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Modeling analysis of molecular chiral effect detected
by Maxwell-displacement-current measurements

Wei Zhao, Chen-Xu Wu, and Mitsumasa Iwamoto®
Department of Physical Electronics, Tokyo Institute of Technology, 2-12-1 O-okayama,
Meguro-ku, Tokyo 152-8552, Japan

Ou-Yang Zhong-can
Institute of Theoretical Physics, Academia Sinica, P.O. Box 2735, Beijing 100080, China

(Received 12 January 1999; accepted 1 April 1999

Based on Maxwell displacement currédMDC) and surface pressure measurements by monolayer
compression, the physicochemical properties of chiral and racemic phospholipid
[a-phosphatidylcholine dipalmitoyl(DPPQ] monolayers at the air—water interface were
investigated. It was found that at a temperature of 20°C, the chiral and racemic phospholipid
monolayers exhibited similar pressure-area isotherms with a pressure plateau between 65%nd 85 A
usually attributed to the two-dimension&D) phase transition from expanded monolayer to
condensed one. Nevertheless, with MDC measurement some critical peaks in the 2D pressure
plateau region with different amplitude and sign were detected related to the chirality of the
phospholipid samples. This result clearly demonstrates that microscopic chirality affects the
electrical properties of monolayers. To investigate the chiral effect theoretically, a
twist-conformation molecular model was raised by a modification of the simple rodlike model and
biaxial rodlike model, which were developed in our previous work. The analysis based on this
modified model reveals that the monolayer properties, especially the MDC behavior by
compression, are profoundly influenced by the chirality of molecules1989 American Institute

of Physics[S0021-960809)70724-3

I. INTRODUCTION nique, which are effective to study monolayers at the air—
Organic monolayers at the air—water interfaces comwater interface or transferred to the air—solid interface, have
posed of amphiphiles are quasi-2D systems with much inteloeen established. Nevertheless, most of them are more ap-
est owing to their abundant phenomena including their phaseropriate for the investigation of the static than for the dy-
diversity, their close similarity to biological membrane, and namic properties of monolayers. On the other hand, some of
the possibility of using them to explore the physicochemicathese methods, because of inherence, have to perform a
properties of membrane structufesThe possible applica- transfer from air-liquid interface to air—solid interface and
tion in molecular electronics, biosensors, and so on is a critieven a Langmuir—Blodgett technique to pile up the mono-
cal promotion of the study of monolayers and makes it dayers into multilayers. Although these transfer and piling are
rather urgent study subject. The investigation about monowith rather importance and are helpful to the study of mono-
layers can be traced back to Langmuir, who constructed theayer properties, the investigations based on these techniques
well-known apparatug.angmuir trough to measure the 2D are worth being suspected owing to the possibility of the
pressure of the air-water interfacial monolayeand  destruction of the monolayers. The surface pressure measure-
Blodgett, who developed the technique to pile up monolayergnent method, which is appropriate for studying the organi-
into tens and even hundreds of layers, which in some aspecigtion properties of monolayers directly at the air—water in-
has great convenience for researching monolay/ékiter  terface, and has performed a very important role in the
that much progress has been made, both in the recognition @fstory of monolayer investigation, under the present point of
the physicochemical properties of monolayers and the megjjgyy, may not be enough. So, it is urgent to construct a
surement implements, techniques, and methodologies. Fofethod which is applicable to the investigation of organiza-
the former aspect, many phases of monolayers have begf, nroperties of monolayers and the direct measurement at
found; the corresponding phase transitions and related bere air_water interface. In recent years we have been explor-
haviors have been investigated extensively, both experlmer?ﬁg the MDC measurement technique which is suitable for

tglly and theoretically:?> For the latter, several methodolo the aforementioned requeStsVith this technique we have
gies, such as x-ray and neutron reflectometry, secon

harmonic generation method, fluorescence microscopy,
surface potential tech-

erformed many studies about the monolayers at the air—
ar\ﬁater interfaces. We found the MDC technique rather help-
ful for the investigation of monolayer properties.

dAuthor to whom correspondence should be addressed. Electronic mail: _Ar_‘Oth_er essential pOi_nt in the p_resent work _is Chiral_ity-
iwamoto@pe.titech.ac.jp Chirality is a concept with rather importance in physics,
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chemistry, biology, and geolody. An astonishing phenom- ") o

. . L f 1 R = (CHz2)aCH,
enon is the biomolecular homochirality of all lives on the X |8‘0\ !
earth, which means that all amino acids, which are the el- *—o—'ﬁ'@aj

ementary unit of proteins in organisms, are levorotafory. B:C;_Oﬁg_{! 4_!_9 CH
i irali ivinga i i - LICH 70 —p-0 —C.Hry*=CH
This homochirality has been giving rise to extensive conse glyceryl {:__z_T o s

guences in pharmacology, medicine, physiology, and even ~—  —oooooTTTTTTTTTo

ecology. In geology, many minerals have two chiral states, |Z 7

such as quartz, but more frequent situation is a kind of min- X u Y=f~u

eral with molecular chirality but macroscopic achirality, i.e., Y X

the racemic stattBecause of these, chirality has long been D-DPPC L-bPPC

an important concept in chemistry and physics. Some sub-

jects, such as chiral phase separatioR9, chiral symmetry Shield ?ﬁr
breaking(CSB), are with more and more significance. His- I\ ﬂ -
torically, the first time when chirality was related to chemis- Plectrode 1= J

try may be the manual resolution of the crystals of sodium

ammonium tartarate tetrahydrate by Pasfelihe develop- LNV WV |/
ment of organic chemistry and stereochemistry more empha- il

sized the significance of chirality. The macroscopic effect Barrier Electrode 2
and microscopic origin of the chirality are topics of chemical

physics. In the former aspect, a great amount of work hasIG. 1. Schematic diagram for DPPC moleciigpe) and experimental
been done about cholesteric liquid crysté@hLC), chiral ~ Setup(below.

