PHYSICAL REVIEW E VOLUME 56, NUMBER 3 SEPTEMBER 1997

Channel flow in a Langmuir monolayer:
Unusual velocity profiles in a liquid-crystalline mesophase
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We have observed the surface-pressure driven flow of an aradkidmsanoit acid Langmuir monolayer
through a narrow channel using Brewster angle microscopy. By following distinctive features of the monolayer
domain morphology we determined the velocity profile across the channel for various values of surface
pressure over a wide range of flow rates. At low surface pressure within,thesophase, the velocity profile
is parabolic for low flow rates. This implies that the surface viscosity dominates the coupling to the aqueous
subphase as a source of dissipation and that the monolayer behaves as a Newtonian fluid. At extremely high
shear rates, a flattened velocity profile is observed, similar to plug flow. At higher surface pressure
(=20 mN/m) the velocity profile is again parabolic for low flow rates. However, as the flow rate is increased
the velocity profile is observed to gradually sharpen, eventually becoming triangular. The critical shear rate for
the onset of this flow profile is 0.2°8. In a typical fluid, such a profile would indicate shear thickening.
However, measurement of the surface pressure drop along the channel versus flow rate indicates that macro-
scopic surface viscosity actually decreases with shear rate in this regime. The sharp change in interfacial
rheology at=20 mN/m suggests the presence of a monolayer phase tranf8b063-651X97)14409-9

PACS numbe(s): 68.10.Et, 47.50td

INTRODUCTION of the unusual rheological behavior implied by the sharpen-
ing of the velocity profile. Our results, along with work by
The flow of surfactant molecules at interfaces is important-uller's group[9], regarding the influence of flow on mo-
to the understanding of rheology and stability in multiphasdecular alignment, illustrate the importance of direct flow vi-
materials with large interfacial area such as foams and emukualization in conjunction with measurement of surface vis-
sions[1]. In addition, many industrial processes involve in- cosity (and elasticity.
terfacial flow, such as coating and spraying technologies. We force the monolayer through a narrow channel by
Moreover, because of the simplified two-dimensional geomereating a surface pressure gradient along the chaivie!
etry and the large degree of thermodynamic and conformarangoni flow. In general, one must consider both the viscos-
tional control that can be exerted on the constituent molity within the monolayer and the drag exerted on the mono-
ecules, monolayers of insoluble amphiphilgsangmuir layer by viscous coupling to the underlying aqueous
monolayer$ stand to serve as important model systems forsubphase. In previous wofi 0], we observed the floWus-
the basic understanding of complex rheological behavioring fluorescence microscopgf a pentadecanoic acid mono-
such as non-Newtonian viscous response and multiphadayer in a region of its phase diagraiin, /L, coexistencgin
flow. which the surface viscosity is very low because it is domi-
A number of inventive methods have been developed fonated by the viscosity of the two-dimensional liquid
the measurement of surface shear viscosity, e.g., the canghase. We showed that, for the geometry of our channel, if
viscometer[2,3], torsion disk viscomete4—6], knife-edge the surface viscosity is negligible compared to the subphase
viscometer, etc. Intriguing methods based on the motion of &iscosity, the velocity profile across the channel should be
sphere[7] or a needld8] floating on the surface have been semielliptical, exactly as we measured. Of course, in the op-
recently described. These various methods differ in the deposite extreme, if the subphase viscosity can be ignored, then
gree of sensitivity, however all give quantitative values ofthe system is reduced to the classical two-dimensional Poi-
surface shear viscositpften with the help of some assump- seuille flow problem which gives a parabolic velocity profile
tions and approximations Our observations of the mono- for a Newtonian surface film. An exact solution of the prob-
layer velocity profile across a narrow channel, in conjunctionlem for arbitrary ratios of surface to bulk viscosity by Stone
with the measurement of the surface pressure drop over thjd1] found a gradual evolution from a semielliptical to a
length of the channel, give quantitative values of surfaceparabolic profile.
viscosity only for large viscosity or high flow rates. How-  In the current work, we use Brewster angle microscopy
ever, they provide direct, unambiguous proof of novel non{BAM) [12,13 instead of fluorescence microscopy to visu-
Newtonian viscous response without the necessity of peralize the flow. This allows us to extend our observations into
turbing the surface with foreign bodies. In addition, the condensed region of the fatty acid monolayer phase dia-
measurement of surface viscosity alone would give no hingram that contains a number of liquid-crystalline mesophases
[14]. The surface viscosity is significantly greater than in the
L, phase, therefore we do not observe the semielliptical pro-
*Electronic address: dks@mailhost.tcs.tulane.edu file associated with the influence of subphase drag. However,
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FIG. 1. Schematic diagram of the experimental trough apparatus
showing the monolayer confined in the area between motorized and
slave barriers. By moving the coupled barriers, the monolayer is
forced through the channels in the middle barrier. The flow rate in
the microscope channel is adjusted by a combination of the barrier
speed and the width of the adjustable channel.

under certain thermodynamic conditions we observe velocity
profiles that clearly indicate non-Newtonian viscous re-
sponse.

