’s center. The long component’s mole frac-
S . 9.

. Ai tion, X in the surface-frozen phase stays almost unchanged upon
layer thlck.ness of @QH+C220H _by 72'5 is also clearly hydration from that of the bulk liquid fractiog. By contrast, for
observed in the profiles plotted in Fig. (b.

C,g0H+ C,0OH, ¢=0.19, the surface-frozen bilayer becomes con-
siderably thinner upon hydration, even though water still interca-
lates into the bilayer's center. This is due to the fraction of the
longer component incorporated into the surface-frozen bilayer be-
ing significantly reduced in the hydrated bilayer. The lines are fits of

The interchange energy at the surfaeg, deduced from afour-slap mode_l, as ex_plained in the text. The sunface-normgl elec-
the fits of the theory tar () for the dry(circles and hy-  tron density profll_es derlve_d from the flt_are showr(lim. Curves in
drated(squaresalcohol mixtures, is plotted in Fig. 1) asa (@ and(b) are shifted vertically for clarity.

: : ; 2
function of the relative length mismatch squarelin(n)®. A~ w0 SF jayer, e.g., HB in alcohols or the isotope mismatch

linear dependence, albeit with some scatter, is evident. A ﬁFepuIsion in the deuterated-protonated alkanes. Moreover,
(ine) to all points yields ws/kgT=12.1X(An/n)?. The  the bulk interchange energy in alkanes and deuterated al-
most striking result, however, is that al values, including  kanes was also shown in Paper | to depend linearly on

the present results for dry and wet alcohol mixtures an%An/F)z albeit with a higher prefactor: wy/kgT

those of the protonated-protonated and the deuterate PR (An/ﬁ)z. The higher bulk prefactor was assigned in

protonated alkane mixtures in Paper I, fall on the same IineFJ o .

. — > N . aper | to the more severe restrictions imposed on the pack-
when plotted againstn/n)*, as shown in Fig. 1b). Afit ;" o¢ the molecules by the 3D bulk as compared to the 2D
to all points yieldsws/kgT=11.6< (An/n)? (solid line). AN surface. In Fig. 12, we plot the bulk data and linear fit for
even better fit could be obtained by including only pointsalkanes from Paper |, along with thg, /ks T values obtained
with (An/n)?<0.12. The fact that a universal behavior is here for hydrated alcohol mixtures. The good agreement of
observed indicates that the length-mismatch repulsion energhe present bulk hydrated alcohol results with the linear be-
of the chains dominates over any other interaction present ihavior of the alkane mixtures is clearly observed, even at

A R,
R X
N
- A \‘

JAEAa Aa
Py aax N, “x“ a

R/R

R 6 .5

0.0 0.1 0.2 0.3 0.4 0.5

VI. THE UNIVERSAL BEHAVIOR OF THE INTERCHANGE
ENERGY
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v 1 ' 1 ' 1 ' 1 T ] T T T T T T T T T T T v T T T T T T T I;
[ (a) —1241 X(An/ﬁ)ZI +L| o caC, i
20 v C,+D,
} ® C,OH+C,0OH+H,0 |
— 3L |——17.8x (an/in)’ i
F15 A
~ -, bulk
° 1 3
3 2 - ™ ]
1.0 A g
o DRY o 4
s WET] 1 1L o o i
0.5 — | - ]
0.06 0.09 012, 0.15 0.18 9
(An/ﬁ) 0 PR EYR (I I N R R R R N

0.00 002 0.04 006 008 0.10 20.12 0.14 0.16 0.18
(an/n)

»0 L (b) ——11.6 X (An/n)’°
’ FIG. 12. Same as Fig. 1), but for the bulk. Note that the line
I iy is not a fit to all data points but the same line, which is representing

15 | - the bulk alkane data in Paper |. Nevertheless, it agrees very well

- I i with all points measured for hydrated alcoh@slid squares
[21]

_\!ﬂ or i timate thews |, values extracted from our measurements by
3 L prot. alkanes - .

almost an order of magnitude. Clearly, a more sophisticated
. calculation is required, taking into account the likely pres-
i ence of voids, gauche kinks, short-range clustering of equal-
length molecules, etc., all of which contribute to the contact
loss balance. An iron-clad justification for the linearity of
wgp N (An/n)? is therefore missing, though some explana-
tion was provided also in Paper I. Theoretical work on this
fundamental issue is clearly called for.

