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Abstract

FTIR Study of Structure and Propetrties of
Adsorbed Monolayers of Surfactants at the Air/Water Interface
by

Tao Gao

Adviser: Professor Milton J. Rosen

A new technique -- External Reflection-Absorption (RA) FTIR spectroscopy -
-has been applied to investigate the structure and properties of adsorbed
monolayers of individual surfactants: sodium dodecanesulfonate (C1oSNa),
sodium dodecylsulfate (C4oHS), deuterated sodium dodecylsulfate (C12DS),
dodecyltrimethylammonium bromide (Cq2oN), and their mixtures: C4oHS -
C412oN and C12DS - C4oN at the aqueous solution/air interface. A new method

has been developed for the simultaneous determination of methylene chain

orientation (x) and surface concentration parameter (ky,ax) in adsorbed

monolayers. The average chain orientation angle, y, and the surface
concentration parameter, kyax, of adsorbed monolayers of CqoSNa at the
air/water interface are found to be: x = 38.4 + 3.3° (from the normal to the

interface) and k5% = 0.53 + 0.04 at saturated adsorption from pure water
solution. It is found that the chain orientation angle (38.4 + 3.3°) at the interface
is very close to the chain tilt angle (41°) in crystalline solid. This indicates that

the adsorbed monolayer of C45SNa at the air/water interface has a molecular
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structure similar to that in the crystalline solid.

The phase transition (from LE to G) concentrations determined from RA
spectra are in good agreement with those calculated from surface tension
measurements for surfactants C12SNa, C1oHS, and C12oDS in pure water and
in salt solution. It is observed that saturated adsorbed monolayers of individual
surfactants or equimolar cationic-anionic surfactant mixtures at the air/water
interface have high-ordered all- trans conformation of methylene chains only in
pure water solution. Adsorbed monolayers below saturation coverage in pure
water or in salt solution and saturated adsorbed monolayers in salt solution
have partial gauche conformers in their methylene chains.

The experimental data show that C4oDS has the same surface properties
as C4oHS. This has provided a good basis by using C42DS instead of C{oHS
in surfactant mixtures containing C4 oHS for spectroscopic studies (FTIR, NMR).

The composition of adsorbed mixed monolayers of C1oHS-C1oN and
C12DS-C12N at the air/water interface with different bulk compositions are
determined from RA Intensities, and are in good agreement with those
calculated by use of the non-ideal mixing model. The FTIR study has provided
new evidence that the surface composition in these mixed monolayers remains
at a constant molar ratio of 1:1 at the interface over a large range of molar ratio

in the solution phase.
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CHAPTER 1
INTRODUCTION

1.1 Surface Monolayers

The characteristic properties of surfactants in solution which render their
practical applications such as washing, cleaning, wetting, emulsifying,
dispersing, and foaming depend in all cases on the tendency of these
compounds to accumulate at interfaces between the solution and the adjacent
gas, liquid, or solid phases. It can easily be demonstrated that surfactants are
adsorbed at all types of interfaces. The classical work of Langmuir (1) showed
that a more or less oriented monolayer of surfactant molecules was adsorbed
at the air/water interface. Later contributions have proved that same to hold for
the hydrocarbon/water, oil/water as well as the solid/water interfaces (under
certain conditions, the surface film may be multilayers).

The principal parameters which characterize the state of a monolayer of a

specific compound on aqueous substrate are the temperature (T), the surface

pressure (), and the area per surfactant molecule (A). wis relatedtoyand A

to I' as follows:

T=Y"~Y (1.1)

A=1016TN (1.2)

where 7, is the surface tension of pure water or solvent, in mN/m, yis the




surface tension of the surfactant solution investigated, in mN/m, N is

Avogadro's number, and I is the adsorbed surface concentration in molicm?, A

is the area per molecule, in A2, -

Henri Devaux (2), shortly after 1900, pointed out that molecules in
monolayers could exist in different states, more or less analog as to three-
dimensional liquids, solids, or gases. lt is very clear that various monolayer
states represent different diagrams of molecular freedom or order, resulting
from the intermolecular forces in the film and between the film and the

subphase. It is of great interest to gain information about the interaction

between molecules in the monolayer from the surface pressure - area (x, A)

diagrams.

