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Abstract
The interactions between the divalent salts CaCl2 , MnCl2 and NiCl2 with the carboxylic
acid groups in an arachidic acid Langmuir monolayer are studied using vibrational sum
frequency spectroscopy (VSFS). At low salt concentrations the charging of the monolayer is shown to behave in accordance with classical theories of the electrical double
layer. However, deviations from classical theories are readily apparent at concentrations
starting from 1 µM and shown to differ depending on the nature of the cation, indicating
an ion specific effect. From the analysis of the carboxylate symmetric vibration at least
two different types of ion pair interactions between the divalent cations and the carboxylic
acid moiety are detected: a solvent-separated and two (or more) possible contact ion-pairs
and/or complexes. By using different VSFS polarization schemes the molecular orientation of the vibration is elucidated and further insight into the state of the carboxylic acid
is gained. The ordering of water molecules in the diffuse layer as a result of the surface
potential of the charged monolayer is also probed and found, at low ionic strengths, to be
in agreement with the behaviour predicted by the Gouy-Chapman model. At high concentrations the hydration within the Stern layer can be detected and found to differ with
the nature of the electrolyte. Additionally, the importance of the purity grade of the salts
used for correctly interpreting the results is shown theoretically and verified experimentally, where trivalent ions affect the surface at concentrations several orders of magnitude
below those from mono and divalent ions. Finally, diffusion is shown to play a major role
in the kinetics of deprotonation of the monolayer at submicromolar concentrations, while
higher valency cations are also shown to deprotonate the surface at a quicker rate through
electroflux.
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Symbols and Abbreviations
β
k
T
NA
Ψ
ρ
χ
γ
q
J
π
ωIR
ωV IS
ωSFG
νs
νas
α
∆
κ −1
κT
Ê
P
RT
IR
AA
dAA
MF
PB
PNP
VSFS
SF intensity
Natural pH
Pure water

iv

1/kT (Boltzmann factor)
Boltzmann Constant
Temperature (K)
Avagrados Number
Potential (Ψ0 surface potential)
Surface Charge Density
Susceptibility
Surface tension
Net charge, ze
Flux (Jc potential driven flux, Jd diffusion driven flux)
Reduced surface tension (subtraction of medium)
Frequency of the IR pulse/beam
Frequency of the Visible pulse/beam
Frequency of the SFG pulse/beam
Symmetric vibrational stretch
Asymmetric vibrational stretch
Degree of deprotonation
Difference between νs (COO) and νas (COO)
Debye-Length
Linear Compressibility
Electrical Field
Hyperpolarizability vector
Room temperature
Infrared Radiation
Arachidic Acid
deuterated Arachidic Acid
Mean Field
Poisson-Boltzmann (Equation)
Poisson-Nernst-Planck (Equation, or model)
Vibrational Sum Frequency Spectroscopy
Intensity of the Sum Frequency Signal generated.
The pH established in an initially neutral solution after exposure to air.
Water processed by MilliQ
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Chapter 1
Introduction
Ions are ubiquitous in nature and their interactions with organic molecules are of utmost
importance in biology where they govern the behaviour of proteins [1–4], enzymes and
chemical reactions [5, 6]. A huge range of phenomena covering surface tension, solubility
of salts, osmotic pressure, and the ability of ions to precipitate macromolecules depends
on the interactions of the ions with their surrounding molecular environment. In the classical descriptions of electrolyte solutions, ions are typically treated as point charges and
hence no differences are expected for ions of the same valency. However, ion specific behaviour has been known to occur since the systematic studies of Franz Hofmeister (1850
– 1922) who first highlighted this phenomena and published a famous paper detailing the
difference in various salts ability to precipitate protein. Hofmeister argued that the macromolecules precipitate due to a change in the structure of the bulk water caused by the salts
and referred to these salts as either water structure-makers or structure-breakers. Yet,
today a general consensus exists among physical chemists that these ion specific effects,
i.e. behaviour where the treatment of the ions as point charges fails, are occurring at a
local level and not with the ordering of the bulk structure [7–11].
Various techniques have been employed to study ion behaviour, however, most of them
have been limited to looking at ions in the bulk. As current research suggests that ion
specific behaviour arises due to local interactions of the order of a few nanometers, a
surface represents an ideal system to study such effects. Understanding the interaction
of ions with carboxylic acids is also vital to biochemistry. Here, proteins often have an
active site with a carboxylic acid interacting with an ion. Further, all proteins contain at
least one carboxylic acid moiety at its C-terminal [12], that makes the investigation of
the interaction of carboxylic acids with electrolytes of high importance. The interaction
of monovalent ions with carboxylic acids has been extensively studied by this research
group.
Divalent cations such as calcium, magnesium, and further transition metals cations nickel,
manganese and cobolt are of high importance in biological processes, as they are present
in the human body in non-negligible quantities, and are sometimes used for medical purposes e.g. in the composition of drugs. Calcium is important as a charge carrier and to
trigger reactions [13]. Manganese is important for structure in oxidases and used in photosynthesis [13]. Nickel is important in hydrogenases and hydrolases [13]. These ions
have different binding constants with the carboxylic acid moiety and different coordination as shown in Table 1.1. Within a typical cell, the intracellular concentration of Ca2+
1

in the free solvated form is roughly 100 nM, but is subject to increases of 10– to 100-fold
during various cellular functions. Similar concentrations exists for the Mn2+ and Ni2+ in
their respective free solvated forms. However, a clear understanding of the direct effect
of those ions and the description of the biological processes in which they are involved
remains elusive [14–21].
Table 1.1: Molecular information about selected divalent ions. LogK are based on
the ligand EDTA (L).
Coordination

Ca2+ (s2 )
Mn2+ (d5 )
Ni2+ (d8 )

Biological concentration

M+L*
)ML

No., Geometry

Cell/Tissue

Blood Plasma

LogKML

6 - 8, flexible
6, octahedral
4, square planar
6, octahedral

1 µM
180 µM
2 µM

2 mM [22]
100 nM [22]
40 nM [22]

10.70 ± 0.10 [23, 24]
13.95 ± 0.07 [23, 24]
18.67 ± 0.10 [23, 24]

Given that a surface is ideal for studying local interactions, a surface featuring carboxylic
acid groups in contact with a solution will be used in this thesis. The surface can be
assembled in different ways. One option is to chemically graft the caboxylic acid moieties on a solid support and then study the solid/liquid interface. An alternative is to use
Langmuir monolayers which will have the functional group located at the surface of a
liquid. One of the main advantage of using a Langmuir monolayer is that two thermodynamical variables are easily controlled, namely molecular area (i.e. the number density of
COOH) and temperature. Langmuir monolayers are popular systems as they can mimic
biologically relevant systems, e.g. membranes, and because of their high reproducibility [25, 26]. When selecting the molecule constituting the monolayer, three important
parameters are screened for. First, the molecule should be hydrophobic enough that it
exclusively remains at the surface. Second, it should have a carboxylic acid headgroup.
Finally, it should readily be packed into a monolayer. Arachidic acid (C20 H40 O2 ) or
it’s deuterated form (C20 D40 O2 ) meet these requirements. Another benefit of arachidic
acid Langmuir monolayers is that they have been previously characterized by other researchers investigating Langmuir monolayers [27–29]. Other than surface pressure (i.e.
average molecular area) and temperature, the isotherms of a fatty acid monolayer depend
on pH, ionic strength, solvent and co-solvent and the structure of the monomer. Langmuir
monolayers displaying carboxylic acid groups have been widely studied with Grazing
incidence diffraction (GID), Neutron Scattering and IR-spectroscopy techniques. These
studies reveal nearest neighbours and next to nearest neighbour interactions, as well as
ion specific behaviour [30, 31].
To further gain insight into the state of the monolayer a suitable spectroscopy technique
will be employed. VSFS [32] is a nonlinear optical technique which has the major benefit of only generating a signal from interfaces where there is a break in the inversion
symmetry[33]. This means that the signal generated will be from the monolayer and
the immediate surface layer and not from the bulk. The molecular vibrations of the
headgroup, νs (COO-) and νas (COO-) can be directly detected. This provides information about the interaction of the electrolyte and the carboxylic acid. Because VSFS is a
nonlinear optical technique, short pulsed and high powered lasers are required. Here a
2
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scanning (tunable) IR beam and a fixed visible beam coincide in space and time to generate a signal. An added benefit of using VSFS is the application of polarization schemes
which allows for determination of molecular orientation, a potential helpful point for theoreticians, in their quest to create more accurate models. Tackett et al,. [34] attempted
to classify the type of interaction between a carboxylic acid and an ion by means of the
carboxylate vibrational modes. Notably, the difference in energy between the symmetric
and asymmetric stretch νs (COO-) and νas (COO-), respectively. Here, VSFS provides a
fantastic opportunity for detecting the νs and νas signals from the carboxylic acid. Usually
νas is not easily measurable but by the utilization of the different polarization schemes of
VSFS the peak can be resolved.

Figure 1.1: Illustration of the main focus of the thesis, a monolayer consisting of
deuterated and non-deuterated Arachidic acid on an aqueous solution with various
electrolytes, the two laser beams incident of the monolayer plane and the SFG signal
generated from the interface.

VSFS can be further used to get an insight into the modern theory of how ions interact
near a charged interface. A carboxylic acid surface in contact with an electrolyte solution will be deprotonated (charged) to varying degrees at some specific pH and ionic
strength, giving rise to a potential. The behaviour of the potential has been studied for
over a century[35] beginning with scientist like Poisson, Boltzmann, Gouy, Chapman,
Grahame, and finally Derjaguin-Landau-Verwey-Overbeek. These models start from the
simple picture of a capacitor with a double layer and extend to the multi-layered profile
consisting of a Stern layer with closely bound ions and a diffuse layer with more loosely
bound ions. Classical theories like the Poisson-Boltzmann and Gouy-Chapman treat ions
as point charges and hence neglect ion specific effects. Nevertheless, they provide useful information about the distribution of ions near charged surfaces and their application
range will be evaluated in this thesis. Contemporary candidate models which could account for ion specific effects suggest modification of PB to include the size of the ion and
ion-solvent interaction (dispersion forces) [36, 37]. Besides these models, useful concepts
such as Collins law of matching water affinities [38] are relevant as they can make some
of the ion specific phenomena predictable.
3

Although VSFS studies on carboxylic acid Langmuir monolayers have been carried out
in the past, they were usually limited to a specific part of the vibrational spectrum of the
fatty acid. In this study the full range from 1200 cm−1 to 4000 cm−1 will be scanned,
providing a rather unique advantage. From the analysis of the carboxylate symmetric and
antisymmetric stretches the degree of deprotonation of the monolayer can be determined.
This allows a direct quantitative comparison with mathematical models describing the
charged interface. Vibrations from the methyl group of the alkyl chain are used to normalize spectra making possible an accurate comparative analysis. The OH signal from
water molecule can be studied to gain further insight into the deprotonation of the surface. Water molecules near the surface show a net polar orientation due to the break of
hydrogen bonds and potential interactions with the carboxylic acid moiety. As the monolayer becomes charged with increasing ionic strength, the ordering of water molecules
is further enhanced. However, this latter effect is counteracted by the screening of the
surface electric field from the same ions in solution, which will tend to decrease the OH
signal.
As mentioned, the work presented in this thesis builds upon work done by A. Sthoer
on mono- and trivalent ions interacting with an Arachidic acid Langmuir monolayer.
That work showed that monovalent ions readily form solvent-separated ion pairs with
carboxylic acids [39], with the cation and carboxylic acid having one or two hydration
shells loosely associated. At higher concentrations salt and high pH, the monovalent ions
can form contact ion pairs (CIP). This blueshifts the vibrational mode of the carboxylate
νs (COO-). Time has been shown in previous studies to influence the degree of deprotonation at the surface [40]. The dependence on the diffusion and the time, of ions affecting the
monolayer will be evaluated theoretically using Ficks Laws and Planck-Nerst equation.

4
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Theory
2.1

Langmuir Monolayers

Figure 2.1: Illustration of a typical Langmuir monolayer. The monolayer is orientated
with the polar headgroups towards the aqueous solution.