DRY alcohols
WET alcohols

o
v deut. alkanes
o]
u

0.00 0.05 0.10 » 0.15 0.20
(an/n)

FIG. 11. (a) The interchange energy at the surfaecg, for the
dry (open circlesand the wetsolid squaressurface-frozen phases.
All alcohol results show a linear dependence dm/{n)2. (b) The VIl. CONCLUSIONS
same asa), but for all results measured for mixtures, including the
protonated-protonated(open diamong and the protonated-
deuteratedsolid triangle alkane mixtures discussed in Paper | and

Surface freezing was studied here for binary mixtures of
medium-length alcohols. In the present study only the even-
the wet and dry alcohol mixtures addressed in this paper. Note th ven alcohol mixtures were considered, thoggh itis possible
universal linear dependence observed. This behavior is rather striIE- at the_odd-even and perhaps (_)dd'_oqd mixtures may also
ing, considering that in addition to the van der Waals interaction ofSh,OW this eff_ect. However, the §|mpI|C|ty ,Of, the even'ev_en
simple alkanes, some of the samples interact also by hydrogewlxtures, which allow a theoretical description of the mix-

bonding(alcohols, or by isotopic repulsioriprotonated-deuterated tUre based on the _prope_rties of the same effect in pure com-
alkane mixtures ponents led us to investigate those first.

The SF layer was found to consist of a bilayer with all
considerably largerAn/n)?2 values than those of the alkane hydroxyl groups residing at its center, as found for pure,
mixtures. monocomponent alcohols. No tilted phases were observed in

The microscopic origin of the repulsion energy is not@ny of the mixtures studied, even when one of the compo-
clearly understood. Matheson and Smi@¥] assign it, in nents exhibits such a phase when pure. For small relative
bulk alkane mixtures, to the local lattice deformationslength differences\n/n the crystalline surface bilayer con-
needed to maintain continuity in a crystal comprisingsists of a mixture of the two components, with a concentra-
different-length molecules. The expression they obtain fotion close to that of the bulk. For largen/n, the crystalline
the resultant repulsion energy seems, however, to depend ligurface bilayer is strongly enriched by one of the compo-
early on An/n, rather than the quadratic dependence obments. In this case, the surface crystal was observed to un-
served here. Moreover, this theory may not be directly applidergo, at a specificT|, ¢) point of a GgOH+ C,g0OH mix-
cable to the SF bilayer, since the interlayer coupling, whichture, a solid-solid demixing phase transitid8]. The lattice
plays an important role in the bulk, does not exist for theconstant of the surface-frozen layer in the mixtures studied
single surface-frozen layer. The repulsion energy could alswas observed to behave qualitatively differently in the dry
be due to the smaller number of vdW contacts between, e.gand the wet mixtures. In dry mixtures the lattice constants of
adjacent short-long molecules as compared to long-longhe pure components and the mixtures are close. Upon hy-
ones. However, simple model calculatid28] of this effect  dration, however, a large increase in the pure components’
yield results which should depend only dm, and overes- lattice constants is observed, while only a small increase oc-
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curs in the lattice constants of the mixtures. This effect wasvhere f, is the free energy of the water molecule,
attributed to the presence of more voids and defects in the,, .—those ofdry C;, ,OH molecules, and the term muilti-
surface-frozen bilayer of mixtures than in those of the pureplied by kT is the mixing entropy of the ternary mixture,
components, rendering the incorporation of water moleculegptained by using the Stirling formula fdF=—kTInQ,

into the surface-frozen bilayer of mixtures possible withoutyhere () =(N+ M +W)!/(N!MIW!).

