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Adsorption in Confined Aqueous Films

Prudhvidhar Gaddam

ABSTRACT

This thesis describes direct measurements of equilibrium adsorption of ions in thin (< 100 nm) aqueous films.
Adsorption in thin films is important because it is through adsorption that the stability of colloidal suspensions
is frequently tuned. The vast majority of measurements of adsorption to date have been to a single interfaces,
whereas the subject of this thesis is adsorption in a thin film between two interfaces. There are two isolated
interfaces when particles in a suspension are far apart, but during the collision, a thin film forms between the
particles, and the properties of the thin film determines the stability of the colloid. Thus, adsorption in the thin
film determines the stability of the colloidal dispersion. There is a distinct gap in the scientific literature
concerning adsorption in thin films mainly because there is no technique for measuring such adsorption. To
fill this gap in knowledge, | first developed of a technique to directly measure adsorption in thin films, and
then applied this technique to explore the behavior of co-ions near charged interfaces as a function of bulk
solution composition and the thickness of the film.

The adsorption behavior of fluorescein, a di-anion, to negatively charged silica interfaces was studied in dilute
electrolytes. The focus was on the effect of the electrostatic screening length, or Debye-length. The separation
was measured using interference microscopy and the adsorption of fluorescein was measured using
fluorescence microscopy. The Debye-length was altered by variation of the background salt (NaCl)
concentration in dilute (<1 M) solution. The surface excess of adsorption for fluorescein was shown to depend
on both the Debye-length and the separation distance between two interfaces. Increasing the Debye-length
from 4 nm to 21 nm increased the plateau surface excess at large separations, and decreasing the separation
lead to a monotonically decreasing surface excess. The surface excess varied over a range that scaled with the
Debye-length. The results were compared to solution of the Poisson-Boltzmann model and good agreement
was found between the model and the experiment.

The effect of background salt concentration on fluorescein adsorption was also studied in concentrated
electrolytes (2.5 — 10 M) for various monovalent salts (LiCl, NaCl and CsCl). The results showed that the fitted
electrostatic screening length showed an opposite trend to predictions from Poisson-Boltzmann, with the
screening-length increasing with increasing salt concentration. That is, the Debye-length prediction was
guantitatively incorrect and predicts the incorrect trend. For example, in 10 M LiCl where the Debye-length is
0.1 nm, and therefore colloidal chemists would traditionally predict that double-layer forces are negligible, my
results show that the actual decay length is about 10 nm, which is about the same as in 103 M LiCl solution.
The rate of increase of screening-length as a function of concentration was also an ion specific effect. In
addition, the results show that there is an inversion of the surface charge in concentrated salt solution.

The original device on which all the above measurements were made had two limitations: (1) the maximum
film thickness was 50 nm and (2) the film was asymmetric, which hampered calculation of the surface excess
and increased the number of degrees of freedom in modeling of the adsorption. In the last part of my thesis, |
describe development of a symmetric sample which (1) enables measurement of films up to 1 um, (2)
simplifies modeling of the optics by eliminating optical interference of the fluorescence excitation, and
reduces the number of parameters when comparing to models.
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GENERAL AUDIENCE ABSTRACT

This thesis aims to understand the behavior of electrically charged molecules and atoms in thin nanometer
scale (< 100 nm) liquid films subject to confinement between two charged interfaces. This situation frequently
arises in colloidal suspensions, which consist of tiny sub-microscopic particles (colloid), droplets and large
molecules dispersed in a second continuous medium. The stability of these suspensions, i.e. whether the
colloidal materials agglomerate and sediment out of the suspension or remain stably suspended, depends on
the surface forces between their interfaces during collision events, which frequently arise due to Brownian
motion. As the fluid between particles thins as they approach each other during these collision events, the
behavior of the dissolved molecules can be significantly different than when they are far apart due to the
presence two interacting interfaces. Typically the dissolved molecules are used to tune the surface forces and
understanding their behavior in confinement is relevant to a colloid scientist whose aim is to tune the
behavior of the suspension.

In the first part of this work, a technique is developed that serves as the static analogue to colloidal objects
colliding with each other. The equilibrium behavior of a negatively charged fluorescent ion is measured as a
function of film thickness and background salt concentration between two negatively charged interfaces. The
Poisson-Boltzmann model predicts that with decreased salt concentration, there is a greater magnitude of
depletion of the fluorescent ion at large separations and the characteristic length over which there is a change
in the magnitude of depletion increases. Good agreement is found between the model and the experiment
validating the technique developed and providing the first direct observation of molecular behavior subject to
confinement as a function of solution composition.

This effect of background salt type and concentration was tested for concentrated electrolytes as well. The
experimental results showed an opposite trend to predictions from the Poisson-Boltzmann model. The
fluorescent ion was now adsorbed to negatively charged interfaces indicating that the negatively charged
interfaces were now positively charged. The magnitude of adsorption at large separations and characteristic
length over which the magnitude of adsorption changes was a function of the salt concentration and the ion

type.

Finally, improvements were made to the original device to overcome limitations with the original device. The
limitations were that (1) the maximum film thickness was 50 nm and (2) the interfaces were asymmetric which
complicated theoretical calculations of the equilibrium behavior of the ions. In the last part of my thesis, |
develop a sample which (1) enables measurements of films up to 1 um and (2) simplifies the optical modeling
necessary in the first two sections of this thesis
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Fig. 5. Relative error in amount when assuming a uniform concentration profile. € = 34
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Fig. 6. Comparison between optical model (Eq. 11) and measurement of fluorescence intensity 37
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The effect of uncertainty in the oxide thickness and the shape of the crack are shown in Fig. S4.

Fig. 7. Interference (A = 445 nm) and fluorescence emission (A = 525 nm) images of the thinnest 38
part of the crack with Debye length indicated. The part of the crack at the top of each image has
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dotted red line on the fluorescence image is a guide, determined from interferometry, that

shows the approximate position of the crack tip, i.e. the boundary between where D = 0 above

and > 0 below.

where T is the amount calculated for the true profile and u is the amount
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Fig. 8. Number, n, of fluorescein molecules per unit area, A, for solutions of constant
fluorescein concentration, Cr =67 uM. Results are shown for two Debye-lengths. Cnaci = 0.40 M
(k™= 0.50 nm), and Cnaci =0 mM, (k™ 1= 21 nm). Lines show the results from the PB model
calculated using a surface potential of -70mV that was obtained from fits of surface excess at
infinite separation. Data is collected over the entire image (239,360 pixels) and binned using a
bin width of 0.25 nm.

Fig. 9. Surface excess of fluorescein as a function of film thickness for different solution Debye
lengths. The Debye-length was reduced by addition of NaCl. The PB model includes a fit to the
surface potential at infinite separation, which was -65, -50, -50 and -70 mV for k! of 4, 7, 14 and
21 nm respectively. The 7 nm data did not fit well to the model. Error bars are + standard error
of measurements for three different crack chips.

Fig. 10. Difference in surface excess of fluorescein in thin film (separation shown) and for
isolated film. Isolated film was D = 65 nm for 4 and 7 nm solutions and D = 215 nm for 14 and 21
nm solutions. The PB fit for the 7.3 nm solution has been omitted.
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concentrated electrolytes
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experimental data is contained in refs 193 and 3

Fig. 2. (a) and (b) Interference (A = 445 nm) and (c) and (d) fluorescence emission (4 =525 nm)
images of the thinnest section of the crack with the salt concentrations indicated. The dotted
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bars are the standard error from fits to experimental replicates.

Fig. 8. Surface charge density at infinite separation obtained from fits to Eq. 6. The error bars
are the standard error from fits to experimental replicates.

Fig. 9. Comparison of measured fluorescence intensity and optical model of intensity. For a 0.5
M LiCl, the model is for a uniform distribution of molecules, and has been multiplied by an
arbitrary constant to fit the measurements in the range 10—150 nm. The close correspondence
between model and data supports the idea that the molecules are uniformly distributed in the
0.5 M NaCl, even for D = 0-30 nm. (see also Fig S9). For 10 M LiCl, two models are shown: (1) a
uniform distribution represented by the dashed line and (2) the distribution calculated from the
potential obtained from fit of the experimental data to the solution to the PB equation for a
range of 0 — 30 nm assuming constant symmetrical potential.
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Fig. 1. Comparison of measured fluorescence intensity and optical model of intensity. For a 0.5
M LiCl, the model is for a uniform distribution of molecules, and has been multiplied by an
arbitrary constant to fit the measurements in the range 10—150 nm. The close correspondence
between model and data supports the idea that the molecules are uniformly distributed in the
0.5 M NaCl, even for D = 0-30 nm. (see also Fig S9). For 10 M LiCl, two models are shown: (1) a
uniform distribution represented by the dashed line and (2) the distribution calculated from the
potential obtained from fit of the experimental data to the solution to the PB equation for a
range of 0 — 30 nm assuming constant symmetrical potential.

Fig. 2. Calculated theoretical fluorescence emissions for ions in a thin film. The first column is
the surface excess calculated from PB an ion with charge +/- 2e for a constant symmetrical
surface potential of 1y, = 50 mV with a 15 nm Debye-length. The second column is for the
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Chapter 1: Introduction
1. Significance
1.1. Motivation

Colloids are substances that consist of micro to nanoscale materials suspended in a continuous medium.
Examples of colloids in everyday life include milk, which consists of fat globules, proteins etc. suspended in
water, latex paint,* which consist of polymer particles pigments, binders and other additives suspended in
aqueous medium and smoke and smog? where fine solids or liquids, respectively are suspended in air.

One of the defining features of colloids is their inherently small size. This leads to a large surface area to
volume ratio which scales as ~ - where a is the characteristic dimension of the colloidal object. Because of

the existence of surface tension, there is an energy cost associated with dividing matter into small particles.
This surface tension arises because a smaller particle has a larger fraction of its constituent molecules at the
surface. Absent other forces, surface tension pulls these colloidal objects together to minimize the fraction of
exposed surface molecules. For example, in liquid colloids, such as emulsified droplets in an aqueous medium,
surface tension manifests as the coalescence of smaller droplets into a larger droplet to minimize the surface
area.

In a suspension, colloidal objects exhibit random motion as a result of the bombardment of its surface by the
thermal motion of molecules in the continuous medium. This random motion is known as Brownian motion.
Brownian motion can lead to collisions between the particles, which can result in the formation of larger
particles through coalescence (liquid droplets) or the formation of aggregates of particles (solids). The ability
to continue to exist as separate entities is called the colloidal stability, and it depends on the potential energy
as a function of separation. The forces that describe the potential energy are commonly described as surface
forces because there are short ranged and depends on surface properties. When repulsive forces dominate,
particles tend to stay stable in solution whereas when attractive forces dominate the suspension is unstable
relative to coagulation: aggregates grow in size over time.

Colloidal particles are also subject to gravitational forces. The upper cut-off of 1 um particles in the definition
of a colloid arises because this is the size for which many particles will sediment to the bottom of a laboratory
container in a period of a day. However, if the colloid is unstable relative to coagulation, then the particles will
grow with time, and the rate of sedimentation will increase. In this way stability to coagulation and to
sedimentation are linked.

Examples of stabilizing surface forces between colloidal matter are repulsive electrostatic interactions
between like charged interfaces? or steric interactions* between molecules such as polymers grafted or
adsorbed onto colloidal matter. Attractive surface forces can include attractive Van der Waals forces,”
depletion interactions® or attractive electrostatic interactions between oppositely charged interfaces.

Adsorption of molecules is one of the tools available to a colloidal scientist to alter the stability of a suspension
by tuning the interaction between the colloidal objects. lons, surfactants, particles, polymers, etc. can be
adsorbed onto the surface of a colloid to alter the surface forces experienced between the interfaces leading
to the stabilization or destabilization of a colloid. For example, to stabilize a hydrophobic uncharged colloid in
an aqueous suspension, whose tendency is to aggregate and sediment out of solution due to the attractive



van der Waals interactions between the particles, one can adsorb surfactants or graft amphiphilic polymers’-?
with charged head-groups and hydrophobic tails to the colloids. The now like-charged interfaces result in
repulsive interactions if the particles approach each other and the suspension is stabilized. Many scientists
have studied adsorption, but almost exclusively adsorption to isolated interfaces. Particle stability depends on
the interaction between two interfaces, and therefore adsorption in the thin film between two interfaces is
the relevant adsorption to study for particle stability. Adsorption to a single interface is not necessarily a
good proxy for adsorption in a thin film because the fields from both interfaces affect adsorption.

The principal aim of the work in this dissertation is to examine adsorption in thin films between two
interfaces, a topic of great practical importance that has rarely been studied.

The specific aims of my research presented in this dissertation are to

1. Develop a technique that can directly observe the static and dynamic behavior of molecules subject to
confinement between two extended interfaces, and

2. To measure the equilibrium adsorption of ions and nanoparticles in thin films as a function of solution
composition and distance, D, between the interfaces.

1.2. Adsorption to a Single Interface

As this thesis primarily deals with adsorption, it is important to give a specific definition of adsorption that is
relevant to all interactions with interfaces. The IUPAC definition of adsorption is “An increase in the
concentration of a dissolved substance at the interface of a condensed and a liquid phase due to the operation
of surface forces.” For the work described here, the interface is always between a solid and a liquid. For a
simple, one dimensional system, surface forces affect the concentration through the Boltzmann Distribution:

i(2) = cu(eo) exp (— ), &

where w;, is the potential, k is the Boltzmann constant and T is the temperature for species i. w; is the
integral of the surface force, with the reference point at infinite distance from the solid:

z
(2)
w; = _f FsurfacedZ.

According to this definition what exactly would we regard as the interface and how far from the interface do
we consider the “increase in concentration”? Surface forces usually decay with distance, either with a power
law (e.g. Van der Waals) or exponentially (e.g. electrostatic double-layer forces) so the change in surface
forces and thus the change in concentration persists out to infinite distance. In practice, the surface forces by
definition decay rather rapidly (they often become negligible at 1- 100 nm from the surface) or else they
would be described as bulk forces, but there is no clear cut-off. To deal with this problem Gibbs defined
adsorption to include all molecules out to infinity.’° He defined adsorption as the difference between the
number of molecules that are actually present and the number that would be present if the bulk
concentration persisted right up to the solid,

(T e 3)
F—L c(z) — c¢;(0) dz,



where c;(o0) is the bulk concentration of molecule i.

The tricky part of this definition is that the location of the interface affects the result because it sets the limit
of the integral. Gibbs’ solution was to set the interface at a position where the there was no adsorption of the
solvent. In this case, the adsorption of a solute is described as the surface excess and is expressed per unit
area of the interface.

1.2. Adsorption to a Thin Film between Two Planar Interfaces
In this thesis, | more or less follow the same definitions as described by Gibbs, but for two interfaces. In this

case, there is no need to integrate to infinity (Eq. 3) one only need to consider the finite fluid that lies between
the two interfaces. In this case, | define the surface excess to be:

ro) = (%)film - (%)bulk’ “@

n
where (—)
A/ film

molecules in the thin film, should the film behave exactly as bulk. Mathematically, the right hand side of Eq 4
this can be represented in terms of the concentration profile in the thin film as

is the total number of molecules per unit area in the thin film and (g) " is the number of
bu

n; b/z (5a)
(_l) =j Ci(Z)dZ
A film -D/2
n D/2 (5b)
(Zl) = f CibulkdZ = C;pukD

bulk -D/2

where c;(z) is the concentration profile in the thin film, D is the distance between the two solid—liquid
interfaces, and c; 1k is the bulk concentration of species i. Here the zero for the z coordinate is at the
midplane of the film. The tricky part for Gibbs was to define the position of the interface; in this case, we
need to carefully consider the distance between the two interfaces. In practice we are able to measure the
distance between the interfaces rather accurately using interferometry, but errors in this measurement of D
do propagate into errors in the surface excess.

Depending on the nature of the interactions between the substance of interest and the interface, Eq 5a can be
larger than Eq 5b resulting in positive adsorption or what is referred to colloquially as just adsorption, or
smaller, resulting in negative adsorption, also known as depletion. In this thesis | define adsorption to include
both positive and negative adsorption. As described above, adsorption accounts for all molecules interacting
with the interfaces regardless of the distance between the molecule and the interface.
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Fig 1: Three different concentration profiles for a thin confined film. The blue shaded area represents a case
where there is positive adsorption i.e. surface excess is positive (Eq 2a > Eq 2b). The green shaded area

represents a case where there is negative adsorption or depletion i.e. surface excess is negative (Eq 2a < Eq
2b)

1.3 Current Methods of Measuring Adsorption in Confinement

Currently, the only methods that exist to measure confined adsorption in nanoscale films are force
measurements using techniques such as the Atomic Force Microscope (AFM)!! or the Surface Forces
Apparatus (SFA).*? In these measurements two clean interfaces are brought close together while immersed in
a solution. One surface is attached to a cantilevered spring and the force is calculated from the deflection
multiplied by the spring constant. The force is measured as a function of separation between the surfaces.

Frequently, the data is fit to a theory, a common one being the Derjaguin, Landau, Verwey and Overbeek
(DLVO) theory**13 which states the total interaction force experienced by two interfaces is the sum of the
electrostatic and Van der Waals interactions. In situations where additional forces are present, such as
structural or hydrophobic forces, additional terms are added such that the measured Frq¢, is

Frota = Fyaw + Fgs + Fgr, (6)

where Fygw are the Van der Waals forces, Fgg are the electrostatic forces and Fgp are the extra force terms
added to the equation to describe the total force experienced.'*'” From this model, parameters associated
with the profile of adsorbed materials in confinement are extracted and the surface excess can be calculated
as a function of separation. It is important to note that only the total force is measured and the division into
components depends on definitions. The calculation of the various force contributions then depends on a
model for the system. For example, the double-layer force is frequently described in terms of point ions and
smeared potentials. With these assumptions, a surface potential can be extracted and thence an estimate of



the surface excess of molecules can be obtained. A critical aspect is that the interpretation depends on
models. In contrast, the method described in this thesis does not rely on a model, it is a direct measure, and
thus is useful for testing models of adsorption.

Alternatively, the surface excess can be determined from surface forces using a thermodynamic arguments,
i.e. independent of a model. This will be discussed further in the Literature Review section.

The primary weakness of using force measurements is that all of these measurements are indirect
measurements of adsorption. Molecular adsorption is inferred from the force between interfaces rather than
measurement of a signal directly related to the number of molecules.

One of the purposes of the research presented in this dissertation is to overcome this limitation through the
development of a technique to directly measure the adsorption behavior of materials subject to confinement
and subsequently perform these direct measurements in a variety of systems.

2. Technique

The first phase of this project involved the development of a technique, which we have termed the “Confined
Adsorption Analyzer”. The direct measurement of surface excess in a thin film requires the ability to:

1. Prepare a sample

2. Vary the separation, D, between two surfaces with nanometer resolution

3. Measure the separation.

4. Directly access the total number of molecules in the thin film.

2.1. Analogy between particle collision and CAA

Ideally, we would like to measure the adsorption as a function of the distance between two particles. Thisis a
daunting task because particle collisions occur over a narrow time window (ms—us), at a range of positions and
orientations. The area of overlap is adsorption layers is very small and the amount of material at the interface
is very small. Instead of studying a collision, we study a crack (See Fig. 4). The crack is fixed in position and
orientation. Instead of studying a time series of film thicknesses, as in a collision, | have studied a static series
of film thicknesses. Thus, | study the adsorption in the crack at equilibrium, which is directly related to the
adsorption on the particles when the timescales of diffusion and adsorption are much faster than the
timescales of collision. For the crack, the film thickness is a continuous variable. In experiments, we take
photographs that contain pixels (1 pum x 1 um). In my implementation, the crack gradient is so small that the
film thickness varies by only < 0.5 nm within each pixel. So we treat data from each pixel as being from a set of
parallel plates at a fixed distance.
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Fig 2: Correspondence between particle collision and crack. For the particle collision, the film thickness varies
with time whereas for the crack, the film thickness varies with spatial location. In our apparatus, the crack
geometry is invariant perpendicular to the page.

