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Abstract 

Hypothesis 

Gradients in the concentration of amphiphiles play an important role in many non-equilibrium processes involving 
complex fluids.  Here we explore if non-equilibrium interfacial behaviors of thermotropic (oily) liquid crystals (LCs) 
can amplify microscopic gradients in surfactant concentration into macroscopic optical signals. 

Experiments 

We use a milli-fluidic system to generate gradients in aqueous sodium dodecyl sulfate (SDS) concentration and 
optically quantify the dynamic ordering of micrometer-thick nematic LC films that contact the gradients. 

Findings 

We find that the reordering of the LCs is dominated by interfacial shearing by Marangoni flows, thus providing 
simple methods for rapid mapping of interfacial velocities from a single optical image and investigating the effects 
of confinement of surfactant-driven interfacial flows.  Additionally, we establish that surface advection and 
surfactant desorption are the two key processes that regulate the interfacial flows, revealing that the dynamic 
response of the LC can provide rapid and potentially high throughput approaches to measurement of non-
equilibrium interfacial properties of amphiphiles. We also observe flow-induced assemblies of microparticles to 
form at the LC interface, hinting at new non-equilibrium approaches to microparticle assembly.  We conclude that 
dynamic states adopted by LCs in the presence of surfactant concentration gradients provide new opportunities for 
engineering complex fluids beyond equilibrium. 
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1. Introduction 

Gradients in the concentration of surfactants in bulk 
solution underlie a range of interfacial phenomena 
because they generate interfacial stresses that trigger 
advection1–6. The resulting interfacial flows, known as 
Marangoni flows, give rise to physicochemical 
processes such as the self-propelled motion of drops7–

9, fingering instabilities in thin liquid films10–16, the 

generation of non-spherical emulsion drops17 or the 
appearance of flow patterns inside droplets that 
suppress the “coffee-ring effect”18,19. In each of these 
contexts, understanding the interfacial gradients in 
surfactant concentration and associated interfacial 
flows is fundamental to describing the phenomenon.  

Past approaches to experimental measurement of 
interfacial flows driven by surfactant concentration 
gradients4,20–24 include the tracking of fluorescently 

tagged surfactants4,21,22 or microparticles20,25. While 
important insights have emerged from these 
approaches, the need for fluorescent tags limits the 
range of surfactants that can be studied22 and 
microparticle tracking requires the tracking of 
multiple microparticles over a series of time points to 
construct a velocity field25. In this paper, we report 
observations of dynamic ordering transitions in 
thermotropic liquid crystal (LC) thin films that occur in 
the presence of surfactant concentration gradients. 
When viewed through crossed polars, the LCs generate 
two-dimensional optical maps arising from interfacial 
flows regulated by an interplay of transport and 
interfacial kinetic properties of the surfactants.  We 
conclude that nematic LCs provide new ways to 
rapidly explore and understand surfactant-driven 
interfacial flows, including flows that arise from 
microscopic gradients in surfactant concentration. 

A number of past studies by us and others have 
reported that nematic LCs can be used to optically 
report equilibrium as well as non-equilibrium 
interfacial events26–28. Because LC phases possess 
long-range orientational order, which gives rise to 
anisotropy in optical and elastic properties, they offer 
the capacity to amplify and optically report the 
presence of a range of interfacial species that perturb 

LC ordering29–35, including aqueous soluble 

surfactants36–41. In particular, studies of the reversible 
adsorption of surfactants at aqueous-thermotropic 
(oily) LC interfaces have established that the 
orientations of LCs change as surfactant monolayers 
interact with the LCs (e.g., via interdigitation of the 
surfactant tails with the mesogens forming the LC)36,37, 
hinting at the potential utility of LCs to optically report 
the presence of gradients in surfactant concentration 
at interfaces. 

Our exploration of the reordering of LCs in the 
presence of surfactant concentration gradients was 
additionally motivated by the knowledge that 
interfacial flows can drive changes in the orientations 
of thin films of LCs26–28. For example, a recent study 
revealed that fusion of a single phospholipid vesicle at 
the aqueous-LC interface can generate transient 
Marangoni flows that shear-align the LC and generate 
bright optical flashes (‘blinking’) of the LC when 
viewed through crossed polars26. Furthermore, it has 
been reported that flow of an aqueous surfactant 
solution (with a uniform bulk concentration) past a LC 
interface can drive reorganization of the surfactant on 
the interface in ways that are reflected in the ordering 
and optical appearance LCs27. However, the ordering 
of LCs in the presence of imposed, bulk solution 
surfactant concentration gradients has not previously 
been explored.  

Our study reports four key advances related to the 
influence of surfactant concentration gradients on LC 
ordering. First, we show that micrometer-thick 
nematic LCs films, when exposed to gradients in 
surfactant concentration generated via use of milli-
fluidic channels, assume non-equilibrium states that 
reflect the magnitudes of the gradients.  Second, we 
resolve whether the response of the LC is dominated 
by spatial variations of the LC interfacial surfactant 
concentration (giving rise to position-dependent 
anchoring of the LC) or shear-induced ordering of the 
LC arising from interfacial flows. Third, we elucidate 
the key interfacial transport and kinetics processes 
that regulate the reordering of the LCs.  Finally, we 
determine the effects of confinement on surfactant-
driven interfacial flows and the non-equilibrium 
ordering of LC, and thereby provide insights into the 
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design of LC domains that have tailored responses to 
surfactants and their concentration gradients. 

We end this Introduction by placing our study into one 
additional context, namely natural and technological 
principles for measuring solute concentration 
gradients. Specifically, in contrast to the approach 
described in this paper, in both natural and engineered 
systems, gradients in the concentration of chemical 
species in solution are typically not measured directly, 
but rather characterized by measuring two or more 
point concentrations42–56. The gradient is inferred by 
comparing the two-point concentrations, as 
determined at different times or positions42–46.  
Although concentration gradients can be detected by 
using the deflection of a laser beam transmitted 
through a solution57–60, the technique does not scale to 
microscopic gradients.   We envisage that LC-based 
methods for characterizing concentration gradients 
(magnitude and direction) of surface-active solutes 
might find use as microscopic sensors e.g., for guiding 
chemotaxis of microrobots61,62.     

