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ABSTRACT: The main chain orientation of polymers of the hairy-rod type in layered assemblies obtained
by the Langmuir-Blodgett (LB) process has been investigated. The alignment of the transferred molecules
parallel to the dipping direction is determined by the geometric conditions of the monolayer flow on the water
subphase. Orientation due to the force field at the meniscus is negligible. Experimental data obtained for
poly(tetramethoxytetraoctoxyphthalocyaninato)siloxane (PcPS), poly(y-methyl L-glutamate)-co-(vy-n-octa-
decyl L-glutamate) (PG), isopentylcellulose (i-PC), and n-butylcellulose (n-BC) are theoretically analyzed in
terms of the rheology of a two-dimensional liquid. The order parameter describing the degree of orientation
of the backbones with regard to the dipping direction can be improved by annealing. This process obeys the

time-temperature superposition principle.

1. Introduction

Gorter and Grendel! seem to be the first to have observed
in 1925 the formation of a monomolecular film of mac-
romolecules (proteins) on the water surface. Ittook several
decades, however, before polymers at the air-water
interface became a matter of greater interest because they
are prerequisite to application of the so-called Langmuir-
Blodgett (LLB) technique.?™

Our approach tothis field is to use nonamphiphilic rigid-
rod polymers dressed with flexible side chains.>¢ It has
been shown for several types of these hairy-rod polymers
that they form a densely packed monolayer when spread
to the air-water interface of a Langmuir trough. It was
hinted that the packing within the monolayers is best
described in terms of a two-dimensional liquid-crystalline
(LC) phase. This two-dimensional LC phase becomes
oriented in the course of the LB transfer process such that
highly anisotropic layered assemblies are obtained.”

Supramolecular structures with a defined main chain
orientation within each monolayer have been designed by
utilizing these systems.? The applications of these an-
isotropic LB films in molecular optics and electronics are
promising.3.9:10

Compared to the efforts spent to create and apply
polymeric LB multilayers the knowledge about the origin
of main chain orientation during the LB film assembly
technique and the relations between the process param-
eters and the corresponding film structure is poor.

The investigation of the main chain orientation process
touches on several fundamental problems, such as the fluid
dynamics of rigid-rod polymers on the water surface, the
macromolecular orientation in a two-dimensional flow, the
possibility of stress-induced orientation at the meniscus,
as well as the further orientation within the deposited
multilayers in terms of relaxation processes.

This paper reports on the experimental observation and
theoretical analysis of phenomena leading to the orien-
tation of hairy-rod type polymers in the LB technique.
The two-dimensional flow patterns have been determined
and correlated with the macroscopic orientation in the
transferred film, the influence of the meniscus on the main-
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chain orientation has been estimated, and the postori-
entation process on the substrate has been studied.

The following kinds of rigid-rod polymers have been
investigated: poly(tetramethoxytetraoctoxyphthalocya-
ninato)siloxane (PcPS),!! poly(y-methyl L-glutamate)-co-
(y-n-octadecyl L-glutamate) (PG),!2 isopentylcellulose (i-
PC), and n-butylcellulose (n-BC).13 All polymers are quite
soluble in organic solvents. They exhibit good LB film-
forming and transfer characteristics, which include a high
collapse pressure, a fast drainage speed, and a quantitative
transfer ratio.

2. Flow and Deformation of a Monolayer on the
Water Surface

2.1. Hydrodynamic Considerations. Using the LB
technology for designing mono- or multilayered structures
implies the formation of a densely packed monolayer at
the air-water interface and the transfer of this monolayer
by dipping and raising of a substrate through the interface
under a constant surface pressure.

In this process the transfer of the molecules induces a
flow of the monolayer on the water surface. If the drag
of the water on the monolayer is neglected, the flow can
be described in terms of a two-dimensional problem of
fluid mechanics. With this assumption in mind a math-
ematical analysis using the model of an ideal fluid will be
presented as a first approximation of the flow of a mono-
layer. Effects due to the nature of the rigid-rod molecules
will then be discussed next.

2.1.1. Ideal Fluid. Generally, the two-dimensional
creeping flow of an ideal fluid can be expressed by a
complex potential:

w=b+iy 2.1)
where the potential function ® = const defines the equi-
potential lines and the stream function ¥ = const defines
the streamlines. The potential function can be obtained
by solving the Laplace equation:

2 2
vip = e -+ 8_‘1; =

ax?  dy

The analytical solution has already been demonstrated
under the following assumptions;14 First, the substrate is
represented by a finite line sink, and second, the trough
is regarded as infinite in its dimensions.

0 2.2)
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Figure 1. Calculated streamlines (¥ = const) and equipotential
lines (® = const) for the two-dimensional ideal fluid in a trough
with infinite dimensions: sink width 26 mm.

Assuming a finite line sink means that the thickness of
the substrate is neglected and that the transfer of the
monolayer proceeds without any meniscus, while com-
plications from boundary conditions can be avoided by
assuming infinite trough dimensions.

The analytical solutions for  and ¥ have been obtained
by integrating the equation for the complex velocity
potential:15

w@ =T f""Inz-y)dy 2.3)

where z = y + ix, a is the width of the substrate, and m/a
is the scaling “magnitude per unit length”.
The resulting expressions for ® and ¥ are

® =%[(y+"§ In fx’ + (y+%)2}-(y—%) In {x* +
T Co| BN e
(y - -2-) } + 2x jarctan T arctan o 2.4)

+4
\I/=—2'% —2(y+%) arctan . 2 +2(y-%) arctan

2 9 g 2 _ 2 _a 2 ]
" +x1ntx +(y+ 2)} xlntx +(y 2)} (2.5)

The equipotential lines and the streamlines for & =
const and ¥ = const, respectively, are shown in Figure 1.