2.2 Realization of the CAA
2.2.1 Sample Preparation

As described above, we used a crack to enable measurements of adsorption at all separations simultaneously.
The crack was prepared by bonding together two wafers using a commercial wafer bonder or by hand. The
wafers can be silicon with a thin film of thermal oxide or glass bonded to a second glass wafer. For more detail
on how this is achieved, see Appendix C.

2.2.2. Varying the Separation, D
At the perimeter of the bonded construct there is a defect where the wafers do not bond, leaving a crack as

shown in Fig 3. As described above, In the photographs we take, from pixel to pixel, the gradient is tiny < 0.5
nm/um providing us with nanometer resolution of the separation between two surfaces.



Fig 3: Photograph of a bonded construct formed by bonding a silica and silicon wafer. At the perimeter of the
wafer is a thin crack.

2.2.3. Measurement of Separation

The separation between the two interfaces, D, can be measured using interference microscopy. In this
technique, monochromatic light seen in reflection produces oscillating bright and dark bands of intensity as
shown in Fig 4. The variation in interference is a result of the variation in the film thickness between the
wafers. The thin film has air or water so that refractive index is different than the materials on either side of
it. For a simple three-medium system with increasing refractive indices, n; < n, < ns. The total measured
intensity Iy is given by

11 (7)
II(D) = 511 + EIZ + 1112 COSd)
where the interference term ¢ is
4mtn,D
= /12 +n (®)

where A is the wavelength of light. As D increases monotonically orthogonal to the crack tip, the intensity
I(D) oscillates as a result of the interference term. In practice, the optical model is more complicated because
of multiple reflections and additional interfaces. The calculation of the intensity for the experimental system
can be found in Chapter 2 and Appendix A and the code used to solve this problem in Appendix D. From the
intensity we determine the separation for every pixel in the image.
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Fig 4: Example of images obtained from the CAA. Interference (used to measure the separation, D) and its
corresponding fluorescence image (used to obtain the total number of molecules). The separation increases
left of the crack tip, represented by the dotted red line. Below is a cross sectional view of the crack showing

how the separation varies as a function of the x-position. All images were captured in black and white but

have been colorized to represent the frequency of optical filter prior to the camera.

2.2.4. Measurement of Number of Molecules

The number of molecules per area can be determined for every separation, D, using fluorescence microscopy.
Fluorescence is a property of many materials to re-emit a photon of a lower energy wavelength after
absorption of light. The advantage of fluorescence is that one observes light against a very dark background,
so there is very good signal to noise. This is a necessity in our measurements as we are observing as few as
100 molecules per pixel. In contrast, in absorption one measures loss of light in a bright background, which
has much lower signal to noise. The fluorescence intensity is measured along with the interference in each
pixel so that the amount and film thickness is measured in each pixel. In this way we can build up a plot of
amount as a function of thickness. The thin film is almost constant in thickness in the y-direction, so we
measure the adsorption at very many thicknesses.

The total number of molecules per area can be calculated from the measured pixel fluorescent intensity, I;:

n; Iy, (9)
(Zl)film - %



where Iy 4ve is the intensity per molecule per unit area. Combining Eq 9 with Eq 5 and Eq 4, the surface excess
of a fluorescent probe can be directly calculated as a function of separation.

Determination of I aye in glass-silicon systems is provided in Chapter 2 and for glass-glass systems is
discussed in Chapter 4 of this dissertation.

2.3. Experiments

The experiments considered in this dissertation focus on confined adsorption at equilibrium in systems where
electrostatics is the dominant mechanism driving perturbations from bulk behavior in solutions. Specifically,
these are measurements of fluorescein, a di-anion, in 1. dilute electrolyte (Chapter 2) and 2. concentrated
electrolytes (Chapter 3), both at basic pH. Improvements made to the technique will be discussed in Chapter
4.

A list of potential experiments and experiments in progress by coworkers that can be performed using the
technique as well are discussed (Chapter 5).

3. Theory
3.1. The double-layer at an Isolated interface

Frequently, in nature and industry one encounters charged interfaces in aqueous colloidal systems. A
commonly encountered example is the silica interface in contact with water. The surface silanol group
dissociates leaving a negative charge on the solid and protons in solution.

In electrolytes, this charged interface attracts counter-ions to the surface and repels co-ions. Due to the
inherent thermal motion of the ions however, the counter-ions do not become bound to the surface
neutralizing the charged interface but are rather smeared out, with their concentration much higher than bulk
immediately adjacent to the interface and monotonically decreasing as a function of distance away from the
interface. This is known as the Gouy-Chapman model of the double layer and has the following key
assumptions.

The ions behave as point objects.

The ions respond only to the mean electric field.

Often there is no specific adsorption of ions. All ions are treated as essentially the same.
The dielectric constant of the medium, ¢, is constant in the double layer

The surface charge is uniformly distributed over the surface

vk wnN e

3.2. The Poisson-Boltzmann equation

For a collection of ions in space with a uniform dielectric constant, the distribution of ions can be described by
Poisson’s equation,

_nxy,2) (10)
ggy

Vy =



Where n(x,y, z) is the space charge density of ions, ¢ is the dielectric constant of the medium and &, is the
permittivity of free space.

For a planar one-dimensional system, the equation simplifies to

d*y 1 (11)
E— —g ' Zl-enl-(z).
i

The number density of ions of species i at a position x is related to the local electrostatic potential via the
Boltzmann distribution,

¢ ) (12)

n(2) = (o) exp (—

where k is the Boltzmann constant, T is the temperature and n;(o0) is the bulk ion number density and ¢ is

the potential of the ion relative to the value at z = co. If we assume that electrostatic forces are the only
contribution to the potential energy, then:

Ziey(z) (13)

ni(2) = ny(eo) exp (- =22)
kT

where 1 is the local electrostatic potential, Z; is the valence on species i and e is local electrostatic potential.

Eg 8 and 9 above can be combined to create the Poisson-Boltzmann equation:

azy 1 Ziew(z) (14)
Fr —gZZiew exp (‘ KT )

For a symmetric electrolyte the Poisson-Boltzmann equation can be written as,

d*y  Zen() Zey(z) —Zey(z) (15)
dz? eg, (exp( kT > —exp (T))

Applying the boundary condition that the potential at the interface is a constant of a certain value, ¥, and the
potential ¥, is 0 at infinity, when the potential is low i.e |Z,| < ?T~25 mV, the exponentials in Eq 11 can
be linearized to give:

d?yp  2Z?e’*n;(w) X (16)
dZZ - SSOkT l)b(z) = KDIDD(Z)'
For a single interface, the linearized equation can be solved exactly:
z
Y(z) = Yo exp(——)- (17)
Kp
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The ion density profile away from the interface can then be determined by substituting Eq 13 into Eq 9 where

Z;ep, exp (— %) (18)

D
kT

n;(z) = n;(c) exp

3.3. The Debye-length

In the solution to the linearized equation, | introduced the Debye length, kp?,

1 egokT egoRT (19)
K = = )
b 2e2Z2n; () 2000e2NZ,c;(0)

where c;(0) is the concentration of ions in mol/L, Na, is Avogadro’s constant, R is the gas constant.

For a symmetric electrolyte at low potential, the potential decays to roughly 5% of Y, by 3 Debye lengths from
the interface.

The non-linear Poisson-Boltzmann equation can also be solved exactly for any surface potential numerically.
Fig. 5 compares the exact numerical and the low potential approximation for a constant surface potential
boundary condition of 150 mV. Clearly the low potential approximation is poor for this condition.

150 T T 7 r
—Low Potential
— -Numerical
>
é 100
=
®
5
3 50
o
0
0 10 20 30 40 50

Distance from interface, z (nm)
Fig 5: Comparison between low-potential and numerical solution of potential as a function of distance from
the Poisson-Boltzmann equation for an interface with a surface potential of 150 mV and a Debye-length of 10
nm.
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A key feature is readily apparent from the Debye-length. As the ionic strength of the solution increases, the
Debye length drops rapidly i.e. greater screening occurs of the surface potential by the background
electrolyte. This has consequences for the concentration profile as well which decays as an exponential of an
exponential away from the interface. Increasing concentration of ions in the bulk means decreasing positive
adsorption of counter-ions in the diffuse double-layer to the interface and increasing negative adsorption of
co-ions. The normalized concentration profiles for a symmetrical monovalent electrolyte to the interface is
illustrated in Fig 6.
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Fig 6: Concentration profiles of a monovalent electrolyte for three Debye-lengths. Red represents the counter-
ion and blue the co-ion. The surface potential used for these calculations here is ¥, = 25 mV. As the Debye-
length is increased the distance from the interface there still exists a perturbation from the bulk concentration
also increases

o

The main point of the Debye-length is this, increasing the bulk concentration of ions decreases the screening
length of the potential which results in less positive adsorption of counter-ions and negative adsorption of co-
ions away from the surface. This statement assumes that the surface potential is independent of the
concentration which is not always the case and will be discussed in the next section.

3.4. Surface Charging at an Interface

As the diffuse double layer is electrically neutral, the surface charge density of the solid is equal to diffuse
double layer ion density. This can be expressed in terms of the potential profile from Poisson’s equation,

12
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© dZy di (20)
—J;) ESOF=—£EOE _.
z=0

The surface charge density however can depend on the degree of charging of the interface which in turn
depends on the bulk ion concentration. For example, consider an interface that ionizes in an aqueous solution
to form negatively charged sulfate sites on the surface:

Ke
—S0,H <3 — 505 + H . (21)
The concentration of H} ions at the surface is then given by the Boltzmann equation,

elpo)’ (22)

1] = [H* exp (- 222

where | have assumed that the only contribution to the potential is electrostatic.

Substituting the above expression in the expression for the equilibrium constant, K., for the surface sulfate
sites gives

[-S0%]

_ ey (23)
Keq = [—-SO,H] )

[H*] exp (— A
For an interface, the total number of sites is fixed by nature, thus the total site density, N is
Ng =[S0 ] + [-SO,H] (24)
The surface charge density for an interface
0y = —e[—S04] (25)

Substituting from Eq 24 and Eq 23 one obtains the boundary condition at the interface

dy eNs (26)

0y = —&&)—— = -
dz z=0 [H+] el/JO
1+5%— -7
Ko @ (- 77)

As low pH when there are a large number of hydrogen ions in solution, the majority of surface sites remain
associated, resulting in o, — 0. However at high pH G, = —eN;. Effectively this means that the surface
potential is high at high pH and low at low pH for an anionic surface site. Anion that adsorbs to the surface to
change the surface charge and potential directly (e.g. the proton in Eq. 21) is known as a potential determining
ion.

In summary, the effect of addition potential determining ions into solution is twofold 1. The dissociation

equilibrium is shifted, e.g. more proton binding to sulfate groups, which directly affects the surface charge and
indirectly affects the potential, and 2. The Debye length is shorter as more ions are added into solution.

13



3.5. The Double-layer in a Thin Film between Two Interfaces

For a thin film, we will continue to use the Poisson-Boltzmann equation and again consider the one-
dimensional planar system, but now the boundary conditions change. Instead of zero potential at infinite
distance from the surface, there is now a boundary condition at the other interface, at a variable distance, D,
from the first interface. Here we will consider only symmetric systems, such that (a) the same boundary
condition occurs at both solid-liquid interfaces, and (b) at the midplane, the gradient in potential is zero.

The results provided in the subsequent sections use the same underlying assumptions as the solutions for the
single-interface case, namely

The ions behave as point objects.

The ions respond only to the mean electric field.

Often there is no specific adsorption of ions. All ions are treated as essentially the same.
The dielectric constant of the medium, ¢, is constant in the double layer

The surface charge is uniformly distributed over the surface

vk wnN e

3.5.1. Symmetric constant surface-potential boundary condition

For the boundary condition that surface potential is constant and the same at either interface for confined
system with geometry as shown in Fig 3, and a Z:Z electrolyte, at low potentials Eq 11 results in a potential
that is a hyperbolic function of the surface potential,

by = Lo Osh(Ko) @27)
D
con (~550)

Note that the numerator is a constant for fixed film thickness, such that the potential is the sum of two
exponentials, each of which decays with the Debye-length. We still refer to the Debye-length as the decay
length, even though strictly it is the scaling parameter rather than a decay length, because the functional form
is not a simple exponential.

If the only force is electrostatic, once the electrical potential is known, the concentration profile can be
determined from the Boltzmann distribution (Eq. 13) and the surface excess can be calculated using Eq 4 and
5. In Chapter 2 | always calculated the potential using the exact numerical solution, and in Chapter 3 | always
calculated the potential using the low-potential approximation. In all chapters referenced above, | ignored
any non-electrostatic contributions to the total potential.

An example of a calculation of surface excess driven by electrostatics for a monovalent ion is shown in Fig. 7.

For a counterions there is a positive surface excess that reaches a plateau value at about 3 Debye-lengths and
for co-ions, there is a negative surface excess that reaches a plateau value at about 4-5 Debye-lengths.

14
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Fig 7: Surface excess as a function separation calculated for a monovalent tracer ion interacting with charged
interfaces in background electrolytes of varying Debye-lengths and a boundary condition of a constant
symmetrical surface potential of -25 mV using the low-potential approximation. The blue lines represent
positive ions or counter-ions and the red lines represent negative ions or co-ions. Co-ions are negatively
adsorbed with adsorption decreasing as a function of separation for all Debye-lengths.

3.5.2. Constant-Charge Boundary Condition

Another common boundary condition that can be applied is the constant charge boundary condition. This
occurs when the dissociation constant for the surface so low that the there is no change in binding to each
surface when the separation between interfaces decreases. In this case, the surface potential will change.
Integrating the Poisson Eq. from the midplane to the solid—liquid interface, and equating the surface charge to
the sum of all the dissolved charge in the same range (electroneutrality):

d_l,b __ 0Op (28)

dzlz=p;2 €&

where gy is the surface charge density in the thin film. Thus we see that the constant surface charge boundary
condition is the same as a constant surface gradient in potential.

Solving the Poisson-Boltzmann Eq. for assumptions listed above and symmetrical surface charge densities with
the low potential approximation, in a one-dimensional system the potential is given by:

0o cosh(—kpz) (29)

£&pkp sinh (— %)

Y(2) =
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As the separation decreases, to maintain constant surface charge, the surface potential must rise. Therefore
the low potential approximation is only valid for 2k, . For small separations, the exact numerical solution
should be used for constant potential.

At large separations, the constant charge boundary condition is equivalent to the constant potential boundary
condition and the potential is related to the charge density as

0o = €€0YPoKp (30)

Fig 8 shows an example of a calculation of surface excess for the low potential approximation for the constant
potential and constant charge boundary conditions. The surface excess for co-ions looks similar to the surface
potential case, however for counter-ions results in surface excess in thin films that are significantly larger than
that of thick films. The steep rise in counter-ion concentration in thin films is due to the rise in potential to
maintain a constant surface charge. This results in a large positive adsorption of counter-ions in thin films and
large negative-adsorption of co-ions.
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Fig 8: Surface excess as a function of separation calculated for a monovalent tracer ion interacting with
charged interfaces in background electrolytes of 10 nm Debye length and with a surface charge density, g, =

1.59 x 1073 % , Yo = 25 mV for the different boundary conditions. The blue lines represent counter-ions

and the red lines represent co-ions. Co-ions are negatively adsorbed with adsorption decreasing as a function
of separation for all Debye-lengths. Calculations used the low potential approximation.
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4. Literature Review
4.1. Measurement of Adsorption to a Single Interface

A large number of techniques exist to measure adsorption to a single interface and a few of these are
discussed here.

X-Ray Photoelectron spectroscopy (XPS) is one technique that can be used to measure the surface properties
in vacuum via the photoelectric effect. Absorption of X-Rays causes electrons in the top few nm of the sample
to be emitted. The binding energy is known from the energy of the emitted electron, and is a characteristic of
the element and the binding. This technique does not measure the surface excess, but can be used to
determine the composition of the first few nm of the solid. This technique has been used to measure the
adsorption of proteins,*®-29 adsorption of alcohols?' 22 and gases?? to various surfaces to name a few.

Another common technique used to measure adsorption to a single interface Surface Plasmon Resonance
(SPR).2* In this technique, a beam of polarized light (typically a laser) is used to excite a thin metal film at the
interface between media with different refractive indices. Free electrons at the surface of the material
oscillate and their collective oscillations are referred to as plasmons. At certain angles, there exists a
resonance between the angle of the incident light and the plasmons at the interface resulting in light
absorption at that specific angle. As materials adsorb the interface the angle at which absorption of light
occurs changes and this can be used to detect adsorption events at that interface. This technique can be used
to determine the surface excess,? adsorption of proteins to functionalized metals?6?2 and for gas-sensing
applications.?% 30

Fluorescence microscopy is a relatively simple technique used to measure adsorption. If a fluorescent probe is
adsorbed to an interface, it fluoresces, and if it does not, no fluorescent signal is observed. Protein
adsorption,3!-33 surfactant adsorption34 and even bacterial adsorption to interfaces® can be quantified and
measured using fluorescence microscopy.

While three techniques that perform direct measurements of adsorption have been discussed here with some
detail, many others exist as well such as quartz crystal microbalances (QCM),3® total internal reflection
microscopy (TIRF),3” Infrared Spectroscopy,3® X-Ray Standing Waves,3 solution depletion studies,*° optical
reflectometry,*'ellipsometry,*? calorimetry,*® neutron reflectometry** and many others.

4.2. Measurement of the lon Profile using Standing X-Ray Waves

Few direct measurements of electrical double layer in solution exist in the literature. This is primarily due to
the difficulty in the measurement of ion concentrations which decay relatively rapidly (on the order of
nanometers) in solution.

Bedzyk et al. were the first to measure the ion profile by exploiting the fluorescence of metal atoms when
excited by X-Rays.? In this technique, a charged functionalized silica interface as shown in Fig 9 in contact with
a solution of ZnCl; is illuminated with X-Rays at variable angles. The total detected intensity of fluorescence
emitted by the Zn?* ions as a function of illumination angle is,

oo

Y(0) = f N(2)I(0,z)dz (31)
0
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Where Y (0) is the total detected intensity, N(2) is the number density of ions and (6, 2) is the intensity per
molecule for a Zn?* ion at a certain illumination angle and position in the diffuse double layer.
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Fig 9: Schematic of experimental system probed in X-Ray Standlng Wave technique. From Ref 39. Reprinted
with permission from AAAS

They fit the intensity data to the Gouy-Chapman-Stern and Helmholtz distribution for N(z) and as shown in
Fig 10. The Helmholtz model for N(z) which posits that there is a layer of irreversibly adsorbed set of ions that
effectively neutralizes the surface does not describe the experimental data. The Guoy-Chapman-Stern model
for a partially irreversibly adsorbed set of ions and a subsequent diffuse double layer above the surface offers
a more accurate picture of ion behavior next to charged interfaces.
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Fig 10: Experimental data for the fluorescence intensity, represented by the filled dots and theoretical
intensity represented by the solid and dashed lines using Eq 21. The solid line represents an ion profile from
Poisson-Boltzmann and the dashed line is the Helmholtz model for the electrical double layer where counter-
ions adsorb onto the surface neutralizing surface charge and there is no diffuse double layer. From Ref 39.
Reprinted with permission from AAAS

Wang et al. used the standing-wave technique to show that the ion adsorption profile can be reversibly
changed by altering the pH of the solution for a 0.1 mM solution of ZnCl; in contact with a charged
phospholipid monolayer. Lowering the pH from 5.8 to 2 effectively discharges the interface lower the pH to
below the pKa of interfacial groups.*® This results in a change in the measured fluorescence signal which is
easily reversed when titrated back up to pH 5.8. Table 1 gives the measured surface excess values of Zn?* ions
in the diffuse double layer. As the pH is lowered the surface excess of ions decreases as the interface becomes
discharged and no longer attracts ions to the surface and as the interface is charged again, the surface excess
of ions increases.
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Table 1: Surface density of ions as a function of pH. Reprinted (adapted) with permission from Ref 45.
Copyright 2001 American Chemical Society

zine surface density
(10" jons/cm®)

equivalent in surface
pH diffuse double layer? bound®
5.8(—) 14.7 2.2
4.2(=) 4.01 LR
2.0(=) 1.71 0.34
4.2(+) 3.78 0.59
5.8(+) 13.2 2.1

4.3. Force Measurements in Electrolytes

Ducker et al.!! and Israelchvili et al.?> measured the energy of interaction between two interacting like-
charged interfaces using the colloid probe technique for silica interfaces and the surfaces forces apparatus for
mica interfaces respectively. As shown in Fig 11, at large separations (10 — 100 nm), they showed that the
experimental interaction energy per unit area agreed with predictions from Poisson-Boltzmann,

ey

tanh? (m) exp(—kpD)

energy F 64nkT (32)

E,=——
area ¢ 2nmR Kp

where F is the force and R is the radius of curvature of the interface.
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Fig 11: The interaction energy between two interacting crossed mica cylinders in the surface forces apparatus
measured for salt concentrations from 10 to 10%. The solid lines represent fits of forces calculated from
DLVO theory where surface potential and decay lengths are the only fitting parameters. Reprinted by
permission from Springer Nature: Nature, Ref 11, 1991.

