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Abstract

Adsorption of dimethyldodecylamine oxide (DDAO), Triton X-100 (TX-

100), and their mixtures at the hydrophilic silica/water interface has been stud-

ied using total internal reflection (TIR) Raman spectroscopy and target factor

analysis (TFA). The use of a vibrational spectroscopic technique gives rise to

information about the adsorbed layer at the molecular level. The combination

of a linear technique like TIR Raman and TFA helps determine the contribution

of each surfactant in the mixed adsorbed layer on the silica surface.

The first part of the study is on the adsorption of pure surfactants, DDAO

and TX-100, on the silica surface with and without 0.20 M NaCl in the bulk so-

lutions. The alkyl chains of DDAO were found to be in a liquid-like medium and

were not significantly affected by the presence of sodium chloride. The confor-

mation and orientation of the alkyl chains of DDAO were generally independent

of surfactant concentrations. The DDAO adsorption isotherms, however, were

clearly affected by the addition of NaCl to the surfactant solution. Before the in-

tersection point between the isotherm curves obtained with and without 0.20 M

NaCl, the adsorbed amount of DDAO on the silica surface is higher without the

presence of NaCl. However, after the intersection point, the adsorption isotherm

of DDAO with NaCl is higher than that without NaCl. The adsorption isotherms

of TX-100 show an S-shape and a dramatic increase of the adsorbed amount due

to the co-existence of both monomers and aggregates at the interface.

Mixtures of DDAO and TX-100 were investigated in the second part of

the study. The adsorption of TX-100 from solutions without 0.20 M NaCl on

the silica surface was greatly enhanced in the mixtures when it was at very low

concentrations. The adsorption of DDAO in this case, however, was only clearly

enhanced at its low bulk concentration. The adsorption measurements of mixed

surfactants with 0.20 M NaCl in the bulk solution demonstrated the role of pre-
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adsorbed DDAO in enhancing the adsorption of TX-100 at the interface. TFA

is very helpful in determining the contribution of each surfactant to the mixed

spectra and in understanding the adsorption mechanism of mixed surfactants.
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Chapter 1

Introduction

1.1 Motivation and goals of the study

Dimethyldodecylamine oxide (DDAO) belongs to the group of amine oxides

that can exist in both non-ionic and cationic forms in aqueous solutions. The

two forms are in equilibrium according to the following equation:1

CH3(CH2)10CH2

+
N

CH3

CH3

OH ⇀↽ CH3(CH2)10CH2

⊕
N

CH3

CH3

	
O + H+ (1.1)

The equilibrium constant of DDAO is defined as below:

Ka =
[B][H+]

[A]
= 10−4.7 (1.2)

where A and B are the acidic and basic forms of DDAO, respectively.2 The ratio

of the two forms of DDAO thus depends on concentration, pH, and ionic strength

of the solution.

The short alkyl chain amine oxide, trimethylamine oxide (TMAO), is well

known as a protein stabilizer while the long alkyl chain amine oxides have been

used in commercial products with many different functions.3 They have been
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used as foam boosters in light-duty detergents and shampoos,4 and as hair con-

ditioners.5 In addition, amine oxides are component of bar soaps,6 fabric soften-

ers,7 and DNA-condensing agents.8 In those applications amine oxides play an

important role that determines the product quality.

Amine oxides can form hydrogen bonds with water. The N-O bond is

highly polar and acts as a hydrogen-bond acceptor. According to theoretical

calculations an amine oxide molecule can form up to three hydrogen bonds with

water molecules.9;10 An FT-IR study by Maeda et al. confirmed the existence of

a hydrogen bond between the two headgroups of the non-ionic-cationic pair.11 It

is the ability of amine oxides to form hydrogen bonds in their aqueous solutions

that determines their many important applications.3;4;6

Adsorption studies of amine oxides at the solid/liquid interface have been

done using several techniques. Claesson et al. used a surface force apparatus

(SFA) for a study of the interaction between DDAO surfactant layers adsorbed

on a mica surface.12 It was from this study that a thermodynamically unstable

monolayer was first formed on the mica surface and a stable bi-layer was built up

after leaving the mica surface in contact with the DDAO solution overnight. The

authors concluded that the DDAO adsorption on the mica surface was caused by

electrostatic interactions between the cationic form of DDAO and the negatively

charged mica surface. This conclusion was supported by a similar experiment

with dimethyldodecylphosphine oxide (DDPO). DDPO molecules are far less pro-

tonated than DDAO and were found not to adsorb on the mica surface. DDAO

molecules close to the mica surface were also proposed to have a higher ioniza-

tion than those in the bulk solution.13 In another study using microcalorimetric

experiments, adsorption of three different alkyldimethylamine oxides CnDAO (n

= 8, 10, and 12) were considered at natural pH.1 This study revealed that at di-

lute concentrations the adsorption of surfactants is exothermic and enthalpically

driven. The protonated amine oxide molecules and negatively charged surface
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≡ SiO− groups (siloxides) were found to reserve some of their counterions and

hydrated water during their interactions.

Synergistic effects of alkyldimethylamine oxide are also an interesting prop-

erty. An adsorption investigation of a mixture of DDAO with dodecyl malto-

side (C12G2) at the silica/water interface revealed that DDAO enhanced the

adsorption of its co-surfactant significantly.2 The adsorbed amount of (C12G2)

on the hydrophilic silica surface is negligible without DDAO. This adsorption

enhancement was believed to occur via hydrophobic interactions between the

hydrophobic tails of readily adsorbed DDAO molecules and (C12G2) molecules.

Alkyldimethylamine oxides can be used with cationic, anionic, non-ionic, and

zwitterionic surfactants. Their mixtures with anions, for example, are more

surface-active than single components of the mixtures.14

Although being a class of surface active agents with many important prac-

tical applications, most studies of alkyldimethylamine oxides are concerned with

their bulk solution properties such as micelle size,15–17 hydrogen bonding,11;18 and

ionization.19–21 A limited number of studies, mentioned above, were performed

to obtain information on the adsorption behavior of surfactant molecules at the

solid/liquid interface. The techniques used in those studies were not aimed to

give information at the molecular level. The understanding of adsorption process

is incomplete without knowledge of adsorbed layer structure, vibrational charac-

teristics, and conformational changes. Therefore, a different technique that can

acquire this information must be used.

This study has used total internal reflection (TIR) Raman spectroscopy

and target factor analysis (TFA) to investigate the adsorption of DDAO, TX-100

(Figure 1.1), and their mixtures at the silica/water interface. TIR Raman spec-

troscopy is a linear vibrational technique, in which the intensity is proportional

to the concentration of molecules. It can give us molecular level information such

as molecular vibrations, conformation and orientation of hydrocarbon chains of
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surfactant molecules at the interface. In practical applications, a small amount

of DDAO is often added to detergent mixtures to modify the performance of the

detergents. The combination of TIR Raman and TFA will help to understand

the role of DDAO in the adsorption of its mixtures with TX-100 on the silica

surface.

CH3(CH2)10CH2

⊕
N

CH3

CH3

	
O

(CH3)3CCH2C(CH3)2 O
[
CH2CH2 O

]
n

H

Figure 1.1. The chemical structures of DDAO (above) and TX-100 (below)
(n=9-10) used in the study.

The total Raman signal of the probed volume is a linear sum of the Ra-

man scattering from all the molecules in that volume. When the probed volume

contains different kinds of molecules and these molecules have different spectral

features, their contributions to the overall Raman spectrum can be separated

by using TFA.22 Being a chemometric method, TFA is very useful in studying

chemical systems involving more than one component. It is similar to princi-

pal component analysis (PCA), however, the outcome from TFA is physically

meaningful due to a target transformation step using the real, pure surfactant

spectra as targets. Studies of mixed chemical systems using vibrational spec-

troscopy often use deuterated samples to reduce or remove the strong overlap

of component spectra.23–25 This approach, however, is expensive and compli-

cated in many experiments. Target factor analysis, as well as other chemometric
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techniques, eliminates the deuteration problem and is very powerful when the

application of deuteration is essentially impossible.26;27 TFA is effective in noise

filtering and signal retrieving when dealing with a spectrum of low signal to noise

ratio. An example of target factor analysis used to decompose a mixed spectrum

of DDAO and TX-100 into single component spectra is shown in Figure 1.2.
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Figure 1.2. Example of using target factor analysis (TFA) to decompose a
mixed spectrum of DDAO and TX-100 into single component spectra: (left)
mixed spectrum; (right) single component spectra. The mixed surfactant solu-
tion contained 0.30 mM DDAO and 1.08 mM TX-100.

1.2 Applications of TIR Raman spectroscopy

In the current study, Raman measurements have been performed using

the total internal reflection configuration. The evanescent wave generated at

the silica/water interface excites molecules in the interfacial region and causes

Raman scattering. TIR Raman spectroscopy has been used to study various

kinds of chemical systems,28–30 and its applications have been reviewed in de-

tail by Woods et al.31 The first TIR Raman experiment was performed at the

interface between a hemispherical flint glass and liquid carbon disulfide CS2.32
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Although the Raman signal was weak, the possibility of performing Raman ex-

periments using the TIR geometry was demonstrated. The authors also sug-

gested ways to improve the Raman signal and future uses of TIR Raman. In

the second study, TIR Raman spectroscopy was coupled with electrochemical

measurements to monitor adsorbed dye layers at electrode-solution interface.33

A thin layer of transparent SnO2 was deposited on a quartz prism and was used

as the working electrode. The potential of the SnO2 surface was controlled and

Raman signal was successfully recorded. Iwamoto and co-workers studied poly-

mer films on a sapphire surface and demonstrated that TIR Raman spectroscopy

has advantages over attenuated total reflection infrared (ATR-IR) spectroscopy

in the analysis of surface layers of much thinner thicknesses.34 The method was

later demonstrated with different internal reflection elements (IRE) in studies of

polymer films.35 Adsorption of dye molecules at the liquid/liquid interfaces have

also been detected by this total internal reflection spectroscopic method.36;37 Po-

larized TIR Raman measurements have been shown to be useful in studies of

thin films of organic molecules. They can detect changes in conformation and

orientation of molecules in the film as well as can reveal phase transitions with re-

spect to temperature.38;39 TIR Raman spectroscopy has recently been utilized in

measurements of adsorption kinetics of surfactants and mixed surfactants at the

solid/liquid interface.26;40 The spectra could be recorded every second with good

signal-to-noise ratio. The Smith group has developed a scanning angle total in-

ternal reflection Raman spectrometer with an incident angle range of 25.5 o-75.5 o,

and have utilized the setup in several studies.41;42 Tribology has also applied TIR

Raman spectroscopy to studies of friction-induced material transfer and oils in

a lubricated contact.43;44
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Chapter 2

Theoretical Background

2.1 Surfactants

2.1.1 Classification of surfactants

Surfactants are amphiphilic molecules that have both lyophobic and lyophilic

functional groups in their structures.14 The lyophilic group (headgroup) has

strong interactions with the solvent, while the interaction between the lyophobic

group (tail) and the solvent is insignificant. In an aqueous solution of surfac-

tant molecules, the lyophobic and lyophilic groups are termed hydrophobic and

hydrophilic groups, respectively. Surfactant molecules in water may distort the

solvent structure which will lead to an increase of the free energy of the system.

The solvent, in order to minimize the distortion, will expel surfactant molecules

out of its bulk solution. Due to the different interactions of the hydrophobic

and hydrophilic groups with water, at the air/water interface the hydrophobic

group will orient away from water while the hydrophilic will orient towards it.14

Depending on the chemical structure of the headgroups, surfactants can be clas-

sified as cationic, anionic, non-ionic or zwitterionic.

Cationic surfactants. The headgroups of these surfactants have posi-

tive charge, and include molecules such as cetyl trimethylammonium bromide

(CTAB), primary amine salts (RNH+
3 X−), and cetyl trimethylammonium p-
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toluene-sulfonate. Amine oxides are considered cationic or non-ionic surfactants

depending on the solution pH. Cationic surfactants are found in various appli-

cations, such as corrosion inhibitors for metal surfaces and emulsifying agents in

acidic solutions.

Anionic surfactants. The lyophilic group of an anionic surfactant bears

a negative charge. Sodium dodecyl sulfate (SDS), sodium stearate, and alkyl-

benzene sulfonate (RC6H4SO−3 Na+) are typical examples of this class of surface-

active agents. Anionic surfactants have been used as soap, anti-static agents,

hair care and skin care detergents, among other applications.

Non-ionic surfactants. The lyophilic groups of these molecules have

no net charge, and include examples such as alkylphenol ethoxylates (RC6H4 −

(OC2H4)xOH), alcohol ethoxylates (R(OC2H4)xOH), and long-chain carboxylic

acid esters. Alkylphenol ethoxylates have been used as water/oil emulsifying

agents, co-solvents, and cosmetic emulsions. Other non-ionic surfactants are de-

tergents in laundry products, cosmetic emulsifiers, and so on.

Zwitterionic. These are surfactants consisting of both negative and pos-

itive charges in their molecules. Long-chain amino acids (RN+H2CH2COO−),

sulfobetaines (RN+(CH3)2CH2CH2SO−3 ), and imidazoline carboxylates are ex-

amples of this surfactant class. Zwitterionic surfactants exist in corrosion in-

hibitors, cosmetics, fabric softeners, among other products.

2.1.2 Micelles

The general chemical potential of an aggregate of size N in solution is

defined in Equation 2.1,45 where XN is generally the activity (or concentration

in dilute solutions) of molecules in aggregates. It is expressed here in terms of

mole fraction. The mean chemical potential of a molecule in the aggregate is µN

and µo
N is the standard chemical potential (the mean interaction free energy per
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molecule). When N is equal to 1, Equation 2.1 describes the chemical potential

of a monomer in solution. Taking the difference between µ1 and µN we obtain

Equation 2.2 for the activity XN .

µ = µN = µo
N +

kT

N
log(

XN

N
) (2.1)

XN = N{X1exp[(µ
o
1 − µo

N)/kT ]}N (2.2)

Molecular aggregates can have different kinds of structures such as cylin-

ders, discs, and spheres and their mean interaction free energy per molecule is

shown in Equation 2.3. µo
∞ indicates the bulk energy per molecule while α is a

positive constant that is decided by the magnitude of the intermolecular interac-

tions. The shape of the aggregates determines the value of p. Equation 2.3 tells

us that the mean value of µo
N decreases as N increases.

