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Dielectric behavior of organic monolayers due to orientational phase transition
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Conventionally, there is only one treatment, i.e., the relaxation-time treatment, for thermally stimulated
problems. An alternative thermodynamics approach is examined for its feasibility in calculating the thermally
stimulated order parameter, dielectric constant, and cu(fS) of monolayers on a material surface. It was
found that the two different phases are attributed to the effect of two different kinds of molecular interactions.
The theoretical results also demonstrate the phase-transition feature of the experimental TSC and dielectric
constanteg at a critical temperaturé . [S0163-182606)00435-3

I. INTRODUCTION II. ANALYSES

. Monolayer and multilayer films exhibit various phages,

. Over the past se_veral decades, many experimental teCg’nd it is expected that thermally stimulated current depends
niques and theoretical methods have been developed for 8 o phases. For simplicity, we discuss the TSC generated
more profound understanding of the properties of variousy monolayers sketched as the model shown in Fig. 1. In the
kinds of monolayers and multilayefsOne the one hand, figyre, one monolayer with thicknesss deposited on elec-
thermally stimulated currenfTSC) measurement has been yqqe 2, and it consists of rodlike polar molecules with a
used for studying the dielectric depolarization phenomena 8Sermanent dipole moment in the direction along the long
well as the disordering degree of constituent polar moleculegyis of the molecule. The constituent molecules with a length
in- multilayer  film syster_n§, in which the Maxwell- 5 46 orientationally distributed with a tilt angiaway from
displacement current flowing across multilayer films sandtne normal direction to the surface of metal electrode. The
wiched between metal electrodes is recorded during heating,qjecules are assumed to align in the range?€ 6, due to
and various peaks appearing at characteristic temperaturg§ects of hard-core intermolecular forces, whem,

are attributed to relevant discharge mechanisms relating to arcsin(/A/Ac). The surface density of the constituent
the orientational change in polar molecules, detrapplng Ofholecules is given by=1/A, whereA is the area occupied
electron charges, etc. On the other hand, on the basis o, molecule A; is the critical area occupied by a single

Debye philosophy, Tanguy and Hesto studied the polarizas,eqyle and defined asa?. Electrode 1 is suspended in air,
tion effects associated with initial heating of orthphenanthro—and connected to electrode 2 through an ammeter. The ver-
lin multilayers® Jones et al. investigated the thermally tical component of the effective mean dipole mom@n} of

stlmula}ted discharge of alternate-layer_ LangnBlodgett the constituent molecule can be expressédl as
(LB) film structures' and Jonscher discussed thermally

stimulated depolarization currefifSD) on multilayers on
the basis of the so-called “universal law,” and developed a (my= uS+ a(E;). (1)
theoretical approach to TSDThere is unfortunately a draw-

back in TSD theory Wh'Ch. is based on cl_asswal mefan'f'elchere S is the orientational order parameter of monolayers
th_e_ory with a relaxation-time treatment in exp_lamlng thedefined asS=(cos6), where() denotes a thermodynamics
critical phenomena of monolayer and multilayer films. I\/lore'average, and is the electron polarizability of the constituent

ovcra‘r,rr:t :f‘tvi?]ry d|r1;fi|cullt rtoino?rt]aln_rgegrcr)r:juc:|b|:|t)r/n|nntthefmear-1 molecules(E;) is the mean depolarization electric field ap-
surement, In particuia € easurement of a 0 ef)lied to the constituent molecule in a direction perpendicular
layer film, principally due to the destruction of the film by

D . to the monolayer surface from electrode 2 to air and is given
the application of the top electrofidn one of our previous Y 9

papers, we developed a displacement current measuring syst-’y

tem equipped with a thermal stimulation system, and inves-

tigated TSC across arachdic acid monolayers due to the dis- o1
ordering of multilayers using a metal/monolayer/air-gap/ q, Electrode
metal structure. It is necessary to try the thermodynamics //////////////////////////N{ééé/lg/é{ﬂ/ZF/{lm
approach rather than TSD to explain the modern critical phe- Y _