For the trough geometry under investigation (see Figure
2a) the flow field has been determined for “film deposition”
only onto the side of the substrate facing the moving
barrier. Inthis case the boundary problem can be defined
in the rectangular coordinate system as follows (Figure
2a):

side 1

= -, = const (2.6a)

¥|%

where v, is the x-component of the velocity and v, is the
velocity of the moving barrier.
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Figure 2. (a, top) Geometry of the real trough: side 1 moving
barrier, side 3 boundary defined by the position of the substrate;
a1 (=26 mm) and a; (=75 mm) indicate the width of two different
substrates; b = 150 mm; ¢ = 75 mm. The x- and y-axes define
the coordinate system. (b, bottom) Numerically calculated equi-
potential and streamlines for the ideal fluid in the real trough
(for one-sided “deposition”™): sink width 26 mm; trough width
150 mm.

side 2/4
v,=—=0 (2.6b)

where v, is the y-component of the velocity; both sides are
equal according to symmetry.

side 3

vxl ~Ug v, ' =0 vg = gub (2.6¢)

_0 -

x= x|x=0
y<a/2 a/2<y<b/2

where v4 is the dipping velocity (transfer velocity) and a
and b are defined in Figure 2a.

With these boundary conditions the Laplace eq 2.2 has
been solved numerically using a so-called “fast Poisson
solver based on the HODIE finite difference scheme on
a uniform mesh”.18

Successively the stream function has been calculated
by numerical differentiation and following integration of-
the potential function according to eq 2.7 and eq 2.8,
respectively.

_8% _av _8%_ oV
Ty YT ey ox @7
_1f (ro2 9P
‘I/—E[j;'é;dy—ﬁ)ay dx] (2.8)
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The resulting equipotential lines and streamlines are
shown in Figure 2b. As expected, they are perpendicular
to each other, indicating that the numerical solution is
good.

Comparing Figure 1 and Figure 2b, it is obvious that
both solutions coincide well in the region near the substrate
and the effect of the trough geometry can be neglected.
This in turn indicates the working range of the analytical
solutions.

Itshould be mentioned that all the kinematic quantities,
e.g., the velocity and the velocity gradient, are defined by
the potential function as shown in eq 2.6 a—c, eq 2.9, and
eq 2.10, where the velocity gradient tensor F equals

dv, du,
_ a_x Ec‘ — @xx Q:cy
F=la, av, [|e, o, 29
dy dy
and the deformation rate tensor D equals
®,, /22, + ®,,)
= 2.1
D=1, +3,) o, (2.10)

For an ideal fluid there is ®,, = -®,, and &,, = ®,, and
therefore

F=D (2.11)

In addition, a coordinate invariant scalar parameter G
to describe the deformation rate can be introduced:

G= »\/g= \/ %tr D’=V¢, 2 +8, 7 (212

where J is the second invariant of the tensor D and tr
means the trace.

The calculated values of v, and G are schematically
shown in Figure 3, parts a and b, respectively. Obviously
the deformation is concentrated near the substrate for
the ideal fluid.

2.1.2. Kinematics of Other Fluid Models. Concern-
ing a compressed monolayer consisting of rigid-rod mol-
ecules, the assumption of zero viscosity as for the ideal
fluid is of course a rough approximation. Therefore, the
flow patterns of other kinds of fluids should be regarded
as well.

The rheological behavior of various types of fluids has
been studied under the condition of a plane channel flow
through an abrupt contraction in terms of a two-
dimensional problem. The agreement of the numerically
calculated flow fields and those observed experimentally
is satisfying for both Newtonian and non-Newtonian
fluids.1?

The calculated streamlines of a two-dimensional creep-
ing flow into a rectangular contraction of one-quarter of
the channel width are shown in Figure 4 for an ideal fluid
(a), a Newtonian fluid (b),!” and a viscoelastic fluid
(Johnson-Segalman fluid) (c).!1# For an ideal fluid the
stream function changes its value linearly across the
channel, while for viscous fluids the streamlines tend to
leave the channel center. This implies a larger velocity
gradient across the channel for viscous fluids.

The highly viscoelastic fluid (Figure 4c), which is
modeled by a Johnson-Segalman fluid with a single
relaxation time, shows recirculations at the corner. The
recirculation pattern agrees with the experimental ob-
servation using highly viscoelastic fluids. The vortices
become larger when the Weissenberg number We = T'y;
— T52/2T); increases, which is defined as the ratio of the
first normal stress difference (elasticity) to shear stress
(viscosity).
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Figure 3. (a, top) Calculated velocity distribution of v for the
ideal fluid in the real trough: sink width 26 mm; trough width
150 mm; v4 dipping velocity; x, moving barrier position; vy, barrier
velocity. (b, bottom) Calculated deformation rate G for the ideal
fluid in the real trough: sink width 26 mm; trough width 150
mm.
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Figure 4. Calculated streamlines for a plane channel flow
through an abrupt contraction of one-quarter of the channel width
for an ideal fluid (a), a Newtonian fluid (b), and a highly vis-
coelasticfluid (¢). Closed streamlines indicate recirculation areas.

The angle which separates the flowing out region from
the recirculation regions is called the convergent angle.
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Table I
Some Structural and LB Properties of the Investigated
Polymers
polymer
PcPS PG i-PC n-BC

chemical structure Figure 13 Figure 14 Figure 15 Figure 15
degree of polym, Py 30-100 500-1000 270 270
rod length, A 100-500  750-1500 1400 1400
persistence length, A infinites  500-1000 ~60° ~601°
spreading concn, mg/ 1-2 0.3 0.7 0.7

mL of CHCl4
subphase temp, °C 6-10 20 10-20 11
collapse pressure, mN/m 40 25-30 20 18
working pressure, mN/m 15-25 19-22 15 12
max deposition speed, >3 >6 >1 >1

cm/min

¢ Greater than rod length.

Its value decreases from 180° for the ideal fluid to ~90°
for the viscoelastic fluid in Figure 4c.