20



The experimental decay length of the forces was shown to closely match the theoretical Debye length k.

While the surface excess is not directly measured in these experiments, the good fits between Poisson-
Boltzmann theory and experimental data indicate that it can be readily calculated for electrolytes from Eq. 22.
The primary weakness of this work with regards to measurement or calculation of surface excess is that it is a
model-dependent, indirect measurement of adsorption. It relies on the validity of the Poisson-Boltzmann
model, which can fail in more complicated systems such as concentrated electrolytes or in systems with
surfactants where hydrophobic interactions between the surfactant molecules also becomes relevant.

4.4 Proximal Adsorption from Force Measurements in Aqueous Surfactant Solutions

Ash et al.*® and Hall*’ developed a thermodynamic approach for the measurement of the surface excess of
adsorption as a function of separation between two interfaces. The experimental measurement is essentially
the same i.e. the measurement of forces between two interacting interfaces, however the approach to the
analysis of data is different. The conventional analysis of force measurements using DLVO theory dictates that
the force between two interfaces is the sum of multiple forces (see Eq 3) and by adding additional force terms
using a model that one thinks describes the data well, one can extract out the surface excess of adsorption.
The weakness is the reliance on the model, as a complicated system requires a complicated model which may
or may not be correct. The advantage of the thermodynamic approach is that it is model-independent. From
the thermodynamic approach, the change in surface excess as a function of separation is related to the energy
of interaction as

_ _l oE, (33)
ri(s) ~ o) = = 5 ( auz)T,,,,u,.s

where I;(s) is the surface excess of component i.

The changes in adsorption that occur when two interfaces are brought close together is termed as “proximal
adsorption” and has been studied in the Ducker group. Subramanian et al.*® and Lokar et al.*>>* made use of
this thermodynamic argument to calculate the proximal adsorption of surfactants for a range of separations
and solution conditions.

Subramanian from our group performed the first experimental study using this approach to analyzing surface
forces to look at the effect of concentration of a cationic surfactant, dodecyltrimethylammonium bromide
(C12TABr) and separation on its proximal adsorption in thin confined films. The critical micellar concentration
(cmc), where surfactant molecules begin to form micelles instead of existing exclusively as monomers in
solution is 14.2 mmol/kg in water. Fig 12 shows the energy of interaction between two silica surfaces for a
range of surfactant concentrations far below the cmc.
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Fig 12: Interaction energy as a function of separation for surfactant concentrations from cmc/2000 to cmc/10.
Here distance is given as (S — S,) where S is the separation between the bare silica surfaces and Sj is the
separation where the authors judged that the aqueous film thickness went to zero.

Reprinted (adapted) with permission from Ref 46. Copyright 2001 American Chemical Society

One disadvantage of the use of Eqg. 33 is that one must also measure or calculate the chemical potential at
each concentration. For any substance other than a simple ion, it is non-trivial to calculate the chemical
potential, so it must be measured. The gradient in interaction energy as a function of the activity coefficient is
shown in Fig 13 for a few separations.
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Fig 13: Interaction energy and the gradient in interaction energy as a function of chemical potentials for a
range of separations. At large and intermediate separations, below the cmc the gradient is roughly monotonic.
The oscillations at small separations are due to the noise in the data in the lower left figure but are real in
lower right figure where measurements are done significantly above the cmc.

Reprinted (adapted) with permission from Ref 46. Copyright 2001 American Chemical Society.

Once the relationship between interaction energy and chemical potential is known, the proximal adsorption
can be calculated using Eq 23. Fig 12 shows that for a dilute suspension of surfactant molecules the change in
surface excess decays exponentially with separation and is positive at small separations i.e. as the surfaces
comes close together, net adsorption of positive ions occurs.
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Fig 14: Proximal adsorption as a function of separation for CTAB. The filled circles are changes in surface
excess assuming that Al'g, = 0 and the open circles are if Alg, = Al'cta. The positive values at small
separation indicates net adsorption i.e. there are more molecules per nm? than at infinite separation. Figure
reproduced from Ref 46. with permission from ACS.

They also find that for concentrations between cmc/130 and cmc/10, adsorption is independent of separation
i.e. ATera~0 for (S — Sp) > 7 nm. At higher surfactant concentrations, from cmc/10 to the cmc, the
surfactant desorbs and Al'ct4 is negative as the surfaces approach each other. When the concentration is > 4
cmc, the surface excess initially increases at intermediate separations due to the depletion force and then
decreasing once surfactant is squeezed out from the film. At concentrations > 8 cmc, the surface excess
becomes an oscillatory function of the separation as structural rearrangement of the surface micellar layers
occurs.

Lokar extended these studies and studied the effect of chain length, pH and the ionic strength on the surface
excess of surfactants as a function of separation.*® He showed that the decay length of the surface excess
profile correlated with the Debye-length of the solution and that short-chain hydrocarbon surfactants
displayed significantly reduced surface excess compared to long-chain hydrocarbons. He also examined more
complex systems looking at mixtures of cationic and zwitterionic surfactants and showed that zwitterionic
surfactants (specifically N-dodecyl-N,N-dimethyl-3ammonio-1propanesulfonate or DDAPS) adsorbs minimally
to the interface up to 2/3 cmc.>! The presence of a small amount a cationic surfactant (dodecylpyrindium
chloride or DPS) results in a change in the surface excess of DDAPS increasing with decreasing separation. The
adsorption of the cationic surfactant is less sensitive to the inclusion of the zwitterionic surfactant. The
inclusion of both results in a large net surface excess of surfactant as a function of concentration with
decreasing separation due to the coupling of the hydrophobic tails of the surfactants.

The most important conclusion from the thermodynamic approach is that there are large changes in
adsorption in confined films. It is important to consider these changes and therefore worthwhile to develop a
technique for measuring them directly.
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Chapter 2: Effect of background electrolyte concentration on surface excess of the fluorescein dianion in
dilute electrolytes

This chapter reproduces original work published in Langmuir on August 5, 2018 in Volume 34, pages 10469 —
10479. In this chapter | outline the development of the technique to measure adsorption in confinement and
study the effect of background electrolyte concentration (NaCl) on the equilibrium adsorption behavior of
fluorescein, a dianion, next to negatively charged interfaces under basic conditions in dilute systems (0 — 0.4
M).

Robert Grayson developed and wrote the code for the optical modeling detailed in this section and Dr. William
Ducker provided guidance on experiments and contributed to the writing of the paper.

The following article is reprinted (adapted) with permission from Gaddam, P.; Grayson, R.; Ducker, W., A,,

Adsorption at Confined Interfaces. Langmuir 2018, 34 (36), 10469-10479. Copyright 2018 American Chemical
Society.
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ABSTRACT

We describe measurements of adsorption between two flat plates when the plates are separated by 0 — 65 nm. The
objective is to examine how adsorption is affected by confinement in very thin films. The specific measurement is of the
depletion of a divalent anion, fluorescein, in aqueous solution between two anionic solids, but the measurement could
apply to a range of fluorescent dye molecules. At large separations between the flat plates, the dye is depleted relative
to the bulk concentration. At smaller separations, the depletion of the dye decreases. The range of the depletion and
the magnitude of depletion decrease with shorter Debye-length. Both of these effects are consistent with a simple
calculation using the Poisson-Boltzmann equation. The measurement of all separations is achieved simultaneously by
measuring visible-light interference in a wedge-shaped crack created between an oxidized-silicon wafer and a glass
wafer. The amount of dye is measured from the fluorescence emission, after accounting for the optical interference.
There is a multitude of applications where surfactants, polymers, ions, etc. are adsorbed to effect changes in thin films.
One example is adsorption designed to alter the stability of colloidal particles. It is well known that adsorption of simple
ions can change with the thickness of a thin film (charge regulation); here we describe a direct method to measure
adsorption of as a function of confinement, and results for one example.
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INTRODUCTION

Much of the practical interest in adsorption arises when molecules adsorb in confined places such as in the gaps
between particles or other thin films. Adsorption to a single interface has been very widely studied( e.g.** >*>3) but
adsorption in confined spaces has been the subject of less attention. Adsorption in the confined film may be different to
adsorption in the isolated film because of fields or concentration profiles altered by the “second” interface and because
of geometric confinement. The purpose of this work is to describe a method for the direct measurement of adsorption
in a confined film as a function of thickness (See Fig. 1a) and to report a detailed measurement for one particular
example: adsorption of fluorescein in aqueous solution between two silica-like materials.

Surfactants, polymers and particles are often adsorbed to particles or droplets in order to stabilize the suspension.> The
key event in stabilization is the collision between particles, so it is interesting to know how adsorption changes during
the collision, i.e. as a function of the separation between the particles. In some cases, the adsorption energy may be so
strong compared to the effects of the interface that very little change in adsorption occurs during the collision. This
might occur for a silane covalently bonded to silica. At the opposite end of the spectrum, the adsorbate may be held by
weaker forces such that the intrusion of a second surface may cause significant change in adsorption. This could occur
for surfactant layers held by the hydrophobic effect or van der Waals forces.

The situation where adsorbed species are in equilibrium with bulk during
changes in separation has been described in detail by Hall*” and by Ash et al.*
C c -! . Their treatment shows that when a surface force is altered by changes in

, . Ta chemical potential of an adsorbate (often by changing the concentration in
_ _ solution) then it is a thermodynamic necessity that the adsorption must change
as function of the thickness of the film. In other words, when a molecule is added
to effect changes in stability of the dispersion, then the adsorption must be a
function of separation of the particles. Changes in adsorption are therefore at
700um  the heart of controlling surface forces and colloidal stability. It is somewhat
surprising that this concept has not been more widely considered.

A confinement ™ A adsorption

glass z
: I p 0-5um  Ap important paper in this field is the work by Ninham and Parsegian®> where

e i 38 nm they considered how changes in adsorption of ions as a function of separation
_ } so0um  between two particles affects double-layer forces. They refer to this concept as
“charge regulation” and their approach has been widely adopted for the
calculation of electrostatic double-layer forces.>®>” There is an extensive body of

Fig. 1 Schematics showing (a)

proximal adsorption, and (b) the work measuring the forces between particles that result from charge regulation,
experimental sample. Films of but little effort to measure the change in adsorption of ions. Depletion forces are
different thickness, D, are created another important example of how changes in adsorption during a collision can
between the glass and silicon oxide. affect the forces between particles.> >

The sample is similar to a crack, and

we refer to portion where D —0 as The change in adsorption during confinement of ions can be determined

the crack tip. indirectly through comparison of measured surface forces and calculated surface
forces (e.g. using the formalism of Ninham and Parsegian). Such an approach is complex if there are many ions, because
all affect the surface charge. Alternatively the thermodynamic approach of Hall and Ash et al can convert measurements
of surface forces as a function of solution chemical potential into descriptions of surface excess as a function of
separation. This approach has been used by Pethica®® and also by Ducker’s group.*® 583 |n particular Ducker’s group has
used this approach to show how confined adsorption of charged surfactants can be very large in magnitude because of
the coupling of electrostatics to the hydrophobic effect. A consequence is that the short-ranged hydrophobic effect can
strongly affect long-range range double-layer forces. Self-consistent field calculations have also been used to describe
confined adsorption.®
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The purpose of this paper is to describe a direct measurement of adsorption as a function of distance between two
interfaces. The key application is colloidal stability, but it is difficult to measure tiny amounts at the speeds of particle
collision. Instead we transform the time-dependent measurement into a spatial measurement: we investigate a crack
where all the separations are measured simultaneously at different film thicknesses within the crack (see Fig. 1b).

Our method consists of two optical measurements: (a) fluorescence emission intensity to obtain the amount of a
particular molecule per unit area of a thin film, and (b) interferometry to obtain the thickness of the film. The
measurements are made by photographing a liquid-filled crack formed between a silicon wafer and a glass wafer (Fig. 1
b). The crack is quasi 2-dimensional such that the liquid film thickness, D, is a function of the distance normal to the
crack tip, x, but almost independent of the coordinate parallel to crack tip, y. Because the film thickness varies as a
function of distance from the crack tip, a pair of photographs that record both fluorescence intensity and interference as
a function of pixel position (x, y location) yield the total amount in the volume that has the area of the pixel and
thickness, D, as a function of D. The crack angle is very small, about 0.02°, such that the range of D within each pixel is
about 0.7 nm. By comparison of the measured amount to the amount per volume in bulk solution, we obtain the surface
excess, I', as a function of D. This surface excess includes contributions from molecules directly on the solid and in
solution. Here we treat the word “adsorption” as a synonym for surface excess and use the term depletion to mean a
negative surface excess. So our measurement of surface excess as a function of D is the desired adsorption as a function
of confinement.

We have chosen to investigate the confined adsorption of fluorescein in a thin aqueous film between silica and glass
because (a) the high quantum yield enables accurate measurement of a small number of molecules with a simple
camera, and (b) fluorescein is charged, so that we expect a strong electrostatic interaction with each interface. Some of
the surface silanol groups of silica/glass are dissociated and thus the solids bears a negative potential of — 65 to — 25
mV®® depending on the salt concentration in solution. Fluorescein has two acidic protons (pKai = 4.3 and pKa, = 6.43) so
at pH 7.6 the fluorescein in bulk solution primarily has a charge of —2e, and therefore we expect that fluorescein will be
repelled from each interface to produce a negative surface excess.

This paper describes both the development of the method, and results of experiments measuring ion depletion in a thin
film. The development of the method is described in the Analysis section that follows; this section can be skipped for
those interested only in the depletion results. To gain a good understanding of the depletion results however, we
encourage the reader to read through at least the Strategy for measuring surface excess subsection where the majority
of the terms used in the Results and Discussion is defined.
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ANALYSIS

Strategy for Measuring Surface Excess
The surface excess, I', was calculated according to the usual definition, originating from Gibbs:%°

(D) = (%)f B (%)b' (1)

where n; the amount of species i, and A is the cross sectional area of the solid—liquid interface. From here we will drop
the subscript i, and it is understood that we are investigating a single compound, in this case, fluorescein. The subscript,
f, refers to the actual amount present in the film, whereas the subscript, b, refers to the amount that would be present if
the concentration were the same in the film as in the bulk solution. Note that the results for Eq. 1 is for two interfaces,
so the conventional “per interface” surface excess for a film constructed from two identical interfaces is simply the
result from Eq 1 at D = o, divided by 2. Although it was not possible for us to fabricate both walls from the same
materials, we did fabricate them from similar materials—thermally grown silicon oxide, and glass. The Analysis section
is divided into two parts, Measurement of D and Measurement of I', which we measure pixel by pixel in a crack. In our
experiments, the crack angle is very small in the x direction and negligible in the y direction, so we treat information
from each pixel as if it were of uniform D.

The second term in Eq. 1 can be calculated from the concentration in bulk, c, as follows:

n=c XD, (2
such that:
r(D) = (g)f—c x D. (3)

In general, there may be systematic errors in the measurement of n; or perhaps c that might propagate into large errors
in the left side of Eq 3. In this case, it might be better to consider the difference between the surface excess at two
different thicknesses:

[(D2) = T(D;) = 3 (ny(D,) = mp (D)) = ¢ x (D= D). (4)

Note that we measure ng from the intensity of fluorescence emission, /. In the next section we show that, in general
ngis a complicated function, £, of /, such that:

I'(Dy) —T(Dy) = (fU,Dy) — f(I,Dy)) —c X (Dy — Dy). (5)

Some insight into the use of Eg. 5 can be obtained from the hypothetical situation that would occur if the intensity were
simply proportional to the number of molecules. This is very approximately true in our work for D < 50 nm and would be
a good approximation if interference were very slight. For this situation:

['(D;) —T'(Dy) = k(D2)I(D;) — k(D1)I(D1) — ¢ X (D, — Dy). (6)

where k is a factor that depends on D. After calibration of k as function of D, we could obtain the surface excess. As we
show in the next section, the calibration is more complex. When both D; and D, are sufficiently large compared to the
range of interactions between the solid—liquid interfaces, and channels of the two thicknesses are in equilibrium, then
the surface excess should be the same for each, and the right side of Eq. 4 should equal zero. If systematic multiplicative
errors in the measurement of amount occur, a correction constant, a, should be incorporated such that

a% (nf(Dz) — nf(Dl)) =c X (D, — D,), for large D,, D:1. In practice, we found that a =1 for our experiments.
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Measurement of Thickness: Interference

The thickness is required both because our overall objective is to 0" _ o
measure the surface excess as a function of known thickness and

also because our Eq. 5 requires D. We used interferometry to 5. Air, ns = |
measure D in-situ simultaneously for all x and y. ; /I
Fig. 2. is a schematic of interference which occurs between light I
waves reflected from the glass—solution interface (ll), the solution— /] /
SiO; interface (Ill) and the SiO,—silicon interface (IV). Although light /] /
also reflects from the air—glass interface (1), the thickness of the / /’ /
Glass (=800 um), is much greater than the coherence length of the 4. Glass, ny s
illuminating light, and does not contribute to the interference. The \ ‘\ '\ \‘ ! ,’
incident beam is both reflected and transmitted at each interface b 1 X
resulting in an infinite series of almost parallel beams with 3. Solution,, n,
decreasing amplitude combining at each pixel of the camera. The Ssin \\,\, \F
action of the objective lens of our microscope means that these rays et

are not entirely parallel or normally incident and a correction for
this effect will be described later. For a perfectly coherent light
source each of these rays interferes with every other wave at the Fig. 2. Schematic showing light rays

point of observation. With the additional consideration of optical contributing to interference and a subset
incoherence the contributions of multiply-reflected rays vanishes (1,1”) of the possible multiply-reflected rays
quickly. This interferometry is known as multiple-beam optical

interferometry, and we determine the intensity using the transfer matrix method described by Lambacher® (also by
Hecht®®), which accounts for multiple-beam interference from multiple layers.

