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Monolayer flow and in-plane orientation induced by a rotating disk in Langmuir
and Langmuir-Blodgett films of a merocyanine dye
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We have demonstrated that the rotating-disk method, which was proposed by Mingotau@J. Phys.
Chem.99, 17 068(1995] recently, is effective to induce in-plane orientation in the Langmuir-Blodgett films
of merocyanine dye—behenic acid mixtures. To clarify the orientation mechanism, the monolayer flow due to
the disk has been observed directly and interpreted by an analytical model incorporating a non-Newtonian
behavior of the films. Based on this observation, a steady-state orientation-distribution function has been
calculated. The comparison of the calculated orientation-distribution function and the experimental data shows
that our model gives a guideline of the rotating-disk meti&1.063-651X97)12108-0

PACS numbds): 81.15.L.m, 68.18+p, 47.50:+d

I. INTRODUCTION ates monolayer flow around it, characterized by a decrease in
the rotation speed of the monolayer around the disfs,),
Organized molecular films have attracted much attentionwith increasing the distance from the center of the disk,
from scientific and technological points of view, becausei.e., dw(r)/dr<0 when o(r)>0. The velocity gradient
they provide a new platform for chemical and physical phecauses shearing of the monolayer and mesoscopic rodlike
nomena. A powerful tool to elaborate such new materials iglomains should be preferentially oriented along the flow
the Langmuir-Blodget{LB) technique[1]. Since this tech- lines[Fig. 1(c)]. The generated in-plane orientation can be
nique is based on the anisotropic adsorption of amphiphili¢ransferred onto solid substrates by adopting an appropriate
molecules onto the gas-liquid interface, it provides highlydiPping velocity[Fig. 1(d)]. Since the possible range of the
ordered structure along the normal axis of the substratgN€aring rate and that of the dipping velocity are determined
plane. On the contrary, the LB technique does not intrinsi- y mdependent factors, We can choose the more effeptlve
cally induce the in-plane ordering, which is one of the mostm.ethOd for a given Langmuir film. Furthermore’ this rotating
important properties of the “well-organized” films. There- disk could be used to study hydrod_ynam|cal beh?"'m of a
T o monolayer as recently done by Friedenbertgal. with a
fore, realizing in-plane organization of molecules or poly-

. . ) . ) 2 “four-roll mill” system [16,17).
mers in LB films is one of the most important issues in this y [ 1

research field2]. substrate I dipping direction
Several researchers have reported in-plane anisotropy in I %\” ‘7 4

LB films [3—10]. In most cases, the molecules are preferen- P ¢: ) bl

tially oriented parallel or perpendicular to the dipping direc- l 2 -~ 7 i if

tion of the substrate, indicating the important role of the

this transfer-induced in-plane organization, “flow-induced A i
= (b)

‘5’&}% 0y Ui
. . . : . = 0
monolayer transfer in the orientation mechanism. To explain Ni 0 u L

orientation models” were proposdd1-13. These models (@
supposed that the origin of the observed anisotropy is the
rotation of mesoscopic rodlike domains due to the monolayer
flow [Figs. A& and Xb)]. Since this flow is generated by the
monolayer transfer, they predict that larger dipping velocity
gives rise to larger in-plane anisotropy until a saturation
value. However, the possible range of the dipping velocity
highly depends on the material, limiting the change in the
dipping velocity as a method of obtaining higher in-plane
organization[14]. ©
_ Recently, a new method has been developed for control- g1 1. schematic illustrations of the in-plane orientation
ling the in-plane orientation of Langmuir films by introduc- mechanism(a) The flow orientation in the Langmuir film during
ing a rotating disk at the gas-liquid interfaf5]. The effi-  the monolayer transfer. The motion of the substrate is perpendicular
ciency of this “rotating-disk method” has been o the plane of this figureb) Molecular alignment within the plane
demonstrated by using a substituted polyacrylate bearingf the built-up LB film as a result of the flow orientatioft) The

side mesogenic group and a triazolehemiporphyrazine asolecular orientation in the Langmuir film induced by a rotating
film-forming materials. The orientation process has beenlisk. (d) Molecular alignment within the plane of the built-up LB
gualitatively explained as follows. The rotating disk gener-film induced by a rotating disk.

substrate dipping direction

rotating disk (d)
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S were obtained by using a step-by-step compression method.
(F18H37 S /) A rotating disk made of Teflon was introduced at the gas-
N _( liquid interface[15]. The diameter and the height of the disk
MN were 5 and 1 cm, respectively. For the observation of the
S I \) monolayer flow the disk was mechanically set at the center
OHO ~0 of each monolayer having dimensions of cax3B cnt.

For the fabrication of LB films, the distance between the
FIG. 2. Chemical structure of the merocyanine dye’ DS. Substrate and the center Of the d|Sk was Varied. The d|Sk
rotates with a constant rotation speed before spreading the
With the rotating-disk method, the in-plane organizationsolution. The rotation speed of the diskgg, was set to
within a Langmuir film depends on the structure of the me-0.63, 2.1, or 6.3 rad/s for the observation of the flow and to
soscopic domains, the viscoelastic properties of the film, an@.1 or 6.3 rad/s for the fabrication of LB films.
the experimental setufe., the size and the rotation speed of  The observation of the monolayer flow and the LB depo-
the disk, the relative position of the disk to the “observationsition were performed at a surface pressure of 15 and 25
point,” and the shape and dimensions of the troudi8,19.  mN/m and of 25 mN/m, respectively. Here, the compression
To understand and control the effect of the rotating disk oruf the monolayer was done within 25 min and the com-
the molecular orientation in the LB film, the influence of pressed monolayer was used within 60 min to obtain a rea-
these three sets of parameters should be carefully estimategd,\aple formation of] aggregates. Plates of CaF3x1
One of the main points is to clearly relate the viscoelasticxo'2 cn?) were used as substrates after being precoated
behavior of the monolayer with the efficiency of the rotr:lting—.wi,[h three layers of G, Twenty layers of the DS-G mix-