2. Materials and methods 

2.1 Materials 

 4-cyano-4′-pentylbiphenyl (5CB) was purchased from 
HCCH (Jiangsu Hecheng Display Technology Co., Ltd.). 
Sodium dodecyl sulfate (SDS, ≥ 99.0% purity) and 
sodium chloride (NaCl,  ≥ 99.5% purity) were 
purchased from Sigma-Aldrich. Polyimide (PI; SE5661) 
was purchased from Nissan Chemical Industries, Ltd. 
The photoresist SU-8 was purchased from Kayaku 
Advanced Materials. All chemicals were used as 
received without purification. Glass slides (Fisher 
Finest Premium grade) and hexanes were purchased 
from Fisher Scientific. Octadecyltrichlorosilane (OTS) 
was purchased from Sigma-Aldrich. Silica (diameter of 
3 μm) and polystyrene (diameter of 2 μm) 
microparticles were purchased from Cospheric and 
Thermo Fisher Scientific, respectively. Acrylic sheets 
(thickness of 1.6 mm) were purchased from ZLazr.. 
Transmission electron microscopy (TEM) grids were 
purchased from Electron Microscopy Sciences. 
Purification of water (18.2 MΩ cm resistivity at 25°C) 
was performed using a Milli-Q water system. 

2.2 Preparation of polyimide-coated glass 

substrates 

Glass microscope slides were cleaned with Alconox 
cleaning formulation followed by rinsing with 
deionized water and ethanol. Next, the slides were 
incubated in Nochromix solution (a mixture of 
Nochromix and 98% sulfuric acid) for 1 day. The slides 
were thoroughly rinsed five times with 100 mL of 
deionized water and then dried under a stream of 

gaseous N2. Clean glass surfaces were then coated with 
polyimide solution (by spin coating) and baked at 80 
0C for 10 minutes followed by 210 0C for 1 hour. The PI 
used in our study caused perpendicular (homeotropic) 
anchoring of the LC. 

2.3 Preparation of LC films 

Thin films of 5CB were prepared by pipetting 0.3 μL of 
5CB into the pores of TEM grids (thickness of 18 μm) 
supported on PI-coated glass microscope slides. The 
excess LC was removed using a capillary tube. 

2.4 Generation of surfactant concentration 

gradients using milli-fluidic channels 

Milli-fluidic channels with a rectangular cross-section 
(40mm x 5mm x 1.6mm), as shown in Fig. 1d, were 
fabricated by laser cutting of acrylic plastic sheet 
(thickness of 1.6 mm).  The bottom of the channel was 
prepared from a treated glass microscope slide. The 
glass microscope slide was coated with PI (as 
described above) and then used to support a TEM grid 
that was filled with LC. The bottom glass substrate was 
attached to acrylic channel using binder clips. Two 
identical syringes (20 ml, Henke-Sass Wolf, Germany) 
were filled with aqueous solutions of SDS at different 
concentrations and attached to the two inlets of the 
channel. The solutions were delivered by a syringe 
pump (KD Scientific) at equal flow rates unless 
mentioned otherwise. All the aqueous solutions 
contained 300 mM NaCl. 

2.5 Preparation of microwells on glass substrates 

To prepare LC domains with lateral sizes that differed 
from the TEM grid slots, we patterned SU-8 on clean 
glass surfaces to create microwells with dimensions of 
400 μm x 200 μm x 20 μm.  The microwells were 
pretreated with OTS (1 % vol/vol in hexanes; 30 mins) 
and then rinsed with chloroform and water, to cause 
perpendicular anchoring of LC. The microwells were 
filled with LC and used in studies of the formation and 
localization of microparticles at the LC interface (see 
Fig. 8 below).   

2.6 Microscopy observations 

An Olympus BX41 microscope with 4X and 10X 
objectives, two rotating polarizers, and a Moticam 10.0 
MP camera was used for optical microscopy. 

2.7 Measurements of optical retardance of LC films 

Optical retardance of the LC films was measured by 
comparing interference colors generated under white-
light illumination with a calibration chart. Preparation 

of the calibration chart is described elsewhere27. 

3. Results and discussion 
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3.1 Optical response of LC to gradients in bulk 

concentration of surfactant 

Our initial goal was to determine if thin films of 
nematic LCs (5CB; Fig. 1a) would undergo ordering 
transitions when contacted by aqueous solutions 
containing gradients in surfactant concentration 
(sodium dodecyl sulfate (SDS; Fig. 1b)). We prepared 
thin films of LC by hosting 5CB in the pores of copper 
grids (slot area 285 μm x 285 μm and thickness 18 μm) 
supported on polyimide (PI)-coated glass microscope 
slides (Fig. 1c), as described in the Materials and 
Methods section.  The PI coating was selected to cause 
a perpendicular (homeotropic) orientation of the LC at 
the PI-LC interface. When incubated under an aqueous 
solution containing at least 0.016 mM SDS in 300 mM 
NaCl (NaCl was added to avoid the formation of 
aqueous droplets at the LC-solid interface, as reported 

in a previous study63 and it is added to aqueous 

solutions at a concentration of 300 mM in all the 
experiments described below), the LC films exhibited a 
dark appearance (Fig. 1c) consistent with 
perpendicular anchoring of 5CB at the aqueous-LC 
interface. 

 

Fig. 1. Molecular structure of (a) 4-cyano-4’-
pentylbiphenyl (5CB) and (b) sodium dodecyl sulfate 
(SDS). (c) A film of LC supported on a PI-coated glass is 
immersed in the aqueous solution of 0.5 mM SDS in 300 
mM NaCl solution. (i) Optical micrograph of the LC film 
between crossed polars at the equilibrium state. The scale 
bar is 250 μm. (ii) Schematic illustration of the LC director 
profile across the thickness of the film. (d) Schematic of 
the milli-fluidic channel used to generate gradients in 
concentration in bulk solutions (i) top view, (ii) side view. 

To characterize the LC response to gradients in SDS 
concentration, we attached the PI-coated glass 
substrate supporting the LC film to the floor of a milli-

fluidic channel (Fig. 1d; detailed elsewhere27). The 

gradient in SDS concentration was generated within 
the milli-fluidic channel by pumping two aqueous 
solutions containing different concentrations of SDS 
through the channel inlets under conditions of laminar 
flow (Fig. 2e).  
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We confirmed that the flow of the bulk aqueous phase 
through the milli-fluidic channel did not cause a 
realignment of the LC via flow-induced interfacial 

shear stresses27 by pumping two solutions (each at 2 

mL/min) with the same SDS concentrations (either 
0.25 mM SDS or 0.5 mM SDS) through both inlets of 
the channel.   The dark optical appearance of the LC 
film (Fig. 2a-d) in the presence of the flowing SDS 
solution indicates that the orientation of the LC 
remained perpendicular to the LC-aqueous interface.   
We calculated the Reynolds number, Re, as Re = 
dh*v*ρ/μ, where dh is the hydraulic diameter of the 
channel, v is the linear velocity of the aqueous solution, 
ρ is density and μ is viscosity of the SDS solution (see 
SI for details). Since the calculated Re was 39, the flow 
inside the channel will be laminar, as needed to 
generate well-defined surfactant concentration 
gradients in the following experiments.  