biomembranes, and so on. Whereas in the latter aspect, al-

though some molecular models have been established, Oyfapiem in which the molecular handedness is involved. In

knowledge may be far from enough. Reference 10 is a worlg recent papef® we modified the achiral rodlike model

about this topic. Although the thought is beautiful and thejnq chiral twist one briefly. Here we discuss the result of this
result is undoubtedly important, further investigation and th&gyised model further and in greater detail. It is revealed for
extension of this model may not be easy. the first time through a lengthy calculation and computation

The combination of the above two points leads to thehat poth the orientational order parameter and the MDC
concept of chiral monolayers. Air—water interfacial mono- . rrent are related to the chirality of the component mol-

layers are easily accessible and show several phases duriggyjes, Although this model is rather conceptive, these re-
compression. Therefore, the study of the effects of moleculag s strongly indicate that macroscopic handedness is pro-

chirality on the monolayer phase behavior may have imporfoyndly influenced by microscopic, especially molecular,
tant meaning to reveal the biological and chemical conseghjrality.

guences of the molecular handedness. This is the starting
point of our present work, in which the piezoelectric behav- exPERIMENT
iors and the 2D pressure-arear{ A) isotherms of phos-
phatidylcholine dipalmitiykDPPQ monolayers composed o
dextro{D-), levo{L-) rotatory molecules as well as the race-  Besides the detailed molecular form of D-DPPC, Fig. 1
mic molecular compoundDL-DPPQ have been measured. shows the schematic of our experimental setup used in the
DPPC is one of phospholipid$CL) which are among the present investigatioh’'* The principal part is a Langmuir
main amphiphiles of biomembranes. Each DPPC moleculérough in rectangular shape with dimensions 15«8 cm.
contains one phosphatidylcholif@olar hydrophilig head A Wilhelmy-type film balance system is connected to it to
group and two long alkyl chains, each with a carbotiyl-  measure the 2D pressure. Two electrodes 1 and 2 parallel to
drophobi¢ group connected by a glyceryl. The middle car-the water surface are connected with each other through a
bon atom of the glyceryl is a chiral center owing to the foursensitive ammeter, with electrode 1 suspended in the air
groups connected to it being different with every each otherabove the water surface and electrode 2 immersed in the
Figure 1 shows the schematic of the D-DPPC mole¢ide  water subphase. The effective working area of electrode 1 is
L-DPPC it is just the mirror image of D-DPRQOur experi-  45.6 cnf and the spacing between electrode 1 and water
ment shows that for DPPC monolayers of the two pure enarsurface(d) is manually adjusted to 1.15 mm. The water sub-
tiomers, and the racemic molecular compoybd-DPPQ, phase(pH 6) is kept at a constant temperature of 20
although ther— A isotherms are similar to each other, the £0.2°C. The monolayers of D-, L-, and DL-DPPC are
MDC behaviors of them are critically different depending onformed on the water surface by spreading their dilute chlo-
the molecular chirality. roform solutions onto the water surface of the Langmuir
From the theoretical point of view, in a series of forego-trough using a microcyringe. The three samples used in the
ing works we established a rodlike molecular model withexperiment were purchased from SIGMA, and they were
uniaxial or biaxial symmetry to microscopically describe theused as received without further purification. The monolay-
piezoelectric properties of monolay&rsand compression- ers of DPPC formed on the water surface were compressed
induced orientational transition of monolay@ryet the pre-  with two floating barriers at a constant barrier velocity of 40
vious model which is achiral is not enough for the presentmm/min, i.e., the monolayers were compressed at a constant

¢ A. Experimental setup
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Contrarily, the MDC profiles iPA>90 A? region are some-
what unstable and the reappearance is not so good. In Fig. 2
the MDC of L- and D-DPPC appear different in this region,
although the symmetry of chirality determines that both
enantiomers be identical. Here we point out that the differ-
ence is only an appearance of this instability. The cause of
the instability is still not clear and now in further experimen-
tal investigation. From the viewpoint of molecular level, the

Current (fA)

520 — DL three examples of the DPPC monolayers differ from each
% N 1 other only in their chirality: DL-DPPC molecule is racemic,
<10 whereas L-DPPC and D-DPPC both are chiral with different

§ 2 3 ' optical activity. Therefore, the mentioned anomalous MDC

T8 : i peak should reveal some molecular conformation properties
M ; . . [ : 7 relating to the molecular chirality. In other words, this
60 70 80 90 100 110 120 anomalous MDC generation may be of significant help to

Area per Molecule (Az) understand the chiral discrimination from molecular confor-
mation level. Here we present a theory to describe the chiral-

FIG. 2. Maxwell displacement currentabove measured in DPPC mono- ity dependence of the MDC peak _Of a monolayer, and dis-
layers composed of pure L-DPPC, D-DPPC, and DL-DPPC, respectively. CUSS the anomalous MDC generation.

