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ABSTRACT

This review discusses the rheology of interfaces separate two, immiscible
fluids. Unlike interfaces at the fluid/solid boumgathese surfaces are mobile and
deform. In the presence of amphiphiles that collactthese interfaces, they can
become highly structured and non-Newtonian. Thesdimear responses to flow have
profound implications on many physical processed eramples can be found in
nature and industry. This review summarizes expamtal methods in interfacial
rheometry (both mechanical and optical methodsdéseussed), and presents their
application to numerous classes of complex flutériiaces. These interfaces come in
a wide range of forms that are often directly agales to their three-dimensional
counterparts. This review presents results on iclsdatty acids and alcohols,
multiphase systems, rodlike amphiphiles, flexith@io amphiphiles, surface gelation,
biopolymers, and two-dimensional suspensions.

KEYWORDS: Interfacial rheology; Thin films; Langmuir films;u#factants;
Amphiphiles

1. INTRODUCTION

Interfaces between fluid phases are common to alediad industrial processes.
These interfaces are often made to deform andetaganships between the associated
surfaces stresses, strains, and strain rates areecessarily linear, as one would
expect for Newtonian interfaces. The fact that miamgrfaces are non-Newtonian is a
result of amphiphiles that collect to form struedrfilms (often monolayers) that
strongly couple to hydrodynamic forces. These aptulés can either be restricted to
the interface, as in the case of Langmuir filmssaluble in one or both of the phases
but concentrated at the surface, which are calldthssmonolayers. Amphiphiles
responsible for such behavior can be small molsgsiech as classical fatty acids and
alcohols, natural molecules, such as proteinsymthgtic amphiphilic polymers.

The profound influence that monolayers can havéairodynamics has been
long recognized and was mentioned by the Romanenuint, Pliny the Elder, in his
encyclopedia, Natural History, written in 77 A.Deldrote that “. . . sea water is made
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smooth by oil, and so divers sprinkle oil on thfsice because it calms the rough
element. . .” [1]. Mankind’s fascination with sutdyers, however, dates back much
further, and it is apparent that the ancient Bahiios studied the patterns of oil
monolayers on top of water as a means of scryimydivination approximately four
thousand years ago.

It was Benjamin Franklin who first stated that tabilizing influence of an oil
film on the surface waves of water was associatéth & remarkable spreading
behavior. During a visit to England in 1774, Framkboured a small amount of oil
onto the water of a small pond in Clapham Commanaddition to causing a large
portion of the pond to become as “smooth as a fapkjlass”, he noted that the oil
spread remarkably quickly on the surface of watalike its manner of spreading on
solid surfaces. In addition, he observed that iecimanical influence on the water
surface went far beyond the region where the loil #vas visible to the naked eye.

Although Franklin’s account of his experiments wpsblished in the
Philosophical Transactions of the Royal Societgytlvere not repeated until Lord
Rayleigh in England and Agnes Pockels in Germanglariadependent studies of the
spreading behavior of oil on water and the corredpa effect on surface tension
over one hundred years later. These experimentdeidate 1800’s, were also only
noticed by a small circle of experts interested/iting behavior.

It can properly be argued that Irving Langmuir'spesiments in General
Electric’s research laboratory in the early 190&8¢ablished surface science in “wet”
systems as a powerful means of investigating médecarchitecture and molecular
forces. His careful experiments using the “Langmudugh” in conjunction with a
force balance for the measurement of surface tensiere of critical importance in
establishing the size of molecules and determittieq orientation at interfaces [2].

Dimensionality is known to have a profound influeran phase behavior, and
the phase diagrams of two-dimensional systems eatich and complicated. Indeed,
the strongest molecular interactions for monolaydrs not arise from lateral
interactions between neighboring amphiphiles betdare to the forces confining them
to the interface. In recent years powerful, newlgd@mve been introduced that have
rapidly advanced mapping phase diagrams for moeodayThe three most notable
methods are X-ray diffraction (XRD) [2], fluores@en microscopy, and Brewster
angle microscopy (BAM) [4]. The XRD technique haseb applied to insoluble
monolayers fatty acids and alcohols [2], the proble “surface freezing” of alkanes
[5], and DNA chains attached Langmuir films of pploslipids [6]. When applied to
the first two problems, XRD has revealed anisotrgpacking of molecules at the
interface. Very often fatty acids and alcohols age their hydrophilic head groups
onto distorted hexagonal lattices that can formemed domains at the interface that
are large enough to be identified using a methath s BAM. The aliphatic tails of
these acids and alcohols contribute to the filmRicsural complexity since longer
chain molecules find it necessary to tilt to packrenefficiently at the interface.
However, both the magnitude of the tilt angleand the direction of the tilt relative to
the lattice onto which the head groups are attagspdcified by the angla) are
functions of surface pressure. The combinationni$atropic lattices onto which the
molecules are arranged, and the tilt directions ¢baple to this lattice come together
to create very rich phase diagrams as temperatarsu#face pressure are varied.
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Application of XRD to the surface of bulk alkand<20 to 40 carbons in length
has identified a “surface freezing” phenomena whe@ystalline monolayer skin is
observed to form on the top surface at temperattlos® to, but still above, the bulk
freezing temperature. The resulting structuresméde Langmuir films of fatty acids
and alcohols are also characterized by anisotrepitace lattices and tilted chains.
The primary difference, of course, is that the atkaurface molecules do have a much
greater ability to “escape” into the bulk subphesmpared to insoluble fatty acids and
alcohols.

The problem of the affinity of DNA chains to mobiieterfaces of cationic
phospholipids has recently been examined using X&Dn this problem, negatively
charged DNA chains are attracted to lipid-bearimgrfaces by electrostatic attraction
and can be expected to strongly affect both stracind dynamics. It was found that
the resulting complex between the DNA and lipid duauir films consists of chains
that are very thin in the lateral dimension, giviige to a picture of this biopolymer
performing random, self-avoiding walks in two di@&ms in the vicinity of the
interface. The interaction of DNA chains with phbefipid layers is important to
techniques in gene therapy where extracellularetiemmaterial is transferred across
eucaryotic cell membranes. This process recogrtlzatsthe insertion of exogenous
DNA chains within cells is greatly accelerated Instf attaching them to cationic
liposomes. The method of lipofection has found ewigpplication in molecular
biology as a means of expressing foreign genes.

BAM and fluorescence microscopy [4] are useful isualizing polydomain
structures that are often present in monolayerss&tstructures arise for a number of
reasons that include the coexistence between sepanases during first order phase
transitions and domains of differing crystallineder. These optical probes are
particularly useful when used in conjunction witlrface pressure-area isotherms to
identify the nature of phase transitions. BAM, whis a special case of ellipsometric
microscopy, is sensitive to the reflection coeéfits of the interface and will respond
to spatial variations in thickness, refractive inder refractive index anisotropy.
Imaging these variations using two-dimensional ctets allows one to image domain
structures that arise for a number of physical eols. Recent applications include
tracking the collapse of liquid crystalline monatay to form domains of bilayer

floating on top of monolayers [7], the transitianor the L, to L," phase in a fatty
acid [8], and morphological changes in phosphotigi].

Fluorescence microscopy can accomplish many ofahee results as BAM but
normally requires the addition of a fluorescenthgravithin the sample. If polarized
light is used, this microscopy will be sensitivette tilt azimuth of probe molecules
[10]. In the case of large biopolymers, such as DNAorescence microscopy is
particularly useful since it can be used to imadge ¢onformation of the entire chain.
This was accomplished recently by Radler and coersrkl1] who studied the static
and dynamic conformation of DNA chains electrostdty attached to cationic,
supported lipid bilayers. More recently, Olson aravorkers [12] have examined
DNA chains adsorbed onto supported bilayers angestdal to electric fields across
the interface. These experiments revealed a compéptation-like motion of the
chains across the surface, which appeared to copi@int defects that served as
obstacles to chain motion.
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The consequences of dimensionality on dynamics eapeally important.
Confinement to an interface often requires thawflprocesses lead to highly
cooperative behavior since surface-constrained entds lack the opportunity to
readily escape from one another. In the remainfiti® review experimental methods
available to measure interfacial rheology and dyicarare presented. The application
of these methods to a variety of physical systentken discussed.

2. EXPERIMENTAL METHODS FOR INTERFACIAL RHEOLOGY AN D
DYNAMICS

The Pockels-Langmuir Trough

The behavior of ail films residing on top of wateas fascinated scientists for
many hundreds of years. Systematic studies of nagead of insoluble molecules at
the air/water interface normally employ the “Poskeangmuir trough”, which is a
simple device named after Agnes Pockels, a Gerroaadwife, and Irving Langmuir,
a scientist working at General Electric's resedatboratory in the first part of the
twentieth century [13]. Together with Dr. Katherin®. Blodgett, Langmuir
investigated monolayers of insoluble amphiphilesl avas largely responsible for
developing surface chemistry into a coherent, gifiendiscipline. Their work
established the existence of monolayers and therenaif phase behavior in two
dimensions, led to the possibility of measuring @salar sizes of viruses and toxins,
which is of significant biological importance. Hovez, the principal ideas used in the
Pockels-Langmuir trough were first described inetier by Agnes Pockels to Lord
Rayleigh [14]. In what may be one of the best eXempf true “kitchen science”, Ms.
Pockels described experiments in her home using@lestin trough filled to the brim
with water and accompanied by a tin strip laid asrthe trough. By sliding the strip
along sides of the trough she was able to compesshiphilic contaminants floating
on the water surface. Simultaneously, she meagsheedurface tension of the water
using a simple balance and determined that conipress the contaminant layer
lowered the surface tension.

