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Fluctuation-Stabilized Surface Freezing of Chain Molecules
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We propose a fluctuation-based entropic scenario for the explanation of surface freezing in alkanes
and other liquids of chain molecules. Our 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.
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.

PACS numbers: 68.10.—-m, 61.25.Em, 64.70.Dv

Recently, it was discovered that liquid normal alkanesdered phase as the temperature of the bulk transition is
as well as other chain molecules, form a stable solid surapproached. The quantitative results of this theory are
face monolayer, in a small temperature interval above then good agreement with available experimental data, and
bulk solid-liquid phase transition [1-3]. The monolayer new predictions are made regarding the magnitude and the
consists of hexagonally ordered, stretched (in aralis  anomalous temperature dependence of the fluctuations of
configuration) alkane chains which are oriented normathe monolayer-covered surface.

(or slightly tilted with respect to the normal) to the sur- Consider a dense system mfalkanes at a temperature
face. The density and symmetry of the monolayer corexceeding that of the liquid-solid bulk transitid@¥. In
respond to that of a bulk rotator phase [4,5]. Althoughthe case of a free liquid surface, the interfacial free energy
related phenomena such as wetting and roughness transi-is essentially the bare liquid surface tensipn A
tions [6] and surfaceneltingare widely known, this is the stable ordered surface phaseNofayers on the top of the
first observation of surfac&eezingin a one-component liquid can form at a temperatufe > T? if the consequent
system. The appearance of surface freezing is quite suexcess surface free energy per unit area,

prising, as one expects the temperature of the ordering _ e (0 by OSs1

transition to be lower in two-dimensional than in three- Y=Y~ Y= syY+N(T T )A_o A (D
dimensional systems, because of the stronger molecul#& negative. Here5y©® = y, + v, — ¥, accounts for
ordering field in three dimensions. The effect has beenthe creation of solid-liquid and free solid interfaces
attributed to a higher surface affinity of the end groupinstead of a single liquid surfacey, andy,; are the free
(CH3), as compared to the internal (GHmonomers [7]. energies per unit area associated with the solid-air and
Although at present there are insufficient data on theseolid-liquid interfaces. The second term in (1) is the free
surface affinities, the assumed values of the affinity dif-energy penalty for the creation of a stack M¥fordered
ferences appear to be too high. Furthermore, althouglayers, where both the molecular conformation and the
according to the above explanation the surface phenomerdering of molecules are taken to be the same as in the
non should be very sensitive to the chemical nature of théulk solid phase.§S;; is the entropy gain per molecule,
head group, no such dependence was observed in recexgtsociated with the solid-to-liquid bulk transition, asgl
experiments on brominated alkanes [3]. is the area per molecule in the ordered layer. Ahderm

In this Letter we present a different, entropic mecha-s the excess free energy of the stack per unit area, which
nism for surface freezing and show that it is a generids the difference between the free energies of a stack of
feature of chain molecules of intermediate length, whichV ordered layers in the surface and in the bulk solid
form bulk rotator phases. According to our model, thephases, respectivelyOur central thesis is that the leading
effect is driven by the free energy gain due to the fluctuacontribution toA; is due to the plane-normal fluctuations
tions of the solid surface monolayer, parallel to the molecof the molecules in the solid monolayer, which are
ular axis, which are suppressed by neighboring layers isuppressed in the bulk by the presence of the neighboring
the bulk solid phase. The model allows one to undersolid layers. This effect stabilizes the monolayer-covered
stand the basic features of surface freezing: (a) The effetiquid phase against the formation of a bulk solid phase
occurs only in a finite range of molecular weights (i.e.,and results in only the surface being frozen. In deriving
for degrees of polymerization from 14 to approximatelyEq. (1), we neglected the small van der Waals corrections
50); and (b) only a single solid monolayer exists in thedue to the finite thickness of the surface monolayer [8].
temperature range between the surface and bulk freezing Inspection of Eq. (1) shows that since the second
points, and there is no gradual growth of the surface orterm is positive, surface freezing becomes energetically
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favorable at a certain temperatde> T if, and only if compared with that of a solid monolayer in the bulk to
A — 540 = 0 2 determine the excesS,. Details of the calculation will -

s y = 0. @) pe reported elsewhere [10], and here we only summarize
Note that sincesy(© is independent of the number of the main ideas and results.
layers N, and sinceA; is expected to be a decreasing The basic physics of molecular fluctuations normal to
function of &, the global minimum of the surface free the ordered surface layer is described by the following
energy, Eq. (1), is attained fa¥ = 1, and we conclude model Hamiltonian:
that a single ordered surface monolayer is formed when J wn 7(hy — hy)
condition (2) is satisfied. We now proceed to estimate theéd = Z [— |hy —p | + — {1 co Lt “
magnitudes of the two terms in inequality (2) in order to neighbors !
determine the conditions for surface freezing. Henceforth, 3)