disk method. Since the first consequence of a rotating disk I8 res were transferred by the conventional vertical diopin
the shearing of the monolayer and the orientation of the do- y pping

mains is its second consequence, these two phenomerq%lethod. The deposition wastype with a transfer ratio close

should be investigated separately. Therefore, we observetﬁ unity. The distance between the substrate and the edge of
and semiquantitatively interpreted the velocity figkthd the he frough was 2.4 cm. _ _
shearing of mixed monolayers of a self-aggregating mero- 10 measure the flow velocity of the monolayer, grids for
cyanine dye DSFig. 2) with behenic acid (§,). Then we the transmission electron microscog@ldrich, madg of.
calculated the steady-state orientation-distribution functiofficke) were put on the monolayer as floats and their trajec-
of the mesoscopic rodlike domains in concentric flow andtories were observed by a Hamamatsu charge-coupled device
compared the calculated anisotropy with the experimentallfCCD) camera. The images were digitized and analyzed by
obtained one. In addition, the observation of the velocityusing a microcomputer and NIH image softwa@®]. The
field of a monolayer having a large area may attract som&elocity of a small part of the monolayefsir/dt and w
interest from the rheological viewpoint. =dy/dt in the cylindrical coordinate system whose origin is
In Sec. Il we present the experimental methods. Generdixed at the center of the digkwhich is represented by the
characterizations of the Langmuir and LB films of the Vvelocity of a float on it, was measured by using three sequen-
DS-C,, mixtures are given in Sec. lIl. In Sec. IV we describe tial “snap shots” taken by the CCD camera. The accelera-
the observation and analysis of the velocity field induced bytion (d?r/dt* anddw/dt) was also determined.
a rotating disk. The optical dichroism in LB films induced by ~ Perkin-Elmer 330 and Nicolet Magna-IR 750 spectrom-
a rotating disk is discussed in Sec. V. Concluding remarksters were used for the visible and IR polarized absorption
are given in Sec. VI. spectroscopy. The orientation of the transition dipole mo-
mentu of the molecules within the LB films was determined
Il EXPERIMENT by linear dichroism using IR spectroscof#1,22. We mea-
sured three different polarized IR spectra varying the direc-
The merocyanine dye DS was purchased from The Japaion of E, whereE is the local IR electric field. In the first
nese Research Institute for Photosensitizing Dyes, Co., anwo casesE is in the film plane(the incident angle, i.e., the
the behenic acid & from Fluka. Both compounds were used angle between the substrate normal and the IR beam)is 0°
without further purification. Spreading solutions were pre-and either parallel or perpendicular to the dipping direction
pared by mixing DS and £ with a molar ratio of 1x (x  of the substrate. We obtain then the absorption of the IR
=1, 2, or 4 and adding CHGlas solvent and few drops of band associated ta, A;(0°), andA, (0°), respectively. In
CH;OH to the DS-G, mixtures. The concentration of DS the third case, the incident angle is 60° dadk in the plane
was ca. X 10 3M (in the cases ok=1 and 2 or ca. 5 determined by the incident beam and the substrate normal.
X 10"*M (x=4). The solution was spread on the pure-waterWe denote the absorption mesured in this casé, 680°),
subphase contained by an ATEMETA trough having dimen-since with our experimental setup the projectionEobnto
sions of 38 cnx100 cm. The depth of the trough was aboutthe film plane is parallel to the dipping direction. Based on
11 cm in the part used for LB dipping and about 1 cm in thethe Snell-Descartes relation, Chollet and Messier developed
rest. A Millipore Milli-Q system was used for the purifica- a theory giving the refraction angland then the direction of
tion of water and the resisitivity of the purified water was E) as a function of the incident angle and the refractive in-
regulated to be larger than X80’ Q cm. Nitrogen gas was dices of the three media, i.e., the atmosphere, the LB film,
flowed into the housing of the trough with the rate of 1700and the substrati22]. By using this theory we can deduce
liters an hour to minimize the dissolution of carbon dioxidethe direction ofu from these three absorption values, since
and oxygen into the subphase. Surface-pressure isotherms:(u-E)2.



MONOLAYER FLOW AND IN-PLANE ORIENTATION . ..

1989
T T LI I LI LELILI LI LI I L L L I LB
R ° -1 -
Ot qy N 10
X e 0O A 1 L— —]
_ i 2 5 EE ::v ] ) r -
r X e O 4 v T [>% L ]
-SRI B S R . - |
SIS T T - g 05 B
— X L) ju] A‘ Vv : —
L X>;( % ”.;.D O \7VDS:C22 =1:0 _ - . 4
. i A L (N I P T T L EP T I _
:Pgrjé%; 1:4 .'.Dnﬂif “a, e . ] r i ]
0|||I‘|||$|'?||f‘|||||||vll 0.0 Tl v Loy [T
20 30 40 50 60 400 500 600 700
area per alkyl chain (A%

wavelength (nm)

FIG. 3. Surface pressurén)-area isotherms of the Langmuir FIG. 4. Visible absorption spectra observed for an LB fi0
films of the DS-G, mixtures. The mixing molar ratios are 1(¥),

layers on each side of the substjadé the 1:1 mixture of DS and
1:1(A), 1:2(0)), and 1:4(®). The isotherm of the pure Gfilm is C,, with the electric vector of the incident light being paraligblid
also indicated X).

line) and perpendiculatbroken ling to the dipping direction of the

substrate, respectively, and those for an LB film of pure (B
and dotted lines, respectively¥These films were fabricated without
Ill. GENERAL CHARACTERIZATION a rotating disk.