\E
nomena which happen in almost every TSC experiment. In % - ?’:’-T/I/ﬂﬁ\/-_?ﬁ—'-/\’{_-—f
ZY\\// \i&//LTY‘/}‘?. \\// \/ K/

this paper, under the framework of classical mean-field
theory, we will calculate TSC with a thermodynamics ap-
proach on the basis of analyses developed in our previous |

paper$® and then discuss the TSC of phospholipid mono-

layers due to the disordering of polar orientation of mol- FIG. 1. Sketch of the model for a molecule monolayer at an
ecules. air-liquid interface.

Electrode 2
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gn{m) Here k is the Boltzmann constant ard the absolute tem-
(Ej)= : (2)  peratureW(0) is the effective self-consistent field due to the
interaction of molecules. In a zero fiel8,becomes

wheree¢, is the relative dielectric constant of a vacuum and

g(<0) is the interaction constant working on the constituent _1+codi,
molecules, and can be calculated depending on the arrange- - 2 '
ment of the constituent molecul&sThe chargeQ, is in- . . . . )
duced on electrode 1 due to the orientational distribution of/nder the mean-field approximation, constituent rodlike
the constituent polar molecules. Assuming that monolayer§'olecules freely rotate in the range of tilt anglet@<0,

are heated at a constant heating rate Maxwell displace- under some mean local electric field, and the interaction en-

ment current is generated by the change of the induce@'dY can be written as the forW=Wocosé. Substituting
chargte:g this into Eq.(8), we obtain

(10

t_ tcosy 1
pnB d _€ coYe 1
|=—dQ,/dt=—3= 7= (m), 3) S= gt O (13)

where B is the working area of electrode 1 amtlis the =~ Wheret=—Wy/kT. Sis a function which increases monoto-

distance between electrodes 1 and 2. Using Eigs{(3), we  hously witht. In the limitt is infinity (t—) S approaches 1,

obtain(m) and current as follows: whereas it approach&=cosé, in the limit t— —o. Substi-
tuting the equation above into E(), we obtain the general

uS TSC of W, cos #-form interaction:
(=" (4)
* nBu [ (1—cosf,)?e®da~D 1] dt
and =8 de. | (1-e(®%a1)2 +t_2 aT (12)
= nBu d_S ©) We are going to use Eq$6), (11), and(12) to discuss the
=B de, dT’ TSC mechanism.

with €,=1—agnl . As described in our previous papers, -
the dielectric constands of the monolayers s A In the liquid phase

In the region wherm>T, the intermolecule interaction,
€Sy ©6) which is the main contributor in the highly oriented phase

T (T<T¢), is negligible in the fluid phase compared to the

. . . .. .._other interactions. Thus under a mean-field approximation
whereS; is the order parameter in the zero field. Subsututmgthe interaction energy can be obtained:
Eq. (6) into Eq. (5), we obtain the current: '

nB d 1 W(6)=— u(E;)coss. (13

=8 a9 Mo aT e’ (7)  Itis instructive here to discuss the caseltpr<1, in whichS

is written approximately as
We will calculateS, g, andl as functions of temperatuie
on the basis of the equations above. It is interesting to note t(1—cosy)?
here that current in Y-type multilayer films with odd num- S=S+ 12 - (1_ T)' (14)
bers of layers is given by the same E(®.and(7), because
the permanent dipole moment is canceled out due to th@ith A=—gnu?®(1-cosfa)’/12Kle[1— a(u/€gl)g]. On
alternating deposition of monolayers with opposite directionghe other hand, the average dipolemomgn} is given ap-
layer by layer in the LangniuBlodgett technique, and only Proximately by
the contribution of one layer remains as the induced charge s,
on electrode 1. (m)= "ZS (15)