The work of Langmuir brought together measuremtaksen with much greater
precision and accuracy. In particular, he develofherl “Langmuir balance”, which
became the standard method for determining theseifiressure?, of a monolayer.

A typical arrangement of a trough and balance awshin figure 1. These instruments
are available commercially and are normally corcsed of Teflon®. The movable
barriers are often ganged together and move simedissly to either compress or
expand the interface in the interior. The Wilhellbglance measures the surface
tension,s, of the interface by determining the force on alémlate attached to a
transducer. The surface pressure is defined as

P=sg-s, (1)

wheres, is the surface tension of the pure subphasesasdhe surface tension of the
subphase/monolayer combination.

The Pockels-Langmuir trough is typically used tongmte pressure-area
isotherms. These are generated by taking the sgmpl®nolayer residing on top of a
subphase) to a desired temperature and slowly @ssimg the film. This is normally
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Wilhelmy
plate
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Figure 1: The Pockels-Langmuir trough.

accomplished using computer-controlled motors tivatg the barriers together at a
specified rate. At the same time, the Wilhelmy hatarecords the surface pressure of
the film. These measurements are then normallyategeduring re-expansion of the
film and, ideally, the two sets of data should siuppose.

A typical pressure-area isotherm is shown in figRir& his particular example
is for a fatty acid monolayer and these are desdrib greater detail in a later section.
At large surface areas per molecule, the surfaesspre is very low and often
negligible. However, as the layer is compressethégoint where a uniform film first
forms, the pressure increases. Further diminutfdheosurface area continues to cause
an increase in surface pressure as the molecideoraed together. Ultimately, phase
transitions can appear upon compression and tmeddemtified as kinks and plateaus
in the isotherm. In the example shown in figureh& phase transition from a liquid

untilted
condensed
tilted

condensed

% liquid expanded

Figure 2: Typical Langmuir isotherm of a fatty acid.
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expanded state, where the molecules are loosekegato the tilted condensed phase,
where the molecules are grouped together in a tdomfiguration, is shown.

Mechanical Rheometric Methods

Proper characterization of the rheology of fluigidl interfaces requires special
tools that are able to isolate the effects of therface from those of the adjacent bulk
phases. The development of such techniques has f#iee in the latter part of this
century and has led to a variety of devices. Tledade channel flow devices [15,16,
17], rotating disks and rings [18] and knife-edgwides [19]. An important reference
that offers a review of these methods is the moaughby Edwards et §20]. Each
instrument offers different advantages and can Beduto extract interfacial
rheological material functions. A common considieratfor any device used to
measure the stresses present in fragile interfacéise Boussinesq number, which
reflects the relative contributions of the surfateesses to those generated with the
subphase. It is defined as

:/7S .......... 2
B R 2

where /M is the surface viscosity associated with the fatar, /77is the bulk viscosity
of the subphase, arRRlis a length scale linked to the physical probe usesense the
stresses or to generate the imposed deformatiorB, tb>1 the surface stresses

dominate the measurement.

Strain-controlled devices and flow-rate controli@evices

As in the case of rheometers designed for bulkidguinterfacial rheometers

can be classified as either strain-controlled oesstcontrolled instruments. With a
strain-controlled instrument, the sample is sulei@db a prescribed strain or strain rate
and the resulting stress is measured. The appirath or strain rate can either be
dependent or independent of time. For exampleg@srain experiment is one where
a known strain is rapidly applied to a sample dmel dtress is then measured as the
material relaxes. Alternatively, a sinusoidal strean be applied and measurement of
the stress leads to a determination of the staaaddoss moduli.

A number of strain controlled interfacial rheomstbave been used in the past,
including one of the few commercially availabletmsnents [21]. Rotating disk and
ring surface viscometers and knife-edge devicemammally in this category.

Canal and channel viscometers, on the other harel,“flow-controlled”
devices and operate by forcing the monolayer ustiety to flow at a specified rate
through a channel at the surface. By measuringitop in surface pressure across the
channel, the surface viscosity of the film can b&edmined. If the film is Newtonian,
the following equation is used to determine thdame viscosity for a channel of width
w, lengthL [16,17]:
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where A is the surface viscosityy is the bulk viscosityDP is the surface pressure
drop, andQ is the surface flow rate. These devices have beed widely in the past
with great success. However, they have the disadgarof not being easily used for
interfaces separating two liquids.

The stress-controlled rheometer

The alternative to controlling the strain in a rlogcal experiment is to control
the stress applied to a sample and to measurdrtiie that results. As in the case of
strain-control, the applied stress can either beomstant, which defines a creep
experiment, or a sinusoidal function of time, whiehds to measures of the dynamic
moduli. We have recently developed such an instninre our laboratory, which is
referred to as an interfacial stress rheometer )(ISFhe design has a slender,
magnetized needle floating at the interface underdys (either liquid/air or
liquid/liquid interfaces can be studied) and sutgddo a magnetic field gradient. The
overall instrument is pictured in figure 3. A Langimtrough is used as the platform to
contain the bulk liquids and to constrain the filmder study. A pair of Helmholtz
coils straddles the trough and is used to creatgfarm magnetic field gradient across
the center of the trough.

The magnetic needle is normally coated with Teflot® avoid adverse
interactions with the materials being studieds Isuspended at the interface by surface
tension and is situated between two parallel salidaces, which form the boundaries
of the shear cell. These solid surfaces are egibparate glass plates or the edges of a

magnetic ro

= Helmholtz coils

objective
2D dectector

Figure 3: The interfacial stress rheometer (1<
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half-cut glass cylinder. A meniscus will form betmethe surfaces at the interface and
a proper choice of materials will lead to a mengsthat is concave in shape. This will
cause the needle to self-center itself betweesdhé boundaries under gravity.

A pair of computer-controlled, current amplifiers used to power the
Helmholtz coils. A prescribed force is applied he heedle by establishing a magnetic
field gradient. The magnitude of this force is detimed by a calibration procedure
described in reference [22]. Once the force is kmawe surface stress is calculated by
dividing by the perimeter of the needle. Two typédime protocols are used: a step
stress for a period of time after which the strigsseemoved, and a sinusoidal stress.
The first protocol is used for creep measurememdistae second procedure leads to a
determination of the complex surface moduli.

Under the action of an applied force the needl¢ glitle along the interface
parallel to the two solid boundaries. This will geate a shearing deformation at the
interface. The induced strain is measured by treckie position of the needle using
an inverted microscope that images the end of #eglle onto a position sensitive
detector. With a knowledge of the stress-straimti@hship, a number of surface
rheological material functions can be determinadluding the surface viscosity, and
storage and loss moduli.

Surface Flows

The flow generated by the interfacial stress rhdemis referred to as simple
shear flow and is shown schematically in the figoetow.

This flow type is characterized by an equal amowfit pure rotation
superimposed upon pure stretching. For this reagois, often referred to as the
demarcation between “strong” and “weak” flows, wisftrong flows being those
capable of large deformation and orientation ofrostructure and weak flows being
unable to cause substantial distortion. The ortemtaof the stretching component of
this flow is at 45 relative to the flow direction, as shown in figure

This type of flow is generated on either side dof tieedle in the interfacial
stress rheometer. Another tool that can be usgutaduced a good approximation to
simple shear flow at a surface is the “parallet belvice” pictured below. It consists
of two belts that are run in the same directiorthad the interior space is forced to

d:><+

u= q y=o extensional rotational

Figure 4: Schematic diagram of simple shear flow.
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Figure 5: The parallel band device.

shear the surface as shown. This arrangement yswelt suited for the purpose of
visualization of surface flows and to accommodate use of optical methods for the
purpose of microstructural measurements.

It is of importance to understand the influencéfiofv type” on the question of
flow-induced deformation of surface microstructarel the strong flow limit of purely
stretching flow should be explored. The classi@licke for the purpose of generating
purely extensional flow is the four roll mill invied by G. I. Taylor [23]. This flow
cell consists of four rollers on the corner of a@®g as shown in figure 6. By rotating
the rollers as indicated, the flow in the interigr forced to map out hyperbolic
streamlines with a center stagnation point. Thiarisexample of a two-dimensional,
extensional flow. As in the case of the paralleiddevice, the four roll mill provides
an excellent platform for optical measurements.séhare normally carried out in the
vicinity of the stagnation point where the velodity the interface tends towards zero.
However, since the flow field contained within thadlers is relatively homogeneous,
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Figure 6: The four roll mill. On the left, the mill is opatied so that the
compression axis is vertical. It is horizontal e tmill on the right.
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the velocity gradients in that region are quitestant. Recently, Higdon has analyzed
the geometry of the four roll mill to determine tbptimal design for this device so
that the flows accurately simulate ideal, two-disienal extensional flow [24].

The quality of the surface flows generated withstheevices will depend on
numerous factors, including the Boussinesq numbeéitlze depth to which the devices
extend below the surface. If the Boussinesq nunshsufficiently large (a value @,
> 100) then the surface flows will primarily respond tiee forcing by the solid
boundaries of the flow field and not to dissipatiato the bulk fluid. In these cases,
the parallel band and four roll mill devices can flaced immediately above the
interface in a fashion that has the lower, movingezes in direct contact with the
interface. When the Boussinesq number is much bé&@vthen it is an advantage to
drive the surface flows with the underlying subghélew and the flow cell should
extend deeper into the subphase.