Langmuir monolayers are films on a liquid with a thickness of a single molecule. The
first adsorption isotherm was measured by Agnes Pockels in 1891 using Stearic acid as
model compound. Pockel’s discovered that the surface pressure does not increase substantially until the average area per molecule in the monolayer was less than 20 Å2 . A
typical Langmuir monolayer consists of a surfactant molecule with a headgroup oriented
towards a liquid solution and a hydrophobic tail oriented towards the air [31]. Monolayers
are assembled by drop-wise addition of the surfactant onto the liquid surface. Usually, the
surfactant is dissolved in a volatile liquid which evaporates quickly after addition to the
surface, leaving only the surfactant. The surfactant chosen depends on the type of system
of interest for the study. After the surfactants have been added to the surface, a barrier
controls the total surface area and a plate attached to a scale is used to measure the surface tension. At large surface areas, the surfactants behave similar to a two dimensional
gas on the surface. Reduction of the area compresses the molecules until a monolayer
has been formed. Below a certain area that depend on the molecule chosen, the monolayer collapses forming multiple layers or aggregated islands. In this thesis a monolayer
is assembled with the purpose of studying the vibrational modes of the carboxylic acid
moiety using VSFS. Specifically the 20 carbon chain fatty acid Arachidic Acid (AA) will
be employed. AA is especially well suited for this purpose as it is highly non-volatile
and essentially insoluble in water. The monolayer forms different structures depending
on parameters such as the mean molecular area, the temperature [41], surfactant chemical
composition [25, 42], and the chemistry of the liquid e.g. pH [43] and electrolytes [44].
Because of this dependence on many different variables, care has to be taken to ensure
5
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the correct solution and surface chemistry. Another important factor is dissolved carbon
dioxide from air. This reduces the pH of pure MilliQ water to pH ∼5.8, referred to here as
natural water.1 A Langmuir monolayer of AA has at least four different phases, gaseous
phase in equilibrium with a condensed phase, and two condensed phases, tilted and untilted. Here, tilted and untilted refer to the orientation of the hydrocarbon backbone (tail)
of the AA molecule.2
Ionic Strength
Of chief importance to this work is the ionic strength of the solution. The pH and the
nature of the electrolyte have a drastic effect on the monolayer and specifically the charge
of the interface. The monolayer typically becomes more compact with increasing ionic
concentration, due to the shielding ability of the ions between the headgroups [49]. Previous research indicate that there is a competition between coloumbic (charge) interactions
and screening. Charge interactions dominate at low concentrations for monovalent ions.
Screening becomes the dominant effect explaining dissociation at the headgroup at significantly higher concentrations. Whereas for polyvalent ions, screening is expected to
dominate at a significantly lowered concentration [31].
Some thermodynamic parameters important to the characterization of the monolayer are
surface tension (also called surface energy), surface excess (describing the amount of
molecules per unit area) and compressibility. These parameters will be described below.
Surface Tension
Surface tension of electrolyte solutions have been extensively studied [50, 51]. Thermodynamically, surface tension is defined as the change in Gibbs free energy per change in
volume units,


∂G
(2.1)
γ=
∂ A T,p,n
where γ, G, A, T , p, n are the surface tension, Gibbs free energy, total area, temperature,
pressure and number of molecules respectively. Usually the difference in surface tension
(π) measured from that of a reference (γ0 ) is used. The reference being the ideal surface,
lacking surface active molecules.
π = γ − γ0
(2.2)
Surface tension can be measured by many different methods including the plate method,
droplet method and contact angle method. In this thesis the plate method has been employed, described in more detail in section 3.4.
Compressibility
Another important variable to consider is the compressibility modulus. Useful in identifying the different phases. A gaseous phase is characterized by a very large compressibility.
1 The total concentration of H CO , HCO− and CO2− is ∼14 µM at equilibrium with air [45].
2
3
3
3
2 These phases have been extensively studied for many different surfactants by various methods including

fluoresence microscopy [46], polarized fluoresence microscopy[47] and Brewster-angle microscopy[48]. In
condensed phase the molecules can be treated as solid rods with a reduced number of degrees of freedom
including tilt, orientation of backbone and headgroup [31].

6
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Whereas liquid and condesed phases have much lower compressibility. A phase transition
(PT) coincides with a change in compressibility,

 

∂ Amol
1 ∂A
1
κT = −
=−
(2.3)
A ∂P T
Amol
∂π
T

where κT , A, Amol , P,T , π are the linear compressibility, total area, area per molecule,
pressure, temperature and reduced pressure, respectively.

7
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2.2

Mathematical Description of the Electrostatic Double
Layer

The behaviour of an electrolyte solution in contact with a charged surface has been studied
for the better part of a century. The charge surface attracts a cloud of oppositely charged
ions that form a diffuse layer. When moving ions towards a charged surface, the system
gains local electroneutrality but loses entropy.

Figure 2.2: Typically, a charged surface in contact with a electrolyte liquid will have
a Stern layer (IHP, OHP), followed by a Gouy-Chapman Diffuse layer before finally
reaching the bulk. The distribution of ions are in steady state with the potential
drop.

The Mathematical Description of the Diffuse layer
The picture of a charged surface has evolved from that of a simple capacitor to a more
multilayered profile consisting of the Stern and Gouy-Chapman layers [52]. The counterions are pulled towards the charged surface by Coulomb attraction, while the osmotic
pressure forces the same counterions away from the interface resulting in a diffuse double
layer. Typically, the layer nearest the interface is divided into the Stern layer, followed by
the Gouy-Chapman diffuse layer. The Stern layer formed by compact adsorbed ions can
be further divided into two parts, an inner Helmholtz plane (IHP) and an outer Helmholtz
plane (OHP) with an assumed linear potential drop in both cases. The diffuse layer begins
at the OHP and the thickness is termed Debye length, κ −1 . κ is known as the DebyeHückel parameter. The main equations describing the charged monolayer used in this
thesis will be presented in the following sections.
The Poisson-Boltzmann Equation
The Poisson-Boltzmann (PB) equation describes the behaviour of ions when subject to a
potential.The PB equation, may be obtained from two different approaches. The first is
8
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presented below, combining the Poisson equation with the Boltzmann distribution. Secondly, the PB equation can be derived from a field theoretical approach as the zeroth-order
in a systematic expansion of the grand-partition function [53–55].
In the derivation of PB, first consider M ionic species, with charge qi , where qi = ezi and
zi is the valency (net charge) of the ith ionic species (negative for anions and positive for
cations). The mobile charge density per unit volume is defined as ρ(r) = ∑M
i=1 qi ρi (r)
with ρi (r) being the number density per unit volume, and both ρ and ρi are continuous
functions of r. In the mean field approximation, each of the ions sees a local environment
constituted of all other ions, which dictates a local electrostatic potential Ψ(r). The potential Ψ(r) is a continuous function that depends on the total charge density through the
Poisson equation,
"
#
M
1
ρ
(r)
tot
=−
∇2 Ψ(r) = −
(2.4)
∑ qiρi(r) + ρ f (r)
ε0 εw
ε0 εw i=1
where ρtot = ρ + ρ f is the total charge density and ρ f (r) is a fixed external charge contribution. ε0 and εW are the dielectric constants for vacuum and water, respectively. As
stated above the aqueous solution (water) is modeled as a continuum featureless medium
(an approximation because ions themselves can change the local dielectric response of the
medium3 [56, 57]). The ions dispersed in solution are mobile and are allowed to adjust
their positions. As each ionic species is in a thermodynamic equilibrium, its density is
assumed to obey a Boltzmann distribution,
ρi (r) = ρi e−β qi Ψ(r)
(b)

(2.5)

(b)

where β = 1/kB T and ρi is the bulk density of ith species taken at zero reference potential. Substituting this into the Poisson equation we arrive at the Poisson-Boltzman
equation.
"
#
M
1
(b)
(2.6)
∇2 Ψ(r) = −
∑ qiρi e−β qiΨ(r) + ρ f (r)
ε0 εw i=1
Both the Poisson equation and the Boltzmann distribution are used in the derivation of
Gouy-Chapman (GC) and the Grahame equation.
The Debye-Hückel Approximation
Expanding the exponential term in the Poisson-Boltzmann equation, Equation 2.6, exponential term using a Maclaurin series,
exp (−qi β Ψ) = 1 − qi β Ψ +

(qi eβ Ψ)2
− ....
2!

(2.7)

For a small potential4 |qi β Ψ| < 1 we get the Debye-Hückel approximation. The physics
can be assumed to be captured with the first order term, therefore:
exp (−qo β Ψ) ≈ 1 − qi β Ψ
3 This

(2.8)

is argued to be one way of explaining ion specific effects.
25 mV at room temperature.

4 About
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Inserting this expression for the exponential term into the expression for the density described by the Boltzmann distribution Equation 2.5:
ρ = ∑ qi ρi∞ [1 − qi β Ψ]

(2.9)

i

The condition of electroneutrality of the solution dictates that.
0 = ∑ qi ρi∞

(2.10)

ρ = −β ∑ q2i ρi∞ Ψ

(2.11)

i

i

By using this expression for the density with the Poisson-Boltzmann equation, Equation 2.6, in the absence of an external electric field,
d2Ψ
β
=
q2i ρi∞ Ψ
2
dr
εε0 ∑
i

(2.12)

the linearized Poisson-Boltzmann equation is arrived at. Here, a Debye-Huckel parameter
κ is defined as:
κ2 =

β
q2i ρi∞
∑
εε0 i

d2Ψ
= κ 2Ψ
2
dr

(2.13)
(2.14)

Applying two boundary conditions which limits the potential at infinity and at the surface,
Condition 1: As r → s, Ψ → Ψs
Condition 2: As r → ∞, Ψ → 0
where Ψs is the potential at the surface. A solution to Equation 2.12 is found as,
Ψ = Ψs exp[−κr]

(2.15)

which is known as the Debye-Huckel equation. Equation 2.15, predicts an exponentially
decaying profile for Ψ with distance, r, from the charged surface. The Debye length can
now be calculated as,
"
#−1/2
2β
N
e
A
κ −1 =
z2i c∞
(2.16)
i
εε0 ∑
i
where NA , e, zi and c∞
i are the Avogadro’s constant, elementary charge, valency of the ion,
bulk concentration of the ion, respectively. Equation 2.16, relates to the thickness of the
diffuse layer and constitutes an important physical parameter to consider. For example, a
0.1 M NaCl solution will have a Debye-length of ∼1 nm. This Debye-length will decrease
with increasing valency.
10
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The Gouy-Chapman Theory and the Grahame Equation
The Gouy-Chapman equation relates the surface potential to the ionic concentration. The
Grahame equation relates the surface charge to the surface potential.
The derivation proceeds from the Poisson
 equation, this time in one dimension, in the
absence of an external field ρ f (r) = 0 ,
4π
d 2 Ψ(r)
= − ∑ qi ρi (r)
2
dr
ε i

(2.17)

where ε = 4πε0 εw . The Gouy-Chapman theory the further proceeds by substituting into
the Poisson equation, Equation 2.17, an approximate expression for ρi (r). Here as for the
Poisson-Boltzmann equation, the density profile is taken to be given by the Boltzmann
distribution, Equation 2.5, with respect to the mean electrostatic potential energy in the
double layer,
4π
d 2 Ψ(r)
= − ∑ qi ρi exp[−β qi Ψ(r)]
(2.18)
2
dr
ε i
This is the Gouy-Chapman equation or simply Poisson-Boltzmann in one dimension.
Equation 2.18, must be solved numerically. To obtain the Grahame equation one applies
the boundary conditions,
Ψ(r) → 0,
4πσ
dΨ(r)
=−
,
dr
ε

r→∞

(2.19)

r=0

(2.20)

to Equation 2.18. Where σ is the surface charge density. A first integral of Equation 2.18
and using the boundary conditions 2.19 and 2.20 gives,
2πβ σ 2
= ∑ ρi [exp(−β qi Ψ0 ) − 1]
ε
i

(2.21)

for electrolytes of arbitrary composition. Thus the surface potential-surface charge relationship is determined by Equation 2.21, which is known as the Grahame equation [58].5

5 For

a derivation of the last steps see Appendix 5.
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2.2. Mathematical Description of the Electrostatic Double Layer
Prediction of the Charge of the Surface with the pH and Ionic Strength of the Bulk
The Grahame equation can be straightforwardly coupled to the deprotonation equilibrium
of the carboxylic acid moiety,
Kd

−
*
COOH −
)
−
− COO – + H+
where COOH is the carboxylic acid moiety of an AA molecule. At equilibrium we express
the equilibrium constant, Kd as,
Kd =

[COO− ]0 [H + ]0
[COOH]0

(2.22)

where the zero subscript denotes the concentration at the surface. Introducing σm , the
maximum possible charge density and α, the fraction of sites dissociated we find that the
equilibrium constant can be expressed as,
σm α
α
[H + ]0 =
[H + ]∞ e−eβ Ψ0
σm (1 − α)
1−α


α
+
−eβ Ψ0 = lnKd − ln[H ]∞ − ln
1−α
Kd =

(2.23)
(2.24)

which relates the degree of deprotonation to the surface potential. In our case the Langmuir monolayer will have an average molecular area of ∼ 20 Å2 , resulting in a maximum
surface charge for 1 e per 20 Å2 , hence,
 
 
1.6E−19 C
e
C
≈
σm =
= 0.8 2
(2.25)
2
Amol
20
m
Å
where Amol is the average molecular area. Using Equation 2.5, we find the contact values
of CaCl2 and NaCl ionic species.
Solution values,
ρHx+ = ρH∞+ e

−eΨx /kT

Contact values
ρH + = ρH∞+ e−eΨ0 /kT

,

0

ρCa2+
= ρCa2+
e
∞
x

−2eΨx /kT

,

ρCa2+ = ρCa2+
e−2eΨ0 /kT
∞
0

ρNa+x = ρNa+∞ e

,

ρNa+ = ρNa+∞ e−eΨ0 /kT

ρClx− = ρCl∞− e

,

ρCl − = ρCl∞− e+eΨ0 /kT

−eΨx /kT

+eΨx /kT

0

0

The Grahame equation, Equation 2.21, is rewritten, taking into account the conditions of
electroneutrality as,
βσ2
ρ
=
ρ
+
(2.26)
∑ 0i ∑ ∞i 2ε0ε
i
i
where ρ0i and ρ∞i are the surface density and the bulk density of the ith ionic species,
respectively. For a 1:1 electrolyte solution like NaCl, the equation extends as:


βσ2
Na+
Cl −
Na+
Cl −
= ρ0i
+ ρ0i
− ρ∞i
+ ρ∞i
2εε0
12
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Introducing the contact values and the bulk boundary condition in Equation 2.27 gives,
βσ2
= ρNa+∞ exp (−eβ Ψ0 ) + ρCl∞− exp (eβ Ψ0 )
2εε0
− ρNa+∞ exp (−eβ Ψ∞ ) − ρCl∞− exp (eβ Ψ∞ )

(2.28)

Further, in this case, the relationship between the ionic species of the salt is,
ρNa+∞ = ρCl∞− = ρNaCl

(2.29)

where ρNaCl is the number of particles per m3 . Going to the limit x → ∞, Ψ → 0, and
using the relation σ = σm α, Equation 2.28 reduces to:
β σm2 α 2
· (exp (ζ ) + exp (−ζ ) − 2)−1
2εε0


α
+
ζ = − eβ Ψ0 = lnKd − ln[H ]∞ − ln
1−α

ρNaCl =

(2.30)
(2.31)

which can be used to predict the degree of deprotonation for a given NaCl concentration
at a specific pH and pKA . Generalized for any Xz Y salts Equation 2.30 becomes,
ρXzY =

β σm2 α 2
· {exp (zζ ) + zexp (−ζ ) − 1 − z}−1
2εε0

(2.32)

where ρXzY is in molecules/m3 . For a convenient unit, moles, the equation reads as,
[XzY ] =

1
β σm2 α 2
· {exp (zζ ) + zexp (−ζ ) − 1 − z}−1
1000NA 2εε0

(2.33)

where 1000 is a conversion factor going from m3 to dm3 . Equation 2.33, predicts the
degree of deprotonation α for any concentration [XzY ] of salt using the classical theories.
Limitations
Some limitations of the model are important to take into consideration.
1 The model does not take into account that the dielectric constant may vary depending on the ionic strength of the solution as it has been shown to do.
2 It is inherently a mean-field approximation, using dielectric constants as an average
field constant, which neglect ion-ion interactions and steric considerations.
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2.3

Diffusion of Particles in Liquids

This section treats the mathematics of self-diffusion arising from concentration gradients
where potential and convection are assumed to be zero. It also discusses the potential
driven flux linked with the charged monolayer.
The Flux Equation - Self Diffusion
In inhomogeneous materials, matter will flow in the direction of the decreasing gradient
of concentration. One can reasonably assume that the flux (number of particles per area
time) is proportional to the concentration gradient. This is captured by Fick’s 1st Law [59],
 
∂c
J = −D
(2.34)
∂x t
where D, c and x are a proportionality constant called the diffusion coefficient, the concentration of particles and the distance from the bulk concentration, respectively. The
negative sign indicates that the flux is directed away from the higher concentration region. This law can be derived from multiple approaches and fits the empirical observation
that the flux goes to zero as mixtures become homogeneous.
To develop an expression for the self diffusion flux that applies to the monolayer employed
in this thesis, a concentration gradient is necessary. Here, an imagined concentration
gradient on the order of a Debye length is used. The flux is then expressed as,
Jd = −D

c∞ − 0
= −Dcκ
dx

(2.35)

which describes the flux in the region nearest to the surface in units of M m s−1 .
Diffusion Equation
Equation 2.34 is not the only useful equation describing self diffusion. Another relevant
equation is derived by introducing a mass balance. This leads us to the Diffusion equation,
∂c
= −∇J = +D∇2 c
∂t

(2.36)

where D does not depend on the position and ∇2 c is called the Laplacian operator of c. It’s
representation for many different coordinate systems is available in a number of applied
mathematics books [60]. This equation tells us that the rate of change of the concentration
is proportional at a specific time to the curvature of the concentration profile.
Solutions to the Diffusion Equation: Constant Source Method
In one dimension the diffusion equation, Equation 2.36, becomes,
∂c
∂ 2c
=D 2
∂t
∂x
which, for a constant source with concentration c0 , has the solution,


x
c(x,t) = c0 er f c √
2 Dt
14
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where erfc(ζ ) is called the complementary error function, defined as 1-erf(ζ ). The error
function has the full expression as,
2
er f (ζ ) = √
π

Z ζ
0

exp(−ζ 02 )dζ 0

(2.39)

The above equation, Equation 2.38, can be used to analyse how a concentration gradient
evolves with time from a known initial state.
Potential Driven Diffusion
If an ion is driven by both a concentration gradient and a gradient in electrostatic potential
the flux will be the sum of the two component fluxes,
 


∂c
∂ψ
J = −D
− zcu
(2.40)
∂x
∂x
where z, u and Ψ are the valency of the ion, ion mobility and applied potential, respectively. Equation 2.40 is called the Nernst-Planck equation.6 The potential can be described, as a first approximation, using Equation 2.15 as,
Jc (x) = zcuΨ0 κexp[−κx]

(2.41)

which relates the flux in units of M m s−1 at distance x from the surface.7
Taken together, these equations can be used to analyse the interplay of the self driven
diffusion and potential driven flux, of each ionic species in solution.

6 Sometimes
7 See

referred to as the Poisson-Nernst-Planck (PNP) equation.
Appendix 5 for a full derivation.
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2.4

Ion Specific Effects

The first evidence of ion specific effects in aqueous solutions was discovered by Poiseuille
in 1847 when he studied the effect of the electrolyte concentration on the viscosity of the
solution [61]. Later studies by Franz Hofmeister showed systematically the ability of
different ions to precipitate or dissolve proteins in solution [62].
The Hofmeister Series
The Hofmeister series8 (named in his honor) relates the ability of salts to precipitate a
specified protein from an aqueous solution, ’the water withdrawing power of salts’, what
we now call bulk hydration or activity coefficients of salts. The series refer to the relative effectiveness of anions or cations on a wide range of phenomena not fully explained
by present theories of physical chemistry [63]. These phenomena include the solubility
of salts, electrolyte activities, surface tensions, ion exchanges resins, pH measurements,
zeta potentials, etc [64]. A long list of forces have been hypothesized to explain these
effects, including hydration forces, specific pi electron-cation interactions, ionic bonding,
hydrogen bonding, hydrophobic forces, etc. Typically the ion specific effect appears at
concentrations around 10 mM and upwards and is dominated by anions [62]. A strongly
water withdrawing salt, i.e. one that precipitates proteins readily, is referred to as showing
a strong Hofmeister effect.
For anions the series is written as,
2−
−
−
−
−
−
−
−
SO2−
4 > HPO4 > OAc > OH > Cl > Br > ClO3 > I > ClO4 >
SCN−

while for cations the series is written as,
+
+
+
+
+
+
2+ > Ca2+
N(CH3 )+
4 > NH4 > Cs > Rb > K > Na > Li > Mg

The ions on the left side are generally called kosmotropes (salting out), typically hard
anions and soft cations. The ions on the right side are called chaotropes (salting in),
typically hard cation and soft anions. The salting in and out effect was originally attributed
to an ordering or disordering of the water structure surrounding the particles. Even in
small concentrations ions affected the water structure in this model. However, recent
studies on relaxation time of the hydration layer of ions conclude that the water structure
is not affected even at concentrations as high as 6 M [65]. Therefore the idea of water
structure making or breaking is now strongly debated.9

8 Also

called Hofmeister sequence or Hofmeister effects
should be noted that the paper received critique from several authors who concluded that the study
was limited in its scope, and subsequent simulations have shown structure making effects in even very dilute
electrolyte solutions (Vchirawongkwin et al., 71).
9 It
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Kim D. Collins published a paper which influenced the field of ion specific effects to a
large extent. In this paper Collins elucidates this phenomenon conceptually [38].
The law of matching water affinities: oppositely charged ions in free solution
form inner sphere ion pairs spontaneously only when they have equal water
affinities.
The model referred to as ”concept of matching water affinities” treats ions as spheres
with a centre point charge, to a first approximation. Here, large ions have loosely bound
surrounding water and the ions are classified as soft. Small ions have water molecules
tightly bound and are classified as hard. This model then elucidates the ion specific effect by further assuming that strongly hydrated small ions of opposite charge experience
large reciprocal attraction. This results in an overall strong association between the ions
that expels the hydration spheres, forming ion pairs. The soft ions - ion association is
explained in a similar fashion except the hydration spheres are here so loosely associated
that the ions can come together and form an ion pair. This brings to mind the chemist
phrase ”like seeks like”, which is often used to describe this model. Recently an attempt
to establish a variation of Hofmeister series for charged headgroups with aqueous ions
has been made which is in accord with Collins Law [66].
Ca2+ Mn2+ Ni2+ placement in the Hofmeister Series
The Hofmeister series has been extended by Arakawa to include manganese and nickel[67]
as,
Na+ > Mg2+ > Ba2+ > Ca2+ > Mn2+ > Ni2+
This ordering, however, is not universal as it seems, since several reversals of the series
have been reported [68].
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2.5

Vibrational Sum-Frequency Spectroscopy

Central to this thesis is the use of Vibrational Sum Frequency Spectroscopy (VSFS), the
basic theory can be derived from linear Optics and non-linear optics.

2.5.1

Linear Optics

An electromagnetic field has a finite spatial and temporal extent. One can view the field
as a carrier plane wave multiplied by an ”envelope” that is varying slowly in space and
time [69]. The electric field is then described by:
Ê(z,t) = ε̂(z,t)eikz−iωt + c.c.

(2.42)

The intensity I of the wave propagating along the z axis is proportional to the amplitude,
I ∝ E2

(2.43)

where E is the amplitude of the electromagnetic field described by Equation 2.42.

2.5.2

Nonlinear Optics and VSFS

Figure 2.3: Schematic illustration of the incident laser beams and the generated
VSF signal from the surface (SPS polarization scheme at the sample position).

The electric field described above, propagating through a medium will exert a force on the
valence electrons of the nearby atoms and molecules. Displacement of the these electrons
will, for small fields, increase linearly with the strength of the field, whereas for strong
fields displacement of electrons deviates from the linear behaviour. Linear optics is the
region where the electric field is still in the region where the binding potential of the
electron can accurately be approximated by a parabola. To generate fields that are strong
enough to cause a deviation from the linear behaviour, high powered pulsed lasers are
required. In the presence of a field the dipole, µ̂, is given as,
1
1
µ̂ = µ̂ 0 + α Ê + β Ê 2 + γ Ê 3 + ...
2
6
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where µ 0 is the static dipole moment and α is the polarizability, respectively. The induced
dipole moment then has the form,
p = p0 + α Ê + β Ê 2 + γ Ê 3 + ...

(2.45)

where E, p0 , α, β and γ are the electric field strength, static dipole moment and the
1st -,2nd -,3rd hyperpolarizability of the electrons respectively.
In condensed phases it is more convenient to consider the induced dipole moment per unit
volume, P. Most media have a small static dipole moment we can approximate P0 ≈ 0 to
express the polarization vector P,
h
i
(1)
(2) 2
(3) 3
P = ε0 χ Ê + χ Ê + χ Ê + ...
(2.46)

where χ (1) , χ (2) , χ (3) are the 1st -,2nd -,3rd - order susceptibility, the macroscopic average of the polarizability. ε0 is the vacuum permittivity. The dominant non-linear term
in Equation 2.46 is the β Ê 2 . Usually this term is interpreted in terms of the electric
dipole approximation where one neglects the magnetic contributions and the multipoles.
In a dielectric media, the induced dipole moment can be averaged over a unit of volume.
The second order term can be further developed by supposing that the electric field has
the frequency ω and the magnitude E1 . Considering only the real part of the propagating
field.
Ê = E1 cos(ωt)
(2.47)
P(2) then has the following form.
P(2) = χ (2) E12 cos2 (ωt) =

χ (2) 2
E (1 + cos(2ωt))
2 1

(2.48)

Suppose that two different electric fields are employed, the 2nd order hyperpolarizability
tensor expands as,
Ê = E1 cos(ω1t) + E2 cos(ω2t)
P(2) =

(2.49)

χ (2)
(E1 cos(ω1t) + E2 cos(ω2t))2
2

(2.50)

where each term corresponds to a different 2nd -order process which will have different frequency dependence. Each term also scales with the intensity of the electric field squared.
(2)

E12 cos(2ω1t) + E22 cos(2ω2t),

Second Harmonics

(2.51a)

PSFG ,

(2)

E1 E2 cos [(ω1 + ω2 )t] ,

Sum Frequency

(2.51b)

(2)
PDFG ,
(2)
POR ,

E1 E2 cos [(ω1 − ω2 )t] ,

Difference Frequency

(2.51c)

Optical Rectification

(2.51d)

PSHG ,

E12 + E22 ,

The 2nd order susceptibility can be related to the 2nd order hyperpolarizability from equation 2.45 and 2.46.This relates the microscopic and macroscopic quantities,
χ (2) =

N
hβ i
ε0

(2.52)
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When the visible frequency is far away from an electronic resonance, in the electric dipole
approximation the hyperpolarizability is written as,
β (ωIR ) =

< g|α|ν >< ν|µ|g >
ωIR − ω0 + iΓh

(2.53)

where N, hβ i, are the number density, orientational average of the molecular second order polarizability, respectively. hαi and hµi are the Raman polarizability and IR dipole
moment operators and |gi and |νi are the vibrational ground and excited states, ω0 is the
frequency of the vibrational mode. ωIR is the frequency of the tunable infrared beam and
Γh is the line width. This equation shows that the spectral lineshape will be Lorentzian.
From equation 2.53 we note one selection rule as,
Rule (1) Vibrations must be IR & Raman active to generate VSFS signal.
Polarization Schemes
The second order non-linear susceptibility tensor χ (2) has the full form:


(2)
(2)
(2)
χxxx χyyy χzzz
 (2)
(2)
(2) 
χxxy χyyx
χzzx 


χ (2) χ (2) χ (2) 
 xyx yxy zxz 
 (2)
(2)
(2) 
χyxx χxyy
χxzz 


(2)
(2)
(2) 
χ (2) = 
χ
χ
χ
yyz
zzy 
 xxz
 (2)
(2)
(2) 
χxzx χyzy χzyz 
 (2)
(2)
(2) 
χzxx χzyy

χ
yzz


 (2)
(2)
(2) 
χ
χ
χ
 xyz
yxz
zxy 
(2)
(2)
(2)
χxzy χyzx χzyx
(2)

(2)

(2)

In centrosymmmetric media inversion symmetry dictates that χi jk = χ−i− j−k = −χi jk
(2)

which has but one solution χi jk = 0. Here we gain the VSFS second selection rule as,
Rule (2) Only non-centrosymmetric media will generate an VSFS signal.