lil. CALCULATION using Egs(4) and(6). Hereeg is the relative dielectric con-

Because of the axial symmetry, the molecules are consicstant of the monolayer written as
ered to be restricted within the range<8<6, under the

mean-_field approximation, and the orientational order param- es=e,| 1+ ﬁ ' (16)
eterS is expressed as T
o e~ W(OIKT Therefore, substituting Eq$15) and (16) into Egs.(3) and
Szf coy — sin 6 d6, (8)  (5), the TSC current is obtained:
0
— -2
whereZ is the partition function: I=K(T+A) "% (17
with K= B8AuSynB/de,,. We plottedS, ¢, and| by solid
‘9A . . . . . .
7= f e~ WO/KTsingd 6. (9) lines as a function of in Fig. 2. As we can see in the figure,
0 in the regionT>T. the order paramete® gradually in-



54 DIELECTRIC BEHAVIOR OF ORGANIC MONOLAYERS . . . 8193

interaction between molecules and the interface, and in the

@1 (;1) ] liquid-crystalline phase, molecules are highly oriented, and
2 0.8k A=0.9<Ep#0— ] interaction among molecules is the dominant factor and
Et A=1,<Ep=0 -~ ] should be considered. In the regid< T, for one mol-
g | Sy ecule, because of the system’s space-inversion symmetry, we
5060 e ] postulate the interaction as a mean field effect, and the
8 i ] Keesom-form interaction is temperature dependent:
0.4t | A LT
-100 0 T,1000 200 300 Tc
Temperature T(C) W(6,T)= _Vo<?_ A) cosf— u(Ejjcos. (18
€ o | ' 'A=0|.9,<Ei>¥o — (b HereV, is the magnitude of the interactiof, the transition
2 } A=1,<Ep=0 - order, and(E;) the mean field which is expressible &
8 ‘§ 2r } ] (f=gnu/leye.<0) according to Eqs2) and(4). Thust is
€ g T ]
i ] V(T)+u(E) Vo [T ni
3 & ] =R O C A 1
2 ] E t KT kTTAVOS' (19
1 0 ] ] 1 I I ) 1 L]
0 TcT 200 t409|_ . 600 In case|Vo|>kT>|uf|, i.e., the mean-field effect is neg-
emperature T(C) ligible, considering Eq(19) and Eqs(6), (11), and(12), and
— . . we obtainS, e5 and the TSC of regiof <T¢:
2 or :L """""""""""""" © | 1— coshpe(0Fa~ (Vo /KTI(Te/T)~A] 1
p [ | Ac0.9 <Epr0 — | T T 19 DRI AT o [ Te ,
8’_0002__ i A:1,<Ei>=0 """ ] k_-r (?_A>
2 ] LA 1 (20
-0.004f Sl L .S,
-100 0 T.00 200 300 es= % (21)

Temperature T(°C) S

_ 24V /KT)[(Te /T)—A](cosfp—1)
FIG. 2. Theoretical simulation. Dotted lines, witA—1, _ nBu _(1 Coshp) et c A

c0s6,=0.2, Tc=330 K, andV,=20kTc for (E;}=0. Thin lines, P ge. (1—eVo/KDI(Tc/T)=Al(cosia—1))2
with A=0.9, cosf,=0.2, Tc=330 K, andVy=20k T for (E;)#0.
(@ Thermally stimulated order paramet& (b) Temperature-

dependent dielectric constaat(c) TSC. 1 2VoTe AV,
) Vo [T kKT kT
creases and approach& as the temperature increases, Tl T

whereas the dielectric constaai—e,, decreases. Currert
flows in the positive direction—that is, in the direction from It is easy to estimate that, at room temperature, the relation
electrode 1 to electrode 2 through an ammésee Fig. 1— |uf|<kT is satisfied for the real monolayer film systems,
and gradually decreases. It is instructive here to note that a.g.,L-a-dimyristoyl, phosphatidylcholineDMPC) films, as

linear relationship betweels—e, and 1T represents the will be discussed in Sec. V A. Equatiof20), (21), and(22)
characteristics of normal dielectric materiflszurther, it is  are depicted in Fig. 2. As we can see in the figiBede-
interesting to calculat8, es, andl in the cas€E;), whichis  creases as the temperature increases, possibly because the
reliable when electrode 1 is in contact with monolayers onintermolecular attractive interaction effect is weakened as the
electrode 22 The results are plotted by dotted lines in Fig. 2. temperature increases, whereasincreases and currert