Microstructural Probes
Flow-Dichroism

Dichroism refers to the tendency of anisotropic eriats to preferentially
absorb light that is polarized in certain directonf the molecules absorb light
sufficiently strongly, this effect can be used tack molecular orientation within a
flowing monolayerin situ. Dichroism is linked to the imaginary part of ttedractive

index tensor,n;j' and is defined ah = nll' - n2 Herenl and n; are the principal

values of the refractive tensor and are definedigare 7. For this method to be
effective it is necessary to find a suitable wangth where the amphiphile of interest
strongly absorbs and for many systems this can roacuthe ultraviolet and
occasionally in the visible.

The optical arrangement used to measure dichraisftowing monolayers is
shown in figure 8 and follows a design discussediétail in reference [25]. Light

A
y 2

1

n
/// c
oriented molecules

" ]
X

Figure 7: Definition of the principal directions of the igiaary part of
the refractive index tensor.
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Figure 8: Dichroism optical train to measure the order pzeger ir
monolayers. F: filter; P: polarizer; PEM: photog¢lasmodulator; C

quarter wave plated: detector. This example utilizes an argon ioret
capable of generating ultraviolet radiation.

from a suitable source (most often a laser) is #ewough a series of optical elements
that define and modulate the polarization. Theseagpolarizer oriented af Gelative

to a laboratory axis (normally the flow directiom) photoelastic modulator set at’45
and a quarter wave plate at.(Orhis combination of elements produces linearly
polarized light that rotates back and forth atemjfrency of modulation that is typically
50 kHz. This light is then sent through the Langniwgugh containing the sample film
through a window (quartz is used if the light istlire ultraviolet). The location of the
light beam must be chosen so that the approprieséign within the flow field is
sampled. For example, if a four roll mill is beinged to generate the flow the light
should be sent through the center stagnation poimte the light has left the trough it
is intercepted by a detector and the measuredsityeis then analyzed using lock-in
amplifiers. Photodiode detectors can be used fghtliin the visible and
photomultiplier tubes are best used for ultraviditgit.

The intensity signal produced by the detector is

| =1,(1+ 23, sin wttanh @ sin 2¢ +2J, cos 2uttanh o cos 2¢)

wherely is the incident light intensityw is the modulation frequency; and J, are
calibration coefficientsd = (200" d)/ / is the extinction withd being the film

thickness and the wavelength of light, and is the orientation of the principal axes
of the imaginary part of the refractive index tensglative to the laboratory frame.
The anglec is defined in figure 7.
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Flow-Brewster Angle Microscopy

Brewster angle microscopy [4b,c] is a special adsalipsometric microscopy
and is a powerful, but simple method for imaging tmorphology and texture of
interfaces. The principal elements of this instramare shown in figure 9. The
underlying physical principle is that light polatt in the plane of incidence (the so-
called “p” polarization) will not be reflected ih¢ angle of incidenceg, is the
Brewster angle for that interface. When taking magde of a monolayer this angle is
set to the value of the Brewster angle correspandinthe pure subphase in the
absence of a film. In this fashion light that ileeted and imaged onto the CCD
camera shown in figure 9 is due to the presentieeofilm.

The presence of a film changes the reflection @geffts of the interface. In
terms of “p” and “s” polarization (“s” polarizatiobeing normal to the plane of
incidence), the matrix of reflection coefficienss i

R R
R= ™ = (5)

Rp R

where the two subscripts on each coefficient redethe polarizations of the incident
and reflected light beams, respectively. In theeabe of in-plane anisotropy of the
film the off-diagonal termsR,s and Ry, are zero. However, when films contain
amphiphiles with long range tilt orientations, aghe case of fatty acids and alcohols,
or if they contain rodlike polymer chains lyingtflan the interface, these coefficients
will be finite. The coefficientsR,s and Ry, will cause the linearly polarized light
incident on the surface to be transformed to étigbtpolarization and for that reason a
second, analyzing polarizer can be introduced torire the contrast of the resulting
image of the film morphology. A detailed descriptiand analysis of reflection
coefficients for complex interfaces can be foundeference 26.

polarizer

laser polarize?—

oo il

Figure 9: The Brewster angle microscope. The polarizer idiately
following the laser is oriented to produce lightgrized in the plane of
incidence.
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Brewster angle microscopy is an excellent method thee purpose of
monitoring flow-induced microstructural changes taghly structured films when the
feature sizes are on the order of several micrdhe. first application of BAM to
reveal flow deformation and orientation can be fibuin reference 27. This work
considered a fatty acid monolayer (docosanoic asid)jected to extensional flow
using a four roll mill. Such a system will displaypolydomain structure with each
domain containing molecules with unique tilt azihmtSince BAM utilizes polarized
light, different domains will produce different etsities of reflected light and can be
easily identified. This situation is depicted sclatically in figure 9. As flow is
applied to the interface, the domains may defornd #me tilt azimuth of the
amphiphiles may rotate. These changes can be yeallderved and have been
reported in numerous papers [8, 28, 29, 30, 31, 32]

Flow-Fluorescence Microscopy

Fluorescence microscopy has been used succesdfllymage striking
morphologies that are associated with the coexistenf phases in films of
phospholipids and other molecules of biologicatiest. The chiral character of many
of these systems result in curious pinwheel strestiand other remarkable shapes
[4a]. In this microscopy the contrast between dommés supplied through the addition
of fluorescent probes that partition between défeémphases and offer a very sensitive
method of distinguishing spatial variation in sture. As in the case of BAM, in-
plane anisotropy can be revealed with by using rizgld incident light and by
introducing an analyzing polarizer. However, unlBAM, a fluorescent probe must
be employed and it is necessary to ensure thptétence does not affect the structure
and dynamics that are the subject of investigatBince these probes are present at
very dilute levels, this is normally a safe assuampf33]. Moreover, for some systems
the enhanced contrast available to fluorescenceostopy makes this an attractive
alternative.

Certain physical problems demand the use of fli@m®se microscopy and one
example is the detection of single molecules withionolayers. Two recent examples
involve observations of single molecules of fluaessly tagged DNA attached to
mobile lipid bilayers [11, 12]. These studies hasamined the conformation and
diffusion of DNA chains as well as the problem &f @lectrophoresis.

The use of fluorescence microscopy to interfad@ad/foroblems has its origins
in the laboratory of H. McConnell [34]. That workvestigated the distortion of
domains of coexisting liquid condensed and liquikpanded phases in
phospholipid/cholesterol systems. Of particulaeiiest to that work was the value of
line tension between the phases. Other applicatbriow-fluorescence microscopy
includes the analysis of line tension in spreaaisilof PDMS [35] and measurements
of the interfacial velocity distribution for intex€ial channel flow [36]. Most recently,
Yim and co-workers [39] used this technique to measthe distortion of two-
dimensional drops subject to both simple sheareaehsional flow.
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3. DISCUSSION OF RHEOLOGICALLY COMPLEX INTERFACES

Layers with coexisting phases

Many monolayer systems consist of coexisting phésaswill complicate the
flow response. Examples include monolayers thatehemlapsed at high surface
pressures to form bilayer patches mingled with neyer regions and mixtures of
amphiphiles that phase separate at the interfadmeAtension will be present at the
perimeter separating these phases that will ses\aerastoring force that acts to drive
the domain shapes towards isotropy.

As mentioned earlier, numerous studies have emgloyleiorescence
microscopy to examine the stretching of domainsa®xisting phases by flow. The
subsequent relaxation of the deformed shapes dffermeans of determining the line
tension. In a study of “two-dimensional drop defation”, Yim and Fuller [39]
examined the steady state distortion of dipalmjgbgbhatidylcholine (DPPC)
domains at the air/water interface. This phosplidligpas spread onto the air/water
surface along with a fluorescent probe (Texas réR). At low surface coverage the
system is in a coexistence region of the gas amuidiexpanded phases and the
DPPC/TR mixture forms isolated domains that areghby circular at rest. These
domains were subjected to both simple shear flanguhe parallel band apparatus, or
to extensional flow using a four roll mill. The tdgng images were collected using a
fluorescence microscope.

The purpose of the work described in reference a8 t@ compare the flow-
deformation process for 2D domains against the kn@sults for bulk droplets. In the
case of bulk droplets, flow-induced deformatiorastrolled by the Capillary number,

Ca=/R ®)
S

where/1, is the viscosity of the bulk, supporting liquig, is the velocity gradienR is

the droplet radius at rest, arslis the surface tension. This dimensionless group
gauges the relative importance of deforming fordes to velocity gradients in the
viscous liquid surrounding the droplet and the aesy force arising from surface
tension.

