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ABSTRACT: The orientation dynamics of polymers in constrained geometries is considered through
studies of monolayer films at the air-water interface. Here, in situ optical techniques are employed to
probe flow orientation in monolayers of phthalocyaninatopolysiloxane dispersed in either docosanoic acid,
1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine, or arachidyl alcohol. Compression of the polymer
monolayer creates alignment perpendicular to the compression direction. A well-defined extensional flow
is imposed in the monolayer to study the dynamics of flow-induced anisotropy. The orientation process
obeys a strain-scaling law, indicating the absence of relaxation on the time scale of the flow.

Introduction

The Langmuir-Blodgett (LB) technique, in which
ultrathin films are prepared by transferring monolayers
from the air-water interface onto solid substrates,
offers unique capabilities for the creation of supramo-
lecular assemblies with a defined layer structure.1
Films of rigid and semirigid polymers are of special
interest for their high stability, nonlinear optical prop-
erties, and ability to function as alignment layers for
liquid-crystal displays.2 A key requirement for these
applications is the manufacture of films with a high
degree of orientational order. The extent to which the
LB technique can produce such order depends on the
material properties of the monolayer film and the types
of processing to which it is subjected.
Films at the air-water interface can be transferred

to solid substrates by a process known as vertical
deposition, in which a substrate is dipped and with-
drawn through the compressed monolayer; ideally trans-
ferring one monolayer onto the substrate for each
upstroke and downstroke. For films of both rigid and
flexible polymers, the deposition process often creates
enhanced alignment of the polymer backbone parallel
to the dipping direction. This effect has been observed
by polarized spectroscopy and atomic force microscopy
(AFM) of LB films in several polymer systems, including
polyglutamates,3 phthalocyanine polymers,4,5 polysi-
lanes,6 polyimides,7 and others.8 In contrast, AFM
studies of fatty acid LB films and their salts reveal that
the degree of order in these films depends not on the
processing of the film during deposition but on such
equilibrium parameters as the structure of the substrate
and the proximity of the film layer to the substrate.9

Thus, it is important to understand the fundamental
interactions that control the development of molecular
alignment during vertical deposition. Analyses of trans-
ferred films are not sufficient to accomplish this, since
the deposited film structure represents the cumulative
orientational effect of the entire deposition process.
Moreover, the dynamics of the orientational phenomena,
which define the characteristic time scales for molecular
alignment and relaxation, are not accessible in studies
of transferred films. To isolate the individual factors

that contribute to the resulting order, studies must be
conducted at the air-water interface. The influence of
the deposition process on macroscopic domain structure
has already been addressed through fluorescence mi-
croscopy studies at the three-phase contact line, where
air, film, and substrate meet.10 Fluorescence microscopy
has also been used to directly visualize the flow of
tetradecanoic and pentadecanoic acid domains through
a channel.11 A related topic, the effect of flow on the
dynamics of domain-shape changes in lipid monolayers,
is also an active area of study.12

In this article, we investigate the coupling of hydro-
dynamics to molecular orientation for monolayers on
rodlike polymers dispersed in low molecular weight
amphiphiles at the air-water interface. High-speed
optical techniques are used to probe the orientational
dynamics of the polymer molecules in response to an
applied flow. We consider the orientational response
of monolayers of phthalocyaninatopolysiloxane (PcPS),
a hairy-rod polymer shown schematically in Figure 1.
PcPS is a rigid polymer of cofacially stacked phthalo-
cyanine rings joined by a polysiloxane backbone and
grafted at the periphery with C8 alkyl chains.13 Because
of its rodlike character, PcPS is found to align parallel
to the dipping direction in LB films.4,5