There are two different, but related, types of monolayers at the air/water
interface: the spread monolayer for water-insoluble surfactants and the
adsorbed monolayer for water-soluble surfactants. In order to study spread
monolayers of water-soluble surfactants, Meader and Criddle (3) used a
concentrated inorganic salt solution, such as 5M NaCl (92% saturated)
solution or 95% saturated NaNOg solution, as the subphase instead of pure
water to investigate properties of polyoxyethylene alkylphenol monolayers. It
is difficult to give a general answer to the question of whether spread and

adsorbed monolayers of a specific substance are comparable and render

identical © (surface pressure), A (area per molecule) diagrams. Ter Minassian-

Saraga (4-6) concluded that the &, A diagrams of spread and adsorbed

monolayers of lauric acid are identical. But with respect to the effect of

dissolved electrolytes in the subphase, no agreement can be observed



3
between spread and adsorbed monolayers of polyoxyethylene n-dodecanols .

For dioxyethylene (or hexaoxyethylene) n-dodecanol spread monolayers, the
expansion is increased by addition of electrolytes (at the same =, the area per '

molecule in 5M NaCl is larger than in H,O), where as with the adsorbed
monolayer, the reverse trend has been reported (7, 8). To explain this
discrepancy, one thing should be kept in mind that spread monolayers, in
contrast to adsorbed monolayer, are not in equilibrium with the subphase.
Kretzchmar and Vollhardt (9) pointed out that equilibrium and non-equilibrium
monolayers behave differently, and consequently, there is no equivalency

between spread and adsorbed monolayers.

1.2 States of Monolayers at The Air/Water Interface
1.2.1. Gaseous Monolayers (G)

The monolayer obeys the equation of state of a more or less perfect two-
dimensional gas, the area per molecule is large compared to actual molecular
areas, and the monolayer may be expanded indefinitely without phase
change. Interactions between the molecules in a gaseous monolayer are so

weak that these interactions don't prevent free mobility of the molecules along
the surface. These &, A diagrams are mainly characterized by the surface

pressure approaching zero asymptotically as area increased (Fig.1.1). The

.ideal two-dimensional gas equation is :

n NA=KT (1.3)

where = is the surface pressure in 103N/m, A is the area per molecule, in m?,
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N is Avogadro's number, and k is the Boltzman constant, 1.38X10-23J/K° mol.
Spread monolayers of water-soluble non-ionic surfactants in most cases are of

gaseous type.

1.2.2. Liquid Expanded Monolayers (LE)
Langmuir (10) proposed the following equation of state for expanded

monolayers:

(r-mg) (A-Ag) =KT (1.4)

where ng corresponds to the spreading coefficient for the hydrocarbon part of

the monolayer molecules on water , i.e.

To = Ywater ~ Yoil ~ Y(water - oil) (1.5)

A, is the limiting value of A at zero surface pressure. These liquid expanded
monolayers tend to extrapolated to a limiting or zero x area of about 50A2.

Characteristically, LE monolayers may show a first-order transition to gaseous
monolayers at low pressures. On compression, a point of fairly sharp but not
abrupt change to a monolayer of much higher compressibility occurs. This
high-compressibility region, called "transition" (Adam), is shown in Fig. 1.1

region Il.

1.2.3.Liquid Condensed Monolayers (LC)



Monolayers in this region are almost close-packed. They have
considerably lower compressibility than LE monolayers, and their & - A curve
undergoes a gradual transition to linearity, reminiscent films. While LC
monolayers ultimately extrapolate to some limiting area (22A2) at zero surface
pressures, that area is usually found to be some 20% larger than the cross-

sectional area of a hydrocarbon chain taken from X-ray data (20A2).

1.2.4. Solid Films (S).
The general appearance of solid films is that of high density and rigid or
plastic phase. This type of films, for example, those of fatty acids and alcohols

at low temperature or with sufficiently long chain lengths on water, may show
quite linear n-A plots. It extrapolates to an area at zero pressure of 20.A2. This
area is probably that of close-packed hydrocarbon chains, and is greater than
the value of 18.A2 obtained from the structure of the three-dimensional

crystals, but can be accounted for as the preferred surface packing (11). A
solid film appears to be quite rigid, but at lower pressure there may be a break

to an LC type of film.(Fig. 1.1).