I1l. ANALYSIS
speed of 0.081 As. The MDC-molecular are@MDC-A)

curves andr— A isotherms were simultaneously measured o o _
during the mono|ayer Compression_ The uniaxial and biaxial rodlike molecular model both

are used in our previous wotk.The molecule of uniaxial
model is represented by a rod wi@, symmetry and a di-
pole coincided with the long axis of the rod. Yet in the bi-
Figure 2 shows the typical experimental results of theaxial model the molecular dipole is attached to the rod with
measurement for the three samples: Pure L-DPPC, D-DPPG@, finite cross anglé. So the biaxial molecule is witk,
and DL-DPPC monolayers, respectively. As shown in Fig. 2symmetry. The previous models were used to analyze the
the m— A isotherms of the three samples are almost the sampiezoelectric properties of usual monolayers, the normal-
function of molecular area\ containing nearly the same tilted orientational phase transition and several other
pressure plateau in the range of 65—850hmolecular area. topics!'*2 However, they are not enough for analysis of the
The plateau was usually referred to 2D phase transition represent problem: The MDC behavior of chiral monolayers. It
gion from the expanded monolayers to condensed one. lis easy to see that the previous models are both nonchiral
Ref. 15, with the help of the x-ray diffraction, the 2D posi- because of the existence of the mirror plane symmetry: For
tional transition was also argued to associate with the mothe uniaxial model, any plane including the molecular long
lecular conformation change from bent chain state to straighéxis is its symmetry mirror; for the biaxial model, the plane
chain state. In our recent wotR*the plateau region is in- including the molecular long axis and the dipole direction is
terpreted to involve the phase transition of molecular orienits symmetry mirror too. Our experiment irrefutably shows
tation from isotropic to polar orientation. From the presentthat the chirality of the consistent molecules affects the MDC
77— A measurement, it seems that the mentioned phase trabehavior and the dielectric properties of monolayers, at least
sitions are obviously independent of the chirality of the mol-in the range involving the anomalous MDC generation, as
ecules composed in the monolayers. However, the result athown in Fig. 2. Therefore, we may expect that the chiral
MDC measurement shown in Fig.(Bppe) reveals that al- symmetry of monolayers can be described by the modifica-
though the main shapes of the MDC viewed as a function ofion of the previous models. We have advanced a new model
the molecular areaA are roughly similar for the four with no mirror plane symmetry and simply performed its
samples, there exist some essential differences betweetirect results in our recent work.Now we devote to further
them: The most striking characteristic is the generation oflemonstrating the consequences of this model.
MDC peak that appears in the beginning of the pressure pla- The basic geometry used in the present theory is shown
teau, A=85A2, with different amplitude and sign for the in Fig. 3. It remains to be one dipole model. Nevertheless,
chiral and racemic examples. The MDC curve of purethe dipoleP is not located on the molecular long axis but on
D-DPPC is similar to that of L-DPPC, with a downward a cylindrical surface. The cylinder may only be a virtual
peak at the beginning of the pressure plateau, whereas tlexistence just for the easy understanding of the present
racemic compound DL-DPPC has an upward peak in itsnodel, but for some cases it can also have some factual
MDC at the same molecular area. Although the amplitudecounterpart, for example, the molecule 12HOA described in
may look minor as contrasted with the large MDC strengthRef. 15. In the present model the cylinder can be regarded as
in A>90A? region, the very good reappearance of thesehe trans-alkane chain of 12HOA and the dipole expresses
anomalous peaks strongly emphasized their significancehat of the hydroxyl group.

A. Development of the model

B. Results
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=(X,,Y.,2,) and the laboratory one=(x,y,z) with Euler
angles(a,,y) defined as the convention in Ref. 17. Then we
have, in the molecular frame

z/z=(sinB sinvy,sinB cosy,cosp). (3)
From Egs.(1)—(3), we obtain

cosf, =(z/z)- (PIP)=sin6p sinB sin(y+ ¢p)

-y +cos6p cosgB,

rocosé’ =rqy-(z/z)=asinB siny+h cosp. (4)

We reasonably assume that the angular position of the mol-
ecules obeys Boltzmann’s law, and write the molecular dis-

FIG. 3. Sketch of rodlike molecular model for PCL monolayers at the air—mbunon function as

water interface. The cylinder represents the molecular long axis and the side

dipole flanking the cylinder with polar anglé, and twist anglegp . The exd —W(B,y)/KT]

latter serves to describe the chirality of the moleculgs=0 and = for f(B,y)= 7 ) ©)
racemic, otherwise for chiral.

where W is the interaction working on a monolayer mol-
Described in the molecular frame, the dipole position is€cule, andZ is the single-particle partition function given by

2 N

ro=(Xu Y. ,2,)=(a,0h), (1) Z:fo dyfo exd —W(B,v)/kT]sinBdg. (6)
wherez,, is along the molecular long axis. Besides an angleHerek is the Boltzmann constant aridis the temperature.
0p (0= 6p=m) away fromz,, it is assumed that dipole is We have defined the orientational order parameter for
not in the plane ofy,=0, but with a tilted anglepy, to it  the previous uniaxial and biaxial modél.Concerning the
(0= ¢=<2m), i.e., in the molecular frame electrical properties of the monolayer, similarly we define

the polar orientational order parameter as
P/P=(sin6p cos¢p,Sinfp sin¢p ,cosbp). (2
1 (2= N