µo
N = µo

∞ +
αkT

Np
(2.3)

From Equations 2.2 and 2.3 we have the following equation,

XN = N{X1exp[(µ
o
1 − µo

N)/kT ]}N = N{X1exp[α(1− 1/Np)]}N ≈ N [X1e
α]N

(2.4)

At low monomer concentration when X1e
α � 1, XN decreases as N in-

creases. This means that at sufficiently low monomer concentrations, the bulk

solution will be dominated by the isolated monomers. XN is always less than

1 such that X1 cannot exceed e−α. The concentration at which X1 approaches

exp[(µo
1 − µo

N)/kT ] or e−α is called the critical micelle concentration (cmc) and

is shown in Equation 2.5. A solution with a concentration higher than the cmc

will form aggregates and the mole fraction of the monomer will be equal to or
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below the e−α value.

cmc = exp[(µo
1 − µo

N)/kT ] = e−α (2.5)

2.1.3 Mixed surfactants

This section describes the pseudo-phase separation model that includes

interactions between different components of the micelle in the formulation. The

model has been used quite successfully to describe various mixtures of nonionic

and ionic surfactants. The derivations in this section are based on the works of

Holland and Rubingh,46;47 considering only solutions that contain mixed micelles.

In a solution of N components the chemical potential of the ith component

(µi) out of the mixed micelles is given by Equation 2.6. The standard chemical

potential and free monomeric concentration of the ith component are µo
i and Cm

i ,

respectively. The activity coefficient is considered one in writing the following

equation.

µi = µo
i +RTlnCm

i (2.6)

When the ith component is in the mixed micelles, the chemical potential

(µ∗i ) is given as below,

µ∗i = µ∗oi +RTlnfixi (2.7)

where fi and xi are the activity coefficient and mole fraction of the ith component

in the mixed micelles, respectively, and µ∗oi is the standard chemical potential of

the ith component in the mixed micelles. For micelles of pure ith component,

µ∗oi can be related to the critical micelle concentration (Ci) of pure surfactant i

and to µo
i as given below

µ∗oi = µo
i +RTlnCi (2.8)
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When the chemical system is at equilibrium, the chemical potential of the

ith component inside the micelles is equal to that outside of the micelles. From

Equations 2.6-2.8, at equilibrium we have

Cm
i = xifiCi (2.9)

or

xi =
Cm
i

fiCi
(2.10)

where xi is the mole fraction of component i in the mixed micelles with the

constraint
N∑
i=1

xi = 1 (2.11)

The cmc of the mixed surfactant solution can be expressed as Equation

2.12.

C∗ =
1∑N

i=1
αi

fiCi

(2.12)

This equation is obtained by a combination of Equation 2.10 and 2.11

using the relation Cm
i = αiC

∗. αi is the mole fraction of surfactant i in the

mixed solution. The mole fraction, xi, can also be represented by the following

equation

xi =
αiC − Cm

i

C −
∑N

i=1C
m
i

(2.13)

where the numerator and the denominator are the concentration of surfactant i

and the total concentration of all components in the mixed micelles, respectively.

Equations 2.9 and 2.13 are combined to give Equation 2.14. The solution of

Equation 2.14 will allow us to obtain values of xi and Cm
i .

N∑
i=1

αiC

C + fiCi −
∑N

i=1C
m
i

= 1 (2.14)
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The activity coefficients of the two components i and j in the mixed

micelles at the cmc can be related using Equation 2.9 and the relation Cm
i =

αiC
∗, producing the following equations,

fi =
αiC

∗

xiCi
(2.15)

fj =
αjC

∗

xjCj
(2.16)

which can be rearranged to give Equation 2.17.

xi =
αiCjfjxj
Ciαjfi

(2.17)

Let us define β and W as interaction parameter and pairwise interaction

between two components in the mixed surfactant solution, respectively. The in-

teraction parameters can be related to the pairwise interactions by using a simple

regular solution approximation for which the relationship is given in Equation

2.18.

βij =
N(Wii +Wjj − 2Wij)

RT
(2.18)

When we consider binary non-ideal mixtures of surfactants, the activity

coefficients can be related to the interaction parameter via the following equa-

tions,

f1 = eβ12(1−x1)2 (2.19)

f2 = eβ12x
2
1 (2.20)

where x1 is the mole fraction of component 1 in the mixed solution. These two

equations are modified to obtain Equation 2.21.

lnf1

lnf2

=
(1− x1)2

x2
1

(2.21)

12



Using Equations 2.15 and 2.16, and keeping in mind that x1 + x2 = 1, we

obtain

x2
1ln(

α1C
∗
12

x1C1

) = (1− x2
1)ln(

α2C
∗
12

(1− x1)C2

) (2.22)

where C∗12 is the cmc of the mixed surfactant solution. The interaction parameter

β12 is obtained from Equations 2.15 and 2.19 and is expressed as

β12 =
ln(α1C

∗
12/x1C1)

(1− x2
1)

(2.23)

For an N -component system in which β12 is the net interaction parameter

between components i and j, and xj is the mole fraction of the jth component,

the activity coefficients can generally be expressed by the following equation

lnfi =
N∑

j=1(j 6=i)

βijx
2
j +

N∑
j=1(j 6=i 6=k)

j−1∑
k=1

(βij + βik − βjk)xjxk (2.24)

2.2 Silica surface

2.2.1 Chemistry of silica

The chemistry of the silica surface has been studied by many different

experimental techniques.48–51 These studies confirm that there are two different

kinds of silanol groups on a silica surface in contact with water. The out-of-

plane silanol is more acidic and donates its hydrogen atom in forming hydrogen

bonds with the surrounding water molecules. The in-plane silanol is more basic

and is a hydrogen bond acceptor with respect to the water solvent. The two

types of silanol can also form a hydrogen bond to each other. Figure 2.1 shows a

schematic illustration of the surface silanol groups when they are in contact with

water.52 The acid-base equilibrium of the silanols can be expressed by Equation

2.25 below.53
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Figure 2.1. Schematic illustration of the silica surface in contact with water.
The in-plane and out-of-plane silanols are shown in black and blue, respectively.52

− SiOH + H2O ⇀↽ −SiO− + H3O+ (2.25)

Second harmonic generation (SHG) experiments reported that the more

acidic silanols have a pKa value of 4.5 while the more basic ones have a pKa

value of 8.5.48 The silica surface is fully protonated at a solution pH < 2 and

as the pH increases, the silanols become depronated. The ionic strength of an

aqueous solution was reported to affect the pKa values, surface charge, and the

strength of the effects depend on the added electrolytes.54–56

Theoretical calculations were also performed to determine pKa values and

to study the effects of electrolytes on the physical properties of the silica sur-

face.52;57–59 While the pKa of the basic sites is the same as the one obtained from

experiments, the pKa of the more acidic silanols is higher than the experimental

value.52

2.2.2 Adsorption on silica surfaces

Cationic surfactants. Adsorption of cationic surfactants on the sil-

ica surface has been studied using many different methods such as depletion

measurements,60;61 Raman spectroscopy,40;62 neutron reflection,63;64 ellipsome-

try,65;66 sum frequency generation (SFG) spectroscopy,67;68 and atomic force mi-
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croscopy.69;70 There are two models that are often used to describe the adsorption

of cationic surfactants to negatively charged surfaces. The first model is a two-

step model characterized by two plateau regions and the second is a four-region

model. In these models, electrostatic and hydrophobic interactions play crucial

roles in the adsorption process of surfactants. These two models, however, differ

on points related to the relative importance of the electrostatic interaction at

very low concentrations and to the step in which hemi-micelles are formed.

According to the two-step model (Figure 2.2), at very low solution con-

centrations, the adsorption of surfactant at the silica/water interface is driven

by electrostatic interactions between the positively charged head group of the

surfactant molecule and the negatively charged silica surface. In the first region

(I), the interactions between adsorbed molecules are negligible and the adsorbed

amount increases linearly with the solution concentration. Adsorption in the sec-

ond region (II) is driven by the electrostatic interaction until the surface charge

has been neutralized. The onset of region (III) occurs when the surfactant con-

centration is high enough for the formation of hemi-micelles. In this region the

hydrophobic interactions between the alkyl chains of the surfactant species and

the water molecules drive the adsorption process. Region (IV) occurs above the

critical micelle concentration, and is when full aggregates (admicelles) are formed

and the silica surface is saturated with surfactant molecules.71;72
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Figure 2.2. The two-step adsorption model: (A) the general shape of the
adsorption isotherm and (B) the proposed model for the adsorption. Adapted
from reference 62.

The four-region model (Figure 2.3) was proposed by Somasundaran and

Fuerstenau to describe the adsorption isotherms plotted using a log-log scale.71;73

The use of the four-region model with a log-log scale is useful in studying adsorp-

tion isotherms at low surface coverages. According to this model, adsorption in

region (I) is driven by electrostatic interactions and the hydrocarbon chains face
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towards the bulk solution while the head-groups are in contact with the surface.

Surfactant aggregates are formed in region (II) due to strong lateral interactions

between molecules at the interface. The neutralization of surface charges leads to

the transition between regions (II) and (III). The formation of a bilayer starts in

region (III) and is complete with the plateau in region (IV). After the formation

of a full bilayer, the surface excess does not increase with the increase of bulk

surfactant concentration.

Anionic surfactants. Adsorption of anionic surfactants on the negatively

charged silica surface is negligible due to charge repulsion.74–77 The adsorption,

however, can be enhanced by the addition of salts or cationic and non-ionic

surfactants to the solution. Dodecyltrimethylammanium bromide (DTAB) and

sodium dodecylbenzenesulfonate (SDBS) were proposed to form ion-pairs when

they adsorbed on the silica surface, thereby enhancing the adsorption of SDBS.76

The formation of ion-pairs was proven by the fact that the surface excess of DTAB

and SDBS were equal. The non-ionic surfactants enhance the adsorption of an-

ionic surface active agents via headgroup-headgroup interactions or hydrocarbon

chain-chain interactions.77
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Figure 2.3. The four-region model: (A) the general shape of the adsorption
isotherm and (B) the proposed model for the adsorption. Adapted from reference
62.

Non-ionic surfactants. Adsorption of non-ionic surfactants onto the

hydrophilic silica surface occurs through the hydrogen bond between the sur-

factant headgroup and the silica surface.40;78–80 The non-ionic surfactants that

have oxyethylene groups often show an S-shaped isotherm curve.40 For these

surfactant molecules adsorption may also occur via electrostatic interactions be-
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tween the negatively charged solid surface and the protonated oxygen atom in

the oxyethylene group. The oxygen atom takes a proton from the water, leading

to an increase in the solution pH during the adsorption process.14

2.3 Reflection and refraction at interfaces

The superposition of two orthogonally polarized plane waves can always

be used to describe a polarized plane wave with the following form:81

E = E0exp(ikr − iωt) (2.26)

E0 = E(p) + E(s) (2.27)

where k is the wave vector of the plane wave, and p or s indicate the polarization

of the plane wave parallel or perpendicular to the plane of incidence, respectively.

Figure 2.4 shows the reflection and refraction of a p-polarized plane wave at the

interface between two media of refractive indices ni and nt, respectively. In the

illustration in Figure 2.4 the transmission medium has a higher refractive index

than the incidence medium.

At the boundary we have:

k1 = (kx, ky, kz1) (2.28)

k2 = (kx, ky, kz2) (2.29)

where kx and ky, the transverse components of the wavevector k, are conserved.

The longitudinal wavenumbers can be calculated according to the following equa-

tions.81

kz1 =
√
k2

1 − (k2
x + k2

y) (2.30)
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Figure 2.4. Reflection and refraction of light at an interface: E
(p)
i is the com-

ponent of the electric field E parallel to the incident plane, E
(p)
r is the reflected

part of E
(p)
i , and k is the wavevector. ni and nt are the refractive indices of the

incidence and transmission media.81

kz2 =
√
k2

2 − (k2
x + k2

y) (2.31)

From the boundary conditions, the magnitudes of the reflected and trans-

mitted fields can be related to the Fresnel reflection and transmission coefficients

given in Equations 2.32-2.34.81 These Fresnel coefficients are polarization depen-

dent and can be related to the incident angle.

E
(p)
ir = E

(p)
i rp(kx, ky) = E

(p)
i

ε2kz1 − ε1kz2
ε2kz1 + ε1kz2

(2.32)

E
(p)
t = E

(p)
i tp(kx, ky) = E

(p)
i

2ε2kz1
ε2kz1 + ε1kz2

(2.33)

E
(s)
ir = E

(s)
i rs(kx, ky) = E

(s)
i

µ2kz1 − µ1kz2
µ2kz1 + µ1kz2

(2.34)

E
(s)
t = E

(s)
i ts(kx, ky) = E

(s)
i

2µ2kz1
µ2kz1 + µ1kz2

(2.35)
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where ε and µ are the dielectric and magnetic permeability constants, respec-

tively.

2.4 Total internal reflection and evanescent field

An evanescent wave is used as the excitation source in the TIR Raman

experiment. This section will present how the evanescent wave can be generated

at the interface between two media of different refractive indices. The transmit-

ted field vector shown in Figure 2.4 can be written in the complex form shown in

Equation 2.36. The mathematical formulas for the electric field components are

shown in the previous section. The elements of the column matrix in Equation

2.36 are the x, y, and z components of the transmitted electric field amplitude.

The longitudinal wavenumbers can be expressed as functions of the incident angle

θi and are shown in Equation 2.37.81

Et =


−E(p)

i tp(kx)kz2/k2

E
(s)
i ts(kx)

E
(p)
i tp(kx)kx/k2

 eikxx+ikz2z (2.36)

The derivation of Equation 2.37 uses the kx = k1sinθi and k1ni = k2nt

relationships. The relative refractive index ñ is the ratio of the refractive indices

of the incidence and transmission media. When ñ is larger than one, an increase

in the incident angle θi will eventually lead to a negative value of
√

1− ñ2sin2θi.

