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Analysis of dielectric relaxation time of organic monolayer films on a material surface
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Based on the Debye theory of rotational Brownian motion, we derived the dielectric relaxation time
monolayers on a material surface in a generalized farmvas found to be proportional to the orientational
fluctuation of monolayer§=((coss—(cost))?)] (¢ is the tilt angle of the constituent polar molecyleslere
(cos) represents the molecular orientational order parameter of monolayerg,) asgresents the thermal
average. In this analysis, the Coulomb attractive force working between polar molecules and the material
surface as well as the interaction working among molecules were taken into consideration. It was revealed that
the interaction working on molecules makes a significant contribution to reduce the relaxation time whether the
interaction is attractive or repulsiveS1063-651X97)04809-5

PACS numbdrs): 68.15+€, 31.70.Hq, 82.20.Rp

Dielectric relaxation phenomena in dielectric materials,However, this analysis was not sufficient for a profound un-
including organic materials, lipids, and liquids have been alerstanding of the dielectric relaxation phenomena in organic
subject of many studies in various fields: physics, chemistrymonolayers on a material surface, possibly because these in-
electronics, biology, etc. Debye studied the rotationalteractions directly effect the motion of polar molecules. In
Brownian motion of molecules with permanent electric di- this Brief Report, we derive the dielectric relaxation time of
poles in liquids, and developed a method for the analysis ofmonolayers on a material surface in a generalized form, tak-
the dielectric relaxation phenomeifiz]. Since then, many ing into account these aforementioned interactions.
studies of the dielectric bulk materials have been carried out The model of monolayer used in the present paper is
on the basis of the Debye philosopf8~4]. Recently, these shown in Fig. 1a). Briefly, the monolayer consists of rodlike
studies were applied to an analysis of the dielectric relaxpolar molecules with a length Each molecule has a perma-
ation phenomena in organic monolayer and multilayer filmshent dipole momeng in the direction along its long axis,
assuminga priori that the dielectric behavior of polar mol- and it stands on a material surfa@ectrode 2at a tilt angle
ecules in monolayer and multilayer films is the same as tha¢ away from the normal direction to the material surface.
of polar molecules in bulk materia[§]. However, this as- The monolayer film is sandwiched between electrodes 1 and
sumptions is not suitable for a profound understanding of th&, which are separated at a distaricéy an air gap. All of
dielectric behavior of polar molecules in monolayer films.the molecules can align on electrode 2 when the molecular
The constituent molecules of monolayer films deposited byarea A<Aq(=ml?). The orientational distribution of
for example, the LangniuBlodgett technique, align on a the constituent molecules of the monolayer film is ruled by
material surface, and as-deposited films have spontaneous
polarization in the absence of an external electric field. The

Coulomb attractive force working between polar molecules 1

and the material surface directly effects the polar orienta- (a)
tional alignment of polar molecules. Further, the molecular 0.9995- i
motion of rodlike molecules on a material surface is spatially “o

restricted in the region of the semisphere, owing to the pres- 0.999 g KBy ey v
ence of the material surface. Thus it is important to develop NN L J
a generalized theory for the analysis of dielectric relaxation 0.9985 ) , , Blectrode 27 .
phenomena in organic monolayers on a material surface. ' 01 02 03 04 05 06 07
In our previous study6], starting from the Debye Brown-
ian motion equatiofi7], we derived an equation representing
the transient behavior of the orientational order parameter
S of polar molecules on a material surface. We then analyzed
the transient dielectric behavior of monolayers on a water