EXPERIMENTAL DETAILS

Arachidic acid, CH(CH,);gCOOH (>99%, Sigmg was
deposited from chlorofornfFisher Spectranalyzgdolution
onto the surface of watéMillipore Milli-Q UV +) contained
in a custom built Teflon Langmuir trough. TheH of the FIG. 2. (8—(c) A typical sequence of BAM images during
pure water in equilibrium with atmospheric G@vas 5.7 arachidic acid monolayer flow from top to bottom. Distinctive fea-
+0.1. The temperature of the subphase was controlled t#ires of the domain boundari¢some examples are indicated by
within +0.1 K using a combination of a recirculating water arrows are followed frame-by-frame in order to generate the veloc-
bath and thermoelectric Peltier elements and monitored witHy Profile across the channel.

a Teflon encapsulated thermocouple probe. The surface pres-
sure was measured using a filter paper Wilhelmy plate and afiance and exit of the channel.

R&K electrobalance. The monolayer in the channel was viewed by means of a
The trough was equipped with one motor-driven Tefloncustom-built BAM. Light from a 30 mW 670 nm diode laser
barrier and a second “slave” barrier that could be clampedwvasp-polarized and directed onto the water surface at Brew-
in place to allow monolayer compression, or mechanicallyster’s angle for water. The reflected light was focused onto a

linked to the motorized barrier to allow the translation of theCCD camera by a % microscope objective. An analyzing
entire monolayer without compressi¢see Fig. 1. Between polarizer was inserted before the CCD array. The entire
these two Teflon barriers was placed a stationary barrieBAM could be translated to observe the flow at various
made of glass and hydrophobized by treatment with octadeplaces along the channel. In general, we found that the ve-
cyltrichlorosilane. The glass barrier incorporated two chandocity profile was identical anywhere along the channel more
nels 25 mm in length, one approximately 1 mm wide whichthan a few channel widths separated from the entrance or
was used for flow visualization using BAM, and a secondexit. We report the pattern of this fully developed flow. The
with a variable width, 0—10 mm. The purpose of the secondnolecular axis is tilted away from the surface normal in the
channel was to create a two-dimensional “flow divider” to L, phase and the azimuthal direction of the tilt is well-
permit the control of particularly low flow rates through the correlated over macroscopic distandegthin a particular
microscope channel. After bringing the monolayer to the de*‘domain”). BAM is sensitive to the anisotropy created by
sired surface pressure and temperature, the slave barrier wd® molecular tilt, hence the monolayer appears as a mosaic
coupled to the motorized barrier and the monolayer wa®f domains, each gray level corresponding to a different azi-
forced through the channels in the stationary glass barrier bgnuthal tilt direction[15]. We used the naturally occurring
slowly moving the motorized barriers in concert. The flow distinctive shapes of the domain boundaries as markers to
rate was varied by a combination of the motor spéied follow the monolayer during flowsee Fig. 2 Occasionally,
combination with a series of timing belts and pulleysidd  small pieces of “collapsed” monolayer appearing in the im-
the ratio of the flow divider. The surface pressure drop alongage were also used as markers. We found that as long as the
the channel was determined by independently measuring thgensity of such pieces was small, the velocity profiles ob-
surface pressure on the high and low pressure sides of thained were identical to those obtained in a monolayer with
channel during monolayer flow at locations far from the en-no collapsed pieces. The BAM image was videotaped and
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1800 | boundary layer near the wall. This behavior is, of course,
% } % non-Newtonian, and is typical of shear-thinning—the viscos-
1400} { { ity decreases with increasing shear rate. Shear thinning has
3 1200 f { ) been previously observed in surfactant monolaygfsand is
°\E° 1000 F ;‘ not unusual in common liquids at high shear rates. We esti-
= /5' mate the critical shear rate for the onset of the plug flow to
> 800} L3 ' be 5%, much higher than the critical shear rates for inter-
8 600f 4 facial shear thinning usually reported of 19-10 2 s 1 [1].
L At values of surface pressure above 20 mN/m, the veloc-
400F . . I . . .
ity profile is again parabolic for low flow ratelsee Fig.
200 5(a)]. However, a dramatically different scenario is observed
o b with increasing flow rate—the profile gradually sharpens
0 100 200 300 400 500 600 700 800 900 [Figs. 8b) and 5c)] until it becomestriangular [see Fig.
Position from one edge (um) 5(d)]. At still higher flow rates, the measured velocity profile

