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Transition entropy, Helmholtz free energy, and heat capacity of free-standing smectic films
above the bulk smectic-A—isotropic transition temperature: A mean-field treatment
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We have carried out a numerical study of both the structural and thermodynamic properties of free-standing
smectic films (FSSFs) for two cases of enhanced pair interactions in the bounding layers. Calculations, based
upon the extended McMillan’s approach with anisotropic forces, shows a stepwise reduction of the value of the
heat capacity as the temperature is raised above the bulk smectic A-isotropic transition. The effects of surface
“enhanced” pair interactions in the bounding layers and of film thickness on the orientational
and translational order parameters, the Helmholtz free energy, and entropy of FSSFs have also
been investigated. Reasonable agreement between the theoretically predicted and the experimentally
obtained—by means of calorimetric techniques—data on the heat capacity of the partially
fluorinated5 - n- alkyl-2- (4 -n- (perfluoroalkyl - metheleneoxy)phenyl) (HIOFSMOPP) films has been obtained.
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I. INTRODUCTION

One of the most interesting features of many smectic lig-
uid crystals (LCs) is that, under appropriate conditions, they
can be spread across an opening to form free-standing smec-
tic films (FSSFs) [1]. In this work, we are concerned with
FSSFs having a layered smectic-A (SmA) structure, in which
the long axes of molecules are normal to the planes contain-
ing the layers and the intermolecular spacing is roughly the
length of the molecule. Because the smectic layer normal is
parallel to the film normal, the FSSF thickness is quantized
in units of layers. Even films only 2 molecular layers thick
can be readily prepared. The surface tension at the film-vapor
interface acts to promote smectic order at the surface result-
ing in the surface layers ordering at a higher temperature
than the interior [2,3]. It is generally expected that rough
interfaces cause the surface region to grow continuously
upon approaching the bulk transition temperature, whereas
smooth interfaces favor layer-by-layer growth [2]. In such
quasi-two-dimensional systems the melting originates in the
interior of the film and penetrates toward the surface. The
study of these films is therefore important to our understand-
ing of the impact of reduced dimensionality and the impor-
tance of surface effects.

A great variety of phenomena can be observed in thin
FSSFs; interlayer structure [3], wetting [4,5], surface transi-
tion [6—8] phenomena and heat-capacity anomalies [2,9]. For
instance, the wetting phenomenon is a prominent example
where the surface anchoring potential plays an important role
in the layering and rupturing processes [3,10]. In particular,
it was predicted that an enhancement of the surface anchor-
ing can drive a crossover from partial to complete wetting at
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the SmA-isotropic (Al) transition temperature T, [10].
Another interesting phenomenon in certain free-standing
smectic films is the occurrence of layer-thinning transitions
[2,11-14]. Both by calorimetric and optical studies on free-
standing partially fluorinated LC films, it has been shown
that the SmA-I transition occurs through a series of layer-
thinning transitions, causing the films to thin in a stepwise
manner as the temperature is increased above the bulk
SmA-I transition temperature [2]. These transitions have
been attributed to the reduction of smectic fluctuations in the
boundary layers. Associated phenomena have been observed
in the heat capacities near the layer-thinning transition tem-
peratures. These have been studied in different compounds
[2,9] and consist of stepwise reductions of the value of C,(7)
as the temperature 7 is raised above that of the bulk transi-
tion temperature. The calorimetric studies have shown that
the reduction of C,(7) is associated with the reduction of the
number of layers in the film, but at the current moment there
is no theoretical description of this effect as the temperature
is raised above the bulk smectic A-isotropic transition tem-
perature. This is the main objective of the present article.