T
III 'III IIV "1

To obtain a feel for this method, we briefly describe the situation where there is no oxide layer and only normal
incidence, neglecting multiply-reflected rays. Light reflecting from the silicon travels a greater optical path length than
light reflecting from the glass—solution interface, a distance which depends on the wavelength, A, and the refractive
index of the solution, ns. The relative phase shift is given by

_ 41Tn

b = TD + m, (7)

where the second term is the additional phase shift on reflection from the silicon. Destructive interference occurs when
the phase shift is equal to odd integer multiples of m and constructive interference when @ is equal to even integer
multiples of m. The time-average reflected intensity is given by:

1=%111+%IIV+IIIIIV cos @, (8)

where we have used IV to represent the silicon—solution interface because there is no oxide layer. The intensities can be
calibrated by measuring the intensity at both a maximum (constructive interference) and a minimum (destructive
interference) in intensity in an image of the crack. Combining these we obtain Ij;and I, scaled appropriately. The
measured [ is used to obtain cos @ from Eq. 8 and thence D from @ in Eq 7. Due to the periodic nature of the intensity
produced by interference (cos function in Eq. 8), a single value of intensity could correspond to a number of different
channel heights. Therefore, to determine the thickness profile, D(x), we assume that dD(x)/dx < 0, i.e. D increases with
distance from the crack tip. For the more complicated situation where the oxide layer is present, and the angle of
incidence is not exactly normal, we use the transfer matrix method to obtain / as a function of D and angle of incidence,
averaged over the range of angles admitted by the microscope objective, and invert to obtain D from the measured /.

In practice, we found that the intensity was not uniform in the field of view, independent of the channel width. We

correct for this by subtracting the background intensity using a moving average surface fit to the intensity for an area
with no features in the field of view.
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Measurement of Amount: Fluorescence.

Approach. The total amount of fluorophore per pixel (i.e. at various x,y positions in the channel) was measured by
fluorescence emission. The total emission intensity is equal to the sum of contributions from fluorophores at all values
of z between 0 and D since there is no interference of fluorescent emission between fluorophores (emission is
incoherent). Because the film is thin, we assume that the electric field does not decay from absorption as it travels
through the solution. However, interference means that the electric field in the channel, which dictates the
fluorescence emission and excitation, is a function of z, which makes this sum non-trivial.

The effect of interference on fluorescence emission was previously
described by Lambacher.®” In Lambacher’s work, the fluorophores
were confined to a plane of uniform distance from interface Ill and
there was no glass layer. Here fluorophores are distributed at various
distances from interface Ill.

5. Air, ns

The forward process of calculating the intensity for a known
distribution of fluorophores is relatively simple, but the reverse
process of determining the number of fluorophores from a given
intensity does not have a unique solution. This is because the
emission per fluorophore, I, is a function of z within the aqueous film.
Thus a few fluorophores at a z where the [; is high might give the
same total / as a greater number of fluorophores where the [jis low. 3. Solution , n;
Ideally, we would like no interference such that Ijis independent of z,
but we need interference to measure the crack thickness. In practice,

4. Glass, n,

2.5i0,,n, t

. . . al;
we have used a thin oxide layer on the silicon to control a_z]' For the

conditions of our experiment, this oxide thickness was about 38 nm ) _ ) _
(See Minimizing the Error in Assuming Uniform I; ). Fig. 3. Schematic of fluorescence intensity.
Optical model We now describe the method for calculating the intensity of emission using the schematic shown in Fig. 3.
We introduce the distances of the fluorophore to the SiO,, d, and Glass, 6, which arerelatedby D = d + §. The angle
9%“ is related to 9}{‘ and subsequent angles by Snell’s law. Assuming that the fluorescent lifetime is constant, the
detected intensity of fluorescent emission from a particular fluorophore, I;, is proportional to the product of the
probability of excitation, P, and the probability of detecting emission, P#™:%

Ij e PjexPjem . (9)

The probability of excitation is proportional to the time average of the squared projection of the local incident electric
field onto the transition dipole of excitation:®’

Pjex x fI(/lin)eabs O\in) f sin HénA(Hén)Ujex (Ain' Bén)dgéndlin-
Usr = |W * + cos? gin |‘P“'”|2 + sin? gin |‘P”’n|2 (10)
Jj in 3 in 3 in :

Here we have made some changes to Lambacher’s original terminology. The unpolarized illumination intensity, /, is
written as a function of the incident wavelength, A;,, to account for the emission spectrum of our light source, but in
practice we assume that the illumination is uniform across the absorption spectrum. We do account for the wavelength-
dependent absorption of the fluorophore, €,,,5(Ai,)- The magnitude of the projection of the incident electric field onto
the transition dipole depends on the angle of incidence, 9%“, and the orientation of the transition dipole. In contrast to
Lambacher’s work, we have a solution of fluorophores that rotate freely, so we have integrated analytically over all
possible orientations of the transition dipole. The aperture function, A, is included to account for the numerical aperture
of the microscope. We integrate over the range of A;; transmitted by our excitation filter and the range of angles of
illumination. The W refer to the interference terms, which are described in Supporting Information.
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Similarly, the probability of emission is proportional to the squared projection of the local electric field onto the
transition dipole of emission.®” In determining the probability of detection, we also account for a wavelength-dependent
quantum yield of the detector, Mqet, and the emission spectrum of the dye, f(Aout), where Aoutis the emission wavelength.

We again assume a random dipole orientation. We integrate over the wavelengths transmitted by the emission filter

and the range of angles, 9§"‘t, accepted by the microscope objective.

P [ DgerCloued Coue) [ 5in 03 AOF“YUF™ i, 05"V 405" e
2 2
| Yo

2
em _ |wl 2 pout |[yllp
UF™ = |Woye| + cos? 63 |‘P ot

in2 gout
out| T sin“ 03

(11)

Lambacher gives the detailed derivation for these proportionalities (Egs. 10 and 11) but does not integrate analytically
over the polar angle of dipole orientation, as we do here. Lambacher also presents experimental validation for his
optical model.®” The interference coefficients are calculated from the Fresnel coefficients, which are given in the
Supporting Information (Eq E1). In order to account for reflection from both the solution/SiO; interface (Ill) and the
SiO,/Silicon interface (1V), we use the transfer matrix method to calculate Fresnel coefficients of reflection for a virtual
interface, r!! and rL, at the position of interface Ill.

The emissions from individual fluorophores do not interfere measurably with each other because of (a) a random phase
lag and broad frequency range and (b) a random subpopulation of fluorophores emit at a given time. Therefore, the
intensity contributions of each fluorophore can be summed to give the total intensity. The theoretical fluorescence from
a single pixel within the channel (i.e. from a column of solution) containing a uniform distribution of fluorophores
spanning z = 0 to z= D is proportional to the integral of Eq. 9 from z=0to z=D.

In the next section, we describe some calculations of the expected intensity for various situations. The refractive indices
used for these calculations are in Table 1, and the emission and absorption spectra were measured in a Horiba Scientific
Fluoromax-4 spectrofluorometer. Our objective accepts light at angles between 0 and 26.74 degrees from the normal, so
we set the aperture function equal to 1 for this range and zero elsewhere. Transition dipoles of excitation and emission
are assumed to be independently and randomly oriented, since the rotation of the fluorophore is much faster than the
fluorescence life-time.'* The emission and absorption spectra were assumed to be independent of fluorophore position
and D. The quantum yield of the detector, illumination intensity, and quantum yield of fluorescence were regarded as
constant with respect to wavelength and fluorophore position. Unpolarized light of wavelength 470 + 20 nm was used
for excitation. Emission in the wavelength range of 525+25 nm was received by the detector. All layers other than
silicon were assumed to be non-absorbing. The refractive index of silicon is a relatively strong function of wavelength
and was treated as such in our calculations.

Table 1. Refractive indices of layers

Layer | Material n, interferometry (A=445nm) | n, excitation (A=470nm) | n, emission (A=525nm)
1 Air 1.00028% 1.00028°%° 1.00028%°

2 Glass 1.4797° 1.4777° 1.4747°

3 Water 1.3377 1.336" 1.3347

Si0;

4 (thermal) 1.469772 1.469772 1.469772

5 Silicon 4.753+0.163i*"3 4.503+0.108i**73 4.185+0.056/***73
"at 546.1 nm

* averaged over 445 £ 25 nm
** averaged over 470 + 20 nm
*** averaged over 525 £ 25 nm
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Minimizing the Error in Assuming Uniform I; As described above, if I; were independent of z then we could immediately
determine the number of molecules in a column of solution in the crack by measuring the intensity of a particular pixel.
Ijis, in general, a function of z, but we can vary the thickness of the oxide thin film, t (see Fig. 1 b), to alter this function.

. . orj . . . .
In general, we want experimental conditions such that a_z] is minimized for all z, and preferably for all D. In some cases,

the molecular distribution will have mirror symmetry about the midplane of the channel (D/2) because the walls are
identical. Our current experiment approximates this symmetry because oxidized silicon is chemically similar to Glass.
For cases with mirror symmetry, we should alter t to minimize the gradient of I;(z) + I;(D — z) over the range D that is
most interesting. In this case, our interest is 0 < D < 65nm, where the molecules are most confined.

Some intuition for either minimization can be obtained by considering a simple analogy to conventional interference
that produces oscillating patches of high and low intensity. (See Fig. S1 for the interference in a 600 nm thick film.) The
gradient in intensity is small at the maxima and minima of intensity, so we could alter the thickness of the oxide such
that the aqueous film where we want to measure the adsorption spans a region near the maximum or minimum
interference. A high gradient within the oxide is not a problem because there are no molecules of interest there. In
contrast, for cracks with mirror symmetry, we might want to position the the aqueous film with the midpoint at points
of inversion symmetry of I; in the interference pattern because a a region of more than average intensity on one side of
the mid-plane will compensate for a region of lower than average intensity on the other side.

We expect that changes in adsorption will occur on the length-scale of fields that extend from the surface. For a1 mM
and more concentrated ionic solutions, this is about 0 — 50 nm. For this range it turns out that the variation of [;(z) +

I (D — z) is smaller at the inflection point than at a maximum or minimum. Fig.4, top row, shows calculated values of I;
as a function of scaled distance though the film, (z/D), for oxide thicknesses of 2 nm (native oxide), 38 nm (interference
inflection) and 149 nm (interference minimum). The ideal situation is a horizontal flat line for all D, since the intensity
could be inverted to give the number of fluorophores for any arbitrary distribution across z. The dotted and dashed lines
on each subfigure show the emission for various D. For now, ignore the dotted line that shows a calculation for D = 215
nm that is outside the range that immediately interests us. Even for the range of 10-50 nm , the emission for a native
oxide film varies by up to 20 x for different positions in the film, so the model says that molecules make vastly unequal
contributions to the total intensity of the film. The oxide thickness of 149 nm is locally optimal for minimizing the
variation of [; but the variation is still about 40% from the average, which is unsuitable for interpreting the amount in
the film.

The bottom row of Fig. 4 shows deviation of I; from reflection symmetry about D/2. We define deviation as
1j(z,D)+1j(D—2z,D)
Z%fOD 1j(z,D)dz
by a maximum of only 4% over the entire depth of the film for all film thickness in the range 0 < D < 50. For this optimized
situation, n can be calculated from / with small uncertainty propagating from an unknown molecular distribution than

for the native oxide.

— 1. The deviation for the native oxide is up to 60%, whereas for the 38 nm oxide, the deviation varies
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Fig. 4. Intensity of emission of fluorophores calculated for three oxide film thicknesses: 2 nm, 38 nm, and 149 nm. Each
plot is shown as a function of scaled distance in the film (z/D) and for 4 different film thickness, D = 10 nm (solid line), D

=25 nm (dashed), D = 50 nm (dot-dashed) and D = 215 nm (dotted). The top row shows the intensity, and the bottom
row shows the Deviation from mirror symmetry about z/D = 0.5. Deviation is defined as Lj@D)+1;b—nD)

Z%f;) 1j(z,D)dz

In the experiments we only use silicon that has an 80 ;
oxide thickness of about 38 nm and the results section — Adsorbed
focuses on D < 50 nm, and therefore we are able to 80 - Midplane ||
obtain the number of molecules at all D by dividing the
measured intensity, I,,, by the average I; for a 2 ’a

. =~ 40+ 1
particular D: w

Im
ne = -, (13)
Iy 20
We can obtain the appropriate calibration constant, an
effective I; , simply by measuring the intensity in a 0
calibration solution where we know that the 0 200 400 600
distribution is uniform:
S D /nm
= (Im/DCA)U' (14) Fig. 5. Relative error in amount when assuming a uniform
where Cis the concentration and A is the area of the concentration profile. € = %(;;‘(D)l where T is the
. . . . . T

pixel, as above. The Uin the denominator |nd.|cates amount calculated for the true profile and u is the amount
that those quantities are measured for the uniform calculated assuming a uniform distribution.

calibration solution. Here we can use a non-adsorbing
solution with a short Debye-length for our calibration.
In practice, we use the optical model fit to (I,,,)y in the
denominator, rather than the experimental data itself
because as we show later, the model fits the data very
well.

We now consider the error in assuming that the concentration profile is uniform for a 38 nm oxide film. Clearly there
are infinitely many profiles to consider, but here we consider two very different profiles that have the same average
concentration and mirror symmetry about the mid-plane of the film, consistent with our experiment:

1. Adsorbed — all fluorophores split equally between the two interfaces (z=0and z = D).

2. Mid-plane — all fluorophores concentrated at z = D/2.
Figure 5 shows the percentage error, €, in assuming the profile is uniform for t = 38 nm. For D < 50 nm, the error is <4%,
but for both the adsorbed and midplane profile, the error becomes large at greater separations. Interestingly, the error
is also small at 215 nm and 425 nm, an effect that we exploit in the results section.
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EXPERIMENTAL

The crack was made by bonding together an oxidized silicon wafer and a borosilicate glass. The silicon (100 mm
diameter Silicon <100> N-type) and glass (Schott borofloat 33, 13% B,0s, 700 um thick) (University Wafer Inc.) wafers
were cleaned in a Nanostrip solution (Sulfuric acid 90%, Peroxymonosulfuric acid 5%, Hydrogen Peroxide <1%) for 15
minutes at 60°C. The native oxide was then stripped from the Si-wafer using a 10:1 buffered oxide etchant (BOE)
solution and subsequently a ~¥35-40 nm oxide film was grown on the Si wafer by heating in a furnace in O, at 1050°C. The
silicon and glass wafers are anodically bonded together at 600 V, 230°C with a 440 N tool force. The bond does not
extend all the way to the perimeter of the wafer, and the final 1 —2 mm remain unbonded, with a radial crack with
thickness ranging from 0 at the crack tip (bonded) to 5-10 um at the circumference of the water (Fig. S2). The dual-wafer
“construct” was cleaved into individual “chips” (~4 mm x 7 mm) after scribing the construct using a diamond scribe.
Immediately prior to an experiment, a chip was plasma-treated in oxygen at 200 mTorr vacuum for 30 seconds to clean
the surface and expose hydroxyl groups to increase hydrophilicity. Typically wafer cleaning and bonding was performed
immediately prior to experimentation to ensure that the interface was clean and free from contaminants.

To test the effect of ionic strength of the solutions on surface excess, the chips were immersed in solutions of constant
fluorescein concentration (67 uM) and one of a range of NaCl concentrations (250 uM — 0.4 M). Fluorescein and NaCl
were obtained from Sigma-Aldrich and used without further purification. Water was purified in a Milli-Q purification
device. The pH was adjusted by addition of NaOH. After a day of immersion, the chips were emersed from solution and
then very briefly rinsed in a stream of purified water to clear adsorbed fluorescein from the surface of the chip. Two
chips, a reference chip with a short Debye length solution (cnaci = 0.40 M) and a sample chip with a long Debye length
solution (cnaci << 0.40 M) were then placed on the same hydrophobic microscope slide, spatially separated from each
other. A droplet of the appropriate immersion solution was placed at the open mouth of the crack to ensure the thin
film in the crack remained in equilibrium with bulk solution of the appropriate concentration. A potential problem is that
evaporation of water from the bulk solution (droplet) over the course of the experiment could lead to an increased
concentration of fluorophore in the crack. In a typical experiment, it takes about 2-3 minutes to set up and take
photographs for analysis. To test whether evaporation was a problem for our experiment, a drop was allowed to
evaporate for 5 minutes, and we found no significant changes in intensity over this period (see Fig S3).

An upright fluorescence microscope (Imager.M2, Zeiss) with a CCD camera (Zeiss Axiocam 506 mono) and a
programmable stage were used to collect interferometry and fluorescence data. Interferometry was conducted with a
445 + 25 nm filter, in a field of view that included (a) the first few interference fringes for intensity calibration, and (b)
the thin (0 — 300 nm) section of the crack. The light source was an X-Cite Series 120Q lamp. A programmable x—y stage
and filter cube was used to rapidly switch between locations and filters to enable interference and fluorescence to be
measured for both the reference and sample solution conditions.

Details of the optical analysis are contained in the Supporting Information, Details of Analysis for Optical Measurements.

MODELING OF ION DENSITY

The number per area (%) of fluorescein molecules in each pixel was modelled for each D by first determining the ion
concentration at each z from the Boltzmann Equation,”® and then integrating over z for each value of D:

KT

%(D) = fOD NE 0 €XP (— ZFew(z)) dz, (15)

where 1 is the potential, € is the dielectric constant, g, is the permittivity of free space z is the valence of fluorescein (
—2), eis the charge on the electron, ng o, is the number concentration of fluorescein ions, k is the Boltzmann constant
and T is the temperature. Recall that the slope of the crack in the y-direction is negligible and the slope in the x-

35



direction is about 1 nm/um. Because the pixel dimension is about 1.4 um, we assumed that each pixel includes data for
a thin film between two flat plates at a uniform film thickness, D, and thus G) is a function of the z-direction only.

To use Eq. 15, we require Y (z), which is a function of D and the solution conditions. We calculate ¥)(z) from the
Poisson-Boltzmann (PB) equation:

Y _ Ly on _zev(@
dzz seozzlenl’w exp( kT )' (16)

where n; , and z; are the number density of each ion in bulk solution, and the valence, respectively.

Silicon oxide and Borofloat 33® glass have similar surface chemistry, so we further assume that the crack is symmetric in
z about D/2. Finally, we make the arbitrary assumptions that the potential is independent of D, but does depend on the
background NaCl concentration. Thus,

Y(z=0)=9(z=D)=1v, (17)

(z) for each D and for each solution condition was obtained by numerical solution of the PB equation (Eq. 15) using
Matlab (bvp4c differential equation solver).
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RESULTS

Validation of Optical Model

Our first objective was to validate the optical model for
fluorescence emission where interference occurs in a
crack. For validation of the model, we require a known
distribution of molecules, so we examined a solution with
a short Debye-length such that the effects of the surface
charge on the ion distribution were limited to a narrow
band near the surface. The model was compared to an
experiment with 67 uM aqueous solution of fluorescein in
water at pH 7.6 in the crack between silicon oxide and
glass walls. The solution also contained 0.40 M NaCl such
that the Debye-length was 0.5 nm. Since both the
fluorescein and the silicon oxide were negatively charged,
we did not expect much adsorption directly to the solid,
although there may be some adsorption due to van der
Waals forces. For these conditions, we expect a
distribution of fluorophores that is approximately uniform
in z except for a narrow plane of surface excess with small
magnitude. Except for the smallest values of D,
comparison between the model and experiment should

Intensity

200 300
D, nm
Fig. 6 Comparison between optical model (Eq. 11)
and measurement of fluorescence intensity for 67
UM fluorescein at pH 7.6 and k™= 0.5 when the
oxide layer is 37 nm thick. The vertical axis has
arbitrary units. The model is fit to the data for D>20
nm with a constant scaling factor. The effect of
uncertainty in the oxide thickness and the shape of
the crack are shown in Fig. S4.

0 100

have a small, systematic error because of neglect of this surface excess. This error will be greatest for small D, so we

compare model and experiment only for D > 20 nm.

