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Ellipsometry and a mass transport model were used to investigate the kinetics of lipid
bilayer formation on silicon dioxide surfaces from 100 nm diameter 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) vesicles. For the range of concentrations studied,
0.025 to 0.380 mg/mL, the rate of the process was found to be concentration dependent
and adsorption limited. Further experiments, particularly at concentrations > 0.380
mg/mL, presented evidence of net mass desorption as an intermediate step to supported
lipid bilayer formation. © 2006 American Institute of Chemical Engineers AIChE J, 52:

2931-2937, 2006
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Introduction

Supported lipid bilayers (SLBs) and techniques to form them
in a consistent and controlled fashion will become necessary to
the extent that microscale-level devices are developed for var-
ious technological applications.! SLBs are a good platform for
surface functionalization, given that transmembrane proteins
and peptides? can be incorporated in a biologically relevant
environment with control over their concentration, presenta-
tion, and lateral mobility. Lab-on-a-chip devices, enabled by
recent advances in lithography and microfluidics, demand the
development of new nanofabrication techniques.> A promising
strategy is to use bottom-up processes driven by molecular
assembly,* such as the formation of SLBs from vesicle solu-
tions. A basic understanding of such phenomena is essential to
foresee their possible applications and limitations.

Vesicle fusion is a convenient method for creating SLBs on
both flat and textured topologies. This is an advantage with
respect to the Langmuir—Blodgett deposition technique, which
can be effective only on flat surfaces. Additional advantages
are the simplicity of the process and the ability to control its
rate. Vesicle fusion also offers the possibility of surface func-
tionalization using composition gradients.> Such gradients
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could serve as a valuable tool in assessing the ability of
bioactive species in multicomponent membranes to modify cell
function (that is, adhesion® or migration?).

There has been a significant amount of experimental work on
vesicle fusion by Kasemo and coworkers using the quartz
crystal microbalance-dissipation (QCM-D) technique.® It was
concluded that vesicles adsorb irreversibly on SiO,, SizN,,
TiO,, oxidized Pt, and oxidized Au surfaces. However, vesicle
to bilayer transformation occurs only in the first two cases,
whereas in the other cases the vesicles remain intact but are
deformed. The extent of deformation of vesicles on SiO, has
been found to be greater than that on TiO,, which is thought to
arise from a stronger attraction to the surface. In both cases
larger vesicles are more deformed than smaller ones by the
surface interaction. The different polarizabilities and isoelectric
points of the above-mentioned surfaces are important parame-
ters governing the strength of the van der Waals and electro-
static interactions between the vesicles and the surface.

Similar experiments® have demonstrated that there is a crit-
ical vesicle coverage required for rupture to commence, irre-
spective of vesicle size. This is inconsistent with a mechanism
requiring vesicles to fuse with each other on the surface until a
critical radius for rupture to take place is reached because, if
that were true, large vesicles would fuse immediately. This
critical vesicle coverage, instead, suggests that vesicle—vesicle
interactions are required to enhance vesicle deformation and
induce rupture.
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Figure 1. Possible mechanism of vesicle fusion on hy-
drophilic surfaces.

Vesicles diffuse from the bulk to the surface, where adsorp-
tion begins and proceeds until a critical concentration of
adsorbed vesicle mass is reached. Vesicles rupture and begin
to spread on the surface, whereas adsorbed bilayer fragments
propagate the formation of pores on unruptured vesicles. The
process is completed by the lateral diffusion of bilayer frag-
ments to minimize the hydrophobic edge energy.

The vesicle is most likely to rupture at the point where the
radius of curvature is the smallest. At this point deformation,
caused by adhesion to the surface and interaction between
vesicles, increases the lateral tension (X)) within the membrane.
In principle,® the formation of a pore can reduce the vesicle’s
energy, given that a pore of radius L within a planar membrane
has energy F,,, = 2mL%, — wL’Y, where 3., is the line tension
arising from the hydrophobic edge. Once a pore is formed its
radius (L) will tend to increase until the lateral tension in the
membrane (X)) is relieved, such that equilibrium is reached
(dF por/dL = 0).