The incident angle at which the square root vanishes is called the critical incident

angle and is defined in Equation 2.38.81

kz1 = k1

√
1− sin2θi, kz2 = k2

√
1− ñ2sin2θi (2.37)
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Figure 2.5. The total internal reflection of light at an interface: E
(p)
i is the

the component of the electric field E parallel to the incident plane, E
(p)
r is the

reflected part of E
(p)
i , and k is the wavevector. ni and nt are the refractive indices

of the incidence and transmission media.81

θc = arcsin(1/ñ) (2.38)

The transmitted electric field at an incident angle higher than θc is given

in Equation 2.39 as a function of the incident angle. The kz2 is then imaginary

and the transmitted wave decays into the second medium with a decay constant

γ, defined in Equation 2.40. This wave is called the evanescent wave and it

propagates along the surface. The penetration depth of the evanescent wave into

the transmission medium depends on the wavelength of the electric field and the

refractive indices of the two media (Equation 2.41).81

Et =


−iE(p)

i tp(θi)
√
ñ2sin2θi − 1

E
(s)
i ts(θi)

E
(p)
i tp(θi)ñsinθi

 eisinθik1xe−γz (2.39)

γ = k2

√
ñ2sin2θi − 1 (2.40)

dp =
λ

2π
√
n2
i sin

2θi − n2
t

(2.41)

22



Figure 2.6 shows an example of the variation in penetration depth of an

evanescent wave generated at the silica/water interface. The wavelength of the

incident electric field is 532 nm and the indices of refraction of silica and water

are 1.46 and 1.33, respectively. The critical incident angle is about 65.8 o in this

example.
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Figure 2.6. Variation of the penetration depth of the evanescent wave into the
transmitted medium with respect to the incident angle of the electric field.

Calculations can prove that, for a non-absorbing medium, the z-component

of the Poynting vector vanishes while the value of the x-component is non-zero

when the incident angle is above θc. The formulas of these components are given

in Equations 2.42-2.43.81 Thus, the evanescent wave does not carry energy into

the transmission medium, but rather transports the energy along the surface.

〈S〉z =
1

2
Re(ExH

∗
y − EyH∗x) (2.42)

〈S〉x =
1

2

√
ε2µ2

ε1µ1

sinθi

(
|ts|2|E(s)

i |2 + |tp|2|E(p)
i |2

)
e−2γz (2.43)
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2.5 Internal reflection in a two-phase system

The current study involves an absorbed layer of surfactant(s) at the sil-

ica/water interface. The thickness of the layer is negligible in comparison to

the wavelength used (532 nm) so that the system in the study is considered a

two-phase system. The laser beam travels from the silica phase toward the water

phase and is totally reflected when the incident angle is higher than the critical

angle. The intensity of the Raman scattering is proportional to the square of the

evanescent field. The mean-squared electric fields at the interface are given by

Equations 2.44-2.46, in which ξt = (n2
t−n2

i sinθ
2
i )

1/2.82 These fields are calculated

relative to the incident field and their variations with respect to the incident an-

gle are shown in Figure 2.7. The mean-squared values are largest at the critical

angle for the y and z components and vanishes for the x component, thereby

enhancing the Raman signal in the TIR Raman experiments. The Raman mea-

surements are often performed at an incident angle that is several degrees above

the critical value so that the surface signal is distinguished from the bulk signal

and the enhancement is still in effect. If TIR Raman measurements are per-

formed at an incident angle too close to the critical angle, the penetration depth

is too large and the contribution of the bulk solution to the total Raman signal

is significant at low surfactant concentrations. Due to the size of the focused

laser beam, part of the beam will not be totally reflected when an incident angle

too close to the critical angle is selected. However, if the experiments are per-

formed at an incident angle much higher than the critical angle, the magnitude

of the evanescent wave will be smaller than that of the incident field and the

measurement sensitivity will be reduced.

〈
E2
y

〉
= |ts|2exp(4π

z

λ
Imξt) (2.44)
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〈
E2
x

〉
= | ξt

nt
tp|2exp(4π

z

λ
Imξt) (2.45)

〈
E2
z

〉
= |nisinθi

nt
tp|2exp(4π

z

λ
Imξt) (2.46)
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Figure 2.7. Variation of the mean-squared electric fields at the interface with
respect to the incident angle of the electric field.82

2.6 Raman spectroscopy

2.6.1 Classical theory of Raman scattering

Theory. When a molecule interacts with an electromagnetic field, the

total time-dependent induced electric dipole moment of the molecule is given

by Equation 2.47,83 where p(n) is the nth-order component of the total induced

electric dipole moment. TIR Raman spectroscopy is a linear technique that

deals with the first order induced dipole moment. The theory presented here is

for linear Raman only.

p = p(1) + p(2) + p(3) + ... (2.47)
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The first-order induced electric dipole moment (p(1)) can be related to the

incident electric field (E) of frequency ω by using Equation 2.48. The polariz-

ability tensor of the molecule is α. It is first-order (second-rank) and is generally

a function of the nuclear coordinates and the molecular vibrational frequencies.

The relationship between the induced electric dipole and the incident field can be

written in matrix form as given by Equation 2.49.83 The components of Carte-

sian coordinates x, y, and z and αρσ’s are the components of the polarizability

tensor.

p(1) = α · E (2.48)
px

py

pz

 =


αxx αxy αxz

αyx αyy αyz

αzx αzy αzz

×

Ex

Ey

Ez

 (2.49)

The current scattering theory considers a molecule without any rotation.

The nuclei of the molecule are allowed to vibrate around their equilibrium posi-

tions which will alter its polarizability. A Taylor expansion of each component of

the tensor with respect to the normal coordinates of the vibration can be used to

represent the variation (Equation 2.50).83 The subscript 0 indicates the value at

the equilibrium configuration of the molecule, while Qk, Ql, etc. are the normal

coordinates of vibration associated with the molecular vibrational frequencies

ωk, ωl, etc., respectively. Only the first-order derivative is considered here and

the relationship between one component of the polarizability tensor and the nor-

mal coordinate Qk is given in Equation 2.51.83 The subscripts ρ, σ are removed

from this equation. The first derivative of the tensor component with respect to

the normal coordinate Qk at the equilibrium position is α
′

k.

αρσ = (αρσ)0 +
∑
k

(
∂αρσ
∂Qk

)
0

Qk +
1

2

∑
k,l

(
∂2αρσ
∂Qk∂Ql

)
0

QkQl + ... (2.50)

26



αk = α0 + α
′

kQk (2.51)

α
′

k =

(
∂αρσ
∂Qk

)
0

(2.52)

The normal coordinate and the incident electric field are expressed in

Equations 2.53-2.54, respectively. The frequency of Qk is ωk and δt is a phase

factor. When writing Equation 2.53 we assume a simple harmonic motion.

Qk = Qk0cos(ωkt+ δt) (2.53)

E = E0cosωt (2.54)

From Equations 2.48, 2.51, 2.53, and 2.54 we obtain a new expression for

p(1) given in Equation 2.55.83

p(1) = α0E0cosωt+
1

2
α

′

kE0Qk0{cos[(ω + ωk)t+ δ] + cos[(ω − ωk)t− δ]} (2.55)

The first term on the right-hand side describes the Rayleigh scattering

that is elastic and independent of the molecular vibrations. The second and

third terms show that the scattered photons have a frequency that is different

from that of the incident electric field. The scattering process associated with

the frequency ω + ωk is called the anti-Stokes Raman scattering, while the one

associated with ω − ωk is termed the Stokes Raman scattering. The Raman

scattering is inelastic and frequency dependent. Figure 2.8 is an energy level

diagram showing the Stokes Raman, Rayleigh, and anti-Stokes Raman scattering.

Vibrational selection rule. Equations 2.52 and 2.55 divulge that for a

vibrational mode corresponding to the normal coordinate Qk to be Raman active

α
′

k should be non-zero.83;84 This condition means that the first derivative of at

least one component of the Raman tensor with respect to a normal coordinate
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Figure 2.8. Energy level diagram for Stokes Raman, Rayleigh, and Anti-Stokes
Raman scattering.

is non-zero when the atoms pass their equilibrium position.

2.6.2 Quantum mechanical theory of Raman scattering

Theory. In the quantum mechanical theory of Raman scattering, the

molecules are treated quantum mechanically while the electromagnetic fields are

treated classically. The transition electric dipole is used instead of the induced

electric dipole. The total transition electric dipole moment for the transition

from the initial state i to the final state f can be represented by Equation 2.56,83

where (p(n))fi is the nth-order component of the total dipole moment. Let ψ
′
i and

ψ
′

f be the perturbed time-dependent wave functions of the molecule in the initial

and final states, respectively. Their mathematical forms are given in Equations

2.57 and 2.58.83 The unperturbed initial and final states of the molecule are ψ0
i

and ψ0
f , respectively, while ψni and ψnf indicate the nth-order modification to the
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ψ0
i and ψ0

f wave functions, respectively.

(p)fi = (p(1))fi + (p(2))fi + (p(3))fi + ... (2.56)

ψ
′

i = ψ0
i + ψ1

i + ...+ ψni (2.57)

ψ
′

f = ψ0
f + ψ1

f + ...+ ψnf (2.58)

The current study is concerned only with the transition electric dipole

moment up to the first order and is expressed by Equation 2.59,83 in which

p̂ is the electric dipole moment operator. The perturbation is caused by the

time-dependent electric field of frequency ω.

(p)fi =
〈
ψ

′

f |p̂|ψ
′

i

〉
=
〈
ψ0
f |p̂|ψ1

i

〉
+
〈
ψ1
f |p̂|ψ0

i

〉
(2.59)

The (αρσ)fi component of the general polarizability tensor (α)fi is given

in Equation 2.60,83 where ψi, ψr, ψf are the wave functions of states i, r, f , re-

spectively. The components of the electric dipole moment operator are p̂ρ and

p̂σ, and Γr is defined as the line width of the transition. A relationship that is

important to note is ωfi = ωri − ωrf = (ωr − ωi) − (ωr − ωf ). If ωfi is negative

or positive, anti-Stokes or Stokes Raman scattering occurs. A zero value of ωfi

tells us about the occurrence of Rayleigh scattering. Opposite signs of iΓr are

used to satisfy the fundamental physical principles.83

(αρσ)fi =
1

h̄

∑
r 6=i, f

{〈ψf |p̂ρ|ψr〉 〈ψr|p̂σ|ψi〉
ωri − ω − iΓr

+
〈ψf |p̂σ|ψr〉 〈ψr|p̂ρ|ψi〉

ωrf + ω + iΓr
} (2.60)

Vibrational selection rule. The component of the transition polariz-

ability tensor can be written in the form of Equation 2.61. For a vibrational

transition to be Raman active, at least one of the components of the transition

polarizability tensor represented generally by Equation 2.61 must be non-zero.83
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This condition means that the triple products Γ (ψf ) × Γ (αρσ) × Γ (ψi) contain

the totally symmetric representation A1 (Equation 2.62)

(αρσ)fi = 〈ψf |α̂ρσ|ψi〉 (2.61)

A1 ⊂ Γ (ψf )× Γ (αρσ)× Γ (ψi) (2.62)

2.7 Target factor analysis

Target Factor Analysis. TFA is applicable to data that can be writ-

ten in the form of a linear combination of different parameters. TIR Raman

spectroscopy is a linear vibrational technique, making the application of TFA to

obtained spectra possible. By finding principal components contributing to the

measured results, a data matrix Dr×c is decomposed into the sum of a reduced

data matrix (D̄r×c) and an error matrix (Er×c) associated with experimental

measurements (Equation 2.63).22

Dr×c = D̄r×c + Er×c (2.63)

As a result of the decomposition process, the reduced data matrix (D̄r×c)

can be written in the following form:85

D̄r×c = Ūr×nS̄n×nV̄
′
c×n = R̄r×nC̄n×c (2.64)

where r and c are the number of rows and columns of the data matrix, respec-

tively. The number of real components that are responsible for the data matrix

is denoted as n. The prime symbol indicates a transpose of the matrix. In the

current research, n is equal to one for single component systems and is equal

to two for the mixed surfactant system of DDAO and TX-100. The reduced
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row (R̄ = Ū S̄) and column (C̄ = V̄ ′) matrices (also called the abstract row and

column matrices) are mathematical solutions of the decomposition process and

have no physical meaning. They need to be transformed into data that gives

insight about the chemical system. The required transformation is done via a

target transformation that is of special interest in chemistry.22 Matrix D̄ can be

rewritten as

D̄ = R̄C̄ = R̄TT−1C̄ = X̂Ŷ (2.65)

where

X̂ = R̄T (2.66)

Ŷ = T−1C̄ (2.67)

In Equation 2.65, T is the transformation matrix consisting of different

vectors tl, and X̂ and Ŷ are new row and column matrices, respectively, that are

physically meaningful. The lth column of the new row matrix X̂ in Equation

2.66 is obtained using the following equation:

x̂l = R̄tl (2.68)

The least-squares procedure to obtain the best transformation vector tl is

described in detail in the book by Malinowski.22 According to this procedure, a

set of target (test) vectors xl are first obtained from experimental measurements.

To find the best transformation vector tl the least-squares procedure is used to

minimize the deviation between xl and x̂l, the predicted test vector correspond-

ing to the test (target) vector xl. After several mathematical derivations, the

transformation vector obtained is

tl = (R̄′R̄)−1R̄′xl (2.69)
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From the procedure used, each vector tl of the transformation matrix T is

obtained independently from other vectors of T . It is also from this procedure

that any suspected target vector corresponding to a possible component of a

mixture can be tested and verified. The criterion for determining if a target

vector is a real component of the data matrix is discussed in the data processing

section.

2.8 Adsorption isotherm

The adsorption of pure surfactants at the silica/water interface can be

described by the Langmuir model (Equation 2.70).86 In the Langmuir equation,

Γ∞ is the maximum adsorbed amount and c is the bulk surfactant concentration.

The Langmuir constant, KL, is the ratio of the adsorption and desorption rate

constants.

Γ

Γ∞
=

KLc

1 +KLc
(2.70)

The Langmuir mode, however, does not take into account the interactions

between adsorbed molecules. In an attempt to improve the Langmuir modes,

Frumkin introduced a parameter ω to account for the interactions between two

adsorbed molecules on the surface. The modified Langmuir isotherm (Frumkin

isotherm) is described by Equation 2.71. A value of ω > 4 indicates phase sepa-

ration at the interface.40

Γ

Γ∞
=

KLe
ωΓ/Γ∞c

1 +KLeωΓ/Γ∞c
(2.71)

Equation 2.71 can be rearranged to obtain the form given in Equation

2.72. In the current study, the parameters Γ∞, KL, and ω are obtained by fitting
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the adsorption isotherm to Equation 2.72.

c =
Γ

KL(Γ∞ − Γ)
)e(−ωΓ/Γ∞) (2.72)
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Chapter 3

Experiments

3.1 TIR Raman setup

The basic components of the TIR Raman setup are shown in Figure 3.1.

In this setup, a 532 nm continuous wave beam from a diode-pumped, solid-state

laser passes through a half-wave plate and after reflecting from several mirrors,

is focused on the solid/water interface using a biconvex lens (f = +60 mm).