In the case of a monolayer domain of radius sitéihg fluid interface, there are
two possible capillary numbers: one appropriaterwtie viscous force arising from
the bulk subphase is much larger than the viscoosefcoming from the surface
viscosity of the domain, and another limit when tpposite is true. When the bulk
viscosity dominates, the surface capillary number i

2
Ca, = R o @
/
and when the surface viscosity of the doméainjs more important then,
2
Ca, = hs.;R o ®)

where/ is the line tension. Two types of measurementsrgperted in reference 39
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for both extensional and simple shear flows. Thage(1) measurement of the steady
state deformation parameter as a function of velaradient and (2) determination of
the relaxation time scale for deformed domains elax towards isotropy. For an
elongated domain of lengthand widthw, the deformation parameter is defined as

L-W
L+W

In the limit of weak flows, when the capillary nuertis small, the deformation
parameter at steady state is predicted to be lingaoportional toCa for three-
dimensional drops. Simple shear flow, which isinstically weaker than extensional
flow is predicted to increase the deformation pastemof droplets at one half the rate
produced by two-dimensional extensional flow. Tiend was tested for the case of
monolayer domains of DPPC the results are showfigime 10 below. In the low
surface pressure regime where these experimenésaseducted, the bulk viscosity of
the water subphase was found to dominate the a@ui@ifdynamics and equation (7)
was used to calculate the capillary number. Noée the extensional flow generated
by the four roll mill was able to deform the donwmiat roughly twice the rate as the
simple shear flow produced by the parallel bandatev

The capillary numbers plotted in figure 10 require line tension and this was
evaluated by measuring the relaxation time scaledifstorted domains to return to
isotropy. In figures 11 and 12 images of distodednains are shown for two limiting
cases. Figure 11 shows the relaxation sequencedtifjlatly deformed, elliptically

0.4

0.3

0.2

(L-W)/(L+W)

D=

0.1

0.0

BARaa L e e ny LA L nain g anas e s s
0.0 0.2 0.4 0.6 0.8 10 12 1.4
Ca,

Figure 10: Deformaton parameter for DPPC domains subjected to ¢
flow (open symbols) and extensional flow (filledngdyols). These are
plotted against the surface capillary number.
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shaped domain. In this limit, the time scale fdaxation is; = 50M1,R* \yhen the
16/

bulk, subphase viscosity dominates the dissipatbmomentum. Alternatively, the
domains can be highly distorted and figure 12 shavimla-shaped domain relaxing
towards a circular shape. The relaxation from aisblape has been modeled as two
disks being drawn together by a thread of lineitenthat is resisted by the subphase
viscosity. This simple model produces the followiagationship from the balance of

line tension and hydrodynamic drag forces: = 8/1,RU , whereU is the velocity of

3

the approaching bola.

100 Um
(a) (b)

© ()
Figure 11: Relaxation of an elliptical domain of DPPC on #igwate
interface.

Figure 12 Relaxation of a bola-shaped domain BPPC on th
air/water interface.
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Measuring the relaxation of distortion from eitteer elliptical or a bola shape
can be used to determine line tension acting orstinface of domains. In reference
39, a line tension for DPPC domains floating at the/water interface of
1.11+0.20 " 10 ** N was reported and found to be independent of théadethat
was used (elliptical or bola relaxation).

Flow-BAM can also be used successfully to trackvfiaduced deformation of
two-dimensional drops and this was reported by kawy al [28]. In that work
bilayer and monolayer domains of a Langmuir filmaofow molecular weight liquid
crystal were examined using BAM when subjecteddws generated using a four roll
mill. In this work, four distinct types of domaim$ Langmuir films of 4’-octyl-1,1'-
biphenyl-4-carbonitride (8CB) were examined. Thesere: monolayer “island”
domains on top of the bare air/water interfacegytt “island” domains residing on a
monolayer, monolayer “holes” within a surroundiriayer, and “holes” of bare water
within a monolayer. These are described in figle 1

Using the same method of domain relaxation desgrdtmve, the line tensions

B: bilayer domain on
monlayer

A: domain
—>
-«
C: monolayer domain
D: hole within on bilayer
molayer
v M m i |
Il 1 T
B
<+
A
P —» <+
C D
—>

»
T »

Area per molecule

Figure 13 Diagram of four different domains found in Langmfilms
of 8CB. Upon compression of the film, “island” doims of monohyel
on top of bare water are found (type A) at low aoef pressure. Furtt
compression can cause a monolayer to collapse and fisland’
domains of bilayer on top of pure monolayer (typeBe-expanding th
film creates “holes” in the film as shown type C and D, which a
monolayer “holes” and bare water “holes, respebtive
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of each of the types of domains were measured riRedeto the labelling in figure 13,
domains of type A and D led to line tensions1of1 + 0.3 10 ** N whereas line
tensions of1.1+ 0.20 ~ 10 N were found for domains of type C and D.

Figure 14 shows BAM images of domains of bilayeBGB coexisting on top
of a monolayer of the same material both before mmehediately following the
application of extensional flow. As expected, ie tibsence of flow, the domains are
roughly circular but are shown to dramatically defounder flow. Indeed, the
deformation of “two-dimensional drops” is distinctlifferent from three-dimensional
drops since drop break-up by the Rayleigh instgbitloes not operate in two-
dimensions. For that reason, long, slender threattayer most often simply retract
back towards circularly shaped domains after time.

Figure 14: Bilayer domains (light contrast) on top of a mtayer (dark
contrast) before extensional flow (a) and duringgesional flow (b).
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Classical Fatty Acids, Alcohols, and Phospholipids

These systems have received the greatest atterfilogy have a common
chemical structure: a polar, hydrophilic head grattached to a hydrophobic tail. The
head group resides in the water whereas the taitnonly an aliphatic chain, extends
upward, into the superphase (normally air). Inespit the fact that they appear to be
among the simplest amphiphiles (being lower mokecwleight materials with an
uncomplicated structure), their thermodynamics dgdamics are surprisingly rich
and complex. As discussed in the introduction,dbimbination of arrangement of the
hydrophilic head groups on distorted lattices wéhtilted configuration of the
hydrophobic tails produces a wide range of phasghwobogies. Dutta and coworkers
have carried out comprehensive studies using Xrefigctivity on water-supported
monolayers of fatty acids with chain lengths froénta 22 [1b].

Reference 33 provides an excellent survey of thesire and thermodynamics
of this class of Langmuir films. In particular,affers a detailed description of the use
of X-Ray diffraction to determine the nature of ewmllar packing at the interface.
Figure 2 shows a Langmuir isotherm that is typafah fatty acid monolayer. At large
surface pressures, the system enters a liquid eepastate from a “gaseous” state.
The liquid expanded state is unable to produce asorable x-ray-diffraction signal,
which suggests that the head groups are transddiffodisordered. However, BAM
images of films in this condition reveal a polydamastructure that implies
orientational order of tilted hydrophobic chain. [8is doubtful that the gaseous state
consists of isolated molecules at the surface. &athis more likely that this state is
characterized by uncoupled, small domains of ligaidanded material.

Decreasing the surface area causes the layer tpressup to a critical surface
pressure, where the system undergoes a phasditnatgia “tilted condensed” phase.
In this state the head groups become arrangedeolatitice (a hexagonal arrangement
is typical) with the tails densely packed and eittiieed or perpendicular with respect
to the interface. In the example shown in figur¢h2 system first enters a “tilted
condensed” phase following a constant pressursitiam. Ultimately, at a sufficiently
low surface area, the system is forced into thdifted condensed” phase where the
tails are upright. The first order transition fraime liquid expanded to the tilted
condensed phase does not always occur at constsdupe and this is discussed in
reference 33.

Langmuir isotherms of the sort shown in figure & ba combined to construct
the phase diagram of monolayer films. A diagrant ikageneric of fatty acids is
shown in figure 15 where at least 7 separate phhaes been documented. The
nomenclature used to identify different phases theen borrowed from that used to

label various smectic liquid crystalline phasest Ewample, L, refers to the liquid

expanded phase anld,’ is the tilted condensed phase. Each phase caxpeeted to
have a different rheological response. Indeedptkasurement of rheology can assist
in revealing the transitions between different gsagxamples of the use of interfacial
rheology measurements to identify phase transitiamsbe found in references 40, 41,
and 22.

The coupling of flow to the microstructure of fatigid monolayers can lead to
complex, nonlinear responses. There are at leas¢ tmorphological responses that
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Figure 15: Phase diagram of fatty acid monolayers.

can occur. In the case of phases having tilteghatic tails, there is the possibility that
the tilt azimuth can rotate in response to hydraayic forces. If the head groups are
arranged on a crystalline lattice, the action ofvfican cause orientation of that lattice,
particularly if the lattice is distorted. Finalljthese monolayers often have a
polydomain structure consisting of domains defitgdregions with a common tilt

azimuth. Surface flow gradients have the possybiftdistorting these domain shapes.

All three flow responses have been observed foosimic acid [8, 29]. In
reference 8 the phask, was found to respond to extensional flow (a faalr mill
was used) through a distortion of the domains, Wwhiecame elongated in the flow
direction, as expected. Upon cessation of flow, distorted domains did not relax
towards isotropic shapes. Rather, they remain el@ugand oriented in the flow
direction. This suggests that the line tension ketwdomains is very small. This is
not surprising since the domains are all in a sipglase and are only distinguished by
a discontinuity in the tilt azimuth. Furthermores, f'ow is applied to this phase, the
domains distort, but their contrast observed u@d/ does not change. Since the
contrast of a domain directly reflects the relatbréentation of the tilt azimuth to the
plane of incidence, this constancy of contrast mehat the tilt azimuth in the,
phase does not rotate in response to hydrodynamiees. This behavior is shown
schematically in figure 16.

In figure 17 BAM images on a docosanoic monolayerthie L, phase
subjected to extensional flow are reproduced. Time sequence shows the domain
pattern deforming but the domain contrast remaimstant. The strain rate wa@s2s*
and the highlighted rectangle was drawn to formednpeter around a unique set of
points in the structure and maps the deformatiothaif particular patch. Furthermore,
if the flow is reversed (not shown in figure 1 Hetpolydomain pattern is observed to
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return to its original appearance, indicating tttee deformation of this phase is
reversible.

