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The line tension between two phases within a monolayer can be determined from the characteristic re-
laxation time of deformed domains, if the hydrodynamics of that relaxation, in particular the relative
roles of surface and bulk viscosity, can be established. This is accomplished here for a polymer mono-
layer by varying the viscosity of the bulk substrate. A Poly(dimethyl)siloxane monolayer segregates into
dense and dilute polymer domains on aqueous glycerol and glucose solutions (of viscosity 1.2 <n/
Twater < 75) as well as on pure water. The surface pressures of these polymer films are, for moderate sur-
face pressures and within experimental precision, independent of the glycerol and glucose content of the
substrate solutions. Isolated polymer domains relax toward the circular form, linearly for the early
“bola” form and exponentially for moderate deformations. Relaxation times 7, are measured for
domains of size 10 um <R <80 um and 0.2 sec < T, <60 sec. Relaxation of monolayer domains in the
two limits, in which surface or bulk viscosity dominates, is discussed. All data are consistent with dissi-
pation dominated by viscosity in the substrate. The deduced line tension is A=(1.1+0.3) X 1072 N.

PACS number(s): 68.10.—m, 68.15.+e¢, 47.55.Dz, 47.15.Gf

INTRODUCTION

Monomolecular films on liquid surfaces have been
studied for more than 100 years and the possibility of
different states or phases in these films, analogous to
those in three dimensions, was introduced quite early,
along with the possibility of phase coexistence [1]. How-
ever, it is only in the past 10 years that direct visualiza-
tion of monomolecular films has become possible: first by
way of fluorescence microscopy [2], in which fluorescent
probes with different solubilities in different phases are in-
troduced into the film, and later by microscopy at the
Brewster angle [3], which uses directly the differing
reflectivity, because of different optical densities, of
different phases.

The monolayers studied have displayed a very wide
range of domain shapes and behavior [4]. Dynamic
growth factors play an important role and true equilibri-
um appears to be difficult to achieve in such monolayer
systems. The underlying equilibrium situation is assumed
to be governed by intermolecular forces as divided into
two distinct contributions: short-range interactions,
which can be characterized by a size- and shape-
independent line tension (which nonetheless may be an-
isotropic if the phases are [5]), in analogy with the surface
tension of a three-dimensional object, and long-range in-
teractions, which cannot. These long-range interactions
are assumed to be electrostatic in origin. Virtually any
molecule forming a film on the water surface will be ei-
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ther charged or polar and since it will tend to be aligned
with respect to the surface, a net dipole moment perpen-
dicular to the surface is nearly universal. The surface po-
tential was in fact one of the earliest means of character-
izing monomolecular films [1]. The electrostatic contribu-
tion may be estimated by this or a variety of other
methods [6].

The first experimental estimates of the line tension in
such systems are very recent [5,7,8]. Most direct
methods for measuring the analogous surface tension in
three-dimensional systems make use of a balance between
surface tension and gravitational forces: this includes the
pendant or sessile drop, the capillary rise, and the various
Wilhelmy methods. There is no obvious equivalent in the
two-dimensional monolayer. Of other methods common-
ly useful in three dimensions, thermally excited capillary
waves [9] would provide one measure, but in the absence
of a probe of the line equivalent to surface light scatter-
ing, one is currently limited to cases in which the excita-
tions are large enough to see, that is on the micrometer
scale, corresponding (for typical domain sizes ~ 100 um)
to line tensions A <107 !* N. These are very small values:
the equivalent of 10 mN/m in three dimensions would be
A~10"!"' N (assuming a typical nanometer thickness) on
the monolayer level. Fluctuations in domain shape con-
sistent with thermal fluctuations have been observed [10],
but only under special conditions, near a critical point,
for example. Forced capillary waves can provide a con-
venient estimation of larger surface tensions, but again
these are at this time impractical in monolayer systems:
one needs a sufficiently local method of excitation (and
also a means of holding the average line position fixed for
observation, again in the absence of the gravitational
forces convenient in three dimensions). A further com-
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plication is that one expects to be in the overdamped lim-
it: material movement in the monolayer necessarily
drags along the substrate, providing sufficient resistance
to reach this limit even in the absence of significant sur-
face viscosity [11]. An understanding of the viscous
properties of the system and their influence on line move-
ment would thus be necessary to deduce the line tension
from such a method.

One is thus led to find other, often more indirect,
methods of measuring the line tension in these systems.
Observation suggests using the relaxation of deformed
domains to an equilibrium shape; a similar method has
been used in three dimensions when other techniques ap-
peared inconvenient [12]. The minimization of line ener-
gy drives this relaxation; the pressure difference across
the domain boundary, given by the Laplace law as A/R_,
where R, is the local radius of curvature, leads to pres-
sure gradients, and thus monolayer movement, within
noncircular domains. Since again we expect to be in the
overdamped regime, these would be opposed and bal-
anced by viscous forces: the surface viscosity in the
monolayer, the drag due to the viscosity of the substrate
if there is material transport (i.e., if the different phases
have significantly different densities), and conceivably
viscous drag of the monolayer against the substrate,
though this is expected to be sufficiently large to preclude
such movement. The bulk viscosity is known; in princi-
ple, the surface viscosity of a monolayer can be measured
(though this is delicate and may depend on the time
scale).

In practice, the hydrodynamical problem is sufficiently
difficult even when one of the terms dominates; this is
therefore assumed. The different assumptions lead to dis-
tinctive behavior either in function of the size of the
domain [8] or in mode [13], which can then be tested.

In this way,we were led to conclude tentatively that
viscous drag during such relaxation in a polymer
[poly(dimethyl)siloxane (PDMS)] layer was dominated by
the surface viscosity [8]. Experimental limitations
confined these measurements to a relatively narrow range
of sizes and relaxation times (between 10 and 50 um and
between 2 and 10 sec). A larger range is desirable, along
with a direct test to the hypothesis, by changing, for ex-
ample, the bulk viscosity. This seemed all the more im-
portant because the relaxation times were found to be in-
dependent of polymer mass, which would imply that the
surface viscosity was surprisingly independent of this pa-
rameter.