increasing the interchain spacing. The linear expansion coef- panote the number of water molecules that can be ab-

ficient was measured for several mixtures, and found to b%orbed at saturation bM(M) molecules of GOH(G,,OH)

roughly the same as that published recently for a few othef)y NH,(MH,). The corresponding molar fractions of water
surface-frozen mono-component and bi-component samplesre thgn¢”'rr'P—H /(1+H, ). The ™™ values for the
w — Inm n,m/- w

and also comparable to bulk values. The overall phase be- )
havior of the mixtures, including the transition temperaturesPulk @nd the surface of pure alcohols were publisftEdas

the entropies, the bilayer thicknesses, the surface and buffw,,=0.663-0.1911In() and ¢, ;=0.1-3.23<10 °n,
compositions, and the variation of all of these wisim/n, respectively, in then range d|scussed. here. Thus, the free
were quantitatively accounted for by the same theoreticaf"ergy OfN hydrated GOH molecules is
model used for alkane mixtures in Paper I. The model con- .
tains only a single adjustable parameter, the interchange en- Fo=Nf,+HNf,+kgT{NIn[(1+H,) "]
ergy wsp. This parameter is found to be proportional to

—> +NH,In[H,/(1+H . A2
(An/n)?, thus demonstrating a single, universal behavior, nInCHA/( Wl (A2)
encompassing dry and hydrated alcohols and protonated-
protonated and protonated-deuterated alkane mixtures. T
exact microscopic origin of the interchange energy tergy

is still unclear, as is its linear dependence xzﬁm(ﬁ)z. The

similar expression can be written for the hydrategGEH.
n the calculations in this paper we used for the hydrated
alcohol mixtures ainary mixture formalism, Eq(4) in Pa-

mole fraction of the longer component in the SF layer per |, with values ofhydratedpure alcohol free energies:

Ib IS
which is obtained from the theoretical fit to the measured nm for the bulk andfy r, for the Isgrface. However, thigy-

T«(¢) is a quantity which could perhaps be measured didratedpure alcohol free ener'g)lfn is, 'by d§f|n|t|on, the free
rectly by atom-specific techniques, e.g., neutron reflectivityenergy of the QOH-+H,O mixture, given in Eq(A2). We,

in deuterated-protonated mixtures. Such studies could distirBubstitute, therefore, E¢A2) explicitly into Eq.(4) in Paper
guish not only between the linear and quadratic interpolatiort, and obtain

for d(¢), but may also reveal possible microphase separa-

tion in the quasi-2D surface-frozen layer, and, perhaps even F'={Nf,+HNf,+kgT[NIn(1+H,) *

possible superlattices ¢br spatial lattice constant variations

due to different-length molecules in the layer. In addition to +NH,In{HL /(L+H) M+ HM A,
elucidating the structure of the surface-frozen phase in mix- FKaTIM IN(L+HY) "2+ MH- InfH - /(1+H

tures, this could also shed important light on the origins of sT[MIn( m) mIN{Hm/( mH}
the exchange energys,,, which plays an important role in +kg T[N In{N/(N+M)}+M In{M/(N+M)}]. (A3)

the phase behavior of both the bulk and the surface solid
phases, and on its apparent universal linean/)? depen- ~ The indicesb ands were omitted from this expression since

dence. it is valid for both the surface and the bulk.
We now calculate the difference;=F,,—F', between
ACKNOWLEDGMENTS the rigorous expression for the free eneffyg. (Al)] and the

. approximation used in this paper, Ed) in Paper | or Eq.
We acknowledge the NSLS for beam time at XZZB'(A3). 7 is the correction which should be inserted in our

Brookhaven National Laboratory is supported by the U.S. . C .
Department of Energy under Contract No. DE_ACOZ_equatlons foiT(¢) to take the hydration into account rigor-

98CH10886. ously. Up to the first order ip, W is

APPENDIX: MIXTURE THEORY FOR HYDRATED W=NH,+MH,. (A4)
ALCOHOLS
This means that the hydrated mixture is justhaveighted

First, consider an (OH+ C,,OH alcohol mixture in its average between its pure components, and

molten, liquid state. The number of,GOH molecules is
N,M. Denote the number of water molecules absorbed by

-1, _ _ -1
this mixture at saturation bW=W(¢), where ¢=N/(N (keT) "7 ={N[I{N/(N-+M+W)} =In(1+Hy)