-

Figure 16: Flow response of domains and the tilt azimuthttierphase
of docosanoic acid.

Figure 17: Deformation of the phase of docosanoic acid suilbgean
extensional flow with strain rate. 2s*. The applied strain in each frai
is (A) 0, (B) 0.6, (C) 0.8, and (D) 2.0. The whibgen rectangle forms a
perimeter around a common set of points in eaghdral he scale bar is
100 microns
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If the system is converted to the higher pressiug, phase, the flow response

is dramatically different and the tilt azimuth bktaliphatic tails can directly couple to
the flow. This was first reported in reference 8 éme results are reproduced in figure
18. This time sequence of BAM images shows theaesp to an extensional flow
reversal. The initial frame shows a polydomainuext As the monolayer is deformed,
shear bands of intermediate contrast appear4& to the strain direction (horizontal).
These bands thicken until they fill the entire irmadrame D). Reversing the flow
direction (frames D through G) has the domain $tméc reappear. However, even
though frame G represents a complete strain reyetsa domain pattern in G is
clearly different from A and this indicates the alehation process is irreversible. It
should be noted that the monolayer in frame D lyqmmain. However, the separate
domains are characterized by two tilt azimuth dicgs and these both lie in the plane
of incidence in frame D. For that reason, the pelrglolarization of the incident light
is not altered upon reflection by the monolayer amgarate domains cannot be
distinguished. In frames A and G, however, the tit@zimuths are perpendicular to
the plane of incidence and are readily distingudsivben viewed through an analyzing
polarizer

Reorientation of the tilt azimuth in thke," phase can also be accomplished by
simple shear flow and this is discussed in refeze@8. There are two major

Figure 18 BAM images of domain distortion and tilt azim
orientation of thel,’ phase during a flowreversal experiment.

strain rate wasl.0s* and the applied strains were: (A) 0, (B) 0.23,
0.27, (D) 0.5, (E) 0.33, (F) 8. and (G) O strain units. For (A) throt
(D) the strain was perpendicular to the plane efdence, and for (L
through (G) the strain was parallel to this plai. shows the evolutic
of a band of reoriented chains. These occur 4% to the flow directio
and grow to fill the entire domains. Scale bar®) is 100 um.

98 © The British Society of Rheology, 2003  (httwwWw.bsr.org.uk)



G. G. Fuller, Rheology Reviews 2003, pp 77 — 123.

differences compared to extensional flow. The rota&l component of simple shear
flow exerts a rigid body rotation of the domainktiee to the plane of incidence and
this can cause a time-dependent modulation in éhérast of the domains. Secondly,
the extensional component of the flow causes shaads to appear and grow on the
monolayer as in the case of purely extensional .flBewever, since the extension
direction is at45 relative to the flow direction in simple sheanflothe shear bands

grow at0 and90 relative to the flow axis.

The interfacial rheology of several fatty acid gyss has been studied [22, 40]
and has been shown to be very sensitive to thermsme of phase transitions. In
general, both thd_, and L,' phases are non-Newtonian with shear thinning sarfa

viscosities. The transition from thk, to the L,' phase is observed to cause an
increase in surface rheological material functibpsit least an order of magnitude.

Schwartz and coworkers has studied both the suffaseproperties and the
orientation dynamics of the different phases ofadanioic acid monolayers [36, 37,
38]. These studies used flow-BAM to examine theskiatics, domain dynamics, and
tilt azimuth dynamics of this material. Among timepiortant findings were observation
of sharp, triangular velocity profiles in channéw and a precession of the tilt
azimuth that appears to be unique to hexatic layers

Rigid, Rodlike Polymer Amphiphiles

There are numerous polymer amphiphiles that possessgid, rodlike
conformation. An interesting question related torsaystems is whether nematic-like
dynamics are possible in two dimensional systentiseifsurface concentration of rods
achieves a sulfficiently large level. An early exdnpf such a system is the “hairy
rod” polymer phthalocyaninatopolysiloxane (PcPS)hick has been studied
extensively by the Wegner group [43]. This macrohipipile is known to lie flat at
the air-water interface and forms stable monolayleasgmuir-Blodgett deposition of
these monolayers onto solid substrates producedslyhigriented films where the
molecules are aligned along the dipping directibh B5].

Another system that has been examined is pgienylene) sulfonic acid
(PPPSH). Polyf-phenylene) derivatives yield rigid chains thatoafsroduce highly
oriented films during vertical dipping depositiomopesses. Both PcPS and PPPSH
offer the advantage that they are strongly dichioithe ultraviolet-visible spectrum,
which allows their orientation dynamics to be mored in real time.

Solutions of rodlike polymer chains in bulk solutiare known to undergo an
isotropic to nematic phase transition when the eotration surpasses a critical value.
The rheology of these lyotropic nematics has beetensively studied and has
revealed a very rich set of responses that areueniq these systems. For example,
solutions of rodlike chains display a maximum isodsity as the concentration is
increased past the isotropic/nematic phase transifPast this point the viscosity
decreases with concentration before ultimately dasing. The explanation for this
decrease is that the spontaneous self alignmetheofchains in the nematic state
decreases the frictional resistance experienceithdoyods from their neighbors since
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well-aligned rods are less entangled and can masitye'slip” past one another.

Studies of Langmuir films of rodlike chains can yde insight into the
behavior of two-dimensional analogs of bulk nenmtidlthough both PcPS and
PPPSH form stable monolayers and can be successfatisferred using Langmuir-
Blodgett deposition, direct observation of the acef flows of pure polymer films
reveals a polydomain structure that is inhomogesediurthermore, these “neat”
polymer films respond to flow by a fracturing aralié body rotation of the domains.
These systems can be fluidized, however, by incatpmg small molecule
amphiphiles into the films to form compatible, t@wnensional solutions. Verifying
that compatible mixtures have been achieved, howesan be difficult. Brewster
angle microscopy can be used to reveal the presgfinglease separated domains, but
only for length scales on the order of a microrlasger. Another indicator of ideal
mixing is the linearity of the average area per eoole of the solution with
composition. This requires plotting the area peleae at which the surface pressure
first rises significantly from zero against the mdfaction of one of the components.

Experiments investigating the flow and rheologicadsponse of two-
dimensional solutions of both PcPS and PPPSH pestigoalitatively similar results.
Both systems are orientable when subject to elamtflows using the four roll mill.

Isotropic-Nematic Transitions

4 Roll Mill

strain rate
@,’ i\\@ protocol
53
e
q=0° isotropic
1O /-
=AW
\‘\ }lr'/ D nqﬂ I
et nematic
_ 7
q=o wn

t

Figure 19 Four roll mill protocol to identify isotropic to meatic
transitions. The top plot is a schematic of thaistrate protocol for
flow-reversal experiment. The second pbiows the dichroism for
isotropic film as a function time during a flow exgal. The third pl
shows the dichroism as a function of time for tame protocol.
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Figure 2C: Dichroism versus time for 40 mol% PPPSH in steacid a
the air/water interface subject to various surfacessures during
extensional flow reversal experiment. At time z#re flow is reverse
in direction and at time 200 s the flow is arrested

This flow type, combined with measurements of ttaeo parameter using dichroism,
is a convenient way to demonstrate the existencenemfatic character. This is
accomplished using a flow reversal protocol in whice monolayer is first stretched
in one direction, stretched in the opposite dimttiand then allowed to relax. This
sequence of events is shown in figure 19.

As shown in figure 19, an isotropic system is rigadientified through its
ability to completely relax following the cessatiohflow. The nematic, on the other
hand, is characterized by long range orientationdér that persists after the flow is
arrested. Upon the reversal of flow, both systemsdyce dichroism signals that
change sign since the instrument described in®edifers a signal proportional to
Ln''cos 2qg . The reversal of flow changes the orientation exggirom 0 to 90
and this leads to the change in sign.

Figure 20 shows a sequence of flow reversals gmation of 40 mol% PPPSH
in stearic acid at the air/water interface. Showrthie figure are four experiments
conducted at various surface pressures. For pess$tom 3 mN/m to 7 mN/m the
response is characteristic of an isotropic systéawever, at 9 mN/m, the dichroism
signal fails to relax after the flow is stoppe®@0 s.

Measurement of the order parameter places theittcam$o a nematic state
somewhere between 7 and 9 mN/m. Using the inteffestress rheometer, the
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dynamic surface viscosity can be measured on tlueotayer and the results are
plotted in semi-log form against surface pressarégure 21. Such a plot produces a
linear response with a distinctive kink at a suefgmessure of 8 mN/m, which
corresponds directly with the critical surface pree identified using the optical
measurements.

The dynamics of 2D polymer liquid crystals can edicted using the Doi
model of such systems restricted to two dimensi®dhgs model has been used to aid
in the interpretation of experimental results byflétoneet al [46, 47]. The nematic
is characterized by an orientation distributiondtion, y, describing the alignment of
individual rods along a unit vectar, This function obeys the following convection-
diffusion equation:

A IR WA
o Dﬂuxﬂu+kBT'ﬂuV(u) '”ux(uy) .......... (10)

In equation (10){/fu is the gradient operator on the unit sph&es the average

rotational diffusivity ks T is the Boltzmann factol/(u) is the nematic potential, and

is the rate of change of the unit vector assigmethé alignment of the rods that is
induced by the flow. One popular choice of the rianpotential is the Onsager
function:

V(u) =UkgT y(u')sin(uu')du' .......... (11)

whereU = cl? is the dimensionless strength of the potentiatvin
dimensions. Here is the number concentration of the rods hisdtheir
length.