II. MODEL AND CALCULATIONS

In this work, we investigate the structural and thermody-
namic properties, such as the Helmholtz free energy, entropy,
and heat capacity, of FSSFs composed of smectic-A layers.
This will be done in the framework of the extended McMill-
an’s mean-field approach with anisotropic forces [15]. Our
form of this theory for free-standing smectic films differs
from that first introduced by Mirantsev [14]. The latter is
based on introducing a surface parameter W, representing the
strength of an “external” homeotropic surface anchoring
field, which we feel is more appropriate for a film bounded
by solid substrates. In the present work, we replace the ex-
ternal anchoring field by “enhanced” pair interactions in the
bounding layers, as discussed in [16,17].
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With that in mind, a free-standing smectic-A film com-
posed of N discrete smectic layers with a thickness of the
order of the molecular length d and with total number of
particles M=3" N; will be considered. Here the number of
molecules per layer N; is assumed to be the same for all
layers. The molecules within each layer are assumed to in-
teract only with molecules of the same layer and those of the
two neighboring ones. In the framework of that approach, the
effective anisotropic potentials ®,(i=1,...,N) within the ith
smectic layer can be introduced [14,15]
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where z; is the distance along the z-axis normal to the ith
smectic plane, 6; is the polar angle between the long axis of
the molecule belonging to the ith layer and the z direction,
P,(cos 6) is the second-order Legendre polynomial, Vj is
the parameter of the system which determines the scale of
the nematic-isotropic transition temperature and fixes the
temperature scale of the model, W, is the parameter corre-
sponding to “enhanced” pair interactions in the bounding

layers, and a=2 exp[—(%ro)z] is the one extra parameter of
the system which can be varied between 0 and 2, and reflects
the length of the alkyl tails of calamatic molecules [15]. Here
7o 1s a characteristic length associated with the rigid core of
the molecule. Physically, this model indicates that we replace
Vo by Wy within the first and last layers, whereas for all
interior layers 1 <<i <N the interaction coefficient V,, has not
changed. Both orientational ¢; and translational o; order pa-
rameters (OPs) for the ith layer satisfy the self-consistent
nonlinear equations

g;=(Py(cos 6,));, (2)
and
2
cos d L Py (cos 6) (3)
where ((...)); is the statistical-mechanical average with re-

spect to the one-particle distribution function of the ith layer
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where A4; is a normalization constant, and 7 is the absolute
temperature of the system.

As mentioned earlier, this form of the extension of Mc-
Millan’s approach for describing the structural and thermo-
dynamic of free-standing smectic films differs from that in-
troduced by Mirantsev [14]. In the latter case, for the first
bounding layer (i=1), the expression for the effective aniso-
tropic potential ) (z1,0) was written as [14] ®,(z;,60,)=

‘;[ql+q2+ %4 o cos(—2 7 “)(o,+05)]P5(cos 6,), and simi-
larly for (I)N(ZN, Oy). In the present case the role of “surface
enhancement” is played by the additional pair interaction
WU_ “laim+a cos(3Z v “)ai], which couples to both OPs
%(N) and oy, by symmetry with all interior layers. As a
result, these two approaches give different expressions not
only for the Helmholtz free energy f, but also for the entropy
s and heat capacity c,,.

The set of OPs ¢; and o; corresponding to the ith layer of
the smectic film composed of a stack of N smectic-A layers
can be obtained by solving the system of 2N nonlinear self-
consistent Egs. (2)—(4), at a given number of film layers N,
temperature 7, and the two parameters a and W,/ V|, of the
model. Having obtained the set of OPs ¢; and o;(i
=1,...,N), one can calculate the dimensionless Helmholtz
free energy per molecule for each layer as
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where 0=—BT is the dimensionless temperature, f;= % is
the dlmenswnless Helmbholtz free energy correspondlng to
the ith layer, f= —EN ~fi is the full dlmensmnless Helmholtz
free energy per molecule and Q;=7 f hadz Tohix,2)dx, (i
=1,...,N) is the partition function of the ith layer, respec-
tively. Since our purpose is also to account for the experi-
mentally observed phenomenon of the stepwise reduction of
the value of heat capacity as the temperature is raised above
the bulk smectic A-isotropic transition temperature 6,,(bulk)
[2], one must first calculate the entropy of the system per
molecule s= ;T;E?iﬁi, where
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Here s;=+— is the dimensionless entropy per molecule cor-
I Nikg

responding to the ith layer. Finally, the dimensionless heat
capacity of the smectic film per molecule at constant volume
v=V/M is given by [15,19]