Here we extend the experiment to smaller relaxation
times and vary the substrate viscosity by adding glycerol
or glucose. Since the monolayer properties may change
with the changing substrate, an initial test of this possibil-
ity is made through comparisons of the surface pressure
isotherms on examples of these different substrates.

The polymer is PDMS, which at low concentrations on
pure water forms compact domains of polymer chains
stretched flat on the surface (a long-standing hypothesis
[14] recently demonstrated by neutron reflectivity studies
[15]) in coexistence with a very dilute polymer gas [8]. As
the concentration is increased, the polymer undergoes a
complicated collapse process, in which polymer layers of
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different thickness are observed in coexistence with
three-dimensional polymer droplets. In the previous re-
laxation study [8], domains were observed in both the
submonolayer regime and in one of the multilayer re-
gimes (where the “multilayers” may be that, or single lay-
ers in which the polymer takes on different, less stretched
out conformations with respect to the surface). Here
measurements are confined to the submonolayer regime,
under better-controlled experimental conditions than
were available for the preliminary work. In contrast to
that study [8], we find that the dissipation is dominantly
due to the substrate, consistent with the observation that
relaxation times are independent of the molecular mass of
the polymer.

EXPERIMENTAL METHODS

Microscopy at the Brewster angle, described in detail
elsewhere [3], was recently developed to study films of
ampiphilic molecules at the air-liquid interface. It takes
advantage of the reflective properties of an interface
when illuminated with light polarized in the plane of in-
cidence. This reflectivity rp2 has a minimum for incidence
at the Brewster angle and since this minimum would be
null if the interface was perfectly smooth and abrupt, it is
very sensitive to the interfacial properties: its roughness,
thickness, and anisotropy. Coexistence of different phases
of a monolayer or between multilayers of different
thicknesses can thus be observed [3,8,16].

With the objective used in this work, the resolution of
the microscope is ~ 1.5 um and the field of view (and il-
luminated area) ~700 pm. Images must be collected by
bands, moving the objective between each band: the
~53° angle of reflectivity means that the distance be-
tween objective and surface is constant and the image in
focus only along a line for a given position of the objec-
tive with respect to the surface. This presently limits the
recording of images to 0.3 images/sec. To study faster re-
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FIG. 1. Ellipticity pp as a function of polymer concentration
on pure water. Estimated errors are 10% on gz and 5% on ¢, on
the order of the data symbol size. Bars represent fluctuations in
the ellipticity out of this range due to inhomogeneities in the
surface films.
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laxation, thin bands may be collected at rates up to 10
images/sec, depending on the band size. These are, how-
ever, out of focus over most of the band, leading to
characteristic halos at the domain boundaries [see Fig.
4(c)]; the width of the halo depends on the position of
that domain edge with respect to the focal plane.

The method is limited to films in which the optical in-
dex of refraction of the film is different from that of the
substrate. The reflective intensity at the Brewster angle
I Orpz is proportional to the square of the ellipticity (which
is equal to r, /r,, the ratio between the reflectivities for
the two different polarizations; r, varies little with the
presence of the film). This ellipticity is shown in Fig. 1 for
the system PDMS on pure water; the experiments de-
scribed here are in the region well below what is labeled
¢;. The observed contrast is that between the two ellipti-
city levels at these concentrations [17], proportional by
the Drude law [18] to the difference in refractive index
between film and substrate. The substrates for the experi-
ments reported here were a series of glycerol and glucose
solutions, indicated on Fig. 2, where both the viscosity 7
and the refractive index n of the solution depend on the
concentration of the additive. Since the refractive index
of bulk PDMS is 1.403 [19], films on solutions with re-
fractive indices near this value are inaccessible; for both
substances considered here, this inaccessible range corre-
sponded to bulk viscosities between about 3 and 20 times
that of water (see barred region in Fig. 2).

In order to study the relaxation of domains in a mono-
layer, it is necessary to produce isolated domains of an
appropriate size with respect to the resolution and field of
view of the microscope, deform them, and then hope that
the relaxation times fall within the limits set by the speed
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FIG. 2. Bulk viscosity n as a function of refractive index n
for glycerol (dashed line) and glucose (solid line) solutions. Data
are from Ref. [42]. The refractive index is nearly linear in glu-
cose or glycerol concentration. Viscosities of the different gly-
cerol (@) and glucose (O) solutions used as substrates are indi-
cated. Solutions with index n=1.401+0.02 (barred region; for
both glycerol and glucose, 3<%, /Myacer <20) provide
insufficient contrast with the polymer layer.
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of image taking and the time that the domain remains
within the field of view, typically limited by convection
within the liquid.

In a carefully protected PDMS monolayer, typical
domain sizes are much larger than the field of view; in
fact the evidence suggests that after deposition of the po-
lymer in a spreading solvent and evaporation of that sol-
vent, most of the polymer can be found in a single large
domain centered with respect to the trough [8,20]. This
is clearly inappropriate for the present study. It was,
however, observed that holes opened up in the dense po-
lymer layer if the protective cover was removed, closing
again when it was replaced. These holes were used in a
preliminary relaxation study [8], but are clearly not ideal
for the purpose. The mechanism behind the hole forma-
tion is not understood, but it is almost certainly not a
static equilibrium process; the effect of this on the relaxa-
tion processes is unclear. Further, these holes form most-
ly in the vicinity of an edge between domains and if iso-
lated, as desirable for relaxation experiments, disappear
within a few seconds. While domains whose relaxation
was obviously impeded by several surrounding domains
were avoided, virtually all domains studied bordered one
other domain, with an unknown influence on the relaxa-
tion processes. Finally, the necessary absence of the cov-
er allows airflow above the surface and increases move-
ment within it, greatly complicating the measurement.