1.2.5 Transitions Between Monolayer States

The transition from a gaseous monolayer to all more coherent monolayers
(LE or LC), indicated by region | in Figure 1.1, is quite generally present when
surface pressure is getting higher and higher. This is in general a first-order

transition. As a monolayer is compressed, there is a point at which
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intermolecular attractive forces become large enough to pull the film-forming
molecules together into a coherent monolayer. Motomura and co-workers (12,
13) studied phase transitions in adsorbed monolayers at the air/water

interface. They concluded that the phase transition between the gaseous and

the expanded films takes place at the break point on the yvs. m (molality of

surfactant solution) curves for sodium dodecylsulfate,
dodecyltrimethylammonium chloride, and other surfactant soluticns.

A second-well-defined transition region is that between the expanded (LE)
and the condensed (LC) state, indicated by the line Il in Figure 1.1. As an

expanded monolayer is compressed, the transition begins quite sharply with a

- sudden increase in compressibility. This occurs at an area of about 30 - 40 A2

per molecule for most straight chain fatty compounds (14). At that point, the x-

A curve may become nearly parallel to the area axis, as though the areas were
changing at nearly constant surface pressure (general speaking, there is a
slight upward slope). As the area appropriate to the condensed monolayer is
approached, the curve turns upward more steeply, and the fully condensed
region is reached. In condensed monolayers, the molecules have an almost
close packed, well-aligned configuration almost perpendicular to the interface,
while in gaseous monolayers at the liquid/air interface they probably lie nearly
flat and are widely separated. Apparently, in expanded monolayers, the
configuration is in some way intermediate between these extremes. Langmuir
(10) introduced the concept that an expanded film could be thought of as a
very thin liquid phase. The hydrophobic portions of the molecules in an

expanded film are in random, rather than regular, orientation, only the polar



functional groups being constrained to be in contact with the subphase.
Therefore, the transition between the condensed liquid and expanded state
should be accompanied with changes in orientation, conformation, and
packing densities of polymethylene chains of surfactants. These provide good

bases for monitoring the phase transition by using spectroscopic methods.

1.3. General Properties of Adsorbed Monolayers at The
Air/Water Interface
1.3.1. The Gibbs Adsorption Equation and The Area Per

Surfactant Molecule at The Air/Water Interface
Following Gibbs (15) , the adsorption of dilute (i.e., <10'2M) solutions of a

nonionic surfactant, or a 1:1 ionic surfactant in the presence of a swamping
amount of electrolyte containing a common non-surfactant counter ion, at a

liquid/gas (or liquid/liquid) interface is described by :

I’y =- (1/2.303RT) (dy4/dlogC1 )t (1.6)

where T’y is the surface excess concentration in mol./cm2, R =8.314 J/mol.K®°,

and (dy4/dlogC1) is the slope of the surface tension - log of surfactant solution

molar concentration plot at constant temperature, T. Fora 1:1 ionic surfactant

in the absence of any added electrolyte, (1.6) becomes:

Iy = - (1/4.606RT) (dy4/dlogC1)T (1.7)
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The slope of a typical v - logC4 plot is essentially constant below, but near the
critical micelle concentration (cmc). In this region, the surface excess

concentration has reached a maximum value (saturated adsorption) and I'y

calculated from (1.6) or (1.7) is labeled I';5. A simulated relationship

between the surface excess concentration and the bulk concentration of an
ionic surfactant solution in pure water is shown in Figure 1.2.

From the maximum surface excess concentration, the minimum area per

surfactant molecule at the aqueous solution/air interface in A2 can be

calculated from the relationship:

Amin=1016/NT (1.8)
min max

where N = Avagadro's number and I'mgy is in mol/cm2.

1.3.2. The Experimental Evidence for Proving the Gibbs Equation
Although Gibbs published his monumental treatise on heterogeneous
equilibrium in 1875, his work was not generally appreciated until the turn of the

century. It was not until many years later that the field of surface chemistry
developed to the point that experimental applications of the Gibbs equation
became important. Probably the first successful experimental verification of the
Gibbs equation is due to McBain and his co-workers (16) . They adopted the
very direct approach of actually skimming off a thin layer of the surface of a

solution, using a device called a microtome. A slice about 0.1mm thick could



be taken from about 1m2 of surface, so that a few grams of solution were
collected, allowing surface excess determination for aqueous solution of p-
toluidine, phenol, and n-hexanoic acid. Tajima et al..(17) used 3H labeling to

obtain the adsorption of sodium dodecylsulfate, C1oHo5504Na (C42oHS), at
the aqueous solution/air interface. The results agreed very well with the Gibbs
equation in the form of equation (1.7), but including activity coefficient

corrections.