C, T (o8 as
Cy="""="— =6l — | . (7)
Mkg Mkg (?T a0/,

It should be pointed out that a number of calorimetric
measurements of the heat capacity have been carried out at
constant pressure [2,18] ¢ Mk( )P 0( 5)p, but in our

case of free standing smectlc films [19] ¢,—c,= =1 (), be-

cause - ﬁT is equal to 0. Here a—l(—) pis the Volume expan-
sion coefficient, whereas ry=—7 ( 7 18 the isothermal com-
pressibility of the FSSFs.

Equations (1)—(7) are the relations which are needed to
calculate both the structural and thermodynamic properties
of the free-standing smectic films. Here we choose the set of
parameters N, «, and Wy/V, corresponding to
the partially fluorinated HmFnMOPP [2] compound, where
m and n give the number of carbons in the hydrocarbon
and fluorocarbon tails, respectively. Taking into account
that  both  calorimetric  and  optical  reflectivity
studies on free-standing partially fluorinated
5-n-alkyl-2-(4-n-(perfluoroalkyl - metheleneoxy)phenyl)
(H10F5SMOPP) films were carried out with initially 25-layer
thick films above the bulk SmA-Isotropic transition tempera-
ture [T,,(bulk) ~ 358 K], we choose, first of all, that the ini-
tial film thickness is equal to N=25. According to the Mc-
Millan theory [15] a first-order bulk A/ transition occurs for
a@=0.98, so, our choosing of a=1.05 is acceptable and in
agreement with previous calculations of the physical proper-
ties of FSSFs [14,20,21]. As for the value of W,/ V,, one can
be guided by the fact that the FSSFs studied are stable above
the bulk SmA-Isotropic transition temperature. This allows
us to assume that the value of the interaction constant W,
should be greater than V,,. So, first of all, in further calcula-
tions we will study the cases of strong surface-enhanced pair
interactions with W,=5V,, and 10V,,. Taking into account that
the partially fluorinated compound H10FSMOPP has bulk
SmA-I transition temperature T;(bulk) ~358 K, [6,,(bulk)
~0.675] and for @=1.05, according to the McMillan theory
[15], the value of kgzT,,;(bulk)/0.2202V,,=1.021, one can es-
timate that the value of V, is equal to ~2.2 X 10‘20 J. In our

3ksT
calculations, the dimensionless temperature 0:— varies
between 0.60 (~318.2 K) and 0.80 (~424.3 K).

The temperature 6’s effect both on the orientational ¢;(6)
and translational o,(6) OPs in the smectic film with N=25
layers has been investigated numerically by solving the set of
2N self-consistent nonlinear Eqs. (2)-(4) and is shown in
Figs. 1(a) and 1(b). The model parameters used in these cal-
culations are N=25, @=1.05, and Wy=5V,. In the low-
temperature region 0.60= 6=0.675(318.2 K=7T=358 K),
these equations have a stable unique solution, which is char-
acterized by high values of the corresponding orientational

)
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FIG. 1. (Color online) Orientational ¢;(#) (i=1,5,10) (a) and
translational o;(6) (i=1,5,10) (b) OPs as the function of dimen-
sionless temperature 6. Here the set of model parameters are N
=25, a=1.05, and Wy=5V,,, whereas i=1,5,10 are the layer num-
bers in the smectic film with initially N=25 layers.