The diffusion length over which the gradient in 
surfactant concentration is formed at the interface 
between the two aqueous SDS streams entering the 
channel (hereafter called the ‘width of the bulk 
solution concentration gradient’; see inset in Fig. 2e) 
evolves with position down the channel (defined as x-
direction) due to the increasing time of contact 
between the two streams. In the experiments 
described below, we placed the LC film 20 mm 
downstream from the channel entrance and we 
pumped two aqueous solutions containing 0.25 mM 
SDS and 0.5 mM SDS at 2 mL/min into each inlet of the 
milli-fluidic channel flow (Fig. 2e;).  Under these 
conditions, we calculate the width ∆y of the bulk 
solution SDS concentration gradient as ∆y = (2*D*t)1/2, 
where D = 5.7x10-10 m2/s is the self-diffusion 

coefficient of SDS64 and t = x/v = 1.39 s is the time of 

contact of the two streams and x = 0.02 m is the 
downstream position of the LC film from the channel 
entrance.   This leads us to estimate ∆y to be 40 μm in 
our initial experiments. 

When using the experimental conditions described 
above, Fig. 2f reveals that we observed the LC film to 
exhibit (between crossed polars oriented at 450 to the 
bulk flow direction) a bright optical band that spanned 
the LC film in the downstream direction.  The dark 
optical appearance of the LC on either side of the 
bright band is consistent with the presence of a 
perpendicular orientation of the LC induced by SDS 
solutions with uniform concentrations (0.25 mM or 0.5 
mM; see Fig. 2a-2d).  By varying the flow rates of the 
inlet streams independently of each other, we 
observed the position of the bright LC band to change 
in a manner that tracked the predicted location of the 

interface between the two inlet streams (Fig. S2 and 
Video S2).  Additionally, within each square domain of 
the grid that hosted a bright domain of LC, a 
progression of interference colors was observed along 
a direction (y-direction) orthogonal to the bulk flow 
direction. The observed progression of interference 
colors evident in Fig. 2f (quantified below as optical 
retardance) indicates that the LC film assumes a range 
of tilted states.  Overall, these observations provide the 
first evidence that the presence of a gradient in 
surfactant concentration in the bulk aqueous solution 
generates a change in ordering of the LC and 
associated optical response.  Interestingly, however, 
inspection of Fig. 2f reveals that the width of the bright 
optical band (~285 μm) is defined by the width of the 
LC domains (285 μm), whereas the predicted width 
(see above) of the bulk SDS concentration gradient is 
much smaller (~40 μm). These observations are 
addressed in the sections that follow.   

3.2 Influence of the magnitude of the surfactant 

concentration gradient on LC optical response 

We varied the magnitude of the surfactant 
concentration gradient, G, defined as ∆C/∆y, where ∆C 
is the difference in surfactant concentration between 
the two inlet streams and ∆y denotes the width of the 
bulk concentration gradient, by either changing ∆C 
(using inlet streams with different surfactant 
concentrations) or by altering ∆y (by varying the 
flowrates of the streams).      Initially, we varied ∆C 
from 0.1 mM to 0.25 mM using the following pairs of 
aqueous SDS solutions: (0.5 mM and 0.4 mM), (0.4 mM 
and 0.25 mM) and (0.5 mM and 0.25 mM). During 
these experiments, the flow rates of the inlet streams 
were held constant (rows in Fig. 3a). For example, by 
moving from left to right along the middle row of Fig. 
3a, pairs of aqueous streams with distinct 
concentrations are pumped at a constant overall flow 
rate of 4 mL/min through the channel (corresponding 
to ∆y = 40 μm), thus generating bulk gradients in 
surfactant concentration with magnitudes of 2.5 
mM/mm, 3.8 mM/mm and 6.3 mM/mm, respectively. 
In our second approach, we varied the flow rates of 
both aqueous streams (at 0.1 mL/min, 2 mL/min, or 5 
mL/min) thus varying ∆y while keeping ∆C constant 
(columns in Fig. 3a). We calculated ∆y to be 178 μm, 
40 μm or 25 μm for overall flow rates, Q, of 0.2 
mL/min, 4 mL/min, or 10 mL/min, respectively. 
Accordingly, by decreasing Q at constant ∆C = 0.15 mM 
(top to bottom along the middle column in Fig. 3a), G 
was calculated to decrease from 6.0 mM/mm to 0.8 
mM/mm (through 3.8 mM/mm). 
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Fig. 2. (a-b) Aqueous solution of 0.25 mM SDS is pumped 
through both the inlets of the channel at a flow rate of 2 
mL/min each. (a) Schematic illustration of the flow 
condition; (b) Optical response of the LC film between 
cross polars. Arrows indicate the direction of the bulk 
flow; (c-d) Aqueous solution of 0.5 mM SDS is pumped 
through both the inlets of the channel at a flow rate of 2 
mL/min each. (c) Schematic illustration of the flow 
condition; (d) Optical response of the LC film between 
cross polars; (e-f) Aqueous solutions of SDS at 0.25 mM 
and 0.5 mM concentrations (color-coded as green and 
blue, respectively) are passed through two inlets of the 
channel at a flow rate of 2 mL/min each to define a 
gradient in SDS concentration in the bulk aqueous 
solution. (e) Schematic illustration of the flow condition. 
The concentration profile of SDS near the middle of the 
channel width is illustrated in the inset; (f) Optical 
response of the LC film to the gradient in SDS 
concentration. Scale bars are 250 μm. 