continues to be approximately triangular up to the limit of
FIG. 3. Velocity profile during monolayer flow atwm  our ability to observe the flow—about 5Qam/s [Fig. 5(e)].
=18.0 mN/m T=21.5°C). The dashed line in this figufand all  In the case of the triangular profile, the shear rate is, of
other figure represents the best parabolic fit to the data. The paragourse, constant across most of the charftied profile is
bolic (Poiseuillg profile indicates that the interfacial viscosity slightly blunted near the centerThe critical shear rate for
dominates the drag due to subphase coupling and that the monghe onset of the sharpened profile is in the range
layer response is Newtonian. 0.06-0.27 sec’. This implies a relaxation time in the sys-
] _ tem of the order of 5-10 s.
Iater analyzed frame by frame in order to extract the velocity Tpe velocity profiles presented above are typical of those
profile. obtained in dozens of repetitions of the experiments. The
flow behavior of the monolayer was indistinguishable at
RESULTS 20.5°C and 21.5 °C. The behavior was qualitatively consis-

At values of surface pressure below 20 mN/m a paraboli(;[ent at 23 °C, although we did not perform as detailed ex-

velocity profile(see Fig. 3was observed for reasonable val- periments at this temperature.

ues of shear rate. According to the paper by S{drig, this The surface pressure drop along the channel was mea-
o ) . X sured as a function of flow rate. These drops were in the
implies that the surface viscosify;>au, where 2 is the

channel width(1L mm) and w is the subphase viscosity. range 0.1-0.5 mN/m and were not of sufficient magnitude to

Thereforeu,>5% 104 gis. (Stone notes that for lower val- cause a transition from the low pressure to high pressure

ues of surface viscosity. the profile begins to broaden anéegime or vice versa. In the following section we extract an
Sity, P 9 ffective surface viscosity as a function of shear rate from
approach a more elliptical shapen fact, we show below

that the surface viscosity in this system may be as high atshese data.

103-10 2 g/s. This paraboliqPoiseuill§ profile is also

consistent with a Newtonian fluid, the viscosity is shear rate- DISCUSSION

independent. Interestingly, at extremely high flow rates and 5 pjunted velocity profile generally indicates shear-

low surface pressure the velocity profile becomes trapezoidginning and a sharpened profile indicates shear-thickening.

(see Fig. 4 with very steep sides. This corresponds essenye have found it instructive to compare our experimental

tially to “plug-flow” with the shear confined to a narrow e its to a commoad hocmodel for non-Newtonian fluids,
the power-law mode[16]. In this model the constitutive

500 | { % } % } { equation is written as
3 } 7=K|== —_—,
E } dx dx
E 300 |
2 whereris the shear stresk is a constant, andu/dx is the
8 200 ¢ rate of shear strain. A shear rate dependent, apparent viscos-
2 ity is given by
100F
¢ du a—1
%5 7100 200 300 400 500 600 700 800 900 Hapr— K| g

Position from one edge (um) This model is particularly convenient because it incorporates

FIG. 4. Velocity profile during monolayer flow atw & Wide variety of non-Newtonian behavior. Far<l the
=12.5mN/m (T=21.5 °C). The trapezoidal profilglug flow) in- model describes pseudoplastishear-thinning behavior
dicates shear-thinning response—the shear is confined to narrowhile for «>1 it describes dilatan{shear-thickeningre-
layers near the edges. The profile at lower flow rates is similar tponse. For=1 the model reduces to a simple Newtonian
the parabolic one shown in Fig. 3. fluid with viscosityK. The velocity profile, for the geometry
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FIG. 5. Velocity profiles during monolayer flow at=20.5 mN/m T=21.5 °C) as the flow rate is increased. The dashed lines represent
the best parabolic fit and the solid lines represent the best fit to a power law fsedeakxt (a) At low flow rates the profile is effectively

parabolic, consistent with Newtonian respond—(d) As the flow rate is increased the profile becomes sharper. The expanémtshe
power law fits are as follows: (a) 0.77 (+0.14), (b) 1.56 (+0.12),(c) 1.9 (= 0.5), (d) 9 (—6,+ ), (e) 182 (— 171+ ).