It should be remarked that the numerical calculations
for Figure 4b and ¢ have been obtained under the boundary
conditions that the upstream is a fully developed flow and
that there is no slip at the channel wall. It will be seen
later from the experiments that these conditions are not
well satisfied for the rigid-rod polymer systems under
investigation.

2.2, Experimental Determination of the Flow Field
for Polymeric Monolayers. 2.2.1. Polymer Samples.
Table I summarizes structural informations and the
characteristic LB data for the three types of polymers:
poly(tetramethoxytetraoctoxyphthalocyaninato)silox-
ane (PcPS),!! poly(y-methyl L-glutamate)-co-(y-n-octa-
decyl L-glutamate) (PG),!2 and the cellulose ethers isopen-
tylcellulose (i-PC) and n-butylcellulose (n-BC).13

2.2.2. Flow Visualization during LB Film Transfer.
There are several methods which allow the visualization
of the flow field in a LB trough.202! The choice isrestricted
dueto the condition that flow visualization combined with
anundisturbed film transfer must be achieved. Therefore,
the flow fields have been determined applying a method
suggested by Daniel.?! Visualization was realized by
cleaned aluminium disks (diameter 2-4 mm, thickness 0.01
mm), which were positioned on top of the compressed
monolayer using clean tweezers. The positions of the
floating disks were recorded by a camera, mounted
vertically above the LB trough. The film transfer was
carried out under constant pressure using an automatic
Lauda film balance. When individual disks arrived near
the substrate, they were removed in order to allow the
recovery of the film before deposition. The transfer ratio
was kept near 100% , and subsequently the LB film covered
substrate was used to determine the main chain orien-
tation.

For the investigated transfer geometry, the streamlines
have been obtained by successive projections of the
recorded slides. Successive slides visualize the movement
of the disks, while corresponding positions map their
trajectories. Assuming that the movement of the disks is
representative for the film flow, the streamlines have been
determined. This processisschematically drawn in Figure
5, where the black points correspond to the initial positions.

Different transfer geometries as indicated in Figure 6
a—d give rise to different flow patterns. The correspond-
ing main chain orientations are discussed in section 3.2.

In section 2.1.1 the theoretical streamlines for the
“deposition” of an ideal fluid only onto the side facing the
moving barrier have been discussed. This condition has
beenrealized experimentally using a substrate holder made
of Teflon, where the substrate slides within a notch
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Figure 5. Experimental detection of the streamlines during LB
film transfer (schematically). Black points correspond to the
initial positions of the aluminium disks used for flow visualization.
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Figure 6. Investigated transfer geometries and observed stream-
lines (schematically).
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Figure 7. Streamlines for the transfer of PcPS only onto the
substrate side facing the moving barrier: substrate width 26 mm,
T =6°C; = = 25 mN/m; v4 = 1 cm/min. Dashed lines indicate
the sides of the convergent angle of ~110°,

shielding the back side from film deposition (see Figure
6a). In this case, the boundary conditions are similar to
the problem of a sink flow unless there is no wall of the
trough at both edges of the substrate.

The directly measured flow patterns will be compared
with those predicted by various fluid models. (see section
2.3.)

2.23. Flow Patterns during Transfer. 2.2.3.1.
PcPS. Thestreamlines for the one-sided transfer of PcPS
onto a substrate having a width of 2.6 cm are shown in
Figure 7. Far from the substrate they are parallel to each
other and the disks move with the same velocity as the
moving barrier. This indicates that there is no viscous
drag at the wall of the trough, a behavior similar to the
boundary condition for the ideal fluid. But it has to be
mentioned that this result is limited to the experimentally
realized distance between disks and the trough boundary
of ~0.5 cm.
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Figure 8. Initial and final positions of some indicator disks
linked by the corresponding streamlines for the one-sided transfer
of PcPS: substrate width 26 mm; T = 6 °C; = = 25 mN/m; vq
= 1 ¢cm/min,
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Figure9. Streamlines for the one-sided transfer of PG: substrate
width 26 mm; T = 20 °C; » = 19 mN/m; vg = 1 cm/min.

Near the transfer region the flow becomes convergent
like asink flow. Itis worthnoting thatthereisaconvergent
angle at the center leaving two areas, in which the mono-
layer is almost at rest. This detail is stressed in Figure 8,
where in another experiment the initial and the final
positions of the disks are linked by the streamlines. The
convergent angle of ~110° seems to be insensitive to the
flow rate. A velocity profile is developed having its
maximum in the center and a drastic velocity gradient at
both sides near the convergent angle and leaving unde-
formed areas at both corners. This behaviorissupposedly
viscoplastic in its nature, but an exact solution for this
boundary problem is not available to us.22

2.2.3.2, PG. The flow pattern of PG is very similar to
that of PcPS as shown in Figure 9. Only a little increased
mobility of the monofilm has been detected in the corners.
This may be related to the somewhat reduced rigidity of
the polymer chains in PG or to the effect of the higher
subphase temperature in the experiments performed with
PG. More exactly the term “reduced temperature” should
be used, which could be defined as the ratio of the tem-
perature during the experiment to the temperature at
which no stable monolayer is formed when applying the
same surface pressure. Unfortunately, this temperature
cannot be determined due to experimental restrictions.