It is easy to check thapp#0 represents the chirality and S=(c0sf)=> JO d)’JO cos6 exd —W/kT]sinBdp.
¢p=0 and 7 mean nonchiral states with biaxiality @
ordering®®

Other geometry of the monolayer composed of the dipo1t means the average dipole direction of the molecules. The

Fig. 3: The average orientation of the molecular long axis is

upright to the water surface and referred to #direction of ) )
the laboratory frame(Although several phases including tilt B- Interactions working on monolayer molecules

direction state are possibten this work we will only con- Besides the hardcore repulsive force, there are also two
sider the simplest and the most common one: The uniaxiglinds of interactions working on the molecules. One is the
phase with the average dipole orientation normal to thettractive Coulomb force working with the image of the mo-

monolayer plane. This is similar to tH8 phase in liquid |ecular dipole in the bulk water, given by Ref. 18
crystalst® Here we also name it as, phase. It is then

obvious that the molecular orientation is confined in the

range of G<B<6,=arcsinyA/A, (see Fig. 3 due to the W(B,7)=—P?

effect of hardcore intermolecular repulsive force working

among molecules, wherg I the angle betweem and the  \ynere ¢, and ¢, are the relative dielectric constants of

molecular long axisfo =l is the critical molecular ared,  monolayer and the water, respectivety,is the permittivity

is the partial length of the molecules along their long axisyf free space, and=r,cosé' is the distance of the dipole

above the water surface, adis the mean molecular area. 4pgve the water surface withy= |ro| = JaZ+h2.

The angley in Fig. 3 is the azimuth of the molecular long The other interaction is that working on the considered

axis. _ o molecule by all the other molecules of the monolayer. The
We express the angle of the dipole direction fre@B6.  igin of this intermolecular interaction is the dipole—dipole

and the angle betweenand the position vector of the dipole g jactrostatic Coulomb forcéFig. 4) with the formt®
ro as#’, respectively. To describe the apparent relations of

both . and ¢’ with the geometry given in Fig. 3, we intro- W e P?[2 cos6; cosh,—sin 0 sin 6, cose] ©
duce the relationship between the molecular framge 1.2 ’

1+cos 6,
32men(rocosh’)®’

€w €m

®

€EwT €m

47T€0r3
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these two reasons we omit the parallel component of the total
molecular dipole and only consider the normal one. Conse-
quently, all the molecules except the original one produce a
total field at the origin

2¢, P ,(cosb,), z

eyt1 477602 ri3 z (14

2 E=-

The effective field working on the original dipole is the ther-
modynamical average &, E;

FIG. 4. Schematic of the intermolecular dipole—dipole interactigppe) E= E /Ei =—g Pa*3/28, (15)
and mean-field approadiower). i

whereSis the order parameter defined befaaes A/A,, and
g is a parameter defined for convenience,

wherer is the distance between them along their positional
connecting lind; 6, and 6, are their tilted angles with re- _ 26w Lam /i
spect tol, respectively;¢ is the difference between the azi- eyt14meg i ri?"
muthal angles oP; andP,.
The total interaction working on a consistent molecule islt is @ constant in the compression process if there is no
the sum ofwW, andW, positional order phase transition. Thus the intermolecular ac-
tion W, in Eqg. (10) is simplified to a mean field potential
W=W;+W,, (10

where W,=3=/W,; with i=1 representing the considered ~ We(B,7)=—P-E=g P?a~¥%Scos6, . (16)
molecule at the origin. The sud; includes all the real and
image dipoles of the monolayer molecules except the one
the origin.

e'll,;he question is obviously a self-consistent one since the ori-
entational order parameter or the molecular distribution is

involved in the energy of a molecule.
C. Mean electrical field of S% monolayer

A complete and detailed consideration of the intermo-
lecular dipole—dipole interaction would lead to rather com-|\v, CALCULATION OF THE ORIENTATIONAL ORDER
plication, so some simplification may be necessary. In the ARAMETERS
present work, we use a mean-field approach to deal with

these intermolecular interactiofsee Fig. 4. A simultaneous consideration of enerdy, and Wy
As mentioned above, any constituent molecule has a diwould lead the question to a very difficult situation because

pole of the complication of the total enerd. So by following
Ref. 19, we only consider two limit cases at the present

P=P,+P,, (11 work: (1) for |W¢[>[W|, and (2) for [Ws|<|We|. The

former case occurs as the molecular afes close to the

whereP; and P, are components parallel and normal to thecritical areaAo, whereas the latter one takes place only if the
monolayer plane, respectively. Each molecular digeles  area per molecule is much smaller than the critical #ga

accompanied by an image dipole A. In the case of |W,|>|W,]|
en—1 In this case, by omittingV, and using the approximation
Pi=—7 (=P+Py). (12 in a manner as carried out by Onsaffethe Boltzmann fac-
w

tor becomes

As was discussed in Ref. 19, we omit the effect of the dipole- B o
image positional spacing. Under the point of view of other XL~ W(B,7)/kT]=1=W(B, y)/KT. (17

molecules, the considered one induces the electrical field 3fhe single-particle partition function defined in E@) be-
if it had a dipole

comes
P+P P+ 2 p (13 1
. — A €Ey— €
ey tl ! g t1 7 Z=2m[1—cosh,]+ P2 L=
) €wt €m/ 32megk T
Noting thate,,=81>1, the effect of the parallel component
is far less than that of the normal component. On the other On [2m
hand, forS; phase monolayer, the effect of the parallel com- x fo 0 Qsinpdpdy, (18)

ponent may be almost counteracted with each other owing to
the isotropic distribution of the parallel component. With where
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_ 1+cos 6

"~ (rocosf’)?