The degree of molecular order in PcPS films can be
determined from the anisotropy in the absorption of
light by the floating monolayer. This leads to a linear
dichroism, ∆n′′ ) n1′′ - n2′′, in the sample, where n1′′
and n2′′ are the principal values of the imaginary part
of the refractive index. PcPS has a strongly polarized
absorption, with a maximum occurring when the electric
field vector of the incident light is in the plane of the
phthalocyanine ring. Since the polymer backbone lies
parallel to the water surface4 in monolayers, the ab-
sorption of polarized light by a PcPS monolayer becomes
a strong function of the orientational distribution of the
individual polymer molecules in the plane of the air-
water interface. Schwiegk et al.5 have demonstrated
that PcPS absorption is strong enough to permit linear
dichroism measurements in transferred monolayers. In
the present study, the dichroism is measured dynami-
cally by rapidly modulating the polarization of the light
incident on the sample.14 In addition to the dichroism,
which is proportional to the scalar order parameter, the
experiment independently yields the average angle of
polymer orientation in the monolayer, ø, relative to a
chosen laboratory axis.
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It has been established that the vertical deposition
process induces velocity gradients in a floating mono-
layer as it flows toward the substrate15 and that these
gradients can be correlated with the presence of orien-
tational order in polymeric LB films.5 Though the
specific flow created by the deposition process is of
obvious practical interest, it is a complex mix of shear
and extension with deformation rates that vary from
point to point. This spatial inhomogeneity complicates
the analysis of the observed orientational dynamics.
Thus, the present study uses a model flow field, created
by a device known as a four-roll mill, to investigate these
phenomena under well-defined conditions. The four-
roll mill is a flow device invented by G. I. Taylor to study
droplet deformation in emulsions.16 This device, shown
schematically in Figure 2, consists of four cylindrical
rollers centered on the corners of a square. By varying
the individual rate and direction of rotation of the four
rollers, the amount of extension and rotation in the flow
can be controlled.17 If adjacent rollers are rotated at
equal speeds and in opposite directions, a pure straining
(extensional) deformation is produced in the monolayer
that is homogeneous over a considerable portion of the
area between the rollers. This extensional deformation
can be characterized by a uniform strain rate, ε̆, which
is directly proportional to the angular velocity of the
rollers. The axis along which material enters the mill
is the compression axis, and the axis along which it exits
is the extension axis. In this kind of flow, elongated
particles are known to align with their long axis parallel
to the extension axis,18 as shown in Figure 2. An
important feature of this flow is the existence of a
stagnation point at the center of the flow field, where
residence times are long and therefore the material has
the greatest opportunity to achieve a steady-state
orientation.

Materials and Methods

PcPS. Samples of PcPS were generously donated by Dr.
Andreas Ferencz and Professor Gerhard Wegner of the Max
Planck Institute for Polymer Research in Mainz. Two molec-
ular weights were investigated, PcPS Kurz and PcPS Ultra.19
PcPS Kurz is the lower molecular weight sample, with a degree
of polymerization of approximately 25. PcPS Ultra is the
higher molecular weight preparation, with a degree of poly-
merization of approximately 50.
We have blended the polymer with short-chain amphiphiles

to improve the flow behavior of the surface film. Three PcPS
mixtures have been prepared for these studies: 5 mol % PcPS
Kurz in docosanoic acid (C21H43COOH), 20 mol % PcPS Ultra
in 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC),
and 5 mol % PcPS Ultra in arachidyl alcohol (molar concentra-
tions have been calculated using the molecular weight of the
PcPS monomer).
Monolayer Preparation. Monolayers were prepared in

an 11 cm × 70 cm KSV 5000 alternate layer Langmuir-
Blodgett trough equipped with a Wilhelmy balance for surface
pressure measurement (KSV Instruments, Helsinki). The
trough was placed on a vibration-isolation table (Technical
Manufacturing Corp., Peabody, MA) equipped with “full
perimeter enclosure”, allowing optical and mechanical com-
ponents to be mounted on a frame that was vibrationally
isolated from the tabletop. A Milli-RO/Milli-Q system (Milli-
pore) produced purified water with a resistivity of 18.2 MΩ
cm-1. All experiments were performed at 25.0 ( 0.2 °C and a
pH of 5.6 ( 0.1. Monolayers were compressed at a rate of 1.1
Å2/(molecule min) to a surface pressure of 20 mN/m and held
at this pressure for 15 min prior to initiation of flow.
Four-Roll Mill. The rollers of the four-roll mill were

constructed from black Delrin. The diameter of the rollers was
0.781 in., the length 2.0 in., and the distance between adjacent
rollers 1.25 in. It was recently shown that this ratio of roller
diameter to roller spacing, 0.625, provided the closest ap-
proximation to homogeneous extension for bulk flows.20 A
Compumotor stepping motor (Model M57-51) and indexer
(Model 3000) were used to drive the rotation of the rollers,
which were geared together to facilitate the production of
extensional flow. Measurements of film area at constant
surface pressure, in the absence and presence of flow, indicated
that the flow did not cause any area loss in the monolayer.
Control isotherms confirmed that the Delrin rollers did not
contaminate the water surface.
The four-roll mill was immersed in the Langmuir-Blodgett