OF THE MATERIAL

We have avoided including metallic ions in the Langmuir Molecules between the alkyl chains of the DS molecules
and LB films of the DS-G, mixtures to minimize the formingJ aggregate$31]. o _
monolayer-subphase ionic interaction as well as the chemical The initial color of the monolayers is pink, but it gradu-
complexity of the system. Some general characterizations Glly changes to blue in the mixed cases, implying the forma-

the present system were needed before investigating the dfon of the J aggregates at the gas-liquid interface. This
fect of the rotating disk, since the DS-{ilms on the pure-

change in color, which was observed directly on the trough,
water subphase have not been intensively studied, whil§eems to be affected by the surface pressure: intermediate

there are many reports on those on the metal-ion containingressure2—10 mN/m may promote the aggregation of the
subphasd3-5,23-29. Moreover, the obtained results pro- DS dye.

vide information about the formation of theaggregates of
DS, which is also an interesting subject in this research field, B. Optical properties of the LB films
although it is not the main purpose of this paper.

A prominentJ band is observed around 603 nm in the
visible absorption spectra of the LB films of the 1:1, 1:2, and
A. Monolayers at the gas-liquid interface

1:4 mixtures of DS and &, while we detect only a trace of
this band in the pure filniFig. 4). Other authors assigned the
Figure 3 shows ther-A isotherms of DS-G, 1:x mix-

bands around 550 and 510 nm to the monomeric and dimeric
tures, withx=0, 1, 2, and 4. The isotherm of purgs also  absorption, respectively23]. The peak position and the
indicated. The curves exhibit more compressed behaviospectral shape of th& band are found to be almost identical
than that observed on the Cd-containing subpHa&s23], for the 1:1, 1:2, and 1:4 mixtures, suggesting a similar struc-
suggesting different molecular arrangement with respect teure of theJ aggregates in the LB films of those mixtures.
the normal axis of the gas-liquid interface. Furthermore, the peak position of thédand observed for the
The collapse pressure depends on the mixing ratio. Thpresent system is compatible with those observed for the
mixing-ratio dependence of the occupied area per alkyl chaimangmuir films of the DS dye formed on the subphase con-

(defined asAg) deviates from the ideal mixing behavior taining divalent ions or LB films made from them
[30]. Betweenx=1 and 4 a linear variation is observed,; i.e., [3,24,25,28.

Achain is well reproduced byA .= 23/(1+x) +19%/(1 Figure 5 shows the IR spectra observed for LB films of
+x) A? at 25 mN/m. The areas occupied by one DS mol-pure DS, DS-G, 1:1 mixture and pure &. The preliminary
ecule and one £ molecule could then be estimated at 23 assignment of the IR bands was carried out on the basis of
and 19 &, respectively, in these mixtures. The latter valueFujimotoet al’s work [25,26]. Although the absorption from
coincides with the isotherm of pure,& On the contrary, the the precoated filmgeach consisting of 3 layers of ,§
area occupied by DS in the pure film=£0) is 37 £ at 25 causes a small error in the quantitative characterization, we
mN/m. These facts deny macroscopic phase separation of D&n extract information concerning the arrangements of the
and G, at least in the 1:1 film. alkyl chains in the present system. The peak positi@e21
The estimated three basic cross-sectional areas of the Dhd 2852 cmt) and the linewidth of the antisymmetric and

molecule are 122 Ain the chromophore plane, 57%Aor-  symmetric stretching bands of the €Hroup[v,(CH,) and
mal to the short axis, and 28%Anormal to the long axis,

vs(CH,)] observed for the pure DS films show that a large
respectively{5]. In comparison with these values, the aboveportion of the C-C bonds in the alkyl chain should have a

obtained occupied area of DS in the mixed films seems to bgauche conformation. On the contrary, these bands in the
too small. This may suggest the interdigitation of thg, C mixed films are located at lower wave numbé?916 and
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FIG. 6. Schematic illustration of the flows induced by a rotating
disk. (a) A regular flow recorded for the 1:2 and 1:4 mixtures of DS
and G,. (b) an irregular flow observed for the 1:1 mixture. In this
case a clear boundary dividing the monolayer into two regions,
which is illustrated by a thin line, can be seen and the flow is
observed only in the inner regioiic) Example of a completely
irregular flow recorded for the pure water surface.

75°, where those corresponding to 1515, 1186, and

1129 cm'! in the pure DS films are about 60°.

From the observedr-A isotherms and optical character-

' istics, we conclude that theaggregates of the DS molecules
are formed on the pure-water subphase and can be trans-
ferred onto solid substrates. The important role ¢f i@ the

wave number (cm-) formation of theJ aggregates in the 1:1 mixture is implied.

The influence of the excessive,£{on the structure of the

aggregates is negligible. However, the viscoelastic properties

of the monolayer depend highly on the mixing ratio, as dem-
onstrated by the measurement of the monolayer velocity field
under shearing.

3000
1600
1400
1200

FIG. 5. FT-IR absorption spectra for LB film&0 layers on
each side of the substratef (a) pure DS,(b) DS-C,, 1:1 mixture
and(c) pure G,. The electric vector of the incident light is parallel
to the dipping direction of the substrate.

2848 cmi'l) with narrower linewidth, reflecting the domi-
nance of the trans conformation in the C-C bonds as in the IV. MONOLAYER FLOW INDUCED
case of the pure £ films. The polarization spectroscopy has BY A ROTATING DISK

led to an estimation of the averaged angiese Sec. )I

between the dipole moments of (CH,) and vi(CH,) In order to quantitatively understand the orientation

. ) N mechanism of the rotating-disk method, observation and
modestgntlj thfe nfgr]flil aX|sf if_ihe _St:bstra;e[.)ga. 653 alnd 71modeling of the monolayer flow induced by the disk are
respectively, for 'ms of L. mixture o andx£ N posential. The experimental results and the phenomenologi-

other words, the averaged angle between the aikyl chain axis) odels described in this and the next section elucidate
and the normal axis of the substrate is about 32° in 1:1 mixe

. L ! important f rs of the rotating-disk meth rovidin
films. This tilt angle decreases when the mole fraction o e important factors of the rotating-disk method, providing a

C,, is increased, and it reaches a value ca. 12° for LB ﬁlms‘gwdeIIne for a better application of it
of the 1:4 mixture of DS and &.