The model and experiment are compared in Fig. 6. Since both the experiment and model have arbitrary magnitude of
intensity, the model was multiplied by scaling parameter to obtain the least squared difference for 300 nm > D > 20 nm,
otherwise there are no fitting parameters. Overall, the model captures the shape of the experimental data. The
experimental data exhibits weaker curvature than the theory, which may be due to point spread in the microscope
image. The agreement is excellent in the range D < 65nm and D =215 nm, which is the range that we will be using in this

work
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Interference Fluorescence

Figure 7: Interference (A = 445 nm) and
fluorescence emission (A = 525 nm) images of the
thinnest part of the crack with Debye length
indicated. The part of the crack at the top of each
image has approximately zero thickness and the
the brighter strip is the thinnest part of the crack.
The dotted red line on the fluorescence image is
a guide, determined from interferometry, that
shows the approximate position of the crack tip,
i.e. the boundary between where D = 0 above
and > 0 below.

Qualitative Interpretation of Amounts in the Crack

These results focus on data for an aqueous 67 uM solution of
fluorescein in water at pH 7.6. The main experimental variables
were the distance between the two solids, which was varied
merely by examining different x-positions of the crack, and the
Debye-length, which was varied by altering the concentration of
NaCl. The values for the Debye-length include a contribution from
the fluorescein assuming that it was in the fully —2e state. The
raw microscopy images for the thinnest part of the crack as a
function of Debye-length are shown in Figure 7. The interference
was used to measure D and the fluorescence was used to
measure n/A. The images for each Debye-length are of a different
crack. In each case, the interference shows that each crack was
quasi 2-dimensional, and the images have been arranged such
that the y axis was approximately with the top of the image. The
interference bands are slightly different because in each case the
crack has a slightly different opening angle. The maximum and
minimum intensity for each crack were used to calibrate the
intensity for thickness measurement.

The fluorescence image for each Debye length show a gradient of
intensity in the x direction, indicating that there are more
fluorescein molecules in the wider part of each crack. In addition,
the gradient becomes smaller when the Debye-length is longer,
i.e. the negative surface potential is creating a wider depletion
zone for the negatively-charged fluorescein in the longer Debye-
length solution. For the 21 nm solution, the intensity is still quite
low 200 um from the crack tip, whereas at the same distance in
the 0.50 nm solution, the intensity is high.
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Quantitative Analysis of the Amounts in the Crack.
We used the fluorescence emission from the k=1 = 0.50 nm

w

. . n . . . ® 0.50 nm
solution to calibrate (Z) per unit of intensity. An example of 25 | « 21nm
—PB model

the data was shown in Fig. 6. As a reminder, for the short
Debye-length solution almost the entire z-range for each pixel
is exactly at the bulk concentration so we know the amount
from the concentration and the thickness. In principle we
could use the experimental data directly as a calibration, but
even for a very short Debye length, there could be a surface
excess that makes a significant contribution to the amount for
very small values of D. Instead we fit the model to the the k™!

N
T

=
3
T

=
T

o
&
:

o

Molecules per area, n/A / 10" molecules/nm?

= 0.50 nm data in the range 20-65 nm and use this fit. The 05 ‘ : ‘ ‘ ‘ ‘
only fitting parameter is the magnitude. A plot of the fit and 0 10 zsoepar;?on D4/Onm % %
the residuals is shown in Fig S5. Note that by using a short Figure 8: Number, n, of f|u(-;rescein molecules per
Debye-length solution for calibration, we are assuming that unit area, A, for solutions of constant fluorescein
the emission intensity is unaffected by the Debye-length. This concentration, Cr= 67 uM. Results are shown for
assumption is validated in Fig. S6. two Debye-lengths. Craci = 0.40 M (k1= 0.50 nm),
and Cnaci = 0 mM, (k1= 21 nm). Lines show the

Figure 8 shows the measured (%) as a function of D for 0.50 results from the PB model calculated using a

n surface potential of -70mV that was obtained from

nm and 21 nm Debye length solutions. Values of( ) were : P .
A fits of surface excess at infinite separation. Data

is collected over the entire image (239,360 pixels)
and binned using a bin width of 0.25 nm.

calculated using from Eq. 13. Since the total fluorescence
intensity becomes increasingly dependent on the z
distribution of molecules for D > 65 nm, we focus on D < 65

nm. For any D, (%) for the longer Debye-length solution is less than or equal to to the value for 0.50 nm Debye-length

solution, showing that the depletion is greater in the longer k=1 solution.

Fig. 8 also shows the results of the simple PB model with a surface potential of — 70 mV. The model gives the same
features, suggesting that the surface excess is dominated by electrostatic depletion.

Fig. 9 shows the experimentally determined negative surface excess, I, as a function of film thickness (calculated from
Eg. 1). All the solutions show a negative surface excess (depletion) of fluorescein, as expected for a negatively charged
ion in a crack with walls that have a negative potential. The surface excess extends further away from the solid for
longer k™1, as expected. The magnitude of depletion is relatively insensitive to k~* for D < 10 nm, but for thicker films,
the surface excess has greater magnitude for longer k1. For k1= 4.0 nm, the surface excess has reached a plateau of
about — 0.0080 fluorescein ions/nm? at about D = 40 nm. Greater separations simply have more bulk solution around the
film midpoint. Since there are two interfaces in our experiment, we consider half of this, — 0.0040 ions /nm? to be the
surface excess for a single isolated interface. The isolated surface excess for k™! = 7.3 nm is — 0.0080 ions /nm?, 14 nm
is <—0.010 ions /nm?, and for 21 nm < —0.011 ions /nm?>.
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Fig. 9 also indicates that the trends for the PB model are
consistent with the measured data. In comparing the
two, it is important to note that there is an error of
about = 2 nm in the position of D=0 (See Supporting
Information), and a smaller error in the background
intensity that propagates into a shift in the surface
excess. Each of these affects the comparison between
fit and experiment. A more sophisticated model, e.g.
including charge regulation instead of constant surface
potential may produce a better fit.

One of our objectives in this work is to determine how
the surface excess differs in a confined film and an
isolated film. From Fig. 9 we see that, for k™! = 14 nm
or 21 nm, the surface excess has not plateaued even at
65 nm. There are two ways that we could obtain the
surface excess for the isolated surface of these longer
k™1 solutions . The first is to assume that the PB
equation accurately models the surface excess, fit the
PB in the range of measurement, obtain the surface
potential, and then calculate the surface excess. Such
an approach has the obvious disadvantage that it relies
on the accuracy of the PB model in representing the
data. The PB assumptions of point ions, electrostatics
only, and no correlations mean that accuracy is not
assured.

Alternatively, we require an accurate
measurement of surface excess at even greater D.
Unfortunately, our modeling shows that the
conversion from intensity to amount s, in
general, sensitive to the distribution of molecules
for D > 65 nm. But at D =215 nm (see Fig. 5)
there is a sweet spot where even extremely
different distributions — all at the walls, or all at
the mid-plane — differ by only 20%. Knowing this,
we used D =215 nm to obtain data for the surface
excess of an “isolated” surface for the 14 and 21
nm solutions; 215 nm > 10 k! for all the
solutions. The error for the unknown distribution
is probably much smaller than the 20% suggested
by Fig 5 because at this large separation much of
the z-range of the film is at constant (bulk)
density. Using the results at 215 nm, we have
calculatedl’,, (the conventional surface excess)

AT / 10'3 molecules/nm2

-1 : : : : : :

2+ ®40nm

= 7.3 nm

14 nm

25F ] ¢ 21nm
—PB model

Surface Excess, I / 10'3 molecules/nm2
(é)]

! 1 L 1 L

10 20 30 40 50 60
Separation, D/ nm
Figure 9: Surface excess of fluorescein as a function of film
thickness for different solution Debye lengths. The Debye-
length was reduced by addition of NaCl. The PB model includes
a fit to the surface potential at infinite separation, which was -
65, -50, -50 and -70 mV for k* of 4, 7, 14 and 21 nm
respectively. The 7 nm data did not fit well to the model. Error
bars are * standard error of measurements for three different
crack chips.

]
w

o

5 T T T T T T
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Separation, D/ nm

for the long Debye-length solutions, where the Figure 10: Difference in surface excess of fluorescein in thin film
surface excess had not plateaued at D = 60 nm. (separation shown) and for isolated film. Isolated film was D = 65 nm
. is —4.1x102 molecules/nm? for k™= 21 nm for 4 and 7 nm solutions and D = 215 nm for 14 and 21 nm solutions.
and —2.2x10°2 molecules/nm? for k~1= 14 nm. So The PB fit for the 7.3 nm solution has been omitted. Note that

our technique can be used to calculate the conventional surface excess. Knowledge of I, allows us to achieve our
objective of calculating how much the surface excess changes with confinement compared to the isolated case, AI' =
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I' — Ty, (Eq. 4), and the results are shown in Fig. 10. Note that about half of the depleted amount at infinite separation
for the k™1 = 14 and 21 nm solutions has already been eliminated at fairly large separations, D = 3k ™. At 65 nm
separation of the crack walls, the solution is depleted by 28%, 61%, 75% and 85% compared to the bulk for 4, 7, 14, and
21 nm solutions respectively. In cases where the surface excess is zero at D =0, I',, = —AI. Fig. 9 shows that thisis a
good approximation for fluorescein between silica/glass, so the vertical intercept in Fig. 10 shows minus the
conventional surface excess for an isolated interface.

Effect of Fluorescein Equilibria
In bulk solution of fluorescein, there is an
equilibrium between the cationic, neutral,
monoanion and dianion species. The cationic and
neutral species do not concern us at the conditions
of the experiments, pH 7.6. The equilibrium
between the two charged species:

HFlu™ = H* + Flu®,
has pK = 6.71, which is sufficiently far from the
solution pH that the bulk solution is predominantly
in the Flu?> form. However, the presence of the
surface potential affects this equilibrium such:

C;-liuz— Kg
7 = (18)

HFlu~ ngglke"p[_%].

Thus a negative potential, which is the situation in
the double-layer in the crack, tilts the ratio in favor
of the monoanion, which is weakly fluorescent. ‘
Calculations of the ion ratio for a variety of surface 10 20 30 40 50 60
potentials are shown in in Fig. S7, At pH = 7.6 and Separation, D/nm

c¥_ Figure 11: Comparison of Surface Excess measurements at pH
50 mv, [Cfp l ~ 1. (Note that this is not the ratio 7.6 and 8.4. The surface excess was calculated assuming that all

HE" ] . . of the fluorescein is in the F?~ form. The effect of pH on the
for all z, D within the crack, just for locations where L.
surface excess is slight.

the potential is 50 mV.) Thus we would expect that
for thinner films and longer Debye-lengths, | would be lower than expected for an all dianion solution because an
increasing fraction of the fluorescein should be in the monoanion form.
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This is a potentially problematic issue for our measurements so we examined the effect of speciation by comparing the
P

ch_
surface excess at pH 7.6 and pH 8.4. For 65mV potential, the ICIFI’Z l ratio calculated from Eq 18 is 3.6 for pH 8.4
HF™
and 0.5 for pH 7.6. Yet the experimental results in Fig. 11 show only a minor difference in surface excess for
the two Debye-lengths (4 nm and 21 nm). Thus the experimental results are consistent with the idea that F>/HF"

speciation is not a very important effect in our experiments. At present, it is not clear to us why this equilibrium is
unimportant.
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DISCUSSION

Determination of the Molecular Distribution, n(z), from the Fluorescence Emission

For the experiments described here, we deliberately added an oxide film to the silicon wafer such that all symmetrical
distributions have very nearly the same emission per molecule, (Figs 4 and 5). This enabled measurement of the total
n/A without knowledge of the molecular distribution (n/A as a function of z). Fig. 4 shows that different oxide
thicknesses result in different total emissions, so if one could set up an experiment where there were a variety of oxide
layer thicknesses for the same D, then one could obtain additional information about the distribution of molecules. For
example, one could measure the intensity at D =50 nm for t =2 nm and t =38 nm. From the emission at t = 38 nm, one
knows the total number of molecules, irrespective of the distribution. At t =2 nm, the emission is asymmetric (e.g.it is
19 x greater at z=50 nm than at z = 0) and thus a greater signal will be observed if the molecules are concentrated on
the high-z side of the mid-plane, which can then be used to determine whether there are more molecules on the high z-
side. The deviation plots are also asymmetric about the mid-plane, which provides information about the distribution
even in symmetric cases.

Measurement of Surface Potential

From the best fit of the PB model to the measured surface =
excess, we can estimate the surface potential, given the 20+
assumptions of the PB model.”®’® Fig. 12 compares the
fitted surface potential to those measured for silica—glass by
Colloid Probe atomic force microscopy (AFM) and Surface

mV

o
A
T
) o T 60! .
Forces Apparatus (SFA) experiments. The comparison is o ° + ]
made for the same Debye length and it should be noted 0(2 -80
that there is no fluorescein in the AFM measurements. The o e This work
current technique is not at all sensitive to the surface (Lé -100 t = Ducker et al.| -
potential for short k™! which means that the comparison = Horn et al.
between model and experiment for k1= 4 nm in Figs 9 and (?) -120 ‘ ‘ :
0 10 20 30

10 has no fitting parameters. The agreement between the
measured and modelled surface excess under such Debye Iength, 5'1 / nm
conditions is remarkable. For the k1= 14 and 21 nm
solutions, the PB fit is sensitive to the surface potential,
which allows us to measure a fitted potential. The
reasonable agreement between fitted potentials shown
here and from forces measurements suggests that the
method described here could be used to measure the
surface potential for moderate salt concentrations. Because
the diffuse layer is strongly perturbed for high potentials and long Debye-lengths, the technique should be well suited
for these conditions; this is exactly the condition for which surface forces measurements are not well suited to measure
the surface potential.

Figure 12: Comparison of surface potential measured
from fluorescence intensity and from force measurements
for the glass —silica system. AFM results from Ducker et
al.® Surfaces Forces measurement from Horn et al.”” The
huge error bar for k"'= 4 nm indicates that our technique
is not useful for measuring potential for this condition.

CONCLUSIONS

We describe a simple, inexpensive method for measuring adsorption in a thin film as a function of the film thickness
(confinement) using an optical microscope. The method has high spatial resolution and high resolution in amount. The
method also provides an estimate of the surface electrical potential at infinite separation when a charged ion is
examined in moderate salt concentration. The surface excess was measured for the divalent anion, fluorescein, as a
function of the thickness of an aqueous film between silica and glass. Fluorescein was depleted in the thin film
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compared to in bulk. The magnitude of depletion (a) decreases with decreasing film thickness, and (b) increases with
k! for the same film thickness. The range of variation in depletion increases with increasing k1. The method could
resolve changes in fluorescein surface excess in films that were up to 7k 1. The adsorption behavior has semi
guantitative agreement with a simple Poisson-Boltzmann model. The lack of adsorption in very thin films (<5 nm) and
the agreement with the PB model each suggest that fluorescein adsorption to silica is dominated by electrostatics.

SUPPORTING INFORMATION

The supporting information contains:

A. Interference terms used to calculate Eq. 10

B. Figures

a. results of calculation of interference fringes
Image of the wafer
effect of changes in oxide film thickness
crack profile
fit of optical model to data
Fluorescein emission as a function of Debye-length
g. Fluorescein speciation

C. Details of optical analysis

~0oo0T

43



Chapter 3: Effect of background electrolyte concentration on surface excess of the fluorescein dianion in
concentrated electrolytes

This chapter reproduces original work published in Langmuir on April 4, 2019 in Volume 35, pages 5719 —
5727. In this chapter | describe the effect of very concentrated (2—10 M) background electrolytes (NaCl, LiCl
and CsCl) on the adsorption behavior of fluorescein, a dianion, next to negatively charged interfaces under
basic conditions in concentrated electrolytes. This work was undertaken to determine whether the decay
length of the potential was equal to the Debye length in concentrated electrolyte.

Dr. William Ducker provided guidance on experiments and contributed to the writing of the paper.
The following article is reprinted (adapted) with permission from Gaddam, P.; Ducker, W., A., Electrostatic

Screening Length in Concentrated Salt Solutions. Langmuir 2019, 35 (17), 5719-5727. Copyright 2019 American
Chemical Society
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ABSTRACT

Thin films (0—30 nm) of very concentrated aqueous monovalent salt solutions (2—10 M of LiCl, NaCl and CsCl)
were examined to determine how ionic strength affects the screening-length of the electrostatic potential.
Measurements were consistent with a screening-length in the range 3—12 nm. The screening-length increased
monotonically as a function of salt concentration and the rate of increase was a function of the monovalent
salt type. The results were incompatible with the Debye-length of Poisson-Boltzmann theory, but consistent
with previous measurements of surface forces. The screening-length was determined from the surface excess
of fluorescein, a di-anion under basic conditions, which was present in trace amounts in the thin film, and was
detected via its fluorescence emission. That is, we directly observed that the ion concentration in very
concentrated solutions is perturbed far from an interface.
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INTRODUCTION

Debye-Hiickel theory yields an electrostatic screening length in ionic solutions that depends on the number
density of ions, ¢, ;:

(1)

where € is the permittivity of free space, €, is the zero-frequency dielectric constant of the continuous
medium, k is the Boltzmann constant, T is the temperature, e is the elementary charge, z is the number of
charges on an ion, and the sum is over all ionic species, i, in the solution. This screening-length is also the
decay-length of double-layer surface forces that are predicted by Poisson-Boltzmann (PB) theory for
symmetric electrolytes in the limit of low potential or large separation, and is known as the Debye-length.”®
The Debye-length of Eqg. 1 agrees well with the experimental measurements of the decay length of surface
forces in aqueous salt solutions up to about 1 M where double-layer forces are expected to dominate.5> 80 81
The inverse relationship between concentration and k5 means that the decay length predicted from Eq. 1
becomes very small in concentrated solutions. For example, k5* & 0.3 nmin 1 M solution, and k5! ~ 0.10
nm in 6 M 1:1 aqueous electrolyte solution. With such a short decay length, a range of other short-ranged
interactions such as van der Waals interactions, molecular layering,?2-% and hydration,®" 8’ would dominate
electrostatic double layer forces at all separations. Until recently, double-layer forces in concentrated
solutions have received little attention, perhaps because even large-scale (e.g. factor of 2x) departures from
Eg. 1 might still result in double-layer forces being obscured by other short-range forces.

Interest in concentrated ionic solutions has recently increased because of results that emerged from the study
of room temperature ionic liquids. Room temperature ionic liquids can be composed entirely or mainly of ions,
and therefore the Debye-length predicted by Eq. 1 would be very small. Surface forces measurements in ionic
liquids from Israelachvili’s group, however, revealed a decay length of the force, about 10-13 nm, that was
much greater than expected from Eq. 1.88 Assuming that the force that Israelachvili’s group measured is a
double-layer force, for a 1:1 electrolyte this corresponds to a concentration of order 10* M from Eq. 1. The
authors explained the much longer decay length using the idea that the ionic liquid acted as if it were not fully
dissociated, and estimated a degree of dissociation of about 10 based on a fit of the decay of force to Eq. 1.
An increase in temperature was observed to decrease the decay length, which was explained from an increase
in dissociation with temperature.?® Subsequent measurements by a variety of groups confirmed the existence
of a long-ranged repulsive force in ionic liquids (“anomalous decay”), but there has been extensive discussion
about the origins of the long decay length.86 88-98

PB theory assumes that the ions have point size and are non-polarizable, the solvent is continuous, and
importantly, that the local field at an ion is caused only by that ion; that is, there are no ion-ion correlations.®®
Kjellander has provided an explanation of the long decay length by accounting for the ion-correlations that
were excluded in PB theory.?® 1% This approach was used previously to account for forces in CaCl, solution.0%
102 At large separations between surfaces, Kjellander’s theory gives a decay similar to Eq. 1, but includes an
effective dielectric constant, €,.*, and an effective charge, z;":

(2)
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Rather than considering only a small fraction of ions to be dissociated, this model considers that the ions are
all dissociated, and that correlations result in each ion being “dressed” with other ions that reduce each ion’s
effect on the screening length.®®

If ion-correlations cause such a radical departure from the
Debye-length for ionic liquids, it seems reasonable that the 4 —— Experiment
same physics would apply in concentrated solutions of simple — PBEql
salts such as LiCl, NaCl, and KCI. Such concentrated solutions
are important in Li-ion batteries,'% supercapacitors!®, sea
water concentrated by evaporation, in crystallization, 06 107
and water-in-salt solutions.’® In fact a much longer decay
length than predicted by Eq. 1 has been measured in aqueous
Li* or Cs* solutions by Valtiner’s Group'® and in NaCl by
Perkin’s group.®® Thus, as a function of concentration, the

Decay length

lonic strength

decay length decreases to about 1 M, then increases (Fig. 1). Fig. 1 Schematic of the effect of salt

Lee et al have hypothesized that the screening in concentration on the decay of double-layer
concentrated simple salts results from an approximately forces. The experimental data is contained in
neutral ionic lattice of ions containing defects arising from refs % and *.

water and the finite temperature.®® This will be considered further in the discussion section. Table 1 shows just
how small the average spacing is between ions in very concentrated NaCl solutions, and how few water
molecules there are for each ion. In crystalline NaCl at room temperature and pressure, the Na*— Na* center—
center nearest neighbor spacing is about 0.56 nm along a crystal axis. If we assume the same lattice structure
in solution, then the spacing in a 5 M solution is not much greater —about 1.15 nm. Such densely-packed ions
make the Poisson-Boltzmann assumption of uncorrelated ions look very doubtful.