trough to a depth of approximately 1 in. and positioned so that
the compression and extension axes of the flow were parallel
and orthogonal to the moving barriers, respectively. The
compression and extension axes could be interchanged by
reversing the direction of roller rotation.
Flow Visualization. A particle tracking method was used

to visualize the flow of monolayer films in response to an
applied extensional deformation. Monolayers were first com-
pressed to the desired surface pressure and then seeded with
sulfur powder.21 The films were illuminated from the front
side with a 40 W light bulb, and the motion of the sulfur
particles were recorded with a CCD camera (Sanyo VDC3825)
mounted directly above the monolayer. The video output of
the camera was connected to a SVHS VCR (Panasonic AG1975).
Flow visualization images were digitized with a PC frame
grabber (Data Translation DT3851-8) and processed using
Global Lab Image software (Data Translation) to determine
the particle trajectories.
Polarization-Modulated Linear Dichroism. A descrip-

tion and analysis of the optical train used in these studies has
been discussed previously.22 A similar apparatus, used in a
scanning mode, has recently been developed by another
laboratory to investigate molecular order in transferred mul-
tilayers.19 In our instrument, the intensity of light (543.6 nm
green He-Ne) transmitted through the monolayer is measured
with a photodiode submerged in the trough. This photodiode
is mounted in a watertight housing constructed entirely of
fluorocarbon polymers, to avoid contamination of the water,
and the electrical signal is passed out of the water through

Figure 1. Chemical structure of phthalocyaninatopolysilox-
ane (PcPS). R1 ) CH3, R2 ) C8H17.

Figure 2. Schematic of the four-roll mill, top view, and
resulting extensional flow field and molecular orientation. The
monolayer is in the plane of the page. Dashed curves indicate
the rotation direction of the rollers. Solid curves represent
the hyperbolic streamlines characteristic of this flow. The
small rods depict rodlike polymer molecules, greatly exagger-
ated in size, with the expected orientation parallel to the
extension axis. The open circle at the center of the flow field
represents the stagnation point, where the velocity of the
monolayer is negligible.
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the unused trough of our dual-trough instrument. This
allowed the intensity signal to be measured without disturbing
the flow of the monolayer. In reporting the experimental
results, we express the dichroism as an anisotropy parameter,
δ′′ ) (2π∆n′′d)/λ, where d is the thickness of the monolayer
film and λ is the wavelength of the incident light. We defined
the laboratory coordinate system so that an angle of 0°
corresponds to alignment of the rodlike polymer backbone
parallel to the direction of monolayer compression (perpen-
dicular to the barriers).

Results and Discussion

Pressure-Area Diagrams. The pressure-area dia-
grams for the three PcPS mixtures are shown in Figure
3. The isotherms are graphed in terms of an “area per
repeat unit”, where one repeat unit represents one
monomeric unit of the phthalocyanine polymer or one
molecule of the fatty acid/fatty alcohol/phospholipid
matrix. Both the PcPS Ultra/arachidyl alcohol and
PcPS Kurz/docosanoic acid films exhibit condensed
phases at room temperature. As evidenced by the steep
slope of the pressure-area diagram, these films have
low compressibilities. In contrast, PcPS Ultra/DMPC
forms an expanded monolayer at room temperature,
with a more gradual rise in surface pressure during
compression.
Flow Behavior of PcPS Monolayers. We have

used a particle tracking method to provide a qualitative
description of the flow behavior of PcPS monolayers.
These studies indicate that the response to an applied
deformation can depend quite strongly on the monolayer
composition. For example, a pure PcPS monolayer is
too rigid to flow when the rollers of the four-roll mill
are rotated. The monolayer will flow if the polymer is
mixed into a matrix of docosanoic acid at moderate
concentrations, but the response is then dominated by
the flow of solidlike islands rather than a fluid con-
tinuum. This island flow is diminished as the polymer
concentration is reduced. The use of a less viscous
matrix, such as DMPC, can lead to a flow response
dominated by inertial effects, in which the monolayer
continues to track the initial streamlines for a short
time even after the flow direction is reversed. All of
these flow effects are important in determining the
orientational response of a specific monolayer film to
flow. This behavior can be described by the Reynolds
number,23 which characterizes the balance of inertial
forces to viscous forces in the film. At high strain rates
or low surface viscosities, the Reynolds number is
greater than unity, and inertial effects will dominate
the observed flow behavior. At low strain rates and high
surface viscosities, the Reynolds number is less than

unity, and only the viscous effects will be important.
Other films may exhibit solidlike behavior, exhibiting
yield stresses and brittle failure. Therefore, the physical
properties of the monolayer are critically important in
determining the orientational response of a specific
monolayer film to an applied deformation.
Characterization of the Extensional Flow Field.