However, the area of any dense polymer domains, un-
like that of any holes in such domains, was unaffected by
the presence or absence of the cover [8,20], regardless of
the relative position of such domains. Dense domains of
size smaller than the field of view were never observed
after deposition with a spreading solvent, but appeared
after sudden temperature changes or if polymer was re-
moved from the surface with a suction device. They also
appeared in the traces of the (carefully cleaned) stainless
steel needle used to provide the shear forces that de-
formed domains, if that needle first passed through a
dense polymer film.

It is this effect that is used in this work to apply the po-
lymer to the liquid surface: A multilayer film is formed
on a clean water surface to the side of the apparatus, ap-
plying the polymer either in a hexane spreading solvent
or as a pure droplet. (In the latter case the majority of
the polymer must be suctioned off to reduce the polymer
surface concentration to levels corresponding to a few
monolayer thicknesses. Measured relaxation times were
independent of this initial deposition method, demon-
strating that solvent effects are unimportant with this
secondary deposition method.) The needle is drawn
through the multilayer film and then brought to the sur-
face under the microscope. The size of the domains
formed in this way can be partially controlled by the
(multilayer) polymer surface concentration in the
separate dish and by the speed at which the needle is
drawn through the liquid surface under the microscope.

Surface tension measurements, used as a first control to
any effect of the glycerol or glucose on the polymer
monolayer, were made by the Wilhelmy method using a
platinum open-frame probe, a fine horizontal wire (0.19
mm in diameter and 20 mm long) fixed in a fine wire
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frame [21]; more usual probe shapes, the plate and the
ring, yielded anomalies in measurements on the insoluble
polymer layer [8,20]. The open frame probe gave results
in agreement with other methods and literature data for
the insoluble monolayer on water and in agreement with
the plate method, within the 0.1 mN/m precision of
that measurement, for standard soluble surfactant solu-
tions [20]. Reproducibility with the open frame probe on
a given surface is £0.02 mN/m and the overall accuracy
is estimated at 0.2 mN/m. The polymer was applied to
the surface in dilute hexane spreading solutions.

Experiments were performed at room temperature
22+1°C. The sample cell was a round trough, 70 mm in
diameter, with a polished glass bottom and a Teflon rim.
It was cleaned with a sulfochromic acid solution and oc-
casionally an additional wash of alcoholic sodium hy-
droxide. The trough was protected by a glass cover. To
limit convection in the Brewster angle microscopy experi-
ments, the liquid level was limited to about 3 mm, the
minimum depth before light scattered from the trough
bottom began to interfere seriously with the image quali-
ty.

The polymer samples were of molecular weight
M, =10000 (M,/M,=1.13) and 100000 (M,/M,
=1.23). Glycerol and glucose were analytical grade from
Prolabo or Merck; solutions were left in contract with ac-
tivated charcoal (Prolabo, analytical grade) for several
hours and then filtered, in order to remove surfactant im-
purities. Without this treatment, the surface tension of
the resulting solutions decreased slightly with time and
impurities were evident in the microscopic images of the
surface. The viscosity 7, /p of the solutions was mea-
sured with a capillary viscometer and remained un-
changed over the course of the experiments. The hexane
used in any spreading solutions was from Merck (analysis
grade).

RESULTS AND DISCUSSION

Glycerol and glucose were added to the water substrate
in order to increase its viscosity, to allow investigation of
the influence of that viscosity on domain relaxation. The
possibility that these additives may also change the char-
acter of the polymer layer should not be ignored. The
behavior of fatty acids on glycerol has been found to be
similar, but not identical, to that on pure water [22]. A
first test is the comparison of the surface tension iso-
therms for the polymer on the various solutions. This is
presented in Fig. 3 for a 20% glucose solution and for
20% and 80% glycerol solutions, corresponding to the
range of solutions used in the relaxation experiments.

We can see that, within the experimental accuracy,
there are no significant differences between the isotherms
for surface pressures below about 5 mN/m: In all cases
the surface pressure (the change in the surface tension in
the presence of the polymer) remains unmeasurably low
until concentrations above 0.6 mg/m, where the surface
pressure suddenly increases. On all substrates, the same
curve is followed as this pressure increases, but deviations
occur as the surface pressure levels out to a plateau value
when the polymer film begins to collapse out of the sim-
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FIG. 3. Surface pressure isotherms, PDMS on pure water
(+) and on glucose (20%), solid circles) and glycerol (open sym-
bols: 20%, circles; 80%, squares) solutions.

ple monolayer state [8,23]. This plateau is higher on the
20% glycerol and glucose solutions; on the concentrated
glycerol solution, the surface pressure continues to in-
crease. This may indicate the presence of glycerol or glu-
cose in the collapsed layer. Note that the plateau values
on the glucose and 20% glycerol solutions are identical,
suggesting that the effect of these two molecules on the
state of the collapsed monolayer is similar.

The presence of glycerol or glucose in the solution
clearly does influence the collapse process. All the work
presented here is, however, in the very low polymer con-
centration zone (at m~0 mN/m, with coexistence be-
tween dense and very dilute polymer domains); the addi-
tives have no discernible influence on the surface pressure
even as the concentration is increased out of this zone. It
has been shown [23] that this surface pressure increase is
consistent with the power-law behavior of a two-
dimensional polymer in a poor solvent. At higher pres-
sures, again ~5 mN/m, deviations from the power-law
behavior occur; the polymer certainly changes not just its
local density but its configuration with respect to the sur-
face, which here would seem to be affected by the addi-
tives to the water substrate. However, the good agree-
ment in the power-law zone suggests that the nature of
polymer layers of lesser density, and thus the polymer
domains to be studied here, is affected little by the glu-
cose or glycerol. The behavior of the domains could be
more sensitive than the surface pressure to any influence
of the additives, but any such effect should depend direct-
ly on the additive concentration, while the bulk viscosity
is very nonlinear in that concentration (Fig. 2). Thus a
study of the relaxation on substrate solutions with a wide
range of different viscosities may allow one to test for the
influence of glycerol or glucose on the nature of the poly-
mer layer; the relaxation times are unlikely to have a sim-
ple dependence on substrate viscosity unless the viscosity
itself is the major variable and other effects of the gly-
cerol or glucose negligible.