1 Isotropic Nematic

Slope = 0.214

Inh,=Inh2+ kP

Surface Viscosity (mN-s/m)

Slope = 0.589

~—00

T T T T T T |
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Surface pressure (mMN/m)

Figure 21: Surface viscosity as a functiaf surface pressure for
mol% PPPSH in stearic acid at the air/water interfa
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Equation (10) can be solved numerically to deteentire tensor of moments,

(w)t)= wy(lutde (12)
and these can be used to calculate the order pmame
sS=2-1 . (13)

where/ is the largest of the two eigenvalues (cnfu) and the orientation angle
defining the average angle of alignment of the rods

c=arctan 72 (14)
mn

wherery and s, are the components of the eigenvector associatéd wi

Both S which is proportional to the dichroism, awdare directly accessible
using the optical train depicted in figure 8. Conibg the model predictions with
experimental data of the sort described in figudeallows the determination of the
strength of the nematic potential since the vali#he parametet is directly related
to the onset of the isotropic to nematic transitibtfodel comparisons also provide
important insight into the nature of the orientatidynamics of 2D nematics. This is
particularly valuable when 2D systems are invegtigidecause this geometry allows
orientations in the plane of the flow to be conside Model comparisons for
extensional flow orientations have revealed a hgste effect that was previously not
appreciated for nematics. This hysteresis occuenvitvo steady state orientations are

possible for extensional velocity gradients, that are below a critical value,

relative to the nematic potential parameter\When € > €., the hydrodynamic forces
are sufficiently large to cause the director definthe direction of rod orientation to
line up in the flow direction, irrespective of theitial condition of the sample.
However, when€ < €. there are two possible orientation states. If shenple is
initially oriented in the same direction as theaflahe application of a weak flow will
cause a further improvement of the degree of at@mt along that same direction.
However, if the director is initially align orthogal to the flow direction, a weak flow
will be unable to reorient the director and the tsys will remain oriented
perpendicular to the flow, but with a diminishedi@r parameter.

Flexible Polymer Amphiphiles

There are numerous amphiphiles in the form of Hxipolymer chains and
these can be divided into two basic types: chaiiil flexible segments extending
normal to the interface and chains where the flexd@gments lie in the plane of the
interface. The former category includes macroaniglap with flexible sequences that
either lie in the subphase, the superphase (whaohsamply be air), or in both bulk
phases. Lipopolymers are an example of macroamibésptwhere the flexible
segments extend downward into the water subphakeseT are macromolecules
having a backbone composed of hydrophilic repeatings (poly(ethylene glycol)
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Figure 22: Examples of flexible, macroamphiphiles. Teeamples ¢
the left extend normal to the interface whereassystem on the rig
lies flat on the surface.

(PEG), for example) and hydrophobic long-chainpladitic moieties attached either
randomly in multiple locations along the chain dr a single chain end. Other
examples of macromolecules with flexible chainseeging normal to the interface
include block copolymers (in this case the flexisbgyments can extend both into the
sub and superphases) and flexible, aliphatic chaitts polar head groups that are
anchored to the air/water interface. The seconssotd flexible chain materials are
planar, flexible chains with amphiphilic groups fanmly distributed along their
contours with separation distances that are smhider a Kuhn step. These chains tend
to predominately lie flat at the interface and famandom, self-avoiding walk.

These two classes of flexible chain systems carexdpected to have very
different interfacial rheologies since deformatiofithe interface will impart very
different orientation dynamics in these two cagégure 22 offers caricatures of both
types of materials.

Lipopolymers have been the subject of study dutheopossibility of creating
biomimetic interfaces consisting of bilayers supedron solid substrates using a
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polymer cushion [48]. The transfer of these malemato substrates will necessarily
depend on the dynamics and structure of the irdiedflayer. Compression of the layer
will send the molecules through a number of tramsét that can be identified through
the surface pressure isotherm and the interfatiablogy. Although the precise
microstructures associated with the transitionsehawt been definitively identified,

they are normally referred to pancake, mushroomnd, laush conformations as the
layers are continuously compressed.

Figure 23 shows the Langmuir isotherm of the lidgper 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[poly(ethylene glyc2000] (DSPE-EO45) at
room temperature [49].

The pancake, mushroom, and brush conformationsreeféo in this figure are
only suggestions and the transitions revealed ysiagsure-area isotherms are rather
broad. The corresponding interfacial rheologicalpmnses, however, are very sharp
and strong. These are depicted in figure 24. Is phdt, the storage and loss moduli,
GandGégare plotted against molecular area. In the Miginf an inflection point in
the -area isotherm, these moduli increase threer®af magnitude and the ratio of the
loss to the storage modulus (@ G¢G¢&¢ becomes less than unity. In the
compressed state, this monolayer has the rheolagiesacter of an elastic membrane
with a storage modulus that is largely independéffrtiequency.

The elasticity of these compressed monolayers asght to originate from
hydrogen bonding between the PEG chains as waexpislled from the layer at high
surface pressures. As the pressure increases,atétimsufficient water can be
expelled such that a physical gel can be formeavdmmt pairs of PEG chains and

Brush Mushroom  Pancake
40
'E 30
2
E
g
2 20
o
o
E
= 10
p-A diagram of DSPE-PEG2000
T T T
0 500 1000 1500
Area per Molecule [A 2

Figure 22 Possible mimstructural transitions in the compression
lipopolymer.
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Figure 24: The dynamic surface moduli and surface pressuBS® G-
PEG2000 as functions of the area per molecule.ifi$et figure show
the phase angle as a function of the area per oielec

single water molecules connect separate chainsughrohydrogen bonding
interactions.

Functionalized hydrocarbon polymers are anothee tgp macroamphiphile
where the flexible segments extend upward intostiygerphase, which can either be
air or an oil residing above water. In a recenteseof studies, Goedel and coworkers
have examined polyisoprene chains of various mtdeeueights that were terminated

by a sulphonated headgrmﬁsq) [50, 51]. This system has the advantage of
yielding samples with narrow molecular weight disitions.

An example of a linear, flexible polymer that lftat on a surface is poly-(vinyl
octanal acetal) (PVO). This polymer was studiedSayo and coworkers [52] who
used a canal surface viscometer to determine theclar weight dependence of the
surface viscosity of this molecule. The design e viscometer used in this work
followed the arrangement described by Saccleettil [53]. The aim of this research
effort was to establish the nature of entanglemint&o dimensions. By finding that
the surface viscosity was linear in the moleculaight over the entire range of this
variable that was available, the authors conclutietl entanglements are not present
for a “2D melt” of flexible polymer chains.

An example of a planar amphiphilic polymer is polgtadecyl methacrylate)
(PODMA). This polymer consists of a hydrophobic twam of polymethacrylate with
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amphiphilic octadecyl units on each monomer unitisTpolymer will form a stable
Langmuir monolayer at the air-water interface. Coeaping the film will ultimately
produce a two-dimensional polymer melt, but the aigits of such a system are
expected to be qualitatively different comparedtsobulk counterpart. According to
scaling arguments originally put forward by de Gesynchain entanglements and
reptative behavior will not occur for strictly twimensional melts of flexible chains.
However, these monolayers are highly viscoelaascidemonstrated by the creep test
shown in figure 25. This test was performed at dase pressure of 5 mN/m and
shows the strain resulting from applying a stresk 636 °~ 10* wt%

16" 10°mN/ m. The response shown in figure 25 is typical ofiscaeelastic
liquid. At long times the strain is linear in tina@d the slope yields the inverse of the
surface viscosity, which was found to be 0.034 nilN-\t short times, the behavior is
nonlinear and extrapolating the long time behatothe zero time axis gives the
inverse compliancel,. The storage modulus can then be calculateshas1.17" 10°
mN/m. Finally, the principal relaxation time of thsample is found to be

t =h—5=2.95-
G

0

The non-Newtonian rheology of an interface can hpxafound effects on
interfacial and bulk fluid mechanics. In solvingetiNavier-Stokes equations for
multiphase systems, the interface between bulkisl@nters the analysis through the
following expression for interfacial momentum trpos,

) S _
ﬁ(rsus)' N XPS'Fs_n)ﬂPH e ven.(15)
0.6F ]
0.5 || © strain § 1.5x10°
— Stress 1
----- Linear fit ]
strain ] 1.c
] stress
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Figure 2t Creep test of a Langmuir film of the flexible polgi
amphiphile, PODMA, at the air/water interface.
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wherer; is the surface densityg is the surface velocitys is the surface pressure
tensor,Fs is the surface force density, afjel| = Pl(0+)- PZ(O’) is the jump in the
bulk pressure tensors between bulk phases 1 and 2.