As we can see in the figur&=S; and1=0 in the region flows in the negative direction as the temperature increases.
T>T¢. Judging from Fig. 2, we may conclude that the in- It is obvious from Fig. 2 that the transition temperature is
ternal electric field E;) works to suppress the polar orienta- easily determined from the Maxwell-displacement current
tional ordering; that is, the field works to decreaSe (MDC) measurement, because the direction of current
whereas the increase in temperature tends to overcome tlhianges at the transition temperatilie.

suppression. While in case|V|<|uf|<kT, t=t’'+ (uf/kT)S. Under
a simple approximation, Eq11) leads to
B. In the liquid-crystalline phase Sit') JS uf
In the liquid-crystalline phase wheh<T., interdipole S= Tﬂf=5(t')+ W) () gy (23
attractive forces such as the Keesom interaction, which is —<—,> —
inversely proportional to temperaturel, and other o'} KT

temperature-independent interactions are working among thghereS(t’) is expressed as E¢l1), and
constituent molecule$. As a result, in such a case of the

so-called liquid phase, when the temperature is relatively t,:ﬁ (E_
high, interaction among molecules is small compared with kT\ T
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e . about 0.65-0.80 D, and the length of the DMPC molecuale
+ @) is 9.44 A. Further, as we described in Sec. IV, the molecular
L T . densityn (1/A) is estimated to be 1610 m~2. Thus the
- O'_ ] value of uf/kT is estimated to be about %40 * for g=1,
s | €.=1.2, andT=300 K. Therefore we may conclude that the
3 r . relation |uf|<kT<V, is satisfied in our experimental re-
_20’_ ] sults. As we can see from the calculation results plotted in
Figs. 2a) and 4c), TSC becomes smaller 4E;) decreases.
In our experimentuf is very small in comparison witk T
in the temperature range>T. . As a result, our experimen-
T 210 tal TSC is very small in the range>T. [see Fig. 83)], as
=) we expected. We are still not clear about the magnitigle
& 200 although the theoretical calculation leads to a small cusp at a
Z temperature lower thad., which becomes obscure and
E shifts to a lower temperature a4 decreases. A consider-
Q 190 . . . .
< ation of t_he relaxation e_f_fect_ is reqwred_for a profound un-
P — N derstanding of the transition in the experimental TSC curves.
180——"20 420 60 80 100 As for the capacitance, the total capacitaficis express-
TEMPERATURE T [<] ible as
i _ o 1 1 1
FIG. 3. (a) Experimental TSC of DMPQY -5, 8=0.02 °C/s. =4 (24)
(b) Temperature-dependent capacitafi¢e-3, 3=0.02 °C/3. C G GCsg

yvhere C, is the capacitance of the the native aluminium
oxide layer formed on the electrodes, a@d is the capaci-
tance of the film. Thus from Eq21) and the expression
above, we can easily obtain the same capacitance appearance
IV. EXPERIMENT as in Fig. 3, because the capacitance of the native aluminium