 

Fig. 3. Influence of the magnitude of the surfactant 
concentration gradient in the bulk solution on the optical 
response of the LC: (a) Difference in surfactant 
concentration between the two inlet streams (along 
horizontal) and the overall flow rate of the inlet streams 
(along vertical) are varied to change the magnitude of the 
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external gradient. The optical response of LC between 
crossed polars is shown for each condition. The calculated 
value of G corresponding to each gradient condition is 
reported below the LC optical response. The horizontal 
arrows on the optical response in the first cell represent 
the direction of bulk flow of the aqueous solutions where 
the stream with higher SDS concentration is in the lower 
half of the image.  The scale bar is 100 μm. (b) The optical 
retardance of the LC films is plotted against the lateral 
position across the square grids for different magnitudes 
(unit: mM/mm) of the gradient. Optical retardance is 
measured along the dotted line shown on the optical 
response in the first cell of (a), which is similar for each of 
the conditions. (c) The optical retardance of the LC film in 
response to a gradient in SDS concentration of magnitude 
G = 2.5 mM/mm, plotted against the lateral position 
across the square grid. The dashed vertical line indicates 
the centerline of the LC film. The grid walls are located at 
y = 0 and y = 285 μm (dashed pink line on the extreme 
right). Error bar: S.D. with n = 3. (d) A plot of maximum 
optical retardance versus magnitude of the imposed 
gradient of SDS in bulk solution. Error bar: S.D. with n = 3. 

The matrix of LC optical responses in Fig. 3a reveals a 
qualitatively similar progression of LC interference 
colors in the y-direction (direction of predicted SDS 
gradient) across each sample, independent of the 
magnitude of the surfactant concentration gradient. 
The interference color within each LC domain that 
corresponds to the highest value of optical retardance 
is located towards the middle region of the grid (e.g., 
for G = 6.3 mM/mm, the orange band in the middle 
corresponds to an optical retardance of 1000 ± 86 nm; 
see Materials and Methods), a result that is consistent 
with our observation in Fig. 2f. When the gradient is 
increased by increasing ∆C (left to right across the 
rows), there is an increase in the number of 
interference bands (in the y-direction) evident across 
each LC domain. This result indicates that the 
maximum optical retardance exhibited by the LC 
increases with the magnitude of the surfactant 
concentration gradient. Similarly, by moving upward 
along the columns of images in Fig. 3a, the surfactant 
concentration gradients increase in magnitude due to 
a decrease in ∆y. Here also we observe that the 
maximum value of the LC optical response (optical 
retardance) to increase with the magnitude of the 
gradient. Finally, we point out the asymmetry in the 
optical response of the LC relative to the centerline of 
the LC domain.  For example, optically dark regions are 
observed near the top edges of the LC domains (but 
not bottom edges) in all images in Fig. 3a. The dark 
regions are particularly pronounced for weak SDS 
gradients (for values of G < 4.0 mM/mm). The optically 
dark regions, which will be discussed in later sections 

of this paper, are caused by LC alignment along the 
interface-normal due to surfactant-induced 

immobilization of the interface27. 

We quantified the optical responses evident in Fig. 3a 
by measuring the optical retardance of the LC films 
along the y-direction (see dotted line in Fig. 3a) (Fig. 
3b). Inspection of Fig. 3b reveals that each sample 
exhibited a maximum in optical retardance towards 
the center of the LC domain (in the y-direction). 
Although the position of the peak in Fig. 3b was 
determined to be influenced by the location of the 
gradient relative to the LC grid between samples (see 
Fig. S1), we generally observed the LC optical 
retardance to exhibit an asymmetric variation with 
respect to the centerline of the grid (Fig. 3c shows an 
example where the asymmetry is clearly evident). The 
value of the maximum in optical retardance is a 
quantity that we found to correlate strongly with the 
magnitude of the bulk surfactant concentration 
gradient (Fig. 3d). Overall, the results in Fig. 3 provide 
support for our conclusion that the LC films undergo 
ordering transitions in response to surfactant 
concentration gradients and that the magnitude of the 
gradient impacts the optical response. 

3.3 The role of Marangoni flows 

To explore further the origins of the dynamic 
reordering of the LC films shown in Fig. 2 and Fig. 3, 
we investigated the LC response to gradients in the 
concentration of surface-inactive solutes in bulk 
solution. We sought to determine if osmotic flows 
induced by concentration differences would trigger a 

LC response65–67. First, we investigated gradients in 

the concentration of methyl blue (MB), a surface-
inactive dye (see SI for detail), as its optical 
absorbance enabled us to optically characterize 
concentration gradients in bulk solution (Fig. 4b, 4e). 
To generate a gradient in the concentration of MB, we 
used two aqueous streams containing the same SDS 
concentration of 0.5 mM with MB (0.37 mM) added to 
only one of the two inlet streams (Fig. 4a). The optical 
image (obtained with a single polarizer in the optical 
path) presented in Fig. 4b confirms the presence of a 
gradient in the concentration of MB. However, the LC 
film in contact with the MB concentration gradient, 
when viewed between crossed polarizers, was 
uniformly dark (Fig. 4c). This result indicates that a 
gradient in MB concentration does not perturb the 
initial homeotropic orientation of the LC (e.g., via an 
osmotically-driven flow). Thus, bulk concentration 
gradients of solutes do not directly lead to the LC 
optical responses shown in Fig. 2 and Fig. 3.  However, 
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when gradients in SDS and MB concentrations were 
generated in solution (Fig. 4d-f), we observed the LC 
optical response to coincide with the MB gradient.   
The maximum optical retardance of the LC was ∆r 
=1000 ± 86 nm with (Fig. 4f) or without MB (Fig. 2f)), 
indicating that the presence of MB does not interfere 
with the response of the LC to the gradient in 
concentration of SDS. We make an additional 
observation.  While the imposed gradient in SDS 
concentration generated an LC optical response, we 
did not observe the MB concentration gradient to be 
measurably changed by the SDS gradient (see SI).  

 

Fig. 4. Effect of surface activity of solutes on LC optical 
response to concentration gradients in the bulk solution: 
(a) Two streams of 0.5 mM SDS solution, one containing 
0.37 mM MB and the other without MB are pumped 
through the two inlets of the channel at a flow rate of 2 
mL/min each. (b,c) Optical response of LC film under the 
flow condition described in (a). (b) Optical response of 
the LC film with single polarizer; (c) Optical response of 
the LC film between crossed polars; (d) 0.25 mM SDS 
solution is pumped through one inlet and a solution 
containing 0.5 mM SDS and 0.37 mM MB is pumped 
through the other inlet of the channel at a flow rate of 2 
mL/min each. (e) Optical response of the LC film with 
single polarizer; (f) Optical response of the LC film 

between crossed polars under the flow condition 
described in (d). (g) Velocity of circulating tracer particles 
(covering the entire width of the LC domain) dispersed in 
LC in presence of a gradient in SDS, condition described in 
Fig. 2e. The arrow on the top right corner of the plot 
depicts the direction of the external gradient in SDS 
concentration. The broken arrows in pink and purple 
represent the direction of motion of the tracked particles. 
The broken line in black shows the centerline of the LC 
film. The grid walls are located at y = 0 and y = 285 μm 
(broken lines in orange on the extreme right). Error bar: 
S.D. with n = 3. The scale bar is 250 μm and is the same 
for all the optical images. 