2.2.3.3. Cellulose Ethers. i-PC and n-BC monofilms
exhibit a higher mobility as visualized in their flow patterns
in Figure 10a and b. Due to the enhanced fluidity of the
film, small perturbations may cause irregular motion of
the indicator disks. A remarkable feature has been found
for n-BC, revealing that there exist recirculations at both
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Figure 10. (a, top) Streamlines for the one-sided transfer of
i-PC: substrate width 26 mm; 7" = 10 °C; 7 = 13 mN/m; vg =
1 ¢cm/min. (b, bottom) Streamlines for the one-sided transfer of
n-BC: substrate width 26 mm; T = 10 °C; # = 10 mN/m; vq4 =

1 cm/min.
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Figure 11. Streamlines in one edge of the trough near the
substrate for the one-sided transfer of n-BC: substrate width 26
mm; T =10 °C; » = 10 mN/m; vq4 = 1 cm/min.

edges of the substrate; i.e., the disks near the wall move
back toward the main stream, which is shown in detail in
Figure 11. These vortices are similar to the vortices in the
sink flow of highly viscoelastic fluids.?223 Therefore this
new phenomenon of the in-plane fiow of monolayers may
also be related to a viscoelastic behavior of cellulose ethers.

2.3. Modeling of the Surface Flow of Polymeric
Monolayers. As far as the kinematic behavior of surface
flow for the polymers under investigation is concerned, it
has to be admitted that the ideal fluid model provides
only arough approximation. For example, the convergent
angleisin the range of 110° compared to 180° for the ideal
fluid. More quantitative estimations of the deformation
rate and the deformation field need a more realistic rheo-
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Figure 12. 7/A isotherms for PG (a, T = 20 °C), n-BC (b, T =
20 °C), and PcPS (¢, T = 6 °C).

logical modeling.

Some physical considerations would be helpful here. It
has long been known that rodlike polymersin concentrated
solutions form a liquid-crystalline, nematic phase. It has
also been proposed that rodlike polymers with side chains
form a nematic phase in solution as well as in the molten
state. However, the question of whether on the water
surface, where the interfacial thermodynamic conditions
are quite different from those in bulk, the compressed
monolayers of these polymers are also in the nematicstate
still needs direct proof.

The 7/ A isotherms of the polymers under consideration
are shown in Figure 12. First, the area per monomer unit,
where the flow experiments have been performed, reflects
the density of a closely packed monolayer. Second, the
isotherms are reversible until the collapse pressure (the
first plateau) is reached. These facts may support a
continuous monolayer with weak interactions between the
molecules. Moreover, the fact that the densely packed
molecules lubricated by flexible side chains retain good
fluidity also strengthens the assumption that they may
flow like a two-dimensional liquid crystal. Polymers of
higher rigidity like PcPS and PG should exhibit a behavior
more akin to nematic systems,2¢26 e.g., plastic yield
behavior under stress. More flexible polymers like the
cellulose ethers feature a more viscoelastic behavior, e.g.,
the wall vortices as in the case of three-dimensional rhe-
ology.17%7

Further work in modeling the flow of monolayers should
involve two tasks; first, to develop the rheological model
adequate for monolayers under large deformation and
complex flow and, second, to calculate the boundary
problem with more realistic boundary conditions, e.g.,
allowing slip at the wall.

3. Deformation-Induced Main Chain Orientation

3.1. Measurement of Main Chain Orientation. For
PcPS and PG the molecular orientation has been deter-
mined in the transferred film. Spectroscopy in the visible
region is very suitable for PcPS due to the strong ph-
thalocyanine absorption. Thisso-called Q-band is shifted
from Amax = 680 nm in the monomer to Apax = 545 nm in
the polymer arising from the coupled electronic transitions
of neighboring chromophores.?? The dipole transition
moment lies within the plane of the phthalocyanine chro-
mophore, perpendicular to the polymer backbone (see
Figure 13). Therefore, strong absorption is observed, if
the incident light is polarized perpendicular to the
backbone. The polarized visible spectrum for a highly
ordered LB film is shown in Figure 13. A, and Aj are the
absorptions measured perpendicular and parallel to the
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Figure 13. Molecular structure of PcPS (a), evaluation of the
main chain orientation by the known transition dipole moment
of the chromophore (b), and absorption of a film of 40 layers in
polarized visible spectroscopy (c): A, absorption, when the
incident beam is polarized perpendicular to the dipping direction.

dipping direction. The degree of orientation is charac-
terized by the dichroic ratio R:

R=A,/A 3.1)

The polarized visible spectrum (Figure 13) has been
measured for a PcPS film of 40 monolayers This implies
that only an averaged orientation is obtained. For the
investigation of the orientation process, it was desirable
to determine the absorptions A | and A in a single mono-
layer. Due to noise and baseline shift it was necessary to
analyze the whole Q-band, assuming that the dichroicratio
is independent of the wavelength. Therefore eq 3.1 was
extended:

_ (A_L)i—a

A)—b i=12,.,n (3.2)
17~

where (A | ); and (Aj); are the absorptions measured at the
ith wavenumber based on the given baselines, respectively.
The unknown values a and b are the differences between
the given baselines and the true baseline. Therefore, it is

The linear regression of /eq 3.3 enables the exact deter-
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Figure 14. Averaged composition of repeat units (a) and helical
structure (b) of PG and part of the polarized IR spectra of a film
of 40 layers on a silicon substrate (region of amide bands) (c).
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Figure 15. Structure of the cellulose ethers i-PC (R = i-C;Hy)
and n-BC (R = n-C,Hy).

mination of R values even for a monofilm. Effects due to
reflectivity losses in the determination of the dichroic ratio
were estimated to be negligible.

For PG multilayers the orientation has been determined
using polarized FTIR spectroscopy.® The glutamate repeat
units arrange in a helical conformation, due to hydrogen
bonds. Therefore, PG is a cylindrical molecule. The di-
chroic ratio has been calculated according to ref 29, using
the absorption at 1550 ecm™! due to the amide bond
oscillation (Figure 14).

The orientation of rodlike polymers lying in a plane
defined by the substrate surface can be described by the
two-dimensional order parameter S of a nematic phase:30

S = (cos 28) = fo’f(@) cos 2& d& (3.4)

where f(®) is the normalized distribution function of the
main chain orientation, i.e., the probability of a molecule
to be oriented with an angle ® to the main direction. For
simplicity, the latter direction is chosen as the average
direction of the distribution.
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Figure 16. (a, top) Streamlines for the two-sided transfer of
PcPS: substrate width 26 mm; T =6 °C; » = 25 mN/m;vg = 1
cm/min. (b, bottom) Order parameter S of the deposited mul-
tilayers of PcPS versus the horizontal position on the substrate
for the transfer described in (a).