The diameter of the incident beam is 2.25 ± 0.23 mm at the laser head and

is 4.50 ± 0.45 mm at the biconvex lens.87 The scattering photons are collected

by a collection system consisting of a 50x ultra long working distance (ULWD)

objective (Mitutoyo, 0.55 N.A., 17 mm working distance), a lens tube compart-

ment (250 mm long) and a focusing lens (f = 75 mm), and finally reflected to

a spectrograph by a mirror at the entrance of the spectrograph (entrance slit

width = 100 µm). The spectrograph (HoloSpec f/1.8i, Kaiser Optical Systems,

Inc.) has a rejection filter (notch filter) to remove the photons from the incident

beam and the Rayleigh scattering, and is combined with a CCD camera (Andor

iDus, Andor Technology) to detect the Stokes Raman light resolved by a high

frequency transmission grating (2600 grooves/mm ).

Polarized Raman measurements were performed by rotating the half-wave

plate and polarizer to obtain Sx, Sy, Px, and Py polarization combinations. S
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and P are the polarization states of the incident light, and the subscripts, x and

y, are the polarization states of the Raman photons with respect to the Carte-

sian coordinates in the detection system. The letters S or P indicates that the

incident electric field is normal to the plane of incidence or along the plane of

incidence, respectively. Raman tensor elements are sensitive to the orientation

and conformation of the interface molecules so that variations in structure and

conformational order can be revealed through polarized Raman spectra.

Verdi V-6 laser, 532 nm

CCD detector

Lens
f = + 75 mm

Lens
f = + 60 mm

Lens

Beamstop

Half - wave
plate

Iris

M3

M4

M5

Sample cell

50X
ULWD

Objective

Tube lens

Prism

Spectrograph

Iris

M1

Polarizer

M2

z

x

Figure 3.1. TIR Raman setup. M1−5 are mirrors.
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A one-inch diameter fused-silica IR grade hemispherical prism (ISP Op-

tics) was used as the solid substrate in the current study. It does not have a

strong Raman signal in the spectral region of interest (2700-3100 cm−1), and

is optically transparent and non-fluorescent. The use of a hemispherical prism

minimizes optical aberrations in the incident beam and helps to collect photons

within the numerical aperture of the objective.

Figure 3.2 shows part of the Raman setup. The spectrograph and CCD

camera are shown in Figure 3.3.

Figure 3.2. Part of the TIR Raman setup.

In all TIR Raman measurements an incident angle of 73.0 o was used. The

refractive indices of the silica substrate and water are 1.46 and 1.33, respectively,

when a 532 nm laser is used. The incident angle is about 7.0 o above the criti-

cal angle (65.8 o), giving an effective penetration depth (dp)eff of about 100 nm.

The angle used here satisfies the requirements for the total internal reflection, the

transmission coefficient, and the penetration depth of the focused laser beam.
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Figure 3.3. Spectrograph and CCD camera of the TIR Raman setup.

The first order (second-rank) Raman tensor has nine elements and polar-

ized Raman experiments with different polarization selections on the incident

and detection sites help detect these effective tensor elements. While the Sy-

polarized measurements probe the α
′
yy (also α

′
xx in the case of an adsorbed layer

isotropic to the interface (xy)) element of the Raman tensor, measurements with

the Sx polarization combination detect the α
′
xy tensor element. The α

′
yx and

α
′
yz tensor elements are determined from spectra collected using the Py polariza-

tion combination. The final polarization combination, Px, is used to probe the

α
′
xx and α

′
xz elements. For a uniaxial adsorbed layer some of the Raman tensor

elements are equivalent and are detected in the above polarized measurements.
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3.2 Raman cell

Figure 3.4 shows an illustration of the Raman cell and sample pumping

system. The Raman cell is made from a cylindrical Teflon piece that has a

0.5-inch hole at the center to contain the samples. The left side of the hole is

sealed by a quartz window and o-rings to check the level of liquid samples in

the cell. The right side of the hole is attached to the fused silica prism that

is the solid substrate in the current study. To avoid contamination, the liquid

samples are pumped from their container into the Raman cell by a peristaltic

pump (Lab-Line Instruments, Inc.) at a rotation speed of 80 r.p.m.
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Figure 3.4. Illustration of the Raman cell and sample pumping system.

3.3 Calibration of the TIR Raman setup

The TIR Raman spectrometer was calibrated following the ASTM stan-

dard E1840-96.88 Two samples used in the calibration were cyclohexane and a

mixture of 50/50 toluene - acetonitrile. The samples were contained in vials

placed at the location of the Raman cell. Raman measurements of these chem-
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icals were taken with a laser power of 30 mW. The spectra of the two samples

after calibration are given in Figures 3.5 and 3.6. Reference spectra are shown

in Figures 3.7 and 3.8.
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Figure 3.5. Raman spectrum of mixture of 50/50 toluene - acetonitrile.
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Figure 3.6. Raman spectrum of Cyclohexane.
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Figure 3.7. Raman spectrum of mixture of 50/50 toluene-acetonitrile.88
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Figure 3.8. Raman spectrum of cyclohexane.88
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3.4 Sample preparation of TIR Raman experi-

ments

Dimethyldodecylamine oxide (99.93%) was obtained from Anatrace and

was used as received. Triton X-100 (BioXtra) was supplied by Sigma-Aldrich and

was not purified further. Sodium chloride (Mallinckrodt) contained in a petri dish

was baked in an annealing cycle oven at 570 oC for one hour to eliminate organic

contaminants in the salt. The surfactant solutions used in Raman experiments

were diluted from stock solutions to different concentrations using ultra-pure

water obtained from Millipore filtration units (18.2 MΩ · cm resistivity). All

experiments were done at native pH. For mixtures of DDAO and TX-100, the

DDAO bulk concentration was kept constant (0.30 mM and 1.00 mM in the first

and second sets of mixed surfactant experiments, respectively) while the TX-100

concentration was varied. The low DDAO concentration (0.30 mM) was used to

study the effect of a small amount of DDAO on the adsorption of TX-100 and it

also gave high enough DDAO Raman signal for the data analysis. TIR Raman

spectra of mixed surfactant solutions with a higher concentration of DDAO (1.00

mM) were measured for comparison.

The prism and Teflon cell were cleaned with a mixture of sulfuric and nitric

acids (50/50 v/v) for several hours and then rinsed and leached with copious

water before performing Raman measurements. All glassware used were cleaned

with Liquinox (Alconox) and rinsed thoroughly with ultra-pure water. They

were then baked in the annealing cycle oven up to 570 oC for several hours.

3.5 Raman measurement

The TIR Raman spectrum of ultra-pure water was taken before introduc-

ing surfactant solution into the Raman cell on the day of the experiments. Each

42



Raman spectrum was collected for 5 minutes and it was repeated until the Ra-

man intensity was almost constant (the adsorption process was at equilibrium)

for surfactant solution measurements. Four polarization combinations were used

in the experiments of pure DDAO solution; however, in the case of mixed sur-

factants, the polarizer was removed and only S-polarized light was used in the

experiment to increase the signal-to-noise ratio. The laser power used was 0.7

W and all Raman spectra were collected at room temperature. Table 3.1 and

Figure 3.9 show values used in the experimental setup of the CCD camera.

Table 3.1. Acquisition setup

Parameter Value

Acquisition mode Accumulate

Triggering Internal

Readout mode Multi-track

Exposure time (secs) 30.0000

Number of accumulations 10

Accum cycle time (secs) 30.0761

Shift speed (µsecs) 64.25

Readout rate 100 kHz at 16-bit

Pre-amplifier gain 1.6x

3.6 Data processing of Raman spectra

3.6.1 Data preprocessing

Raman spectra were preprocessed before being treated by TFA. The data

preprocessing step is very important in factor analysis and clearly affects the

outcome. Figure 3.10 shows an example of background subtracted and base-
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Figure 3.9. Acquisition setup

line corrected Raman spectra of TX-100 and DDAO mixture. The background-

subtracted spectrum (the surfactant spectrum) was obtained by subtracting the

water signal from the sample spectrum (the spectrum of water and surfactant

molecules). Due to temperature fluctuations, vibrations, refractive index changes

between measurements of pure water and sample spectra, and so on, obtaining

a flat baseline for the background-subtracted spectrum was not expected, so a

baseline correction was needed. An asymmetric least squares (ALS) smoothing

method incorporated in OriginPro software was then used for baseline correction

of the surfactant spectrum.89;90 Figure 3.11 shows an example of asymmetric

least squares baseline correction of a background corrected Raman spectrum of

DDAO obtained from an Sy-polarized measurement.
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Figure 3.10. TIR Raman spectra: (A) water and mixed sample spectra; (B)
background subtracted and baseline corrected spectra of a mixed sample of TX-
100 and DDAO. The bulk solution contained 0.30 mM DDAO and 0.20 mM
TX-100. The ALS technique was used for the baseline correction.89

3.6.2 Target factor analysis

Target factor analysis was applied to both single and mixed surfactant

spectra. For the adsorption study of pure surfactant, the number of compo-

nents (n) is equal to one and the target (test) vector is the interfacial surfactant

spectrum at the highest bulk surfactant concentration. The target vectors in

the mixed surfactants are the highest concentration pure spectra of TX-100 and

DDAO and the number of components (n) is equal to two. The MATLAB codes

for target factor analysis are provided in the book by Malinowski.22
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Figure 3.11. Asymmetric least-squares baseline correction of the background
corrected Raman spectrum of DDAO obtained from the Sy-polarized measure-
ment.

The first step in TFA is principal factor analysis (PFA), which is used

to determine the number of factors responsible for the data and to decompose

the data matrix. In this step, singular value decomposition decomposes the data

matrix into the Ū , S̄, and V̄ matrices. The abstract row (R̄ = Ū S̄) and col-

umn (C̄ = V̄
′
) matrices obtained after the singular value decomposition have no

physical meaning and are illustrated in Figures 3.12 and 3.13 using mixtures of

DDAO and TX-100. These figures show that the columns of the abstract row

matrix are not spectra of DDAO and TX-100. The component weights are also

lack of physical meaning when they have negative values.
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Figure 3.12. The columns of the abstract row matrix plotted versus wavenum-
ber. These abstract columns were obtained from the principal factor analysis of
Raman spectra of DDAO and TX-100 mixtures. The DDAO concentration was
0.30 mM and the TX-100 concentration was varied.
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Figure 3.13. Component weights of components 1 and 2 plotted versus log([TX-
100]/mM). These abstract rows were obtained from the principal factor analysis
of Raman spectra of DDAO and TX-100 mixtures. The DDAO concentration
was 0.30 mM and the TX-100 concentration was varied.
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The test (target) vectors were then used to build the transformation ma-

trix to convert abstract matrices into physically significant data. In order to

confirm the existence of a component (represented by a test vector) in the chem-

ical systems, an empirical function called SPOIL was used to evaluate all target

spectra used,22 and is defined in the following equation.

SPOIL =
RET

EDM
' RET

REP
(3.1)

In this equation, EDM is the error contributed by the data matrix, RET

is the real error in the target (test) vector and REP is the root mean square of

the predicted vector. There is always certain error in the experimental data that

makes the pure test vector (the test vector that has no error) different from the

predicted test vector (x̂l). In this case, the error in the predicted vector comes

from the error in the data matrix, and thus EDM is close to REP . A SPOIL

value between 0.0 and 3.0 indicates that the tested target is acceptable. It is

moderately acceptable if its SPOIL value is between 3.0 and 6.0. An excessive

error in the reproduced data will occur if the SPOIL value is larger than 6.0.

The tested vector in this case is unacceptable. The tfa.m Matlab program was

used to calculate all values in Equation 3.1.22 Figure 3.14 shows the predicted

(refined) and target Sy-polarized Raman spectra of DDAO used in the target

factor analysis. The two spectra match very well, indicating a successful target

transformation.

The row matrix X̂ obtained from the target transformation contains the

predicted (refined) vector, and the column matrix Ŷ consists of component

weights (loadings) of refined spectra in the data matrix. The component weights

(loadings) are absolute values of no physical meaning. They can, in some cases,

be converted into surface excess using component weight values above the critical

micelle concentration (cmc). In this paper, the conversion was realized for TX-
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Figure 3.14. Predicted (refined) and target Sy-polarized Raman spectra of
DDAO used in the target factor analysis of pure DDAO spectra.

100; however, TX-100 does not satisfy one of the four assumptions required for

a successful conversion, that surface excesses should not be considered as exact

values.

3.7 Raman experiments with ITO coating

Studies of surfactant adsorption at a solid-liquid interface have been done

using various techniques,62;91 and adsorption under the influence of different

factors, such as type of substrate,80;92 surfactant head group,69;93 alkyl chain

length,61;94 solution pH,91 and electrolytes and counterions,70 have been studied

in great detail. However, in these studies the charges of the surfaces were only

controlled before surfactant solutions were introduced into the systems. The

adsorption would affect the charge of the surface and the change in the surface

charge would again affect the adsorption. It is not known how the adsorption

process will be affected by different constant charges of the solid surface and how

these charges change the optical properties of the interface. It is also interesting
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to know how the adsorption process proceeds when the surface charge is kept

constant and other factors, such as solution concentration, solution pH, elec-

trolyte, and counterion, are changed. The answers to these questions are merit

investigation due to their potential applications.

In the current study, an indium tin oxide (ITO) coating has been used

for experiments in which the surface charge is controlled by an applied external

voltage. The ITO material is electrically conductive and polarizable.95 It is also

optically transparent, allowing the combination of both electrochemistry and

spectroscopy in the current study. Raman experiments at the ITO/water inter-

face have been performed with two different configurations of the Raman cell. In

the first, an index-matching fluid was inserted between a glass slide with a 1000

nm ITO coating and a fused silica IR grade hemispherical prism (Figure 3.15).

The index matching fluid used here is a liquid that has a refractive index very

close to that of the prism and the glass slide. The laser beam propagated through

the prism, the index matching fluid, and the glass slide, and was refracted at the

glass/ITO interface before being totally reflected at the ITO/water interface.

532 nm laser

n1

n5

1
2
3

5
4

Oo > Oo
c

Figure 3.15. Schematic illustration of the TIR Raman experiment with ITO
coating: (1) fused silica IR grade hemispherical prism, (2) index matching fluid,
(3) glass substrate, (4) ITO coating, (5) aqueous solution.
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In the second configuration, an ITO coating of about 180 nm was directly

deposited on the flat side of a fused silica IR grade hemispherical prism (Figure

3.16). The deposition was performed by sputtering an ITO target in a vacuum

chamber. The laser beam in the experiment refracted at the silica/ITO interface

and then totally reflected at the interface between ITO and the aqueous solution.

