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Biaxiality ordering of molecular orientation in a monolayer at the liquid-air interface
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The biaxiality ordering of molecular orientation of a monolayer at the liquid-air interface is theoretically
analyzed assuming that the molecular dipole of the constituent rodlike molecules is not parallel to the molecu-
lar long axis. Two independent order parameters, biaxiality paranjeted the orientational order parameter
S, [=(P»(cos#)y], exhibit a smooth change from zero at a critical molecular &xgby monolayer compres-
sion. ¢ is found to be not so weak in monolayers on a water surface, due to the dipole-medium interaction. This
prediction may be confirmed by nuclear magnetic resonance and nonlinear optical techniques.
[S1063-651%96)04112-9

PACS numbds): 68.10—m, 68.15+¢

The equilibrium physico-chemical properties of insoluble In this paper we extend our previous study of the molecu-
monolayers at the air-water interface, Langmmonolayers, lar orientation in the monolayer to the general case, and dis-
have been studied intensively for over a half century. Onlycuss the biaxiality ordering of molecular orientation of the
recently, a variety of experimental methods including scatmonolayer, assuming that the molecular dipole is not parallel
tering, spectroscopic, and electrical techniques have been dgy the molecular long axis. We show that even if the mol-
veloped to study the molecular order and orientation ofecyles of the monolayer at the liquid-air interface constitut-
monolayers on a water surfaf-3]. On the theoretical side, ing the phase have macroscopically cylindrical symmetry,
however, most studies on the molecular orientation of monoge s;ill require two independent order parameters to repre-
layers have considered only the uniaxial nematical orderingent the monolayer phase, corresponding to the biaxiality of
[4], which is represented by the Saupe ordering maBix  he Hhaség]. The obtained relationship between the biaxial-

ity ordering and the molecular structures may have practical

S 0 0 significance in the experiment with nuclear magnetic reso-
s=| 0 s 0], (1) nance(NMR) and nonlinear optical techniqugg).
0 0 S The basic geometry used in the present model is the same
|

as that used in our previous wofK], except that the dipole

. _ _ . . direction and position are different, as illustrated in Fig. 1.
V\?t:: i‘—SlEASOéP_Z(coﬁ))—fASOSt.hHerea|s It:l'e tlltt_anglith Each molecule occupies a mean molecular akean the
ot hydrocarbon chains away from the normat direction ot the, 1o gyyrtace. The critical areg, is defined asrl?, wherel
monolayer surface. That ig,is the tilt angle of the long axis

of the rodlike molecule in the monolayer or the direatioof :bf)r:/ee ?ﬁg'l?l J?dngthrf:;hi moiﬁ(éullsr? ?rlloggtézer': (ljor';g h%xk;isc
the nematic layer() denotes the thermodynamics average 4 ' €9, 9 ydrop

andP, is the parameter represented as the second-order LeﬁEOUp (usua!ly one or two long hydrocarbon gha)|n§he
endre polynomial. Unfortunately, in these studies, the polaffolecular dipole with a momer is assumed in the long
alignment of monolayers has not been discussed although olecular axis at a distanael (0<o<1) from the terminal
is of great importance for a profound understanding of LangPint at the water surface and with an angjefrom the long
mtir monolayerg6]. axis, as shown in Fig. 1. The distribution of the tilted angle
Recently, we have investigated the polar orientational or$, the angle between the molecular long axis and the normal
dering of the molecular orientation in a monolayer at thedirection to the water surface, i.e., tledirection of the
water-air interface, using the interaction model by taking intolaboratory frame, is governed by the interaction of the dipole
account the interaction working between an amphiphilicwith water. It is well known that such a dipole at a distance
molecule and a medium surfagg]. The model starts from a d=ol cosd from the water surface experiences an electro-
uniaxial molecular structure, assuming that the molecular distatic Coulomb force as if there were an image dipole with a
pole of the constituent rodlike molecule is parallel to themoment—P(e,— €,)/(€e,t €,) at the same distance on the
molecular long axis, i.e., a molecular structure having cylin-other side of the interface, i.e., the water surface, wiegre
drical symmetry. Generally, this is inconsistent in the prac-ande¢,, are the dielectric constant of the monolayer and the
tical structure of the molecules because there is an anglater, respectively. This force corresponds to an interaction
between the molecular dipole and long axis. energy given by10]
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o €w™ €m 1+cog6, 0= 6= 6(A) =arcsinyA/A,), due to the effect of hard-core-
W(6,6,)=—-P cnt e 32meq(ol o)’ (2 intermolecular repulsive forces. The major progress in the

whereg, is the permittivity of free space argj is the angle
of the dipole direction from the direction. Obviously, from

present model is the interaction energy written by Ej,
which has included the effect of the biaxial molecuj&4]
by using the angl®, .