From this selection rule we see that we will only generate a VSFS signal where symmetry
is broken (e.g. a liquid/air interface or in anisotropic crystals).

Liquid Interfaces
Liquid interfaces are typically isotropic in the plane (Cinv symmetry), meaning that a
majority of the 27 elements of the third rank tensor χ (2) are equal to zero. By applying
the C∞ v group to the susceptibility tensor we can derive the nonzero schemes [70]. The
sum frequency polarizability tensor is defined as:
(2)

Pi

(2)

= ε0 χi jk E j Ek

(2.54)

The tensor elements have defined transformational properties, e.g. a C∞ rotation around
the z-axis will change the x and y components of the electrical field and the polarization
20
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vector will change sign. However, a condition is that Equation 2.54 must be valid after
the rotation. Rotating twice as χyxz , the component doesn’t change sign, but χyzy does.
0 (2)

(2)

Rotation about the z axis changes the sign as χxxy = −χxxy . There is also rotational
(2)

0 (2)

symmetry of the material χxxy = χxxy . Evaluation of these equations yields the conclusion
that,
(2)

(2.55)

(2)

(2.56)

χxxy = 0
but more general than that:
χii j = 0

Equation 2.56 states that all components of χ (2) with repeating indices equal zero which
reduces the valid elements of χ (2) . The four elements applicable to a liquid surface then
(2)
(2)
(2)
(2)
(2)
(2)
(2)
remain as χyyz = χxxz , χyzy = χxzx , χzyy = χzxx and χzzz . Because the visible wavelength
is far away from any electron resonance and αlm = αml , i.e., the polarizability tensor is
(2)
(2)
symmetric, χyzy = χzyy .

Table 2.1: The nonzero polarization schemes at liquid/air interface by applying C∞ν .
The polarizations are listed in the order SF, VIS and IR.

(a)

Polarization

(2)

Elements of χi jk

Combination (a)
(2)

PSS

χzyy

SPS

χyzy

SSP

χyyz

PPP

χzzz , χzxx , χxzx , χxxz

(2)

(2)

(2)

(2)

(2)

(2)

The four polarization schemes are denoted as PPP, SSP, SPS and PSS as seen in Table 2.1,
each giving its own contribution to χ (2) . By probing with different polarization its thus
possible to gain insight into the conformation of the molecules at the surface as explained
in the following section.

2.5.3

Molecular Orientation Resolved by VSFS Polarization Schemes

Using the different polarization schemes, the orientation of the molecular vibration can
be deduced [71–77]. Consider for example the end cap methyl group of AA. For the CH3
symmetric stretch (ωq ∼ 2875 cm−1 ), the nonzero components of the hyperpolarizability
(2)
(2)
(2)
here are βηηζ = βξ ξ ζ and βζ ζ ζ with ζ being along the symmetry axis as depicted in
Figure 2.4.
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Figure 2.4: Molecular coordinates of methylgroup.

Due to the azimuthally isotropic distribution of AA in the Langmuir monolayer, the directional cosine averages in Equation 2.57 can be reduced to functions of only θ (the angle
between ζ and z),


1
(2)
(2)
χxxz = χyyz = Nα hcosθ i (1 + r) − cos3 θ (1 − r)
2


1
(2)
(2)
(2)
(2)
χxzx = χyzy = χzxx = χzyy = Nα hcosθ i − cos3 θ (1 − r)
2


(2)
χzzz = Nα r hcosθ i − cos3 θ (1 − r)
(2)

(2.57)

(2)

where r = βηηζ /βζ ζ ζ . The SF signal intensity can here be expressed in term of an effec−−→
(2)
tive nonlinear susceptibility χe f f , which incorporates Fresnel factors L, and input beam
−−→
(2)
geometries. SSP, PPP and SPS polarization combinations then gives χe f f the following
expressions,
(2)

(2)

χe f f ,SSP = + Lyy (ωSF )Lyy (ωV IS )Lzz (ωIR )sinβ2 ∗ χyyz
(2)

(2)

χe f f ,PPP = − Lxx (ωSF )Lxx (ωV IS )Lzz (ωIR )cosβ cosβ1 sinβ2 ∗ χxxz

(2)

− Lxx (ωSF )Lzz (ωV IS )Lxx (ωIR )cosβ sinβ1 cosβ2 ∗ χxzx

(2)

+ Lzz (ωSF )Lxx (ωV IS )Lxx (ωIR )sinβ cosβ1 cosβ2 ∗ χzxx

(2.58)

(2)

(2)

+ Lzz (ωSF )Lzz (ωV IS )Lzz (ωIR )sinβ sinβ1 sinβ2 ∗ χzzz
(2)

χe f f ,SPS = + Lyy (ωSF )Lzz (ωV IS )Lyy (ωIR )sinβ1 χyzy

where βi is the angle of incidence at ωi . By employing SSP, PPP and SPS polarization
schemes θ can be calculated given r and using Equation 2.57.
Lastly, we note from the equations above that the intensity of the VSFS signal is:
I(ωSF ) ∝ |χe f f |2 I(ωvis )I(ωIR )
(2)
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Experimental Methods
3.1

Materials

Table 3.1: Chemicals and salts used. All salts were purchased from Sigma and
stored under recommended conditions. a) Anhydrous, beads, -10 mesh, 99.999%
trace metal basis. b) Anhydrous, powder, 99.99% trace metals basis. c) Trace metal
basis
Manufacture Info

MnCl2
NiCl2
CaCl2 x (H2 O)2
CaCl2
NaCl
EDTA
(d)Arachidic acid (dAA)
Arachidic acid (AA)

Molecular Info

CAS

Supplier

(g/mol)

Purity%

Hygroscopic

7773-01-05
7718-54-9
10035-04-8
10043-52-4
7647-14-5
60-00-4

Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma

125.84
129.60
146.98
110.98
58.44
292.24
352.55
312.54

99.999a
99.99b
99.5
99.99a
99
99.995c

Yes
Yes
No
Yes

506-30-9

99
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Solution Chemistry

Speciation of the Divalent Cations
The speciation software Hydra and MEDUSA were used to determine at a given salt concentration, at what pH regions the cation was in its free form and if there were any other
ionic species that could interfere with the result. Hydra contains a database with logK data
at 25◦ C. The software is based on the SOLGASWATER [78] and HALTAFALL [79] algorithms and was authored by Ignasi Puigdomenech. The amount of carbonate absorbed
from the air was set to 14 µM as this is consistent with the values typically used for
dissolved carbonate in the literature.
Hygroscopic Salts
The high grade anhydrous salts used, CaCl2 , MnCl2 and NiCl2 are hygroscopic, and can
quickly form hydrates even from moisture in air. To keep hydrates from forming and
causing faulty amounts of salt being weighed a glove box was used. The glove box (∼1
m3 ) was purged with dry air until the RH reached ∼ 1%. The salt was then weighed inside
the glove box and MilliQ was added after. This procedure ensured that the correct amount
of salts were used when preparing solutions.
Removing Organic and Inorganic Contamination
As described in section 3.1, the salts used were of relatively high purity (99.5% and
above). However, this purity is specified only in terms of other potential ionic species
that could be present (i.e. labelled as trace metal basis), and hence any organics are not
included in the purity percentage. These salts often contained organics which had to be
removed. The existence of organics impurities in a aqueous salt solution can be detected
by surface tension measurements. Organic contaminants especially large hydrophobic
molecules will be preferentially partitioned at the surface rather than in the bulk due to the
enthalpic cost of breaking the hydrogen bondstructure in water. Purification was checked
by surface tension measurements after each aspiration step. The concentrated salt solutions used as stock have a higher surface tension than that of pure water, and hence the
salts were considered cleaned when the surface tension of the solution was higher than
that of pure water with no change between cleaning iterations. With the use of the less
pure salts in terms of trace metals, inorganic contamination of trivalent ions were of major
concern due to their strong interaction with the monolayer, especially at high salt concentrations. The chelating agent EDTA has been proven to be effective for removing trace
trivalent ions without changing the adsorption isotherm or disturbing the carboxylic acid
moiety [80, 81].
pH Measurement & Adjustment
For both the speciation of the ions and on the 2D phase diagram of the fatty acid, the pH of
the solution has an important effect and consequently must be carefully controlled. When
more than 1 µM of EDTA was used the pH was adjusted by drop-addition of NaOH. A
combination of pH electrodes and strips were employed to cross verify the accuracy of the
measurements. The two pH electrodes have different ranges for the ionic concentration, I,
of the solution. One electrode for low concentration (higher sensitivity) and one for high
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concentration (lower sensitivity).
• Electrode 1 (I > 1 mM): pH Electrode LE409 from Mettler Toledo.
• Electrode 2 (I < 1 mM): pHC2701-8 Combined pH electrode, high KCl flow, BNC
from Hach.
The pH sensitive strips used for cross verification were Whatman R PanpehaTM pH indicator strips, pH range 0-14 and pH-indicator strips pH 0 - 14 Universal indicator both
purchased from Sigma Aldrich.

3.3

Cleaning Procedures

Given how important the solution chemistry was, everything in direct contact with the
solution e.g. tools, flasks, trough, etc, had to be thoroughly cleaned on a regular basis.
Briefly, this was done in three parts, first the removal of most of the contaminants and
remnants from previous experiments by rinsing with large amounts of tap water. The
next step consisted in rinsing and sonicating in absolute ethanol, following with a similar
procedure with the alkaline detergent Deconex.
Glassware, Tweezers, Spatulas etc.
Flasks and other glassware were cleaned using the following procedure.
(1) Rinse with tap water for a long period to remove any amounts of salts from previous
experiments and also organics.
(2) Fill with ethanol and sonicate for 10 minutes.
(3) Fill and empty with MilliQ water 10 times then fill with 5% deconnex solution
(deconnex and MilliQ) and sonicate for 20 minutes.
(4) Fill and empty with MilliQ 10 times, fill with MilliQ water and sonicate for 30
minutes.
(5) Fill and empty with MilliQ 10 times then keep it filled with MilliQ water.
Steps 3 and 4 are repeated twice with the flasks upside down in a beaker filled with either
Deconex solution or MilliQ water for step 3 and 4, respectively. For metal tools (tweezers
and spatulas) the same procedure as described above was followed with the tools in a
beaker fully immersed in liquid and finally stored in a solution of 5% Deconex.
Gold Coated Silica Plate
The gold coated silica plate used for normalizing the spectra gets dirty over time, e.g.
adsorption of volatile organics. Cleaning was done by rinsing with ethanol and MilliQ
water which removes soluble organic and inorganic particles. After drying with N2 gas
the plate was immersed in chromosulfuric acid. Lastly the plate was rinsed for a long time
in MilliQ and dried with N2 before inserting into the sample position after which further
purging with dry air removed trace amounts of water from the surface.
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Langmuir Blodgett Trough
The through and its accessory components were always cleaned immediately before the
experiment to ensure minimum contamination. The trough was cleaned by rinsing for 5
minutes with tap water followed by rinsing with absolute ethanol (99%) and delicately
wiped with Thorlabs Ultrafine lense cleaning paper soaked in ethanol. Lastly, it was
rinsed with MilliQ water for 3-5 minutes and dried with N2 . The same procedure was
used for each of the two Delrin barriers, the plexiglass covers and main trough holder
with the exception that a lower grade of ethanol was used for the latter.
Sum Frequency Spectrophotometer
The main cleaning done on the Sum Frequency instrument was the cleaning of the crystals
of the laser source (Ti-light and Integra). This was done using a ultra fine lense cleaning
tissue from Thorlabs. The paper was folded several times to form a thin rectangular tube,
clipped to form a tip, soaked in acetone and used to wipe the crystal surfaces. Immediately
after wiping, the crystals were dried using N2 gas. This was done ∼2 times per week for
each of the six crystals.
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3.4

Langmuir Blodgett Trough

Trough Instrument
A Langmuir-Blodgett trough instrument was used to create and maintain a fatty acid
monolayer on a water surface. It consists of a teflon trough, two movable Delrin barriers
and a balance from where a paper plate was attached to measure the surface pressure, π
(mN/m). This method of measuring surface tension is referred to as the Wilhelmy plate
method [82]. The barriers are monitored by a computer to accurately control the surface
area per molecule. The trough had a volume of 50 mL and is temperature controlled with
a fluid circulating system connected to the base of the trough. For the SF experiments the
surface pressure was set to maintain a constant value of 20 mN/m. The surface tension, γ
is then determined from the force pulling on the paper plate as,
γ=

F
(2w + 2d)cos(θ )

(3.1)

where F, w, d, θ , and γ are the force, witdh of the plate, thickness of the plate, contact
angle of the medium with the plate and the surface tension, respectively. Figure 3.1 (left),
shows the trough and Figure 3.1 (right), the plate with the dimensions. Not shown in
Figure 3.1 (left), is the plexi-glass cover above the trough which protects the monolayer
from dust. After cleaning the trough as described in section 3.3 it was placed in the sample
position and filled with MilliQ water which was replaced three times by suction using an
aspirator equipped with a teflon tip to ensure cleanliness. dAA or AA was then dropped
onto the surface using a 20 µL Hamiltonian syringe. Between each sample the surface
was removed with the aspirator and teflon tip. The height of the trough was adjusted to
coincide with the point were the laser overlapped in space, as described in section 3.5. To
ensure cleanliness after use, the trough was rinsed with tap water, filled and stored with
MilliQ water.