1.3.3. Mixed Surfactant Monolayers

Mixed surfactant systems are of scientific and technological interest; in
industrial applications, surfactants are almost always used as mixtures. Often,
mixtures of surfactants exhibit fundamental and applied properties superior to
those of the pure individual surfactant components. The model proposed by
Rubingh (18) for non-ideal mixed micellar surfactant systems has had the most
use. Rosen and coworkers have extended Rubingh's model to adsorption of
binary mixed surfactants at the aqueous solution/air (19), liquid/liquid (20),
and liquid/hydrophobic solid interfaces (21). The basic equations for
describing adsorption in mixtures of two surfactants at the aqueous solution/air

interface (22) are :

(X1)2In(e.C12/C19X4)
=1 (1.9)

(1-X1)2In[(1-0)C1 2/C20(1-X1)]
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In(aC12/X1C+9)

BC = (1.10)

(1-X4)2

where a is the mole fraction of surfactant 1 in the total surfactant in the solution
phase, i.e. the mole fraction of surfactant 2 equals 1-c.; X4 is the mole fraction

of surfactant 1 in total surfactant in the mixed monolayer; C19, C50, C5 are the

molar concentration of surfactant 1, 2, and their mixture in the solution phase,
respectively, required to produce a given surface tension value; B is the

molecular interaction parameter for mixed monolayer formations at the
aqueous solution/air interface.

Equation (1.9) can be solved numerically from experimental data (o, C1°,

C»5Y, and C4 ) for X4, and substitution of this in equation (1.10) yields the

value of B°.

1.3.4. Interactions in Mixed Monolayers
The molecular interaction parameter, BC, together with the properties of

the individual surfactants are used to predict whether synergism of a particular
type will occur when the two surfactants are mixed and, if so, the molar ratio of

the two surfactants at which maximum synergism will exists and the relevent
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property of the mixture at that point. The interaction parameter Bcdepends

upon the nature of the two surfactants and the interface. Since the value of B"

appears to be related to the free energy of mixing of the two surfactants, a

negative value indicates an attractive interaction between the two surfactants;a

positive value indicates a repulsive interaction. The larger the value of [36, the

stronger the interaction, either attractive or repulsive, between the two

surfactants. A value close to zero indicates little or no interaction, i.e., ideal
mixing. Values of BC, obtained by various investigations, currently range from

+2, a weakly repulsive interaction, to over -30, a very strong attractive force
between an anionic surfactant, such as C{oHo5504Na, and a cationic

surfactant, e.g., C1oHo5N(CHg)3Br.

1.4. Orientation of Surfactant Molecules at the Aqueous

Solution/Air Interface

The idea that unsymmetrical molecules will be oriented at an interface
now is well accepted, because surfactant molecules should be oriented so that
their mutual interaction energy will have a maximum, and the surface energy
will decrease to a minimum. As we know, surfactants have a characteristic
molecular structure consisting of a structural group which has very little
attraction for the solvent (lyophobic group), together with a group which has
strong attraction for the solvent (lyophilic group). This is known as an

amphipathic structure. In an aqueous solution of a surfactant, the hydrophobic
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group of the surfactant will break down the structure of water (such as H-bonds
between water molecules), and increase the free energy of the system. This
means that less work is needed to bring a surfactant molecule to the surface
than that for a water molecule. The surfactant molecule therefore concentrates
at the surface. On the other hand, the presenée of the hydrophilic group
prevents the surfactant from being expelled completely from the solvent as a
separate phase. The amphipathic structure of surfactants eventually causes
not only adsorption of the surfactant at the interface and reduction of the
surface tension of the water, but also orientation of the molecules at the
interface with its hydrophilic group in the aqueous phase and its hydrophobic
group oriented away from it.