532 nm laser

n1

n3

1

2
3

Oo > Oo
c

Figure 3.16. Schematic illustration of the TIR Raman experiment with the
ITO coating: (1) fused silica IR grade hemispherical prism, (2) ITO coating, (3)
aqueous solution.

The Raman cell used in the measurements with the ITO coating is il-

lustrated in Figure 3.17. The counter electrode (CE) was a platinum wire and

the reference electrode (RE) was a small silver/silver chloride electrode (PINE

Research). The working electrode – the ITO coating on the flat side of the silica

prism – was connected to the outside by inserting a small platinum foil between

the ITO coating and a Viton o-ring. The potential of the working electrode was

controlled by a potentiostat (Princeton Applied Research).

Raman experiments were performed while the potentiostat held the working elec-

trode potential at certain values. The aqueous solution contained 0.1 M KCl to

maintain the ionic strength of the solution.
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Figure 3.17. The Raman cell used in the measurements with the ITO coating:
(CE) counter electrode, (RE) reference electrode. The working electrode was the
ITO coating on the flat side of prism.

3.8 Sum frequency generation spectroscopy mea-

surements

Sum frequency spectroscopy has been performed to detect the asymmetry

of surfactant aggregates in the adsorbed layer. Figure 3.18 shows the geometry

for the SFG experiment with a silica substrate. The 532 nm visible beam and

tunable IR beam propagate through the silica window and overlap spatially and

temporally at the silica/water interface to generate the SF beam. After being

filtered by a short pass filter to remove the visible laser light, the SFG signal

is collected by a photomultiplier tube and a gated integrator. The visible beam

polarization is chosen by a half-wave plate. The IR beam polarization is chosen

by an IR half-wave plate. Only the SFG beam (the output) is tuned using a

linear polarizer.

SFG measurements for both DDAO and mixtures of DDAO and TX-

100 solutions were performed. The IR wavenumber was scanned from 2750-3100

cm−1. However, the spectra obtained do not show any peaks in the CH stretching

region of the hydrocarbon chains of the surfactant molecules. It is unclear if the

absence of vibrational peaks is due to the inversion symmetry of the adsorbed

layer or due to the alignment of the SFG setup. The SFG spectrometer has since
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been improved and future measurements would give us better insights into the

adsorption of surfactants at the silica/water interface.

SFG

ni

nt

Visible

IR

z

Silica

Solution

Figure 3.18. Geometry for SFG experiments.

3.9 Conductivity measurements

The formation of aggregates in the surfactant solution alters the solution

properties and the adsorption of surfactant at the interface. If the changes in the

surfactant solution are known, a better understanding of the solution dependence

of the adsorption process at interface can be achieved. Conductivity results pro-

vide important parameters such as critical micelle concentration, degree of ion

binding, and aggregation number.96 While the critical micelle concentration re-

veals at which concentration micelles are formed, the degree of ion binding and

aggregation number provide the size and charge of the micelles.

In the current research, conductivity measurements have been conducted

by using a two-electrode cell (Figure 3.19). Two platinum (Pt) electrodes were

immersed in the surfactant solutions and then connected to a potentiostat and

a lock-in amplifier. The temperature of the cell was maintained by immersing it
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in a water bath at 25 ± 0.1 oC. Figure 3.20 shows a photograph of the cell used

in the conductivity experiments. Conductivity values of different solution con-

centrations were determined by measuring the impedance of the solutions. The

impedance values were then fitted to determine the resistance of the surfactant

solution.

PtPt

Potentiostat

Lock - in amplifier

Water bath

Figure 3.19. Schematic illustration of the electrochemical setup used in con-
ductivity measurements of surfactant solutions. The two electrodes were flat
platinum foil.

Figure 3.20. Photograph of the conductivity measurement cell.
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The solution resistance is related to the conductivity via the following

equation:

Rs =
G

κ
(3.2)

where κ is the conductivity of the solution. A 0.1 M KCl solution of known

conductivity value was used to determine the cell constant, G, in Equation 3.2.

From Rs and G, conductivity is determined. The current cell works well for a

solution of low impedance. However, for solutions of very low concentrations,

the distance between the two electrodes in the cell is too large for the accurate

impedance to be obtained. For high-impedance solutions, the two electrodes

need to be closer to increase the conductance. A new cell has been designed for

future research (Figure 3.21).

Water bath

Solution

TeflonO-ring Metal electrode

Electrical wire

Glass cell

Figure 3.21. New conductivity measurement cell.
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Chapter 4

Adsorption of Pure Surfactants

4.1 Adsorption of DDAO without added salt

4.1.1 DDAO spectra

Surfactant adsorption at the solid/liquid interface has been successfully

studied by TIR Raman spectroscopy with much useful information acquired.26;40;62;97;98

Although it is not an intrinsically surface sensitive technique, the control of the

incident angle and the ability to correct for the bulk contribution make it a pow-

erful method for studies of surface molecules.99 Figures 4.1 and 4.2 show sets of

Raman spectra of DDAO at the silica/water interface obtained from measure-

ments with different polarization combinations. The bulk concentrations were

from 0.05 mM to 2.55 mM. The detection limit is about 6 counts/s.

The C-H stretching region of alkyl chains is well characterized.100;101 The

peak positions and relative intensities of different vibrational modes on the Ra-

man spectra reveals that the hydrocarbon chains of DDAO are in liquid-like

environment.102 The peak assignments of vibrational modes of the alkyl chain in

DDAO molecules are given in Table 4.1. In the C-H stretching region of DDAO

vibrational bands from the methylene stretches are strongest due to the higher

number of methylene groups in comparison to the number of methyl groups. The

symmetric (d+) and asymmetric (d−) methylene stretching modes are at 2852
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cm−1 and 2890 cm−1, respectively. The peak caused by Fermi resonance (d+
FR)

between the (d+) band and an overtone of the methylene bending mode occurs

at around 2928 cm−1. The terminal methyl group shows a peak of its asymmet-

ric stretching mode (r−) at about 2960 cm−1. The symmetric stretching mode

of the terminal methyl group (r+) is obscured by the d− band. A peak caused

by the asymmetric stretch of the methyl headgroup (r−HG) is centered at 3038

cm−1 and is clear with all polarization combinations. Another contribution by

the terminal methyl group to the Raman spectra is also recognized from its de-

formational overtone mode around 2725 cm−1.62

57



2 7 0 0 2 8 0 0 2 9 0 0 3 0 0 0 3 1 0 0
0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

2 7 0 0 2 8 0 0 2 9 0 0 3 0 0 0 3 1 0 0
0

1 0

2 0

3 0

4 0

5 0

6 0

S y

Ra
ma

n I
nte

ns
ity 

(C
ou

nts
 / s

)

R a m a n  S h i f t  ( c m - 1 )

 0 . 0 5  m M
 0 . 2 0  m M
 0 . 3 5  m M
 0 . 5 0  m M
 0 . 7 0  m M
 1 . 0 0  m M
 1 . 2 0  m M
 1 . 6 0  m M
 2 . 5 5  m M

Ra
ma

n I
nte

ns
ity 

(C
ou

nts
 / s

)

R a m a n  S h i f t  ( c m - 1 )

 0 . 0 5  m M
 0 . 2 0  m M
 0 . 3 5  m M
 0 . 5 0  m M
 0 . 7 0  m M
 1 . 0 0  m M
 1 . 2 0  m M
 1 . 6 0  m M
 2 . 5 5  m M

S x

Figure 4.1. Background subtracted and baseline corrected TIR Raman spectra
of DDAO at the silica/water interface with various DDAO bulk concentrations.
Spectra were collected under Sx and Sy polarization combinations.
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Figure 4.2. Background subtracted and baseline corrected TIR Raman spectra
of DDAO at the silica/water interface with various DDAO bulk concentrations.
Spectra were collected under Px and Py polarization combinations.

Due to the strong coupling between the (d+) band and overtones of the

CH2 bending modes and the overlap of assigned and unassigned bands on the

spectrum it is difficult to have a good peak-fitting analysis of Sy spectrum as
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Table 4.1. Peak assignments of DDAO Raman spectra62;100;101

Frequency, cm−1 Vibrational mode

2725 HCH overtone of terminal methyl group
2852 Symmetric methylene stretch (d+)
2890 Asymmetric methylene stretch (d−)
2928 Fermi resonance (d+

FR)
2960 Asymmetric methyl stretch (r−)
3038 Asymmetric methyl headgroup (r−HG)

required. The spectra obtained under Sx and Px polarization combinations were

used for the fitting and gave better results than those from the fitting of Sy-

polarized spectra. Only the spectra obtained at low bulk concentrations were

treated with TFA. These spectra have better signal-to-noise ratio after being

treated with TFA, however, their spectral features might not represent the ex-

act spectra of DDAO molecules at low bulk concentrations. The fitting results

are given in Tables 4.2 and 4.3. Figure 4.3 shows a Sx-polarized DDAO Raman

spectrum at 1.81 mM bulk concentration fitted to Gaussian functions.
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Figure 4.3. Sx-polarized Raman spectrum of DDAO at 1.81 mM bulk concen-
tration fitted to Gaussian functions.

The fitting results in Tables 4.2 show that the peak centers of vibra-
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tional modes are several wavenumbers different when bulk concentrations change.

These small differences do not necessarily indicate a change of conformational

order. They might result from the difference in signal-to-noise ratio between

different spectra. Another indication of a possible conformational change is the

relative peak height between two vibrational modes on the same spectra collected

under the same polarization combination,100 and these values were also obtained

from the fitting of Sx-polarized Raman spectra and are shown in Figure 4.4. The

relative intensity is quite constant with an average and standard deviation values

of 1.89 and ± 0.11, respectively. The variation of these values can be considered

to be within experimental errors. Effective Raman tensor elements are sensitive

to the orientation of surfactant molecules at the interface and any change in the

tilt angle of surface molecules will lead to a change of relative intensity of a vibra-

tional mode in S- and P-polarized spectra. In the current study the intensity of

the asymmetric methylene stretching mode (d−) has the highest signal in the Sx

and Px spectra and is used to calculate the relative intensity of (d−) mode (Fig-

ure 4.5). The results show that the relative intensity values are similar except

for the one obtained from the experiment with 0.35 mM DDAO concentration.

It was reported for the case of CTAB at a silica/water interface that a change of

2-4 degrees could be detected when the relative intensity changed by a factor of

more than 2.62 The maximum change in the current study was less than 1.7.
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Table 4.2. Vibrational modes from fitting Sx-polarized Raman spectra of DDAO
at the silica/water interface

Conc. d+ d− d+
FR r− r+

HG

(mM) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)

0.35 2851.8± 0.3 2889.8± 0.8 2926.0± 1.2 2963.4± 1.8 3038.3± 0.5

0.50 2851.8± 0.3 2889.8± 0.8 2926.0± 1.2 2963.4± 1.8 3038.3± 0.5

0.70 2850.7± 0.9 2890.8± 1.0 2927.± 2.4 2960.5± 3.7 3035.8± 1.5

1.00 2851.0± 0.6 2891.1± 1.0 2926.8± 1.9 2960.7± 2.8 3039.4± 1.0

1.20 2851.6± 0.6 2890.3± 1.2 2929.3± 2.0 2965.0± 3.1 3037.2± 0.9

1.39 2852.0± 0.6 2890.2± 1.4 2925.8± 2.4 2964.2± 3.0 3038.6± 0.7

1.60 2851.5± 0.4 2888.5± 1.7 2924.0± 2.8 2963.8± 3.0 3039.1± 0.8

1.81 2851.5± 0.5 2890.2± 0.9 2925.9± 1.7 2961.9± 2.7 3038.3± 0.8

2.05 2852.4± 0.6 2887.4± 1.7 2920.9± 4.0 2965.7± 4.7 3038.3± 0.8

2.55 2852.5± 0.6 2890.2± 1.2 2927.7± 1.9 2965.0± 3.3 3038.5± 0.8
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Table 4.3. Full width at half maximum (FWHM) of vibrational modes from
fitting Sx-polarized Raman spectra of DDAO at the silica/water interface

Conc. d+ d− d+
FR r− r+

HG

(mM) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)

0.35 23.01 36.90 34.82 39.99 36.60

0.50 23.01 36.89 34.84 39.98 36.60

0.70 23.38 41.50 27.93 42.11 39.94

1.00 22.24 41.96 28.71 44.24 38.07

1.20 22.78 38.28 35.85 34.37 33.66

1.39 24.16 36.22 35.64 39.52 33.45

1.60 22.08 34.97 39.15 36.49 33.67

1.81 22.74 37.75 31.77 44.74 36.65

2.05 23.91 32.32 45.11 40.86 39.53

2.55 23.76 36.71 35.75 38.43 39.27
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Figure 4.4. Relative peak heights of asymmetric (d−) and symmetric (d+)
methylene stretches obtained from Sx-polarized Raman spectra and plotted as a
function of DDAO concentration.
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Figure 4.5. Relative intensities of the d− band in the Sx- and Px-polarized
spectra.
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4.1.2 Adsorption isotherm

The relative intensities between the d− bands in the Sx and Px spectra in-

dicate almost constant average tilt angle of the alkyl chains in DDAO molecules.

Under this condition the integrated areas of Raman spectra are considered to be

proportional to the surface coverage. The C-H stretching region from 2800-3000

cm−1 on the Sy spectra was integrated and results with error bars are shown in

Figure 4.6. The error bars on some points in Figure 4.6 are too close to the cen-

ters of the symbols. In region I with DDAO concentration below 0.20 mM, the

adsorbed amount was insignificant or inefficiently detected by TIR Raman spec-

troscopy. The adsorption isotherm increases linearly with bulk concentration up

to 1.60 mM in region II. After reaching a maximum value at a bulk concentra-

tion of about 1.60 mM, however, the isotherm decreases with bulk concentration

in the region III. The critical micelle concentration (cmc) of DDAO solutions

in the study is about 1.80 mM and is in the range reported in the literature

(1.80-2.50 mM).2;12;13;103 Claesson et al. studied the adsorption of DDAO at the

silica/water interface and found that the DDAO adsorption isotherm was at a

maximum value before the cmc and decreased when the bulk concentration was

further increased.2 The same trend is also observed in this study (Figure 4.6)

but a decrease of adsorbed amount of DDAO is not obvious as in the study by

Clasesson due to the increased bulk contribution to the total Raman signal when

DDAO bulk concentration increases. The decrease of the adsorption isotherm

would result from a change in the structure of the adsorbed layer. Bilayer-like

structures were proposed to form on the silica surface in contact with DDAO so-

lutions with concentrations close to the cmc.2 A phase transition from a bilayer

to admicelles, for example, will change the density of the adsorbed layer.
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Figure 4.6. Adsorption isotherm of DDAO at the silica/water interface obtained
from integrated areas of the C-H stretching region (2800-3000 cm−1) of DDAO
spectra collected under Sy polarization combination.