To characterize the extensional flow generated by the
four-roll mill, we performed a quantitative analysis of
the flow visualization images. This allowed determi-
nation of the functional relationship between the an-
gular velocity of the rollers and the strain rate of the
flow field. Here we present results for monolayers of 5
mol % PcPS Ultra in arachidyl alcohol at a surface
pressure of 30 mN/m.
Figure 4 shows the sulfur particle trajectories when

the rollers of the four-roll mill are rotated at 0.11
revolutions/s. This graph was generated from video
images of the sulfur particles, digitized at a frequency
of 1 frame/s. The symbols represent the center of mass
of the sulfur particles, and the solid curves correspond
to the best-fit hyperbolic streamlines through these
coordinates. The agreement between the actual and
ideal streamlines is very good, indicating that the mill
imposes a close approximation to a planar extensional
flow in the monolayer. Errors from the finite size of
the sulfur particles should be most significant near the
compression and extension axes, where the streamlines
are close together; thus, the less adequate fit for the
streamline on the negative horizontal axis is not sur-
prising.
These trajectories can be used to calculate the strain

rate of the extensional flow field. The velocity gradient
tensor produced by the four-roll mill, Γ ) ∇v, can be
written in two dimensions as

where ε̆ is the strain rate. The streamlines of this flow
are hyperbolic and can be written as

Integrating the expressions for the x and y compo-
nents of the extensional flow streamlines (eqs 2 and 3)
yields the following idealized trajectories for the sulfur
particles:

Figure 3. Pressure-area diagrams for the three PcPS mixed
monolayers used in these studies.

Figure 4. Sulfur particle trajectories and best-fit hyperbolic
streamlines for 5% PcPS Ultra/arachidyl alcohol monolayers,
30 mN/m, roller velocity ) 0.11 revolutions/s.

Γ ) [ε̆ 0
0 -ε̆ ] (1)

dx
dt

) ε̆x (2)

dy
dt

) -ε̆y (3)

Macromolecules, Vol. 29, No. 2, 1996 Flow-Induced Orientation in a Polymer Solution 707



where (x0, y0) represents the particle coordinates at some
initial time t ) 0. From these equations, it is evident
that a graph of ln(x/x0) or -ln(y/y0) versus time should
be linear, with slope ε̆. We have calculated the strain
rate for each particle path and averaged these together
to obtain a mean value.
In Figure 5, the mean strain rate determined by the

above procedure is graphed against roller velocity for
monolayers of 5 mol % PcPS Ultra in arachidyl alcohol
at 30 mN/m. As expected, the relationship between the
roller velocity and strain rate is linear. This calibration
curve is not universal, however, as we have found that
the correlation depends on both the composition of the
monolayer and the size of the four-roll mill.
Compression-Induced Orientation. It is of inter-

est to consider the molecular orientation that develops
during preparation of the monolayer at the air-water
interface, since the compression process is known to
establish velocity gradients in the floating monolayer.5,15
In Figure 6, the surface pressure, π, optical anisotropy,
δ′′, and average orientation angle, ø, are graphed as a
function of molecular area during continuous compres-
sion of a monolayer of 5 mol % PcPS Kurz in docosanoic
acid. The measured anisotropy suggests that the PcPS
molecules undergo a transition, coincident with the
initial rise in surface pressure, from a disordered state
to an ordered one. This order is enhanced after further
compression. Moreover, the average orientation angle
approaches 90°, corresponding to a net orientation of
the polymer backbone perpendicular to the direction of
compression. Although compression-induced alignment
has been observed in other monolayer systems under
static conditions,21,24 the techniques employed here
allow dynamic measurement of optical anisotropy,
orientation angle, and surface pressure during mono-
layer compression. We note that the fluctuations ob-
served in the optical signals reported here are always
small compared with the specific response to the applied
deformation.
Extensional Flow-Induced Orientation. Since