Table 1: Number of water molecules per NaCl unit and ion spacing

Concentration Ny,0: MNact®  lon spacing®
(mol/L) (nm)

1 50:1 1.88

2 26:1 1.36

3 16:1 1.30

4 12:1 1.18

5 10:1 1.15
Crystal 0.56108

a. Mjop is the total number of NaCl units. Results determined by measurement of the mass of water and NaCl required to
prepare the stated molar solution.
b. Assuming face-centered cubic lattice, this is the center-to-center distance between Na* ions along the crystal axis .

To date, all experimental results showing the increase in decay length with increasing salt concentration at
high salt concentration were based on measurements of the force between two interfaces separated by a thin
aqueous film (using the surfaces forces apparatus (SFA)®). The principal purpose of the current work is to
provide evidence of the long decay-length using a completely independent technique. Whereas previous work
measured a decay in force assumed to arise from a decay in electrical potential, here we measure the number
of ions in solution between two flat plates,? which we also assume depends on the electrical potential in the
thin film between two solid—liquid interfaces. We measure the number of trace fluorescent ions in the thin
film as a function of the thickness of the film, and extract a fitted decay length. A key aspect of the technique
is that we are able to hold the interfaces at a fixed separation in a solution of constant chemical potential until
such time as we see no further change. This takes about one day. Thus, we interpret our experiments as
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measurements of the equilibrium state, and we are relatively unencumbered by issues of dynamic events such
as diffusion, lubrication forces, etc., that are interesting, but more difficult to interpret. Our measurements
focus on confined films, so examine the decay length in confinement and leave open the question of whether
the decay length is different for a single interface.

Our measurements can be understood qualitatively as follows. If the decay length of the potential were much
less than the film thickness, then there would be a region near the midplane between the interfaces where
there would be no gradient in concentration. Successive incremental decreases in the film thickness would
produce only a linear decrease in the number of ions because a layer of constant concentration would be
removed; deviation from this linear relationship corresponds to spatial variation in concentration and thus the
existence of a decaying potential. If we assume that the electrical potential is the only potential that decays
over more than a nanometer or so from the solid-liquid interface, then by default we measure the decay of
the electrical potential. This is essentially the same assumption used in surface forces measurements to infer
the decay of double-layer forces and the associated electrical potential.

Our measurements utilize a low concentration of fluorescein, a fluorescent di-anion, in a gently-sloping crack
formed by bonding an oxidized silicon wafer to a silica wafer. We photograph the liquid-filled crack twice
obtaining: a) a fluorescence image to measure the number of molecules per unit area and b) an interference
image to measure the film thickness in the crack for a set of film thicknesses.'% Each test solution also contains
simple 1:1 metal chloride solution in the range 2—10 M, which is about 10° times more concentrated that the
fluorescein. Our previous measurements using this technique show that PB theory accurately describes the
decay-length in solutions that are less than 1 M.1% Our primary conclusion is that the “anomalous” decay
observed in force measurements is also observed in measurements of the number density of fluorescent ions
in salt solutions in thin films. We also explore the effect of the cation type (Li*, Na*, and Cs*) on the fitted decay
length and potential. Finally, we show that concentrated solutions of these simple monovalent ions can reverse
the sign of the effective surface potential as predicted by Qiao et al.*!° This conclusion diverges from earlier
streaming potential measurements at lower concentrations where charge reversal was not observed.!?

48



EXPERIMENTAL

Experiments were performed on chips (see schematic in Fig. 2) that were prepared by bonding an oxidized
silicon wafer (100 mm diameter Silicon <100> N-type, University Wafer Inc.) to a borosilicate glass wafer (Schott
Borofloat 33, 13% B,03, 500 um thick, flat edge, University Wafer Inc.). Critically, the bond did not extend to
the circumference, such there was a very small air gap around the circumference. We refer to the section of the
unbonded region where the wafers are separated by only 0—100 nm as “the crack” and the boundary between
the bonded and unbonded region as the “crack tip”. At the crack, the wafers were inclined at an angle of about
0.02°. The bonded wafers were broken into chips that contained the unbonded region. The fabrication of the
chips and analysis of amount and thickness is described in an earlier publication.1®

Test solutions contained (a) a simple salt of LiCl, CsCl, or NaCl at a concentration in the range 0.5 — 10 M, (b)
fluorescein in the range 3.75 — 15 uM (i.e. about 10° more dilute than the simple salt), and (c) NaOH to bring
the pH to 9.4 (cnaon = 10 UM, also about 10° more dilute than the simple salt), where the fluorescein exists as
a highly fluorescent dianion. The chips were immersed in a solution for at least 12 h prior to an experiment to
allow equilibration. The simple salts were roasted overnight in a furnace at 375°C to combust organic
contaminants. Water was purified using a Milli-Q purification device. For each concentrated salt solution (cmc
>>0.50 M) that we examined, we also examined a reference chip with relatively dilute salt solution (cmc = 0.50
M) that enabled calibration of the emission intensity. Salt solutions exhibit significant volume change on mixing,
so each solution was prepared in a graduated cylinder by weighing the appropriate mass of salt for a specific
concentration and adding in volumes of water (while mixing) using a micropipette until the desired volume for
the target molar concentration was reached. The refractive indices of the salt solutions were measured as
required for the optical analysis and are provided in Table S1 in the supporting information.

Our standard fluorescein concentration was 15 um, but for very concentrated salt solutions (>5 M), seemingly
anomalous results led us to believe that the concentration at the interface has exceeded the level required for
significant quenching, and experiments were repeated at a series of diminishing fluorescein concentrations until
(a) we could obtain a plateau in intensity at large separations and (b) we could obtain the same intensity/bulk
concentration for successive dilutions. The results were consistent with the idea that the concentrated salt
solutions lead to an increase in the concentration of fluorescein at the solid—liquid interface and therefore self-
qguenching. For the most concentrated salt solutions (ciici = 7 M and ciici= 10 M), experiments were performed
at a fluorescein concentration of 3.75 uM.

Separation, D, was measured using interference of 445 nm light and the amounts in the crack per unit area, n/A,
were measured using fluorescence microscopy.’® In the interference images shown in Figure 2, multiple
interference fringes are observed orthogonal to the crack tip, (position on the picture is given by the red dotted
line) indicating monotonically increasing separation orthogonal to the crack tip. The minimum and maximum
intensities were used to calibrate the intensity for the thickness measurement. As the pixel size is fairly large (1
um x 1um) in comparison to the measured gradient in separation (0.7 — 0.9 nm/pixel), we treated the sample
in each pixel as a pair of parallel plates at a single film thickness. The position of the interference bands vary
from image to image as each sample has a different crack angle. n/A was calibrated using a reference chip that
contained a solution of fluorescein and the same salt type, but at 0.5 M concentration. We assume that the
decay-length is very short at 0.5 M, and so the solution concentration in the thin film is the same as in bulk and
therefore known for all but the thinnest films. We fit the experimental data for the 0.5 M solution to the optical
model from 10 nm to 150 nm and also set both model and experiment to zero intensity at zero separation. That
optical model fits the data very well, as shown in previous work.1%° Once the optical model has been calibrated
using the 0.5 M solution, it can be used to determine the amounts in the more concentrated solutions where
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the amounts in the thin film is unknown. The dependence of the fluorescence on salt concentration is minor, as
shown in Fig. S1.

Each salt condition was measured three to four times using chips from three to four different sets of wafers and
three to four fresh salt solutions. Error bars indicate the standard error of a parameter from these four
independent measurements. Errors arising from the salt-dependence of the fluorescence, and the optical
model are considered in Supporting Information, Fig S1 and S2. Repeat measurements on the same chip showed
a much smaller standard error than repeats from different chips, from which we conclude that the main source
of variation was differences in the surface chemistry and roughness of the chip.
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RESULTS

Surface Excess in Concentrated Salt. Our results utilize agueous
15 uM solution of the fluorescent compound, fluorescein in
water at pH 9.4. Fluorescein is divalent at this pH. The
experimental variables are the separation between the two
interfaces, D, the concentration of simple salt and the type of
cation in the chloride salt (LiCl, NaCl, or CsCl). The separation,
D, was measured using interference, and the amounts per area
in the crack, n/A, were measured using fluorescence
microscopy. The raw microscopy images for the thinnest
section between the wafers (the crack) are shown in Fig. 2 for
0.5 M and 5.5 M NaCl solutions. The greater intensity in the D
= 0—30 nm region for the 5.5 M solution indicates a positive
surface excess of (anionic) fluorescein, which suggests that the
interfaces are now positively charged.

The primary metric that we use to quantify the decay of the
electric field is the surface excess. The surface excess of
fluorescein, I'(D) is defined as:

rp) = % — cppl (3)

where ¢, g is the bulk concentration of fluorescein in solution
and n/A is the number of fluorescein molecules per area the
thin film. Fig. 3 shows the experimentally determined surface
excess as a function of separation, salt concentration, and
monovalent salt type. The surface excess, by definition, should
plateau at large separation, which corresponds to the
traditional surface excess that is considered for isolated
interfaces. The plateau is evident in all our results, with the
possible exception of 10 M LiCl which, as we shall see later, has
a long decay length). All solutions of LiCl and NaCl show a
positive surface excess of fluorescein; this surface excess was
evidentin Fig. 2 as the increased fluorescence visible to the eye.
For LiCl and NaCl the gradient in surface excess decays to zero
over a range of order 10 nm, which is much longer than the
~0.1 nm predicted by Eq. 1. This is the central result of the
current paper.

Interference

Fluorescence

£ 0-5000nm
D I .
silicon oxide 37 nm
I -

o >

1-3 mm

Figure 2: (a) and (b) Interference (A4 = 445 nm) and
(c) and (d) fluorescence emission (4 =525 nm)
images of the thinnest section of the crack with
the salt concentrations indicated. The dotted lines
serve as an approximate guide to the eye for the D
= 0-30 nm region, as determined from the
interference image. Images have been colorized at
the interference and emission wavelengths. (e)
Schematic of the chip (not to scale). Note that z is
the distance from the midplane of the thin film.
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Figure 3. Surface excess of fluorescein as a function of separation (aqueous film thickness) for various salt concentrations

and salt cations. The top row (a — c) shows the effect of salt concentration and the bottom row (d — f) shows the effect of

salt type at a constant salt concentration. Error bars are the * standard error of measurements for three to four replicates;

examples of replicates are shown in the supporting information. For the 10 M LiCl solution, the results are consistent with

a large amount of fluorescein very near the two solid-liquid walls.
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In the absence of a long-range field extending from the solid—liquid interface, the gradient in surface excess
should decay over a very small distance. The long-range decay of the surface excess indicates that there is a
long-range field, in direct conflict with the Debye result in Eq. 1. A second result is that the surface excess of
fluorescein is positive in LiCl and NaCl solutions and that the surface excess grows with increasing salt
concentration. Recalling that both silica and fluorescein are negatively charged in water or dilute salt solution,
this indicates charge reversal. This charge reversal by a monovalent salt also conflicts with the PB assumption
that the ions experience only a local field, and will be considered later. In contrast there is at most a very small
surface excess of CsCl, and our resolution of the decay is poor in this salt. The results suggest that there is only
a small magnitude of surface potential in the CsCl solutions. The CsCl results will not be considered further.

Quantification of the Decay-Length in Concentrated Salt Solution

Our principal objective is to use an independent technique to verify or contradict the conclusion from surface
forces experiments that the electric field decays slowly (i.e. does not follow the Debye-Hiickel result of Eq. 1).
Surface forces measurements reveal a long-range decay in the surface force. The interpretation is that the force
is a double-layer force and that it decays exponentially with a decay length characteristic of the electrical
potential. The surface excess measured here, in contrast, increases up to a plateau value. To quantify this
increase, we use the following empirical equation:

(D) =Tw(1 —exp(—=D/xg1). (4)
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The two fitting parameters are Iy, the surface excess of two 40
solid-liquid interfaces at large separation, and KEl, the Ng
empirical decay length of the surface excess. The decay lengths £ 30l @
indicated in Fig. 4 for NaCl and LiCl are all in the range 3—10 nm, ot
and they increase with salt concentration. These results are _g 20}
inconsistent with the PB result of Eq. 1; if the decay followed -
Eqg. 1, then all values would be < 1 nm and the decay length g 10}
would diminish with salt concentration. Note that the decay 3 Q o LiCl
lengths previously measured for dilute (<0.5 M) salt solutions =~ o ° ) @ NaCl
were consistent with PB theory, i.e. decreasing decay with 02 4 6 8 10
increasing salt concen.tratlo‘n.‘109 These results together show Salt concentration, ¢ ) (mol/L)
that the decay length is a minimum at or around 0.5 M. sa

—~ 10 v
Model-Dependent Decay-Length. To proceed further, we need g {)
to make a model for the potential. From here we (a) assume ‘TTu st
the potential acting on the fluorescein is electrostatic in origin, 3
and further (b) use PB theory but with an experimentally-fitted £ 6 %
decay length, rather than the Debye-length. This is consistent = %
with Kjellander’s result that the potential at large separation %, al ‘I’ ‘%
decays exponentially if correlations are considered (Eq. 2). In 9 o LiCl
this semi-empirical approach, the object screening the electric 8 5 8 NaCl

field is not necessarily the ions considered in PB theory, but an 5 4 6 8 10
equivalent combination of concentration and effective charge. (mol/L)
It

The PB equation is: Figure 4. Surface excess of the isolated solid—
liquid interfaces and empirical decay lengths and
as a function of salt concentration obtained from

Salt concentration, csa

Eq. 4.
Py 1 ziew(2) (5)
PP XL

All solutions to the PB equation do not contain a uniform decay length. For low potentials
(Iv,b(z)l < ’;—: ~ 25mVfor1:1 electrolyte), an analytic solution for symmetrical, constant surface potential, i,
boundary condition for a z: z electrolyste does explicitly contain the Debye length:

W(z) = Yo COSh(;KEZ)’ (6)
(-5

where z is the distance from the midplane of the aqueous film, and k5! = kp! for these conditions. Note that
even in this case, kg ! is not strictly the decay length of the potential, because the potential does not decay
exponentially when the film is confined between two interfaces (it is a cosh function), but we will still refer to
the scaling factor for z as “the decay length”. In our work we will treat x5! as a fitting parameter obtained from
Eqg. 6. In some sense, Eq. 6 is simply a convenient functional form for fitting a decay-length that was inspired
from and does limit to the PB solution for dilute electrolytes and low potentials. We have used the subscript F
as a reminder that this is a parameter fitted from Eq. 6 for concentrated solutions, not the Debye-length that is
calculated from Eq. 1.
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The concentration at any position between the plates can be calculated from the Boltzmann distribution. Again,
assuming that the potential is entirely electrostatic, the concentration is:
Zey(2) (7)
c(z) = cp exp(————),
() = ¢ exp(~= )

where Z = -2 for fluorescein at pH 9.4.

The surface excess of adsorption at a given separation is then:

bz Zey(z) (8)
Ir'(D) = f Cp,p1 €Xp(— W) — cppD dz.
_D/2 B

The surface excess data over the range of 0 — 30 nm was fitted to equations 6—8 to determine i), and k. The
fitted values for k5 * are shown in Fig 5.

Our results are qualitatively consistent with surface forces measurements, but the decay lengths for NaCl are
not quantitatively the same as the decay length of the surface forces obtained by Smith et al,® albeit for
different solid—liquid interfaces. This decay length is also ion specific, with Na* showing a greater change in the
decay length than Li* over the concentration range

from 2.5-5.5 M.

- 14 v -
We conclude the results with a few minor points. A few E 12 %
of the fitted potentials (for the 5.5-10 M solutions) -0
were greater than 25 mV (Fig. S7), which violates an < 101
assumption of Eqg. 6. As a check we refitted all = %
conditions but with an exact numerical solution to the E’-’ 8 %
PB equation. Since that solution does not have an @ %
explicit decay length, we fitted the concentration, and %ﬁ 6 *’ _ 1
converted that to an effective decay length using Eq 1. g 2l © LiCl |
The difference in fitted decay length for the low 0 . . . = NellGI

potential and exact solution are very small and not 2 4 6 g 10
important to the conclusions. The important point is ]
that the fitted decay length increases with Salt concentration, Csalt (mol/L)
concentration. Figure 5. Decay length of the potential obtained from fits
to the Poisson-Boltzmann equation (Eqg. 6) assuming low
We also note that a constant charge boundary potential and constant surface potential, and that the
condition was not used here because the constant decay lengthis a fitting parameter, rather than obtained
charge boundary condition causes the concentration of ~ from Eq. 1.
counterions in a very thin film to rise precipitously (see Supporting Information, Fig. S4), which was not observed
experimentally (Fig. 3). Measurement of surface excess is very good for distinguishing the constant charge from
the constant potential boundary condition because the ion densities have qualitatively different dependence
on D: at constant potential, the surface excess decreases with smaller separation whereas at constant charge
the surface excess increases.
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DISCUSSION

The Decay Length. Lee et al. have developed a scaling argument that suggests that the decay length in
concentrated salt solution should scale as:*®
KElNZBCba3,

(9)

where [g is the Bjerrum length of the solution:
l e? (10)

B~ 4meye, kT

and a is the ion diameter. Lee et al. give a physical interpretation of this scaling starting with a neutral salt
lattice that would not screen the potential, but adding charge defects due to water molecules and the finite
temperature that leads to screening of the potential. The defect concentration scales with the solvent (water)
concentration and inversely with the salt concentration, so the screening is less for more concentrated
solutions. For both simple salts and ionic liquids, they find that the decay lengths obtained from surface forces
measurements have the appropriate scaling given in Eq. 9.6  Substituting Eq. 10 into 9:

ki l~cp €7 1Tad. (11)

There is considerable variation of €, across the range
of salt concentrations that we use, so we have
examined the effect of ¢, €, 1 at a fixed temperature.
For each individual salt (fixed a), Fig. 6 indicates that
ki ~cp €71 as predicted by Lee et al.%® The larger ion,
Na* has a greater slope than the smaller ion, Li*
qualitatively in agreement with Eq. 11. Quantitatively,
(ana+/ay+)® = 2.1 and (anacr/avic)® = 1.3,

e

A
Er=

—

whereas the ratio of slopes is about 5, so the ion size-
dependence is not in quantitative agreement. Recall
that the surface excess of Cs* was too low to enable us
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Figure 6. Test of the scaling relationship of Lee et al*® (Eq.
11) to the decay-lengths obtained from PB-fits to surface
excess measurements (Fig. 6). The lines are least squared
fits to the data for each ion, and have R? values of 0.98
for Li* and 0.99 for Na*.

c
The original model proposed by Gebbie et al.?® to

explain anomalous decay was based on the assumption
that the ions are not fully dissociated in confined
concentrated electrolytes, such that the vast majority
of ions are in net-neutral ion-pairs that do not
contribute to screening. According to this model, the
screening by dissociated ions only would be given by
Kol = ikﬁl’ (12)

Va
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where «a is the degree of dissociation. Fig 8 shows
values of a that were obtained from fits to our
measured decay lengths. The fitted fraction of
putative  dissociation  drops  approximately
exponentially with salt concentration from about
1073 to 10 for salt concentrations from 2.5 to 10 M.