Three examples of polymer domain relaxation are
given in Fig. 4. The apparently simple relaxation of a
monolayer domain toward a circular shape involves quite
complicated hydrodynamics, with movement both in the
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monolayer domain toward a circular shape involves quite
complicated hydrodynamics, with movement both in the
monolayer itself and in the substrate dragged along with
that monolayer. Two limits offer some hope of an analyti-
cal solution. Small deformations are expected to follow
an exponential relaxation law; this was demonstrated in
the previous work [8] on the PDMS films to hold even to
quite significant deformations. The opposite extreme,
that of bola, or two heads and a thin connecting strip, has
been recently treated by Benvegnu and McConnell [7].
As long as the heads are significantly wider than the con-
necting strip, the relaxation is observed to occur by sim-
ple shortening of the connecting strip, with little change
in the size and shape of the heads [see Figs. 4(a) and 4(c)].
In this quasi-steady-state, a restoring force due to the
nearly constant Laplace pressure difference across the
domain must be balanced by a nearly constant viscous
dissipation, or a nearly constant velocity. Most of what
follows will be focused on the small deformation case, but
results for bola relaxation will be discussed for compar-
ison.

In the small deformation limit, it is useful to have some
simple definition of that deformation. Since the relaxa-
tion is driven by a tendency to shorten the perimeter P of
the domain, under the constraint of constant area A (as-
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suming that the monolayer is essentially incompressible;
this should be verified), the most natural definition is the
reduced curve length P /(47 A)!/%. The perimeter is, how-
ever, difficult to measure accurately: any imperfections
in the image reflect strongly in the measurement. A
much simpler definition for the deformation, ©=(L/
W)—1, where L is the length and W the width of the
domain, can be measured much more accurately, general-
ly to 1% even with the very poor contrast available as the
refractive index of the substrate approaches that of the
polymer layer. Further, this measure of the distortion,
unlike the reduced curve length, can readily be corrected
for some of the sources of systematic error in the ob-
served distortions.

There are several sources for this error: (1) an optical
distortion of 5—-10 % for objects of size ~100 pum, de-
pending on the position of within the field of view; (2)
movement during the imaging process, which is greatly
reduced as the viscosity is increased—for the same
minimum substrate depth, convection decreases marked-
ly, and the response to any mechanical disturbance (such
as that produced during the initial distortion of the
domains) is minimized; and (3) the halo effect for images
taken in a single, out-of-focus band [see Fig. 4(c)].
Domains typically appear elongated perpendicular to the

(c)

FIG. 4. Relaxation in a PDMS monolayer (a) hole in a layer on pure water, 3.5 sec/frame; (b) dense domain on 85% glycerol solu-
tion (1, /Nwater = 80), 50 sec/frame; and (c) dense domain on glucose solution (7, /Nyaer = 1.4), 0.4 sec/frame. Bars in left frames
represent 50 um.
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in-focus line. Corrections for these effects combined may
be made with respect to nearby objects (typically distort-
ed by ~10% in a well-defined direction), but a residual
~5% uncertainty leads to an uncertainty ~15% in the
deduced relaxation times, assuming that the relaxation
can be followed over a range 12 ©=0.1.

The measurement of the domain area is also influenced
by these factors, leading to a typical 5% uncertainty on
the domain size R =(4 /m7)!/?. The measured areas of
dense domains were constant within this accuracy. This
accuracy can be improved if the domain remains station-
ary in the center of the field of view. This has occurred,
on very highly concentrated glycerol solutions [Fig. 4(b)];
the domain area was constant during the relaxation,
within the 1% precision of the measurement, and over a
period of more than 30 min. On the other hand, polymer
holes tend to close, frequently decreasing in area by more
than 10% over a few seconds.

The assumption of an incompressible dense polymer
layer is thus experimentally reasonable. The elasticity, or
inverse of the compressibility, can in fact be deduced as
~10 mN/m at 600 Hz, from the stationary value in the
partial monolayer measured by the forced capillary wave
method [24]. This is well within the incompressible range
(see the Appendix).

Typical relaxation curves are given in Fig. 5. For de-
formation © =2, the end radius r,, = W /2 remains ap-
proximately constant as the ends approach with nearly
constant speed: © decreases linearly in time, 6=06,
—Vt/ryoa [see Fig. 5(a)]. This is the “bola” relaxation
previously studied by Benvegnu and McConnell [7]. For
relatively small deformations (© <1), the relaxation ap-

. —t

pears to follow an exponential law ©~e ¢, where T,
is a characteristic relaxation time. This behavior can be
clearly seen in a semilogarithmic scale [Fig. 5(b)]: note
one atypical example in which the domain (filled circles),
on a very viscous glycerol solution, happened to be very
steady in the center of the field of view during the whole
(© =<1) relaxation process. This happenstance minimized
experimental errors and provided a particularly good test
for exponential relaxation, with a positive result.

