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Polar orientational phase transition in smectic monolayers induced by monolayer compression

Chen-Xu Wu and Mitsumasa lwamdto
Department of Physical Electronics, Tokyo Institute of Technology, 2-12-1 O-okayama, Meguro-ku, Tokyo 152, Japan
(Received 29 September 1997; revised manuscript received 29 Decembegr 1997

Taking into consideration the mean electric field produced by a molecular configuration, a self-consistent-
field state equation is derived to describe the behavior of polar smectic phase for monolayers. A general
equation of orientational phase transition between a normal-director phase and a tilted-director phase induced
by monolayer compression for monolayers is obtained. It was revealed that smectic monolayers show a
possible second-order orientational phase transition under a necessary conditiéfy#/<g,<g,/4. Hereg,
andg, are two parameters proportional to the internal electric fields in the directions parallel and perpendicular
to the monolayer surface, respectively. The two-dimensional orientational phase transition theory developed
here may reveal such a transition in smectic monolayers by some techniques, for example, the Maxwell-
displacement-current measuring technidi&1063-651X98)03605-9

PACS numbeps): 68.15+¢, 68.35.Rh, 82.65.Dp

Investigations of smecti€ liquid crystals(LCs) can be Considering a tilted-director smectic phase with a tilt
traced back to the 1970s and most of them are based on tlaagled, as shown in Fig. 1, we choose the coordinate system
elastic theory[1]. An elastic theory for smecti€ liquid in such a way that the smectic monolayer planes are parallel
crystalline systems has already been given by de Genndg the xy plane and the monolayer normal falls along the
et al.[2—4]. However, many difficulties were encountered in positivez axis. Constituent molecules of monolayers are as-
developing a theory for the orientational smed@iesmectic- sumed to be rodlike and have a permanent dipole moment
A phase transition. Apart from the reports by GieRelmanrin the direction parallel to the molecular long axis. The angle
and co-workerg5,6], scientific papers concerning the polar that the dipole moment at the origin makes with the layer
orientational smecti&c—smectic€ phase transition for lig- normal is denoted by. As the monolayer concerned is am-
uid crystals are very rare in the literature. At the same timephiphilic, the hydrophilic parts, the head groups of the di-
some excellent experimental observations of the orientapoles in the monolayer, are pinned onto the water surface
tional phase transition between smediicand smecticc due to the strong hydrophobic interaction, while the tails of
LCs in monolayers on a water surface have been achieved Bfiese dipoles are free to rotate in the air. Thus, in the case of
monolayer compressiofY]. For ferroelectric LCs, the elec- monolayers, the dipoles prefer to line up in the same direc-
tromagnetic interactions appear to be inevitably associateion above the water surface rather than take an anti-
with this kind of transition. This is more obvious for polar ferroelectric state in LCs, due to the surface component of
monolayers, as for them the dipole-dipole interaction is verythe interaction. The dipole at the origin discussed is assumed
important in this casf8,9]. Although some of the theoretical to be restricted within the angular ranf@6,] with sir?g,
results for liquid crystals are applicable to the analysis of=A/ml? (A is the molecular area aridis the length of long
monolayers, an alternative theory for single monolayers isnolecular axi$ [8] due to the hard-core interaction among
expected due to the dimensional difference between thermnolecules in monolayer films. A strong steric repulsion takes
(two dimensions for monolayers rather than three dimensionplaces if ¢ approache®,. The molecular area decreases as
for liquid crystals and due to the change in molecular statesthe monolayer films are compressed. The electric field pro-
as a result of external stimulation, for example, monolayeduced by the tilted dipole array is decomposed into two di-
compression. Moreover, the molecular configuration in therections: one produces the dipole component array standing
monolayer plane plays an important part in many physicaperpendicular on the water surface and the other produced by
phenomena concerning Langmlodgett films[9-11]. In  the projection of the tilted dipole array onto the smectic
monolayers of polar molecules on a water surface, there are
at least two order parameters: one is the molecular configu-
ration, i.e., the positional distribution pattern of the heads of
the molecules on a water surfagE0—12, and the other is
the orientational distribution of the molecular tajB]. The
aim of this paper is to provide a physical sound picture of
polar orientational phase transition for smectic monolayers
that are structurally different from bulk LCs to describe the
behavior of the polar orientational phase transition in smectic
monolayers on a water surface under monolayer compres- 1/4 / ‘i)(‘\ J 1l
sion. ! < YA

z

—
u

FIG. 1. Basic geometry of the molecular-orientational model
*Electronic address: iwamoto@pe.titech.ac.jp used in the present paper.
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monolayer plane. For convenience, we assume that the ir{sinﬂcoaﬁ)
plane projection dipole array on the monolayer surface ori-

