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Theory of surface freezing of alkanes

Alexei V. Tkachenko and Yitzhak Rabin
Bar-llan University, Ramat-Gan 52900, Israel
(Received 13 May 1996

A fluctuation-based entropic scenario for the explanation of surface freezing in normal alkanes is proposed.
The model is based on the notion that strong fluctuations along the molecular axis of uniaxially ordered
stretched chains, can exist in a solid monolayer on top of a liquid phase and provide sufficient entropy to
stabilize it against the formation of a bulk rotator phase, in which such fluctuations are suppressed by the
presence of neighboring layers. We show that the phenomenon can exist only in a restricted range of molecular
weights, and calculate the molecular weight dependences of the temperature range in which it is observed and
of the correction to the surface tension of the liquid due to the presence of the solid surface layer. The
roughness of solid surface monolayer is also calculated. The results are in agreement with recent experiments.
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PACS numbegs): 64.70.Dv, 64.60+i, 68.10—m

I. INTRODUCTION by van der Waals interactions, shows that it is positive and,
therefore, cannot be responsible for surface freezing.
Extensive experimental and theoretical investigations are Inspection of inequality1) shows that this condition can
devoted to the peculiarities of phase transitions near interbe satisfied if the fluctuation free energy of the solid surface
faces. Nevertheless, recent observationswface freezing monolayer,A,, is high enough. For low molecular weight
in normal alkanes gave the first ever example of surfacesubstances, however, this cannot be the case. While a liquid
induced long-range order in a one-component sygterbl.  can possess significant fluctuational free energy, the ampli-
This behavior is in surprising contrast to the usually ob-tude of fluctuations in solids is always much lower than the
served phenomena sftirface meltingandroughening phase characteristic size of their constituentéatoms”). This
transition, both of which are characterized by the suppres-property is directly related to the empirical Lindemann crite-
sion of long-range order near the free interface due to theion of the melting of crystalline substances: fluctuations at
weaker molecular ordering field on the surface. the transition point are of order of 10% of the period of the
In normal alkanes, it was found that a solid monolayer isattice.
formed on the surface of the liquid, in a small temperature |n the case of long molecules which crystallize into lay-
interval above the bulk solid-liquid transition. The mono- ered structures, the normal-to-plaiengitudina) periodic-
layer consists of hexagonally ordered, stretckiedan all- ity is determined by the length of the molecules. Therefore,
trans configuration alkane chains which are oriented nor- fluctuations along the molecular axis can, in principle, ex-
mal, or slightly tilted with respect to the normal, to the ceed the typical monomer siz¢ghe amplitude of in-plane
surface. The density and symmetry of the monolayer correfiuctuations is limited by the Lindemann criterion to a frac-
spond to that of a bulk rotator phaf®7]. Surface freezing tion of the monomer size, just like in small-molecule solids
occurs only in a finite range of molecular weights which, in This means, in particular, that an ordered layer can possess
alkanes, corresponds to degrees of polymerization from 14 tgignificant entropy due to such fluctuations, which do not
approximately 50. Only a single solid monolayer exists inaffect its stability. The resulting reduction of the free energy
the temperature range between the surface and bulk freezingay lead to the formation of a stable solid surface monolayer
points and there is no gradual growth of the surface orderednder thermodynamic conditions when the bulk is in the lig-
phase as the temperature of the bulk transition is approachedid phase. This is the entropic scenario proposed in this work
In this paper a theory for surface freezing in normal al-for the explanation of surface freezing in liquids of long
kanes is presented. According to the proposed sceh8kio chain moleculege.qg., alkanes
the effect is driven by the free energy gain due to the fluc- |n Sec. Ill we calculate the free energy gain due to the
tuations of molecules in the solid surface monolayer, parallefluctuations of the ordered monolayer of stretched chain mol-
to their axes, which are suppressed by neighboring layers igcules. Our model Hamiltonian contains two contributions,
the bulk solid phase. The plan of the paper is as follows. Irone which accounts for the reduction of the binding energy
Sec. Il we derive the general condition for surface freezingdue to the decreased overlap between the ends of neighbor-
ing molecules, caused by their relative displacemighis
1) end mismatchcontribution will be present even when the
molecules are modeled as structureless cylindensd an-
other due to thénternal mismatctproduced by the relative
Here 1 is a certain combination of interfacial tensions andshift of the internal segments of parallel neighboring mol-
A, determines the contribution to the free energy due to thecules(this effect arises due to the deviation of the symmetry
fluctuations of the ordered layer on the top of the liquid. Ourof the all-trans molecule from that of a cylindefhe latter
estimate of the parametef®, which is mostly contributed effect is expected to be much smaller in a uniaxial rotator