The vesicle to bilayer transition has been shown to be
thermally activated® in that the critical vesicle coverage re-
quired for rupture is inversely proportional to temperature.
Bilayer formation can be prevented by adsorption at suffi-
ciently low temperature (that is, below the lipid chain melting
temperature). Outward osmotic gradients also favor rupture, by
causing compressive stresses on the vesicles. On the other
hand, an inverse gradient has a weaker effect on rupture. An
important conclusion that has been drawn from fusion experi-
ments with proteoliposomes is that the inner surface of the
vesicle becomes the leaflet of the bilayer facing the surface.!?

Given the aforementioned experimental observations the
possible mechanism of vesicle fusion on hydrophilic surfaces is
summarized in Figure 1. Vesicles initially diffuse from the bulk
to the surface, where adsorption begins and proceeds until a
critical concentration of adsorbed vesicle mass is reached. This
requirement possibly reflects the existence of a vesicle defor-
mation threshold, which is reached by vesicle—surface and
vesicle—vesicle interactions. The small radius of curvature at
the point that the vesicles curve away from the surface initiates
a mechanism of pore formation. The ruptured vesicles begin to
spread on the surface, where they adsorb. Adsorbed bilayer
fragments propagate the formation of pores on unruptured
vesicles by the “catalytic” action of hydrophobic edges, just as
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preruptured vesicles are believed to catalyze vesicle fusion.!!
The process is completed by the lateral diffusion of bilayer
fragments to minimize the hydrophobic edge energy.

Techniques that have been used to study the formation of
SLBs by vesicle fusion include surface plasmon resonance,'>!3
neutron reflectivity,'# atomic force microscopy,'>!¢ confocal
fluorescence correlation spectroscopy, and nulling ellipsom-
etry.!” In these studies, there have rarely been any attempts to
look at the kinetics of the process while making an effort to
interpret the results in terms of mass transport models.!'®!° Such
models, commonly used in chemical engineering applications,
are important to the extent that they can give a quantitative and
qualitative understanding of the process under investigation.
Computer simulations of the formation of SLBs from vesicle
solutions can give insight into the process, but these are also
rare.?0

In the present study, we observe SLB formation from vesicle
solutions on hydrophilic silicon dioxide substrates with the
optical technique of phase-modulated ellipsometry and the
results are interpreted in conjunction with a mass transport
model."?

Experimental
Materials and methods

Small unilamellar vesicle (SUV) solutions were prepared
from 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
purchased from Avanti Polar Lipids (Alabaster, AL). The lipids
were dissolved in chloroform and a thin film was formed on the
walls of a glass test tube by nitrogen-flow—induced evapora-
tion. The sample was left overnight in a vacuum chamber to
ensure complete removal of the solvent. The lipids were then
reconstituted in Millipore water (18 M{cm), briefly vortexed,
and left to hydrate in a 37°C water bath for 1 h. The multila-
mellar vesicle solution thus formed was extruded five times
through a polycarbonate membrane filter (100 nm nominal pore
size) in a temperature-controlled extruder at 40°C. Dynamic
light scattering was used to confirm the formation of vesicles
with a monodisperse diameter distribution = 100 nm. The
extruded solutions were kept at 5°C and used within a week.

Polished silicon wafers, with a native oxide layer about 15 A
thick, were treated in piranha solution (70% H,SO,, 30% H,O,
v/v) for 30 min, briefly rinsed in Millipore water, and quickly
placed in a 20 mL cylindrical quartz cell filled with water. The
cell was subsequently fastened onto the stage of a phase-
modulated picometer ellipsometer (Beaglehole Instruments,
Wellington, New Zealand) and rapidly fed with 10 mL of a
vesicle solution of the desired concentration, displacing an
equal volume of water. Ellipsometric measurements were taken
at the Brewster angle of incidence for the silicon—water inter-
face (71°) using the 632.8 nm line from a He—Ne laser. Kinetic
data were collected at 25°C for 1 h after injection, with a time
interval of 1 s.

Ellipsometric data analysis

The Fresnel reflection coefficients of an interface are given
by
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Figure 2. Experimental setup of the phase-modulated
ellipsometer.
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where E} is the electric field amplitude and 3% is the phase of
the beam before and after reflection, in the p (parallel to the
plane of incidence) or s (perpendicular to the plane of inci-
dence) polarization (Figure 2).