The shifts of the bands of the carboxylic group
(1700-1800 cm') may suggest intramolecular or intermo- ~ The monolayer flow induced by a rotating disk having a
lecular hydrogen bonds for DS molecules, respectively, irradius ¢ 40 Of 2.5 cm was observed for the X (x=1, 2,
the pure or mixed films. The former result is compatible toand 4 DS-C,, mixtures as well as pure.& In the case of
that reported for pure DS soligpowde) [26]. The IR spectra x=2 and 4 as well as the pure,{case the observed mono-
in the 1600—1100 cit region of the mixed LB films are layer flow was regular and approximately concentric, al-
similar to those reported for the LB films of pure DS with though vortices were detected at the corners of the monolay-
Ba®" ions[25]. No significant difference in this region was ers [Fig. &a)] [32]. For the 1:1 mixture approximately
detected among the LB films of the DS-.:1, 1:2, and 1:4 concentric flow was observed at 15 mN/m, but at 25 mN/m
mixtures, except for the intensity ratio of the bands due tesometimes a macroscopically inhomogeneous structure of
the DS and G, moieties. The bands seen in the regions ofthe monolayer was observé#ig. 6(b)]. It should be men-
1560-1490 and 1190-1140 chmay be attributed to the tioned that the observed flow of the pure water surface was
central conjugated system of the DS molecule, since theirregular and not stationafyig. 6(c)], probably due to com-
show significant change in their positions and/or intensitieplex three-dimensional flow.
when theJ band appears in the visible spectrum. The forma- In fact, dr/dt, d?r/dt?, anddw/dt measured for the 1:2
tion of theJ aggregates may modify the electronic distribu- and 1:4 mixtures were practically zero, confirming that the
tion and then change the bond strength and the dipoleonolayer flow of these mixtures is approximately concen-
strength[27]. The polarization spectroscopy has shown thatric. Typical data of the dependence ob measured under
the angles between the normal axis of the substrate and thike above conditions are shown in Figsa)7and 1b) for x
dipole moments corresponding to the peaks around 1494;2 and 4 mixtures, respectively. The striking features of the
1169, and 1143 cit in the mixed LB films are larger than observed velocity field are the nonlinearity @fr) with re-

A. Observation of the velocity field
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31 rotating disk highly depends on the type of Langmuir film
b used for the experiment.

01| 101

B. Model of the flow

& ook Jom & Since the in-plane orientation in the LB film depends on
2 E £ the shearing induced by the rotating disk, the origin of the
L 1 decrease o (r) with the distance should be clarified. Three

0.001 S \ basic factors can govern this decreag:a Newtonian be-

; ] 13 havior of the Langmuir film,(ii) interactions between the

0_00010-' L - ;00.0001 film and the subphase, artiii ) non-Newtonian properties of

the film. To evaluate the effects of these factors, the experi-
mentally observed monolayer flow at the gas-liquid interface
FIG. 7. Typicalr dependence of the normalized angular veloc-was theoretically fitted to the simple and realistic models that
ity, o/ wgisk, Of the 1:2(a) and 1:4(b) mixed monolayers of DS and we could suggest.
C,,. The rotation speed of the diskg, iS 6.3(A), 2.1 (O), or Approximating that the trough has a rounded shape with a
0.63 rad/s(+). Simulated curves calculated by using E8) with  radius ofr,,g,=19 cm[35], we can apply the well-known
K=0.4 and 1.0s" for the 1:2 and 1:4 mixtures, respectively, are simple torque equatiofi33,34: in the stationary state, the
also indicated. These curves correspondaigy, of 6.3 (dotted  torque applied to the ring pafr,r+dr] of the monolayer
lines), 2.1 (solid lineg, and 0.63 rad/gbroken lines. It should be  from the inner and outer partd)(r) and —M(r +dr), re-
noted that the simulated curves fer;q=0.63 rad/s are not so  gpectively, should be identical, because this ring is not accel-
much deviated from the one calculated with & erated. The torque is given by the product of the distance
r, the circumference 2r, and the shearing stress If we

spect towgisx and the steep decreaseofr) in the smallf assume that the monolayer behaves as a Newtonian fluid
region. On the other hand, the observed finite velocity in theyith a surface viscosity o, , we readily obtain

large+ region is quite natural if the plasticity of the mono-
layer is small. It should be noted that similar results are
obtained for pure & monolayers.

Because the in-plane orientation is related to the shearing
rateG as discussed in Sec. V, the evaluatiorGo§hould be
made in order to estimate the effect of the rotating disk. Thid1ere, the constant torqud and the constarnt, are deter-
value is given by twice the off-diagonal component of themined by the boundary conditions @é(r gk =wgisk and
deformation speed tensor, which is the symetrical part of the (I'wougd =0. However, experimentally obtained(r) de-
velocity gradient tensdi33]. In a concentric flow, therefore, creases more rapidly with increasimgthan Eg.(1) when
we obtainG=rdw(r)/dr [33,34. The experimental data of disk IS large, although this equation well fits the data for
G obtained for the Langmuir films of the 1:2 and 1:4 @gisk=0.63 rad’s.