The reduced relaxation times, that is, the characteristic
relaxation time divided by the bulk viscosity relative to
that of water, for moderate (® <1) deformations are
presented in Fig. 6 as a function of average domain radius
R=(A/m)'% A range of bulk viscosities is grouped un-
der a single symbol for clarity. The scatter is considerably
larger than expected from the uncertainty in the indivi-
dual measurements, typically 15% on T, and 5% on R.
In fact, several factors extraneous to the line tension and
viscosities may affect this relaxation. First, nearby
domains certainly influence the relaxation. Figure 4(a) is
in fact one example of this; you can see that the line on
one edge of the domain visibly deforms as the domain re-
laxes. This influence is readily observable for distances up
to approximately the domain size, as would be expected
from hydrodynamic effects since the fluid, in the sub-
strate and in any polymer layer, is in motion for distances
of this order. In the presence of nearby stationary
domains, relaxation times tend to be increased by a factor
of 2 or 3 [25]. If, on the other hand, neighboring
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domains are themselves in motion, the relaxation times
may either increase or decrease depending on the relative
placement and motion of the domains. Since the hydro-
dynamic effects extend to distances of the order of the
domain size, reliable data for very large domains were ex-
tremely difficult to achieve; one requires that such
domains, necessarily few and far between, decide to relax
within the field of view of the microscope. The probabili-
ty appears minimal. Relaxation times for domains with
R >30 pm are thus sparse and should be treated with
caution. Such measurements might be possible (for a
different physical system) in fluorescence microscopy ex-
periments, where electric fields have been used to manip-
ulate, isolate, and hold stationary such domains [26,6]; no
such probe can approach the laser beam in the Brewster
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FIG. 5. Relaxation in a PDMS monolayer; deformation ©
(see the text) as a function of time ¢. (a) For © > 2, the radius of
the ends (7, ) remains approximately constant and © decreases
linearly with time © =0,— V't /ry,,; (b) for © <1, the relaxation
is exponential © =0e ”TC. Where possible, the same domain
is shown in the two relaxation regimes: [, rp,, =8 pum,
R =(A/m)"/*=16 um, on water; O, rp,,=7 um, R =13 um,
on water; V, Fyo, =9.5 um, on water; B, R =28 um, on glucose,
Ny /Mwater =2-2; ®, R =43 pum, on glycerol, 1, /Nyaer=75. (a)
Solid line, ¥V /ryo. =4.37 sec; long-dashed line, V /ry,, =2.7 sec;
dotted line, ¥V /ry,, =3.44 sec. (b) Solid line, T, =88 sec; long-
dashed line, T, =1.9 sec; short-dashed line, T, =0.28 sec; dotted
line, T, =0.31 sec.
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angle microscope without swamping the signal.

The relaxation times also change with contamination
of the surface, as demonstrated by the appearance of
significant quantities of three-dimensional particles or,
under exceptional circumstances, surfactant domains
much more brilliant than any observed in a clean layer.
Relaxation times again typically increased by a factor of
2 or 3 in such cases.

While there is significant scatter, for the reasons dis-
cussed above, the data are seen to fall on a single curve,
which is fit well by a power law with exponent 2. This is
the value expected if it is the bulk viscosity that dom-
inates the relaxation dynamics. In fact, one expects

1R

if the surface viscosity dominates

if the bulk viscosity dominates.

The dependence on R can be seen on purely dimensional
grounds; a more detailed discussion is presented in the
Appendix.

In order to explore any subtle dependence on the bulk
viscosity, not necessarily evident within the experimental
scatter of Fig. 6, Fig. 7 gives a reduced relaxation rate,
scaled by R 27, and grouped by domain size interval: no
significant viscosity dependence is observed in this quan-
tity, implying that the relaxation rate is in fact propor-
tional to the bulk viscosity. Both these facts are con-
sistent with dissipation dominated by the bulk viscosity
and inconsistent with that dominated by the surface
viscosity, for which the relaxation times would be in-
dependent of the bulk viscosity and linear in the average
domain radius. This is contrary to the tentative con-

10T
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10 100
R [pum]

FIG. 6. Relative relation times as a function of domain size
R =(A4/7)"2, PDMS on water (X), and solutions of glucose
(open symbols, 1.2 <1y /7yaer < 3.2) and glycerol (closed sym-
bols; circles, 1.5<%,/Nyater <3.2; triangles 1, /Nyater =42;
squares, 7, /Nyaer="75. Solid line, T,/(1,/Mwater) =0.09R?

sec/um?; dashed line, T, /(7 /Ywater) =0.002R sec/um.
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clusions of Ref. [8], where the relaxation times were mea-
sured over a smaller range in relaxation times and at a
single bulk viscosity and the necessity of extending the
measurements under more favorable conditions, carried
through in the present work, was acknowledged.

The fact that such a simple, consistent size and viscosi-
ty dependence is observed over a wide range of bulk
viscosities and of size does suggest that the simple picture
holds: that the characteristic of the domain that governs
this relaxation is its line tension, uninfluenced by the
presence of glucose or glycerol in the substrate, and fur-
thermore that the effective viscosity observed in the re-
laxation is simply that of the bulk fluid. One can con-
clude that the viscosity near the surface on the microme-
ter scale remains similar to that of the bulk liquid.

Now that the source of the dissipation is well estab-
lished, for moderate domain sizes 10 um <R <30 um,
one would also like to establish the parameter driving the
relaxation: the line tension. The quantity plotted in Fig.
7 is in fact proportional to the line tension on dimension-
al grounds alone. The prefactor has been determined, as-
suming that the monolayer viscosity is everywhere con-
stant, by Stone and McConnell [27] (see the Appendix
below): they find T,=577,R?%/16), leading to an esti-
mate A=(1.2+0.3)X 1072 N. In our case, any polymer
layer at the exterior of the domain is very dilute; it is
both much less viscous and much more compressible
than the dense monolayer (see the Appendix for a discus-
sion of the compressibility question in the hydrodynami-
cal context). The expression of Stone and McConnell is
no longer exact; with fewer constraints on the bulk fluid
flow, the viscous effect may be slightly less, and the true
surface tension somewhat lower, than that given here (see
the Appendix).

A comparison with a complementary relaxation mea-
surement, that of bola where the ends travel with essen-
tially constant speed, may help establish this number. As
long as the heads are significantly wider than the con-
necting strip, the relaxation is observed to occur by sim-
ple shortening of the connecting strip, with little change
in the size and the shape of the heads. The energy gained
in reducing the length, and thus energy, of the central
strip is then balanced by the energy lost in dissipation; a
steady state at constant velocity is expected. This is in
fact observed [7], as can be seen in Fig. 5(a).