we assume that single solid monolayer is formed at the Here, i, is the out-of-plane displacement of an end of

liquid-air interface. N
. ©) . a stretched molecule whose position in the hexagonally
To estimatesy'”, we note that since nearly complete o . .
. N acked layer is given by the two-dimensional vector
wetting is observed for an alkane liquid spread on top of a I
r. The two parts of the Hamiltonian account for two

alkane solid [3], Young’s equation gives; = vy, — v, s N ! .
. types of “mismatch” effects due to relative shift of
0 = —
and hencéy 2yilys/vi ~ 1). The ratioy,/y; can neighboring chains, illustrated in Fig. 1. The first is

be approximated by_ that of the correspondlng Hamakegm end mismatctdue to the decreased overlap between
constants [9], and since the latter are proportional to th

it o . "fhe ends of neighboring molecules. This contribution
squared polarizabilities, it is proportional to the density.

. 2 L ) is present even when the molecules are modeled as
ratio squared,y,;/y; = (ps/p;)*. This gives §y\¥) =

27.[(ps/p1)? — 1] and, taking typical values for alkanes structureless cylinders. The corresponding energy penalty

_ _ s ' is proportional to the absolute value of the relative shift.
glljrfac2e7 fer;gesz/icnrr; %2%5 ;ﬁ@l (2)1.121)2'(: grfag(;nd;ﬁg Er The parametey can be related to the literature value for

18 ergg/cn?.  Since the area per molecule in the ordere he van der Waals blndlng.energy PET monomer in the
N . . ulk rotator phase, assuming that the shift of a single
monolayer isA, = 20 A, this means that surface freezing

will be observed if the excess fluctuation free energy is 0{2 (;f:?rlznzicz?%f't:n?ﬁirggl ';jgg;?;ﬁ?g”%gﬂ?;ﬁf:t th
orderkT per molecule, at room temperature. 9 9

S — 6
According to our assumptiond, is dominated by h onto the surface. This yields = 0.8 X 107° dyn for
fluctuations along the molecular axis, so that the en'[rop;?l ormal alkanes. o

y The second part of the Hamiltonian is due to a

;XC:r‘?j 6pe;rLén[[tr1:rteya icIAe:I :el(;ci//e A‘;)r:inﬂ(fs({ faf])éi Vm;rﬁn mismatch between thiaternal monomers of neighboring
y b b g 9 chains, produced by the relative shift of parallel, all-

;T)?ilgcuﬁiég ti::sme%r:i(\)/lgyer ?héh((e:osnudrift?gr? 2”2;7: bu”frans neighboring molecules. This effect expresses the
can tﬁerefor'e bepsatisfigd only whefy cbn_siderabol deviation from uniform cylindrical geometry along the
y : Y chain contour, in real alkane (and other) chains. Because

exceedsd,. Note that this cannot occur in low molecular of the symmetrv of the alirans chains. this contribution
weight solids near the solid-liquid transition, in which the . y y '

amplitude of fluctuations is limited by the Lindemann 'S Periodic in the translation, with a period of, where

criterion of melting (about 10% of the lattice spacing)in:znt]gfc:]i%%trh of :ngner::(::é dti)tci)\?g'alosr:m;em?ﬁ;?: ! the
and therefore cannot differ substantially in the bulk gy p y 9 !

) magnitude of the periodic term in the Hamiltonian is
and surface phases. In the case of chain molecules

which crystallize into layered structures, the out-of-pIanepmpomomJII to the degree of polymerization This
periodicity is determined by the stretched length of the
molecules. Fluctuations along the molecular axis can,

in principle, exceed the typical monomer size without end mismatch internal mismatch
violating the Lindemann criterion of melting, and we RARCRLLEE P
conclude that an ordered surface monolayer can possess / \ ’

an entropy of order kT per surface molecule due to such I : e : 2@ ;

fluctuations. The resulting reduction of the free energy,
Ay ~ kT /Ap, may lead to the formation of a stable solid
surface monolayer under thermodynamic conditions when
the bulk is still in the liquid phase.