q/(0) [Fig. 1(a), squares and up and down triangles] and
translational o;(6) OPs [Fig. 1(b), squares and up and down
triangles], both in the vicinity of the bounding surfaces, as
well as near the film center. In the high-temperature region
0.685=60=0.8(363.3 K=T=424.3 K), one also has a
stable unique solution, which is characterized by vanishing
of both OPs ¢,(6) and o;(6) near the film center, whereas in
the vicinity of the bounding surfaces, both OPs still maintain
relatively high values. In Ref. [14], this type of solution was
called a “quasi-smectic” state. At intermediate temperatures
0.675=60=0.685(358 K=T=363.3 K), both types of so-
lutions of the self-consistent equations exist, although for
clarity Fig. 1 shows only the quasismectic profiles. In these
cases, the profiles demonstrate strong ordering in the vicinity
of the bounding surfaces, due to the stronger pair interactions
within the first and last layers than for all interior layers,
which decreases rapidly with distance from those surfaces.
Note that both the orientational ¢,(6) [Fig. 1(a), up triangles
(i=5)] and translational o,(6) [Fig. 1(b), up triangles (i=5)]
OPs fall continuously to some finite values, whereas those
parameters corresponding to the interior layers close to the
film center [Figs. 1(a) and 1(b), down triangles (i=10)] drop
to 0.

As described later, based on the behavior of the free en-
ergy, we calculate that the layer-thinning transition tempera-
ture for the case of N=25 layers occurs at 6,,(N=25)
~O678[TA](N:25) -~ 3596 K] Here 0A1(N=25) and TAI(N
=25) denote the dimensionless and dimensional layer-
thinning transition temperatures, respectively, in the case of
strong (W,=5V,)) “enhanced” pair interactions in the bound-
ing layers.

According to our calculations, the distributions of the OPs
q;(6) and o,(6) across the 25 layer smectic film, at three
dimensionless temperatures 6=0.65(~344.74 K), 0.67
(~355.35 K), and 0.69 (~366 K), are characterized by a
monotonic decrease of both ¢,(6) and o;(0) with increasing
distance (or number of layers) from the bounding surface
toward the interior of the film. In the case of strong (W,
=5V,) “enhanced” pair interactions in the bounding layers,
[see Figs. 2(a)-2(c)] these distributions are characterized by
minima in the middle part of the film and decreasing values
of these OPs with increase in temperature.
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FIG. 2. (Color online) Orientational g; (curves 1) and transla-
tional o; (curves 2) OPs as functions of layer number i for different
temperatures; (a) #=0.65, (b) 0.67, and (c) 0.69, respectively. Here
the set of model parameters is the same as in Fig. 1.

Having obtained the profiles of OPs ¢, and o; for different
values of the temperature, one can calculate, by using Egs.
(5) and (6), the distributions both of the dimensionless Helm-
holtz free energy f(i) [Fig. 3(a)] and entropy s(i) [Fig. 3(b)].
This was done for a number of temperatures: 6=0.66 (down
triangles), 0.665 (up triangles), and 0.67 (squares), respec-
tively. In these cases, the free-energy profiles demonstrate
monotonic growth of the value of f(i) up to the eighth layer
from each boundary, where the function f(i) saturates and
does not change with further increase of i. Physically, this
means that all film layers are subjected to attractive forces
from the bounding surfaces. Note that at temperatures close
to the layer-thinning value 6,,(N=25)~ 0.678, strong order-
ing takes place only in the vicinity of the bounding surfaces,
whereas far from the surfaces ordering drops to lower values
than in the bounding layers, as shown earlier in Fig. 1. As a
result, we find that when the temperature varies from below
0,,(N=25) to a lower value #=0.66, there are smaller differ-
ences between the Helmholtz free energy f(i) profiles, see
Fig. 3(a), contrasting the up and down triangles from the
squares. The same tendency can be seen in the case of the
entropy s(i) profiles [see Fig. 3(b)].