M i

It is not clear why a simple ion pair would associate,
or change in degree of association by so much over
this concentration range, and Kjellander’s
explanation of charge correlation and Lee et al’s
scaling model seem more reasonable explanations.
In addition, our fluorescence measurements provide
evidence against the ion association hypothesis for 4 6 g 10
LiCl and NaCl. It is well known that the emission .

intensity of fluorescein depends strongly on the Salt concentration, Csalt {I’T‘IDL"L]
degree of dissociation: when the anion is neutralized  Figure 7. Effective fraction of ions dissociated as a function
with two H* cations, the fluorescence is much of salt concentration. The fraction of ions was determined
weaker than when it is dianionic.1'? It seems very from the decay length obtained in our work (Fig. 6) and Eq.
likely that the fluorescence would also be 12 The error bars are the standard error from fits to
diminished by neutralization with two Na* ions. Yet, experimental replicates.

when we measure the fluorescence in bulk, we find
only a very weak dependence of the emission
intensity as a function of salt concentration — a drop
of about 7% in the range 2.5-5.5 M compared to a
0.5 M solution, and only minor change in the shape
of the spectrum (Fig S1), indicating only a very small
effect of ionic strength on the dissociation of
fluorescein in bulk. Likewise, in the thinnest part of
the crack, the ion-association hypothesis suggests a
~10% - 10° reduction in dissociated salt (Fig. 7). If
the high salt concentration also caused an
association of fluorescein with its protons, there

would be a huge reduction in fluorescence, whereas )
we observe very intense fluorescence in the thin film Salt concentration, Csalt {I’T‘IDL"L}

containing  concentrated  salt. Thus, our  rigure 8. Surface charge density at infinite separation
fluorescence measurements appear to contradict  optained from fits to Eq. 6. The error bars are the standard
the association hypothesis. error from fits to experimental replicates.
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Charge Reversal. The PB model is a mean field theory, so it does not consider charge-charge correlations, and
in our implementation does not consider ion size effects or density oscillations. Theoretical studies and
modelling that do consider charge correlations and finite ion sizes do predict more complex surface structures
including overscreening of surface charge at low surface potential and crowding of ions at high surface potential
for single interfaces.!'® 14 Although interpretation of the surface charge and surface potentials obtained from
the PB fit is limited by the simplicity of the theory, it is still interesting to examine the sign and magnitude of the
PB fits for the charge that we obtain from the fluorescein ion profile.
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Surface force measurements do not directly determine the sign of the surface potential or charge. Electro-
osmotic measurements can assess the surface charge based on the mobile charge, but the charge depends on

the location of the shear plane. Our
measurements of amount can, in contrast, be used
to determine the sign of surface charge. If there is
an excess of an anionic fluorescein in the diffuse
double layer, then the surface charge is positive.
Here we observe that the surface excess of
fluorescein is positive in concentrated LiCl and
NaCl solutions, therefore either the fluorescein
has reversed charge or the silica has reversed
charge. By silica, we are including whatever layers
of cations that are adsorbed to reverse the charge.
For reasons outlined above, we consider it very
unlikely that the fluorescein has reversed charge
by addition of three cations or some protons and
cations (that would change its fluorescence
emission) so we conclude the silica surface is
positively charged in very concentrated NaCl or
LiCl solutions.

We are unaware of any prior experimental work
showing charge reversal arising from addition of
monovalent salt. Van der Haydon et al. used
electrophoretic measurements to conclude that
charge reversal of silica did not occur for
monovalent ions up to concentrations up to 0.15
M, which is much lower than the concentrations
that are considered here. Previously Qiao and
Aluru have used simulations to show that non-
electrostatic contributions to the water-cation
interaction can lead to charge reversal.''® These
non-electrostatic interactions in the simulation
lead to overcompensation of the surface charge in
the first layer of cations near an anionic solid.

The surface charge density at infinite separation
fitted from solution of the PB equation is shown in
Fig 8. Approximately 0.005 — 0.025 charges per
nm? are required to explain the observed
fluorescein surface excess. Considering that the
separation between ions in bulk solution is only on
the order of 1 nm (Table 1), this is only a small
perturbation of the bulk ion density and may
simply be a consequence of where the Stern layer
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Figure 9. Comparison of measured fluorescence intensity and
optical model of intensity. For a 0.5 M LiCl, the model is for a
uniform distribution of molecules, and has been multiplied by
an arbitrary constant to fit the measurements in the range 10—
150 nm. The close correspondence between model and data
supports the idea that the molecules are uniformly distributed
in the 0.5 M NaCl, even for D = 0-30 nm. (see also Fig S9). For
10 M LiCl, two models are shown: (1) a uniform distribution
represented by the dashed line and (2) the distribution
calculated from the potential obtained from fit of the
experimental data to the solution to the PB equation for a
range of 0 — 30 nm assuming constant symmetrical potential.

plane is considered to be, or may be due to overscreening of the silica surface charge.
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Comparison of Optical Model and Experiment for Thick Films. Thus far, we have only considered results from
films that are 0-30 nm thick. The advantage of this range is that the emission per molecule is independent of
the distribution of molecules, which is ideal for determining the surface excess. For thicker films, however, the
fluorescence emission does depend on the molecular distribution (See Fig S8), which provides an opportunity
to examine whether the distribution determined from the thin film data and the PB equation is similar to that
observed in thicker films. We have established a fitted surface potential and decay length from data in the 0—
30 nm film thickness. If we assume that the decay length and potential are the same in thicker films, we can
model the intensity—film-thickness profile for large film thickness. We have again assumed in the model that the
potential is symmetric. Fig. 10 shows the measured and modelled fluorescein intensity for 0—150 nm thick film.
We first show the data for 0.5 M LiCl where the optical model*® has been multiplied by a constant —the intensity
per molecule — to best fit the data. For 0.5 M LiCl, a model of uniform distribution fits the data very well, and
justifies our use of the 0.5 M solution to calibrate the intensity per fluorophore. Also, the uniform distribution
model fits the data in the 0—30 nm region, supporting our assumption that the decay length of the field is very
short in 0.5 M solutions. See also Fig. S9 for an enlarged view of the fluorescein surface density in the thin film
region.

The measured profile for 10 M LiCl is very different than for 0.5 M (Fig 9). There is (a) a distinct maximum and
minimum that is absent for the intensity profile of the homogeneous solution, and (b) a much larger intensity.
We have compared the data to two models: uniform distribution and the distribution arising from the PB
equation with the surface potential and decay length and potential for the 0—30 nm data only. The intensity per
molecule was calibrated from the 0.5 M solution. The optical model of a uniform distribution has the wrong
magnitude and the wrong shape. The model of the PB distribution with a long decay length (12 nm) and charge
reversal produces the overall magnitude and shape. This provides further support for the idea that the decay
length is long and the charge is reversed. It is also possible to qualitatively assess the effect of relaxing some
restrictions to the PB model. If the decay length of the potential were to diminish with greater film thickness or
charge regulation was allowed, then the PB model result would move toward the uniform model and provide a
better fit to the data at large film thicknesses. The effect of allowing asymmetric potentials is more complex and
is considered in Fig. S10.

CONCLUSIONS

Measurements of the density of ions in a thin film of very concentrated salt solution between two silica surfaces
are consistent with a very long-ranged decay (4—13 nm) of the electrical potential in concentrated salt solution.
Consistent with surface force measurements, the decay is much longer than expected from the Debye-length
derived from Poisson-Boltzmann theory, and the decay increases with salt concentration, rather than decreases
with salt concentration. The decay depends on the type of salt (Li* vs Na*), and the decay length scales with
¢y, €7 Las predicted by Lee et al.®® Furthermore, our ion-density measurements demonstrate that the surface
charge of silica is reversed by addition of very concentrated monovalent salt. These measurements provide
independent support, directly from the ion density rather than from force measurements, that the decay of the
electrostatic potential is long-ranged in concentrated salt solution.
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SUPPORTING INFORMATION

The supporting information contains:

a.

b.
C.
d

— > M

Table of measured refractive indices of concentrated salt solutions

Measurements of the fluorescence emission of fluorescein in concentrated salt solution
Modelling of the effect of the fluorophore distribution on the emission in a thin film
Examination of the uncertainty when fitting an empirical Decay-length to surface excess
measurements.

Examination of the uncertainty when fitting the Decay-length to surface excess measurements
using the Poisson-Boltzmann equation for constant potential and constant charge boundary
condition

Comparison of the low-potential analytical solution to the numerical solution of the Poisson-
Boltzmann equation for symmetrical constant surface potential boundary condition

Surface potentials obtained from a fit of surface excess data to the Poisson-Boltzmann equation
Optical modeling of the intensities

Area density of fluorescein for the 0.5 M LiCl solution

Effect of asymmetry on the fit of the decay length
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Chapter 4: Symmetrical glass—glass based CAA

1. Motivation

The majority of the work described in the previous chapters was conducted using asymmetrical interfaces of
glass and thermal oxide grown on silicon. These two surfaces are very similar, but not identical. The glass
contains boron, aluminum and sodium cations whereas the thermal oxide does not. For ease of
differentiation, that system will be referred to as silica-glass.

There are two major drawbacks of using such a system

1.

The slight asymmetric nature of the interfaces means that the boundary conditions at either surface
are not symmetric— we made that assumption when fitting of the decay-lengths in Chapter 3. The
effect of asymmetric potentials on one set of data is shown in Fig S10 in Appendix B.

For the optical modelling in Chapters 2 and 3, we assumed that the excitation intensity was an odd
function around the midplane and that the concentration profile was an even function. The odd
approximation was never true, but sufficiently precise for D < 50 nm when we optimized the oxide
thickness. The even approximation for the concentration profile was only true if the glass were the
same as the thermal oxide. We know that they are similar but do not know how similar.

In order to overcome these limitations, | was motivated to developed a symmetrical system and | chose to use
two glass wafers.

The main advantages of a symmetric glass-glass system are

1.

2.

3.

The interfaces are symmetrical as they are made of identical materials. For modelling, this satisfies the
assumption that the interfaces have identical charging characteristics.

The lack of a highly reflective interface (the silicon-oxide interface) present in the earlier iteration of
the device means there is less interference. Measurements can be performed in relatively thick and
thin films whereas previously we were only limited to thin films

The ability to measure thick films means that the measurements can be done on films that are so thick
that they are essentially all bulk. In this case calibration for the intensity per molecule can be done on
the experimental sample; there is no requirement for an additional reference chip.

Specific details on the development of a glass-glass chip are provided in Appendix C
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2. Optical Modeling

Fig 1. compares the intensity per molecule for fluorescein calculated using the optical model for a silica-glass
based CAA and a Glass-Glass based CAA. The optical modeling shows that regardless of separation, the effect
of interference on the intensity per molecule is quite small in glass-glass systems compared to silica-glass
based systems. Depending on the position of the fluorophore, in the asymmetric silica-glass system, the
variation in intensity can be up to 20 times, whereas in the symmetric system the variation is over an order of
magnitude less.
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Figure 1: Intensity per molecule /n, as a function of z and D position for films of various thicknesses. Left —
Intensity per molecule as a function of zand D in symmetric glass-glass systems. Right — Intensity per molecule
as a function of zand D in asymmetric silica-glass systems.

Theoretical intensities can also be calculated for various concentration profiles. Fig 2. shows the n/A

and corresponding total measured intensity, It for the different types of adsorption detailed in this thesis.
While both systems, glass-glass and silica-glass show non-linear variation in the total intensity as a function of
film thickness, the oscillations are far smaller in glass-glass systems owing to the minimal interference and
look quite similar to the n/A profile. In cases of positive adsorption the variation in I in the film exacerbates
the problem considerably in silica-glass systems resulting in highly non-monotonic changes in total measured
intensity as a function of separation.

Absent any interference, the average intensity per molecule, Iy; pve, can be determined in a fairly
straightforward manner by using intensity data in very thick films (for example: 300 nm — 1 um) via,

I thick films (D) = Im,ave (CouikD + T'o) (14)

in the limit of large separation where I'y, is the surface excess at large separation i.e. the surface excess when
the molecular distribution is sensitive only to one interface and is not influenced by the presence of a second
interface. To determine Iy 5ye, ONe simply needs to perform a linear fit to the intensity-separation data at
large separations i.e. in thick films. For example, in an electrolyte, one would use intensity data > 5k} to
perform the linear fit. As cp kD is known and the surface excess at infinite separation, I, is invariant with
separation when the interfaces are sufficiently far apart and non-interacting, Iy ave is simply the slope of
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linear fit and Iy avel's is the intercept. Once the average intensity per molecule is known the number of
molecules per area in a thin film can be easily calculated,

<E (D)> _ IT,thin films(D) (14)
A film IM.Ave

From Figure 2, it can be seen that the above methodology would work poorly in silica-glass systems, owing to
the highly non-linear and oscillatory intensity as a function of separation. In glass-glass systems, the
oscillations are relatively slight incurring minimal error.
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Figure 2: Calculated theoretical fluorescence emissions for ions in a thin film. The first column is the surface
excess calculated from PB an ion with charge +/- 2e for a constant symmetrical surface potential of ¥, =
50 mV with a 15 nm Debye-length. The second column is for the fluorescence emission for silicon—glass and
the third column is for glass—glass. The top row is for co-ions and the bottom row is for counterions. Note that
the intensity oscillations are much smaller for the glass—glass system.

3. Results

Figure 3 shows interference and fluorescence images for a glass-glass chip infused with fluorescein with a
short Debye length. The interference is fairly weak as a result of low refractive index contrast at the glass-
water interface (ngass = 1.47 and nwater = 1.33). Qualitatively, the fluorescence image shows the correct trend;
as the separation increases from the left to the right of image, so too does the fluorescent intensity as the
number of molecules per area scales linearly with film thickness.
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Interference Fluorescence

i

Figure 3: Interference (445 nm) and fluorescence images (Ex: 475 nm, Em: 525 nm) for a glass-glass chip
infused with a solution where the fluorescein concentration is 50 uM and a Debye-length is 0.5 nm taken with
a 10x objectives. The red dotted line represents separations to the left of which are 0 nm as the two glass
surfaces are bonded together and to the right of which the intensity is increasing monotonically as a function
of film thickness.

Figure 4 shows that the experimental fluorescent intensity is a linear function of film thickness for a uniformly
distributed fluorophore. This is in contrast to silica-glass (see Chapter 2 Fig 3) which oscillates significantly as a
function of film thickness.
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Figure 4: Intensity as a function of separation for a glass-glass chip infused with an aqueous fluorescein
solution (cr =50 uM and k5! = 0.5 nm). The linear fit to the data is performed from 20 — 300 nm. The R? value
of the fit is 0.99.
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4. Discussion

The work presented here is preliminary but promising. One problem that remains to be solved is getting an
accurate separation profile as a function of pixel index in the glass-glass images. In silica-glass systems, while
the large interference served as a strength for measuring the film thickness, yet was a weakness for measuring
the number of molecules per area in silica-glass chips, the inverse is true for glass-glass. The weak interference
results in a significant amount of noise in the interference image which makes it hard to measure the
separation accurately. This can be resolved by using a laser to perform the interference microscopy as the
primary reason for the poor signal to noise is the incoherent nature of the light source. The incoherence
means that only few waves are in phase enough to produce an interference signal. Using a monochromatic,
coherent light source such as a laser should increase the contrast between the fringes and thus reduce noise
in the interference images allowing measurement of separation with a greater degree of accuracy.

Glass-glass based chips can be used to study solutions with very long Debye-lengths and observe the
equilibrium behavior of larger objects. When we were limited to measurements where the maximum film
thickness was only 50 nm, we could only study particles that could fit into this film. Now we can study larger
particles and longer-ranged forces. | am currently working on investigating the equilibrium adsorption
behavior of negatively charged nanoparticles with a hydrodynamic radius of 12 nm to silica interfaces as a
function of solution composition using glass-glass systems. We expect the nanoparticles to be highly depleted
because of the large negative charge on the particle in addition to the size exclusion from the thinnest section
of the crack. This necessitates a device that can measure the number of particles accurately at larger
separations than silica-glass based chips.
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Chapter 5: Future Work

In Chapter 2 — 4 | describe original work | conducted developing a technique that performs direct
measurements of adsorption and in Chapter 4 | describes improvements | made to this technique by switching
to a glass-glass based CAA and some preliminary experiments looking at the behavior of electrolytes in this
system. In this Chapter, | would like to discuss applications of the technique.

1. Measurement of diffusion as a function of Debye-length

One of the experimentally interesting phenomena that | was unable to pursue during my time spent on this
project was the time-scale of diffusion into the crack. It is not clear to me why we would need to wait a full
day to allow for equilibration and diffusion into the confined channel especially in solutions with short Debye-
lengths. The diffusion should be relatively rapid, but it is quite slow. It would be interesting to measure the
diffusion coefficient as a function of separation and solution composition in confinement and this question is
currently being examined by Zechen Zhang in our group

Diffusion of nanoparticles could also be measured using this technique.

2. Viscosity measurements in concentrated polymer systems

It is well known that the addition of polymers to a solvent, organic or otherwise can result in steep increases in
the viscosity of the solution. In confinement as polymer begins to get excluded out of solution, one might

expect that viscosity changes rapidly as a function of confinement in thin films of fluid.

This experiment would entail taking videos of a polymer solution as it traveled up the crack and measuring the
change in intensity in the interference to tease out the fluid velocity and determine the viscosity of the liquid.

3. Polyelectrolyte behavior in confinement
Large polyelectrolytes have a rod-like conformation in solutions of long Debye-length and are globular in
solutions of short Debye-length due to screening of electrostatic repulsion between the charged monomer

groups.

If the polymer was sufficiently long, the effect of confinement on the extension properties of various polymer
molecules could be studied as a function of confinement and solution composition

4. Surfactant adsorption in confinement

Our group has previously published a number of papers looking at the effect of confinement on surfactants. It
would be interesting to use fluorescent surfactants and measure the adsorption profile in confinement.
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Chapter 6: Conclusions

1. Atechnique was developed that can directly measure the static and dynamic behavior of molecules as
a function of confinement and solution composition.

2. The surface excess of fluorescein, a di-anion in dilute electrolytes is primarily affected by electrostatics.
The degree of depletion in thin films confined between negatively charged interfaces is a function of
the separation and the Debye-length of the solution, and the experimental results were in semi-
guantitative agreement with predictions from the Poisson-Boltzmann model.

3. In concentrated electrolytes (>2 M), the surface excess of fluorescein is a function of the ion-type and
ion concentration. The charge on the interface is reversed and results are consistent with the
hypothesis that the electrostatic screening length increases monotonically as a function of salt
concentration.