=[1+cog 0p coS B+sirf Op sir? 0 sir(y+ ¢p)+ 2 sindp cosbp sin B cosBsin( y+ ¢p)]/(asinB siny+h cosp)®.
After a lengthy integration as shown by E@¢81)—(A4) in Appendix A, we get the single-particle partition function

Z=Z(A,0p,¢p)=2m[1—cosO,]+ m,[ (1+ cog ¢p Sir? p)[tar? ¢sin™ 3 a— (1+tarf ¢)sin ]

+(cog Op—cog ¢p sir? Op)| (3 cog y—2)(sin~ y—sin~ a) —sir? y(sin 2 y—sin 3 a)

1+siny

+(2—3 co2 lﬂ)mm

+sir? 6p(2 cog ¢p—1)| tar? y(sin” ! y—sin ! a)

1+siny

*in (1+sina)cosfp

—sin 20p cos¢p siny cosy| 3(sin" L y—sin t a)

1+siny

— in~3 —sin~3 - A L N
tare y(sin"° y—sin"* ) 3Ir](1+sina)c030A

] , (19

where 6, was defined above, tafF=h/a, and cosy Itis evident that, besides the partition functidnthe dipole
=cosylcosd,. The dimensionless parametey=P?[ (e, average(P,) apparently separates into two terms: The
— em)/ (€t €m) 1/327eor kT describes the relative strength former is a nonchiral part, whereas the latter includes an
of the dipole-medium interaction energy with respect to theapparent chiral factor caf,. Now it is clear that molecular
thermal energkT. orientation distribution, and then the statistic property of
To investigate the dielectric properties of monolayersmonolayer, are influenced by the chirality of the component
and the MDC behavior by compression, the average dipolenaterial. The effect of molecular chirality on the MDC be-
moment(P,)=PS s necessary to be calculated, wh&&  havior of monolayer will be demonstrated in Sec. V.
the orientational order parameter

1 2 0A
S= —J’ dyJ’ coso,
Z)o 0

In the actual calculation, for the sake of simplicity, we take
an approximation of

w

1- KT singdg. (200  B.Inthe case of | W< W,

In this case, omitting the dipole-image interaction, using
Egs.(4) and(16), the partition function and the orientational
order parameter becomes, respectively

W gri(cosé, +cos 6,) Z—fzwd ng T A
_CoseLﬁ_(asin,Bsiny+hcosB)3 =1, %7, exp(—W,/kT)singdg
nr3cos, , i feAl g o
~ (asinBsiny+hcosg)®’ 2D 7, o(£Ssinbp sinB)

With a complex integration as shown in Appendix B, we get X exp{ — £Scosfp cosp}sin BdB, (23
the form of the orientational order parameter and the average .
z-component of the molecular dipole

T ) TN 1 (27 (04 .
S= 5 = Costp Sir? G5+ 7{0080,3[(2— 3 cog ) S=5 f j cosé, exp(—W,/kT)sinBdgdy
0 0

~1 T R e | 2 0
X(€os " fpasin” " a—sin" " 4) =77Tj Asinﬁd,Bexp(—fScos@Dcos:ﬁ)
0

—sir? yrcog y(sin 3 y—cos 3 g sin 2 a)] X[ cosfp cosplo(£Ssinbp sinB)
D D

+tany cog i sinfp cosép(3 cos L g sinta —sinf sinBl,(£Ssindp sinB)], (24)

—2sin ty—sir? ycos 2 G, sin S a)l. (220 where¢=gP?a kT, and
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2 . .
lo(@)= Z_J exd e siny]dy, The combination of.Eqs(26) and (2_7) leads us to an equa-
mJo tion aboutS without involvement with the partitio@
(25) ZS Z -1
1 27 ) S= _} X [_
ll(a)ZZfo siny exfd a siny]dy, 27| |27

are the zeroth- and first-order Bessel functions. Two points
about Eqs(23) and (24) should be emphasized. The first is
thatSandZ involve each other in their equations. This char-
acteristic clearly demonstrates that the present quetien
mean-field approaghs a self-consistent one. Secondly, both
of these equations do not includg,, the mark of the mo-
lecular chirality. This feature strongly indicates that under
the mean-field approach, the molecular chirality has no effect
on the electrical properties including the MDC behavior of

1
=C0SOp(1+cosh,)

2

1
+ 15¢S(—4+2costp+2 co 6,)

1
+3 cog Op Sir? 0] — Egzsz cosfp sir? p

X Sir? Ga(1—c0S6,). (28)

monolayer. As we mentioned in Sec. Ill, the mean-field ap-This is an equation abous with the form S=\y+ &S

proach may be applicable only if the molecular areas
quite smaller than the critical molecular akg. This analy-
sis corresponds well with the experiment result: Although for
the chiral and racemic DPPC samples the MDC behavior is
different with each other as the molecular area is close to the
phase transition argghe anomalous MDC peakshe MDC
curves shown in Fig. 2, at small molecular area, agree well
with each other. This agreement intimates that for the present

materials the mean-field approach is applicable to the small

area case.