4.1.3 Adsorption mechanism

Dimethyldodecylamine oxide (DDAO) exists as both cationic and nonionic

forms in aqueous solutions. For pure DDAO solutions, the degree of ionization

is decreased from 11% to 0.8% when the DDAO concentration changes from

low to high (cmc) and corresponds to an increase of solution from 5.8 to 7.0.2

The dissociation (Equation 4.1) of the protonated form DDAOH+ has a pKa

value of 4.7.2 Silica surface in contact with water has been reported to have two

different sites of silanol groups with corresponding pKa values of 4.5 and 8.5.48

The surface silanol groups are in equilibria with siloxides according to Equation

4.2. From the study by Eisenthal, the silanol sites with pKa values of 4.5 and 8.5

occupy 19% and 81% of the total number of surface silanol groups, respectively.

A point of zero charge for the silica surface is obtained when pH < 3.48 For

the range of native pH caused by DDAO solutions the silica surface is negatively
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charged with the existence of both silanol and siloxide groups. The silanol groups

have been reported to deprotonate only 19% at pH = 12 leading to a high

density of silanols present at high pH values.49 The deprotonation value was

calculated with a density value of 4.5 silanols/nm2. It has been proposed that, at

low bulk surfactant concentrations, the adsorption of DDAO at the hydrophilic

solid/liquid interface is caused by only electrostatic interactions between the

cationic form and the negatively charged surface or by both the electrostatic

interactions and hydrogen bonding between protonated DDAOH+ and nonionic

DDAO with the silica surface, respectively.2;12 The N-O bond in the nonionic

molecules is highly polar and was reported to form stronger hydrogen bonds

with water than that between water molecules. Due to the strong hydrogen

bonds of N-O groups it may be possible that, at low solution concentrations,

the nonionic DDAO molecule forms hydrogen bonds with the silanol group and

replaces water at the interface. The protonation of non-ionic DDAO molecules

may be enhanced at the interface when they are close to the silanol groups of

pKa 4.5 and this finally leads to adsorption caused by electrostatic interactions.

At higher bulk concentrations, all negatively charged sites on the silica surface

are neutralized by protonated DDAOH+ and further adsorption is driven by

hydrogen bonding, hydrophobic effects, and lateral interactions (van der Waals

interactions) between the hydrocarbon tails of pre-adsorbed molecules and that

of surfactant molecules in the bulk solution.

DDAOH+ + H2O ⇀↽ DDAO + H3O+ (4.1)

− SiOH + H2O ⇀↽ −SiO− + H3O+ (4.2)
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4.2 Adsorption of DDAO with added NaCl

4.2.1 DDAO Spectra

Spectra of DDAO at the silica/liquid interface at various DDAO concen-

trations and 0.20 M NaCl are shown in Figures 4.7 and 4.8. These spectra were

measured with different polarization combinations and DDAO bulk surfactant

concentration ranged from 0.05 mM to 2.51 mM. The detection limit is about 6

counts/s. The peak assignments are in the previous section and they are shown

here in Table 4.4. The hydrocarbon chains of DDAO molecules are in liquid-like

environment as revealed by the peak positions and relative intensities of different

vibrational modes on the Raman spectra.102 Sodium chloride at 0.20 M shows

no recognized effects on the conformation of alkyl chains of DDAO.
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Figure 4.7. Background subtracted and baseline corrected TIR Raman spectra
of DDAO at the silica/water interface with various DDAO bulk concentrations.
Spectra were collected under Sx and Sy polarization combinations. The solution
concentration of NaCl was 0.20 M.
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Figure 4.8. Background subtracted and baseline corrected TIR Raman spectra
of DDAO at the silica/water interface with various DDAO bulk concentrations.
Spectra were collected under Px and Py polarization combinations. The solution
concentration of NaCl was 0.20 M.

The spectra obtained from Sx- and Px-polarized measurements were fitted

to analyze the conformational and orientational changes of DDAO molecules.
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The fitting results are given in Tables 4.5 and 4.6. Figure 4.9 shows an Sx-

polarized Raman spectrum of DDAO fitted to Gaussian functions. The relative

intensity of the d− and d+ modes were calculated and the results indicate an

insignificant change in the conformation of the hydrocarbon chains in DDAO

molecules (Figure 4.10). The relative intensity between the d− mode in Sx-

polarized spectrum and that in Px-polarized spectrum showed a quite constant

of the averaged tilt angle of the alkyl chains with respect to the surface normal.
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Figure 4.9. Sx-polarized Raman spectra of DDAO at the silica/water interface
fitted to Gaussion functions. DDAO solution concentration was 1.80 mM.

Table 4.4. Peak assignments of DDAO Raman spectra62;100;101

Frequency, cm−1 Vibrational mode

2725 HCH overtone of terminal methyl group
2852 Symmetric methylene stretch (d+)
2890 Asymmetric methylene stretch (d−)
2928 Fermi resonance (d+

FR)
2960 Asymmetric methyl stretch (r−)
3038 Asymmetric methyl headgroup (r−HG)
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Table 4.5. Vibrational modes from fitting Sx-polarized Raman spectra of DDAO
at the silica/water interface

Conc. d+ d− d+
FR r− r+

HG

(mM) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)

0.50 2851.9± 0.3 2889.4± 0.7 2924.5± 1.2 2963.3± 1.4 3038.6± 0.4

0.73 2851.4± 0.8 2891.1± 1.1 2927.2± 2.6 2960.5± 4.7 3038.2± 1.7

1.00 2851.6± 0.4 2890.2± 0.8 2928.0± 1.3 2964.8± 1.7 3036.6± 0.8

1.10 2851.7± 0.4 2889.6± 1.3 2923.2± 2.2 2960.9± 3.0 3039.2± 0.8

1.20 2851.9± 0.5 2889.7± 1.1 2924.0± 1.9 2962.6± 2.4 3037.5± 0.8

1.30 2851.8± 0.4 2888.0± 1.7 2921.3± 3.1 2963.1± 3.6 3039.0± 0.8

1.39 2852.2± 0.4 2890.4± 0.7 2925.4± 1.3 2962.4± 1.7 3040.1± 0.7

1.60 2852.2± 0.4 2888.5± 1.5 2923.7± 3.8 2966.4± 2.3 3038.4± 0.6

1.80 2852.1± 0.5 2888.2± 1.5 2922.6± 2.7 2963.7± 2.4 3039.0± 0.6

2.00 2851.2± 0.4 2890.2± 1.1 2928.7± 0.0 2965.5± 2.9 3038.7± 0.7

2.51 2852.2± 0.5 2889.7± 0.9 2926.0± 1.5 2964.1± 1.5 3039.1± 0.7
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Table 4.6. Full width at half maximum (FWHM) of vibrational modes from
fitting Sx-polarized Raman spectra of DDAO at the silica/water interface

Conc. d+ d− d+
FR r− r+

HG

(mM) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)

0.50 23.03 35.51 35.49 39.47 37.24

0.73 22.24 40.23 28.20 46.68 40.84

1.00 22.20 37.48 33.69 35.37 40.16

1.10 22.81 36.19 34.20 46.19 40.60

1.20 24.26 35.42 34.46 42.29 37.76

1.30 22.30 33.69 40.17 41.93 38.79

1.39 23.50 35.83 31.37 41.00 36.70

1.60 23.21 33.91 45.17 33.55 37.61

1.80 23.44 33.45 38.70 36.92 32.16

2.00 21.76 39.58 36.70 35.36 36.00

2.51 23.54 35.76 33.70 34.28 36.37
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Figure 4.10. Relative peak heights of asymmetric (d−) and symmetric (d+)
methylene stretches obtained from Sx-polarized Raman spectra and plotted as a
function of DDAO concentration.

4.2.2 Adsorption isotherm

Figure 4.12 shows the adsorption isotherm of DDAO with 0.20 M NaCl

in the bulk plotted as a function of solution concentrations. The isotherm here

is presented in terms of the integrated area of the C-H stretching region (2800-

3000 cm−1). The results obtained in the previous study are also presented in

Figure 4.12 for comparison. It is from these isotherms that the adsorbed amount

of DDAO when 0.20 M NaCl is added is significant at higher concentration in

comparison to that of DDAO without added 0.20 M NaCl. In the case of DDAO

solutions without NaCl, DDAO molecules need to compete with the interfacial

water to adsorb to the silica surface. The addition of an electrolyte would re-

duce the concentration of free water in the solution as well as at the interface,

however, the Na+ ions are present in the interfacial region and compete with

the DDAO molecules for the negative charged sites on the surface. The added
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Figure 4.11. Relative intensities of the d− band in the Sx- and Px-polarized
spectra as a function of DDAO concentration.

NaCl in the current study is also expected to cause the salting-out effect on the

hydrocarbon chains of DDAO and enhance the adsorption of the surfactant.104

At the DDAO concentrations smaller than 0.70 mM the competition of DDAO

with the interfical sodium ions and the interaction of cationic DDAO and the

chloride ions determine the adsorbed amount of DDAO at the interface. When

the DDAO concentration is higher, the salting-out and hydrophobic effects are

dominant. The DDAO molecules bind to the silica surface via electrostatic inter-

actions and hydrogen bonds and the adsorption is enhanced by the salting-out

effect. The silica surface in contact with solutions of alkali halides have been

studied both experimentally and theoretically and the more acidic silanols were

reported to have lower pKa values in comparison to ones in pure water.52;54–59 A

lower pKa might lead to a higher density of negative charged sites on the silica

surface and enhance the protonation of DDAO molecules at the interface.

Sodium chloride was reported to lower the cmc of DDAO solution and
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Figure 4.12. Adsorption isotherms of DDAO at the silica/water interface with
and without 0.20 M NaCl in the aqueous solutions.

increase the molar micellar weight.103;104 The form of DDAO in these studies,

however, was controlled by adjusting the solution pH so that only cationic or

nonionic form exist in the aqueous phase. The control of solution pH in the

study of surfactant adsorption at the silica/water interface, especially in the case

of a pH sensitive surfactant like DDAO, will make the interpretation of the re-

sults more complicated. It is due to the fact that the charge of the silica surface

will also be modified by the change of solution pH.

The adsorption isotherms of DDAO show a common intersection point

(cip) at the solution concentration of about 0.70 mM. This intersection point

is the surfactant concentration at which the surface excess is not effected by an

electrolyte.61;71;105 This point has been interpreted as the isoelectric point (iep) of

the substrate when there is no adsorption of background electrolyte on the solid

surface. The cip has been suggested as the point at which a bilayer of surfactants

starts forming on the surface with the headgroups of the second layer facing to-
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wards the solution.71 The existence of cip indicates that the first layer of DDAO

on the charged surface is composed of mainly protonated DDAOH+. Vibrational

sum frequency generation (VSFG) measurements with surfactant concentrations

below and above the cip (0.70 mM in the current study) might validate the cip.

The SFG signal of the terminal methyl group would decrease or vanish when a

bilayer forms on the substrate.

4.3 Adsorption of TX-100

4.3.1 TX-100 spectra

The adsorption of TX-100 on the hydrophilic silica surface has also been

investigated in the current study. Figure 4.13 shows a set of background sub-

tracted and baseline corrected TIR Raman spectra of TX-100 at different TX-100

solution concentrations. The Raman spectra of TX-100 measured when 0.20 M

NaCl was in the surfactant solutions are given in Figure 4.14. All TIR Raman ex-

periments were performed without a polarizer in the setup and only S-polarized

light was used. The removal of the polarizer helps increase the signal-to-noise ra-

tio of the spectra. Raman spectra of pure TX-100 in the 2800-3000 cm−1 region

are due to vibrational modes of the alkyl chains and that of ethylene oxide (EO)

groups. The peak of symmetric CH stretch of the aromatic ring is observed at

3080 cm−1.40
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Figure 4.13. Background subtracted and baseline corrected TIR Raman spec-
tra of TX-100 at the silica/water interface with various TX-100 bulk concentra-
tions. Spectra were obtained from S-polarized measurements.
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Figure 4.14. Background subtracted and baseline corrected TIR Raman spec-
tra of TX-100 at the silica/water interface with various TX-100 bulk concentra-
tions. Spectra were obtained from S-polarized measurements. NaCl concentra-
tion was 0.20 M.
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4.3.2 Adsorption isotherm

TIR Raman spectra of TX-100 were analyzed by target factor analysis

and the component weights are given in Figure 4.15. The bulk contributions to

the Raman signal are obvious at high concentrations of TX-100. The component

weights are calibrated to eliminate the bulk contribution and converted to surface

excesses. The adsorption isotherms of TX-100 in terms of surface excesses at the

silica/water interface are shown in Figure 4.16. They are presented as a func-

tion of log([TX-100]/mM). At TX-concentrations smaller than 0.20 mM, both

adsorption isotherms are insignificant. In the concentration region of 0.20 - 0.30

mM, the adsorbed amount of TX-100 at the interface is much higher with 0.20

M NaCl in the aqueous solution. This might be caused by the presence of NaCl

that makes the interaction between TX-100 molecules stronger. The stronger

interactions would be reflected by a higher value of the interaction parameter ω.

The salting-out effect of NaCl on the hydrocarbon chains of TX-100 might also

contribute to this observation.

The adsorption isotherms in both cases show a step function due to the

possible presence of both monomers and aggregates at the interface.40 At TX-

100 concentration higher than the cmc (≈ 0.30 mM) , the addition of NaCl to

the surfactant solution leads to a decrease in the adsorbed amount. The TX-100

micelles are dehydrated in the solution with NaCl leading to a smaller effective

headgroup area of the monomer and an increase in micellar sizes.106 The surfac-

tant is then more in the bulk solution. The change of surface charge and the

presence of NaCl might also alter the structure of the adsorbed layer.
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Figure 4.15. Component weights of TX-100 with and without 0.20 M NaCl
in the aqueous solutions. These values are from target factor analysis of sets of
TX-100 spectra.
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Figure 4.16. Adsorption isotherms of TX-100 at the silica/water interface with
and without 0.20 M NaCl in the aqueous solutions.
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The adsorption isotherms of TX-100 are fitted to the Frumkin model

(Figure 4.17) and the fitting results are given in Table 4.7. The open circles were

removed from the fitting as they do not follow the Frumkin model. ω values

in Table 2.71 reveal strong interactions between TX-100 molecules on the silica

surface.40

Table 4.7. Parameters obtained from fitting adsorption isotherms of TX-100 to
the Frumkin model.