DS-C,, mixtures are indicated in Figs(@® and 8b), respec- One possible origin of this rapid decrease could be a dis-
tively. The shearing rate for>4cm with given wye is  SiPative interaction between the monolayer and the subphase
higher in the case of the 1:4 mixture when compared to thé36]. However, this interaction may not induce the observed

1:2 system. Such behavior demonstrates that the effect of tHegonlinearity and not fit the obtained dependence ob(r)
for any givenwgis, (See Appendix

4 Non-Newtonian behaviors, i.e., yield value, dilatant, and
pseudoplastic behaviors, of the monolayers could be other
possible origins of the rapid decreaseudir). If the shearing

rate realized under the experimental conditions is “small,”
the lowest-order correction terms could reproduce the non-
Newtonian behaviors. Along this line, we performed prelimi-
nary calculations(see Appendix Such models suggested
that the pseudoplastic behavior could cause the rapid de-
crease ofw(r) and induce the observed nonlinearity, but
they also showed that the lowest-order approximation used
to describe such pseudoplastic monolayer breaks because the
shearing rate realized under these experimental conditions is
not “small.”

FIG. 8. Typical r dependence of the shearing rat6 Therefore, we approximate t.he pseudoplastic property not
=rdw(r)/dr, of the 1:2(a) and 1:4(b) mixed monolayers of DS ©Nly by a lowest-order correction, but by a hyperbolic sine
and G,. The rotation speed of the diske, is 6.3(A), 2.1(0),  function, which was theoretically introduced by Eyring for a
or 0.63 rad/<+). Simulated curves calculated by using E3).with  three-dimensional syste87,38. His calculation is based

K=0.4 and 1.0 for the 1:2 and 1:4 mixtures, respectively, are On @ one-dimensional rate process with a potential energy
also indicated. These curves are correspondsgig of 6.3 (dotted  barrier; the difference between the forward and backward

lines), 2.1 (solid liney, and 0.63 rad/¢broken lines. The insets are  hopping rates of a molecule, which are originally identical
respective expansions of the region of 6< 15 cm. and changed by the presence of shearing, leads to

r{cm) r(cm)

M
w(r)= r—2+C, (for r#0), (1)
L

47

e maat i o e o I
[ @ a DSCp=12 | [ O DS:Cpr=1:4 ]|

G s
)

0 5 10 15 200
r (cm)
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o= 7K sinh }(G/K). 2)

Here, » andK are the “viscosity” of the three-dimensional I 4x10-3 Abs.
system in the linear region and the crossover shearing rate

between the linear and the nonlinear region, respectively

[39]. Since his theory is based on a one-dimensional hopping

along the velocity field, such an equation can be applied also

to Langmuir films(with a surface viscosity of;, instead of

n) [40]. Then, we readily obtain

' 1 M -2
o(r) = wgisk— Kp ™~ sin 2K P dp, (3

r d k T T T T T T T T T T T T T T T
'S | | | | | |
1600 1500 1400 1300 1200 1100

where the value of the torquéd should be determined by the
boundary condition ofo(rugn = 0. wave number (cm-T)
Equation (3) reproduces the data satisfactorily wikh ] ) )

=0.4 and 1.0s! for the 1:2 and 1:4 mixtures of DS and i F'?'hg'D[gcmof_T qbservedhm the ';TIS :;peg:trur_n 0; the LB

Czy respectively, as shown by the curves in Fig@and ot 2 e o o B e T B e o

7(b). The calculated shearing rate also acceptably fits th 9.4 ) "9 ' o

experimental datéFig. 8. Note that we have only one fitting in Ilhes represent the spectra with Fhe electric ve.cto.r of the inci-
o . dent light being parallel and perpendicular to the dipping direction

parameterK [41], and we must use the sarKevalue with of the substrate. respecti

. - . , pectively.
different w4 values to describe one kind of monolayer. The

difference inK reflects the difference in the VisCoelastic 1yyie5 the average over the molecular distribution within the
properties of these mixtures: the pseudoplasticity is morg g fiim Note that this definition ofP, is applicable to the

remarkable in the 1:2 mixture than in the 1:4. It might be| g fiims fapricated with the rotating-disk method, if they are
correlated to the change in alkyl chain density and then to th¢ type so that the mirror symmetry with respect to the dip-

lateral interacti(_)n_s within the Langmu_ir film. Kr_mwing that ping direction can be assuméti9]. This P, parameter can

the .pseudoplasm.lty of the monolayer is the main factor_ CONpe determined by the observed in-plane optical dichroism of

:irgrl]“?f Egeﬁfr?ga“ng' we then analyzed the in-plane orientag, o ahsorption band associated with the transition dipole mo-
' ment under consideration as

V. IN-PLANE ORGANIZATION OF LB FILMS A(0°)—A, (0°) @

In this section we intend to demonstrate the efficiency of 2 A(0°)+A,(0°)
the rotating-disk method on Langmuir films of the D$,C
mixtures and model the orientation mechanism under the i LAY o X X
shearing field, which can be calculated based on the mon IIm with the polanzanon of.the: mcujent .I|ght being parallel
layer hydrodynamical behavior presented in Sec. IV. Beforé"d Perpendicular to the dipping direction of the substrate,
discussing the effect of a rotating disk, however, we need t§eSPectively(see Sec. )l When a LB film has a domain
characterize the in-plane orientation of the D @ixed LB StrUCture,Ps is given by the product of two “partial” in-
films deposited without a rotating disk. plane order parameters:

ere,A;(0°) andA, (0°) are theoptical absorbance of the

__ pmomenjdomain domairsubstrate
A. In-plane orientation without a rotating disk P2=P2 P2 ’ ®)
A clear correlation was observed between the appearanagherePT°me"Homanis the order parameter of the dipole mo-
of the J band and the in-plane dichroism in both the visible ments with respect to the long axes of the domains and
and IR spectra. Indeed, the IR peaks around 1494, 1169, arpgomaiﬁsubstrateis that of the long axes of the domains with
1143 cm? in the mixed LB films(assigned to the central respect to the dipping direction of the substrate.
conjugated system of D@xhibit dichroic behavior compat-  The in-plane anisotropy observed for the LB films fabri-
ible with that of the] band. This is established by comparing cated with a normal dipping methdaithout rotating disk
the visible and IR dichroisms of a LB sample, indicated incan be explained by the “flow-induced orientation model”
Fig. 4 (solid and broken lingsand Fig. 9(thick and thin  [11-13: the rodlike mesoscopic domains are preferentially

lines), respectively. This agreement is maintained in the LBoriented along the dipping direction. In this case
films prepared by using the rotating-disk method. In the fol-pgﬁomentdomain is determined by the structure of these rodlike

lowing, we choose the IR absorption band arou”ddomains, Wh"epgomaidsubstrateis determined by the flow ori-
1143 cm? to characterize the in-plane anisotropy of the antation.
mixed LB films, because this band is associated to Xhe
aggregate and well separated from monomeric bands.
The in-plane order parameté&, of the LB films is de-
fined asP,=(cos(%)), where 6 is the angle between the We have demonstrated that the rotating-disk method is
projection of the transition dipole moment onto the film effective also for the DS-& mixed films, although the real
plane and the dipping direction of the substrate ahdle- efficiency depends on the mixing ratio. In Fig. 10 thedata

B. In-plane orientation induced by a rotating disk
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15108 6 5 4 3 25 Rotating disk | (rdnyrdy)
e A L) R L R B R . ]
O H
048— A 2 o o (a) —_ ; -
021 A o — Ax
0.0 - 6 AL Lo o /
02 B DS:Cp, = 1:1 o © 7] FIG. 11. Geometry in the dumbbell model.
04 AD -
B e e similar effe_cts compared_to the_1:4 system. _The observed
0.4 - macroscopic inhomogeneity of this monolayer is supposed to
R ® 7] be responsible for such behavior. In the 1:2 dagsesaturates
02— DS:Cp=12 aroundd=5 cm, as in the 1:4 case, but its maximum abso-
A 0.0 - ] lute value is smaller than both the 1:4 and 1:1 cases. This
ol . difference can be related to the change in the shearing rate
L ] with the distancel and the nature of the monolayer.
04 -
[ B P ] C. Dumbbell model
048 o o © - Here, we model the orientation mechanism of the mesos-
02l A 4 DSC. = 1:4 N copic domains in a Langmuir film at the gas-liquid interface
L R R in order to interpret the experimental results described above.
00 O@OO o — The so-called “dumbbell model'{42], where the mesos-
021 \"‘"A.AA%O o a copic domains are treated as dumbbells, is adopted to calcu-
i S 8, O a2 late the orientation distribution function of the domains, as in
04 the case of the “flow-induced orientation model” of Sugi
Ol Lo b b and co-worker§11-13. We define the cylindrical labora-
0.0 0.1 0.2 0.3 04 tory system ¢,1) and the Cartesian local systemx,Ay)

1d (em™) whose origins are fixed, respectively, at the center of the
. rotating disk and at the center of the dumbbéeHsg. 11).
_FIG. 10. TheP, data observed for LB films of DS 1:Xx  The rotation speeg of a mesoscopic rodlike domain can be

mixtures transferred by the rotating-disk method are plotted againgts|culated as follows. The center of the dumbbells rotates
the inverse of the distance between the dipping position and thg, g the center of the rotating disk with the angular veloc-
center of the rotating d'SIdi.l' The mixing ratios aréa).le’ ®) ity of the monolayerw(r). We treat the matrix part of the
x=2, and(c) x=4. The rotation speed of the diski, IS 6.3(2) monolayer and domains other than the one under consider-
or 2.1 rad/9O). The dipping velocity is 0.028 cm/s. Here we take ation as a continuous medium. We neglect the interaction
d~! for the abscissa to expand the region near the disk and t%etween this continuous medil.Jm and the rod part of the

include theP, data obtained without disk, which is plotted dit* bbells. On th her hand. the ball d
=0. For the 1:2 and 1:4 mixtures simulated curves calculated by YMPOEIS. Ln the other hand, the ball parts are assumed to

using Eq.(9) with the parameters oPJemenkoman_ g 55 r—7 e fixed in the medium

x10 2ergs and 7q=6x10 *erg are also indicated(The PRI 0

pseudoplastic parametkrin Eq. (3) is set to 0.4 and 1.0°$ for the _ [ r r }:[ } (6)
1:2 and 1:4 mixtures, respectivelyThe solid and dotted curves ot |[y+AY] |w+(do/dr)Ar ]

corresponds tagg of 6.3 and 2.1 rad/s, respectively.

obtained for LB films of the DS-G 1:1, 1:2, and 1:4 mix- wheret denotes the time. Considering the time derivative of

tures prepared by using the rotating-disk method are plottelR=AY/Ax~rAyg/Ax we obtain

against the inverse of the distance between the center of the

disk and the position of the depositicah, 1. In the 1:4 case, . de

P, decreases with decreasird) and saturates around @EE=G cose, (7)
=5 cm. (|P,| increases with decreasimgfor d<8 cm.) The