A—y9>0.
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phase than in a fully ordered crystalline phase in which therdater on. Therefore, one can restrict the investigation to the

is perfect registry between neighboring all-trans chains.  case of a single monolayer on the top of the liquid. In this
In Sec. IV we derive the molecular-weight dependence otase an ordered surface monolayer exists in the temperature

the surface freezing temperature and of the modification ofange

the liquid surface tension due to the presence of the solid

surface monolayer. Our theory yields the magnitude of the Ao(Ag— 69'?)

mean s : - - ST=TS—TP=—r————~. 3

quare fluctuation amplitude of the molecules in the 55
surface monolayer. These theoretical results are shown to

agree with the experimental data. Before proceeding with the analysis of surface freezing,
we would like to present a brief discussion of the opposite
Il. THERMODYNAMICS scenario, i.e., surface melting. The condition for surface
melting can be derived by analogy with inequality). The
Consider a system of long molecules which, at a certairfree energy per unit surface area of a solid semispace cov-
temperature, undergoes a transition from a liquid to a layeredred with the liquid layer of thickneds>¢ (¢ is the correla-
ordered solid phase, such as a rotator or a crystalline one. lion length of the bulk liquidlis given by
order to investigate the possibility of surface freezing, we
calculate the free energy of the following sandwichlike struc- b Xis— XII
ture: air (vacuum—N solid layers—liquid bulk. We find L) =M= oSy +(ntys=v)+ 75772 (4
the value ofN which minimizes the free energy of the sys-
tem, and which becomes infinite at the bulk liquid-solid where the free energy is measured with respect to that of a
phase transition temperatufé. Since we are interested only pure solid semispace. The first term accounts for the change
in the equilibrium characteristics of the SyStem, our ConSid'of the free energy due to the transfequ)fA molecules from
eration does not imply any particular mechanism of nuclethe solid to the liquid phase, thg+ y,— v term accounts
ation of the ordered phase, although, in the case when Sufor the replacement of a solid-vapor with a liquid-vapor in-
face freezing does take place, it is plausible that theerface, and the last term in the free energy, @.accounts
crystallization of the bulk solid phase proceeds by surfacefor finite size corrections to the van der Waals interaction
induced nucleation. In order to investigate the possibility ofenergy, wherey,, and y; are the Hamaker constants of the
surface melting of the solid, we also consider the opposite|id-liquid and liquid-liquid interactions, respectively. This
configuration, i.e., vacuum—Iiquid layer—solid bulk, below term determines the equilibrium thickness of the liquid layer
T°. Since the number of particles in the system is assumed t the case when it exceeds the correlation length in the

be fixed, a canonical ensemble is used in the following. |iquid
In the case of a free liquid interface, the surface free en-
ergy v is essentially the bare liquid surface tension, The Xis— XiI 13
creation of a stack oN solid monolayers on the top of the L= ( 6m(TP—T)0Sup, 6)

liquid results in two corrections to the surface tension. One
of them, 5y%=y.+ y5;— 1, is due to the replacement of the
free liquid surface with solid-vapor and solid-liquid inter-
faces. Another one accounts for the conversion of som
amount of liquid into the ordered surface phase. If the freq
energy per molecule in the solid surface phase was the sa
as in the bulk, this correction would b& ¢ T?) 6SoN/A,, onolayer
whereA, is the area per molecule in a single monolayer aan The con.dition of surface melting follows from the expres-
8S; is the entropy excess per molecule at the solid-liquidsiOn for the free energys):

bulk phase transition. The crucial point of our discussion is
that we account for an additional correctieri to the sur- Ve o= 1>0 6)
face tension due to the deviation of the configurational prop- s rsbo AT