The order parameter can be calculated from the dich-

roic ratio:®

=R-1 . 5.0

=R+ 1(1 2 cos® o) 3.5)
The definition of « is indicated in Figure 13.

3.2. Main Chain Orientation after Different Flow
Histories. For a better understanding of the main chain
orientation the following experiments have been designed
to correlate the flow pattern with the macroscopic ori-
entation.

3.2.1. Effect of the Substrate Width. The flow
pattern during the two-sided transfer process of PcPS on
asubstrate having a width of 2.6 cm is presented in Figure
16a. It was of interest to measure variations in the local
orientation on the substrate along a line normal to the
dipping direction. This measurement allows one to
correlate the orientation of multilayers on the substrate
with the flow conditions as visualized by the streamlines.
The order parameter S is plotted versus the horizontal
position on the substrate in Figure 16b, separately for the
front side, which has faced the moving barrier, and the
back side. The order parameter exceeds 0.4 for the front
side, indicating that the molecules tend to orient parallel
to the dipping direction.

If the width of the substrate equals half of the width of
the trough, parallel streamlines should be generated in
front of the substrate. Thisresults from half of the mono-
layer flowing around the substrate and being deposited
onto the back side (see Figure 17a). Therefore, the mono-
layer deposited on the front side has not faced any
detectable flow deformation (For the effect of the meniscus,
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Figure 17. (a, top) Streamlines for the two-sided transfer of
PcPS: substrate width 75 mm; T = 10 °C; 7 = 15 mN/m; vq =
1 cm/min. (b, bottom) Order parameter S of a multilayer
structure of PcPS versus the horizontal position on the substrate
for the transfer described in (a).

see section 4.). The order parameter S is shown in Figure
17b for this geometry, separately for the front and the
back sides. On the side that has faced the moving barrier
there is no macroscopic orientation (S ~ 0). Actually, S
values are a little less than zero, which may imply that the
molecules in the compressed film have a weak orientation
parallel to the substrate on the water surface. This may
be caused by the deformation of the monolayer during
compression.®! The S values at the back side are larger
than 0.3, especially at both edges of the substrate.

Investigations of poly[bis(m-butoxyphenyl)silane]32 and
PG under similar flow conditions resulted in the same
orientation characteristics.

These results indicate that a convergent flow, as it is
developed for substrates less or equal in their width than
one-fifth of the trough, is essential to obtain a main chain
orientation of the polymer to be transferred to asubstrate.
Deposition of an undeformed monolayer as it is observed
for substrates comparable in their width to half of the
cross section of the trough will not lead to any significant
orientation.

It is worth mentioning that Ogawa et al.3® observed
increasing orientation for copper phthalocyanine deriv-
atives when they decreased the substrate width.

3.2.2. Convergent Channel Geometry. In order to
prove the role of a converging flow for the molecular
orientation, a transfer position after a 90° conical channel
has been investigated, as shown in Figure 18. Again a
substrate having half of the width of the channel was used
for deposition but after a converging zone. In this case
the transferred film shows an order parameter of ~0.4,
differing from the random orientation without converging
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Figure 18. Streamlines for the two-sided transfer of PcPS
applying a conical channel: substrate width 26 mm; channel width
54 mm; T = 6 °C; = = 25 mN/m; vq4 = 1 cm/min.
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experimental results for the side facing the moving barrier; solid
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flow, but similar to the one found for the natural convergent
angle in Figure 16a.

3.2.3. Orientation Change during a Single Mono-
layer Deposition. The evolution of orientation in the
surface layer has been demonstrated by the transfer of a
single monolayer. The 2.6-cm-wide substrate was im-
mersed under the water surface of the trough before
spreading and compression of the monolayer. Then the
monolayer was transferred by the emersion process. By
measuring the dichroic ratio from the first deposited area
(upper part of the subbtrate) successively to the last
deposited area (substrate bottom), it has been found that
the molecules deposited in the first area are randomly
oriented and that for successive areas their orientation
increases gradually to a stationary value, asshown in Figure
19. The same experiment with a substrate having a width
of 7.5 cm reveals no orientation development.

It was also proved that the relaxation of the orientation
onthe water subphase is slow. If the monolayer deposition
is made with a 1-, 3-, or 10-min delay time between
successive areas, where the dichroic ratio is measured, the
orientation develops not much differently from Figure 19.
Moreover, the orientation in the surface layer at the
dipping position can be preserved until the next mono-
layer is transferred onto a new substrate by immersion.

Therefore, it can be concluded that the deformation of
the surface layer is responsible for the orientation of the
deposited film. Furthermore, the macroscopic orientation
is correlated to the total deformation a plane element on
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Figure 20. Definition of the unit vector u of a “test rod” and
of the average of the orientation distribution with respect to the
shear direction.

the water surface has suffered. Here the term “defor-
mation induced” should be used rather than “flow in-
duced”, for it is the deformation rather than the movement
or flow rate which dominates the orientation in the mono-
layer.

3.3. Mechanism of Macromolecular Orientation.
If the macroscopic orientation can be described by the
microscopic arrangement of the molecules during defor-
mation, it would be reasonable to treat the monolayer
flow in terms of the rheology of rodlike particles in the
nematic phase.