S=

+\,£%S% An iteration program leads t&=\g[1+\;&
+(N3+Noh2) £2]. At last we get

1
5 COSOp(1+coshy)i 1+ 1—25[( —4+2 cosfp

+2 cog 0,)+ 3 Sirf 0, cos 6p]

1

* 288

E[2(—4+2 cosbp+2 cog 0,)2

Of course the above self-consistent group can be solved

through numerical approach, whereas for qualitative demon-

+ 12 cog OpSir? Oa(—4+ 2 cosfy+ 2 coS 6,)

stration of the mean-field behavior of monolayer dielectric,

we simply invoke some series expansion approximation in

terms of & This simplification may be viewed as a high-
temperature or weak-dipole approximation.
By expanding the Bessel functions into Taylor Séfies

+18co$ 0,—9 sir? 6 cos O sin' 0] . (29

It is easy to check that, as the interaction paraméier

up to the second ordésee Appendix G a calculation leads set to be zero, the orientational order parameter returns to
the partition function and the order parameter to, respectivelyo: Which is the orientational order parameter as the interac-

1
5 = (1=cosb,)— EgScose?D(l—cos2 0,)
+ %25282[(2 cog fp—sir? 6p)(1—cos 6,)

+3 sirf Op(1—cosb,)] (26)

and
zs 1 1 2
E—ECOSHD( —COS 0p)

+ %gS[—Z cog Op(1—cos 6,)
—3 sirf Op(1—cosb,) +Sir? Op(1—cos 6,)]
+ %gzsz[(l— cos 0,)(2 cos 6y — 3 cosbp Sir? p)

+6 cosfp Sir? Op(1—cos 6,)]. (27

tion on molecules is negligible. Noting that the first order
coefficient of ¢

[ (—4+2 coshp+2 cog 6,)+ 3 sirt 6, cos 6p],

is positive definite, we can conclude that the orientational
order parameter with mean-field interaction is smaller than
that of no interaction, i.e., the orientational order is sup-
pressed due to the repulsive interaction working between
molecules. This result is well consistent with the fact that
juxtaposed dipoles with parallel orientation always repulse
each other. This repulsion may be one origin of the 2D in-
terfacial pressure, at least in the case of small molecular area.
In Fig. 5 we show &S diagram calculated based on mean-
field approach, withé as parameter. From this figure it is
clearly seen that the profile &— A curve is modified by the
relative interaction strength

V. CALCULATION AND DISCUSSION

In order to clarify the feature dfP,), we plot the orien-
tational order parameterS as a function of A/Ag

(=\1—cog 6,), with %, i, 6, and ¢ as parameters under
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0. = positive value atA/Ay=0 to a larger positive one at/A,
=0.5. These phenomena evidently, though much roughly,
0.6- - demonstrate the effect of the molecular chirality on the polar
properties of amphiphile monolayers.
o 0.5 1 The curves with differentpy but samef, meet each
other atA=0, S=cosf. It means that at the limit oA
=0, all the molecular axis parallel to each other and normal
0.4- } to the monolayer plane. Noting that at the limdit=0, the
molecular dipoles are not normal to the monolayer plane but
0~30‘ 072 04 06 08 1 with a cross-anglép , it is easy to know that at this limit the

order parametes, which represents the average direction of
dipoles, reaches cag, not 1.
FIG. 5. Mean-field behavior of the orientational order parametgy ( Sin the range of 0.5A/Ao<1 is not calculated, pe_
= ml4). cause a®\>0.5, for the present molecular angle= 7/4, it
is possible that the dipole submerges into the water surface.
This leads to a divergence of calculation and the meaning of
the assumptiofW,|>|W,|. In Fig. 6 we plot some examples the order parameter is obscure.
of our calculation based on ER2). As DPPC molecule is We also studied the MDC behavior of monolayer with
rather complex, it is difficult to find the proper correspon- this model. As described in the previous pafethe MDC
dence between the real molecule and our present model. $gnerated by monolayer compression is calculated from the
for simplicity, as a representative example, in Fig. 6 we onlyfollowing equation:
show some curves witly=0.02, which is a typical quantity
for amphiphiles at room temperature, agd= 7/4, which
means that the model parametbrsa. Figures §a) and Gb)
include some order parameter curves with differégtand By, [(P,) d(P,)
¢p . It is clearly seen that the order parame8&behaves = ﬁ( A dA )
rather differently at large molecular area region for various
chiral angle¢p . The difference is enlarged &, increases,
and reaches the maximum as= /2. For some cases, such
as curve 4 in Fig. @), the order parameter increases from a

Area per Molecule (%)

(30

whereB is the working area of the electrode, is the com-
pression speed of the monolayer atids the spacing be-
T tween the top electrode and the water surface. We computed
- OF I'[=1/(By,/d)] as a function ofA using Eq.(22), with the