Figure 3.1: (Left) Langmuir-Blodgett trough schematic, showing the teflon trough,
Delrin movable barriers and paper plate used to measure the surface tension. This
instrument was used in combination with VSFS. (Right) Wilhelmy plate with dimensions. This instrument was used for surface tension measurements during the removal
of surface active contamination from electrolyte solutions.
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Interpretation and Adjustment of Data
The Langmuir trough records surface pressure and mean molecular area (determined from
the known concentration of the fatty acid solution added and the area within the Delrin
barriers). When used by a human operator, the syringe has an error of ∼ ±1 µL (as noted
by the manufacturer). The error in the resulting isotherms can be calculated by looking at
the expression for the mean molecular area,
Amol =

Atot
Atot
=
NA cV
NA c (V ± δV )

(3.2)

where Amol is the average molecular area, Atot the total surface area, c the molar concentration of surface molecules, NA Avogadros number, V the volume added with the syringe
and ±δ V the uncertainty in this measurement. In most cases 20 µL was used so that
δV = 1/20V . The expression for the average molecular area then follows as:
Amol =

Atot
NA cV (1 ± 1/20)

(3.3)

Thus the upper and lower bounds of the errors associated with the syringe are:
Ameasured
Ameasured
exact
mol
< Amol < mol
1 + 1/20
1 − 1/20

(3.4)

This means the adsorption isotherms would have an error10 of ∼ ±1 Å2 linked to the
uncertainties of the volume measured with the syringe and this without including other
potential sources of error.11 As shown in Figure 3.2 (left), isotherms recorded show a
spread of ±1.5 Å2 due to experimental errors. To facilitate the comparison and highlight intrinsic differences, the isotherms presented in the results section were then shifted
laterally to overlap to the point 20 mN/m and 20 Å2 .

Figure 3.2: (Left) Unmodified adsorption isotherms with error bars (±1.5 Å2 ) for
water. Most lines lie within this error bar. (Right) Isotherms have been translationally
shifted to overlap.
10 At

the target average molecular area of 20 Å2 .
the concentration uncertainty of the fatty acid solution, the dispersion onto the surface with the
needle, time it takes for evaporation of the solvent (chloroform), etc.
11 E.g.

28

Chapter 3. Experimental Methods

3.5

Sum Frequency Spectrometer

VSFS Instrument
The vibrational sum frequency spectrophotometer was assembled by Eric Tyrode at the
Royal Institute of Technology, department of surface and corrosion science [83]. Overall the instrument consists of a Laser source (Ti-light and Integra), an optical parametric
amplifier (TOPAS), pulse shaper, beam steering optics and an imaging spectrograph CCD
camera. The laser source was a Ti:light-200 oscillator and a Integra-HE-7-FS amplifier
both from Amplitude, France. The self mode-locked Ti:light-200 has an average output
of 300 mW in the 800 nm range. The Integra-HE chirped pulsed amplifier features two
Ti:Sapphire crystals and typically delivers a 1 kHz train of pulses with a total power of
5.9 W. Each pulse is approximately 90 fs long centered around 806 nm with a bandwidth
of 10 nm. A beam splitter directed one of the main 806 nm amplified output onto a pulse
shaper for creating a picosecond 805 nm visible pulse, while the other was directed towards the TOPAS. The traveling wave optical parametric amplifier (HE-TOPAS-C) was
used for generating a tunable infrared pulse from the visible beam. Only a small fraction
of the power generated from TOPAS reached the sample surface. Both the IR and visible
beams where aligned to coincide at the sample position using a microscope camera focused on a Thorlabs card sensitive to IR light. Lastly the signal from a flat water surface
was used to align the optics directing the beam to the CCD camera. A gold-plated silica
plate was used to align the beams in time using a time delay for the IR beam. Finally
the entire IR path from TOPAS to the sample position was purged with dry air to reduce
water vapour adsorption in the light path. All light sources in the laser room were blocked
and screens were turned off to minimize light-noise which would impact the final spectra
significantly. When a spectrum was collected the total accumulation time was usually 90
seconds, with 3 accumulations at 30 seconds. More than one accumulation was always
gathered to remove cosmic rays which could appear as large spikes in the spectrum. For
the fingerprint region (1200-2400 cm−1 ) 13 spectra were collected at a distance of 100
cm−1 from each other resulting in total gathering time for a full fingerprint spectrum of
∼20 minutes.
Normalization, Frequency Correction and Signal Smoothing
The intensity of the IR beam, IIR , varied with frequency and in order to combine independent spectra to a final spectrum normalization was needed. A gold coated plate was
used as a reference to normalize the resulting spectra from the different IR wavenumbers
scanned. PPP polarization was chosen as that is always the maximum intensity of the
signal from the gold surface [83]. After alignment of the laser a gold sample spectrum
was collected in the entire spectral region of the experiments. If adjustments to the laser
alignment were done to further improve the signal another gold sample was collected at
the end.
As can be seen in Figure 3.3 (left), the spectra were fitted using a asymmetric function
or a Gaussian in Origin and the combined spectrum was then used for normalizing the
sample spectra. To calibrate the frequency in the CCD camera, a spectrum of polystyrene
was taken before each experiment, Figure 3.3 (right). This spectrum in combination with
literature values and a IR spectra of polystyrene12 , was used to correct the sample spec12 IR

spectra was collected ∼1 year previously during a labcourse.
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Figure 3.3: (Left) PPP SFG spectra of gold, raw data (black) fitted data (blue).
Most were fitted using asymmetric peak function, except the sides (∼1200 cm−1 and
∼2400 cm−1 ) where a Gaussian function was used. All spectra were then added to
a spectrum was then used to normalize the sample spectra. (Right) Two polystyrene
spectra (1500 cm−1 and 1600 cm−1 ) added and used as reference with respect to
the two peaks 1492 cm−1 and 1450 cm−1 to shift the resulting spectra.

trum. Using the reference values for peaks (1583 cm−1 and 1601 cm−1 ) the spectra were
usually shifted around 20 cm−1 towards the higher wavenumbers. To reduce the noise
level of the spectra, adjacent-averaging (signal processing algorithm in Origin) with 3
points was used
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4.1

Arachidic Acid Monolayer on Pure Water

The first system analysed was the AA monolayer on a solution of pure water. Before a
VSF spectra was collected the Langmuir isotherm was recorded. The isotherm shows two
distinct regions. One region where the pressure does not (noticeably) increase with a decrease in surface area, indicative of a condensed tilted phase in equilibrium with a gaseous
phase [84]. As the molecular area approaches 20 Å2 the surface pressure increases with a
slope of ∼5 mN/m3 and compressibility of ∼10 m/N corresponding to a tilted condensed
phase. Slightly below 20 Å2 another slope was detected with compressibility of ∼1 m/N,

Figure 4.1: (Left)Adsorption isotherm with average molecular area Amol vs surface
pressure π. (Right) Linear compressibility modulus vs surface pressure. Both plots are
with deuterated and non deuterated Arachidic acid on MilliQ water. The temperature
was held constant at 22◦ C.

corresponding to the untilted condensed phase. Further reduction of the area caused a
collapse of the monolayer, detected as a drop in the surface pressure. These results are
in agreement with studies by Fradin et al., which found that in the tilted phases L2 and
L02 of a fatty acid molecule, the compressibility in the tilt direction is about 5 m/N while
in the perpendicular direction it is about 0.5 m/N [85]. For the VSFS measurements the
area was fixed at 20 Å2 ensuring a stable monolayer in the tilted phase with some distance
from the untilted phase and the tilted/gaseous phase transition. Because the methyl and
methylene bending and deformation modes of the alkyl chain overlap with the carbonyl
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and carboxylate vibrations, deuterated AA was used when targeting the headgroup vibrations in the region 1200-2400 cm−1 . The isotherms show no difference between dAA and
AA, indicating that the monolayers can be considered to be equivalent (Figure 4.2). The
VSF spectra shows the tail- and the head-vibrational modes of AA and dAA along with
the OH stretches of the interfacial water. The strongest peak (of the uncharged mono-

Figure 4.2: VSF spectra (SSP) of deuterated AA (1200-2400 cm-1) and AA (26004000 cm-1), at a mean molecular of 20 Å2 . The temperature was held constant at
22◦ C.

layer) corresponds to the methyl group symmetric and antisymmetric stretches νs (CD3 )
at 2072 cm−1 and νasym. (CD3 ) at 2220 cm−1 , respectively [86]. The equivalent bands in
the CH stretching region for AA are found at 2870 cm−1 and 2960 cm−1 , respectively.
No contribution from the methylene group is observed, indicating highly ordered all trans
alkyl chains in the monolayer [87] as gauche defects would cause a break in local symmetry and the generation of an VSF signal. The second strongest vibration corresponds to
the carbonyl stretch, νs (C=O) at ∼1715 cm−1 , and the symmetric C-O stretch, νs (C-O) at
∼1310 cm−1 . The O-H stretching bonds of the water molecules give a spectral signature
between 3200 cm−1 and 3600 cm−1 . This contribution in the spectrum is attributed to the
layer of ordered water molecules and not the bulk water due to selection rule (2) which
excludes an VSF signal generated from a centrosymmetric media. For AA on pure water, no traces of deprotonation is observed, as confirmed by the absence of the symmetric
and asymmetric stretching modes of the C-O bonds of the carboxylate group. The pKA
of the carboxylic acid moiety is ∼4.5, which would imply a large degree of deprotonation at natural pH. To explain the lack of deprotonation at the surface, we can use the
Gouy-Chapman model as developed in section 2.2.
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Gouy-Chapman Model
Using Equation 2.33, the degree of deprotonation, α, vs salt concentration is plotted in
Figure 4.3. The strength of the VSF signal is proportional to the number of molecules
squared, shown by Equation 2.59. If Imax is the signal from νs (COO-) when the monolayer
is fully deprotonated then the signal at α deprotonation will be,
ISF ∝ Imax · α 2

(4.1)

which is plotted on the left axis in Figure 4.3.

Figure 4.3: Gouy-Chapman-Grahame plot of salt concentration vs degree of deprotonation for the charged surface with pH 6 and pKa 4.8. The left axis displays the
intensities of the νs (COO-) signal in percentage of its maximum.

According to this model, divalent ions will deprotonate the surface ∼2-3 orders of magnitude as effectively as monovalent ions.13 The degree of deprotonation at natural pH, (i.e.
pH ∼6) is therefore easily read from the graph as α = 0.003. However, this corresponds
to ∼0.001% of the full signal. If the full signal is 100000 counts14 , then we would expect
a count of 1 at this pH, which probably falls below the noise level and hence is undetectable. For the same concentration of divalent ions we would expect ∼0.1% of the max
signal and hence probably detectable (again, depending on the max count). According to
this model the apparent pKA value for the carboxylic acid at the surface is ∼10.5.
Therefore the lack of νs (COO-) signal for natural pH with no added electrolytes is explained as:
(R1) The intensity of νs (COO-) increases with the square of carboxylate moieties.
(R2) The surface pKA is significantly larger than the bulk pKA of AA.
13 A

similar jump from divalent- to trivalent ions is predicted.
and recorded photons.

14 Generated
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4.2
4.2.1

The Chemistry of Divalent Cations in Aqueous Solution
Purification of the Salt

The high grade salts did not require purification from organic compounds as proven by the
surface tension measurement on the Figure 4.4 (right). However, the low grade salts had a
surface tension below that of pure water. This indicates the presence of organic molecules
at the surface. The decrease of surface tension with time (see Figure 4.4, left) is attributed
to the migration of organic molecules from the bulk to the surface. A continuous removal
of the surface shows a sharp increase of the surface tension as organic molecules were
removed and the slope ∂ γ/∂t → 1. After three iterations the surface tension was above
that of pure water and didn’t change with further iteration. Therefore the solution was
consider free from the surface active contaminants.

Figure 4.4: (Left) Surface tension measurements of 0.5 M low grade CaCl2 (99.5%)
stock solution. (Right) Surface tension measurements of 0.5 M high grade CaCl2
(99.99%) stock solution.