The ratio of the complex Fresnel reflection coefficients is
defined as

rP .
r=_= Re(r) + i Im(r) 3)

The measured quantity y is given by the following equation:

2
y = Im(r) 1 + Re*(r) + Im?(r) “)

Equation 4 can be simplified under the following conditions:
(1) the measurements are performed at the pseudo-Brewster
angle of the system, which for nonabsorbing films implies that
Re(r) = 0, and (2) the measured values (Vg and yinia) are
positive and small (<0.1), which implies that the correspond-
ing Im(r) values are also small (<0.1). After applying these
simplifications to Eq. 4 we obtain

Ay = 2A Im(r) (5)
Ay can be related to the film thickness (d) through?!

2m\nt + n3 (n* — n})(n® — n3)
R R

where n,, n,, and n are the refractive indices of the solvent, the
substrate, and the film, respectively, assuming an isotropic
refractive index for the film.

Mass Transport Model

The mass transport model used to describe the diffusion—
adsorption problem in a stationary fluid is given by the follow-
ing set of equations??:

aC(z, 1) 9%(z, 1)
ar a7’
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where C is the concentration, I' is the surface coverage, D is the
diffusion coefficient, K is the adsorption rate constant, and I",,
is the maximum surface concentration. By substituting 6 =
I'/T",,,, Eq. 7 can be written as a partial differential equation with
a nonlinear boundary condition and an ordinary differential
equation (ODE):

aC(z, 1) 9°C(z, 1)
ar 07

D ¢ = K(1
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The finite difference method was applied to discretize Eqs. 8

and 9: dC*dt=D C*"'+C* '-2C*AzAz k=1, 2,, N—1

a6 _K 1-6)C 10

I Fm( ) (10)
as well as their boundary conditions:

CN - CO
C2 _ CO
— _ i
D 2Az k(1 —-06)C (11)

where N is the number of cells in the space grid and Az is the
cell size. By setting N to 2000 and Az to 0.02 cm, Egs. 10 and
11 can be solved numerically using an ODE solver.

The mass transport model defined by Eq. 7 was developed for
a stationary fluid. Under the experimental conditions found here
and as discussed later in this article, initial convective effects can
influence the value of the diffusion coefficient. We will therefore
be estimating an effective diffusion coefficient D. Furthermore,
because of the complexity of the vesicle fusion mechanism, it is
likely that partial or complete desorption of vesicles is an inter-
mediate step in the reorganization of adsorbed vesicles into bilayer
fragments. Therefore, the adsorption rate constant K represents the
net adsorption of mass to the surface.

Results and Discussion
Thickness and coverage estimation

The observed values of the experimental quantity y were
always <0.1. These values are sufficiently small to make Eq.
5 a valid approximation of Eq. 4. Substitution of the experi-
mental values of Ay (always in the range of 0.032 to 0.034)
along with the refractive indices for silicon (3.88) and water
(1.33) leaves two values in Eq. 6 undefined: the film thickness
d and its refractive index n.

DOI 10.1002/aic 2933



0.380 mgiml

0.160 mgiml
14

0.075 mg/ml

0.025 mg/ml

o o
= )
1 1

Surface Coverage, &
e
i -

0.2+

0 500 1000 1500

2000 2500 3000 3500 4000

Time, t (s)

Figure 3. SLB formation kinetics for fusion of DMPC vesicles onto SiO, surfaces.
Experimental data (dark lines) and fitting of the numerical solution to the mass transport model (light lines).

The refractive index of DMPC lipid molecules assembled in
a bilayer is not known because it might be different from that
in solution.?! As an approximation it is reasonable to expect it
to be in the same range as the refractive index of a fatty acid
film of similar thickness. Using the refractive index?! of a
monolayer of fatty acids with twice the chain length of DMPC
(n = 1.48) results in a thickness of 43.5 A, which is close to the
expected value for a single DMPC bilayer (~44.5 A for DMPC
vesicles??®). A more elaborate model?* that incorporates the
native SiO, layer on top of silicon (measured 15 A), the water
layer?s (~10 A) trapped between the bilayer and SiO, as well
as the imaginary part of the refractive index of silicon (k. =
0.018) was also applied to produce a very similar result (d =
43.1 A). On this basis, it was assumed that the final surface
coverage in all experiments was 100%. Given that the head-
group area for DMPC is known?¢ to be 59 A2, the maximum
surface coverage is 3.8 mg/m?, and this value was used to scale
all the experimental data.