+M). —In{N/(N+ M)} +{M[In{M/(N+M + W)}
Similar to Eq.(4) in Paper | the free energy of this ternary .
mixture C,OH+ C,,OH+H,O can be written as —In(1+Hp) "= In{M/(N+M)}]}
Fu=Nf,+Mf,+WF,+kgT{NIN[N/(N+M+W)] H{WIn[W/(N+M+W)]—NH,
+M IN[M/(N+M +W)]+WIn[W/(N+M +W)]}, XIn[H,/(1+Hy)]-MHy
(A1) XIn[Hn/(1+H) 1} (A5)
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Thus, the correction includes only an entropic part, which

PHYSICAL REVIEW E 68, 031606 (2003

Note that since the mixing of water molecules is random

appears because of the indistinguishability of the water molenly in the liquid phase of the mixture, while in the solid

ecules absorbed in the,OH and in the GOH systems. In
other words, 7 is just the correction for the well-known
Gibbs paradoxX29]. Using Eq.(A4), the first curly bracket
term in Eq. (A5) yields N In[1+M(H,—H)/(N+M+W)].
Since[M/(N+M+W)](H,—H,)<<1, a first-order expan-
sion yields: NIn[1+M(H,—H)/(N+M+W)]=NM(H,

(rotaton phase the KO molecules are restricted to the mid-
bilayer region[6], no correction for indistinguishability is
needed in the solid phase, since in all three mixtures, the
C,OH+H,0, the G,OH+H,O, and the ternary (OH
+C,,OH+H,0, the mixing entropy of water should be zero.
Including the corrections in EGA7) in Eq. (8) in Paper | for

—H)/(N+M+W). The second curly bracket term yields by the bulk freezing temperatures of the mixtur@s(¢), we
the same process the same result but with a negative sigfinally obtain

and thus the first two terms in EGA5) cancel each other to
a first approximation. Using EqA4) in the third curly
bracket term brings EqA5) to the form

(kgT)"t7
=MH ., In{[NH,/H,+M]/
[N(1+H)/(1+Hg)+ M +NH,
XIN{[N+MH/H, J/[N+M(1+H)/(1+H)]}.
(A6)

This expression can be included in obinary mixture
free energy expressiofEq. (4) in Paper |, which is then
differentiated with respect tt and M to yield the corre-
sponding chemical potentials. Denotirg=N/M, the de-
rivatives of our correction are

n=(kgT) " X(97/9N)
:[Hn_Hm]/[a(1+Hn)+(1+Hm)]
+HpIn{[a+Hy/H/[a+(1+H)/(1+H)1}

Tm=(kgT) " X(a7/M)
=[Hp—Hpl/[a Y(1+Hy)+(1+H)]+H,
XIn{[a " *+H /Ho)[a T+ (1+H)/(L+H)]}.
(A7)

Ti($)=[Tr,ndSh— @p(1—Xp) V[ AS)+Ke{In(Xs/ )

— ],

Ti( ) =[ Tt mASh— wpXZ)/[ASE+Ke{IN[(1—Xp)/(1— )]

Tl (A8)

It is important to note that no additional unknown param-
eters are introduced by applying the correction. Similar equa-
tions are obtained also for the surface phase, as discussed in

Paper I. For all bulk mixtures studiedsg|y|,kg|7u|
<0.0&g. At the surface the corrections are even smaller:

kg|7n|,Ks|7m| <0.0%g . These values are negligible relative
to the ASE ~15kg of all mixtures studied. Finally, to correct
the entropy loss predictioAS(¢) of hydrated mixtures, a
term of 7/T [Eq. (A6)] should be added to the original ex-
pressior Eq. (14) in Paper 1. However, in this case as well,
the correction, peaking at equimolar surface fractions, is neg-
ligible by several orders of magnitude in comparison with
the other additive terms in the equation.

Based on the above, we conclude that using for the hy-
drated alcohol mixtures a binary mixture formalism, based
on the thermodynamical quantities measured for the pure
hydrated components, is a very good approximation at least
for all mixtures addressed in this study.
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