Eq.(2), we have the same conclusion as that described in our In order to reveal the effect &f, , let us consider a frame

previous papef7]. That is, because of,>¢,,, the dipole

(XY, ,2,) fixed in the discussed molecule whezg direc-

always experiences an attractivg—: force to the water surfacon is parallel to the molecular long axis, with Euler angles
therefore the molecules must lie on the water surfage (a,8,y) defined as the convention in R¢L2]. We have the

=mx/2) when the molecular areA>A,. In contrast, in the
case of the molecular are@<A, by monolayer compres-
sion, the molecular orientation is confined in the range of

COSx COSy— Sina cosB siny,
=| sina cosy+cosy cosB siny,

N < X

sing siny,

From Eq.(3) it is clear thatg is just the tilt anglef. Without

following relationship between the molecular frame and the
laboratory one X,y,z) as

—Ccosx Siny—sina cosB cosy, Sina sinB X,
—sina siny+cosy cosB coSy, —cosx SinB Yul. 3)
—sing cosy, cos3 Zy

Herek is Boltzmann constant anflis the absolute tempera-

loss of generality, we can here assume that the dipole is iture.

the plane ofy,=0; i.e., 5/P:(sin0D,O,cos9D) in the mo-
lecular frame, then we have

cosBL=(Z/z)-(|5/P)=sinﬁ siny sindp +cosB cos, .
4

By substituting the equation above into E8) and replacing
B with 6, we obtain the orientation distribution function:

o W0, 9)IKT
f(0,y)= — 5

whereZ is the single-particle partition written as

27 0(A)
Z=J dyJ e WO/ sing dé. (6)
0 0
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FIG. 1. Sketch of rodlike molecular model for Langimfilm at
the air-water interface.

So far, all the attempts to extend the Maier-Saupe theory,
which is a uniaxial-molecule modg}], to a biaxial molecule
still make some special assumptions about the molecular
symmetry and the potential forf8,11], which are still not
close to the real physical interaction as presently proposed in
Eq. (2) for the monolayer. Moreover, the challenging prob-
lem here is to prove that the real interaction between molecu-
lar dipole and medium is able to induce the biaxiality order-
ing. For the purpose, one should calculate the Saupe ordering
matrix [8]:

3l ;- 3,
Sup=—"—", @)

wherel,, (¢=X,y,z) is the direction cosine of the director

A with respect to the molecule fixed franid3]. In the
present case, the director is just the normal of the surface,
i.e., Z direction. Hence we have from E@3) the direc-
tion 1,=(Z/2)-(X,/x,)=sind siny, |,=(Z2)-(y,1y,)
=sind cosy, and |,=(Z/2)-(Z,/z,)=cosf. Substituting
these into Eqgs(5), (6), and (7), one now can obtain the
detailed form ofS,z. Unfortunately, because of the com-
plexity of thef(#,y) defined in Eq(5), one only can calcu-
late them with numerical method and we cannot gain a clear
picture of the detailed form d§,;. To search for an analyti-
cal solution we follow the treatment in the hard rod model of
the nematic-isotropic phase transition by Onsade| by
expanding the function of exp{W(8,y)/kT] and neglect-

ing higher-order terms as in the following approximation:

e WONKT=1 _\W( 9, y)/KT. 8

Given these, we then have from E() the approximate
partition function:
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Z=2m[1- cosa(A)]+ 7{(3—cogbp)

X[cos 26(A)—1]
+(2—6 cog6p)In cosH(A)}, 9

where §(A) has been defined above and dimensionless pa-
rameter 7=P?[(€,— €m)!(ey+ €n)]/32meg(a1)3kT  de-
scribes the relative strength of the dipolar-medium interac-
tion energy with respect tokT. With this first-order
approximation, we have obtained the following results:

1,l,=cog6= FW dyfo(A) cog0f(6,y)sing do (10)
0 0
27 [ 1 1 1
=5 (5 [1—coSO(A)]+ 773 cogp—1)[1—coSH(A)]+ > n(cog6p—3)In cos6(A) |, (11
11, =sir?6 sity= fzw dyfe(A) sirtg sirtyf(9,y)sing do
0 0
277 1
- ( [2—3 Cco¥(A)+3 co§’0(A)]+ 77(3 7 cog6p)[1—coSH(A)]
5 1 )
+7 (1= cog6p)In coH(A)+ — 5 (73 cog 6p)[cos 249(A)—1]), (12)
Ezsinze cogy= fzw dyfg(A) sirfg cosyf(6,y)sing do= 2777 (% [2—3 co(A)+CcosSH(A)]
0 0
1 3 1
+1g 7(1-5 cogdp)[1— cos’-e(A)]Jr 7(1—cog6p)In cosf(A)+ — 6 7(5—cogdp)[cos 20(A)—1]], (13

and

«ly=1,=1yl,=0. (14

Now, from Eqgs.(7)—(13) it is shown that the Saupe ordering
matrix is a diagonalized matrix but biaxial order parameter
S«x— Syy does not vanish ifp#0. In other words, we have
achieved the conclusion that the dipole-medium interaction
must induce the biaxiality of the monolayer. In fact, with
Egs. (7)—(13) we can write the obtained ordering matrix as

(8]
- %Szz"' é‘: 0 0
S= 0 ~is.-¢ 0], (15
0 0 Sz

where¢ is the biaxiality parameter expressed as

3
E=— 167; 7 sinflp[cos 20(A)—coSH(A)

+41n coF(A)]. (16)

try of the moleculedi.e., 6, # 0). If the molecules have the
cylindrical symmetry(i.e., 5=0), biaxiality parameteré
vanishes and onlys,, is left. This is exactly equivalent to
(P,(cos))), which represents the uniaxial nematic ordering.
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FIG. 2. Two order parameters as a function of molecular area

This clearly reveals the origin of the biaxiality, which is A/A,. (a) The biaxial order paramete,,. (b) The biaxiality pa-
induced by the symmetry breaking from cylindrical symme-rameteré.
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The analytical results of Eq$9)—(11) also reveal that on a deuterated 5CB in the nematic phase, one measured
compressing molecular aréato Ay, both order parameters S,,=0.66 andé=0.012[16]. The remarkable difference in
S,, andé¢ smoothly change from zero as long #20. So we  the magnitude betwee8,, and ¢ is of two orders, which
called the orientation phase transition a weak first-ordegonfirms our present theoretical predictionlfs seen as a
phase transition induced by compressing the molecular arggerturbation quantity then the biaxial order parameter is a
[7]. These can be seen from the numerical calculatiothigher-order perturbation comparing wisy, as shown in
shown in Fig. 2, in which we chosd=0.56 nm, Refs [10,14. But for the strongly polar molecules this situ-
P=0.8 D on the basis of our experimental data Onation may change and should be confirmed in future experi-
?ﬁga?c?r-dfs-ir:r}%ﬁz;t{/l-b\z;re)hggfjrge%)é mo;glaeyersl[ﬁ]. I(:)ug— ments. In fact, the previous measurements, such as those
: % w=OU €m= 1, 07U.9 reported in Ref[16], are performed in the bulk phase. It is
0p= /6, andT=300 K in the calculation. From Fig. 2 we expected from our present theory that the biaxiality order
found that the biaxiality parametéris on the order of 107 parameter may be found to be not so weak in the monolayer

for the monolayer. For a long time the biaxial order Param-- the liquid-air interface. This may open the field to a study

eter has been very difficult to determine, although the param- . .
y 9 b the connection between the theory relating to monolayer’s

eter has been measured for certain mesogens by measuri i ) | hni h he NMR
the dipolar splitting of the NMR spectrum, and it was found & .experlmgnta technique, such as the spectrum,
nonlinear optics, and other techniques.

to be nonzer$16]. Applying a HD decoupling experiment to
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