With increasing temperature, one finds a dramatic change
of the free-energy profiles. When the layer-thinning transi-
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FIG. 3. (Color online) Dimensionless Helmholtz free energy f(i)
(a) and entropy s(i) (b) as functions of layer number i, for three
dimensionless temperatures #=0.66 (down triangles), 0.665 (up tri-
angles), and 0.67 (squares), respectively. The set of model param-
eters is the same as in Fig. 1.
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FIG. 4. (Color online) Same as in Figs. 3(a) and 3(b), but the
temperatures are 6=0.68 (squares), 6=0.685 (up triangles), and
0.69 (down triangles), respectively.

tion temperature corresponding to the case of strong interac-
tion with Wo=5V{0,,(N=25)~0.678[T,,(N=25)
~359.6 K]} for a film initially containing 25 layers is
reached, the interior layers become unstable and the system
undergoes the discontinuous transition to the quasismectic
state [14], an effect seen earlier in the behavior of the order
parameters in Fig. 1. The distributions of both the free en-
ergy and entropy in the high-temperature region 6>0.678
are shown in Figs. 4(a) and 4(b), for temperatures #=0.68
(squares), 0.685 (up triangles), and 0.69 (down triangles),
respectively. Now the distribution of the free energy over the
film layers is characterized by maxima in the vicinity of both
bounding surfaces. It allows us to conclude that the forces
acting on the interior layers are in the opposite direction to
the attractive ones. As a result, the interior layers are
squeezed by the bounding layers.

Because we are primarily focusing both on describing the
heat capacity in the vicinity of the layer-thinning transition
temperatures corresponding to the case of strong surface in-
teractions and, in particular, the stepwise reduction of the
value of ¢,(N) as the temperature is raised above the bulk
smectic A-isotropic transition, the temperature ’s effect on
the dimensionless Helmholtz free energy f(6) and entropy
s(6) of a smectic film at constant volume are shown in Figs.
5(a), 5(b), 6(a), and 6(b). The model parameters used in the
calculations are a=1.05 and Wy=5V,,, for a number of film
thicknesses; N=25 (curve 1), N=13 (curve 2), and N=11
(curve 3) [Figs. 5(a) and 5(b)], and N=10 (curve 1), N=38
(curve 2), and N=6 (curve 3) [Figs. 6(a) and 6(b)], respec-
tively. Our calculations show that the SmA-I transition oc-
curs through a sequence of layer-thinning transitions 25
— 13— 11—10..., as the temperature is increased. The cal-
culated Helmholtz free energy per molecule for the 25-layer
thick film is shown in Fig. 5(a) (curve 1) vs dimensionless
temperature ¢, and demonstrates smooth behavior with in-
crease of 6, whereas the value of s(6) [Fig. 5(b), (curve 1)]
demonstrates a discontinuous rise at  6,,(N=25)
~0.678[ T4 (N=25)~359.6 K] greater than 40k; per mol-
ecule, due to the transition to the quasismectic state and cor-
responding change in slope of the free-energy curves. A simi-
lar discontinuity in s(6) is seen in Fig. 6(b) for N=10 (curve
1). Discontinuities in s( ) occur for the other values of N, but
are not seen in the figures due to the fixed vertical length
scale.
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FIG. 5. (Color online) (a) Dimensionless Helmholtz free energy
f(0) as a function of dimensionless temperature 6, corresponding to
three film thicknesses: N=25 (curve 1), 13 (curve 2), and 11 (curve
3), respectively. Here the set of model parameters are the same as in
Fig. 1(b) Same as (a), but for the dimensionless entropy s(6).

Following the transition of an N-layer film to the quasis-
mectic state, we determine the number of layers (N—n) re-
maining in the film with nonvanishing smectic order near the
film center to be such as to provide a lower free energy than
the N-layer state at the same temperature as well as having a
higher transition temperature. Based on this mechanism, our
calculations show that the next stable state with lower free
energy occurs at N=13, then at N=11, etc. The correspond-
ing layer-thinning temperatures 6,;(N) are: 0, (N=25)
~0.678(~359.6 K), 0,(N=13)~0.697(~369.7 K), 0,(N
=11)~0.706(~374.44 K), 0,(N=10)~0.7106(~377 K),
001 (N=9)~0.717(~380.3 K), 60,(N=8)~0.729(~386.6
K), O0(N=7)~0.736(~390.3 K), Oa(N=6)~0.743
(~394 K), etc.