A first approximation in calculating the dissipation is
to treat the two heads as circular and independent. This
has been treated in the literature [7,28]. In the purely
two-dimensional case, the treatment necessitates includ-
ing the nonlinear terms in the Naviers-Stokes equation,
exactly as for a cylinder in a three-dimensional fluid [29].
If the two-dimensional fluid sits on a substrate, the effect
of this substrate viscosity dominates the nonlinear two-
dimensional (2D) terms for physical systems; the bulk
viscosity is thus expected to influence the relaxation
whatever the relative bulk and surface viscosities; note
that this consideration does not apply to such movement
as the rotation of the domain [28] or the relaxation of a
slightly deformed domain, which are solvable with the
simple linear 2D Naviers-Stokes equation. In the other
extreme, where the bulk viscosity dominates, the pres-
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FIG. 7. Normalized relaxation rates as a function of bulk
viscosity: open symbols, glucose; closed symbols, glycerol; all
with M, =100000. Symbols at 1, /7yae- =1, pure water (open
symbols, M, =100000; closed symbols, M, =10000). Divided
into size ranges: circles, r <20 um; squares, 20 <7 <30 pum; tri-
angles, r > 30 pum.

ence of an incompressible 2D fluid, of even very low
viscosity, around the moving disk would increase the dis-
sipation (by a factor of 1.5 as the surface viscosity de-
creases towards zero) since movement of the disk sets up
movement in the 2D fluid, which influences the flow in
the bulk above and beyond the direct motion of the disk.

The net result of these arguments is that one expects a
single disk of radius R at the end of a string (where the
second disk is not necessarily within the field of view) to
travel with speed ¥ =A/4nR if the disk is considered to
sit in a 2D incompressible fluid or ¥V =3A/87R if it is
not.

Figure 8 gives the value of 4V 7R in function of domain
size. Considerable scatter is observed, but a line tension
A=(1.140.3)X 10712 N is deduced, in excellent agree-
ment with the small-deformation value given above.
Note, however, that in both cases we are assuming that
the regions surrounding the domain are incompressible
with a finite viscosity. In the present case, any polymer
film surrounding the dense domains is very dilute; it is
not clear that it can be considered as hydrodynamically
incompressible (see the Appendix below). The actual line
tensions may be a factor of 2 lower than this value. It
might be interesting to compare the two cases of dense
domains and holes in such domains, which might be ex-
pected to behave differently under these conditions. Un-
fortunately, isolated holes in the PDMS layer are not
stable in time: holes close rapidly unless they are very
close to other such holes [8,20]. It is thus difficult to ob-
tain reliable data for the relaxation of these domains.

Note that in this analysis we have assumed that the
line tension is a well-defined quantity, independent of
domain shape and size, and in particular that long-range
electrostatic effects, due to the average dipole moment
perpendicular to the polymer layer, are negligible. In the
size range studied (R =10-100 um), the measured line
tension is in fact independent of domain size and con-
sistent between the two relaxation regimes, with very
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different domain shapes. The expected electrostatic
effects may be estimated, without ambiguity as to the
dielectric constant of the interfacial region [8,20,30],
from measurements of the surface potential difference be-
tween phases: A,, the contribution to the line energy due
to electrostatic effects, is given by [6,7]

(AV)%g,
Ag~—7—
49

for domains with characteristic dimension 7 in the range
10-100 pm, where the measured potential difference is
0.12 V [31] and the molecular parameter A is taken as 0.4
nm, the average distance between monomers in the dense
phase. Note that this correction is an order of magnitude
less than the measured line tension. It is thus expected to
be negligible, as in fact observed.

In(r/h)=1X10"1B N

CONCLUSIONS

Previous studies on the hydrodynamics in monolayers
of small molecules have assumed that dissipation occurs
dominantly in the substrate [7]. Flow patterns within the
monolayer forced through a channel support this hy-
pothesis [32]. Here it has been clearly and directly
demonstrated that the viscous drag on movement within
a monolayer of the polymer PDMS is also dominated by
the bulk viscosity, at least in the domain size range 10 um
<R <30 um. One would expect a crossover to domina-
tion by the surface viscosity for 7, /7,R >1. Attempts
[33] to measure 7, have resulted only in an estimate of an
upper limit: 7, <1072 mg/sec, which would correspond
to R =10 um for the upper limit for crossover on a pure
water substrate. Our data confirm this upper limit. It is
difficult to imagine extending this limit by optical
methods. However, PDMS is unusually flexible with an
unusually low viscosity for a polymer, in surface and in
bulk (where the glass temperature is —120°) [34]. Virtu-
ally any surface-active polymer would be expected to
have a higher surface viscosity, and if the polymer also
forms island domains similar to those in PDMS mono-
layers, as is expected for polymethylmethacrylate for ex-
ample [33,35], it might be possible to observe such a
crossover, with the bulk viscosity as an additional param-
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FIG. 8. Relaxation of bola (large deformation limit) on vari-
ous aqueous substrates: normalized speed V vs end radius R.
Substrates: glycerol (@), glucose (O), and pure water (+).
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eter. This could provide simultaneous estimates of both
the line energy and the surface viscosity, both of which
are difficult to obtain otherwise.

We find consistent line tension estimates from the two
limits: low deformation and bola relaxation. Some ques-
tions remain, particularly when one phase if very dilute,
and that phase of the monolayer can no longer be approx-
imated as incompressible. It would be interesting to ex-
tend the calculation of Stone and McConnell [27] to this
case. An analytical solution over the whole range of pos-
sible domain shape has been explored in the context of
the mathematical analysis of the evolution of plane con-
tours to a circular form yielding what are called curve-
shortening equations [36]. To date, these solutions re-
quire assuming a drag force local to the boundary rather
than the more realistic bulk and surface viscosities.
Comparing relaxation of distorted domains in films near
a shape instability limit, Seul [13] finds partial agreement
with this analytic solution, but systematic deviations at
large distortions. This implies a nonlocal, shape-depen-
dent term, either to the surface tension, as would be ex-
pected as one approaches a point where the electrostatic
forces compete with the local line tension to produce
shape instabilities, also observed, or due to the nonlocal
(to the boundary) nature of the viscous forces. In fact,
the bola relaxation described above, a reasonable (and ob-
served) physical solution to relaxation on a viscous sub-
strate [37], does not follow the curve shortening equation.
While this approach is extremely interesting, it appears
not yet entirely applicable to the physical situation.