difference between the data fary;gy=6.3 and 2.1 rad/s is

unexpectedly small. The saturat®d (=—0.4) has almost whereG=rdw(r)/dr is the shearing rate. It should be noted
the same absolute value and the opposite sign with the nothat the dumbbells are in a “simple shear” field, which is the
mal dipping (without disk case. This clearly demonstrates sum of “pure shear” and pure rotation fields and themas
the effect of the rotating disk as it was already reported fotthe same sign for alp (<0 whenG<0). This means there
other chemical systenj45]. On the contrary, in the 1:1 case is no mechanically stable point. Note that the dumbbells are
P, decreases with decreasidgnore gradually and the satu- in a “pure stretch” field in the case of the transfer-induced
ration occurs only at smalli. The saturation value is also orientation of Sugi and co-workef1-13 and in the “four-
about —0.4 with w i =6.3 rad/s. Withwgg=2.1rad/s the roll mill” case of Friedenberget al. [16,17], respectively.
effect of the rotating disk is not apparent for-6 cm. For The orientation distribution function of the mesoscopic
such a system, higher rotation speed is needed to induaomains at time, f(¢,t), is determined by the compromise
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mains in LB films is written agf(¢)+f(7— ¢)]/2. Since
[f(e)+f(m—@)]=[f(—¢)+f(7+¢)], Eq. (5) can be
20 - - used to calculate the totRl, parameter. The order parameter

' pgomairisubstrateis then written by the convolution of and
cosine functions:

2.5 | | 1 | 1 | 1 I |

o

. 1 (=
Lo | Pgomanjs;ubs;trate:E f coSZp[f((P) + f(7T_ (P)]d(,D.
0
0.5 3 w

0.0 T T T T T ] D. Comparison of the observed in-plane orientation
0 /6 w3 w2 2n/3 5n/6 n and the proposed model
4 The above model for the rotating-disk method may be

applicable to the DS-& 1:4 mixed system, since for this
system regular monolayer flow was observed and the abso-
lute P, values in the LB films transferred with and without a
rotating disk are almost identical. Note that the monolayer
between the effect of the shearing and the rotatory diffusiongcaw (O:Jf)thvl\ﬁtrr]n aée_“?l (I)nsc_i?cg(r:i] db¥ a roiaé'igdglsbvﬁe?évsf] by
i i i i i : - trough™ )

The rotatory diffusion equation for the dumbbells is given by:2.4 om is the distance between tr?e substrate and the trough
_ J edge. We have found that the parameter values of
¢~ Degt 5) fle,t), (8)  ppomendomain_ g 55 r—7x 10 2ergs, andry=6x10"1

erg make the simulation based on ES) fairly acceptable
where Do is the effective rotatory diffusion constant [Fig. 10c)]. It should be mentioned that these parameter val-
[11,12. Friedenberget al. [16] have introduced a nematic Ues also give acceptable, simulations based on the flow
potentia| into the above equation, which may improve theorientation mOde[lZ] for the LB films fabricated without a
model especially when it is applied to mesogenic materialstotating disk[44].
However, DS is not a liquid crystal and we use this equation The discrepancy between the simulated curves and the
in the present form for simplicity. In the stationary state, theexperimental data is not negligible in the larde>8 cm)
left-hand side of Eq(8) is zero and we obtain and smalld (<3.5 cm regions. The discrepancy in the large

FIG. 12. Examples of the orientation distribution function of
mesoscopic rodlike domains in a Langmuir film with a rotating disk
calculated by using the dumbbell model.

ORI
. de

X

d region is probably due to the monolayer flow caused by the
Ge G sing transfer: the effect of the sheariftroduced by the digk
fle)=A exy{mnt m) and that of the stretchingintroduced by the transferare
comparable. This may also cause the relatively low repro-
¢ Ge' Gsing'| | ducibility of the P, data in this region. The origin of the
fo xR 2Dgx 4Dy de’+BJ. (9 discrepancy in the smadl region is not clear at present, but
we speculate that the substrate itself disturbs the monolayer
Here, A is the normalization factor. The constabitis deter-  flow and reduces the absolul, value. The difference be-
mined by the cyclic boundary condition of(¢+ )  tween the simulated curves fesgq=6.3 and 2.1 rad/s is
=f(¢), which is required by the symmetry of the dumbbells small, corresponding to a tiny difference in tRg data. The
[43]. It is noted that for the present DS;Omixed system, nonlinearity of the monolayer flow and the saturation behav-
rotatory yield value behavior was suggestgt?]. In this ior of the P, value are the causes of this small difference.

case we should rewrit€/D o as This result suggests that too largeysy is useless in the
rotating-disk method, if the given monolayer exhibits a regu-
G {G—-1 lar flow.
D_eﬁ: keT (10 The cause of the observed smaller efficiency of the

rotating-disk method in the 1:2 mixture case is surely related

according to Sugi and co-workers. Several examples ofo the effect of mixing on the viscolelastic behavior of the
f(¢) are indicated in Fig. 12 for gives/D¢x values. The monolayer and may be related to the dipping process, but
lack of a mechanically stable point induces the asymmetry ilemains unclear at present. For the 1:1 mixture we have a
the curves of this figure. fairly large absolute?, value with the rotating-disk method

When we neglect the effect of the dipping process and thespecially in case of smad, i.e., smallr g5, although the
disturbance of the monolayer flow due to the substrate imebserved flow in the monolayer was not regular with large
mersion across the monolaygh9], Eq. (9) is basically ap-  rough-
plicable also to LB films. In the LB case, however, we nor-  Finally, we would like to point out that the present study
mally have different types of monolayers: monolayersprovides a guideline for designing a rotating-disk apparatus.
deposited during the upward and downward strokes of th&he rotation speed of the disk it neccessarily largé2
substrate, and monolayers deposited onto each side of thad/s is sufficient but a larger disk may be useful for the
substrate. By taking into account the mirror symmetry due tdollowing reason. The magnitudes of side effects such as
this situation, the orientation distribution function of the do- surface waves may be proportional itgg, r gisk®gisk» OF
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rgiskwdisk [45]. With the samergiskwdisk, we can produce [r.r+dr]is proportional to the product of the flow velocity,
larger o(r g+ d") by increasingr g, when the distance T, and the area of the ring,72dr, according to the usual
between the substrate and the edge of the di$kjs fixed, ~Manner. The proportional coefficient is defined -agqiss.
becaus&)(r) decreases more rap|d|y thaﬁz as discussed (In Other WordS, “friction” bletWeen the m0n0|ayel’ and the
in Sec. IV. Another important point is that smalj,,q,may ~ Pottom of the trough mediated by the water subphase is
have an advantage: whep,,q,is smaller than the size of the taken into the account.This phenomenological term is
macroscopic structure, the monolayer flow could be regularddded to the torqueM (r) —M(r +dr):