It should be pointed out here that our determination of
layer-thinning transition temperatures (given above) does not
follow the method described by Mirantsev [14], which is
based on the location of the upper spinodal limits of over-
heated smectic films. Rather our approach is equivalent to
that discussed in Ref. [20], where the smectic to quasismec-
tic transition occurs when both phases have equal free en-
ergy. For example, the layer-thinning transition temperature

for N=25 in [14] was calculated to equal 6,;(N=25)
~0.69[T,,(N=25)~366 K], at which the set of self-
consistent Egs. (2) and (3) loose the solution with nonvan-
ishing smectic order in the central layers of the N-layer film.
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FIG. 6. (Color online) (a) and (b). Same as in Figs. 5(a) and
5(b), but the film thicknesses are: N=10 (curves 1), 8 (curves 2),
and 6 (curves 3), respectively.
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FIG. 7. (Color online) Same as in Figs. 1(a) and 1(b), but in the
case of strong interaction Wy=10V,.

This value is well above the value 6,,(N=25)~0.678 re-
ported here, and shows that in the intermediate temperature
range, both kinds of solution are locally stable.

With increase in the value of W, by two times, from 5V,
to 10V, the self-consistent equations also have locally stable
solutions which are characterized by higher values of the
orientational ¢,(6) [Fig. 7(a)] and translational o;(6) OPs
[Fig. 7(b)] (squares) near the bounding surfaces, than close
to the film center [see Figs. 7(a) and 7(b)], both up and down
triangles, respectively). In that case, as in the case of weaker
surface interaction Wy=5V,,, both the nematic and smectic
OPs are coupled together and drop discontinuously to O near

the layer-thinning transition temperature  6,,(N=25)
~0.678[ T4 (N=25)~359.6 K]. The calculated dimension-
less Helmholtz free energy, entropy, and heat capacity per
particle vs temperature, in the case of Wy=10V,, (not shown),
demonstrate the same qualitative behavior as in the case of
weaker interactions with Wy=5V,,.

The temperature @’s effect on the dimensionless heat ca-
pacity at constant volume c¢,(6) of a smectic film with 25
layers, in the two cases of strong interactions Wy=5V,, and
10V, is shown in Figs. 8(a) and 8(b), respectively.

It is clear that the heat capacity c,() ~ 10* anomaly (i.e.,
heat-capacity peaks) [Fig. 8(a)] at temperature 6,,(N=25)
~0.678[ T4, (N=25)~359.6 K], is associated with the inte-
rior first-order SmA-I transition, where the entropy change is
greater than 40k [Fig. 5(b), curve 1] per molecule, and dem-
onstrates a discontinuous rise at 6,,(N=25), whereas the

a)

120 &
W =5V,

10 g
0 O
066 067 068 069 _ 070

(0]

[©)

W =10V,
10 %
[e0000033555333000800580)

0

0.66 0.67 0 0.68 0.69 0.70

2 o

FIG. 8. (Color online) (a) Dimensionless heat capacity c,(6) as
a function of dimensionless temperature 6. Here the set of model
parameters are N=25, a=1.05, and Wy=5V,,. (b) Same as (a), but
the interaction constant W, is equal to 10V,
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TABLE 1. The calculated, using Egs. (1)—(7), and measured (by means of calorimetric techniques [2])
data on the heat capacity in free-standing partially fluorinated HIOFSMOPP smectic films.