erties qf the surface phgse from that of the bulk solid. Thisryis congition formally coincides with that for a complete
correction reflects the difference between the free energy etting, i.e., surface melting corresponds to the case when

the stack of solid monolayers on the top of the liquid and tha,e jiquig phase completely wets the solid. A similar inter-
of the same stack embedded in a bulk solid phase dué G qation can be applied to the condition for surface freezing,
configurations .and fluctuations which are. allowed n theEq. (1). The fluctuation contributiot\; should be viewed as

former but not in the latter case. The resulting correction 19, nite gjze correction, since it vanishes for a sufficiently

the surface tension of the liquid due to the creation of thep; solid layer. The conditions for surface freezing and

surface solid phase is given by surface melting are independent and either one or none of the
Sy=y—y,=(T—TP)6SyN/Ag+ 57V — A. 2) two phenomena may _take place in a given matgrial. '
We proceed to estimate the parameters which appear in
Surface freezing takes place whe¥y is negative at the condition for surface freezing, E€L). The value ofy,
T=TP, i.e., when inequalityl) holds. When conditiofil) is can be related to the surface tensions of the solid and the
satisfied, the minimum of the free energy, E@®), is liquid and to the contact angle in the liquid-solid-vapor sys-
achieved foiN=1 (we assume sufficiently weak dependencetem. Indeed, in the case of partial wetting the contact angle
of A, on N and verify the self-consistency of this assumptionof the liquid on the solid surfaces is given by

Here xs— x>0, due to the higher density of the solid
hase. Note that we do not take into consideration the finite
ize van der Waals correction in the case of the solid surface
ayer, because its thickness is quantized in units of stretched
Main length and the correction is negligible even for a
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cog— TS (77  end mismatch internal mismatch

This yields
YsI= ¥Ys— 71COS. (8)

The direct measurement of the contact angle for solid and
liquid phases of the same substance is complicated by the
fact that only one of the phases is stable under given ther-
modynamic conditiongoutside the coexistence range of the
phase diagraim The difficulty can be overcome by perform-
ing contact angle measurements on the ch@r, alkanes
of two slightly different molecular weights, under conditions
where the longer chains are in the equilibrium solid phas
while the shorter ones are in the liquid phaséthout a
surface monolayer

In order to relate the solid surface tensipnto measur-
able quantities, we use the fact that the surface tension of

substance is proportional to its Hamaker consgawhich, in tron density along the chain contguin order to account for

s P b, i hese contbutons we noce hal i addfion o h pre
fers from that of the uniform liquid by the ratio of their ously dlscu_sseq contrlbutl_on due to the decrease of the over-
densities p/p; [9.10]. This yields y4/ yi=x< xi=(pd p)? Iap, ther_e is anntemal mlsmatchenergy penalty for frac-
Collectirﬁg Ithe,ab(.)ve results ors1e l)bta?nsl s P tional shifts(whenh is not an integer multiple of 2 due to
' the deviation of the shape of an all-trans molecule from that

of a cylinder. Neglecting chain-end effects which were in-
. (9)  cluded in the previous mechanism, the interaction between
two parallel all-trans chains is invariant with respect to a
esgﬂft by an integer multiple of 2 The above effects can be
modeled by the following Hamiltonian which describes the
energy cost of surface fluctuatio(isig. 1)

AP

Ff FIG. 1. End and internal mismatch effects in a fluctuating solid
ayer.

interaction of the monomer with six neighboring chains

The above picture overlooks effects associated with the
Bcal structure of the chaingleviations from uniform elec-

5y 9=y,

2
2(&) —(co¥9+1)
pi

Since the measured value of contact angle for normal alkan
is very close to zerdalmost complete wetting[11], this
expression yield$y'®=18 dyn/cm.