The results above, when combined, lead us to propose 
that the LC optical response to the SDS concentration 
gradient arises from a gradient in the concentration of 
SDS at the aqueous-LC interface. As described in prior 

studies1,68, interfacial surfactant concentration 

gradients arising from the presence of bulk 
concentration gradients are governed by an interplay 
of five transport processes, namely, diffusion of 
surfactant from the aqueous phase across a near-
surface boundary layer, adsorption of surfactant at the 
aqueous-LC interface, diffusion and advection of 
surfactant along the aqueous-LC interface, and 
desorption of surfactant from the aqueous-LC interface 
into the bulk aqueous phase (Fig. 5a).  We propose that 
a gradient in interfacial surfactant concentration 
generated via these processes exerts two potential 
influences on the LC.  First, it generates a gradient in 
surface pressure of SDS that drives a net interfacial 
flow (Marangoni flow) in the direction of decreasing 
surface concentration of SDS (along the y-direction 
from higher surface pressure to lower surface 
pressure). This interfacial flow generates a circulating 
flow within the LC film (to conserve the LC mass due to 
confinement of the LC domains by the grid walls) that 
results in shearing of the LC. The shearing of the LC 
drives a reorientation of the LC away from the surface 
normal and thus generates a bright optical response.  
Second, the presence of a gradient in surface 
concentration of SDS can lead to a position-dependent 

anchoring (orientation or anchoring energy)69 of the 

LC at the interface due to changes in the interactions of 
the LC and the local surfactant concentration across 
the interface (see Introduction). Below we first explore 
the influence of Marangoni flows on the LC, and then 
demonstrate that the effects associated with position-
dependent anchoring of the LC across the interface are 
small compared to the Marangoni flows.  

To provide initial support for the above-proposed role 
of Marangoni flows on the LC response, we dispersed 
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silica particles (3 μm in diameter) in the film of LC and 
observed the silica particles to exhibit a steady 
circulatory motion inside the LC film (Video S1).  As 
described in prior studies of surface-driven circulatory 

flows within cavities,70,71 tracer particles that explore 

the entire width of the LC domain pass close to the 
aqueous-LC interface during their circulation and thus 
report the interfacial velocity. As detailed below in the 
context of comparisons of experiments and model 
predictions of interfacial velocities, we measured the 
velocities of isolated tracer particles near the aqueous-
LC interface to vary with position across the interface 
(see SI for details) and magnitude of the applied 
surfactant concentration gradient. Specifically, the 
tracer particle velocity exhibited a maximum close to 
the middle of the LC domain (Fig. 4g), which correlates 
closely to the location of the maximum in optical 
retardance of the LC reported in Fig. 3b.  Additionally, 
an asymmetry in the spatial variation of surface 
velocity is evident in Fig. 4g, similar to that observed 
with the LC optical retardance presented in Fig. 3c 
(details in Fig. S4). Below we discuss the key physical 
processes that connect the concentration gradients of 
SDS in bulk solution to aqueous-LC interfacial 
advection and LC optical response.  

3.4 Interfacial surfactant coverage and interfacial 

velocity 

To simplify our analysis, we considered the aqueous-
LC interface to be divided into two regions (Fig. 5a): 
the first region (Region 1) contacts aqueous solution 
containing the high concentration of SDS, and the 
second region (Region 2) contacts the aqueous 
solution containing the gradient in bulk SDS 
concentration as well as the region with the low 
concentration of SDS. Below we discuss these regions 
in sequence.  

Region 1:   The dominant physical process occurring in 
Region 1 is the adsorption of SDS from bulk solution 
onto the LC-aqueous interface, and lateral transport of 
the adsorbed SDS towards Region 2 of the interface.  
To determine if the surfactant adsorption process is 
diffusion-controlled or kinetically-controlled, we 
calculated a Damkohler Number, Da, defined as the 
ratio of the diffusion time to the adsorption time. The 
diffusion time is evaluated as (Γ/CB)2/D, where Γ = Γeq1 
is the surface concentration of SDS in equilibrium with 
a bulk SDS solution of concentration CB = 0.5 mM 
(estimated to be 4.43 x 10-6 mol/m2 using the Gibbs 
adsorption isotherm; see SI for details), and D is the 
diffusion coefficient of SDS in aqueous 300 mM NaCl 

(5.7 x 10-10 m2/s)64. The adsorption time is expressed 

as Γ/kaCB, where ka is the adsorption rate constant of 

SDS (20 m/s)72. Since the calculated value of Da (3 x 

105) is much greater than unity, we conclude that the 

SDS adsorption process is diffusion-controlled73. 

Next, we determined if Region 1 possesses a gradient 
in surface concentration, which would arise if the time 
required for diffusion-controlled adsorption is 
comparable to the time for transport of surfactant 
across the interface to Region 2.  Because Da >> 1 (see 
above), the adsorption length across the LC interface 
in Region 1 (la; shown in Fig. 5b) can be expressed as la 
~ vs(Γ/CB)2/D, where vs is the measured interfacial 
velocity.  Using vs = 30 μm/s, the maximum interfacial 
velocity measured using silica tracer particles near the 
aqueous-LC interface (see Fig. 4g), we calculate that la 

~ 4 x 10-6 m, which is very small compared to the 
width of Region 1 (140 x 10-6 m). This comparison 
leads us to conclude that the interfacial concentration 
of surfactant on the upstream section of the LC 
interface (Region 1) will be effectively uniform, as 
shown in Fig. 5b. 
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Fig. 5. (a) Schematic of the cross-sectional view (y-z 
plane) of the experimental system illustrating five 
transport processes (diffusion of surfactant across the 
subsurface layer, adsorption of surfactant, desorption of 
surfactant, surface advection, and surface diffusion of 
surfactant) associated with the establishment of the 
surface concentration gradient. The aqueous-LC interface 
is divided into two sections: Region 1 and Region 2. (b) 
Schematic illustration of the distribution of surface 
concentration of SDS across the entire interface (Region 1 
and Region 2). The y axis in Region 2 has been redefined 
as Y with the origin (Y = 0) shifted to y = d (the beginning 
of Region 2). la, ∆y, Y*, ld and L denote the adsorption 
length, width of the bulk solution concentration 

gradient, width of the surface concentration gradient, 
width of the optically extinct area and width of the LC 
film, respectively. (c) Variation of surface concentration of 
SDS and aqueous-LC interfacial velocity as a function of 
distance across Region 2 as predicted by the physical 
model for a LC film exposed experimental conditions 
described in Fig. 2e. Measured values of the surface 
velocity at various locations of the interface in Region 2 
are plotted alongside the model surface velocities. Error 
bar for measure vs: S.D. with n = 3. (d) Influence of ∆πeq 
on the optical response of LC between crossed polars. (e) 
A plot of interfacial velocities (model and measured) 
versus ∆πeq. Error bar: S.D. with n = 3. 