A well-known molecular theory dealing with the dy-
namics of liquid-crystal polymers in concentrated solutions
is the one presented by Doi.?* Recently, Marrucci and
Maffettone have analyzed the corresponding two-dimen-
sional problem.3¢

The theory assumes that the nematic state can be
described by a potential of the Maier-Saupe type:

V(u) = -2UkgT(uu):uu (3.6)

where U is the nondimensional intensity of the potential,
u = (cos 4, sin 8) is the unit vector parallel to the “test rod”
in the plane with an angle ¢ between the long axis of the
rod and the shear direction, and ( ) indicates the average
over the existing u distribution (Figure 20).

A shear flow results in a rotation of a thin rod with an
angular velocity given by

§=-Gsin’s 3.7

where G is defined in eq 2.12. In a complex flow this
deformation rate has to be multiplied by a flow field
correction factor m due to the fact that shear and
elongation components are present.

The molecular orientation can be described by the
diffusion equation

df _ _8J
a5 @8
According to ref 30, the angular flux of rods is written as
=-p[¥+ L V] 45
J D[66+kBT Y] + b 3.9

where D is a rotational diffusion coefficient.

Usually the solution of eq 3.8 is given for the stationary
case; i.e., df/dt = 0.1430 This assumption seems not to be
justified for the investigated systems due to the slow
relaxation of the macroscopic orientation as discussed in
section 3.2.3.

For this reason the transient solution of eq 3.8 in the
limit case of negligible diffusion will be deduced. Then,

Layered LB Structures of Hairy-Rod Polymers 2521

combining eqs 3.8 and 3.9 results in

g[ - —a_ &
a = "5 D (3.10
Using eq 3.10, the time-dependence of the order
parameter S defined in eq 3.4 can be determined.
Inafirststep, eq 3.4 hasto be differentiated with respect
to the time ¢:

ds_ (rof

dt  Joat

To replace the angle é in eq 3.10 with the angle &, a

coordinate axis is chosen in the direction where 8 = 6 -

& (see Figure 20). For a symmetric distribution function
this provides

(sin2®) =0 (sind®) =0 (3.12)

Bysubstituting eqs 3.10into 3.11 and integrating by parts,
eq 3.13 is obtained:

dt 2

Thedistribution function for a two-dimensional nemat-
ic crystal can be written as3°

f(®) = C exp(a cos 2¥) (3.14)

where @ = U{cos 2&) and C is a constant given by the
normalization condition. Using the definition of a and eq
3.14, an expression for U can be given:

(sin®2®) = 1/U 3.15)

A shear flow will change the main orientation direction,
i.e., the skewness of the distribution and the value of (sin?
24), but not much if U or G values are large enough.3

Therefore, an approximate relationship for the orien-
tation evolution can be obtained by substituting eqs 3.14
and 3.15 into eq 3.13:

cos 28 dd - 2 j;’fcb sin 20 d® (3.11)

71 - sin? 2097 de - gs (3.13)

=== s) (3.16)
and after integration

S o ) o 0]

8 = S is the initial order parameter at t = 0, and S.. =
(U-1)/Uisthe stationary value for infinite t. Theintegral
I'= [G dt is the total strain the surface layer undergoes.

To compare the theoretical values of the order parameter
S as a function of the total deformation (eq 3.17) with the
experimental results indicated in Figure 19, where S is
plotted versus the emersion length of the substrate, it has
been assumed that the velocity profile within the con-
vergent zone advances parallel toward the substrate. The
gtrain can then be estimated from the convergent stream-
lines.

Forthefit indicated in Figure 19, the chosen parameters
are as follows: Sy = —0.1, which is an experimentally
observed starting value; S. = 0.5 slightly higher than
typical values for multilayers of PcPS, ie.,, U= 2;and a
flow field correction factor m = 1.5,

AsshowninFigure 19, thereis a large difference between
the experimental results and the theoretically estimated
values. In fact, the major deviation is due to an exper-
imentally found “induction” period, where the order
parameter is unaffected. This “induction” period is
discussed in terms of two sets of arguments:

The first is due to necessary simplifications: From the
theoretical viewpoint, the stream has been regarded as
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fully developed right from the beginning of transfer. But
during the building up (first deposition area on the
substrate) the stream may be different from the converging
flow pattern, although an “induction” period on the
substrate of 1.5 cm, which means ~0.5-cm movement of
the monolayer on the water subphase, seems to be very
large for this building-up process. Nevertheless, if the fit
curve is shifted along the x-axis, the agreement with the
experimental results is satisfying (Figure 19, dashed line).
But the fact should not be overestimated, because eq 3.17
neglects diffusion and the polydispersity of the investigated
PcPS. Polydispersity certainly influences the deformation-
induced orientation. Itisknown thatlowmolecular weight
nematics and high molecular nematics show a different
behavior in shear flow.?”

The second is for fundamental reasons: If the macro-
scopic orientation cannot be described by the orientation
of the molecules but of assemblies of molecules (domains)
during the deformation of the monolayer, a behavior
differing from the theory can be expected. There is
evidence for molecular aggregates even in the “expanded”
state (v = 0) for PG and PcPS% to form island-like
structures, but this point is currently under investigation.

4. Orientation Process at and after Deposition

So far the macroscopic orientation originated by the
flow and deformation of monolayers consisting of rigid-
rod polymers has been discussed by neglecting the possible
effect of the force field at the meniscus. This seems to be
justified by the obvious relationship between convergent
flow and molecular orientation as seen before. A detailed
discussion of the meniscus effect with respect to the studied
polymers is presented in this section.

The transfer mechanism of fatty acid monolayers has
been studied both theoretically and experimentally by
several authors.36-39

Direct force measurements at the substrate during the
up and down stroke through the air-monolayer-water
interface allow the determination of the dynamic forces
of immersion and emersion. Forthe desired purpose these
forces have to be correlated with the deformation (elon-
gation) of the monolayer at the meniscus to estimate the
possible orientation effect.

4.1. Estimation of the Shear Force Acting on the
Monolayer. The force balance during the emersion
process of a substrate can be written as

F=F, - F,+vp cos X¢p 4.1

where F is the total force, F, and F}, are the gravity and
the buoyancy forces of the substrate, respectively, v is the
surface tension, p is the perimeter of the substrate, and
Xem 18 the contact angle during emersion.