1-cos

J wn m(h,—hy)
IIl. FLUCTUATION CORRECTION TO FREE ENERGY H= > [§|hr—hﬂy+7? ___T___“'
r—r'|=a
Consider the out-of-plane displacements of the monolayer e (10
surfaceh,, wherer parameterizes the center of mass posi- ) ) 6
tions of molecules in the monolayer. We assume hexagondl rough estimate gived=¢/6l=10 " dyn for the rotator
in-layer ordering, with period=(2A,/v3)"2 Note that, in Phase of normal alkandsve assume=0.8X10 " erg and
general, the molecular axes need not be perpendicular to tthe1.3 A [10,6]). While the reduction of overlap is a chain-
interface but may be tilted with respect to the normal direc-€nd effect, the internal mismatch energy is additive along the
tion. Indeed, several rotator mesophases, which differ by thghain, and, therefore, the strength of the second, periodic,
molecular tilt and distortion of the in-plane ordering, are ob-teérm in the Hamiltonian is proportional to the degree of po-
served in bulk alkanes. Moreover, the tilt and distortion oflymerizationn. Note that the value of the internal mismatch
the surface solid monolayer may differ from those of theParameterw is apparently much larger in the low-
bulk solid belowT®. For the sake of simplicity, we assume témperature crystalline phase than in the rotator phase, con-
that there is no tilt of the molecular axes and no distortion ofSistent with the higher coherence of the out-of-plane posi-
the hexagonal lattice both in the surface and the bulk solidions of the molecules. Although in the following we use
phasegsuch structure corresponds Ry rotator phasé7)). as a fitting parameter, we find that the final results are only

The applicability of our results to other realizations of bulk Weakly dependent on it. _
and surface solid phases is discussed in Sec. IV. In order to reduce the calculation of the free energy of the

Let | be the length of a single chemical botdonomey  fluctuations to the evaluation of Gaussian integrals, we use a

along the chain. If the chains are uniform along their con-variational procedurg9] with the trial Hamiltonian

tour, the energy cost of thend mismatctproduced by a

relative shifth Qf two parallel neighboring molecules in the Hé—g 2 (h,—h,)2. (12)
surface layer is simply the energy needed to tranfer 4 Ir—r'|=a

internal monomers to the surface. Upon the transfer of a

monomer, the system loses half of the interaction energyhe free energy which corresponds to the original Hamil-
between the monomer and the neighboring chain. Consdonian, Eg.(10), can be estimated as the minimuwith
quently, the energy penalty for this relative displacement igespect to the variational parameggrof the expression
eh/6l, where e is the van der Waals binding energy of the

solid per monomekwe attribute the binding energy to the Flgl=(H—-Hg+F'[H{]. (12
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Here, both the average and the anzatz free enErgyH,] are strongly coupled to the shape of the interface of the ad-

are evaluated with the trial Hamiltoniaty . Thus joint layer, we assume that each such end group experiences
the potential
f D[hJ(H=Hgexp(—Hy/T) W, (h)=uh?/2. (18)
(H=Hg)= . (13 - . :
f D[h, Jexp — H./T) The parameteu is estlmate_d in the Appendix. o
g Using the above potential, the reference Hamiltonian can

. . ) ) be written in the form
whereD[h, ] denotes functional integration over the displace-

ment fieldh, . ©) u, Au
F' [Hg] is calculated in a standard way by using the H :Er 2 hr:2_AO ; hgh—q (19
Fourier transform oh,
and one can calculate the anzatz free emﬁd;Hé]

h,=2, heexp(iq-r). (14)
d f D[hglexp —Hy/T)
Here F'[Hgl=—TIn f
D[hglexp( —H©/T)
hy=h*,
2
andq is in the first Brillouin zone, which in the case of a - I > |n(gA0q )zﬂ [In(@) _1}_
two-dimensional hexagonal lattice can be approximated by a 24 u 2Ag u
circle (20)
zf Adqg (15) From Eqgs.(11) and(20), we obtain the following expres-
T Jig<ape (27 sion for the mean square relative shift of the neighboring

molecules:
where A is the total surface area, amg,,,=2v7/Ay (the )
total number of independent modesAisA,). ((hy—h;)2)= ﬁ (i) _ l 21)
The anzatz Hamiltonian, E@l1), is diagonal in the Fou- roor 3A | dg 39’
rier representation

One can now calculate the averaged Hamiltonigd$ and
rl

g o))
Hy=5+ hsh_ 1-cosqgaco + =1/
28, % M2, 18609447 3 3A AT
(16) (Ho)=2a; 9((hi—he)%)= o0, (22