uoc

of our experiment(neglecting subphase dpagor a two-  a parabolic profile is obtained at= 1. Although we know of
dimensional power-law fluid is no a priori physical justification for this model, it neverthe-
(1+a)la less serves as a useful fitting function to help quantify our
X
1— (_) results.
a We obtain reasonable fits to the experimental velocity
profiles using the power-law model, as shown in Figs)-5
wherea is the half-width of the channel and=0 along the  5(d). For nearly triangular profilesa(>3), the fit becomes
centerline of the channel. Figure 6 shows qualitatively thdess sensitive to the value of the exponifig. 5(d)]. In Fig.
changes expected in the velocity profile for pseudoplastic7 we display the evolution of the experimental velocity pro-
Newtonian, and dilatant fluids. Note that a triangular profilefile with increasing flow rate in the high surface pressure
is observed ag— >, plug flow is approached ag—0, and regime. For clarity, we plot only the fits.
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0 200 400 600 800 FIG. 8. A dimensionally correct approximation for the average
Channel width surface viscosity in the channel is plotted versus the average shear

rate over a range of flow rates where a sharpened velocity profile is
observed. The quantityd¢r/dl)a®/2u,, (exact for a Newtonian
fluid) is used for the approximate surface viscosity and the average
shear rate is taken ag,,/a, wheredw/dl is the surface pressure
drop per unit lengtha is the channel half-width, and,,,, is the

FIG. 6. Theoretical velocity profiles obtained using #we hoc
power law model. For an exponent, of unity, the model reduces
to a Newtonian fluid, yielding a parabolic profile. For exponents

| han unityshear-thinning the profile flatten roachin : L . .
ess than unityshear-t § the profile flattens out, approaching maximum velocity in the channel. These values of surface viscosity

plug flow at a=0. For exponents greater than unifghear- ) S .

: : ) . . an be incorrect by a multiplicative factor of order unity; however,
thickening, the profile becomes sharper approaching a triangle afh . . )
q=oo ey can be safely compared to each other since the velocity profiles

' were similar. The plot demonstrates that the macroscopic shear vis-
cosity decreases with shear ate.

The sharpened velocity profiles observed at high flow

rates abover=20 mN/m would seem to indicate shear spoyid rise dramatically with flow rate—faster than the pro-
thickening in the monolayer. The viscosity is defined asyortional rise expected for a Newtonian fluid. However, di-
7/(ouldx); 7, the shear stress, varies linearly across thgect measurement of the surface pressure drop, in the regime
channel but the shear rate varies with a lower power. Thigyhere the profile is sharpengsee Figs. &) and e)], in-
implies that the viscosity increases towards the edges of thgicates that the surface viscosity is, in fact, decreasing with
ch_anne_l—at high shear rates. To be consistent with sheaghear ratqsee Fig. 8 We do not believe that this seeming
thickening, the surface pressure drop along the channgjaradox is due to experimental artifact for two reasond)
the results were reproducible in dozens of repetitions of the
VA experiment over a period of about one year, using various
// \\ individual channels and two different trough-barrier combi-
R ‘\\ nations;(2) the high flow rate behavior of the velocity profile
08 74 N undergoes a sharp changest20 mN/m, suggesting that
s A\ the properties of the monolayer are responsible for the
’ /,/ S\ change. Instead, we speculate that the liquid-crystalline prop-
; // \_\ erties of the monolayer may affect the profile at high flow
/. \\ rates. The monolayer is not in an isotropic fluid state, but a
04r // \ liquid-crystalline mesophad@a hexatic phage As the BAM
/// Q\ images demonstrate, orientational correlations often extend
o B \ hundreds ofum. Although continuum elastic theories for
0.2 74 \\ these 2D hexatic phas¢$7,18 have been extremely suc-
cessful at describing distinctive static textures such as stripes
L , [18,19 and star defect$20], we know of no attempt to
0 100 200 300 400 500 600 700 800 900 couple this elastic theory to flow.
Since the monolayer is a complex system, there are sev-
eral possible explanations for the time scée 10 $ corre-