the ordering induced by compression is sensitive to
strain history and relaxes slowly, the monolayer is not
in a reproducible initial state after compression. To
create a consistent starting point for the extensional
flow studies, the compressed monolayer is first pre-
strained with the four-roll mill until the optical anisot-
ropy approaches a steady state. Then, to probe the
orientational response of the monolayer, the flow direc-
tion is reversed by rotating the rollers of the mill in the
opposite direction. In Figure 7, the optical anisotropy
(Figure 7a) and orientation angle (Figure 7b) are shown
as a function of time for a reversal in the flow direction.
These data are for a monolayer of 5 mol % PcPS Ultra
in arachidyl alcohol (ε̆ ) 0.05 s-1), but the behavior is
similar in the docosanoic acid and DMPC matrices.
Before the flow is reversed, the extinction fluctuates
slightly around a mean value, and the orientation angle
indicates that the PcPS molecules are aligned along the
extension axis at 0°. After flow reversal, the extinction
first decreases to nearly zero and then increases to a
steady-state value. The average orientation angle
switches by 90° at the point where the optical anisotropy

passes through a minimum. This is an important
confirmation of the quality of the applied extensional
flow, since the symmetry of the mill dictates that the
molecules should only align at 0 or 90°. Therefore, the
applied extensional flow couples to the molecular ori-
entation of PcPS, causing flow alignment along the
extension axis. The dynamics of this process are
discussed in a later section.
Influence of Surface Pressure on Steady-State

Anisotropy. In Figure 8, the dependence of the steady-
state anisotropy on surface pressure is shown for two
systems: 5 mol % PcPS Ultra in arachidyl alcohol and
20 mol % PcPS Ultra in DMPC. These molar concen-
trations were chosen to provide similar area fractions
of polymer, since DMPC forms significantly more ex-
panded monolayers than arachidyl alcohol. For the
PcPS/arachidyl alcohol monolayer, the dependence on
surface pressure is very weak, with a slight increasing
trend at higher surface pressures. In contrast, the

x
x0

) exp(ε̆t) (4)

y
y0

) exp(-ε̆t) (5)

Figure 5. Relationship between roller velocity and observed
strain rate for monolayers of 5 mol % PcPS Ultra in arachidyl
alcohol.

Figure 6. Compression-induced orientation in 5 mol % PcPS
Kurz/docosanoic acid monolayers. (a) Surface pressure, (b)
optical anisotropy, and (c) orientation angle measured as a
function of the average area per molecule during continuous
compression of the monolayer film.
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PcPS/DMPC monolayer shows a strong increase in
dichroism as the surface pressure increases. These
results are correlated with the compressibilities of the
matrix molecules, which is related to the slope of the
pressure-area diagrams in Figure 3. DMPC monolay-
ers exist in an expanded phase throughout the entire
surface pressure range and are therefore highly com-
pressible. The area concentration of polymer is thus
enriched as the monolayer is compressed, leading to
enhanced absorption. Arachidyl alcohol monolayers,
however, form only condensed phases under the experi-
mental conditions used here, and the pressure-area
diagram for this molecule is nearly vertical. Therefore,
the area concentration of polymer does not vary signifi-
cantly over this range of surface pressure for the
condensed monolayer.
Influence of Strain Rate on Steady-State Ani-

sotropy. We studied the influence of strain rate on the
steady-state anisotropy for monolayers containing 5 mol
% PcPS Ultra in arachidyl alcohol. Five strain rates
were investigated, from 0 to 0.10 s-1. The protocol was
as follows: The monolayer was prestrained at 0.1 s-1

for about 3 min to obtain a reproducible initial condition.
The flow direction was then reversed by rotating the
rollers in the opposite direction at the same speed.
When the anisotropy reached a steady state, the strain
rate was decreased to 0.02 s-1. The anisotropy was
again allowed to reach a steady state, and the strain

rate was decreased further. This process continued for
all five strain rates.
The strain rate dependence of the steady-state ani-