The summation over the index accounts for the interac- 2 5
tions with all the six neighbors of a molecule, and the angle A :\;(E +3wn 1—exd — 2T T)“
¢, determines the orientation of the wave vector with respect Ag 3917 /]|
to the crystal lattice. In order to simplify the Hamiltonian we (23

keep only the second order term in its expansion in power . . o
series of the parametepa. The quadratic term gives a rea- "inally, we obtain the variational free energy, Ej2)
sonable approximation to the Hamiltonian, Eg16),

; o : . A 12 T 4mg
throughout the first Brillouin zone. Neglecting the in-plane Flgl=—{J|l—| —-T+=In—=
anisotropy of the hexagonal structure, one can also average Ao g 2 u
the Hamiltonian with respect to the anglg 22T

+3wn 1—ex;{——2)“. (29
. A g(aqg)? & al 3¢l
Hoy=% 2 hehq—— > cod dqt =5 S _ _
Ao g 4 =1 3 The minimization ofF[g] with respect tog yields
9¢q? J[6T\¥2 T 6wn
=A> ——hgh_g. (17) Oy [ 9w —x
) 2 q'—q W 77) 29 ( T Xge 9), (25)
Here we have used the relationship betwedp and  where
a: a’lAy=2n3=1.
In order to calculate the contribution to the free energy X _2772T 26
due to the surface fluctuations, one must specify the refer- 9 3gl? " (26)

ence system whose free energy is chosen to be zero. In the

considered case of a fluctuating free solid surface, the refetn the case of a rotator phase, the internal mismatch contri-
ence system is a solid monolayer in the crystalline bulkbution to the original Hamiltonian, Eq10), is expected to
Since the positions of the terminal groups of the monolayebe small. Assuming n/T<1 and using Eq(25) gives
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- 62 4.0
9=+ (27)
This yields the following expression for the fluctuation 30| EE}EEE
contribution to the free energy: i
A F[9] T [ uT ), 3wn - 3
A = — R 20
STA  2A, 242 T A @8

The first, temperature-dependent term on the right-hand side
of Eq. (28) is due to the entropy associated with the longitu- 10|
dinal (normal to the layerfluctuations. The second term is a

correction due to the loss of the longitudinal coherence of
neighboring molecules in the surface monolayer, compared

0.0 &

to the bulk solid phase. The typical relative displacement of 100 200 3"’-10 40.0 500
such molecules in the rotator phase is of order of the bond
lengthl FIG. 2. Molecular weight dependence of the temperature shift of
surface freezing with respect to the bulk transition polfit (in
5 a (T\? 5 degrees Kelvin The experimental points are given by diamonds
((hy=h;)%)= 18137 ~I°. (29) (error bars are showrand the theoretical curve by the solid line.
In a perfect crystal the periodic potential is straad) the 1 Tﬁ Tﬁ
degrees of freedom of the neighboring molecules are ST=T°>- Tb:552| [7 In(T_o —3wn—As5y'?|.
strongly correlatedand the opposite limit, n/T>1, holds. (33

In this case Eq(25) yields
The difference between the surface tension of a free liquid

_ 47?wn and that of a liquid covered by a solid monolayer in the
9=—pz (30 vicinity of bulk phase transition, is
, , : ™ [T 3wn
Since the fluctuations are strongly suppressed by the internal Ay=y(TS)— y(TV) = n |n(_n) _ — 590
mismatch effect, the typical relative displacement of neigh- 2A, \ Ty Ag '
boring molecules is much smaller than the bond lerigth (34
TI2 The molecular weight dependencies T and Ay are
((h;=h;)?) = ——<I? shown in Figs. 2 and 3, respectively. The best fit to the
3m“wn