An important assumption in the analysis is that the ellipso-
metric signal y is proportional to the amount of mass on the
surface. Although this is probably true for mass of similar
structure (that is, vesicles) it might not be the case during the
fusion process because, in principle, vesicles and bilayer frag-
ments can have different optical properties. In this study the
average thickness of dry mass on the surface at time ¢ was
calculated using Eq. 6, assuming that the refractive index of
lipids in vesicles, planar bilayers, and intermediate structures
has the same value.

Kinetic analysis

The fitting of the numerical solution of the mass transport
model to the experimental data is presented in Figure 3. It can
be readily seen that the rate of the process increases with the
lipid concentration in the bulk and that a good fit is achieved in
all cases. However, in contrast to the QCM-D8 signal, there is
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no local maximum in the surface concentration curve and
therefore no apparent critical concentration required for rupture
to begin. This is explained by the inability of ellipsometry to
detect water mass trapped inside the vesicles.

Table 1 summarizes the values of the fitting parameters K and
D. We expect the adsorption rate constant to be independent of
concentration and indeed it varies only negligibly, indicating that
a simple model can be used to describe this process. It is inter-
esting to note that the effective diffusion coefficient increases with
concentration and is orders of magnitude greater than the value
predicted by the Stokes—Einstein equation (5.0 X 10~% cm?s for
vesicles of 100 nm diameter). The partial deformation caused by
the elasticity of DMPC vesicles cannot account for the observed
discrepancy. In fact, dynamic light scattering affirms that the
Stokes—Einstein equation holds for vesicles, given that the appar-
ent vesicle diameter calculated from the measured diffusion coef-
ficient matches the value expected for vesicles extruded through a
100 nm pore membrane.

This discrepancy can be explained by the uncontrolled mix-
ing conditions generated by the rapid injection of vesicles into
the sample cell. More specifically, 10 mL of vesicle solution is
injected within 2 s, through a 3 mm inlet, into a cylindrical
quartz cell, measuring 2.5 cm in diameter and 5 cm in length,
displacing an equal volume of water. This results in complete

Table 1. Estimated Parameter Values for the Fitting of the
Mass Transport Model, Eq. 7, to the Experimental Data for
DMPC Vesicle Fusion onto SiO, Surfaces

Lipid Adsorption Rate Effective Diffusion
Concentration Constant Coefficient
C, (mg/mL) K (cm/s) D (cm?/s)
0.380 1.3X107° 2.0 X 107
0.160 1.1 X107° 2.0 X 10%
0.075 12X 1073 12x1073
0.025 1.6 X 1073 87X 107°
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Table 2. Sensitivity of the Numerical Solution to the Mass
Transport Model to Parameters K and D*

Lipid Concentration C, (mg/mL)

0.380 0.160 0.075 0.025
Using D from Table 1
Sk 1.0E-01  9.1E-02  1.2E-01  1.2E-01
Sp 5.0E-06 29E-04 39E-05 7.9E-04
Using D from Stokes—Einstein equation
Sk 1.1E-01  1.2E-01  1.2E-01  7.4E-02
Sp 84E-08 4.0E-06 9.8E-05 4.3E-03

*The sensitivities were calculated by perturbing the values of K and D by
+10%. Initial values for K were obtained from Table 1 and for D from Table
1 or from the Stokes—Einstein equation.

mixing within a couple of seconds, as evident from the uniform
diffraction of the laser beam on its path toward and away from
the substrate. An upper limit of the time required for convec-
tive effects to decay can be estimated using the following
expression:

lZ
tdecay = ; (12)

where [ is the characteristic length scale of the sample cell and
v is the kinematic viscosity of the solution. The actual decay
time though is expected to be smaller because of wall friction.
By substituting / = 5 cm and v = 0.9 X 10~ 2 cm?/s (water at
25°C) we obtain t4..,, = 46 min. This time is sufficiently long
for convective transport to affect all experiments, but espe-
cially those conducted at the higher concentrations. Indeed
Table 1 shows that the effective diffusion coefficient decreases
with decreasing concentration, probably approaching the
Stokes—FEinstein value at very small concentrations (in the
dilute limit).