Region 2:  In Region 2, the interface of the LC is 
exposed to a concentration of SDS in bulk solution that 
decreases with increase in y.  As discussed above, we 
propose that a gradient in interfacial SDS 
concentration is generated in Region 2 and that this 
leads to a Marangoni flow away from Region 1. To 
determine the relative importance of surface advection 
and surface diffusion in Region 2, we calculated a 
surface Peclet number, Pes, defined as the ratio of 
surface diffusion time to surface advection time.  We 
define the y-axis in Region 2 as Y = (y-d) as shown in 
Fig. 5b. The surface diffusion time is expressed as 
Y*2/Ds, where Y* is the width of the surface 
concentration gradient (which is bounded in 
magnitude by the width of the bulk solution 
concentration gradient (∆y ~ 40 μm) and the width of 
the Region 2 (~ ((285-40) μm/2)+40 μm = 163 μm, 
assuming the external gradient in SDS concentration is 
located at the middle of the square LC film) and Ds 

~10-10 m2/s is the surface diffusion coefficient of SDS74.  

The surface advection time is expressed as Y*/vs, 
where vs = 30 μm/s is a characteristic interfacial 
velocity (see SI).  We calculated the Pes to vary 
between 12 and 49, indicating that surface transport of 
surfactant is dominated by advection (over diffusion).  
We use this result below to develop a simple model 
that describes the interfacial surfactant concentration 
profile across Region 2 of LC interface.  

To describe the evolution of the SDS concentration 
gradient across Region 2, and the associated interfacial 
velocity that results from the Marangoni stress, we 
determined the characteristic time for desorption of 
SDS in the presence of 300 mM NaCl.  By using the 
pendant drop method, we determined it to be 50 s 
(details in SI). Because the characteristic times for 
surface advection (Y*/vs ~ 163 μm/(30 μm/s) ~ 5.5 s, 
see above) and desorption of SDS (~50 s) are 
comparable, we conclude that the surfactant coverage 
across the LC interface in our experiments will be 
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dominated by these two processes. Accordingly, we 
describe the evolution of the interfacial surfactant 
concentration in Region 2 of the aqueous-LC interface 

as1 

∇. Γ = −Γ − Γ                                                  1 

where ∇s is the surface (Y-direction) gradient and Γeq2 
is the surface concentration of SDS in equilibrium with 
the bulk SDS solution on the low concentration side of 
the aqueous-LC interface (Fig. 5b). Due to slow 
desorption of SDS from the interface (see above), the 
surface concentration of SDS in Region 2 will be higher 
than the local equilibrium surface concentration, Γeq2. 
At steady-state, the Marangoni stress at the aqueous-
LC interface will be balanced by the viscous stress due 
to shearing of the LC film, which we write as 


 =  

                                                                                2 

where γ is the interfacial tension of 5CB with the 
aqueous SDS solution, η is the average viscosity of 5CB 
(approximated as an isotropic phase with a viscosity of 

30 mPa·s75) and v is the velocity of 5CB, and z is the 

direction across the thickness of the LC film (see Fig. 
5a).  

To express γ (in Equation 2) in terms of Γ, we 
measured γ of the aqueous-5CB interface at different 
bulk concentrations of SDS in aqueous solution (in 
presence of 300 mM NaCl) and used the Gibbs 
adsorption isotherm to estimate Γ (e.g., for a bulk SDS 
concentration of 0.5 mM in 300 mM NaCl, we 
measured γ to be 4.30 ± 0.02 mN/m and estimated Γ to 
be 4.43 x 10-6 mol/m2; see SI for detail).   We found γ to 
vary linearly with Γ over the experimental conditions 
relevant to our experiments. To simplify the model, we 
assume a linear velocity profile of 5CB across the film 

thickness26 with a no-slip boundary condition at the 

solid boundary (z = 0) and v = vs at the aqueous 
interface (z = tLC, the thickness of the film of 5CB).  The 
above simplifications allow us to rewrite Equation 2 as 

Γ
 = − 

                                                                           3 

where a = 2845 N/mol is the slope of the plot of γ vs Γ 

(see SI). 

As discussed above, the leading end of Region 1 (Y = 0; 
see Fig. 5b for the definition of y = 0) remains in 
equilibrium with the bulk solution of high SDS 
concentration, which can be written as 

Γ = Γ    = 0                                                                  4 

Moreover, the presence of the grid wall at Y = L 
requires that 

Γ
 = 0   =                                                                     5 

Fig. 5c shows the solution to Equations 1 and 3 (see SI 
for details) using the boundary conditions shown in 
Equations 4 and 5.  Inspection of Fig. 5c reveals a 
quadratic decay of Γ as a function of Y in Region 2. Fig. 
5c also reveals that the difference in Γ between the two 
ends of Region 2 at steady state, ∆Γss (= Γeq1 - ΓL-d ~ 
2.73 × 10-9 mol/m2, ΓL-d being the surface 
concentration of SDS at Y = (L-d) at steady state) is 
much smaller than the difference in surface 
concentration of SDS at equilibrium with aqueous 
solutions of high and low concentrations of SDS used 
in the experiment, ∆Γeq (= Γeq1 - Γeq2 ~ 2.01 × 10-6 
mol/m2). Moreover, the interfacial concentration 
gradient persists over a lateral distance ( L-d), a 
distance that is much larger than the width of the bulk 
solution concentration gradient, ∆y (see Fig. 5b). This 
prediction is qualitatively consistent with our 
experimental observation that the optical response of 
the LC extends over a spatial distance that is much 
larger than the imposed bulk solution gradient in 
concentration (see Fig. 2e,f).  The model also predicts a 
continuous decrease in surface velocity across the LC 
interface in Region 2 (Figure 5c).  Although the model 
prediction (almost linear change in velocity) differs 
from the experimental observation (parabolic change 
in velocity), given the simplifying assumptions 
underlying the model, the general agreement between 
the model and experiment is viewed as satisfactory. In 
addition, we found that our simple model provided an 
account of the variation of surface velocity with the 
magnitude of external gradient in SDS concentration 
that we observed in our experiments (Fig. 5d; see Fig. 
S7 for the corresponding optical images of LC). Overall, 
these results indicate that the interfacial surfactant 
coverage and surface velocity of the LC in Region 2 are 
largely governed by an interplay between surface 
advection and surfactant desorption kinetics. 