experiment is achieved far=1.2x10" 1 erg.
All the above results are obtained within the assumption
IV. RESULTS AND DISCUSSION of the no-tilt R, -type structure of both the surface and the
) ) ) ] . bulk solid phases. Hence, the theory strictly applies to the
Collec.t|_ng the results obtamed in the previous sectlonsrange of molecular weight, 2n<26, in which such a bulk
the condition for surface freezing, inequality), becomes R otator phase is observed in alkafigs Nevertheless, the
b b principal thermodynamic parameters, such as entropy and
Th n(E) _3wn 5v0=0 (31) free energy, of the observed surface and bulk rotator phases
2Ag '\ To Ao Y ' (up ton=40) turn out to be very close to those of the “ref-
erence” R;, phase[7,3]. A qualitative change of behavior
whereT0524J2/u=25 K. The bulk freezing temperatuWéﬂ takes place ah=40 where a strong first-order phase transi-
(which depends on the molecular weiglaind the area per tion accompanied by a sharp decrease of entropy is observed
moleculeA, are experimentally observable parameters. Thdn the surface monolayef3]). Moreover, bulk alkanes with
other parameter§) andu) in inequality (31) were estimated more than 40 carbon units do not form stable rotator me-
above for the rotator phase in normal alkanes. Althougtsophasé[6]). Therefore, the proposed theory can be applied

these estimates are quite crude, the final results depend orfly normal alkanes of length up to=40.
weakly (logarithmically) on the parametens andJ. The mean square fluctuation of the monolayer surface can

Using inequality(31), one can find the minimal melting be evaluated from our model. A straightforward calculation
temperature at which the surface freezing will be observedgives

b Y= T T A
T°(Nmin) =280 K. (32 = W:W lnA_O' (35)
This temperature corresponds to the chain length=15,
which is in agreement with experimental data. The unusual scaling of this expression with temperature is
The surface monolayer exists in the temperature range related to the nonanalytic form of the original Hamiltonian
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5.0 , ‘ . should also contain the usual contribution of capillary waves.
This effect, however, is significant only on large scales since,
below a certain cutoff wavelength, such liquidlike fluctua-
tions are suppressed due to the bending elasticity of the
monolayer and, therefore, only the intrinsic roughness given
by Eq.(35) contributes to the observed amplitude of surface
fluctuations.

The proposed mechanism of surface freezing presumes
that the bulk ordered phase possesses a high degree of long-
range positional order with strongly suppressed fluctuations.
One should contrast this with the case of the liquid-
crystalline systeméuch as smectic liquid crystajsn which
the nematic to smectic bulk transition is ofveak-
crystallizationtype, so that strong fluctuations exist in the
0 : ‘ \ reference ordered bulk phase near the transition point. The
10.0 20.0 30.0 40.0 50.0

n presence of the free surface tends to suppress the normal-to-
surface fluctuations in such systems rather than to enhance

FIG. 3. Correction to liquid surface tensigim dyn/cm) due to  them. As a result, the qualitatively different modification of
the existence of the ordered monolayer at temperat@res degree  surface ordering, viz. parallel-to-the-interface layering with
of polymerizationn. The experimental points are given by dia- liquidlike in-plane structure is observed in some liquid crys-
monds and the theoretical curve by the solid line. tals above the bulk transition poifit2,13. Due to the weak

crystalline order in such systems the corresponding correla-
(in the usual case of a Gaussian fluctuation Hamiltonian, thg@gn length can exceed the spacing between smectic layers
temperature dependence would be linear rather than quand considerably increases while approaching the bulk tran-
dratig. The temperature dependence predicted by (Bf.  sition point, leading to the observed growth of the number of
agrees with the experimental data on the surface roughnes&lrface layers.
as shown in Fig. 4. The best fit is achieved Jo¢0.8x10~° The entropic mechanism is not the only scenario which
dyn, which is close to our estimate of this parameter. Strictlymay lead to surface freezing. Recently, it was shown that
speaking, our results for the surface roughness apply only tgimilar phenomena occur in systems of chain molecules with
alkanes which form th&,, surface phase, i.e., for degrees of strong chemical difference between internal and end parts of
polymerization in the range ¥n<30. Nevertheless, com- the chain, in which surface freezing can be attributed to the
parison with the available experimental data suggests that theurfactant”-type effectd14]. Such a mechanism is not ex-
theory works quite well up ton=40. The fluctuational pected in normal alkanes, because it would require an un-
mechanism of surface freezing proposed in this paper, is suphysically large difference between the surface affinity pa-
ported by the observation that the abrupt decrease of theymeters of CH and CH, units. Furthermore, although
surface roughness after the surface phase transitior-40,  according to this “chemical” explanation the surface freez-
correlates with the strong suppression of surface freezing. ing phenomenon should be very sensitive to the chemical

Note that the observed amplitude of surface fluctuationgature of the head group, no such dependence was observed

in recent experiments on brominated alkafeq. Neverthe-
50 : - ; less, in general, surface freezing may arise as the result of the
N interplay between our entropic and other, energy-driven
mechanisms.