The uncontrolled flow field created by the complex geometry
of the ellipsometric cell is very difficult to model. Simple
unidirectional flow is insufficient to describe the mixing con-
ditions. In the current model the mixing rate is represented by
the effective diffusion coefficient, which we believe also
accounts for the transient convective effects. The effective
diffusion coefficient then represents a weighted average of
Stokes—Einstein diffusive mixing and convective mixing. Con-
vection does not affect the adsorption rate constant, which was
found to be independent of concentration, as expected. An
estimate of the initial value of the effective diffusion coefficient
can be obtained by the following equation:

Dy =Vl (13)

where V/, is the velocity of the injection stream. By substituting
V, = 70 cm/s we obtain D, = 350 cm?/s, which is comparable
to the value of D obtained experimentally for the higher con-
centrations (Table 1).

The sensitivity analysis for parameters K and D in the mass
transport model is presented in Table 2. We define the sensi-
tivity of the numerical solution of Eq. 7 to a parameter P as

ds _ 2: (62 - 01)2

SP:E B PZ_PI !

(14)
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where P is either K or D; 6, is the surface coverage at time ¢,
calculated using the optimal parameter value P, (given in Table
1); and 0, is the surface coverage at time ¢, calculated by setting
the parameter value P, = 1.1P,. For the range of concentra-
tions studied, the sensitivity to the adsorption rate constant K is
at least two orders of magnitude greater than the sensitivity to
the effective diffusion coefficient D (Table 2). Therefore it
appears that the rate-limiting step of the process is adsorption,
as opposed to diffusion. Given that the value of D is overesti-
mated as the result of convection, the process could very well
be diffusion limited. However, this is probably not the case, as
can be seen by setting the effective diffusion coefficient equal
to the value predicted by the Stokes—FEinstein equation and
calculating the sensitivities for the new set of parameters (Ta-
ble 2). Again the sensitivity of the surface coverage to the
adsorption rate constant is significantly higher than that to the
diffusion coefficient.

Hubbard and coworkers'® used quasi-elastic light scattering
(QELS) and applied a similar kinetic model to obtain values of
D close to the Stokes—Einstein value for 100 nm DMPC ves-
icles fusing onto hydrophobic alkanethiol surfaces. In contrast
to the results presented here, they found that the process was
diffusion limited for the same range of concentrations. Similar
conclusions were drawn by Lingler and coworkers.?’” The ex-
planation may be that a hydrophobic surface catalyzes fusion in
the same way that a preruptured vesicle'! or a bilayer disk does,
leading to a faster adsorption rate. Indeed QCM-D experi-
ments?® have shown that egg phosphatidylcholine (EggPC)
vesicles fuse onto alkanethiol monolayers without a critical
intact vesicle concentration required for rupture as on SiO,
surfaces. In addition, the mechanism of this process is different
in that a single monolayer, rather than a bilayer, is formed.
Other studies have suggested that SLB formation is diffusion
limited when 25 nm diameter EggPC vesicles at a lower
concentration are used.'> However, because EggPC has a lower
chain melting temperature than that of DMPC used in this
study, vesicle rupture would have been facilitated.® Further, we
emphasize that the conclusions drawn there are more qualita-
tive than quantitative, given that a kinetic model was not used
to interpret the data.

Evidence of desorption

Figure 1 shows a monotonic increase in the ellipsometric
signal with time until saturation. However, a more interesting
trend was observed, especially at higher concentrations. Figure
4 illustrates the variation of the ellipsometric quantity y with
time at two different bulk lipid concentrations, one at C, =
0.250 mg/mL and the other at C, = 0.450 mg/mL. In both
cases, mass adsorbs on the surface up to a maximum value and
then the signal gradually decreases to a saturation level that
corresponds to a single bilayer, although the maximum y value
is considerably higher for C, = 0.450 mg/mL. Furthermore,
whereas the transition from the maximum signal value to the
saturation level is smooth for the lower concentration experi-
ment, the curve is quite rough for the higher concentration one,
involving multiple local maxima and minima.

These data clearly suggest that mass partially desorbs from
the surface before the formation of an SLB. Furthermore, it
appears that more mass desorbs at higher concentrations. This
trend can be explained by referring to the mechanism outlined
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Figure 4. Evidence of mass desorption as an intermediate step to SLB formation.
The ellipsometric signal increases to a maximum value and then gradually decreases to a saturation level that corresponds to a single bilayer.