even though the monolayer has macroscopic inhomogenity

as in the 1:1 mixture case. In other words, with small,gp, — [27r20]dr+r[ — 27 2w]dr=0. (A1)

the required homogeneous area is reduced. Furthermore, dr

smaller trough enhancedw/dr| and then enhances. _ . . .
g Yeo/dr] This second-order differential equation can be transformed to

a degenerated hypergeometric type, whose solution is written
by using the first-order modified Bessel functions,and

We have demonstrated that the rotating-disk method iX;, as
effective also for the Langmuir and Langmuir-Blodgett films
of the DS-G, mixed system, after performing a general char-  ®@=Cor ™11 ( V7iss/ 7T ) +Car " Ky (V7giss! T ).
acterization of these films. However, the efficiency depends (A2)
on the mixing ratio, which changes the macroscopic homo- .
geneity and the viscoelastic properties of the monolayer. ngher_e_cz and C3 should be dete;rm_lned bY the boundary
observed monolayer flow induced by a rotating disk anoCOﬂdIthﬂS. Unfortupately qub‘z) is linear \.N'th respect to
showed characteristic nonlinearity and rapid decrease of th@disk an]:d does not fit the obtained ddespecially the large
angular velocity with the distance to the disk, implying the "€gion for any givenagisk.
important role of the pseudoplasticity of the monolayers. o _ o
Based on thisn situ observation of the flow, we proposed an 2. Velocity field with non-Newtonian viscosity represented

VI. CONCLUSION

analytical model for the rotating-disk method. Although the by the lowest order correction terms
real system is more complicated, the proposed model is valu- _ _
able to estimate the in-plane order of the film, when the a. Bingham yield value case

monolayer flow is regular and not seriously disturbed by the The Bingham yield-value behavior of the monolayer can
deposition process. Moreover, they have figured out the impe expressed as

portant factors in the rotating-disk method. When the effect
of the flow introduced respectively by the disk and by the o=n1G+ 7. (A3)
monolayer transfer are comparable, the situation is much
more complicated and the present analytical model should bidere, 5, is the Newtonian viscosity angl, is the yield value
modified in order to take into account both effects. In-planewhose sign is identical with that @&. Then we readily ob-
orientation under such conditions is qualitatively discussedain the next solution instead of EL):
elsewhereg[19]. Overall, such experiments demonstrate the
possibility of characterizing and understanding the hydrody- B
namical process in a Langmuir film in order to obtain a better w= 47y,
control of the in-plane orientation at the interface and also in
LB films to build up new films having in-plane anisotropic The rotation velocity expressed by E#4) decreases more
properties. Along this line, development of an improved ver-rapidly with increasing than the Newtonian case. However,
sion of the rotating-disk method is now in progré¢ds]. the tendency of the nonlinearity introduced by the yield
value(w decreases more rapidly femallerw ;) is oOpposite
to the observed one and E@A4) does not fit the obtained
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b. Dilatant case

o= 171G+ 73G3, (A5)

APPENDIX where 73 (>0) denotes the degree of the nonlinearity. From

o _ S _ the torque equation an@d5) we obtain
1. Velocity field with a dissipative interaction

3
m _,de M o
oy r ar + T r—>=0. (AB)

A rigorous theory for the infinite system is know86]. d_w
However, we treat this problem phenomelogically, because dr
generally the dimensions of the trough are not large enough

to assume that they are infinite. In the first-order approximaThe only real solution of this equation is given by the next
tion, we assume that this dissipative force applied to the ringgquation:




1996 IKEGAMI, MINGOTAUD, AND DELHAE S 56

r Mp 5|2 77% p® 12 Mp~° 13 showing that the higher-order corrections are required in Eq.
w=wdisk+f (—) === — dp (A5) in the case of larger torque. Assuming the condition
rascl L\ 47 3)  m3 27 4mns (A8) we obtain

T 357

Mp~*\2 7ip”®
4173 3 27

1/2 Mp75 1/3
P

r 27]1 5 1/2
417,

;
_ I 2y
frdisk[ @7 Dk erisk 373
(A7) o
XCc0S —

whereM should be determined by the boundary condition of
o (I yough =0. The angular velocity expressed by this equa-

. . ) ] 1 2 -2 3_ M -5 2 271/2
tion decreases more gradually with increasinghan the — Ztant [(271p "1375) _5( p_I2mns)’] dp
Newtonian case. In addition, the tendency of the introduced 3 Mp 12w 73
nonlinearity is opposite to the observed one. (A9)
c. Pseudoplastic case This solution suggests that the pseudoplastic property of the

L . monolayer could cause the rapid decrease(in) and intro-
In the lowest-order approximation the pseudoplastic beyyce a nonlinearity to the system in the right way. Unfortu-
havior can be_expresse_:d also by EAS), but with negative nately, however, this solution is very close to the Newtonian
73. The physical solution ofiw/dr in Eq. (A6) should be  one written by Eq(1), implying that the torque given by the

zero or negativéreal). This requires the condition of experimental conditions is large enough to break down the
87 (1) lowest-order approximation. We have therefore selected Ey-
M2<oT M) g (A8)  'ing's formulation[see Eq.(2) in the main tex} to describe
27 (=n3) ' this pseudoplastic case.
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