NaCl (M) Γ∞ (mol m2) KL (mol−1 m3) ω

0 2.57 0.21 5.21
0.20 2.68 0.21 4.20
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Figure 4.17. Adsorption isotherms of TX-100 at the silica/water interface: (A)
with 0.20 M NaCl and (B) without 0.20 M NaCl in the bulk solution. The solid
lines represent the isotherms fitted to the Frumkin model. The isotherm here
is expressed in term of surface excess. The open circles were not used in the
fittings.

81



Chapter 5

Adsorption of mixtures of DDAO

and TX-100

5.1 Adsorption of mixtures without added salt

5.1.1 Adsorption of mixtures at low concentration of DDAO

Spectra of DDAO and TX-100 mixtures at the silica/water interface are

shown in Figure 5.1. In all these mixtures, the bulk concentration of DDAO was

constant at 0.30 mM (≈ 1

6
cmc) and TX-100 solution concentration was varied

from 0.06 mM to 18.98 mM. Spectral assignments of pure DDAO and TX-100 are

discussed the previous chapter. The spectral shape in Figure 5.1 is a mixed shape

of DDAO and TX-100 spectra at TX-100 concentrations approximately below

2.50 mM and is close to that of pure TX-100 at higher concentrations. This

might be an indication of cooperative adsorption at low TX-100 concentrations

and competitive adsorption at higher ones.
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Figure 5.1. Background subtracted and baseline corrected TIR Raman spectra
of DDAO and TX-100 mixtures at DDAO bulk concentration of 0.30 mM and
varied concentrations of TX-100.

2 7 0 0 2 8 0 0 2 9 0 0 3 0 0 0 3 1 0 0
0

5

1 0

1 5

2 0

2 5

3 0

Ra
ma

n I
nte

ns
ity 

(C
ou

nts
 / s

)

R a m a n  S h i f t  ( c m - 1 )

Figure 5.2. S-polarized Raman spectrum of DDAO at the silica/water interface
with a bulk concentration of 0.30 mM.
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Adsorption Isotherm. Target testing confirmed that two factors were

responsible for the data with their corresponding SPOIL values smaller than 3

(Table 5.1). Targets 1 and 2 in Table 5.1 are DDAO and TX-100, respectively.

Target spectra were obtained from S-polarized Raman measurements with single

component solutions of 2.00 mM DDAO and 18.81 mM TX-100, respectively.

The target and refined spectra of DDAO and TX-100 are given in Figure 5.3.

These spectra show that, while target and refined spectra of TX-100 match very

well, the ones of DDAO show noticeable differences. The orientation and confor-

mation of molecules in the mixed surfactant layer might be different from that of

a single surfactant layer. It is also the imperfection of chemometric methods in

decomposing overlapped spectra. TFA was performed to decompose the mixed

spectra into single components and then rotate abstract row and column matri-

ces to obtain refined spectra and component weights of two surfactants in the

mixtures. The component weights of two surfactants in the mixed spectra are

given in Figure 5.4. The error bars are very close to the centers of the symbols

and are hard to see. The CH stretching region (2800-3000 cm−1) of extracted

TX-100 and DDAO spectra as well as that of reproduced mixed spectra were

integrated and plotted versus log([TX-100]/mM) in Figure 5.5.

Table 5.1. Results obtained from target testing of DDAO and TX-100 mixtures.
DDAO concentration was of 0.30 mM and TX-100 concentration was varied.

Target REP RET SPOIL

1 3.42 6.40 1.87
2 1.30 2.88 2.22
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Figure 5.3. Target and refined spectra of DDAO and TX-100. The target
spectra were obtained from S-polarized Raman experiments without a polarizer
in the setup.
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Figure 5.4. Component weights of TX-100 and DDAO in the mixtures as a
function of log([TX-100]/mM). The bulk concentration of DDAO was 0.30 mM.

DDAO concentration was constant well below its cmc value so that bulk

85



- 1 . 5 - 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5
0
5

1 0
1 5
2 0
2 5
3 0
3 5
4 0
4 5

Int
eg

. C
H a

rea
 (C

ou
nts

. s
-1 . c

m-1 /10
3 )

L o g ( [ T X - 1 0 0 ]  /  m M )

 T o t a l
 D D A O
 p u r e  D D A O
 T X  -  1 0 0
 P u r e  T X - 1 0 0

0 . 1 1 1 0
T X - 1 0 0  C o n c e n t r a t i o n  ( m M )

Figure 5.5. Integrated CH areas of TX-100, DDAO and mixed spectra plotted
as a function of log([TX-100]/mM). The integrated CH region is from 2800 to
3000 cm−1. The dashed line shows integrated values of pure DDAO at the
silica/water interface with a bulk concentration of 0.30 mM.

contribution to its Raman spectra is negligible. For the purpose of comparison,

integrated CH stretch area of DDAO at the silica/water interface with a bulk

concentration of 0.30 mM is plotted in Figure 5.5. In this figure results from ad-

sorption measurements with pure TX-100 at the same concentration as that in

the mixture are also shown. The Raman signals of DDAO in Figure 5.5 indicate

a strong synergistic effect at low bulk concentrations of TX-100 and competitive

adsorption at very high concentrations.

Adsorption of both surfactants to the hydrophilic silica surface were en-

hanced in the mixtures (Figure 5.5). In the case of DDAO, except at very high

concentration of TX-100, its Raman intensity is always higher than that of pure

DDAO. The Raman intensity of DDAO first increases up to a maximum value

at a TX-100 concentration of about 0.20 mM and then decreases with higher

TX-100 bulk concentrations. The total Raman signal is also highest at a concen-
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tration of 0.20 mM for TX-100. This is an indication of a change in the structure

of the adsorbed layer leading to a more efficient coverage of the surface. A bilayer

structure may be formed at the interface as suggested in the adsorption study

of mixed surfactants of DDAO and dodecyl maltoside (C12G2).2 When TX-100

bulk concentration increases, surface DDAO molecules are displaced by TX-100

and are incorporated into the mixed micelles in the solution leading to a decrease

of its interfacial concentration.

The absolute values of component weights obtained from TFA have no

physical meaning and need to be converted into the surface excess of surfactant

molecules. The surface excesses of TX-100 in the mixtures were obtained by

comparing its Raman intensities to that of a pure system measured at the same

conditions. The surface excess of DDAO in the single component system (Figure

4.6) is not constant with concentration above the cmc. It is only possible to

calibrate the component weights of TX-100 in single and mixed surfactant sys-

tems. The surface excesses obtained from the calibration procedure are shown

in Figure 5.6. Adsorption of TX-100 at the interface is greatly enhanced in the

mixed surfactants (Figure 5.6). While the surface excess of TX-100 is insignif-

icant at small concentrations of a pure system, it is much higher when DDAO

is incorporated into the solution. Although the surface concentration of DDAO

decreases when TX-100 concentration increases, the small amount of DDAO at

the interface keeps the TX-100 surface excess in the mixtures higher than that

in the pure system. The decrease of both total and DDAO Raman signals after

the maximum might indicate a structural change of the adsorbed layer.
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Figure 5.6. Adsorption isotherms of TX-100 in single and mixed systems as a
function of log([TX-100]/mM). The isotherm here is expressed in terms of surface
excess. TIR Raman experiments of the mixtures were performed with constant
concentration of DDAO (0.30 mM) and varied concentration of TX-100.

Adsorption kinetics. Figures 5.7 - 5.9 show variations of the Raman

signal with time for different mixtures of TX-100 and DDAO. The variations

are shown for total Raman signal as well as signals of single components. The

adsorption of the mixture at very low concentration of TX-100 (0.06 mM) is

at equilibrium after about 55 minutes (Figure 5.7A). At higher concentrations

of TX-100, it takes less than 5 minutes for the adsorption process to be at

equilibrium.
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Figure 5.7. Adsorption kinetics of mixtures with two different bulk concentra-
tions of TX-100: (A) 0.06 mM; (B) 0.15 mM. The bulk concentration of DDAO
was fixed at 0.30 mM.
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Figure 5.8. Adsorption kinetics of mixtures with two different bulk concentra-
tions of TX-100: (C) 0.23 mM; (D) 0.30 mM. The bulk concentration of DDAO
was fixed at 0.30 mM.
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Figure 5.9. Adsorption kinetics of mixtures with two different bulk concentra-
tions of TX-100: (E) 1.08 mM; (F) 18.98 mM. The bulk concentration of DDAO
was fixed at 0.30 mM.
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5.1.2 Adsorption of mixtures at higher concentration of

DDAO

The above results show enhanced adsorption of TX-100 at low DDAO

concentration. It would be more complete to see the effects at higher DDAO

concentrations. Figure 5.10 shows some Raman spectra of DDAO and TX-100

mixtures at a DDAO bulk concentration of 1.00 mM with varied concentrations

of TX-100. The mixed surfactant spectra clearly show the peak of d+ mode of

DDAO molecules at TX-100 bulk concentrations below 0.70 mM (spectrum is

not shown here). The spectra in this range of TX-100 concentration also show

the overlap of the r−HG peak of DDAO and the symmetric CH stretch of the

aromatic ring of TX-100 in the 3020 - 3100 cm−1 region. Target testing revealed

two main factors contributing to the mixed spectra and their component weights

are given in Figure 5.11.
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Figure 5.10. Background subtracted and baseline corrected TIR Raman spec-
tra of DDAO and TX-100 mixtures at DDAO bulk concentration of 1.00 mM
and varied concentrations of TX-100.

Figure 5.12 shows integrated CH areas of TX-100, DDAO and mixed
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spectra after TFA was applied. Adsorption of DDAO is only enhanced with a

TX-100 concentration smaller than 0.15 mM. When TX-100 concentrations are

higher, DDAO molecules on the surface are slowly replaced by TX-100 with its

adsorbed amount smaller than that of pure DDAO. The removal of DDAO from

the interface results from the competitive adsorption of DDAO and TX-100 and

the formation of mixed micelles in the bulk phase. Adsorption of TX-100 in the

mixtures is greatly enhanced when its bulk concentration is lower than about

0.25 mM and at higher concentrations it slowly replaces DDAO molecules on

the surface. The component weights of TX-100 in the mixtures were converted

to surface excesses and results are shown in Figure 5.13. The surface excesses

of TX-100 in its mixtures with 0.30 mM DDAO are also given in Figure 5.13

for comparison purposes. This figure reveals that adsorption of TX-100 in its

mixtures with 1.00 mM DDAO is not as enhanced as that in its mixtures with

0.30 mM DDAO. This adsorption behavior is expected due to the fact that

DDAO molecules have both electrostatic interactions and hydrogen bonds with

the silica surface and the higher concentration of DDAO would lead to a higher

number of its molecules in the adsorbed layer. A smaller concentration of DDAO

would be more effective in enhancing the adsorption of TX-100.

Table 5.2. Results obtained from target testing of DDAO and TX-100 mixtures.
DDAO concentration was of 1.00 mM and TX-100 concentration was varied.

Target REP RET SPOIL

1 1.53 4.06 2.65
2 1.45 2.34 1.61
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Figure 5.11. Component weights of DDAO and TX-100 in mixed surfactants.
DDAO bulk concentration was 1.00 mM and TX-100 concentration was varied.
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Figure 5.12. Integrated CH areas of TX-100, DDAO and mixed spectra ob-
tained after target factor analysis and plotted as a function of log([TX-100]/mM).
The integrated CH region is from 2800 to 3000 cm−1. The dashed line shows
integrated values of pure DDAO at the silica/water interface with a bulk con-
centration of 1.00 mM.
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Figure 5.13. Adsorption isotherms of TX-100 in single and mixed systems as a
function of log([TX-100]/mM). The isotherm here is expressed in term of surface
excess. TIR Raman experiments of the mixtures were performed with two differ-
ent concentrations of DDAO (0.30 mM and 1.00 mM) and varied concentrations
of TX-100.

5.1.3 Adsorption mechanism

Mixed surfactants at hydrophilic solid/water interfaces have been studied

using different techniques.2;107–109 For the case of DDAO, there is only a study of

its mixtures with dodecyl maltoside (C12G2) at the silica/water interface by an

ellipsometric method.2 This optical technique, although being sensitive to the

change of adsorbed layer, only gives the total adsorbed amount at the interface

without any information on contribution of single components in the adsorbed

layer, which makes it difficult to propose an adsorption mechanism. It is from

Figure 5.13 that for pure TX-100, at concentrations smaller than 0.15 mM ad-

sorption of TX-100 at the interface is negligible. However, the adsorbed amount

changes dramatically in the mixed surfactant at the same range of pure TX-100

concentrations. The possible mechanism for this range of TX-100 concentrations
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is that DDAO molecules adsorb to the interface first and then hydrophobic in-

teractions between alkyl chains of surfactant molecules lead to the adsorption of

TX-100. The negatively charged sites on the silica surface are occupied by the

protonated DDAOH+ and the neutral sites are for TX-100 and nonionic DDAO.

When TX-100 concentration increases, mixed surfactants can form a bilayer on

the silica surface.2 The formation of mixed micelles in the bulk solution decreases

the surface concentration of DDAO and the adsorbed layer is richer in TX-100.

The mixed micelles are favored by the protonated DDAO molecules due to the

reduction of electrostatic repulsion between their headgroups. At very high con-

centrations of TX-100, the surface is almost fully occupied by TX-100 while most

DDAO molecules are in the mixed micelles. The adsorption enhancement of TX-

100 by the presence of DDAO in the solution can be illustrated by Figure 5.14.

TX-100

DDAO TX-100

Figure 5.14. Illustration of mixed surfactants at the silica-water interface with-
out NaCl. TX-100 and DDAO molecules are represented by surfactants with blue
and red headgroups, respectively. TX-100 concentration is increased from left to
right.

The addition of a very small amount of cetyltrimethylammonium bromide

(CT-AB) was reported to effectively enhance the adsorption of TX-100 at the

hydrophilic silica/water interface.26 The enhancement was then attributed to

the ability of CTAB at its very low concentration to alter the adsorbed layer

structure of TX-100 leading to a more dense surfactant layer at the interface.

The protonated form of DDAO might play a similar role as CTA+ does in the
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mixture of CTAB and TX-100.