T

¥
L
¥

surface under lateral monolayer compression by means of the o 0.6 =0
Maxwell-displacement-current-measuring technique. In that 0.4 Xf?'g T 1
analysis, we obtained the dielectric relaxation tirmeof 02l LS i
monolayers as functions of viscosity constant, temperature, 58 ——'5 1
and the tilt angle of polar molecules away from normal di- ' A/A‘O

rection to the water surface, under the assumption that the

effect of the attractive force working between polar mol-  FIG. 1. Interaction coefficierg with respect to the relative mo-
ecules and the water surface, as well as the interaction workecular aread/A,. (a) g% in the region with a small molecular area,
ing among the constituent polar molecules, can be ignorecand(b) g® in the region with a molecular area closeAg.
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Boltzmann statistics, and its motion is expressed by the ro--RU(t)cosd is the interaction produced by the external

tational Debye Brownian motion equatid®] stimulation.
As aforementioned;- RU(t)cosd is considered as a per-
dw(Ot) 1 9| o kT dw(6,t) turbation working to the equilibrium state, and influences the
gt &sind 96 sin a0 orientational distribution of dipoles slightly. Therefore Eq.
(4) is rewritten aqJ6]
IW(6,1)
+T w(a,t))}, (1) 39S

RU(t) [oa )
Tjo Sirffw(0,t)sing do

ot
wherew(6,t) is the possibility function representing the pos-
sibility of the molecules standing on a material surface at RU(t) 2
timet, £is the friction constant of monolayer, a(6,t) is ~~F (1—(cos ), (6)

the interaction energy working on molecul&¥/(6,t) con-

tains the dipole-surface interactidhiy(6), dipole-dipole in-  where(co6) is the thermal average due to the interaction
teractionWy(6), and the additional interactioi,,(6,t) pro- W, att=0. In addition to the term given in E¢g), the total
duced by external stimulations such as the electric field. Theate of Change o8 contains a term due to thermal relaxation
first term on the right-hand side of El) represents the motion. The thermal motion will tend to restore the orienta-
possibility flow due to the thermal motion of the environ- tional distribution of molecules to the equilibrium distribu-
ment obeying the law of Fick. The second term is the flowtjon in the absence of external stimulation. Introducingds

due to the effect of internal interaction working among mol-a proportionality factor, the total rate of changeSois writ-
ecules and the interaction produced by the application of afen as

external stimulation. We assume here that the motion of rod-

like polar molecules is restricted within<09<<6,, where d(S—Seg S—Seq 1—(cog6)
0,=sin"1JA/A,, principally due to effects of hard core in- T — Z RU(1), (7)

termolecular forces. The possibility functies( 0,t) satisfies
the following relation at the equilibrium state, which is given \yhere ris the dielectric relaxation time, argl, is the order

by [6] parameter at the equilibrium state before the application of
the external stimulation. Her§,, is the orientational order
(6 0)~exp[ _ Win 0)]. ) parameter at=0, whose distribution is ruled by Ed2).
' kT Equation(7) describes the transient behavior of a monolayer,

that is, the dielectric relaxation phenomena in monolayers by
HereW,(6) is the sum of the molecule-molecule interaction the application of the external stimulation. The monolayer
Wqy(6) and the molecule-surface interacti®vi(6). In our  experiences an additional interactierR cosd soon after the
previous studies, we used E) for a calculation of the application of an external stimulation, and the total interac-
dielectric constant of monolayef$8], thermally stimulated tion is expressed as E). In the equilibrium state at time
discharge current across monolayg®$ and Maxwell dis- t=c, the orientational distribution of polar molecules can be
placement currentMDC) |, generated by monolayer com- expressed by Boltzmann distribution function again and is

pression 10]. given by
The orientational order parameter of monolayers on a ma-
terial surface is defined 440] exp{ —W(6)/kT}
w(f,) = ——————,
[N .
S= f codw(6,t)sing do. 3 exf — Wi ( 0)/KT] R coY
’ N Z T ®

With Egs. (1) and(3), we find thatS satisfies the following _ . _
equation[6]: under the assumptidiR/kT| < 1. Here the partition function

Z is expressible as

w(6,t)|dé.
(4)

In order to examine the dielectric relaxation phenomena iWhereZ, is the single-partition function at=0. From Eqgs.
monolayers, we assume here that a step additional interactid®) and(9), we obtain the orientational order paramegeat
force RU(t) (U(t) is a unit step functionis applied to timet=o as follows:

monolayers in the direction perpendicular to the material sur-

face by the application of a step external stimulation. All S= f("‘ coHw(6,%)sind do

molecules on a material surface experience an additional in- 0 '

teraction in a same way. In this cas¥(6,t) is given by

IS (tal dw(0,)  IW(O,t)
— —S|n20(kT "8

= R
at 0 g Z:ZO+k_T Squo, (9)