(Temp.) (Theor.) (Theor.) (Temp.) (Expt.)
N (Theor)  6(N) (Theor.)  c¢,(N) CMNIZ4%] N (Expt)  6(N) (Expt)  C(M[4%

25 0.674 420 82.5 25 0.674 80
13 0.685 264 52 15 0.676 48
11 0.702 215 42.4 11 0.678 35
10 0.708 184 36.3 9 0.68 30

9 0.711 155 31 8 0.682 25

8 0.722 134 27 7 0.684 22

7 0.73 117 23 6 0.686 18

6 0.741 85 17

value of ¢,(#) [Fig. 8(a)], in the temperature range 0.655
=60=0.677, varies between 280, at 6~ 0.655, and 450, at
0=0.677, respectively. Note that in the case when the “en-
hanced” pair interactions in the bounding layers have W,
=10V, two times stronger than the abovementioned case,
the calculated dimensionless heat capacity per molecule vs
temperature demonstrates the same qualitative behavior [see
Fig. 8(b)] and the value of the layer-thinning transition tem-

perature 6,,(N=25) is practically the same as in the weaker
case [see Figs. 7(a) and 7(b)]. In the temperature range
0.655= 0=0.677, the value of c,(6#) [Fig. 8(b)] varies be-
tween 300, at #~0.655, and 480, at #=0.677, respectively.

In order to make direct comparison between calculated
and measured (by means of calorimetric techniques [2]) data
on the heat capacity of a partially fluorinated HIOFSMOPP
25-layer film, the c,(0) ~420, or ~82.5 [Eﬁ]’ or ~5.74
X 1072! [ﬁ] was calculated at temperature 6~ 0.674
(~357 K), below both the bulk SmA-Isotropic transition
temperature and the layer-thinning transition temperature
corresponding to strong (W,=5V,) interactions in the bound-
ing layers. The measured value of Cp, at the same tempera-
ture corresponding to “plateau” values of the heat capacity, is
equal to ~80 [C—H’I‘ZJ—K], or ~5.9%x1072! [Kfnol]. Hence, we
obtain good agreement between the theoretically predicted
and experimentally obtained results. In recalculations of the
theoretical values of ¢,(N) per HIOFSMOPP molecule in or-
der to compare with the measured C,(N) values, we use the
fact that the total number of molecules M per unit area in the
film, denoted n,, can be estimated as ng,=nyl/, where n,
~1.5X10*" cm™ is the number density and /=Nd is the
thickness of the N-layer film. Since d is of the order of the
molecular length ~3.0 nm [22], n, can be estimated as n,
~NX45%10" cm™.

Based on these results, we conclude that the extended Mc
Millan’s approach “enhanced” by anisotropic interactions in
the bounding layers, with W,=5V,,, is more suitable for de-
scribing both the structural and thermodynamic properties of
a partially fluorinated HIOFSMOPP smectic film, than with
W,=10V,, which gives c¢,~450, or ~86.7 [E’%], at tem-
perature 6~0.674(~357 K).

Collected in Table I are the calculated data on the dimen-
sionless heat capacity c,(N) per molecule, and the recalcu-

lated dimensional heat capacity C,(N), corresponding to N
layer films, as well as the “plateau” temperatures 6(N) for the
sequence of the abovementioned layer-thinning transitions
(with Wy,=5V,). These plateau temperatures satisfy: 6(25)
<0.678<6(13)<0.697<4(11) <0.706 < 6(10) <0.7106
<6(9)<0.717<6(8)<0.729< 6(7) <0.736 < 6(6) < 0.743,
where the numbers correspond to the successive layer-
thinning transition temperatures given earlier. The observed
data on C,(N) for the free-standing partially fluorinated
HI10F5MOPP smectic films also correspond to a series of
“plateau” values for the sequence of the layer-thinning tran-
sitions 25— 15— 11—9—38... etc. [2]. In the range of film
thicknesses investigated, the reduction of C,(N) is, at least
qualitatively, in agreement with the experimentally observed
decrease of C,(N) with decrease of N.