The interfacial force of the emersion process is

fem = 7Y CO8S Xep 4.2)

A similar equation can be given for the interfacial force
of the immersion process:

fim =Y €08 Xim (4~3)

The difference Af of the interfacial force in the dynamic
process of transfer and in equilibrium without substrate
movement is

Af = (v cos x)g— (v €08 X), (4.4)

where d and e indicate the dynamic and equilibrated value
of the interfacial force, respectively. This force difference
may be assigned to dissipation of macroscopic flow in the
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meniscus and can then be interpreted as a hydrodynamic
force.%

Af =1, (4.5)

where f'}, is the force in the case of monolayer transfer and
the prime is used to indicate that this force is different
from the hydrodynamic force f, responsible for the
deformation of the monolayer (see below).

To estimate the force field at the meniscus, the stream
function ¥ has to be evaluated. This problem has been
analyzed in a classical paper by Huh and Scriven.3

In the two-dimensional creeping flow approximation of
a Newtonian fluid the Navier-Stokes equation leads to a
biharmonic equation for the stream function:

Vi =0 (4.6)

) The general solution of eq 4.6 in plane polar coordinates
is

V(0 =rasind+bcosf+chsinfd+dfcosd) (4.7

The boundary conditions to be imposed are shown in
Figure 21.

1. No normal velocity component at the solid surface
and the liquid-layer interface.

av

where r is the vector of the investigated point in a
coordinate system with its origin at the “three-phase”
contact and 6 is the angle between r and the solid surface.

2. No slipping at the solid surface.

atlr|=r=0,0=00r6=x (4.8

19 _ _
P =g = atr>0,0=0 4.9)

3. The film has the same speed as the substrate.
v,=v; atrz0,0=x 4.10)

Equation 4.10 is of course a rough approximation. But
it should be useful if the elongation is small. With the
present boundary conditions, the constants of eq 4.7 have
found to be?’

XVq

a=.—=a, b=0
sin x - x fa
vglcos x - 1) vg 8in x
=d.—=c’vd =—79-———-=d’vd
sinx - x sin x ~ x
4.11)

With the stream function ¥ the shear stress on the mono-
film can be determined:
Y Mg
oy =N =—f(x) (4.12)
IRy b=x T f

where

FfOO = —(a’ + 2d’ ) sin x + 2¢’ cos x — ¢’x sin x —
d’'x cos x (4.13)
7 is the viscosity of water, and a’, ¢/, and d’ are defined in
eq 4.11.
The shear force on the monofilm at the meniscus is
calculated by integration along the meniscus:

fa= f,:':’Trx dr = nvg () In == (4.14)

where rmin should be of a molecular size and ryay should
be in the range of the capillary length. The value of In
(Pmax/Tmin) has been estimated by de Gennes as 12.40
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Figure 22. Calculated hydrodynamic force for the emersion

process during LB transfer as a function of the contact angle:
parameter, vq4.

Now the hydrodynamic force under the experimental
conditions can be calculated using eq 4.14. The results,
in Figure 22, show that the interfacial force should strongly
depend on the contact angle and that it is proportional to
the dipping velocity.

This shear force acting on the monofilm will presumably
cause some elongation of the monolayer near the three-
phase line. But before this elongation is estimated, the
theoretical force calculation should be compared with the
experimental results.

4.2. Measurement of Dynamic and Static Forces.
A direct force measurement during the transfer process
has already been made in the case of fatty acids.384!

In the present investigation, a sensitive force transducer
was mounted between the lift and the substrate which
allows the measurement in the range of 0.5 N with a
resolution of £10-5 N.

A typical force trace during one dipping cycle (immersion
and emersion) is shown in Figure 23. The forces indicated
in this figure and their values, after division by the
perimeter, given in Table II are the dynamic force of
immersion —fin, the dynamic force of emersion fem, and
the force due to the change of the meniscus switching the
substrate movement from immersion to emersion f2, which
should approximately equal the sum of the immersion
and emersion forces. The force values have been corrected
regarding the buoyancy change of the substrate (see Figure
23).

The difference of the dynamic and the static interfacial
forces, i.e., the hydrodynamic force, has been measured
directly by the force deviation after lift stop (see Figure
23). It should be noted that the obtained values are the
sum of the forces acting on both walls of the contact angle
(x = 0 and x = 0; see Figure 21). Therefore, the symbol
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Figure 23. Measured forces during one dipping cycle for the

two-sided transfer of PcPS on a substrate coated with PcPS:

substrate perimeter 54 mm; T = 6 °C; = = 25 mN/m; vg = 0.3

cm/min,

Fn is used rather than f, (as for the theoretical value),
where f'n = (1 + cos x)fn.

The data were found to be severely affected by surface
roughness or contaminations. Therefore, the values in
Table II are averaged.

The interest of the present investigation is focused on
the hydrodynamicforce. Therefore, the experimental data
will be compared to eq 4.13:

1. Theforces (f'n)im/em increase as the deposition velocity
increases but less than proportionally as theoretically
predicted for the hydrodynamic force.

2. The f'»forces are comparable for the dipping process
with or without monolayer deposition, opposite to the
theoretical prediction.3®

3. The experimental —(f'b)em values of PcPS and PG
are similar and range in the order of 1 mN/m. To compare
this result with the estimated dissipation force, the contact
angle for the emersion process has to be known. It has
been determined by simple observation of the “three-
phase” line during the upstroke and is ~40°, only slightly
depending on the dipping velocity. This value is a little
smaller than typical contact angles for fatty acid mono-
layers.3® Thetheoretical predicted dissipation force is then
in the range of 10~ N/m and, therefore, at least 1 order
of magnitude lower than the experimental results. Butit
has to be admitted that the contact angle directly at the
three-phase line, which dominates the force, may be smaller
than the observed one.