R
W(8,1) =W, ( #) — RU(t)cosp. (5) =Seq™ je7 ((c0s9)° —(c00)), (10
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where (cos) and (cosé) are the thermal averages before g 74So(1—co,)

external stimulation. At the equilibrium state &t o, the 9°(0a) =1+ 22+ o) (16)
relation d(S— S‘éo)/dtzo is satisfied. Therefore, from Egs. A

(7) and(10), we obtain the dielectric relaxation time is an interaction coefficient representing the effect of

molecule-molecule interactionry (= (&/4kT)[(1—cosdp)/

(12) (2+cos9,)]) is the relaxation time obtained under the con-
kT 1—(cos6) dition that both molecule-molecule interaction and molecule-
surface interaction are ignored, as discussed in our previous
paper[6].

In the case of monolayers with the molecular ateclose
to the critical ared\,, the interaction between molecules and
the material surface become much important in comparison
with the molecule-molecule interaction. This interaction is
given by[11]

_ £ {(coss—(cos))?)

T=

Equation(11) gives the dielectric relaxation timein a gen-
eralized form, which is proportional to the orientational fluc-
tuation of monolayers(cos9—(cost))?), and is inversely
proportional to the diffusion coefficientkT/£) [7]. The
denominator (1 (cog#)) is related to direction of the exter-
nal stimulation[see Eq(7)].

In order to calculate the dielectric relaxation timegiven
by Eg. (11), we need to calculate thécosé)(=S,) and 2 e —1
(cog6) in advance. The mean-field approximation is appli- W(8)=— K 3 m -
cable to the case of monolayers with a small molecular area 16megeml "cos €t 1

A (A<Ay). In this region, the monolayer is governed by the . ) ) ) ) ) )
molecule-molecule interactiowy . W, is written as[8] The dielectric relaxation time is mainly affected owing to the

presence of the interface. The orientational order parameter
11.0342um, 2en Sed =(coss)) and(cos6) can also be calculated by substi-
W,= e cosd, (120 tuting Eq.(17) into Egs.(2) and (3) [10],

(17)

4776033

under the assumption of the uniform and hexagonal molecu:cos 6)
lar packing, which is the configuration of nearest-neighbor
separation distance and hence of the minimum electrostatic =~ x e"— cog 0,e¥/°Fa

interaction energy for any given packing. Hetg is the =57 2[ ¥ — coHAePa+ x{Ei(x/cosf,) — Ei(x)}]
relative dielectric constant of monolayer supporting materi-

als, a is the nearest molecular separation distance between X {cos 6)
adjacent two molecules, amd, is the average polarized di-

pole moment of monolayers, which is given by =1 (cos)x+

(2(cos) — x) (&~ O H,e*/OFA)
e~ cos h,e/ YA ’
_ ©So
“(1+11.0842 fa2enl(egin] 1Y (18)

mZ
. . - . where
where « is the electronic polarizability of moleculeSy is
the orientational order parametgr= (1+cosd,)/2] in the 2 e —1
zero interaction. With Eq92) and (3), the orientational or- X= K 3 m -
&l (= 2 ; _ 16megenl °KT e+ 1
der paramete§, { = (cost)) and(cos ) under these interac
tions are calculated as

The coefficienty in this case becomes

Nd
(cos) =S+ 5 (1-cosfp)? o . . A(2+cod,) (cosh)—(cosh)? 10
9°(0a)= 1—cod, 1—(cog6) (19
73S0
(Co$0)=3(1+COHp+COS 0a) + —c— (1-Cop)?, which can be written as

(14 P(6s)

A
where 74 is expressed as 9%(0a) = IUAL (20

11.0342um, 2e,

with the approximationx|<1. Here

7a= AmekTa® ent+1’
. . . . +
Here € is the dielectric constant of a vacuum. Substituting P(g,)=1+x{ — 6(1—(:%9‘\3
Eq. (14) into Eq. (11), we obtain (1—costa)
4(1+cosfp+Cco0,)