This condition establishes a stress balance bettheetwo phases spanning the
interface and is described in detail in referer®@®.[To complete this description of
surface momentum transport, a constitutive modette surface pressure tensBy,
is required. This is given as

Pi=gs+ ¢ (16)

where g is the surface tension argl is the surface stress tensor. In the case of a
Newtonian interface the following linear relatiofshpplies

=A.+ke+rm)Nxu)g+2mp, L (17)
where/s and; are the surface shear and dilatational viscosities

However, the PODMA Langmuir monolayer that produtiesl creep response
in figure 25 is clearly non-Newtonian and equati¢h7) is not appropriate.
Unfortunately, non-Newtonian constitutive equatidms/e not been developed for
complex interfaces and only the simplest modelsapwlated from bulk fluid models,
have been suggested. For example, a simple, twerdilmnal version of the Maxwell
model has been proposed for use for viscoelastimotagers, but no molecular-based
models have been developed that explicitly atteimtccount for the conformational
response of molecules pinned to mobile interfaces.

As an example of complex flow that is solely theute of a non-Newtonian
interface, consider the surface driven flow of @mwaater interface through a 4-to-1
contraction. This work is described in detail irference 54. In this experiment a
Langmuir monolayer of PODMA exists at the interfaaich is driven in a manner
that has the layer “skimmed” through the contractBulk flow in the water subphase
is only a result of coupling to stresses at therfate. In this flow visualization
experiment, the kinematics of the interface areeokel through mapping the
trajectories of tiny particles of sulphur depositedthe surface.

The resulting flow patterns bear a remarkable sirtyl to bulk contraction
flow of highly viscoelastic fluids [55]. As in thilaree dimensional case, large corner
vortices are observed to form as the PODMA interfas forced through the
contraction. An example is shown in figure 26 whibieflow is from left to right at an
average Weissenberg number (We) of 31. The We nuiisbthe product of the
average velocity gradient in the channel times riflaxation time of the polymer
monolayer. Such a large value for We places thig fh the “strong flow” regime.

Surface Gelation

The examples of complex, non-Newtonian interfadésred above have been
predominately Langmuir films formed from insoluldenphiphiles. Furthermore, the
appearance on non-Newtonian behavior as the fibms@mpressed is reversible and
Newtonian behavior can normally be recovered upgamsion of the films towards
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Figure 2€: Streaklines formed at the interface of a Langmilin fof
PODMA at the air/water interface. The streaks aftise the motion ¢
tiny sulphur particles that are forced to flow as ithterface is force
through a four-to-one contraction erected at therface.

sufficiently large areas per surface molecule. €rsge numerous examples, however,
where the development of surface viscoelasticitgcpeds through an irreversible
conformational change of surface active moleculeshey approach an interface.
Although this can be achieved in Langmuir films bifher specific crosslinking
reactions within the films or through complex-atiaith molecules in the subphase,
very often these phenomena are associated with sGibbnolayers formed from
soluble surfactants.

The formation of viscoelastic films from soluble @imphiles is extremely
important to numerous industrial processes wheey #ire used to stabilize large
surface area systems such as emulsions and foarsach processes coalescence of
drops and the drainage of liquid bridges is strgnighibited through the creation of
viscoelastic films that are able to resist deforamaand rupture. In the food industry,
for example, proteins are frequently added to Bta&bioil-in-water emulsions and
descriptions of these systems can be found descbip®ickinson and coworkers [56,
57]. The steps leading up to the formation of @a@dastic film at either water-air or
water-oil interfaces through addition of proteintt® water phase are complex and
involve a sequence of adsorption to the interfapessible denaturation and
conformational rearrangement to maximize the exygsi hydrophobic groups, and
physical crosslinking through hydrogen bonding.

An example of a system showing surface gelationddmte gelatin solutions.
Certainly bulk gelation of gelatin solutions is amamonly encountered phenomena
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and this normally occurs at concentrations aboveragimately 1 wt% and for
temperatures below 2%. Since gelatin is a strong polymeric surfactamjll collect

at the interface to form molecularly thin films sfrongly enhanced concentration.
Indeed, these concentrations may be sufficientir hd place chains at the surface in
close proximity and induce surface gelation.

Gelatin is derived from collagen and comes in thpesic forms:a-gelatin
(unbranched strandsh-gelatin (formed from pairs o-gelatin joined by a single
crosslink), andggelatin (multibranched strands afgelatin). Measurements of the
surface moduli of a dilute, 6.3610* wt% solution ofa-gelatin are shown in figure
27. This plot shows the kinetics of viscoelastimfformation at room temperature and
reveals the slow time scales of the surface gelajwocess. Note that the
concentration of the bulk solution is more thare¢horders of magnitude lower than
necessary for bulk gelation. Also plotted in thigufe is the surface pressure as a
function of time, which is shown to also evolve $imilar, long time scales but with
much more modest changes than the surface moddket], the storage modulus,
which achieves much high values than the loss nusgddoes not achieve a steady
value over the duration of the experiment.

The influence of the bulk concentration of gelatin surface gelation is
summarized in figure 28. Because steady state muoduk not observed, the values
obtained at a single, fixed time of 60 min are f@ldtagainst bulk concentration.
Below concentrations of 4 10* wt%, the air-solution interfaces do not form
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Figure 27: The evolution of the complex surface moduli at
air/solution interface for a solution of 6.3610* wit% solution ofa-
gelatin as a function of time. Note that the steragpdulus continues
increase long after both the surface pressure le@doss moduli ha
begun to level off.
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Figure 28 The dynamic surface moduli cd-gelatin solutions
functions of concentration.

viscoelastic skins but above this value, the iaimes are strongly viscoelastic with
storage moduli that dominate the loss moduli.

The films that are formed at the surfaces of gelstiutions can be redissolved
if the temperatures are raised above @5as shown in figure 29. Otherwise, the films
are stable and can be compressed at constant bulbemtration to increase the
magnitudes of the surface moduli. This suggeststtteagelled films contain gelatin
chains that are irreversibly attached to the serfacd are distinctly different than
classic Gibbs films formed at the interface of btdusurfactants.

Dynamics of DNA Chains Trapped in Two Dimensions

The association of DNA chains with biological meares is important to
numerous natural and technological processes. @ampme concerns gene therapy
where extracellular, genetic material is transfitrmeross eucaryotic cell membranes.
This process recognizes that the insertion of exoge DNA chains within cells is
greatly accelerated by first attaching them tooréti liposomes. The method of
lipofection has found wide application in molecultéology as a means of expressing
foreign genes. However, the relative efficiencyhaf synthetic, lipofection technology
is significantly lower than naturally occurring &ir transduction processes and
numerous studies have been directed towards uaddisg the barriers to transport
across cell membranes.

Because DNA chains can be acquired with very lamgths (on the order of
many microns), attaching DNA chains to mobile, sarpgd membranes can also serve
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Figure 29 The dynamic surface moduli cd-gelatin solutions
functions of temperature and at a concentratich36” 10* wt%.

the important purpose of allowing flexible chainndynics to be imaged directly in
real time in two dimensions. This can be accomptishy incorporating fluorescence
dyes onto the chains and using fluorescence miapysto track their conformation
and motion at the interface. The first report aé tnethod can be found in reference
11 by Maier and Réadler. These researchers attdcipbhge DNA of various contour
lengths onto supported bilayers of 10% DOTAP:90%P@n glass. The DOTAP is
a cationic phospholipid, whereas DOPC is of neuttelrge. The result is a bilayer
with a net positive charge onto which negativelgrged DNA chains will be attracted
through electrostatic interactions.

The DNA chains perform a random walk on the inteefand Maier and Radler
carried measurements of the radius of gyration fametion of molecular weight and
the center of mass as a function of time. The ratteasurement leads to a
determination of the diffusion coefficient, whichasvalso recorded as a function of

molecular weight. They found th%‘t:e§,>~ N2 whereN is the number of base pairs

and v = 0.720.04. The value of the exponent, v, is very clas¢he known Flory-
Edwards exponent of % for a self-avoiding chaitwn dimensions. Furthermore, the
diffusion coefficient was found to be inversely poational toN, which is the Zimm
result. Finally, when placed on the supported memdrat high concentrations, the
DNA chains were found to segregate, and not integwwhich is in agreement with
the earlier prediction by de Gennes [58].

The application of external fields (electric or hgdynamic) across the
membrane can cause the DNA chains to translatd@rsdrface. In the case of an
applied electric field (referred to as two-dimemsibelectrophoresis), the DNA chains
and the cationic lipids will translate in opposid#&ections. An applied flow field,
however, will send any mobile species in the salinection. Following the same
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Figure 3C: DNA molecule being transported assoa supported bilay
and encountering an obstacle. The motion is indibgedn electric fiel
of 3.3 V/cm. The elapsed time in seconds is shaweach frame and t
scale bar is 1tm

sample preparation as Meier and Ré&dler, Olspnal [59] considered the 2D
electrophoresis of DNA across a supported bilaybe trajectory of one such DNA
chain as a function of time is shown in figure G0riously, the motion of the DNA on
the bilayer is dominated by the presence of obstat the chain’s motion and the
molecule has to negotiate these inclusions in aneramesembling the reptation
through a sparse matrix of obstacles. The origithee obstructions is not entirely
clear, but one possibility is that they are the mams of unfused vesicles that were
used to originally form the membrane.

The presence of a sparse statistical array of destembedded within the
bilayer was unintended but suggests that long tififfesion of a chain on such a
surface will ultimately be impeded and the squatisglacement of the center of mass
will not be a linear function of time at longer #s1 However, the existence of these

© The British Society of Rheology, 2003  (httwww.bsr.org.uk) 113



G. G. Fuller, Rheology Reviews 2003, pp 77 — 123.

obstacles suggests that 2D electrophoresis of Dhgins on supported membranes
could be used to separate different masses offrthliscule.