5.2 Adsorption of mixtures with added NaCl

5.2.1 Adsorption of mixtures at low concentration of DDAO

Effects of NaCl on the adsorption of pure surfactants at the silica/water

interface have been shown above. The adsorbed amount of both pure surfac-

tants at low solution concentrations are greatly altered by the presence of 0.20

M NaCl. A small amount of DDAO is shown above to enhance the adsorption

of surfactants in the mixtures. It is important to know if DDAO is still effective

in enhancing the adsorption of the mixtures when NaCl is added to the solu-

tion. Figure 5.15 shows a set of background subtracted and baseline corrected

TIR Raman spectra of DDAO and TX-100 mixtures at the silica/water interface

with 0.20 M NaCl in the solution. The DDAO concentration was fixed at 0.30

mM while the TX-100 concentration was varied. Figure 5.16 shows a spectrum

of DDAO at the silica/water interface when its bulk concentrations of DDAO

and NaCl were 0.30 mM and 0.20 M, respectively. The spectra of the mixed

surfactants (Figure 5.15) show a mixed shape of DDAO and TX-100 at TX-100

concentrations up to 2.50 mM. At higher concentrations of TX-100 the spectral

shape is very close to that of pure TX-100 and this is an indication of the dom-

inance of TX-100 at the interface. Target testing was performed and confirmed

the contribution of two factors to the mixed spectra (Table 5.3 ). The mixed

spectra were decomposed into single components and the component weights are

given in Figure 5.17.
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Figure 5.15. Background subtracted and baseline corrected TIR Raman spec-
tra of DDAO and TX-100 mixtures at DDAO bulk concentration of 0.30 mM and
varied concentrations of TX-100. Sodium chloride was 0.20 M in the surfactant
solution.
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Figure 5.16. S-polarized TIR Raman spectrum of DDAO at the silica/water
interface. The solution concentrations of DDAO and NaCl were 0.30 mM and
0.20 M, respectively.
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Table 5.3. Results obtained from target testing of DDAO and TX-100 mixtures.
DDAO concentration was 0.30 mM and TX-100 concentration was varied. The
NaCl concentration in the mixtures was 0.20 M.

Target REP RET SPOIL

1 3.35 5.34 1.60
2 1.70 3.08 1.82
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Figure 5.17. Component weights of TX-100 and DDAO in mixed surfactants
plotted as functions of log([TX-100]/mM). The solution concentrations of DDAO
and NaCl were 0.30 mM and 0.20 M, respectively.

5.2.2 Adsorption isotherm

From the CH stretching region (2800-3000 cm−1) of the mixed spectra,

DDAO and TX-100 spectra were extracted, integrated and plotted as a function

of log([TX-100]/-mM) (Figure 5.18). The results of single surfactants mixed with

0.20 M NaCl are also given in the same figure. The connection lines between data

points are there to indicate the trend of the Raman signals. The adsorption of

DDAO from the aqueous solution with 0.20 M NaCl is so small that the adsorp-

tion of both surfactants is not greatly enhanced at TX-100 concentration smaller
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than 0.10 mM. The synergistic effect when NaCl is present is reduced in compar-

ison to that of mixtures without NaCl in the same range of TX-concentrations.

This demonstrates the important role of pre-adsorbed DDAO at low TX-100

concentrations. The total adsorbed amount is maximized at TX-100 concentra-

tion of 0.18 mM, however, the maximum adsorbed value of DDAO is at 0.15 mM

TX-100. When the TX-100 concentration is higher, surface DDAO molecules are

replaced by TX-100 and the Raman signal of DDAO decreases until it reaches

the value of pure DDAO. The formation of mixed micelles of DDAO and TX-100

keeps DDAO molecules in the bulk solution. The presence of a tiny amount of

DDAO at the interface still enhances the adsorption of TX-100 until its solution

concentration approaches 1.00 mM.
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Figure 5.18. Integrated CH areas of TX-100, DDAO and mixed spectra ob-
tained after target factor analysis and plotted as a function of log([TX-100]/mM).
The integrated CH region is from 2800 to 3000 cm−1. The dashed line shows
integrated values of pure DDAO at the silica/water interface with a bulk con-
centration of 0.30 mM.

The intensities of TX-100 in the mixtures were converted into surface ex-

cesses by comparing TX-100 signals with that of pure TX-100 measured at the
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same condition. The isotherms of pure TX-100 and TX-100 in the mixed sur-

factant system are presented in Figure 5.19. The isotherm of TX-100 is shifted

to the left, which is an indication of the effects of co-surfactant and salting-out

by NaCl. In the TX-100 concentration region of 0.18 - 0.7 mM the isotherm is

quite constant. It is then decreased and is smaller than that of pure TX-100.

The mixed micelles might alter the structure of the adsorbed layer making it

less effective in covering the surface. Although the signal of DDAO at very high

concentrations of TX-100 (9.80 - 19.00 mM) is small, it is due to the presence

of DDAO at the interface. At a concentration of 0.30 mM, the contribution of

DDAO in the bulk is negligible. The presence of 0.30 mM in the aqueous solution

leads to a lower pH value in comparison to that of the solution of TX-100 and

0.20 M NaCl.
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Figure 5.19. Adsorption isotherms of TX-100 in single and mixed systems as a
function of log([TX-100]/mM). The isotherm here is expressed in terms of surface
excess. TIR Raman experiments of the mixtures were performed with 0.30 mM
DDAO and varied concentration of TX-100. The NaCl concentration was 0.20
M.

Adsorption of mixed surfactants at the solid/liquid interfaces have been
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investigated using different techniques.110;111 The use of AFM can reveal the

mophorlogy of the adsorbed layer when surfactant concentration changes, how-

ever, experiments using AFM often have to perform at solution concentrations

above the cmc and have to use with other methods such as depletion experiments

to determine the components of the adsorption isotherm.111

5.2.3 Adsorption kinetics

The adsorption kinetics of mixtures at the silica/water interface is shown

in Figures 5.20 - 5.21. The variations of Raman signal are presented for the

mixtures as well as components. Different concentrations of TX-100 are selected

to see the effects of its concentration on the kinetics. At TX-100 concentrations

well below the cmc it take about 50 minutes for the adsorption process to reach

an equilibrium. The changes in the signals of components might be due to

the exchange of surfactants at the interface. For the mixtures with TX-100 at

concentrations higher than the cmc, equilibrium is reached within 5 minutes after

the injection of surfactant solution into the cell. TX-100 molecules dominate the

interface and any exchange with DDAO is not noticeable.
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Figure 5.20. Adsorption kinetics of mixtures with two different bulk concentra-
tions of TX-100: (A) 0.10 mM; (B) 0.40 mM. The bulk concentrations of DDAO
and NaCl were fixed at 0.30 mM and 0.20 M, respectively.
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Figure 5.21. Adsorption kinetics of mixtures with two different bulk concen-
trations of TX-100: (C) 2.44 mM; (D) 18.96 mM. The bulk concentrations of
DDAO and NaCl were fixed at 0.30 mM and 0.20 M, respectively.
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5.2.4 Adsorption of mixtures at high concentrations of

DDAO

A small amount of DDAO in the mixed surfactants has been shown to

enhance the adsorption of TX-100 at the hydrophilic silica/water interface. It

would be interesting to see the adsorption behavior of TX-100 at higher DDAO

concentrations. The current study measured TIR Raman spectra of two different

DDAO and TX-100 mixtures in which the TX-100 concentration was constant

at 1.05 mM. The DDAO concentrations were 1.05 mM and 2.00 mM in the first

and second mixtures, respectively. The concentrations were selected so that the

TX-100 concentration was above its cmc in the first mixture and both DDAO

and TX-100 above their cmcs in the second mixture. The mixed spectra are

shown in Figure 5.22.
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Figure 5.22. TIR Raman spectra of mixtures of TX-100 with DDAO. TX-100
bulk concentration was fixed at 1.05 mM. DDAO bulk concentrations were 1.06
mM and 2.00 mM in the first and second mixtures, respectively.

The Raman intensities of the two mixtures are very close when the DDAO
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concentration in the second mixture is about 2 times of that in the first one. The

obvious difference between the two spectra is the stronger signal of the symmet-

ric methylene stretching mode (2852 cm−1) of DDAO molecules. This difference

indicates that the adsorbed layer is richer in DDAO molecules when DDAO con-

centration increases. TFA was used to decompose the mixed spectra into single

components and results are given in Figure 5.23. This figure shows that the

amount of TX-100 at the interface decreases with the increase of DDAO con-

centration. The adsorption of TX-100 is enhanced by low DDAO concentration

and is reduced when the amount of DDAO in the mixed surfactants increases.

DDAO molecules have stronger interactions with the silica surface than TX-100

molecules due to the electrostatic interactions and stronger hydrogen bonds. As

a result, they tend to adsorb more to the interface when DDAO solution concen-

tration increases. It is also due to the fact that at DDAO concentrations above

the cmc, TX-100 is incorporated into the mixed micelles with DDAO in the bulk

solution leading to a decrease of interfacial TX-100 molecules.
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Figure 5.23. Extracted spectra of DDAO and TX-100 from mixtures of TX-100
with high DDAO concentrations. TX-100 bulk concentration was fixed at 1.05
mM. DDAO bulk concentrations were 1.06 mM and 2.00 mM in the first and
second mixtures, respectively. NaCl concentration was 0.20 M.
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Chapter 6

Conclusions

Total internal reflection (TIR) Raman spectroscopy and target factor anal-

ysis (TFA) have been successfully combined to study the adsorption of surfac-

tants and mixed surfactants on the hydrophilic silica surface. The use of a linear

vibrational spectroscopic technique gave rise to molecular level information such

as the vibrational modes of alkyl chains of DDAO at the interface and orientation

and conformation of surface molecules. TFA helped decompose data matrices

of mixtures into single components and corresponding component weights (load-

ings).

In the study of the adsorption of pure surfactants, in the range concentra-

tions studied, the hydrocarbon chains of pure DDAO at the silica/water interface

were found to be in a liquid-like medium that is not affected significantly when

0.20 M sodium chloride is added to the surfactant solutions. The changes in

conformation and orientation of the alkyl chains are also negligible when the

DDAO concentration increases. The adsorption isotherms of DDAO, however,

are clearly affected with the addition of 0.20 M NaCl. In comparison to the

adsorption curve obtained without an added salt, sodium chloride lowers the

DDAO isotherm curve when the DDAO concentration is lower than 0.70 mM

due to competitive adsorption between the sodium ions and the DDAO. When
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the DDAO concentration is higher than 0.70 mM, the salting-out effect caused by

sodium chloride enhances the adsorption of DDAO, leading to a higher amount

of DDAO at the interface. The adsorption isotherms of DDAO show maximum

values at solution concentrations close to the cmcs, and are an indication of

mixed adsorbed layers that have a more efficient coverage of the interface. The

adsorption isotherms of TX-100 have an S shape that show a dramatic increase of

adsorbed amounts for the TX-100 solutions right below the cmcs. This increase

indicated the co-existence of monomers and aggregates on the silica surface.

Adsorption of both DDAO and TX-100 on the silica surface are syner-

gistic at low concentrations and antagonistic at higher concentrations. A lower

concentration of DDAO (0.30 mM in this study) is more effective in enhancing

the adsorption of mixed surfactants than a higher concentration (1.00 mM in

this study). Results from TIR Raman experiments with mixtures of DDAO and

TX-100 show the important role of the pre-adsorbed DDAO in the adsorption of

the mixtures at low concentrations. DDAO molecules were proposed to adsorb

to the interface first and then promote the adsorption of TX-100 via lateral in-

teractions between their hydrocarbon chains.

Target factor analysis has been very useful in the study of mixed surfac-

tants. Results show that it is possible to decompose mixed spectra of two strong

overlapping components as long as their pure spectra are different enough.
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Appendix A

1-Hexadecyl-3-

Methylimidazolium

Chloride

The TIR Raman spectra of 1-hexadecyl-3-methylimidazolium chloride

(Figure A.1) at the silica/water interface are given Figures A.2 and A.4. The

spectra were measured with four different polarization combinations. The Raman

measurements of 1-hexadecyl-3-methylimidazolium chloride were to be combined

with conductivity measurements to understand the effects of the bulk solution

on the surfactant adsorption at the silica/water interface.

H3C

N

CHHC

C
N +

_ Cl

(CH2)15CH3

Figure A.1. 1-hexadecyl-3-methylimidazolium chloride
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Figure A.2. Background subtracted and baseline corrected TIR Raman spectra
of 1-hexadecyl-3-methylimidazolium chloride at the silica/water interface with
various solution concentrations. Spectra were collected under the Sx and Sy

polarization combinations.
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Figure A.3. Background subtracted and baseline corrected TIR Raman spectra
of 1-hexadecyl-3-methylimidazolium chloride at the silica/water interface with
various solution concentrations. Spectra were collected under the Px and Py

polarization combinations.
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Figure A.4 shows the adsorption isotherm of 1-hexadecyl-3-methylimidazolium

chloride at the hydrophilic silica/water interface as a function of concentration.

The adsorption isotherm is represented in terms of the integrated CH stretching

area of Raman spectra obtained from the Sy-polarized measurements.

0 . 0 1 0 . 1 1
0
2
4
6
8

1 0
1 2
1 4
1 6
1 8

Int
eg

. C
H a

rea
 (C

ou
nts

. s
-1 . c

m-1 /10
3 )

C o n c e n t r a t i o n  ( m M )

Figure A.4. Integrated CH stretching area of Sy-polarized Raman spectra of 1-
hexadecyl-3-methylimidazolium chloride at the hydrophilic silica/water interface
as a function of concentration.
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Appendix B

Adsorption on the ITO Surface

Figure B.1 shows the cyclic voltammogram (CV) of the ITO coating on

the glass surface at a scan rate of 50 mV/s. These CVs reveal that the ITO

surface is polarizable in the potential range used in the study.
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Figure B.1. Cyclic Voltammogram of the ITO coating at a scan rate of 50
mV/s. The measurements were done in 0.1 M KCl solution.
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The Raman spectra of cetyl trimethylammonium bromide (CTAB) at the

ITO/water interface are given in Figure B.2. The Raman measurements were

performed at the open circuit potential (OCP) of the ITO coating and at -0.3 V

versus the OCP. Figure B.2 shows that the C-H stretching region of the Raman

spectra obtained from these two measurements are insignificantly different. Sig-

nal from CTAB was expected to be altered when an external negative potential

was applied but it did not occur in these experiments. The laser beam might

not have been totally reflected at the ITO/water interface so that the Raman

signal was from surfactant molecules in the bulk solution. A better designed

experiment would improve this kind of measurement.
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Figure B.2. The Raman spectra of cetyl trimethylammonium bromide (CTAB)
at the ITO/water interface.
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