Regarding the deviation between the theoretical cal-
culation and the experimental results, it has to be
remembered that the idealizations made in the theory are
very crude for the polymer systems under investigation.
For example, PcPS and PG show a non-Newtonian
behavior in their flow patterns. Therefore, viscous dis-
sipation seems to play an important role for the dynamic
process but other effects might also influence the results.

4.3. Film Elongation at the Meniscus. First,itshould
be remembered that the maximum value of the drawing
force is on the order of 10 mN/m and therefore smaller
than the applied surface pressure. The deformation of
the monolayer during deposition can then be regarded as
an elongation of a compressed monolayer. To estimate
the elongational strain ¢, which is defined as

e=f/E 4.15)
the elongational force f and the two-dimensional modulus
E have to be determined. The upper limit of the elon-
gational force f is on the order of 10 mN/m, as shown in
section 4.2. The modulus E is roughly estimated to equal
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Table 11
Forces of Immersion and Emersion during the Deposition Process

forces, mN/m

“transferred” phase sublayer x, mN/m T,°C velocity vq, mm/s ~fim fe fem 1™ ~(f'em
PcPS PcPS 25 6 0.05 7 54 57 3 6
25 6 0.26 9 61 58 7 9
25 6 0.60 13 66 60 10 11
glass® 25 6 0.05 20 ki 57%
PG PGe 19 20 0.05 3 47 48 4
19 20 0.26 50 6
19 20 0.60 51 8
glass® 19 20 0.05 8 52 52t
water PcPS 6 0.05 15 39 31 6 5
PG 20 0.05 3 47 54 4 4
glass? 6 0.05 3 35 41 6 3
6 0.26 4 37 41 7 5
6 0.60 9 41 41 9 7

¢ Glass plate hydrophobized by treatment with hexamethyldisilazane. ® f.r, is measured for the transfer of a monolayer onto a substrate
covered with one monolayer of the same material. ¢ /-Values cannot be given completely due to unsteady movement of the contact line (irregular

jumps).
Table III
Estimated Values of Modulus E and Strain ¢
polymer
PcPS PG i-PC n-BC
E, mN/m 240 88 98 108
& % 4 11 10 9

the compression modulus measured from the slope of the
isotherm in the n/A diagram (Figure 12):

E = Ax/(AA/A) (4.16)

Assuming that this modulus determines the elongational
strain at the meniscus, ¢ can be estimated as shown in
Table III.

Remember that the stress concentrates near the three-
phase line and sodoes the strain. The resulting elongation
seems to be too small to create any noticeable orientation
in the monolayer.

On the other hand the strain together with the elon-
gational stress might be frozen in during deposition of the
monolayer. This might be one reason for the observed
relaxation process in the supramolecular structure of PcPS
at elevated temperatures, which will be discussed in the
next chapter.

4.4, Postorientation during Annealing. According
to the experimental results described in section 3.2.3, the
relaxation time of the macroscopic orientation at the air-
water interface is very long under the operating conditions
in the case of PcPS, and therefore, it could be expected
that the mobility of the main chains in the layered
assemblies is frozen at room temperature.

When the temperature rises to 100 °C and higher,
however, the side chains of PcPS become very mobile and
further changes of orientation are observed. Figure 24
shows that the order parameter increases with time upon
heating at various temperatures in an argon atmosphere.
If carefully prepared samples with similar initial orien-
tations are investigated, the time dependence of the order
parameter at different temperatures can be plotted as a
function of a reduced time art; i.e., all curves can be
superimposed to a master curve (Figure 25). Here ar is
the shift factor. Knowing ar, the postorientation can be
predicted at any given temperature. The existence of a
master curve reveals that the physical mechanism for the
orientation is the same at all temperatures. The driving
force of this process could be twofold: First, the layered
assembly as prepared contains free volume, which is
annealed outincreasing the dense alignment of the rodlike
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Figure 24. Development of the order parameter S of 40 layers
of PcPS during annealing: parameter, T.
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Figure 25. Order parameter S as a function of the reduced time
art for the annealing process of 40 layers of PcPS.

entities; second, the layered assembly has stored internal
stress as a consequence of misalighments of the molecular
entities during the deposition process. The contributions
of the two factors need further investigations.

5. Concluding Remarks

1. The flow fields of PcPS, PG, i-PC, and n-BC on the
water surface have been determined by a flow visualization
method. Monolayers of PcPS and PG show a viscoplastic
behavior, while i-PC and n-BC exhibit flow patterns like
viscoelastic fluids. For a realistic flow modeling, the
condition of a slipping boundary should be used.

2. The macroscopic orientation in the monolayer has
been determined by polarized spectroscopy after transfer
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onto a solid substrate. This orientation can be correlated
to the deformation of the plane elements during convergent
flow. The necessity of deformation to obtain a macroscopic
orientation has been shown for several transfer geometries.

The relaxation of this deformation-induced orientation
israther slow, and therefore, the order parameter is almost
independent of the transfer velocity.

3. Thedevelopment of macroscopicorientation has been
approximated by the model of a two-dimensional, nemat-
ic liquid crystal suffering shear. The equation of orien-
tation evolution has been obtained based on the transient
solution of thismodel. Deviations between the theoretical
values and the experimental results have been discussed.

4. The difference between the dynamic and static
interfacial force at the meniscus has been measured and
compared to a calculation based on a model of viscous
dissipation. The upper limit of the shear force on the
monofilm at the meniscus has been estimated to be on the
order of 10 mN/m. Therefore, the corresponding molec-
ular orientation is negligible compared to the deformation-
induced orientation on the water surface.

5. The order parameter S of the deposited multilayer
of PcPS has been enhanced at elevated temperatures. This
process obeys the time-temperature superposition prin-
ciple.
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