As noted above, past studies have established that a 
change in surface concentration of a surfactant can 
change the orientation of a LC at the aqueous 
interface69. It is possible, therefore, that the spatial 
variation of Γ, as predicted by the above model, could 
also induce a variation in the orientation of the LC.   
However, our analysis leads us to conclude that this 
effect is small in our experiments.  Specifically, at 
equilibrium, we estimated the maximum surface 
concentration of SDS that can sustain a tilt of LC away 
from the surface normal (causing a non-zero optical 
retardance of 5CB) to be 1.09 × 10-6 mol/m2 (this 
corresponds to a SDS concentration of 0.016 mM in 
300 mM NaCl in the bulk aqueous solution), which is 
much lower than the above-described estimated 
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values of ΓL-d (as well as the measured value of Γeq2).  In 
addition, as discussed in SI, the impact of the variation 
in SDS surface concentration on the surface anchoring 
energy of the LC is very small under the experimental 
conditions reported in this paper.  

We conclude this section by noting that the surface 
flow in Region 2 drives a circulatory flow within the LC 
film, including in Region 1.  The presence of  the 
circulatory flow in Region 1 leads to a tilting of the LC 
away from the surface normal, and thus the optical 
retardance evident in Figures 2f and 3a. 

 

Fig. 6. (a) A plot of measured surface velocity and 
measured and calculated optical retardance of LC films 
exposed experimental concentration described in Fig. 2e. 
Inset (green box in the bottom left corner) shows a 
magnified plot at high y (near the solid wall). Error bar: 
S.D. with n = 3. (b) Variation of maximum surface velocity 
and maximum optical retardance (measured and 
calculated) of the LC films with ∆πeq. Error bar: S.D. with n 
= 3. (c) A plot of the width of the optically dark region 
(model and measured) near the confining walls of the LC 
films towards the low concentration side (y = L) versus 
∆πeq. Error bar: S.D. with n = 3. 

3.5 LC optical response to interfacial flows  

To describe the optical response of the LC to the SDS 
gradients observed in our experiments, we equated 
torques arising from the elastic strain of the LC film 

and the anisotropic viscosities of the sheared LC,26,27 
namely 

 
  =    −                      6 

where, KLC ~10-11 N is the average elastic constant of 
the LC (using one parameter approximation), α2 ~ - 83 
× 10-3 kg/ms and α3 ~ - 2 × 10-3 kg/ms are the Leslie 

viscosity coefficients of 5CB26, vs is the aqueous-LC 

interfacial velocity (along y), and θ is the angle of tilt of 
LC from the surface normal. For the tilt angle profiles 
calculated using Equation 6, we calculated the 
corresponding values of the optical retardance of the 
LC films (see SI for details).  Specifically, by using the 
interfacial velocities predicted by the above-described 
model between y = 0 and y = (L-d) (see Fig. 5c), we 
calculated ∆r of the LC film, and compared it to 
experimental measurements (Fig. 6a). The general 
agreement between the experiment and model shown 
in Fig. 6a provides additional support for our 
conclusion that the optical response of the LC is 
dominated by a shear-induced reorganization. 
Additionally, Fig. 6a shows that the LC optical 
retardance correlates very closely with the surface 
velocity along the LC interface hinting at the potential 
use of the LC optical response as a convenient way to 
map surface flows. We also found good agreement 
between experiment and model when the magnitude 
of the SDS gradient was varied (Fig. 6b).  

Fig. 3 reveals that the LC films exposed to SDS 
gradients exhibit a dark optical appearance near the 
grid wall in Region 2 (corresponding to an optical 
retardance of less than 200 nm). Inspection of Fig. 6a 
reveals that the surface velocity in the above-
mentioned region of the interface is less than or equal 
to 4 μm/s.  At or below this minimum vs, the interfacial 
flow-induced shear is insufficient to cause a 
measurable tilting  of LC away from the surface normal 
(i.e., ∆r < 200 nm for optically dark appearance, see SI 
for details).  We calculated the distance from the grid 
wall (ld, see Fig. 5d for the definition) at which the LC 
surface velocity decreased to 4 μm/s as a function of 
the magnitude of the SDS gradients. A plot of ld as a 
function of ∆πeq (Fig. 6c) reveals good agreement 
between experiment and the model prediction.   

3.6 The effects of confinement on the LC optical 

response to surfactant concentration gradients 

As described above, the presence of the grid wall at Y = 
(L-d) confines the interfacial flow and thus plays an 
important role in the establishment of the flow by 
imposing a no-slip boundary condition. This brings us 
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to the prediction that an increase in the size of LC films 
in the direction of the interfacial flows (L) will cause 
an increase in ∆Γss and vs which will generate a higher 
deviation of LC from the surface normal (Equation 6) 
causing an increase in ∆r. Therefore, key prediction 
that emerges from the model described above is that 
an amplified and stronger (higher optical retardance) 
LC response will be observed with an increase in the 
LC domain size.  Here we explore that prediction. As 
shown in Fig. 7, we performed experiments with five 
TEM grids with lateral slot lengths of 58 μm, 205 μm, 
285 μm, 420 μm, and 1 mm, and exposed them to the 
same SDS concentration gradient (see caption of Fig. 7 
for details).     

 

Fig. 7. Amplification of the spatial response of LC: LC films 
of different lateral sizes are placed under the same 
gradient conditions (containing 0.5 mM and 0.25 mM SDS 
solutions (color-coded blue and green, respectively) 
pumped at a flow rate of 2 mL/min each) and the optical 
responses of the LC films in the square areas enclosed by 
red dotted outlines are observed between crossed polars. 



14 

 

Planar dimensions of the LC grids are (a) 290 μm x 58 μm; 
(b) 205 μm x 205 μm; (c) 285 μm x 285 μm; (d) 420 μm x 
420 μm; (e) 80 μm x 1 mm. Scale bars are 250 μm. (f) A 
plot of maximum optical retardance observed near the 
middle of the bright LC responses with the lateral size of 
the LC films. Error bar: S.D. with n = 3. 