4.2.2

Speciation in Water

Speciation analysis was performed to ensure that the metal ions studied were in their free
solvated form, and that no complexes, hydroxides or oxide compounds were formed in
solution. The speciation diagrams below, show the pH dependence of the free solvated
forms for Ca2+ , Mn2+ and Ni2+ . All ions are viable at the test condition (natural pH
∼6) and this including Ni2+ which is close to its precipitation pH. Further, at high salt
concentrations monovalent complexes often form, while insoluble hydroxides dominate
at high pH.
The speciation diagrams of CaCl2 predict that at millimolar concentrations and pH 6,
Ca2+ in the free solvated form is the dominant species. At higher concentrations (> 10
mM) CaCl+ is non-negligible, however, this ionic species should have a lower attraction
towards the monolayer as predicted by the Grahame equation. Ca2+ is soluble up to pH
∼11, after ∼ pH 12, Ca(OH)2 (s) precipitates as seen in Figure 4.5. This is good evidence
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that we are indeed observing the Ca2+ ions interacting with the monolayer and that no
other ionic species exist in any significant amounts.
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Figure 4.5: Fractional speciation diagram of Ca2+ . CaCl2 concentration is 10 mM
(left) and 100 mM (right). Both diagrams made in HYDRA. CO−2
3 is 14 µM. Temperature is 25◦ C.

MnCl2 showed different chemistry with MnCl+ ions appearing at lower concentrations
(< 10 mM), which begins to dominate after ∼ 100 mM. The Mn2+ ions exists in the form
of a metal ion up to ∼ pH 8, as seen in Figure 4.6, left. Not shown on the speciation diagram, Figure 4.6 (right), is the oxidation of the manganese in the presence of O2 at high
pH. This was observed while raising the pH of a solution with EDTA causing the pH electrode produce inaccurate readings as will be discussed in the coming section. After a drop
wise addition of NaOH, a distinct yellow/brown colour appeared. Given the special case
of manganese oxidation, Mn(II) -> Mn(III). The test conditions were further screened
for oxidation. Previous authors have pointed out that EDTA can act catalytically in oxidation reactions [88]. Mn(III)-OH complexes are detectable by UV/VIS spectroscopy
as the hydroxide absorbs strongly in the visible region (brown) [89]. Therefore, UV/VIS
measurements were performed to screen the presence of the oxidized manganese in the
solution. The UV/VIS measurements showed conclusively that the solution was free from
Mn(III) and that EDTA did not affect the speciation of the metal ions at the test conditions. It is worth noting that only ∼60% of MnCl2 remains in the Mn2+ metal ion form
(see Figure 4.6) at a bulk concentration of 100 mM.

Figure 4.6: Fractional speciation diagram of Mn2+ . MnCl2 concentration is 10
mM (left) and 100 mM (right). Both diagrams made in HYDRA. CO−2
3 is 14 µM.
Temperature is 25◦ C
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NiCl2 behaves similar to MnCl2 although we reach the limit of solubility with the presence of NiCl2 species at concentrations above 10 mM. The Ni2+ metal ions exist in solution as the predominant speciation at pH 6, but decreases sharply at higher pH.

Figure 4.7: Fractional speciation diagram of Ni2+ . NiCl2 concentration is 10 mM
(left) and 100 mM (right). Both diagrams made in HYDRA. CO−2
3 is 14 µM. Tem◦
perature is 25 C

With the exception of NiCl2 that produces a salt precipitate at high concentrations, all
the ions exist in their free ionic form. The chemistry of the nickel solution could be
more extensively studied. However, the translucent green color of the solution is a clear
indication of the presence of hexahydrated nickel ions [90], corresponding to the free
metal ion form of Ni2+ . The VSFS results further indicates that the ion is present in the
expected speciation form. The concentration range of the experiments was limited to 10
mM, and no precipitate was observed. In conclusion, the analysis showed that control of
the pH, the ionic strength and the temperature enables correct speciation of the free metal
ions.

4.2.3

pH measurements

The control of the pH is crucial with the use of EDTA, employed for removing trace
polyvalent ion contaminants. This was particularly relevant for the low grade salt of
CaCl2 where tri-valent ionic contamination was observed (see subsection 4.5.2). EDTA
is a polyacid with 4 acidity constants: 2.0, 2.7, 6.2, 10.2 [23]. At natural pH it will be in
the form of YH2−
2 . With the addition of more than micromolar concentrations the pH of
the solution will decrease notably from that of natural pH. This was controlled by drop
wise addition of NaOH. The pH electrode was suitable for the measurement of the acidity
of the CaCl2 solution for concentrations below 1 µM, and the pH adjustments were made
carefully. However, the MnCl2 solutions gave inconsistent values of the pH with the two
different electrodes. Further the pH indicator strips fail to predict a pH value different
from that of pure water. The measurements of the pH of the solution for MnCl2 and
NiCl2 were consequently impossible. Luckily, no trivalent ionic absorption was seen in
the resulting VSF spectra. Indeed the signature of the binding of the trivalent ions to the
carboxylate has been clearly identified to higher frequencies in previous project by A.
Sthoer. This in combination with the high grade used, justified using only natural pH with
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no addition of EDTA.15

15 Ionic

specific effects with the glass membrane of the pH electrode have already been reported in the
literature [91].
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4.3

Arachidic Acid Monolayer on Electrolyte Solution of
Divalent Cations

To study the effect of the salt on the AA monolayer, a range of biologically relevant
concentrations were chosen, from nanomolar to hundreds of millimolar. According to
theoretical calculations based on Poisson-Boltzmann, (see Figure 4.3), deprotonation of
the monolayer is expected to occur and be detected within this range. After assuring
the purity of our salts and the speciation of the metallic ions CaCl2 , MnCl2 , NiCl2 , their
interactions with the carboxylic acid moiety of the AA monolayer were investigated by
the use of VSFS.

4.3.1

CaCl2

Addition of CaCl2 in the subphase did not noticeably affect the adsorption isotherms at
sub millimolar concentrations, although there are variations in the slope and compressibilities, laying respectively within ± 2.5 mN/m3 and ± 5.5 m/N. At a higher concentration
we see a change in the isotherms where the molecules can pack closer, but will have
a steeper slope in the pressure-area graph. This trend is clearly observed on the compressibility graph where the compressibility is 1 order of magnitude lower than for the
submillimolar solutions. This low compressibility corresponds to the untilted condensed
phase where the chains are fully vertical. The fluctuations in compressibility, seen in Figure 4.8, are likely due to the uncertainty of the trough instrument as well as ripples in the
surface when the barriers are moving.

Figure 4.8: On the left, the adsorption isotherms of dAA on a subphase of varying
concentrations of CaCl2 . The pH was not adjusted from MilliQ water ∼5.8. The
temperature was maintained at 22◦ C. On the right, the compressibility modulus of
the same adsorption isotherms as shown on the left.

The VSF spectra (SSP) of dAA on the CaCl2 solution shows no difference in νs (CH3 /CD3 )
from that of dAA on pure water (see Figure 4.9). This indicates that the ordering of the
backbone structure is similar. The small variations in the intensity of the CH2 sym stretch
at 2850 cm−1 , result from interference with the neighbouring OH bands from water that
vary with concentration. νs (COO-) increases when increasing the ionic strength, as predicted by the Gouy-Chapman equation when the carboxylic group deprotonates upon addition of salts. The latter peak is centered around 1408 cm−1 and has a tail towards
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higher wavenumbers resulting mainly from interference with the C=O band at 1715 cm−1 .
νs (C-O) and νs (C=0) decreases with increasing ionic strength consistently confirming the
deprotonation of the monolayer. However the carbonyl stretch does not fully disappear
which indicates that the monolayer is only partially deprotonated.

Figure 4.9: On the left, VSF spectra with SSP polarization in the spectral range
1200 - 2300 cm−1 , of dAA on aqueous subphase containing different concentration
of CaCl2 . On the right, VSF spectra with the SSP polarization in the spectral range
2800 - 3900 cm−1 , of AA on an aqueous subphase containing different concentrations
of CaCl2 . The pH was not adjusted from MilliQ water ∼5.8 and the temperature was
maintained at 22◦ C. Acquisition time was 120 s for MQ and 90 s for all the others.

The spectra in SSP polarization are sensitive to the vibrational modes that are normal to
the interface plane as shown in subsection 2.5.3. However, as is the case for the other
polarizations, a molecular vibration not perfectly normal to the interface plane will still
contribute to the VSF specrra through its projection onto the normal plane. As a first
approximation, the carboxylate peak can be fitted with a Lorenztian function to determine the peak position. The symmetric vibration mode of the carboxylate shifts to higher
frequencies with the increase of the salt concentration, according to the following trend:
100 µM 1413 (±6) cm−1 , 1 mM 1425 (±1) cm−1 and 100 mM 1432 (±1) cm−1 . The
shift observed 1408 → 1430 cm−1 is interpreted as a change in the the type of binding. A
blueshift corresponds to a increase in the electrodensity of the bond. Tang et al., attributed
this shift to a change of the type of the conformation of the ion -carboxylate complex from
monodentate to bidentate [ibid]. However, argumentation and former results from Tyrode
et al. suggest that this frequency signatures characterizes the formation of a solvent separated and contact ion pairing in agreement with the conceptualisation of ion pairing by
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Marcus et al [62].
The SSP OH spectrum of AA (done separately from the dAA spectra) on a CaCl2 electrolyte solution shows distinct features in the OH stretching region (Figure 4.9 right). The
signal originates from water molecules directly interacting with the fatty acid monolayer,
as well, as from those in the diffuse double layer partly aligned by the surface electric field.
In the literature this distinction is made in terms of χ (2) and χ (3) contributions [92, 93].
In pure water, when the monolayer is essentially uncharged, the signal originates from
molecules hydrating the carboxylic acid headgroup (χ (2) ) contribution). As salt is added
and the monolayer partly deprotonates, the resulting surface electric field causes a net
ordering of water molecules in the diffuse layer (χ (3) contribution). The amount of water molecules probed in this latter process is proportional to the surface potential, which
depends in turn on the surface charge and Debye length (ionic strength of the solution).
However, the Debye length decreases comparatively faster than the concurrent increase
in the degree of deprotonation with added salt, which means we’re probing ever smaller
regions closer to the surface with increasing ionic strength. At the lowest salt concentrations, the limited non-linear coherent length of the SF process also plays an additional
contribution [92, 93]. νs (OH) increases up until ∼10 µM after which it decreases. The
decrease of the overall OH signal corresponds to the increase in the screening of the surface charge by the counterion of the electrolyte. Finally at very high concentrations the
charge of the monolayer is completely screened as the Debye length is limited to just a
few Å, i.e. the order of magnitude of a single layer of counter ions [94]. Interesting we
still see an OH signal, possibly due to the hydration layer nearest to the surface, which
still remains.
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4.3.2

MnCl2

The adsorption isotherms of dAA and AA on MnCl2 electrolyte show similar features and
trends as those observed for CaCl2 . The peaks νs (C-O), νs (COO-), νs (C=O), νs (CD3 ) and

Figure 4.10: On the left, VSF spectra with SSP polarization in the spectral range
1200 - 2300 cm−1 , of dAA on aqueous subphase containing different concentration
of MnCl2 . On the right, VSF spectra with the SSP polarization in the spectral range
2800 - 3900 cm−1 , of AA on an aqueous subphase containing different concentrations
of MnCl2 . The pH was not adjusted from MilliQ water ∼5.8 and the temperature
was maintained at 22◦ C. Acquisition time was 90s, 90s, 120s, 60s and 90s for MQ,
10 µM, 100 µM, 1 mM and 10 mM respectively.

νs (CD2 ) are at the same positions with the exception of the νs (COO-) peak which shows a
different shifting trend. Similarly, the symmetric vibration mode of the carboxylate shifts
to higher frequencies with the increase of the salt concentration in the sequence: 10 µM
1406 (±3)16 cm−1 , 100 µM 1423 (±1) cm−1 , 1 mM 1426 (±1) cm−1 and 10 mM 1449
(±1) cm−1 . We see that we have a relatively smooth transition from the lower wavenumbers to the higher wavenumbers. Also evident is the peak intensity of this most blueshifted peak for MnCl2 at 1445 cm−1 , which is significantly higher when compared to the
1430 cm−1 of CaCl2 . This would imply higher population of bound complexes and/or a
higher intrinsic cross-section. The same trend is observed for the OH signal as discussed
for the AA on CaCl2 aqueous subphase. The increase of the surface charge induces the
orientation of the water dipole, yet the signal totally vanishes for high concentration of
electrolyte, as an evidence of the binding of the Mn2+ ions to the carboxylate.
16 An
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asymmetric peak function was used for this concentration.
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4.3.3

NiCl2

Figure 4.11: VSF spectra collected under the SSP polarization combination for dAA
on an aqueous subphase containing different concentrations of NiCl2 . The pH was
not adjusted from the MilliQ water ∼5.8 and the temperature was maintained at 22◦
C. Acquisition time was 60s for all concentrations.