sotropy is shown in Figure 9. The anisotropy is inde-
pendent of strain rate above 0.02 s-1, suggesting that
the rodlike polymer molecules have completely aligned
in the flow field. This corresponds to values of the
Deborah number, De, much greater than unity, where
De is a dimensionless group defined as the ratio of the
relaxation time scale of the monolayer to the charac-
teristic time scale of the flow.25 Here, we define the
characteristic time scale of the flow as the reciprocal of
the strain rate. Similar degrees of alignment by exten-
sional flow have been reported in bulk studies of rigid-
rod polymer solutions.26 Below 0.02 s-1, the ansiotropy
decreases as the flow becomes weaker. Clearly, the flow
is competing with some relaxation process over this time
scale (De ) O(1)). Since the anisotropy does not vanish,
even after the flow is stopped, the flow-aligned polymer
rods must remain ordered at rest. This may indicate
the presence of nematic-like order in the monolayer, in
which rotational diffusion is balanced by a thermody-
namic potential. Alternatively, the monolayer may
remain ordered for kinetic reasons, which would be the
case if the rotational diffusivity of the polymer is so
small that the orientation becomes effectively “frozen
in”. This issue is revisited below.
Flow-Reversal Dynamics. One of the most power-

ful features of the polarization-modulation linear dichro-
ism technique is its ability to probe the dynamics of
orientational phenomena in real time. These dynamics
provide important information about the relative mag-
nitudes and time scales of competing interactions that
define the flow response in a given monolayer system.
The dynamics of PcPS orientation in response to a

reversal in the extensional flow direction are presented
in Figure 10. We investigated strain rates between 0.01
and 0.1 s-1, corresponding to the plateau region in
Figure 9. In these experiments, the monolayer was
prestrained with the extension axis at 90° until a steady
state was reached. Then, at zero time, the flow direction
was reversed, and the orientational dynamics were
measured until a new steady state was achieved. Since
the average orientation angle is restricted to either 0
or 90° in flow, we incorporated this angular information
into the sign of the optical anisotropy by multiplying
the anisotropy by cos(2ø). Here, negative values of this
product correspond to a backbone orientation of 90°, and
positive values represent alignment at 0°. As expected,

Figure 7. Orientational response of 5 mol % PcPS Ultra/
arachidyl alcohol to an extensional flow reversal (30 mN/m).
The monolayer was prestrained with the extension axis at 90°
prior to these measurements. The optical anisotropy (a) and
orientation angle (b) are reported through two reversals in the
flow direction.

Figure 8. Surface pressure dependence of the steady-state
anisotropy for PcPS Ultra in DMPC and arachidyl alcohol
matrices.

Figure 9. Dependence of the steady-state extinction on strain
rate for a 5 mol % PcPS/arachidyl alcohol monolayer (30 mN/
m).
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the time scale of the molecular orientation becomes
faster as the strain rate increases.
In Figure 11, these transient orientation data are

graphed against the total strain that the monolayer has
experienced since the time of the flow reversal. In the
extensional flow geometry described here, the total
strain increases exponentially with the product of strain
rate and time. The traces for all four strain rates
superpose when graphed in terms of strain, signifying
that the orientational response of the monolayer scales
with total strain. Therefore, on the time scale of the
flow, the coupling of the extensional flow to polymer
orientation is the only significant contribution to the
optical response. Strain scaling has also been observed
in bulk studies of polymer liquid crystals during flow,22
though not exclusively.27

We observed a qualitatively similar transient re-
sponse in preliminary flow-orientation studies of 5%
PcPS Kurz in docosanoic acid. These studies were
performed on a smaller version of the four-roll mill
(roller diameter ) 0.484 in., spacing ) 0.625 in.), and
the extensional flow was created by manual rotation of
the rollers. The flow-orientation data for this system,
graphed as a function of total strain, are shown in
Figure 12. Although the noise is greater in this system,
the trend of strain scaling is clear. Steady state is
reached at approximately 15 strain units, compared to
3 strain units for PcPS Ultra in arachidyl alcohol. This
disparity arises from the presence of a rapid orienta-
tional relaxation in the latter system, discussed below.
The difference in the magnitude of the steady-state
extinction for these systems may arise from local
compositional variations.
Relaxation. The strain-rate dependence of the steady-