in Figure 1. Initially, intact vesicles adsorb until a critical
concentration is reached for rupture to begin. At sufficiently
high concentrations, the rate at which vesicles rupture can be
significantly lower than the rate at which they adsorb. In that
case, more vesicles will adsorb on the surface than the number
required to form one complete bilayer and thus the excess
vesicles have to be desorbed. It is expected that a vesicle would
be easier to desorb than a bilayer fragment because the ratio of
contact area to mass favors the latter. One possible mechanism
of intact vesicle desorption is depicted in Figure 5. A ruptured
vesicle could insert itself under an intact vesicle, gradually
decreasing its contact area and forcing the intact vesicle off the
surface. The shape of the curve is consistent with local surface
pressure buildup, as vesicles rupture and spread (Figures 5b,
5c, and 5d), and subsequent decrease, as vesicles desorb and
more membrane fragments occupy the surface (Figure Se). A
burst of vesicle desorption could be followed by partial vesicle
readsorption, if the free surface area generated is larger than the
area required by the spreading membrane.

It is possible that this intact vesicle desorption process is not
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Figure 5. Possible vesicle desorption mechanism.

A ruptured vesicle inserts itself under an intact vesicle, grad-
ually decreasing its contact area and forcing the intact vesicle
off the surface.
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perfect and that some vesicles might be incorporated in the
SLB formed, especially at higher concentrations. Indeed, the
saturation level at C, = 0.450 mg/mL (0.035) is slightly higher
than the expected value (0.032—0.034). Further, the roughness
of the desorption curve at the higher concentration suggests
that desorption is not spontaneous. In fact, desorption appears
to be the limiting step here, given that more time is required to
form a complete bilayer than at lower concentrations (Figure
3). Finally, it is important to note that net mass desorption at C,
concentrations of =0.250 mg/mL was only rarely observed,
whereas it was always the case at high concentrations (>0.450
mg/mL). To our knowledge, this is the first time direct evi-
dence of net mass desorption as an intermediate step to SLB
formation has been reported in the literature.

Conclusions

Ellipsometry was used to monitor the formation of SLBs on
silicon dioxide surfaces by vesicle fusion. A mass transport
model was applied to investigate the kinetics of the process,
which was found to be adsorption limited for the range of
concentrations studied. The discrepancy between the effective
diffusion coefficient value calculated by the model and that
predicted by the Stokes—Einstein equation is believed to be
explained by the initial convective effects generated by the
rapid injection of vesicles into the sample cell. Further, there
was evidence of net mass desorption as an intermediate step to
SLB formation, especially at high concentrations.

Clearly, the results presented here embody a more elaborate
mechanism for vesicle fusion than what is contained in the
model represented by Eq. 7. A companion article?® attempts to
test some of the mechanistic ideas of this discussion by com-
puter simulation.
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Notation

C = concentration of lipids, mg/mL
C, = bulk concentration of lipids, mg/mL
d = film thickness, nm
D = effective diffusion coefficient of mass, cm?/s
D, = initial effective diffusion coefficient of mass, cm?/s
E} = electric field component of the reflected wave parallel to the
plane of incidence
E‘p = electric field component of the incident wave parallel to the
plane of incidence
E. = electric field component of the reflected wave perpendicular to
the plane of incidence
E! = electric field component of the incident wave perpendicular to
the plane of incidence

Flore = energy of vesicle pore formation, J

J = mass flux, mg cm 2 s~}

k. = imaginary part of the refractive index of silicon
K = adsorption rate constant, cm/s
L = vesicle pore radius, nm

| = characteristic length scale of sample cell, cm

n = refractive index of the film
n, = refractive index of the solvent
n, = refractive index of the substrate

N = number of cells in space grid

r = ellipsometric ratio
r, = Fresnel reflection coefficient parallel to the plane of incidence
ry = Fresnel reflection coefficient perpendicular to the plane of incidence
Sp = sensitivity to parameter P

t = time, s
V, = velocity of injection stream, cm/s
ellipsometric measured quantity
z = perpendicular distance from the surface, um

<
Il

Greek letters

I' = surface concentration, mg/cm?
I' = maximum surface concentration, mg/cm2

3

&, = phase of the electric field component of the reflected wave
~ parallel to the plane of incidence
&, = phase of the electric field component of the incident wave

parallel to the plane of incidence
e. = phase of the electric field component of the reflected wave
perpendicular to the plane of incidence
= phase of the electric field component of the incident wave
perpendicular to the plane of incidence
surface coverage
= incident beam wavelength, nm
kinematic viscosity of water, cm?/s
= lateral tension, J/cm?
Ee = line tension, J/cm

N

o
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