74So(1—Ccoshp)| & 1—COHp

2(2+cos,) | AKT 2+cos,”
(15)

Td:ngO: 1+ (1_CO$A)2 In CO§A]

12 6(1+cod,) @
(1—cosfn)?  (1—coshp)® 1 CO¥A

+x2

Hereg® given by
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00 =1+ { 3 1—Ccog 0, [ T ‘1' 1' '
=1+x{ — = ~ -
A 2 2(2+cohp)(1— CO&gA)Z g L 1Theoreti(:al< 2: 0.8
g : g=0.
N coS O+ CcOHA—5 | 9 % - IR 3:g=0.6
(2+cosp) (L—cosppy)? 1 COFA £ 3 ‘
2 0.5 ]
32 — 12 n 6(1+cosha) n cosd g Experimental -~
(1—cosp)?  (1—coshp)’ Al g
Figure 1 shows the interaction coefficiegtin the mo- 04 06 08 1T T3
lecular interaction regiofig? in Fig. 1(a)] and in the region AlAg
dominated by the molecule-surface interactigt in Fig.
1(b)]. In Fig. 1(a), we assumel=2nm, T=300K, u FIG. 2. Experimental order parametBrand the theoreticad

=0.7D, anda=0.65 A3, as examples. These values weredependence of the order parameter.

chosen on the basis of R¢8]. Figure 1 was plotted in two Based on the aforementioned discussion, we reexamined
extreme cases, that i8(6)~Wy(0) andW(6)~Ws(6). 9 the result of the MDC flowing across 4-cyano

is less thar_1 lin both regions, which reveals that the d'e|ecalkyl-biphenyl(5 CB) monolayers with monolayer compres-
tric relaxation timer becomes shorter due to the molecule-sjon, which we reported in our previous papsee Fig. 8a)
molecule interaction and molecule-surface interaction. Then Ref.[6]]. In Fig. 2, the results were again plotted using the
interaction working on molecules, whether it is a repulsiveorder paramete®. The interaction coefficierg depends on
molecule-molecule one or an attractive molecule-surfaceéhe molecular ared, as shown in Fig. 1. However, for sim-
one, brings a monolayer to a more stable system promptlylicity, here we calculated the order parameSeusing Egs.

As a result the dielectric relaxation timedecreases. The (22) and(26) in Ref.[6], replacingé— g¢ under the assump-
dielectric relaxation time increases as the molecular area irtion thatg is constant. This simplification does not lose the
creases in Fig. (B). This is because in the small molecular physics here, because the changg iis gentle with respect
area region, the molecule-molecule interaction decreases &3 A (see Fig. 1 Here it is essential to clarify the effect of
the molecular area increases. We may expect that at the mthe interaction coefficieny. As seen in Fig. 2, it is found
lecular areaA;=Asing,, where the repulsive interactive that the order parameter saturates more slowly as the inter-
force changes into an attractive orge=1, becausan(6,) action increases, i.e., @sdeviates from 1. This tendency is
=W,(6,)+Ws(8;)=0 at the molecular ared=A, . In con-  favorable for explaining the experimental dielectric relax-
trast, in the regio”A>A,;, as the molecular area increases,ation phenomena, though there is still a discrepancy between
the dielectric relaxation time decreases because of the in- the theoretical curve and the experimental result at the mo-

crease in the attractive molecule-surface interaction. lecular area close t&=A,, which may be due to the igno-
From the definition ofy, we may also rewrite the dielec- rance of the size effect of the constituent molecules at the
tric relaxation in another form, molecular area close #, in our model[12] and due to the
ignorance of the dependence Arof g. The modification of
&' 1—codp the present model is required, and this is our future task.
™= kT 2+ cod,’ (21) Nevertheless, the generalized relaxation time given by Eq.

(12) is still correct, and it will be helpful for a profound
with an apparent viscosity constaéit=g¢. As g<1, the understanding of the dielectric relaxation phenomena in
monolayer becomes less viscous as a result of the moleculeaonolayers on a material surface, as well as the frictional

molecule interaction and the effect of surface. property of monolayers on a material surfd2el3).
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