state anisotropy for the 5% PcPS Ultra/arachidyl alcohol

system (Figure 9) indicates that the applied extensional
flow competes with an orientational relaxation at strain
rates below 0.02 s-1. The time scale of this relaxation
can be approximated by the reciprocal of this strain rate,
or 50 s. In Figure 13, this orientational relaxation is
directly investigated by following the decrease in optical
anisotropy after flow cessation. For times less than 90
s, the monolayer is subjected to an extensional flow
(strain rate ) 0.04 s-1) with the extension axis and
polymer orientation at 90°. After 90 s, the rotation
direction of the rollers is reversed, and the PcPS
reorients parallel to the new extension axis. After 250
s, the extensional flow is stopped. Following the ces-
sation of flow, there is a rapid initial relaxation during
which the anisotropy decreases by 50-60%. After this,
the anisotropy remains essentially constant for 3 h. An
analysis of the time scale of this initial relaxation,
obtained by a single-exponential fit, yields a relaxation
time of approximately 20 s, in good agreement with that
calculated from Figure 9.
The mechanism of this relaxation is currently un-

known. One hypothesis is that it represents a rapid
equilibration between the rotational diffusion of the
polymer and the nematic potential of the polymer rods.
Alternatively, the initial relaxation may be an elastic
effect, in which stored energy is released following flow
cessation. Visualization of the monolayer with sulfur
particles supports this latter hypothesis, since we
observe a significant macroscopic backflow following the
cessation of flow. This backflow occurs over the same
time scale as the orientational relaxation.
Modeling. To model the orientational dynamics

observed with linear dichroism, we have used a statisti-
cal approach developed for bulk polymer liquid crystal
rheology. Marrucci and Maffettone28 proposed a two-

Figure 10. Flow-orientation dynamics as a function of strain
rate for a monolayer containing 5 mol % PcPS Ultra in
arachidyl alcohol (30 mN/m).

Figure 11. Strain scaling of flow-orientation dynamics for
monolayers of 5 mol % PcPS Ultra in arachidyl alcohol.

Figure 12. Flow orientation in monolayers of 5 mol % PcPS
Kurz in docosanoic acid as a function of total strain (20 mN/
m).

Figure 13. Relaxation of anisotropy following cessation of
flow for monolayers of 5 mol % PcPS Ultra/arachidyl alcohol.
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dimensional model to describe the flow behavior of
polymer liquid crystals in shear. This model is a
dimensionally constrained version of a theory by Doi29
that describes the effects of rotational diffusion, nematic
potential, and flow on the orientational distribution of
a system of rods. Both of these statistical theories are
cast in terms of the orientational distribution function,
f(θ, t), which represents the probability that an indi-
vidual rod is oriented parallel to the polar angle θ at
time t.
Although the Marrucci and Maffettone model was

developed to describe bulk rheological phenomena, it can
be subjected to direct experimental tests using mono-
layer films. In a recent paper, Schwiegk et al.5 applied
this model to their dichroism results for PcPS mono-
layers transferred to glass substrates. The 2D model
was used to predict the orientational profile of the
monolayer along the dipping direction of the substrate,
since this orientation was thought to result from mono-
layer flow at the air-water interface. Although the
actual surface flow induced by deposition was unknown,
and the experiment was not able to access the dynamics
of the flowing monolayer, reasonable agreement was
obtained between the experimental results and the
predictions of the theory.
We have modified the Marrucci and Maffettone model

to describe the dynamics of polymer liquid crystal
monolayers in extensional flow. This allows direct
comparison with the in situ flow-dichroism results
presented earlier. The governing equation for the
orientational distribution function, f, can be written as

where D is the rotational diffusivity, kT is the thermal
energy, V is the nematic potential, and ε̆ is the strain
rate. Following Marrucci and Maffettone,30 we devel-
oped a solution to this partial differential equation in
terms of moments of the orientational distribution, e.g.,
〈cos 2θ〉, 〈sin 2θ〉, 〈cos 4θ〉, 〈sin 4θ〉, where the brackets
denote averages over the orientational distribution
function, f. This procedure transforms eq 6 into an
infinite series of coupled ordinary differential equations
describing the dynamics of the moments. Marrucci and
Maffettone found that truncation of the series after the
fourth moment terms (〈cos 4θ〉, 〈sin 4θ〉) through the use
of a closure approximation provided an acceptable
description of the shear flow behavior.30 Using the same
procedure, we have converted eq 6 into a set of four
coupled ordinary differential equations; this introduces
a single model parameter,m, into the equations for the
fourth moment terms. The second moment of the
distribution is of particular interest here, since it is
linearly proportional to the dichroism and can thus be
directly compared to our experimental results. The
equation of motion for the second moment is given by