In spite of these ambiguities, an approximate, con-
sistent line tension can be deduced from the data present-
ed here: A=(1.1£0.3)X107!2 N; the actual value may
be a factor of 2 lower. In either case, this is low com-
pared to the expected value A~1X 107! N. In a simple
bond-breaking model, the line tension would be related to
an interaction distance 8 by A~k T /5. The line tension
observed here implies that 8§ is approximately ten times
the average monomer separation, ~0.4 nm. The origin
of this low line tension remains unclear.

The contrast in surface concentration between phases
and the relatively high monolayer elasticity do not sug-
gest the approach of a critical point. On the other hand,
something like a critical point does occur in function of
molecular mass: no domain separation is observed for
M, =1250. However, no difference in the line tension is
seen at higher molecular weights, here M,, =10000 and
100000; these low line tensions are thus quite unlike
those due to the classical influence of a nearby critical
point. The behavior of the polymer layers at different
molecular masses is being explored to clarify this point.
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APPENDIX: SMALL DISTORTION LIMIT
FOR 2D DOMAIN RELAXATION

In order to describe the relaxation of domains in a
two-dimensional film on a fluid substrate, one must con-
sider the momentum balance in the fluid (given by the
Naviers-Stokes equation), the force balance at the inter-
face (given by a two-dimensional Naviers-Stokes equation
with an additional term from the stress on the monolayer
due to movement in the underlying fluid), and the normal
and tangential force balance at the domain boundary. It
is the normal, Laplace, force at this boundary that is ex-
pected to drive the domain relaxation. On a fluid such as
water, the viscosity of the substrate alone is expected to
be sufficient to place the system in the overdamped limit.
Even ignoring all inertial terms and considering small
distortions, the hydrodynamics are far from trivial.

In the noninertial limit and assuming that the velocity
of the fluid and the surface are continuous, the linearized
two-dimensional Naviers-Stokes equation is given by [38]

v
S +V.ow

O::—Vs’”_'_nsv?vs—nb g sVz

) (A1)
z=0

where the last term completes the tangential force bal-
ance at the interface, representing the stress on the sur-
face due to flow in the underlying fluid. The subscripts s
refer to the quantities in the plane of the surface, b refers
to quantities in the bulk, 7 is the surface pressure, 7
refers to the viscosity, and z is defined as the direction
normal to the plane, pointing out of the fluid.

As a first approximation, assume a two-dimensional in-
compressible fluid

0=V, v, . (A2)

Within the bulk fluid, the usual Navier-Stokes equation
will hold

0=—VP+9,V?%, (A3)

where P is the bulk pressure and 7, the bulk viscosity.
The bulk fluid will certainly be incompressible: 0=V -v.
We are searching for solutions for which v, =0; the in-
compressibility of the substrate may make this impossi-
ble, in the same way that longitudinal waves necessarily
involve a vertical, capillary component at the asymmetric
air-fluid interface [39].

At the domain boundary, the normal force balance is
given by the Laplace law

Ar=A/R, , (A4)

where A7 is the change in surface pressure across the
boundary, A is the line tension, and R, is the local radius
of curvature. Assume that the boundary is given in polar
coordinates (p,¢) by

p=Ry(1+ecosngd), e<<1, (A5)

that is, consider relaxation of a mode n of very small am-
plitude. Note that the relaxation studied above is the
lowest relaxation mode » =2 and that in the limit £ <<1,
the definition of the deformation used in the main body of
the article is given by © =2¢. The radius of curvature is
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then given to first order in € by

Fp
a¢?

372

/2]
9¢
3 2
24 | 9P
re+ [a¢ J
_ 1+(n*—1)ecosn¢
RO ’

pP+2 —p

1/R,=

(A6)

The tangential force balance at the boundary depends
on the viscoelasticity of the line. This is expected to be
negligible in the absence of a line-active agent in the same
way that the surface viscoelasticity of a pure liquid is usu-
ally assumed negligible. Assuming no line viscoelasticity,

0= exterior _1_% pM
Ns p a¢ ap r=RO(1+ecosn¢$)+
_ ninterior _1_ ivi PM (A7a)
s p a¢ ap r=R(1+ecosng)” ’

The opposite extreme would be to assume an infinite
boundary elasticity, or

U¢|p:R0(1+scosn¢)+ ) |p=RO(1+ECOSn¢)7 : (ATb)

It is useful to use reduced coordinates for simplicity:
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The dependence of the relative importance of the bulk
and surface viscosities on domain size R, is left explicit.
In reduced coordinates

Ar=14+(n —1)ecosn¢ at r*=1+ccosng , (A4")
*
0=—V,m*+aRVivi— | —+Vr (A1)
z z=0
(replace a by B outside boundary),
0=—VP*+Viv* . (A3)

The form of the remaining equations remains unchanged.
For v,|,_,=0, [1] and [2] imply V27=0 so that from
(4-6]

my +1+ap*"cosn¢ inside boundary (A9a)
* =
m 7 +bp* " "cosnd outside boundary , (A9b)
where
a—b=(n*—1). (A9c)

The analytic resolution the resulting set of equations is
not obvious. The limiting case for which a+3>>R can

be solved.
r*:r/RO, Z*:Z/RO) t*: )\’Zt’ ‘
MRY
pinterior =gy, inside domain boundary , ) 1. Limit 7, >>7, R
' (A8
pexterior=Ry, . outside domain boundary , .
5 In this case, only the surface equations need be con-
. MRo . & pr= ﬁ p sidered and standard methods lead to solutions for the
v = —TV Y L) A : velocity components:
J
aR opz ~1 .
n|A +——4a T p" " cosnd inside boundary
v¥= (A10a)
’ n + bR—(# ~n=1cosn ¢ outside boundar
Bn-1 | Y
and
—nl4a +A’f_(1+2/n) "“lsinng inside boundar
4a(n +1) P Y
v* = (A'10b)
¢
bR p’ —n—1 i
n|B+ m( 1—=2/n) |p sinng outside boundary
Since the velocity must be continuous across the domain boundary,
4+ aR, —B+ bR,
4a(n +1) 4B(n —1) ’ e
+— R0 ham=— BB (1 am
4a(n +1) e -1 2" e
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In order to complete the description, one must consider the tangential force balance at the domain boundary given by