The same trend as for the two previous cases is observed for NiCl2 in the VSF spectra
(see Figure 4.11). The deprotonation is revealed by the appearance of the vibrational
signature of the carboxylate band at the expense of the carbonyl stretching signature.
The deprotonation is followed by a shift in the vibration frequency of the symmetric
stretching mode of the carboxylate, resulting from the interaction with the ion. Fitting the
carboxylate peak shows the following trend: 1 µM 1410 (± 3) cm−1 , 100 µM 1422 (±1)
cm−1 and 10 mM 1439 (±1) cm−1 .
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4.3.4

Discussion

For all the three salts, the symmetric stretching mode of the carboxylate (νs (COO)) appears at a same and unique frequency (1408 cm−1 ) for micro and submicro molar concentrations. This frequency is attributed to a solvent separated or solvent shared ion pair
(SIP). At this peak position we can relate the strength of the carboxylate stretching mode
to the degree of deprotonation, knowing the relative intensities of νs (COO) to the unchanged νs (CD3 ) in a packed configuration, as discovered in previous work by Tyrode et
al. It is important to note that this model fails to predict the degree of deprotonation if a
binding occurs between the metallic cation and the carboxylate. Further we note a peak
at 1420 cm−1 , possibly corresponding to the formation of a contact ion pair between the
carboxylate and the metallic cations. This interpretation has been supported by an extensive study of the effect of pH on the stabilisation of the dAA monolayer by ion pairing
formation, and the interaction of the monovalent alkali metal chloride salts with the carboxylate group, previously done in this research group. Finally, at higher concentrations
we note a particular vibration frequency that depends on the divalent cation: 1435 cm−1
for Ca2+ , and 1445 cm−1 for Mn2+ and Ni2+ . A plausible interpretation is the formation
of bound complexes between the cations and the carboxylate moiety when increasing the
osmotic pressure in solution.
Table 4.1: (a) The peak positions of the carboxylate vibration mode fitted with
Lorentzian functions. (b) Estimation of the degree of deprotonation calculated with
the ratio of νs CD3 and νs COO intensities.
Ca2+
a ν (cm−1 )
s

Mn2+
a ν (cm−1 )
s

α

Ni2+
aν

α

1 µM

1408

0.062

1408

0.103

10 µM

1408

0.071±0.007

1408

0.120±0.050

100 µM

1408

0.103±0.024

1423

0.249±0.155

1 mM

1408-1420

0.122±0.054

1426

0.182±0.091

10 mM

1408-1420

0.1337

1449

100 mM

1432

500 mM

1432

1M

1432

−1
s (cm )

α

1408

0.050

1422

0.137

1439

1449

The experimentally determined surface charge as a function of concentration, was then
compared with the values predicted by the Gouy-Chapman model. As shown in Figure 4.12, the experimental values obtained for CaCl2 and to some extent NiCl2 , roughly
follow the theoretical prediction. However, MnCl2 significantly deviates, behaving more
like a trivalent ion. The implication is that ion specificity is already apparent a submicromolar concentrations.
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Figure 4.12: Theoretical curves based on the Gouy-Chapman model showing the
expected degree of deprotonation of the monolayer as a function of monovalent,
divalent, and trivalent ions in the subphase. Conditions: pH = 6 and pKa = 4.8. On
the left axis is the percent of the maximum signal of the νs (COO-).
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4.4
4.4.1

Analysis of the Type of Binding by employment of
VSF Polarization Schemes
SSP, SPS and PPP Polarization Schemes

Besides SSP, SPS and PPP polarization give further information on the vibrational signature for the AA molecule.

Figure 4.13: SSP, SPS and PPP VSF spectra of dAA and AA on milliQ water. The
pH was not adjusted from natural pH ∼5.8. The temperature was held constant at
22◦ C.

As the SSP polarization spectra was described in the previous section, the SPS and the
PPP spectra will be here explained.
SPS Polarization
The SPS spectra of dAA on a pure water subphase shows a carbonyl vibrational stretch
νs (C=O) at ∼1715 cm−1 and the asymmetric methyl stretch νas (CD3 ) at ∼2220 cm−1 . In
the OH region the asymmetric methyl stretch νas (CH3 ) appears at ∼2960 cm−1 and also a
broad OH stretch centered around 3600 cm−1 . The component of the dipole parallel to the
interface have a stronger contribution in the SPS polarization spectra.17 Given the contribution of the asymmetric stretch in SPS compared with SSP we can say that the dipole of
the carbonyl vibration νs (C=O) is not orientated perpendicular to the plane. The absence
of the νs (CD3 ) peak is due to the orientation of the vibration which is more normal to the
plane. As a consequence of the previous observation, the asymmetric vibrational modes
usually give a stronger contribution in SPS than SSP.
17 However,
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if a molecular vibration is fully parallel to the plane it will not contribute to the VSF spectra.
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PPP polarization
The PPP spectra of dAA on a pure water subphase reveal only the asymmetric stretching
mode of the methyl group νas (CD3 ). Likewise in the OH spectra, we notice the asymmetric νas (CH3 ) stretch but also the OH stretches seen in the SPS and SSP spectra centered
around 3600 cm−1 .

4.4.2

Resolving Antisymmetric Stretches

Figure 4.14: On the left, VSF spectra with SPS polarization in the spectral range
1200 - 2300 cm−1 , of dAA on an aqueous subphase containing different concentration
of CaCl2 . On the right, VSF spectra with the SPS polarization in the spectral range
2800 - 3900 cm−1 , of AA on an aqueous subphase containing different concentrations
of CaCl2 . The pH was not adjusted from the MilliQ water ∼5.8 and the temperature
was maintained at 22◦ C. The acquisition time was 120s for MQ and 90s for all the
other concentrations.

In the SPS polarization combination, a similar behaviour as for SSP is observed in the OH
stretching region, with an increase in intensity followed by a decrease as the amount of
salt in the solution is raised. The difference is that it is centred at 3600 cm−1 , consistent
with an OH asymmetric stretch of water molecules forming weak hydrogen bonds. Interestingly, the asymmetric stretching mode of the carboxylate group can be seen as a broad
peak appearing at ∼1550 cm−1 for high salt concentrations.
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Figure 4.15: On the left, VSF spectra with PPP polarization in the spectral range
1200 - 2300 cm−1 , of dAA on an aqueous subphase containing different concentration
of CaCl2 . On the right, VSF spectra with the PPP polarization in the spectral range
2800 - 3900 cm−1 , of AA on an aqueous subphase containing different concentrations
of CaCl2 . The pH was not adjusted from the MilliQ water ∼5.8 and the temperature
was maintained at 22◦ C. The acquisition time was 120s for MQ and 90s for all the
other concentrations.

In the PPP polarization schemes, both the symmetric and antisymmetric vibration mode
can be resolved. The symmetric stretch of the carboxylate group (νs (COO)) appears
at 1408 cm−1 and 1430 cm−1 for 1 mM and 100 mM, respectively. The asymmetric
stretch can be seen around 1600 cm−1 , increasing with ionic strength. At 1715 cm−1 the
νs (C=O) decreases with ionic strength. For the same reason as in the SPS polarization,
νs (CH3 ) is absent and we only see the νs (CH2 ) in the PPP spectra. A more detailed
interpretation of the PPP spectra remains, however, beyond the reach of this master thesis
as the spectral signature of the carboxylate exhibits multiple interferences between the
different vibrational modes. No further arguments can be advanced in the interpretation
of the OH signal, in comparison with the other polarization. The other ions provide similar
results in the spectra which are presented below.
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Figure 4.16: On the left, VSF spectra with SPS polarization in the spectral range
1200 - 2300 cm−1 , of dAA on an aqueous subphase containing different concentration
of MnCl2 . On the right, VSF spectra with the SPS polarization in the spectral range
2800 - 3900 cm−1 , of AA on an aqueous subphase containing different concentrations
of MnCl2 . The pH was not adjusted from the MilliQ water ∼5.8 and the temperature
was maintained at 22◦ C. The acquisition time was 120s for MQ and 90s for all the
other concentrations.
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Figure 4.17: On the left, VSF spectra with PPP polarization in the spectral range
1200 - 2300 cm−1 , of dAA on an aqueous subphase containing different concentration
of MnCl2 . On the right, VSF spectra with the PPP polarization in the spectral range
2800 - 3900 cm−1 , of AA on an aqueous subphase containing different concentrations
of MnCl2 . The pH was not adjusted from the MilliQ water ∼5.8 and the temperature
was maintained at 22◦ C. The acquisition time was 120s for MQ and 90s for all the
other concentrations.
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Figure 4.18: VSF spectra with SPS polarization in the spectral range 1200 - 2300
cm−1 , of dAA on an aqueous subphase containing different concentration of NiCl2 .
The pH was not adjusted from the MilliQ water ∼5.8 and the temperature was
maintained at 22◦ C. The acquisition time was 90s for all the concentrations.
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Figure 4.19: VSF spectra with PPP polarization in the spectral range 1200 - 2300
cm−1 , of dAA on an aqueous subphase containing different concentration of NiCl2 .
The pH was not adjusted from the MilliQ water ∼5.8 and the temperature was
maintained at 22◦ C. The acquisition time was 90s for all the concentrations.
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4.4.3

Discussion

Useful information is gathered from the SPS and PPP polarization schemes. A very important one is the shift, ∆, between the carboxylate symmetric stretch νs (COO) and the
carboxylate asymmetric stretch νas (COO). Tackett et al reported in the 1980’s a relation
between ∆ and the state of binding in liquid state. A similar trend was also reported by
Daecon and Philips for metallic soaps and organo metallic complexes [34]. A high frequency for the νas (COO-) and a small ∆ was suggested to imply a directional binding,
e.g complexation between the metal ions and the carboxylate, which is distinct from an
ion pair [95]. An ion pairing interaction only occurs through non-directional electrostatic
interactions, while in a complex the electronic orbitals between the carboxylate and the
cation are shared. Further, the bound complexes can be either monodentate or bidentate.
In principle, the two can be differentiated depending on the value of Delta. The correlation remains, however, controversial due to the large number of exceptions found to the
rule. Here we use a similar approach to compare the results obtained for the different
cations (Table 4.2).
Table 4.2: Assignment of binding patters according to Tackett et al,. the difference
between the asymmetric and symmetric stretch gives a value which is used to assign
the position of the ion in relation to the carboxylate moiety.
Ca2+
νs

νas

Mn2+
∆

νs

νas

Ni2+
∆

10 µM

1408

1547

131

100 µM

1408

1543

120

1408

1537

115

1449

1532

77

1 mM

1408

1537

129

10 mM
100 mM

1432

1551

1535

114

1439

1530

91

Mn2+

Ni2+

Binding

Binding

Binding

100 µM

Ionic
Ionic

10 mM

∆

1421

Ca2+

Ionic

100 mM

νas

119

10 µM
1 mM

νs

Ionic

Ionic
Bidentate

Bidentate

Ionic

Based on Tackett’s assignment, Ca2+ binds ionically, as does Mn2+ and Ni2+ for sub
millimolar concentrations. At higher concentrations Mn2+ and Ni2+ should bind in a
bidentate fashion.
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4.5

Time-Dependent Deprotonation and Diffusion

Diffusion will play an important role at low concentrations where it takes significant time
(minutes) for equilibrium to be reached. This was observed on several occasions at the
nano- and micromolar concentrations. Mathematical models to show the importance of
diffusion were sought and the influence of the charge at the surface was also investigated.

4.5.1

Experimental Observations of Changes with Time at Low Salt
Concentrations

Experimental evidence of the time dependence at a low concentration was observed by
time measurements (0, 20 and 40 minutes) of dAA on a solution of 100 nM MnCl2 .

Figure 4.20: VSF spectra of dAA on an aqueous subphase containing 100 nM MnCl2
at different times after the start of the experiment. The spectra are recorded in the
SSP polarization. On the right a subtraction using the initial spectrum at t = 0 as
reference.

As can be seen in Figure 4.20 (right), with increasing time the differences are:
1 νs (C-O) decreases
2 νs (COO-) increases
3 νs (C=O) decreases
4 νs (CD3 ) asym. increases slightly
For a highly diluted system it will take much longer time (minutes) than for concentrated
systems (seconds) to deprotonate the surface. The charge of the monolayer at these concentrations is predicted to be very small but as the ions diffuse towards the surface, they
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deprotonate and charge the surface, giving a larger flux now driven by the potential gradient. This latter effect will be enhanced for di- and trivalent ions which deprotonate the
surface orders of magnitude faster than monovalent ions.

4.5.2

Experimental Observations of Changes with Time at High Salt
Concentrations

Before the experiments presented in section 4.3, initial studies were conducted using
CaCl2 of a lower purity grade (99.5% instead of 99.99%). Here, VSF spectra show an
unexpected behaviour in the carboxylate signal (νs (COO)). Besides the high wavenumber νs (COO-) peak, another peak was observed around 1470 cm−1 . This peak was seen
to increase with time. Additionally, changes took longer time be observed when lower
concentrations of salt were used. Previous studies have reported this higher wavenumber
peak (∼1470 cm−1 ) as being caused by a different type of binding which emerges with
time [96]. However, when increasing the purity grade of the salt, this higher wavenumber

Figure 4.21: The VSF spectra with SSP polarization of dAA on a subphase of 100
mM and 300 mM CaCl2 (99.5%) at different times. The pH was adjusted to ∼6 and
the temperature held constant at 22◦ C.

peak disappeared and no noticeable changes occurred with time as seen in Figure 4.22.
These results indicates clearly that the higher wavenumber peak results most likely from
the binding of trace trivalent cations, which were shown in the theoretical calculations to
have a higher affinity for the charged monolayer [84].
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Figure 4.22: The VSF spectra with SSP polarization of dAA on a subphase of 100
mM and 300 mM CaCl2 (99.99%) at different times. pH is adjusted to ∼6, at 22◦
C.