where R is defined as the polar angle at which 〈sin 2θ〉
) 0, and æ is the deviation of an individual polymer rod
from this angle, æ ) θ - R. For more details on this
procedure, consult ref 30.
If the ratio of the strain rate to the rotational

diffusivity is much greater than unit, the diffusive terms
in the above model can be neglected (D ) 0). This

approximation would clearly be unsuitable for the PcPS
Ultra/arachidyl alcohol system, due to the large orien-
tational relaxation we observed at short times. For the
PcPS Kurz/docosanoic acid system, however, the relax-
ation at short times was much weaker (not shown);
therefore, we will compare this system with the predic-
tions of the model in the limiting case of zero diffusivity.
For initial conditions, we have taken 〈cos 2æ〉 ) 0.98,
〈sin 4æ〉 ) 0, and 〈cos 4æ〉 ) 〈cos 2æ〉2 ) 0.96.
In Figure 14, the extensional flow model is compared

to the observed flow-reversal dynamics for PcPS/
docosanoic acid monolayers. Here, the data for the four
strain rates have been averaged together to obtain a
single principal curve. To allow direct comparison to
the 2D model, the data have been normalized in terms
of an order parameter. By plotting the experimental
data in this manner, we have made the implicit as-
sumption that the steady-state anisotropy corresponds
to complete orientation of the polymer rods along the
extension axis. As discussed earlier, this assumption
is supported by the finding that the steady-state ani-
sotropy is independent of strain rate for the rates
investigated. The 2D model is in qualitative agreement
with the flow-reversal dynamics for PcPS/docosanoic
acid monolayers, predicting the observed sigmoidal
shape of the response. We found that this qualitative
shape is insensitive to the choice of the model param-
eter, m. The quantitative agreement is also excellent,
but is based on favorable selection of the model param-
eter. The model also predicts strain scaling, in which
the dynamics depend not on the strain rate per se, but
on the product of strain rate and time. Future modeling
efforts will include terms to describe the more interest-
ing dynamics of the PcPS Ultra/arachidyl alcohol mono-
layers.

Summary

In summary, we performed in situ studies to inves-
tigate the influence of flow on molecular orientation in
rodlike polymer monolayers at the air-water interface.
Compression of a PcPS monolayer was found to align
the PcPS molecules perpendicular to the compression
direction. A four-roll mill was used to induce an
extensional flow in the plane of the monolayer, and the
orientational distribution of the polymer molecules was
probed using high-speed optical techniques. On aver-
age, the PcPS molecules aligned parallel to the exten-
sion axis, indicating a strong association between flow
and molecular orientation in this system. For 5 mol %
PcPS Ultra/arachidyl alcohol monolayers, the degree of
order at steady state was independent of strain rate

∂f
∂t

) D ∂

∂θ[∂f∂θ + f
kT

∂V
∂θ] + ∂

∂θ
(ε̆ sin 2θf) (6)

∂〈cos 2æ〉
∂t

) -4D〈cos 2æ〉 + 2DU〈cos 2æ〉(1 - 〈cos 4æ〉) +

ε̆[〈sin 4æ〉 sin 2R + (1 - 〈cos 4æ〉)cos 2R] (7)

Figure 14. Comparison of observed flow-reversal dynamics
(5 mol % PcPS Kurz/docosanoic acid) to the extensional flow
predictions of the Marrucci and Maffettone model.
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above 0.02 s-1, suggesting complete alignment of the
polymer backbones. On reversing the flow direction, the
dynamics of the orientation process were found to scale
with total strain, signifying the presence of a single time
scale in the orientational response, namely the coupling
of molecular orientation to the imposed flow. Following
flow cessation, the monolayer undergoes partial relax-
ation but remains ordered at rest. In addition, the well-
defined nature of the extensional flow allows the use of
two-dimensional statistical models to simulate the
observed flow dynamics. The methods employed in this
paper provide important fundamental information re-
garding the influence of flow on polymer dynamics in
constrained geometries. Although the present work
takes advantage of the large optical absorption of PcPS
to probe molecular orientation, the techniques are
readily adapted to the more general case of materials
with anisotropy in the real part of the refractive index
(birefringence). Future work will include monolayer
systems with more complex dynamics, and will also
address the influence of an applied shear flow.
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