4. A glass—glass sample was developed for the CAA. Because of the lower refractive index contrast, there
is much weaker interference of the excitation, which allows surface excess measurements at
separations much greater than 50 nm. Previously we assumed in the analysis, even at separations less
than 50 nm that the fluorophore profile was symmetric. With the use of a symmetrical system (glass—
glass rather than glass—silica) this is no longer an assumption. In addition, the use of a symmetrical
system diminishes the number of fitting parameters that must be used in modeling.
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Adsorption at confined interfaces
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A. Interference Terms

The interference terms for the calculation of Eq 11 are:
q’zlkp — tyj"ty';n(l _ r||,inei2pd)/(1 _ T.||,inr|3|i'nei2p(d+8))
LleT_1 — té?iinti_éin(l + rJ_,ineind)/(l _ T.J_,inr:iiinein(d+8))
q;ilrll.n — tlsl;intil’gm(l + r||,ineind)/(1 _ r||,inr|3|;:ne12p(d+5))
‘Po”{f; — tilg;outtgfut(l _ r||,outei2qd) /(1 - r||,outr|3|f1itei2q(d+8))

gl = ploutploutq 4 loutgizady (g _ LoutyLoutgizqd+s))

q;ollur; — tilg;outtgfut(l + r||,outei2qd) /(1 - r||,outr|3|f1itei2q(d+8))
p = 2mn3 /Ay, cos O
q = 2mng /Ay cos 9%, (E1)
where || refers to parallel to the plane of incidence and | refers to perpendicular to the plane of incidence.

The superscripts p and n denote parallel to the interface and normal to the interface, respectively. ti#'i" is the
Fresnel coefficient of transmission for an illuminating light wave crossing from the it" to the j™ layer (Fig. 3) at

an angle of incidence 9", and wavelength Ai.. Similarly the coefficient riljl'out is the Fresnel coefficient of

reflection for an emitted light wave crossing from the it" to the j" layer with an angle of incidence 9%, and
wavelength Aout.
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B. Figures

0 200 400 600

S1. Intensity of fluorescein fluorescence emission as a function of position within the crack, z, with
D =600 and t = 0. The interference is dominated by the silicon interface such that the shape of
this curve is nearly invariant as D changes. For greater D the curve is extended along the
horizontal axis; for smaller D reduced. For small t, the curve is shifted left by approximately t.

If we wish to minimize changes in emission intensity as a function of z, it is best to have the fluid
gap situated near a maximum or minimum. If we wish to minimize the z gradient of Ij(z) +

I;(D — z), the fluid gap should be at an inflection point.

69



Fig. S2. Photograph of the dual wafer cbnstruct showing the radial crack around the perimeter. The
light colored region around the perimeter is the region of the crack.

Fig. S3. Opticél ims of cpa 5 minutes apart in time. The lack of cné in infénsity is
consistent with no change to the concentration of fluorescein in the thin film.
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Fig. S4 Top: Intensity vs separation calculated from the model for various oxide thicknesses. Over this
range of D, small variations in t cause small changes in the curvature of the / vs D curve. Bottom:
Crack profile. Every pixel (~200,000) where D>0 is represented by a point in the figure. xis the
distance perpendicular to a line fitted to the crack tip.
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Left: Fluorescence emission intensity over a range of 0—60 nm for k™! = 0.50 nm solution and a model
assuming uniform molecular distribution. Plotted data are the average of intensities binned for a 0.5 nm range
around each shown D. Error bars represent standard error of the same binned data. An oxide thickness of 36.8
nm was determined from interferometry of the sample, and used in the model. Two fits to the data are
shown: (1) the optical model fit and (2) a linear fit. The optical model has one parameter, the magnitude, and
the linear fit has a fitted slope with the fit restrained to pass through the origin. The range of the fit is 20< D <
60 nm. Right: Residuals for the optical model and the linear fit. The optical model agrees very well with the
data, even for D < 20 nm. Clearly the optical model is a better fit, so the nonlinearity of / vs D is not negligible.
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Fig. S6. Emission of 67 um aqueous fluorescein solution as a function of Debye-length in NaCl
solution. The emission filter range in the microscopy was 525425 nm. The integral over the
range 500-550 nm deviates by 7% or less for 7 nm or 21 nm compared to the 0.5 nm solution

and was not found significant in a Student’s t-test.
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Fig. S7: Ratio of dianion to monoanion as a function of pH calculated from Eq 18 as a function
of the potential. The calculation was done for pK‘= 6.68, which is the activity-corrected pK for
the k=1 = 14 nm and 21 nm solution. The ratio increases slightly for shorter Debye-lengths.
E.g. at 50 mV, the ratio is given the following table:

k1 pH

nm 7.6 8.4
0.5 3 17.6
4 1.4 8.6
7 1.2 7.7
14 1.2 7.3

21 1.2 7.3



C. Details of Analysis for Optical Measurements:

Interferometry:

Optical images are background-corrected using a separate image with no features in the field of view. The
background image is smoothed using a moving average, on which each smoothed pixel value is the average of
a square grid of pixels around it. The smoothed background intensity data is subtracted from the
interferometry picture. Near the perimeter of the image there are not enough pixels to compute the average
for a grid of the desired size. Pixels where this is the case are excluded from the analysis.

The oxide thickness was measured using interferometry. The oxide thickness controls the interference at the
crack tip such that it can be determined from the pixel intensity as D — 0. In practice, identifying the crack tip
in the image can be difficult due to noise. In most cases we found that the intensity at D = 0, i.e. where the
glass and oxide are directly bonded, was not independent of position; it increased as a function of x-distance
from the crack tip. The intensity as the crack begins to open is known from calculation to increase as a
function of x-distance from the crack tip. Thus the intensity passes through a minimum moving from the
bonded section to the opening of the crack. The location of the minimum in intensity was regarded at the
crack tip in our analysis. We estimate that the there is an error of about 2 nm in determining D = 0.
Calculating D using the interference pattern involves inverting a squared cosine. The inverse becomes very
steep at the limits of its domain, -1 and 1. This means that the measurement of D becomes very sensitive to
noise in pixel intensity near points of total constructive and destructive interference. In order to mitigate this
issue we smooth over a larger range of pixels near these points. To reduce noise in the interferometry data,
we smooth the entire array of pixel intensities using a moving average. The span of the average, i.e. the size of
the pixel grid averaged for each point, grows as a function of the gradient in intensity such that it is maximized
at intensity maxima and minima (zero gradient) and minimized between. For example, the grid was 13 x13
pixels (about 9 um wide) at the maximum and 5 x 5 pixels (about 3.5 um wide) at the inflection. In the
proximity of the crack tip we make an exception to this rule and use minimal smoothing (5 x 5 pixels) so as
not to bias the position of this intensity minimum.

Fluorescence:

The background correction for the fluorescence images is the same as for the interferometry images. The
fluorescent intensity data is not smoothed.

Intensity vs Separation:

A separation is computed for each pixel in the interferometry image (where there is a crack) and is mapped to
the corresponding pixel in the fluorescence image to give fluorescent intensity as a function of separation. The
intensity values are corrected to be zero in the limit of D — 0 by subtracting the average of the 100 lowest D
data points where D > 0. These 100 data points spanned a range of less than 0.1 nm.
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Appendix B: Supplemental Information for Chapter 3

Supporting information for

The Electrostatic Screening-Length in Concentrated
Salt Solutions

Prudhvidhar Gaddam™ and William Ducker*
Department of Chemical Engineering and Center for Soft Matter and Biological Physics, Virginia Tech,
Blacksburg, VA 24061, USA.

*For correspondence: wducker@vt.edu
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Table S1. Refractive indices for concentrated salt solutions

Salt Type Salt Refractive index
concentration A =445 nm A =470 nm A=525nm
(mol/L)

LiCl 0.5 1.3363 1.3374 1.3363
2.5 1.3527 1.3529 1.3529

4 1.3645 1.3643 1.3643

5.5 1.3757 1.3758 1.3758

7 1.3854 1.3851 1.3850

10 1.4055 1.4052 1.4052

CsCl 0.5 1.3429 1.3428 1.3412
2.5 1.3653 1.3652 1.3644

4 1.3821 1.3820 1.3818

5.5 1.3991 1.3990 1.3990

NaCl 0.5 1.3463 1.3447 1.3484
2.5 1.3587 1.3592 1.3596

4 1.3680 1.3678 1.3679

55 1.3797 1.3795 1.3796
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Figure S1. Left: Fluorescence emission of 15 uM aqueous fluorescein solutions for various NaCl salt
concentrations. The measured range is from 500 to 550 nm to match the range of the emission filter (550125
nm) used when measuring the surface excess. Even very large concentrations of salt have a small effect on the
spectrum. Fluorescence emission was measured with a Horiba FluoroMax fluorimeter with 475 nm excitation.
Right: Relative emission of a 15 uM solution of fluorescein solutions for the different salt types and salt

concentrations tested in this work. We define relative emission as:
intergral of spectrum for metal chloride solution

integral of spectrum for same fluorescein concentration and 0.5 M metal chloride
The majority of the data has a relative emission of 1 and 0.9 as indicated by the dashed lines. The exception is
5.5 M CsCl, which is 16% less than that of a reference 0.5 M CsCl solution. Since the fluorescence emission of
fluorescein solutions is weakly affected by Li* and Na* concentration, then:
(a) We are able to use the 0.5 M solution to calibrate the intensity-amount relationship.
(b) We consider it very unlikely that concentrated salt affects dissociation of fluorescein. The fluorescence

spectrum of fluorescein is strongly affected by the degree of dissociation of fluorescein.*®
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Figure S2. Optical modelling showing the effect of molecular distribution on fluorescence emission. These
plots show how the emission is expected to vary for three different z-distributions of molecules: uniform, all
molecules at the walls (z=-D/2 and z=D/2), or all molecules at the midplane (z=0). Differences arise because of
optical interference in the optical excitation.

Left: Intensity per fluorophore, calculated using the optical model from our earlier publication®® using an
oxide thickness of 41 nm and a fluorescein solution of refractive index, n = 1.41, for three examples of
fluorophore distribution: uniform, all molecules at the walls (z=-D/2 and z=D/2), or all molecules at the
midplane (z=0). At D >30 nm there is a divergence of the emission from the three different molecular
distributions.

Right: Calculated error as a result of assuming that the distribution is uniform when the molecules are either

I .
all at the surface or all at the midplane. ¢ = —~XallsorMidplane 13004, For example, at D = 50 nm, if the all

Iyniform

fluorophores were all at the walls, our assumption that the distribution were uniform would result in an
underestimation of the number of fluorophores by =12%. In order to limit this error from dominating our
surface excess results, the paper only displays results in the range 0—-30 nm. The uncertainty due to the
distribution is seen to be relatively low (< 2%) in this range.
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Figure S3. Uncertainty in the fit of the Decay-length from the empirical equation (Eq. 4)

Left: Error heat map showing the least-squared sum of deviations between experimental data from one chip
(4 M LiCl) and the surface excess obtained from the empirical model for the surface excess (Eq. 4) for a matrix
of terminal surface excesses (I',,) and decay-lengths (kg '). The fit was done over the range 0-30 nm. Color
indicates extent of deviation. The minimum error sum is about 0.002 (blue) corresponding to a terminal
surface excess of [y, = 2.31 molecules/nm? and KEl = 4.4 nm. The heat map shows that there is a unique
minimum, and that the minimum well is narrower in the terminal surface excess than the decay-length.
Right: Experimental data from one chip (4 M LiCl) and four different curves calculated using Eq. 4: red is the
best fit of the decay length, the black line was calculated using 120% of the best fit decay length, the blue line
80% of the best fit decay length, and green used a fixed decay length equal to the Debye-length for a 4 M LiCl
solution (0.11 nm). Clearly the Debye-length does not allow a good fit.
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Figure S4. Uncertainty in the fit of the Decay-length from the modified Poisson-Boltzmann equation.

Left: Error heat map showing the least-squared sum of deviations between experimental data from one chip
(4 M LiCl) and the surface excess obtained from the analytic low-potential solution of the Poisson-Boltzmann
equation (Eq. 6) for a matrix of surface potentials and decay-lengths. The fit was done over the range 0-30
nm. Color indicates extent of deviation. The minimum error sum is about 0.002 (blue) corresponding to a
surface potential of Yo = 21 mV and k' = 4.65 nm. The heat map shows that there is a unique minimum, and
that the minimum well is narrow in potential but relatively broad in decay-length, stretching from about 4-6
nm.

Right: Experimental data from one chip (4 M LiCl) and four different theoretical curves using the best fit
potential from Eq. 6, but different decay lengths: red is the best fit of the decay length, the black line was
calculated using 95% of the best fit decay length, the blue line 105% of the best fit decay length, and green
line is the best fit when the decay length was fixed as the Debye-length for a 4 M LiCl solution (0.11 nm).
Clearly the Debye-length does not provide a good fit, and the uncertainty of the decay length in the fit is small
— a fraction of a nm. The dashed red line is the exact numerical solution with a constant charge boundary
condition (CCBC). For this calculation we used the same surface charge density at infinite separation and
decay length that were obtained for the best fit at constant potential, o,= 0.000954 charges/nm?. Clearly the
constant charge boundary condition is not even qualitatively consistent with the measured data because the
measured density of fluorescein does not rise as the separation decreases. According to PB theory, the
surface excess is more sensitive to surface charge regulation than the surface forces.
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Figure S6. Comparison of exact numerical solution and low-potential analytical solution of the modified
Poisson-Boltzmann equation for the constant potential boundary condition.

Left: Comparison of analytical solution for the low-potential approximation and exact numerical solution of
the Poisson-Boltzmann equation for a surface potential, 1, of 20 mV, a decay length k™! of 13 nm and total
film thickness, D = 30 nm.

Right: Potential plot for the same decay length and total film thickness, but for a greater surface potential, ¥,
of 50 mV. The plots show that low potential approximation has an increasing error as the potential grows, as
expected. This error translates into an error in the Decay-length used to fit our surface excess measurements.
For ¥y < 25 mV, the error in Decay length was <2 %, for 10 M LiCl ( Yo = 45 mV) the error was 10%.
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Figure S7. Fitted surface potentials as a function of salt concentration for LiCl and NaCl. The error bars
represent standard error for the fitted potential from 4 experimental repeats.
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Figure S8. Optical model showing intensity per molecule as a function of position in the film for various film
thicknesses. z/D = 0 is the midplane and z/D = -0.5 are the silicon-oxide—solution and z/D = 0.5 are the glass—
solution interfaces respectively. Although the overall shape of the curves is similar when plotted on a z-axis,
the relative contribution from different parts of the film varies greatly. For a 25 nm film, the emission
intensity for a molecule at the glass—solution interface is about 2.5x greater than for a molecule at the silicon-
oxide —solution interface. For a 150 nm thick film, the roles are reversed: the intensity is about 4 x greater at
the silicon-oxide—water interface.
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Figure S9. The number of fluorescein molecules per unit area between the two solid—liquid interfaces. The red
line assumes that the concentration in the film is the bulk concentration for all thicknesses of film. The red line
is the bulk concentration (determined from the mass, molecular mass and volume of the solution) multiplied
by the thickness of the film. The blue circles are intensity measurements divided by a single calibration
constant, the intensity per molecule, obtained from the fit in Fig 10. The close agreement between the model
and the experiment in the region 0-20 nm shows that bulk solution extends all the way to the crack tip: there
is no surface excess or no long-range decay in 0.5 M LiCl solution, which is a stark contrast to results in the
more concentrated solutions. The inset shows more detail of the thin film region, D=0-30 nm.

FI,bulk
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Figure S10. Effect of asymmetry on the fit of the decay length. The glass contains 13% boron, 4% sodium and
2% aluminum substitution for silicon, which could result in a difference in charging behavior between the
glass—solution interface and the silicon-oxide—solution interface. In this figure, we have examined how a
different potential on each surface affects the PB fit to the data for the 10 M LiCl experiment over the range of
D = 0-30 nm. These fits are for the exact numerical solution to PB equation, assuming that the interface
potential is independent of D. These are significant assumptions. Each figure shows the best fit for a
particular decay-length that is indicated. The fits are reasonable over 0—30 nm for all the decay lengths.
However, an increasing degree of asymmetry in potential is required for a lower decay length. We consider a
large asymmetry to be unlikely. In addition, for the 3 and 6 nm decay lengths, the fit becomes qualitatively
more unreasonable for larger separations. The best fit for the asymmetric potentials (decay = 9 nm) is better
than the best for symmetric potentials (decay = 12 nm). This is necessarily true because there is an additional
fit parameter: the degree of asymmetry.

Summary: In this manuscript we have assumed that the surface potentials are symmetric, but the analysis
above suggests that the data could be better fit with an asymmetric potential. The conclusions of the paper
would still be retained by allowing asymmetry of the potentials, but it is not clear that the additional degree of
freedom in the analysis is justified for a model that already has significant assumptions (functional form of
solution to PB equation, constant potential, decay length independent of confinement)
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Appendix C: Methods for fabrication of silica-glass and glass-glass cracks

C1. Silica-glass cracks

In the clean room,

b w

10.

11.

12.

13

Turn on furnace and set to 600°C. Set valve in the back to “dry oxide” and turn on N; for 1 L/min

While furnace is ramping up, set up nanostrip bath in a 2L beaker and heat to 75°C. Place glass wafer in
nano-strip while it is heating up and leave it in there. Place a smaller 1 L beaker filled with DI water
next to the hot-plate

Pour 10:1 BOE in a Teflon container and place silicon wafer to strip the native oxide

Remove silicon wafer from Teflon container using Teflon forceps and rinse under running DI water

Dry Si wafer using N2 and place in quartz wafer boat and insert it into the furnace. Make sure the wafer
is in line with the middle thermocouple in the furnace

Ramp temperature up to 1050°C

Once temperature in furnace reaches 1050°C turn on Oz to 1 L/min and leave on for 16.5 minutes to
grow a 37 nm thin film of oxide on the surface

After 16.5 minutes are up turn furnace down to room temperature and turn on N; flow into the
furnace

While furnace is cooling, remove glass wafer from nanostrip bath and immediately dip in the DI water
to rinse nanostrip. Subsequently rinse the wafer under DI water and place in SRD spinner to rinse and
dry

At the end of the dry cycle, the glass wafer should be dry and the temperature in the furnace should be
< 750°C. If it is, remove the silicon wafer from the furnace and turn off N».

Turn on wafer bonder and use recipe “Anodic_Gaddam_2". This should have a voltage of -1000 V, a
tool force of 1 bar and temperature of 235°C with the system set to stop once the current reaches 5%
of the max value.

Place Si wafer on sample holder and place the glass wafer on top of the Silicon wafer

. Start recipe using the wafer-bonder interface
14,
15.
16.

Clean up chemicals appropriately
Once recipe is complete, retrieve bonded construct from wafer bonder
Break up wafer into individual chips using a diamond scribe.

C2. Glass-glass cracks

In the clean room

Set up nanostrip bath in a 2L beaker and heat to 75°C. Place 2 glass wafers in nano-strip while it is
heating up and leave them in there. Place a smaller 1 L beaker filled with DI water next to the hot-plate
Treat glass wafers for 15 minutes

Once 15 minutes are over, remove the glass wafers one by one and rinse nanostrip by immersing it in
DI water beaker

Rinse again under running DI water and place wafer in wafer boat for SRD spinner

Repeat step 3 for second wafer

Rinse and dry using the standard setting (200 second rinse, 300 second dry at 2000 rpm) on the SRD
spinner
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7. Dry with N3 again after removing from the wafer boat.

Bring the two wafers together and align them by lightly gripping both wafers by the edge.

9. Push the two wafers together in the middle. A bond should spontaneously form and propagate to the
edge of the wafer leave a small crack at the edge. Place the bonded wafer into an airtight container
and transport it back to Goodwin

0o

In our lab

1. Heat furnace to 350°C. Let it run for ~ 1 hour at this temperature to burn off any organic contaminants
that may be present in the furnace

2. Place wafer on a ceramic tile inside the wafer. Leave it in there for 1 hour

3. Retrieve wafer from the furnace and cleave into individual chips using a diamond scribe
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