Two-Dimensional Suspensions - Pickering Emulsions

Colloidal particles can have profound effects oa stability of emulsions and
foams [60]. Particulates can be used to stabilimalgions, on one hand, and “break”
foams, on the other. For this to occur, the patichust reside at the interface and for
this purpose their wetting characteristics needbto controlled. For example,
hydrophobic particles at the liquid/vapor interfaafea foam are thought to enhance
film rupture by bridging the film and nucleatingfdets where the film can rupture.
This is facilitated by de-wetting of the particlaes the film drains to thicknesses
comparable to the particle diameter.

Pickering emulsions are liquid/liquid systems dtaéid by the presence of a
dense layer of colloidal particles at the interfi&k 62]. Indeed, particulates are often
used for water-in-oil emulsions that are normallifficllt to stabilize since
electrostatic interactions cannot be employed vtheroil phase is continuous. In this
application the wetting characteristics of the igles control the relative contact areas
of the two liquids with the particles. In generphrticles that are more favorably
wetted by the oil phase are used for water-in-oiulsions and vice versa. For
example, oil-in-water (o/w) emulsions can be stabidl using hydrophilic silica
particles whereas stable water-in-oil (w/o) emulisi@re created using hydrophobic
silica. By using particles or mixtures of partichegth variable hydrophobicity, it is
possible to cause inversion between o/w and w/dsams. By gathering particles at
the surface of a droplet the process of coalescemtde arrested. In this respect, the
mechanical properties of the resulting fluid inted are essential for successful
stabilization.

An important class of systems where Pickering eimgs are encountered
include cosmetics and lubricants. In these apjdioatit is often important that an
applied shear stress of sufficient magnitude be &blbreak the droplets and induce
destabilization. In this respect, the particle-tadeterfaces have been described as
having an “eggshell” character that can fracture mlease additives confined within
the droplets when they are exposed to hydrodynéomies.

Considerable work has been accomplished to edtathies criteria for stability
for Pickering emulsions. Clays and silica partickes often used and it is found that
the particles irreversibly attach to the interface®r time. It is observed that the
droplet size distribution adjusts over time as ihterfaces ripen and evolve their
mechanical properties. Recently, the structure nbérfaces containing stabilizing
particles were observed using X-ray microscopytfar case of heterocoagulates of
bentonite clays and magnesium aluminum hydroxidee Ticroscopy revealed a
network of particles enveloping paraffin oil droglein water. Certainly such a
network can be expected to have enhanced surfaotodical properties [62].

Spherical polystyrene latex particles provide acedignt model system for
examining the structure and dynamics of 2-dimerai®guspensions of colloidal
particles. These particles can be conveniently fremlito adjust the strength their
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electrostatic interactions. Furthermore, they can groduced with narrow size
distributions and have been used to examine thecepso of 2-dimensional
crystallization and the formation of 2-dimensiof@ms and emulsions [63]. Recent
work by Aveyard et al has demonstrated how the interparticle forces loan
systematically adjusted through the addition offatants and electrolyte to the
aqueous subphase [64]. In this manner monolaye there originally
electrostatically stabilized can be transformed weakly aggregated systems. These
researchers reveal that the particles are vermglirdound to the oil/water interface
and that monolayers of these particles can be aesapd using a Langmuir trough to
take these systems from a hexagonal to a rhombahstiucture. Ultimately the
monolayer is shown to collapse at high surface sures by wrinkling the surface
instead of ejecting particles from the interfacg][6

The potential function operating between partictesiding at fluid/fluid
interfaces can be complicated, possessing multipi@mima. These complex
interparticle potentials are manifested by curimesklace structures that are formed
with polystyrene spheres are present at the aiefwiaterface at low area fractions.
One example is shown in figure 31 where collectiohgarticles are observed to form
flexible strings that frequently form circular risigNote that there are multiple values
of the interparticle spacing and it is strikingtth@ne particles can be located on the
circumference of such circles far away from any eotlparticles. The physics
underlying the formation of these open, circulancures is not understood but might
possibly be a consequence of a distortion of thedistribution in the vicinity of the
interface.

£ i ¢
" . .l .
3 ihe €Y g
ol ,"'J}‘ '
,‘ .
"y v 4

W

Figure 31: “Necklace” structure of 3 polystyrene spheres atdin/wate
interface.
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Figure 32 Two dimensional crystal formed from a monolaye
polystyrene particles at the decane/water interface

When higher area fractions of the spheres are glacefluid/fluid interfaces
2D crystallization can occur, particularly whenottestatic repulsion forces stabilize
the particles against aggregation. Figure 32 stsugh an arrangement of polystyrene
particles of diameterdn placed at the interface between decane and wHiés.
monolayer of particles forms a hexagonal crystat ta remarkably regular, with the
exception of a small density of defects. The pkedicare Brownian and execute
random displacements within the lattice and thisisea the defects to diffuse,
annihilate one another, and form as time proceeds.

The system pictured in figure 32 offers an excelgystem to visualize the
flow behavior of crystals, which can be expectethéqprimarily driven by defects. In
figure 33, a series of images are shown where gBtals of various area fractions are
subjected to four roll mill extensional flow. Thenages on the top row show the
crystals in the absence of flow and those on tlverse row were taken during the
application of a flow with a velocity gradient o204 s . In these images, the outflow
axes are at45° and 138. The bottom row of images are the fast Fouriersfarms of
the photomicrographs taken during flow.

The application of flow is seen to do three thitgshe crystal. First, it induces
partial melting, as seen from the blurring of tipotspattern of the FFT images
(compare the definition of the spots at differergaafractions). Second, it orients the
crystal axis along the axes of the flow, and thirdleforms the crystal by increasing
the spacing between the rows of particles. Therdeftion occurs in a manner that
increases the spacing parallel to the stretchirgction. However, as the area fraction
is increased, the degree of melting and stretchsndiminished. This diminution is
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Figure 33 Images taken during the extensional flow of a mayet of
micron polystyrene particles at the decane/waterfice. The extensi
direction is at- 45 degrees relative to the horizontal. The areetifnas
are: 5% for “A”, 10% for “B”, and 30% for “C”. Theop row shows tF
particle arrangement at rest. The second row shthes distorte
structure during a flow of 0.21'sand the bottom row showse FFT o
the flowing systems.

simply a reflection of the constraint placed onphositions of the particles at high area
fraction.

Zasadzinski and coworkers [67] have examined aphase system of 77:23
(wt:wt) mixtures of 1,2-dipalmitoyl-sn-glycero-3-pbphatidylcholine (DPPC) and 1-
palmitoyl-2-oleyl-sn-glycero-3-phosphatidylglycerdPOPG). To this mixture was
added various amounts of palmitic acid (PA) or muecanol (HD). When
compressed, this multicomponent monolayer phaseraggs in to solid domains of
either DPPC/PA (or DPPC/HD) co-crystals. The resuét Langmuir film that can be
modeled as a twodimensional suspension. The vigcadi such a suspension

-1
measured as a function of area fraction and itfaasd to scale as? = 1. £ ,
My
where ng, is the surface viscosity of the liquid phase &gds a critical solid phase
fraction.

The inverse scaling with area fraction and the mjgace of the surface
viscosity at a critical area fraction, is analogtoighe result for a three-dimensional
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dispersion of spheres with long-range repulsiverattions, with the area fraction
replacing the volume fraction.

CONCLUSION AND FORWARD LOOK

The rheology of complex interfaces impacts numeraostural and
technological processes. As in the case of bull ftheology, this field encompasses
numerous classes of complex systems, and for newaelsy complex, bulk fluid, there
is a interfacial analog. But there are some immortiifferences. Among the most
important differences is the compressibility of mamnobile films, which is more often
neglected in bulk fluids. Indeed, the dilationakological properties of an interface
can be very important for systems such as pulmoheny surfactants. This review,
however, has either focussed on those systems wharpressibility is not important,
or has only considered shearing and extensionarmetions that occur at constant
area.

The experimental tools that are available for ttuel\s of fluid/fluid interfacial
rheology is relatively undeveloped compared withkbuaterials. However, reliable
tools are available for the measurement of the rskisgosity and complex shear
moduli. Optical methods to determine microstrucinriowing films have also begun
to be developed, such as Brewster angle microsctpw-dichroism, and flow-
microscopy. However, there are several importaotstanding developments that
should be investigated. For example, although dear that interfaces exhibit a first
normal stress difference and nonlinear extensiorsosities, there have been no
reports of methods to accomplish these measurements

The development of constitutive equations for tiilims is likewise in need of
attention. There have been suggestions to simplyowomacroscopic constitutive
equations developed for bulk liquids, but microstmial models have not been
advanced. For example, what is the origin of vilasieity in “2D melts” where
entanglements do not occur and the molecules sagre@ne exception would be the
use of the Doi model for polymer liquid crystalshioh appears to work reasonably
well in the description of rodlike amphiphilic pohers.

It should also be made clear that interfacial rbgglis really not “2D”
rheology, since there is invariably some degreeoapling to the bulk fluids on either
side of a mobile interface. Although it is true ttred sufficiently high Boussinesq
numbers, this dissipation becomes less importantust always be properly taken
into account. This is particularly true in the cadealculating the drag coefficient of
objects at the interface since neglecting this rimmion leads to the so-called
“Stokes” paradox in solving that fluid mechanicatoperties. Instead, mobile
interfaces really consist of interfacial regionshwsome finite thickness.
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