The experimental system was the same as in our previmgxidelayer_s is independent of the temperature in the range
study’ The TSC of a five-layet.-a-dimyristoyl, phosphati- €mployed in the TSC measuremet.
dylcholine(DMPC) film was measured at a heating r@®f
0.2 °Cl/s, and plotted in Fig.(8). Here the film was prepared B. Thermodynamics approach to monolayers

with the conventional vertical dipping method in the LBy haye described an alternative model which we expect
technique at a surface pressure of 30 mN/m by raising angii he more appropriate for explaining TSC phenomena.
dipping the substrate through an.air—water int_erface. The morpa experimental TSC shows a sudden direction change at
lecular areag = 1/n) of the deposited DMPC film was about e ransition point, which could be employed to determine
63 A% It is found that the direction of current changes yq critical transition temperatur@.. The conventional
abruptly at a temperature of 60 °C, corresponding to the raryy 3y ation-time treatment, which is based on nonequilibrium
sition temperaturé® and that this directional change in cur- thermostatistics, has been studied for a couple of decades;
rent reproducibly appears during heating by cyclic heatingnowever there 7are still some difficulties in revealing the ,
and cooling. In orQer to examine the dielectric behayior Ofphase-transition phenomena of monolayers. The present
DMPC, the capacitance of three-layer DMPC multilayersy,, | reveals that, as temperature increases, the monolayer
sandwiched between aluminium metal electrodes was megy heriences an ordering liquid-crystalline state and a disor-
sured by increasing the temperature as a function Of fredering liquid state. The intermolecular interactions, which
quency. The results were plotted in FighB The capaci- re temperature dependent, dominate the TSC generation in
tance climbes up to a maximum at 60 °C and then decreasgge liquid-crystalline stateA is an index representing the

oy 4
after the transitiort order of phase transition, i.e.,

The dielectric constant and Maxwell-displacement curren
can also be obtained by Eg$) and (7).

V. DISCUSSION 0<A<1 first-order transition
A. Phase transition A=1 second-order transition.

The theoretical thermally stimulated current expressed byriteria for a higher-order phase transition require a further
Egs.(17) and(22) and plotted in Fig. &) appears to have a comparison between the intermolecule and molecule-
shape similar to the experimental result shown in Figy,3 interface interactions, and a consideration of the contribution
where the direction of current changes at a transition temef the mean internal electric field. Because a determination
perature of 60 °C. This result suggests that the mean-fieldf transition order needs a further experiment, we /s&tl
effect is negligibly small, and the relatiguf|<kT<V, is  andA=1 in the simulation with and without consideration of
satisfied in the temperature range between 0 and 60 °@ternal electric field, respectively, to explain the experimen-
(=Te). In order to clarify this suggestion, here we calculatetal appearance of the capacitance and TSC. The simulation
the value ofu f/kT. From the results of a MDC measurement of TSC reveals that the first-order simulation is closer to the
of DMPC!® we may assume that the dipole momenis  experimental TSC than the second-order one.
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VI. CONCLUSION due to the sudden change of orientational ordering, though a
cusp at a temperature lower thdp in Fig. 2(c) appeared

A model concerning phase transition due to molecular di th tude of the K interacy
orientational disordering in monolayers was established wit epending on the magnitude of the “eesom Interacvgn
he phase transition of DMPC is close to a first-order one.

a thermodynamical approach. The thermally stimulated cur-

rent, dielectric constant, and orientational order parametef"€ change of dielectric constant can also be discussed by

were calculated, and experimental results on DMPC wer&Uch a model, so long as the orientational order parameter is
discussed based on the model presented here. Monolaye?gtained. By going to a further consideration of the relax-
under thermal stimulation experience a phase transition frortion effect, though complicated, a smoother TSC curve can
the liquid-crystalline phase to a liquid phase. The estimatioPe expected. Finally it should be noted that the model dis-
that the mean-field effect is negligible in the liquid- cussed above relies upon the assumption that molecules are
crystalline phase shows that two different kinds of interac-quick enough to respond as temperature increases. Its chief
tions dominate the two phases, respectively. An abrupadvantage lies in that it can explain the TSC phenomena
change of MDC direction occurred at the critical temperaturawithout calculating the complicated relaxation tirfe.
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