In order to obtain a more accurate estimate Af
we have to consider the energy penalty associated with
fluctuations along the molecular axis in the solid surfacer|g. 1. End and internal mismatch effects in a fluctuating
monolayer. The resulting free energy should then besolid layer.
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contribution is expected to be much smaller in a uniaxial 40

rotator phase than in a fully ordered crystalline phase

in which there is perfect registry between neighboring

all-trans chains and the internal mismatch effect allows 5, | {

only discrete shifts of the molecules. A rough estimate, I

which takes into account the deviation of the symmetry

of the alltrans molecule from that of a cylinder, gives X

w ~ 10716 erg for rotator phase. 5200
Carrying out a variational calculation (see, e.g.,

Ref. [6]) of the free energy excess with respect to the

bulk phase in which fluctuations are strongly suppressed 1o

Hiff 3

we obtain N
kT T 3 4
Ay = —|n(—> - 4) | | | t
240 Ty Ao %0 ¥ 20.0 30.0 20.0 50.0
The first, temperature-dependent, term is due to the n

entropy associated with fluctuations along the moleculafig. 2. Molecular weight dependence of the temperature shift
axis in the solid surface layer. It has only a weakof surface freezing with respect to the bulk transition pdift

logarithmic dependence on the value of the model{in degrees K). The experimental points are given by diamonds
dependent temperature paramefer~ 25 K, which is (error bars are shown) and the theoretical curve by the solid
determined byJ and the mean-square amplitude ofl'ne'

fluctuations in the bulk. The second part of expression

(4) is the perturbation due to internal mismatch effect.

The condition for surface freezing, inequality (2) holdsalkanes), we obtain the molecular weight dependencies
only if the fluctuation free energy, is large enough to of AT and Ay shown in Figs. 2 and 3, respectively.
overcome the interfacial energy penaty?). SinceA,  The best fit to the experiment is achieved for= 1.2 X
depends on the degree of polymerizatiomostly through 1076 erg, which is consistent with our rough estimate.
the increase of the melting temperature with there A direct experimental test of our model can be provided
must be a minimal molecular weight above which surfaceby measuring the mean square fluctuation amplitude of the
freezing will be observed. The conditior® (nm,) =  monolayer surfacé:?). We predict [10]

T’ (nmin) and Ay = 8y yield T?(nyi,) = 280 K and (kT)?
nmin = 15, in excellent agreement with the experimental (h?) = 3 In(A/Ap). @
data. This result is nearly independent of the value 24

of w, since the internal mismatch contribution becomegd\ote that in the case of a Gaussian fluctuation Hamil-
negligible in the limit of small molecular weights. For tonian the temperature dependence would be linear rather

alkanes withn > nni, condition (2) is satisfied and than quadratic. The unusual quadratic dependence is re-

surface freezing takes place up to a certain chain length
nmax, at which the energy penalty associated with internal s,
mismatch effects exceeds the free energy gain due to th
formation of the surface monolayer. This upper cutoff of
the chain length is determined by the magnitude of the 40}
parameterv and is of order of 100.

The temperature range over which the solid surface g sl
monolayer is stable can be easily obtained from thef ™

surface free energy, Eq. (1): .§~
A =20
— s _ b _ 0 _ 5,0 4
AT(n) =T T 5500 [A;(n) — 6vP]. (B)

Another quantity of interest is the difference between 10
the surface tension of the liquid with the solid monolayer
at the bulk phase transition point and that of the bare
liquid: %0 * 200 300 200 50.0

n
Ay = 8y(T") = A,(n) — 59O (6)
. . . FIG. 3. Correction to liquid surface tension (in dgm) due
Using literature data on the bulk freezing temperature ang, i1e existence of the ordered monolayer at temperatiines

the transition entropy (the latter is smoothed with respecfiegree of polymerization. The experimental points are given
to rapid variations associated with the odd-even effect iy diamonds and the theoretical curve by the solid line.
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lated to the nonanalytic form of the end mismatch con-expected to be of the rotator type since, in the case
tribution to the Hamiltonian, Eq. (3), which depenlits  of perfect crystalline ordering, fluctuations along all
early on the absolutevalue of the relative displacement directions would be suppressed. Fluctuations along the
of neighboring molecules. The amplitude of the plane-molecular axis in a uniaxially ordered surface monolayer
normal fluctuations depends logarithmically on the atea can be directly observed by scattering experiments which
of the solid monolayer, a behavior characteristic for fluc-can provide a direct test of the proposed scenario of
tuations of a liquid interface. The estimated value for thefluctuation-stabilized surface freezing of chain molecules.
root mean square fluctuation amplitude is about 5 A for a We thank M. Deutsch for many helpful discussions and
1000 A domain. suggestions and for providing us with experimental data
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