ents in the positivey direction, so that the internal electric _ }J’z” (sm 0)
field can be written a&=(0,E, ,E,). The electric field at the Z)o
origin is the sum of the fields created by the dipole array - an
(excluding the dipole at the origirand it is given by{13] X (COS ¢p)e(9ysin Oc sin 6 cos =g, cos I cos f)a
Xsin 6§ d6 dg, 4
3(g, 1)ri—rle, . . iy . .
E, ,u(smec) e, whereZ is the single-partition function given by

mt 1d|p0|es 47750r;5
2 0
7= f Wf Ae(gysin ¢ sin 6 cos ¢—g, cos O cos a3
2em 1

E,=— u(cosd o
2=~ # C)fm”L Ldipoles 47reqr?

@ Xsin g do de¢.

In order to express the integration of Ed), we introduce

where is the permanent dipole moment of moleculesis  the Bessel function,(z), which satisfie3 14]

the dielectric permittivity of a vacuumm, is the spatial vector 2y
of the molecules in the monolayer plang, is the relative —[2"l (2)]=2"1,_1(2), —I
dielectric constant of the material surface, for example, the z
water surface, and, ande, are the unit vectors along the
axis and thez axis, respectively. The summation in EG)
should exclude the dipole at the origin. For further treatment, 1 (n

it is convenient to introduce Euler angles for the dipole at the lo(2)= —f e?co%d g,
origin u/ w=(sin 6sin ¢,sin 6 cos¢,cosh). Here ¢ is the Tlo

azimuthal angle of the dipole discussed. With the definition

and the introduction above, we can write down the mean- _ @2 Cosh

field potential ()= f cosp dé,

:lv—l_lv+l' (5)

14

Special cases when=0, 1, and 2 are

i ; -3/2 1(~ 2 (=
W= u-E=—(g,siné.sinf cos¢—g,cosf.cosfd)a > KT l,(2)=— e?o%dp— — | e*°%cosp d¢p.  (6)
(2) mJo mZ)0

Setp=g,sing.a ¥? andq=g,cosf:a *? and with the small

for each dipole. Herea is the normalized molecular area tilt angle assumption (sifi=6), they axis orientational or-
defined asa=A/xl%=sir?g, and der paramete(4) becomes

q6°
1+ —) 1.(po)dd, (7)

, ) 2me @ )
. =,u2a3’2 2en 3(ey'ri)ri_riey. (sin 6 cos @)= Z o 0
y KT entl dipoles 47760r;5 &
under the assumption tha6?|<1. Here the single-partition
function Z turns out to be
u2ad? 2¢ 1
il . 3) (0 q6?
0

9,= lo(p6)dé. (8)

Herek is the Boltzmann constant aridis the temperature. With the relations in Eq(5), Eq.(7) can be further calculated

gy andg, are two normalized parameters reflecting the mo-2S
lecular configuration of monolayers. They are independent of o
the tilt angled, of the monolayer director and the molecular 62

q6°

area A as long as the molecular configuration does not 0 _ [2(p6a)

(sin 6 cos ¢)= > =0,
change in the monolayer compression process. Molecular in- A 11.(pBa)
teractions of some other phases with all possible molecular fo 1+ —-|lo(pO)de

configurations are also included in E®) and can be calcu-
lated by considering the configuration of polar molecules 1

(for example, smectiél if it is hexatic molecular configura- f —|o(99)d9 59A|1(D¢9A)
tion). For some of the artificial two-dimensional arrangement

pf digoll:es,gy andtg%_ htgve ?Aready begn ia{gulatl[alﬂgi. Us- - 1x(poa) q6a 15(pha)
ing Boltzmann statistics, thg axis orientational order pa- YT o 1.(08
rameter, the average projection of molecular orientation onto 1(POn) P 11(pla)
they axis, reads =f(6,). 9)
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The self-consistent field requires that thexis orientational 0. — T T
order parameter as written above should be equal tésiti I 12 12
we define a function o(z) [=1x(2)/1,(z)] and set 0.5~ k=9y4a"[1-9z/4a y=6,
(sin # cosp)=sin .~6,, we get a self-consistent equation =i
describing a polar smectic phase in monolayers with consid- & 0.4~ Y=¥< 0. 7
eration of the configuration of molecules, = 0 1 ]
= 0.3+ 2 -
%:amagﬁE[l_%aﬂ%%——%?agﬁ% ] =02 .
) Ve o1l 7 Ly=f(0)@>a) |
=f(6c). (10 7 2: y=f( 0 )a<a)
The functiono(z) can be expanded as a Taylor series in the ' Ojl ' 012 ' 013 ' 014 ' 0!5 0.6
vicinity of z=0, 0. (rad)
1 1 5 i i : i i
o(2)= 72— 73— S (11) FIG. 2. Numerical calculation of the self-consistent equation