(A7). Assuming null boundary viscoelasticity, (A7a) leads to

—n—E—RO—[n +1—(n—1)p*lp" 'cosn¢ inside boundar
Ha+p) pp Y
=1 m (A12)
n‘“a—_:m[n —1—(n+1)p*lp " 'cosng outside boundary
[

Since de/dt*=v for p=1 and ¢ =0, this leads direct- boundary, @ = —b =(n?—1)e /2, yielding

ly to
27, R} 7R

-, = = =

e=ggpe c T W(n +ER 3EA forn=21|, (A17a)

with T, =4(qjMeror+pe¥erionR o 2nk . (A13)

The relaxation observed in this article is dominantly of
the lowest nontrivial order n =2, since the shear force de-
formation was of that symmetry and higher-order defor-
mations relax much more quickly. For n=2,
T, = (mrterior - pexterion) R . /A. Note that this simple ex-
pression is symmetric: dense monolayer domains and
holes in such domains will relax at the same rate.

2. Limit n; <<7, R

In this case, movement in both the bulk and in the sur-
face must be considered and it is difficult to solve the re-
sulting set of equations analytically. A simple approxi-
mation to the movement in the bulk liquid has been used
by Ahmad and Hansen [40] (and extended by Joos and
Pintens [41]) to explore the spreading kinetics of liquids
(or monolayers) on liquids, with surprising success. In
this approximation, one assumes that at the surface

ovy
oz*

where £R is the penetration depth of the movement into
the liquid. In very shallow liquid, this would correspond
to a velocity decreasing linearly into the liquid and the
penetration depth is simply the depth 4 of the dish [40].
In the opposite extreme, the comparison is with longitu-
dinal waves on a liquid surface [39], with an exponential
decay into the liquid [41]. The experimental case treated
here corresponds to & >>R, and the penetration depth
would be simply proportional to R, as expressed in [14].
Equation (A1’) can then be rewritten

0=—V,7*—v;/¢.

_Y (A14)
g b

(A15)

If the surface viscosity is neglected, only the normal com-
ponents of the continuity equations at the boundary are
relevant and in this approximation Eq. (9), for the surface
pressure 7*, gives v directly:

. |—an&*" “'cosné inside boundary

P~ |bn &p* " “lcosnd outside boundary , (A16)

where Eq. (A9c) holds. The result depends on whether
one assumes (a) incompressible 2D fluids on both sides of
boundary, where by continuity of the velocity across the

or (b) 2D fluid on one side only of the boundary, where,
as expected to hold for our experiments, a (or
—b)=(n2—1)e/2 and

R2
=0 for n =2

T = 7,RG
62N

¢ n(n+1)EA

(A17b)

Estimating £ depends on finding a solution to the motion
in the bulk fluid.

The complete problem has been solved very recently by
Stone and McConnell [27] in the approximation in which
the entire monolayer is assumed to be incompressible
with the same (finite) viscosity. They find

7 = MRS @n+1)2n —1)m
A an¥n?—1)

) (A18)

when the bulk viscosity dominates.

This does not correspond exactly to our case: here the
monolayer is very dilute on one side of the boundary,
where it is both much less viscous and much more
compressible. The more critical hypothesis may be that of
incompressibility. The condition for hydrodynamical in-
compressibility may be estimated simply: the charac-
teristic variation of the density Ap must be much less
than the density p: 1>>Ap/p~Am/e, where € is the
elasticity, or the inverse of the compressibility. But from
the Laplace equation [Eq. (A4)], the pressure difference
across a domain is given by the line tension and the varia-
tion in the line curvature: ATm~AA(1/R,)
SA/R. A surface phase may thus be considered in-
compressible if € >>A/R ~10™* mN/m, for the values
A~10"12 N and R ~ 10 um typical for this experiment.
The condensed phase has elasticity ¢ ~ 10 mN/m [24] and
easily fulfills this criteria. The elasticity in the gaseous
phase is difficult to estimate. It is certainly less than
the elasticity of an ideal gas g; because of the attrac-
tion between polymer chains: e<g;=pRT/M,
=~ (Pgas/Paense) 10> mN/m, for our system with M, =10’
and the density of the condensed phase pg.nee~0.6
mg/m?. Unfortunately, it is difficult to estimate the den-
sity of the dilute phase p,,,. The onset of phase coex-
istence cannot be estimated from surface pressure vs area
data because the surface pressures are unmeasurably
small in this whole domain. Ellipsometry [23] (Fig. 1) im-
plies an upper limit (pg,/Pgense) < 10~ 1. Surfaces are



51 HYDRODYNAMICS OF DOMAIN RELAXATION IN A POLYMER . ..

much too inhomogeneous for a reasonable estimate from
either the onset of coexistence or the relative fractions of
the gaseous and condensed phases in the microscopic
measurements (where the field of view is ~10~* of the to-
tal surface), but they do suggest (py,5/Pgense) < 1072 The
compressibility of these gaseous films should probably
not be neglected for motion in which the substrate viscos-
ity provides the limiting force.
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The error made by the approximation in which the
whole monolayer is considered as incompressible with a
single surface viscosity is, however, unlikely to be more
than a factor of 2; for the opposite extreme of bola relaxa-
tion, the relaxation in the presence of a monolayer is a
factor of 2 faster than if the monolayer is entirely ig-
nored. A similar factor is plausible here.
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FIG. 4. Relaxation in a PDMS monolayer (a) hole in a layer on pure water, 3.5 sec/frame; (b) dense domain on 85% glycerol solu-
tion (17, /Myaer = 80), 50 sec/frame; and (c) dense domain on glucose solution (7 /7y = 1.4), 0.4 sec/frame. Bars in left frames
represent 50 pum.