4.0 -

Ay (dyn/cm)

45 -

V. CONCLUSIONS

c (A)

In this work we developed the theory of surface freezing
of liquid normal alkanes. The proposed mechanism is based
S 1 on the stabilization of the surface ordered phase against bulk
freezing due to the entropy associated with the normal-to-
the-plane fluctuations of the molecules in the surface mono-
layer. This effect can be attributed to the increase of the free
, ‘ , energy of the bulk solid phasgompared to that of nonin-

100 200 H 400 500 teracting solid layepsdue to entropic repulsion between ad-
joint solid layers, which is an analog of the Helfrich interac-

FIG. 4. Root mean square amplitude of surface roughness of thON between lyotropic membrangss).
solid monolayerg, vs degree of polymerization. The experimen- The theoretical results for the chain-length dependence of
tal points are given by diamonds and the solid line is the result othe surface freezing temperature shift with respect to the bulk
our calculationg(for J=0.8x107° dyn). Note that the anomalous transition point and the corresponding surface tension correc-
linear temperature dependence of the roughtssied line) fits the  tion are in good agreement with the experimental data. The
experiment much better than the conventional square root depegalculated mean square longitudinal fluctuations of the mol-
dence typical for capillary waveglashed ling ecules in the surface monolayer also agree with the data on

4.0
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surface roughness. In particular, the experimental data can tpublication. This work was supported by grants from the
fitted by the predicted anomalous linear temperature depensraeli Academy of Science and Humanities and from the
dence of the roughness rather than by the usual square roBesearch Authority of the Bar-llan University.

one.

(A2)

The entropic mechanism is suppressed for short chains,
because of the decrease of the freezing temperature with mo- APPENDIX: THE REFERENCE HAMILTONIAN
lecular weight and the subsequent decrease of the entropic OF THE SOLID LAYER FLUCTUATIONS
contribution to the free energy. Indirectly, this is related to  The parameten in Eq. (18) can be estimated by assuming
the fact that, according to the Lindemann criterion, & hypo4 enard-Jones interactions between the adjoined atoms of the
thetical solid surface phase in systems of small moleculegeighporing layers
would be destroyed by anfincluding those along the mo-
lecular axig significant thermal fluctuations. In the limit of » 6
long molecules the energy penalty due to the internal mis- U =e' (r_O) _Z(r_o) } (A1)
match of the chains becomes too large and suppresses the r r
fluctuations of the surface layer. In the range of molecular
weightg in which surface_ freezing is predicted to take placepqre ¢ is the binding energy of two head groups in contact.
the solid shurface phfase f's expecteﬁ to bed of theﬂrotator.typﬁ every such group had a single nearest neighbor in the
aiong al irections would b SuppTESsed. DUS 10 the phag T (2Yer the fuctuatons of their reaive scparation
transition, which takes place in the surface monolayer afollowing potential: 0
n=40, surface freezing disappears in the long-chain limit
even faster than follows from the theory. This suggests that ) -
the long-chain surface phase is characterized by stronger W(h)=h— (Q :Eh_
coupling between neighboring molecules in the solid mono- 2 \or?) r(z) 2°
layer. This conjecture is consistent with the considerable "~
drop of entropy and surface roughness for chains witi0. o ) )

The entropic mechanism presented in this paper for thd his picture can be corrected by assuming that every termi-
origin of surface freezing in normal alkanes has the advan®@l group has three nearest neighbors in the adjoint layer
tage of being universal and applicable to a wide class ofthis is the case in thR,, rotator phase A simple geometri-
simple chain molecules of intermediate length. This is incal cons_lderatlon of this S|_tuat|0n_results in an additional
agreement with recent observations of similar phenomena iffctor 2 in the above potential. Taking the optimal center-to-
mixtures of alkane§16], thiols, 1,2-diolg[11], and alcohols ~center distance,=4 A and the blnﬂmg energy of two head
[17). groups in close contact’=8x10""" erg, we estimate the

parametewn in the Hamiltonian(18) as
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