III. CONCLUDING REMARKS

These results indicate that the relatively simple mean-field
approach, based on the extended McMillan theory, can be
usefully applied for describing both the structural and ther-
modynamic properties of free-standing smectic films. By
solving the self-consistent nonlinear equations for the order
parameters, at least for two clearly distinct regimes of strong
surface interactions with Wy=5V, and 10V,,, we observed
both the heat-capacity anomalies and the stepwise reduction
of the value of ¢,(N) at temperatures above the bulk transi-
tion, with the surface layers being more ordered than the
internal ones. With enhanced pair interactions in the bound-
ing layers, the smectic-isotropic transition corresponds to
smectic melting of the central layers. This is in accord with
the well established scenario of melting in such quasi-two-
dimensional systems, where the melting originates in the in-
terior of the smectic film and penetrates toward the surface.

Our calculations with N=25, «=1.05, 6,,(N=25)=0.678,
and W,=5V,, show that the present and previous calculations
with W,=3V,, in the framework of Mirantsev’s model [14]
(not shown in the text), give close agreement for the order
parameters, whereas the values of the Helmholtz free energy,
entropy, and heat capacity have different values, due to dif-
ferences in the expressions for these thermodynamic func-
tions (see Egs. (5)—(7) and Egs. (12)-(14) of Ref. [14]).
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Slight differences between the theoretical and experimental
plateau temperatures in Table I are most likely due to the fact
that the present model is still very primitive for a proper
description of many delicate processes in partially fluori-
nated compounds. Only one of the parameters of the model
(a, related to the length of the alkyl tails) has been fitted to
the real behavior of the LC molecules.

It should be noted that there is not yet a clear consensus
on the mechanisms by which layer-thinning occurs. Accord-
ing to the set of mean-field theories followed here
[10,14,23,24], thinning takes place when the smectic layer
structure throughout the middle of the film vanishes. In an
alternative theory [25], supported by experimental study
[26,27], layer-thinning occurs in compounds which undergo
first-order SmA-I transitions by spontaneous nucleation of
dislocation loops, the growth of which causes a film to thin.
A model of this process was described in Ref. [25], predict-
ing a layer-thinning transition temperature T,,(N) depen-
dence which is functionally different from the power-law
relation first described in [2] but which fits experimental data
closely. Another mean-field theory, based on the generaliza-
tion of the de Gennes model for a “presmectic” fluid con-
fined between two solid walls by means of including a qua-
dratic term in the surface smectic OP while neglecting the
external field term, also presents a simple analytical formula
for variation of T4;(N) with N which also fits experimental
data very closely [16]. Hence, further study on a wider range
of compounds will be required to sort through the correlation
between the transition temperatures resulting from the mean-
field approaches and experimental measurements. In particu-
lar, it would be worthwhile to perform studies on series of
compounds that extends the range of the parameter «. Recall
that «, according to McMillan’s model, can vary from O to 2.

PHYSICAL REVIEW E 82, 041704 (2010)

For instance, for «<0.98, McMillan’s model predicts an in-
termediate nematic phase. Hence, it would be worthwhile to
carry out similar studies on series of compounds that include
the SmA-nematic phase transition, as well as in the frame-
work of a modified version of Landau-de Gennes theory
[16].

On the other hand, comparisons of the theoretical and
experimental stepwise reductions of heat-capacity values at
“plateau” regions in homogeneous films away from the
layer-thinning transition temperatures, as carried out in this
work, should be unaffected by questions of the layer-thinning
mechanisms. Nonetheless, these mechanisms may affect the
“anomalies” shown by the heat-capacity peaks in Fig. 8.
Such anomalies have not been presented in experimental
studies of SmA layer-thinning transitions, to our knowledge,
but only in studies of SmA to hexatic-B transitions of free-
standing films [9], and we hope the present work will spur
further experimental work in this direction.

Taking into account that, from an order-of-magnitude
point of view, there is good agreement between theoretical
predictions and experimental results, this work lends cred-
ibility to the theoretical interpretation of the heat-capacity
data and to the validity of the mean-field approach.
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