Inspection of Fig. 7 reveals a systematic increase in 
optical retardance (maximum optical retardance near 
the middle of the bright LC responses) with the 
increase in the size of the LC domain. The increase in 
the optical retardance (from ~ 450 nm to 1500 nm; 
Fig. 7f) reflects an increase in the aqueous-LC 
interfacial velocity with LC domain size (from 16 μm/s 
to 40 μm/s). This provides support for our conclusion 
that the difference in Γ between the two ends of 
Region 2, ∆Γss increases with the size of Region 2, 
which causes an increased surface velocity and thus a 
higher LC optical retardance. Overall, these results 
demonstrate LC amplification of the spatial extent of 
surfactant concentration gradients by as much as 25X. 
This hints at the potential use of LCs to magnify micro-
scale gradients into macro-scale optical responses for 
easy characterization. 

3.7 Transport and localization of microparticles at 

aqueous-LC interfaces driven by surfactant 

concentration gradients 

As described above, to characterize the LC velocity in 
the presence of surfactant concentration gradients, we 
dispersed silica microparticles (diameter 3 μm) in the 
LC films and tracked their displacement.  In the course 
of these measurements, in addition to observing the 
presence of isolated microparticles that exhibit a 
circulatory motion, we made the unanticipated 
observation of the formation of near-stationary 
interfacially-trapped assemblies of particles (Fig. 8c,d). 
Specifically, the microparticles, initially present in the 
bulk of the LC film (Fig. 8a) at a concentration of 1% 
wt/vol, when exposed to a gradient in SDS 
concentration (consisting of 0.5 mM and 0.25 mM SDS 
solutions in 300 mM NaCl and pumped at an overall 
flow rate of 1 mL/min), were transported to the 
interface as singly dispersed particles by the 
circulatory motion of the LC. Upon reaching the 
aqueous-LC interface, the microparticles interacted 
with each other to form chains (Fig. 8b) with most of 
the chaining events occurring in the direction of the 
interfacial flow (Fig. 8c). Subsequently, the chains 
rotated by an angle of ~300 away from the direction of 
the interfacial flow (Fig. 8d; see inset for details) and 
localized near the middle of the interface (the region of 
the interface with the highest optical retardance). The 
above-described process was observed to occur within 

the first few minutes (typically, 2 minutes) of the 
establishment of a steady state flow field inside the LC 
domain. Additionally, the linear chains of 
microparticles were observed to interact with each 
other forming 2D interfacially-trapped assemblies of 
microparticles (Fig. S12).  

 

Fig. 8. (a-d) Time-series images of the formation and 
localization of assemblies of silica microparticles at 
aqueous-LC interface. A film of 5CB with dispersed silica 
particles of diameter 3 μm is placed inside a milli-fluidic 
channel containing a gradient in SDS concentration 
generated by pumping solutions of 0.5 mM and 0.25 mM 
SDS in 300 mM NaCl at an overall flow rate of 1 mL/min. 
Insets show magnified views of the organizations of 
particles in the corresponding images. Scale bars are 50 
μm.  
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We propose that the above-described localization of 
the microparticles at the LC interface reflects a 
coupling between the flow-induced strain of the LC 
(tilting away from surface normal) and the strain of 
the LC around the microparticles. Specifically, silica 
microparticles induce a tangential anchoring of 5CB 
(Fig. S9) leading to the presence of two surface boojum 

defects and elastic quadrupolar interactions76 between 

the interfacially-trapped microparticles. We propose 
that the maximum in LC interfacial velocity coincides 
with the highest elastic free energy density in the LC 
film which drives the interfacial chains of 
microparticles to preferentially localize in these 
regions.  Support for this proposition comes from 
experiments performed with isotropic oils, which did 
not lead to localization of the microparticles (see SI). 
Although additional studies are needed to fully 
understand this phenomenon, this initial set of 
observations hints that Marangoni flow-driven non-
equilibrium states of organization of LCs can cause 
microparticles into localize on interfaces in ways that 
are not observed with isotropic liquids.    

4. Conclusions 

     This paper reports on the non-equilibrium ordering 
of LC films in response to external gradients in 
surfactant concentration.  We generate gradients in 
surfactant concentration by introducing two streams 
containing different concentrations of surfactant into a 
milli-fluidic channel containing a LC film. By examining 
the optical response of the LC film, we show how this 
experimental set-up permits manipulation of the 
surface gradients in surfactant concentration. We find 
that the optical retardance of the LC film correlates 
closely with the magnitude of the surfactant 
concentration gradient generated using the milli-
fluidic channel. In contrast to particle tracking-
methods, a single image of the LC can be used to 
determine the interfacial flow field generated by the 
surfactant concentration gradients.  This allows facile 
identification of regions of the LC interface where the 
surface gradients are located, and phenomena such as 
immobilization of the interface by high surfactant 
concentrations (down-stream region of the interface).  
By varying the size of the LC domain and mapping the 
interfacial velocity using the LC, we show that the 
width of the surface concentration of the surfactants 

can exceed the spatial extent of the bulk concentration 
gradient by a factor of 25, thus revealing that LC 
optical responses that provide a means to magnify 
microscopic gradients into large-scale optical 
responses that are readily characterized. Overall, we 
conclude that LCs provide a convenient and simple 
method for characterizing microscopic gradients in 
surfactant concentration and mapping interfacial 
velocities.  

 The results discussed in this paper generate a number 
of questions that deserve future investigation. First, 
although we explore the effect of the size of the 
rectangular LC domain on the LC optical response, we 
do not yet understand how non-rectangular domains 
with converging and diverging surface areas in the 
direction parallel to the surfactant concentration 
gradient impact the magnitudes of the surface 
concentration gradients and optical response.  Second, 
our interpretation of the optical response of the LC 
assumes a linear velocity profile across the thickness 
of the LC film.  However, the behavior of microparticles 
in our experiments reveal that the LC undergoes a 
circulatory flow.  Additional modeling of the fluid 
mechanics is needed to more fully account for the 
influence of this circulation on the optical response of 
the LC.  Third, we observed solid microparticles to 
form organized assemblies at the interface of the LC 
films in the presence of the surfactant concentration 
gradients.  Our preliminary experiments hint that 
these assemblies reflect the interaction of the LC strain 
fields around the microparticles and regions of the LC 
film strained by the interfacial flows.   Additional 
experiments are needed to fully understand the non-
equilibrium forces that generate these microparticle 
assemblies.  
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