] same parameters as shown in Fig. 6. The result of computa-
tion is shown in Fig. 7. As seen in Figs(ay and 7b), for
different chiral anglepp , the MDC behavior is much differ-
ent in the region of 0.4 A<0.5. Positive and negative peaks
are both available as well as flat plateau. All these configu-
rations strongly demonstrate the chirality of constituent mol-
ecules as an important factor of the electrical properties, es-
pecially the MDC behavior. For small area region all the

0 01 02 03 04 05 MDC curves are convergent with aA¥ style of manner.
Al As has been discussed previously, the MDC in 0.5
1 . . . - <A/Ay<1 region is not calculated because of divergence. In
- (b) 1 our experiments, the MDC curves on the right side of the

anomalous peaks are with strange behavior and little reap-
pearance. The cause of this eccentricity is still unknown.

0‘5_' _________ — The behaviors of MDC for differenty and ¢ are also
I T T R e investigated. We found thay mainly affects the height of
[ 2. @p=7r/a N the MDC peaks, whereas with little action on the profile of
0 3. Gp=TT/2 the curves. The value af determines the right e_dge of the
L 4 G MDC graphs[for = 77'/4,. (A/A0) max=0.5] and slightly af-
. fects the MDC peak profil¢flat or sharp. Both » and ¢ do
0 01 02 03 04 05 not change the directioup or down of the peaks(not

AlAg shown herg
FIG. 6. Orientational order paramet8mas a function of the molecular area Vv_e can compare the theqretlcal MDC curve with the
AJA, for various fp and ¢p . (8 7=0.02, 9= /4, andy=ml4, () €XPerimental one. The racemic DL-DPPC molecule corre-
=0.02, ,=37/8, andy= /4. sponds to the theoretically achiral casestgf=0 or 7. The
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3 the chiral angle of the DPPC molecules satisfying the experi-
- mental MDC curve is not easy to be determined. For these
é reasons, this model is to be improved in the future work. We
= 20- also did some experiment of MDC measurement about mix-
}% ing of D- and L-DPPC monolayers with different ratios. The
::10_ results are partly shown in our previous wbtkut not here.

8 The results of mixing monolayers also accommodate some
= important messages about molecular chirality and monolayer
o . . . ‘4 - organization properties. To analyze the mixing monolayer, it
0.1 0.2 0.3 0.4 0.5 is necessary to consider intermolecular actions. These will be
done in our future work.
_20-
£
= VI. CONCLUSION
el
5 10
= For centuries scientists have been researching the rela-
8 tionship between microscopic structure and macroscopic
= o properties of materials. We also devoted to this motif. We
demonstrated the molecular chiral effect on macroscopic
0.1 02 03 04 05 electric_al properties of monolayer§, both experimentally and
A/A, theoretically. We found that for different samples of DPPC

the MDC behavior is divergent, with the anomalous peaks as
FIG. 7. MDC flowing across a monolayer composed of chiral molecules orthe most dominant characteristic. We detailedly analyzed the
the air—water interface by monolayer compression for varigand ¢p . chiral molecular model constructed in our previous paper.
(@ #=0.02,6p=m/4, andy=ml4, (b) #=0.02,6p=3m/8, andyy=m/4.  Tna calculation showed that for different paramet@spe-

cially different chiral angle¢p), the model give distinct

MDC behaviors, which partly agree with the experiment.
chiral angles of D- and L-DPPC molecules should have iden:rhe meap-ﬁeld approach showed that n smaII' area region,
. . : the chirality has no effect on MDC behavior. This point cor-
tical absolute value but contrary sign. In Fig. 7 we can see

that, the anomalous peak of DL-DPPC is upward, which im_responds well with the experiment. Briefly, in the theoretical

plies that it is the case afp=0. The reason is still unknown aspect, the present work indicate that this molecular model,

why the behavior of the DL-DPPC monolayer is similar to th(_)ug_h .conceptually S'”.“p'e' IS u;eful in the investigation of
. i _ . chirality; on the experimental side, our work shows that
the theoretical case afp =0 but not¢ép= 7. For the chiral . . )
. : MDC technique may be rather useful in the researching of
cases of D- and L-DPPC, the theory predict that their MDC o . ) .
o ! . molecular chirality and related topics, such as chiral dis-
behavior is the sam@he sign of the chiral anglé has no crimination and chiral phase separation
effect on the MDC behavior of monolayersThis is ap- P P '
proved by the experiment: Although as>90A? (corre-
sponding to the LE phagethe MDC curves is a little un-
stable and the reappearance is not so good, in the?65A
2 . _ .
<A<85A reglon(thg flat plgteau of ther A.|sotherm, of  \PPENDIX A
the 2D phase transition regiprthe compression of D- and
L-DPPC monolayer always generate downward peaks simi-
lar well to each other, which strongly contrast with the up-
ward peak of DL-DPPC.
As a tentative work we established this simple model toJZ” _ _d7’ _ 2m
describe the molecular chirality of monolayer and try to useJo asingsiny+hcosg \/hZ2cod g—a%sirt 3’
this model to explain some experimental results of MDC
measurement. By u”singhthii/”gwgdsl,hwe_ sho(\j/v thedelectri%aqu, dy 21h cosB
properties, especially the ehavior, depend on the . . 7= 7 7o 2
. : + -
chirality of the molecules. The experiment also demonstrate o (asingsiny+hcosg)”  (h*cos B—a’sirr §)
this point. Nevertheless, although the model qualitatively