56

Chapter 4. Results & Discussion

4.5.3

Simple Self-Diffusion and Potential Driven Diffusion Calculations

The Self-Diffusion
Using Equation 2.38 a plot of the salt concentration vs the distance from the monolayer
for various times is shown in Figure 4.23. When only considering thermal agitation, the

Figure 4.23: Plot of the concentration gradients driven by a self-diffusion from the
bulk of 1 M Cl− and Ca2+ , for 1s, 60s, 10 minutes and 60 minutes. The diffusion
coefficients used in the calculation were taken for a temperature of 25◦ C.

diffusion process appears to be very slow. The height of the water level from the bottom
of the trough is ∼1 cm. No noticeable amounts of ions from a micromolar concentration
subphase will diffuse this distance in the time-frame of 1 hour. Mn2+ and Ni2+ was not
included in the plot because their diffusion coefficients do not substantially deviate from
that of Ca2+ and thus the resulting plots are similar.18 To investigate the influence of the
surface potential, we use the Planck-Nerst equation (see Section 2.3). Here an assumption
needs to be made. A concentration gradient is required for the flux by self diffusion and
it is here assumed to be linear and on the size of 5 Debye lengths.19 This distance was
chosen because the potential is almost the same as the bulk at 5 Debye lengths, hence
the electroflux can be assumed to be low or non-existent. When the self diffusion flux
(Jd ) is significantly larger than the potential driven flux (Jc ), e.g. high concentrations, the
18 Mn2+
19 J
d

and Ni2+ have diffusion coefficient of 0.68E-5 and 0.59E-5 cm2 s−1 respectively.
will scale according to Jd ∝ κ.
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potential has little influence in the kinetics. However, when the concentration decreases
and Jd becomes small, the potential driven flux can have a big influence.
The Potential Driven Diffusion
Coupling the Gouy-Chapman and the Grahame equation with the Nernst-Planck equation
of the flux shows the flux as a function of the distance from the monolayer.

Figure 4.24: The electroflux Jc and self diffusion Jd vs distance for Ca2+ from a
dAA monolayer on an subphase of various concentrations of CaCl2 calculated at 25◦ .
The diffusion coefficient and the ionic mobility for Ca2+ is 7.9E-10 m2 s−1 and 6.17E-8
m2 s−1V −1 , at 25◦ [97], respectively.

Figure 4.24 reveal that the existence of a potential will far out-compete the driving force of
self-diffusion around micromolar concentrations. However, the electroflux is calculated
by assuming an equilibrium. This means that the diffusion process is highly important
at any concentration where the electroflux dominates, as equilibrium must first be established to produce a charge. The equivalent plot to Figure 4.24 for monovalent salt (e.g.
NaCl) differs only slightly due to the behaviour of the potential and the Debye length.20
The limitations of this calculation are as follows:
1 For the self diffusion flux, 5κ −1 is chosen as the distance of an imagined linear
concentration gradient. The flux is proportional to κ in this case. This means we’re
seeing the self diffusion flux through 5κ −1 .
20 See
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appendix for the same plot for NaCl.
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2 Debye-Huckel approximation was used for the potential, which suffers from the
same limitations outlined in section 2.2.
The findings of this simple calculation validate the observations made in the VSF spectra. Specifically, the deprotonation that emerges with time in the order of minutes at sub
micromolar concentrations.
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Chapter 5
Conclusions and outlook
The interactions between the divalent cations Ca2+ , Mn2+ , and Ni2+ with the carboxylic
acid moiety were shown to differ depending on the concentration of salt in solution. At
low concentrations (nM to 10 µM), all cations were seen to form solvent separated or
solvent shared ion pairs with the carboxylate. This was concluded from the peak position
of the symmetric carboxylate stretch. With increasing salt concentration, the νs (COO-)
was seen to blueshift at different rates and extents depending on the nature of the cation.
This was interpreted as the formation of contact ion pairs, followed by bound complexes
with clear differences between Ca2+ and Ni2+ and Mn2+ . The experimentally determined
degrees of deprotonation for low concentrations of Ca2+ and Ni2+ , were found to follow
the predictions of the Gouy-Chapman theory for divalent ions. However, Mn2+ showed
a large deviation from the model, behaving closer to the predictions for trivalent ions according to the same model. The ordering of the water molecules as a consequence of
the charge of the surface reaches a maximum at ∼10 µM after which screening becomes
dominant, confirming the adsorption of the cations to the interface. Diffusion was shown
to be of high importance at submicromolar concentrations. Above which the diffusion
flux is orders of magnitude greater than any potential flux. The findings in this thesis
further add to the general knowledge of carboxylic acid monolayers interacting with electrolytes. Future research could extend the number of divalent cations studied to include
for example: cobolt, magnesium, and copper.
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Appendix A: Vibrational Frequencies
Table A1: Common vibrational group frequencies relevant to this thesis. [98]
Wavenumber Range

Group

Description

3400

ROH

OH stretch

2960-3020

-CH3

Antisymmetric CH stretch

2019-2930

-CH2

Antisymmetric CH stretch

2880-2970

-CH3

Symmetric CH stretch

2850-2860

-CH2

Symmetric CH stretch

3000-3030

-CH

CH stretch

2230-2250

-CD3

Antisymmetric CD stretch

2250-2300

-CD2

Antisymmetric CD stretch

2120-2130

-CD3

Symmetric CD stretch

2200-2010

-CD2

Symmetric CD stretch

2250

C-D

C-D stretch

1760

C=O

Organic acids

1595-1600

-CO2 -

Antisymmetric carboxylate stretch

1440-1470

-CH3

Antisymmetric deformation

1440-1470

-CH2

Symmetric deformation

1420-1430

C-OH

Carbon-oxygen stretch in organic acids

1390-1410

-CO2 -

Symmetric carboxylate stretch

1370-1390

-CH3

Symmetric deformation

1250-1265

-COH

COH deformation, organic acids
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Appendix B: Diffusion and the
Nernst-Planck Equation
Using Equation 2.40 (Planck-Nerst) and the Debye-Huckel approximation for the potential:

We find

dΨ(x)
dx

Ψ(x) = Ψ0 exp[−κx]

(A1)

dΨ(x)
= Ψ0 (−κ)exp[−κx]
dx

(A2)

as,

and using the expression for Ψ0 obtained by the Grahame equation (at equilibrium with
the surface):


α
ζ = − eβ ψ0 = lnKd − ln[H ]∞ − ln
1−α
ζ
ψ0 = −
eβ
dΨ
ζ
= − (−κ)exp[−κx]
dx
eβ
+



(A3)
(A4)
(A5)

The flux by the potential at distance x from the charged monolayer is then,
Jc (x) = −zucΨ0 (−κ)exp[−κx] = −zuc

ξ
κexp[−κx]
eβ

(A6)

where c, u, z, κ and x is the concentration of ionic species in solution, ionic mobility coefficient of the ionic species, valency of the ion, Debye length and distance from monolayer.
Jc can be directly compared with Jd , the flux from diffusion. By the simple assumption
that the concentration gradient is linear, we get,
Jd = −D

∂c
1
= −Dc∞
∂x
dx

(A7)

hence the flux from diffusion is proportional to the the diffusion coefficient D times concentration per unit length.
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Figure A1: Electroflux Jc vs distance from monolayer for various concentrations of
NaCl calculated at 25◦ . The diffusion coefficient and the electromobility used were
the same as for calcium.
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Appendix C: Derivation of Grahame
Equation
The derivation of Grahame’s equation proceeds from the Poisson-Boltzmann (Gouy-Chapman)
equation:
4π
d 2 Ψ(r)
= − ∑ qi ρi exp[−β qi Ψ(r)]
(A8)
2
dr
ε i
Where Ψ, r ,qi and ρi are the surface potential, distance from the surface, charge of the ith
ionic species and number density of the ith ionic species respectively. Using the boundary
conditions
Ψ(r) → 0,
r→∞
dΨ(r)
4πσ
=−
,
r=0
dr
ε
Taking the first integral as:


d 2 Ψ(r) 1 d dΨ 2
=
dr2
2 dr dr
Equation A8 is developed as:


d dΨ 2
8π
=−
qi ρi exp[−β qi Ψ(r)]
dr dr
ε ∑
i
!

Z ∞ 
Z ∞
dΨ 2
8π
d
=−
qi ρi exp[−β qi Ψ(r)] dr
dr
ε ∑
o
0
i
Using the above boundary conditions, the left hand side reduces to:






dΨ 2
dΨ 2
dΨ 2
lim
− lim
= − lim
r→∞
r→0
r→0
dr
dr
dr


4πσ 2
=− −
ε
16π 2 σ 2
=−
ε2
Likewise using the boundary conditions on the right hand side of the equation:


8π
qi ρi
=−
lim exp[−β qi Ψ(r)] − lim exp[−β qi Ψ(r)] +C
r→∞
r→0
ε ∑
−β
q
i
i
8π
=+
ρi (1 − exp[−β qi Ψ0 ]) +C
βε ∑
i
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(A9)
(A10)

(A11)

(A12)
(A13)

(A14)
(A15)
(A16)

(A17)
(A18)

Combining the left and right hand sides results in:
−

16π 2 σ 2 8π
=
ρi (1 − exp[−β qi Ψ0 ]) +C
ε2
βε ∑
i

(A19)

Solving for the integration constant, C, using σ → 0 as Ψ0 → 0 we find C = 0.
2πβ σ 2
= ∑ ρi [exp(−β qi Ψ0 ) − 1]
ε
i

(A20)

This gives the final expression, known as Grahame equation.21 It is possible to write
this in terms of a hyperbolic function for z:z salts but this is unnecessary and does not
simplify the final expression.

21 Perhaps

incorrectly attributed to Grahame.
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Appendix D: Electrostatic Properties of
the Charged Monolayer
Debye-Length
The Debye length offers a measure of the amount of screening by the counterions. The
Debye length reaches a maximum ∼ 440 nm due to the hydronium and hydroxy ions in
solution at pH 6.
#−1/2
"
2β
N
e
A
(A21)
z2i c∞
κ −1 =
i
εε0 ∑
i
Where z=-1, +1, +2 and +3 for Cl− , Na+ , Ca2+ and La3+ respectively.

Figure A2: Debye length vs salt concentration at pH 6.0, RT.
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Surface Potential
From Equation 2.30, the surface potential, Ψ0 is derived as,



α
−1
+
Ψ0 = (eβ )
lnKd − ln[H ]∞ − ln
1−α

(A22)

where Ψ0 , Kd , [H + ] and α are the surface potential, equilibrium constant for the deprotonation reaction, hydronium concentration in the bulk and degree deprotonation of the
monolayer, respectively. α is a function of the concentration of salt
α = f (c)

(A23)

where f (c) is the inverse of the function described by Equation 2.30.

Figure A3: Surface potential vs salt concentration at pH 6.0, pKA 4.8, RT.

The surface potential is reduced by the polyvalent ions due to larger screening.
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Potential
Using the Debye-Huckel approximation (Equation 2.15), along with the Grahame equation for the surface (Equation 2.30) a plot of the potential vs distance is obtained as shown
in Figure A4. This shows a reducing potential with the valency of the ionic species of the
solution.

Figure A4: The behaviour of the potential as a function of distance from the monolayer at pH 6, pKA 4.8, RT.
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Surface Charge Density σ
The relation between the surface charge and surface potential may be derived from Equation 2.30 and Equation 2.25 as,



α
−1
+
Ψ0 = (eβ )
lnKd − ln[H ]∞ − ln
(A24)
1−α
and the surface charge is,

σ = σm α

(A25)

where σm is the maximum charge (i.e. one electron per carboxylate) 0.801 e/Å2 . This
reveals a sigmodial behaviour between the potential and the surface charge density.

Figure A5: Surface charge density vs surface potential at pH 6, pKA 4.8, RT.
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Appendix F: Polystyrene Reference

Figure A6: Polystyrene IR spectrum collected 2016 during labcourse.

Peaks used for normalization are 1494 cm−1 and 1452 cm−1 for the fingerprint region
and 2925 cm−1 and 3025 cm−1 for the OH region.
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Appendix G: Algorithm and Curve
Fitting Details
Asymmetric function for peak fit
1

y = y0 + A

−

1+e

x−xc +w1 /2
w2

1−

1
−

1+e

x−xc −w1 /2
w3

!

(A26)

Gaussian function for peak fit
y = y0 +
Lorentzian function for peak fit
y = y0 +

Ae

−

4ln(2)(x−xc )2
w2

q
π
w 4ln(2)

2A
w
π 4(x − xc )2 + w2

(A27)

(A28)
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Appendix E: Mn2+ Oxidation Control
Spectra

Figure A7: UV-VIS spectra of aqueous MnCl2 solutions.
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Appendix H: Adsorption Isotherms

Figure A8: Typical adsorption isotherm of Arachidic Acid on solutions of pure water
and varying concentrations of CaCl2 at 22◦ .
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Figure A9: Typical adsorption isotherm of Arachidic Acid on solutions of pure water
and varying concentrations of MnCl2 at 22◦ .
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[17] Kelvin B. Rembert, Jana Paterová, Jan Heyda, Christian Hilty, Pavel Jungwirth, and
Paul S. Cremer. Molecular Mechanisms of Ion-Specific Effects on Proteins. Journal
of the American Chemical Society, 134(24):10039–10046, 2012.
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[19] Jana Paterová, Kelvin B. Rembert, Jan Heyda, Yadagiri Kurra, Halil I. Okur, Wenshe R. Liu, Christian Hilty, Paul S. Cremer, and Pavel Jungwirth. Reversal of the
Hofmeister Series: Specific Ion Effects on Peptides. Journal of Physical Chemistry
B, 117(27):8150–8158, 2013.
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