FIG. 7. Evolution of the measured velocity profiles for a mono- SPonding to the onset of the velocity profile sharpening. A
layer at 7=20.5 mN/m with increasing flow rate. The fits are hexatic phase, like the fatty acid, phase, can be thought of
scaled to have the same maximum and plotted without data poin@S & 2D crystalline phase with a high density of isolated
for clarity. The actual maximum velocities are as follows: solid line, lattice defects(dislocation$. In our case, we also have a
15.2 um/s; dotted line, 46.8um/s; dashed line, 95.um/s; and  polycrystalline sample. Therefore, the likely candidates for
dash-dotted line, 398.am/s. relaxation processes include slippage along domain bound-

1.0}

0.6

Velocity (arbitrary units)

0.0

Position from one edge (um)
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aries and motion of lattice defects within domains. Bruinsmatilted neither in the nearest-neighbor nor the next-nearest-
et al. [21] calculated an approximate stress relaxation timeneighbor direction. They did not, unfortunately, discuss the
for freely suspended films of hexatic liquid crystals that canpossible origins of the inconsistency of the two measure-
be adapted for our system. The relaxation time due to doments and it is, therefore, difficult to know which picture to
main slippage is=u,L/ew, wherelL is the domain size apply to the present experiments. In any case, our results are
(about 50um), ¢ is the shear modulus of the hexatic phaseconsistent with an abrupt change in the monolayer’s rheo-
(on the order of 1-10 ergs/én4,22)), us andw are the logical properties atr=20 mN/m.
surface viscosity and width, respectively, of the hypothetical
2D liquid layer presumed to lubricate the domain §Iippage CONCLUSION
(about 10°-10"° g/s[10,11 and about 5 A, respectively
Inserting these rough numbers gives a relaxation time in the Direct observation of channel flow in a Langmuir mono-
range 0.01-1 s, close to the observed time scale at the hidayer of arachidic acid has proven to be a useful method for
end. However, relaxation due to motion of dislocationsstudies of interfacial rheology. In the, mesophase, we have
within hexatic domains is also a possible source for the timebserved two distinct regions based on the monolayer rheol-
scale. Since this relaxation time depends strongly on the disgy. At surface pressures below 20 mN/m, the monolayer
location densityan unknown quantity it is difficult to esti-  behaves as a viscous two-dimensional Newtonian fluid, al-
mate. We plan to extend these experiments to other hexatibhough at extremely high shear rates we observe plug flow.
monolayer phases and attempt to correlate the behavior witAt 7>20 mN/m, however, the monolayer is Newtonian only
material parameters such as domain size, storage moduludsy low shear rates, displaying dramatic sharpening of the
molecular tilt, etc. in an attempt to determine the true relax~velocity profile at shear rates greater than 0.2 $owever,
ation mechanism. the surface-pressure drop across the channel as a function of
The sharpening of the velocity profile appears ratheiflow rate is not consistent with shear-thickening behavior as
abruptly at surface pressute=20 mN/m. Below this pres- indicated by the sharp velocity profile. The sharp change in
sure we do not observe the sharpening even for extremelyonolayer rheology ai=20 mN/m suggests that the mono-
high shear rate¢see Fig. 3. This seems to imply a distinct layer undergoes a 2D phase transition at this surface pres-
change in the monolayer behavior at this pressure, perhapssare. These observations highlight the importance of direct
phase transition. This question is currently controversialflow visualization in addition to measurement of surface vis-
Tippman-Krayeret al’s grazing incidence x-ray diffraction cosity.
(GIXD) studieq 23] of arachidic acid monolayers concluded
that theL, phase(a mesophase in which the molecules are
tilted towards their nearest neighbaersists until the kink
in the surface pressure vs area isotherm at about 24 mN/m. We thank Gerry Fuller, Howard Stone, and Robijn
Their data established that the tilt angle varies smoothly aBruinsma for many helpful conversations. This work was
the monolayer is compressed. Interestingly, 20 mN/m corresupported by the Center for Photoinduced Proce§sesled
sponds to the tilt angle at which the in-plane lattice is ap-by the National Science Foundation and the Louisiana Board
proximately hexagonal. However, Petersetnal. [24] have  of Regenty the Louisiana Education Quality Support Fund
reported the observation of a different phase fer Contract No. LEQSF996-99-RD-B-12, and the Donors of
=15 mN/m—a chiral mesophase in which molecules arghe Petroleum Research Fund.
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