Considering the following formulas:

shows that the MDC of monolayer is chirality-related, thel[z" dy _ m(a?sir? B+ 2h?cog B)
agreement between the experiment and the theory is still; (asingsiny+hcosg)®  (h?cos B—a?sir? B8)°?’
phenomenological. The two achiral casgt,=0 and ) (A1)

have quite different theoretical behaviors, whereas we cannot
still clearly understand why the DL-DPPC behaves similar tothe integration with respect tg in Eq. (18) can be carried
one of them ¢p=0) but not the other ¢p= ). Further, out
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2m (a®sir? B+ 2h?cog B) (a?sir? B cog B+2h?cos B) _
JO Qd'y:W(hzcogﬂ_aZSInZﬁ)5/2+7TCO§ 0D (h2 CO§B—a28|n2ﬂ)5/2 +WSIr129DC052¢D
2a’sin® B+h?sir? Bcos B _ _ h2sir? B cos B—a?sin’ B _
X (hzcoszﬁ—azs|n2ﬁ)5/2 +7TSIn2 0D Sln2 ¢D (h2 CO§B—a28|n2B)5/2 —37TahSIn 20D

sir? Bcos B

><COSqu(hzco§ B—a’sirt B)°? (A2)
|
Eqg. (A2) is integrated with respect to sBug term by term J‘l x4
B,= S ——
cosaA(Xz_COS2 )"
J’0A a’sir? B+2h%cosg B d
o (h?cos g—a? sin2,8)5’zsmﬁ A - .1 + .1 _ 1 n 1
sing  sina 3sity 3sifa
2—3cog ¢ cog i _
= 3 2 ;3 Po I 1+siny (A
0 0 cosOa(1+sina)|’
oa a2 sin? B cod B+2h? cod B The substitution of EqSA2)—(A4) at last leads Eq(18) to
j 2 Ta a5z Sinpdp Eq. (19).
o (h?cog B—a?sir’ B)
_2-3cos ¢ cog ¢
T oy T APPENDIX B

ool sirf B4 h2 sir? 2 The integration in terms of in the second term of Eq.
9a 2a° sin” B+h-si co i
fo A o Cos,fﬂ_az Sin'f[g)S/ZB sinBdg (20) is performed as

Jde cosé, g
2—3sirty 1-5cos ¢ 2 cod ¢ o " Y(asingBsiny+hcosg)®
= r3 4 r3 2 r3 0
0 0 B (a?sir? B+ 2h? cos B)cosp
=1 C0SHp

(h? cos B—a?sir? B)°?

fﬁAhzsinzﬁco§ﬁ—azsin4ﬁs_nﬁdﬂ
2 oo 52 S! ) h cosp
o (h%cog B—a?sir’ B) + 27 sinfp COS¢Da(h2 cod B—aZsir? B) 2

1 1+cos ¢ _cos’-df

=— 3Bt —— 2~ —3 Bo, sing h cosB(2h? cog B+a?sir? B)
5 o 0 7 Sin fp COS¢p a(h? c0§,8—a23in2,8)5/2
on  ahsir? Bcog B _ (BY)
fo (h? cos B—a?sir? ,8)5’2S'n'8d'8 The integrals with respect 18 are dealt with as follows term
by term:
siny cosy siny cosy
=T 3 4 3 B2, (A3) JHA(aZSin2B+2h2CO§B)COSB 3
° ° o (h?cog B—a?sir? B)°? sinpds
where 2—3cod i cos ¢
= 3 1 3 2
fl dx o o
By= S —
O Jcosg,(X*—coS )" fﬂA h cospB o adae tany c
1 0 a(hzcos’-ﬁ—azsinzﬁ)wsmﬂ ’8_? 3

_ ( 1 1) 1( 1 1 )
“cody|\sing sina) 3lsify siMa

oah (2h?—a’)cos’ B+a’cosp
[\ ey o snoos

1 X2
S

c0s0A =m—n;—p[(2—3 o y)F, +cod yF,], (B2)
B 1 ( 1 1 ) Mo
" 3codylsity sirfa)’ where
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1 X3 1
F=f dx J=f X exp( — uX)dx
17 Jcosop(X2—cog ¢)7? 17 peg, X R HX)
=(cos @psinta—sin"ty) =1(1—co 0,)— 2u(1—cosS 6,) + 2u?(1—cod 6,),
- _ . 1
— 3cog y(sin 3 y—cos 3 O sin 3 a), JZ:] X2 expl — ux)dx
cosfp
1
Fo= LOSBAWWX =1(1—c0S 0,)— 2u(1—cos 6,) + Hu?(1—cos 6,),
1
=—1(sin 3 y—cos 2 h,sin % a), 33=f x% exp( — ux)dx
cosfp
1
F3=J. ————jg_jmdx =2(1—cog 0,)— tu(1—coS 0,) + Hu(1—cof 6,).
COS”A(X —cos ) An insertion of Eq.(C3) into Eq.(C2) leads just to Eq¥26)
=cos 1 gpsin"ta—sinty. (B3)  and(27).
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