4 96 1536 0.=f(0.) of a tilted-director phase for smectic monolayeks: 1
corresponds to the second-order orientational transition between a

Substituting the above relation into Eq.0), it is possible for  normal-director phase and a tilted-director phase induced by the

one to obtain the polynomial expansion f{fd.), monolayer compression.
19y 1 g, al? gy 3 3 >4g, one gets a critical area, which is simply expressed as
f(GC):ZaT/Z 1_ZaT/2 " 96l al a;=g5/16. With the fundamental condition fox, 0<./a
<1, in Eg.(13), we get a necessary condition on the mo-
5al?2 gy 5 lecular configuration for possible orientational transition,
- =g+ (12
1536, a
4 16< <% 15
As the second and third coefficients of the expangit®) gy 9% (15

have the same sign, we draw a conclusion that the polar

orientational transition between a normal-director phase anequation(15) implies that for monolayer films under mono-

a tilted-director phase in smectic monolayers cannot be fayer compression, some kinds of molecular configurations

first-order transition. In other words, a second-order transimay not exist at the orientational transition between a

tion is the most possible. The critical condition of such anormal-director phase and a tilted-director phase.

second-order transition, induced by monolayer compression, For a full understanding of the orientational phase transi-

is given by tion process discussed above, it is crucially important to find
an experimental way to determine the orientational phase

19y 19, transition point. As discussed in our previous paf&dr the
4127 4 g1 =1 (13 orientational order parametdd, which is the first term of
C C
that is, A 1 ' T y ]
> .
o g
y 2 Q
a.=—(1+1—4g,/g,)2 (14) v
¢ 64 9219y 0.9 normal-director

hase (p=0
tilted-director P (p=0)
phase (p70)

Equation(14) gives the relation between the critical molecu-
lar area and the molecular configuration at the point of the
orientational phase transition between a normal-director
phase and a tilted-director phase. A variety of orientational
phase transitions, for example, polar smeétiesmecticc,
polar smectidBB—smecticH, etc., can be described by such a
relation by only changing thg parametersd, andg,). Fig-

ure 2 shows the numerical calculation of the present argu-
ment. The molecular configuration is assumed to be un-

changed |n. the monolayer compression process, th@y's' FIG. 3. Orientational order paramet8rof smectic monolayers
andg, are independent of the _m0|_eCUIar arkaAs an ex- with respect to the molecular area The orientational transition
ample, we seg, =3 andg,=0.4 in Figs. 2 and 3. The values peqyeen the normal-director phase and the tilted-director phase in-
of gy and g, were chosen on the basis of our previousgyced by the monolayer compression is a second-order one. It is
Maxwell-displacement-current(MDC) measurement on predicted that the MDC will experience a sudden change at the
4-cyano-4-5-alkyl-biphenyl[15]. It can be seen from Fig. 2 transition point, as the MDC is proportional to the differentiation of
that when the slopk of y=1f(6.) at the origin becomes 1, a the orientational order paramet8rwith respect to the molecular
second-order phase orientational transition occursg/f areaa.
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Legendre polynomial and the main characteristic parametdional order parametef with respect to molecular area
for monolayers, can also be introduced for smectic monolayA [15]. From the change of the experimental MDC, it

ers in a tilted-director phase as is possible to find the orientational phase transition point
a=a.
S=(cos 6) In summary, we formulate a self-consistent equation for
1 (27 (on smectic monolayers and derive a general equation of the ori-
= ZJ f cos fe~ 99 (psin @)sin 6 d6 dé. entational phase transition between a normal-director phase
o Jo

and a tilted-director phase for smectic monolayers under
(16) ~ Monolayer compression taking into consideration the mo-

lecular configuration. It is found that the orientational phase
It can be found from Eq(16) that in the casgp=0 (6, transition induced by monolayer compression is a second-
=0), lo(psing)=1, S returns to the orientational order order one. A necessary condition betwagrandg, reveals
parameter of normal-director smectic monolayers. Figure 3hat only monolayer films with certain kinds of molecular
shows an example of the orientational order param&ter configurations have such a phase transition. The orientational
for the normal-director phase and the tilted-director phasghase transition area. might be measured by the MDC
for smectic monolayers, respectively. The result reveals thatchnique, as predicted from Fig. 3. The polar orientational
the orientational transition between this two phases is aransition theory presented in this paper draws together the
second-order one. The phase transition agaan be mea- polar orientational phase transition in smectic monolayers,
sured by the MDC measuring technique, as its displacemenhe molecular configuration of monolayers, and the MDC
current is proportional to the differentiation of the orienta-technique.
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