From molecular models, the cross-sectional area of a polymethylene
chain oriented perpendicular to the interface is about 20A2 (23). The area per

molecule of C{oHs5803Na (sodium dodecane sulfonate, C{oSNa) at the

aqueous solution/air interface, calculated from surface tension measurements
and equ. (1.8), is about 57A2 in absence of NaCl (24). ltis apparent that the

hydrophobic chains of surfactants adsorbed at the aqueous solution/air
interface are generally not in close - packed arrangement at saturation
adsorption because of the repulsion forces between the charged head groups.

On the other hand, since the cross-sectional area of a methylene chain of
C125Na molecule lying flat in the interface is about 85 A2 (23), it is clear that

the methylene chains of C{ oSNa molecules are not lying flat in the interface,

but with some tilt angle from the normal of the interface.
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1.5. Determination of Structures and Orientations of

Surfactant Monolayers at The Air/Water Interface

Recently, many studies have been conducted on the structures and
properties of water-insoluble monolayers (spread monolayers) at the air/water
interface. Various optical methods have been used to investigate monolayers
in conjunction with surface tension measurements. Kjaer and co-workers (25,
26) studied monolayers of phospholipids and arachidic acid
[CH3(CH»5)1 gCOOH] on the surface of pure water and of salt solutions by
synchrotron X-ray diffraction and reflection method. They showed that there
exists an intermediate phase which is characterized by a long-range
orientational order and a shont-range positional order for phospholipid
monolayefs at the air/water interface. They observed that there is an ordered
phase existing at pressure of between ca. 1 and 25.6 mN/m. In this phase the
methylene chains are uniformly tilted, the tilt angle from the normal decreasing
continuously from 33° to 0° with lateral pressure.

Rasing and co-workers (27) have used an optical second-harmonic
generation (OSHG) method to measure the molecular orientation of a
monolayer of pentadecanoic acid [CH3(CH»o){ gCOOH] near its LE-LC
transition at the air/water interface. The results show that the transition is
accompanied by a reorientation of the molecules and that the two phases are
separated by an inhomogeneous coexistence region on the isotherms. Rasing
et al. (28) have also studied sodium dodecylnaphthalene sulfonate monolayer
at the air/water interface. They showed that the orientation of the naphthalene
groups varies smoothly from about 43° from the normal at low surface pressure

to 30° at higher pressure. The smooth variation in angle was interpreted as the
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absence of a phase transition, in agreement with surface pressure isotherms.
Thomas and co-workers (29) have used a neutron specular reflection

(NSR) method in conjunction with measurements of surface tension to study
structures of decyltrimethylammonium bromide (DTMA) monolayer at the
air/water interface. The results show that the structure of the layer consists of
three regions: the first, hydrocarbon tail chain region, the second containing a
small fraction of chains, the third containing water and a diffuse atmosphere of
counterions. But no orientation information was given. Simister et.al. (30, 31)
have investigated the structure of tetradecyltrimethylammonium bromide
(TTMA) monolayer at the air/water interface.- They showed that for the
saturated monolayer, the mean center-center distribution of chains and heads
was about 7 + 0.5A, as the same as that between chains and water. They also
reported that the mean thickness of the chain region is about 17.5 + 1A fora
uniform layer model which is less than the full-extended chain length.

A particular advantage of the use of vibrational spectroscopic methods to
study amphiphilic monolayers is the possibility of obtaining both
conformational and orientational information simultaneously. Takenaka and
co-workers (32) have used Raman spectroscopy to study structures and
orientation of 4'- dicetylamino-azobenzene-4-sulfonic acid sodium (cetyl
orange) monolayer at the air/water interface. It is shown that the molecules in
the insoluble monolayers show a higher orientation with respect to the vertical
axis as compared with these in soluble monolayers adsorbed at the
watetr/carbon tetrachloride interface, and the orientation angle (between the

chromophores and the normal of the interface) decreases from 45° to 32° with

a decrease in surface area from 56A2 to 29A2
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Dluhy and co-workers (33-35) are the first group who have used FTIR
reflection-absorption spectroscopy to investigate structures and properties of
water-insoluble monolayers at the air/water interface. They have described the
optics of the reflection-absorption process in isotropic phase monolayers, and
subsequently used the frequency shift as the indication of the conformational
and phase properties of polymethylene chains in biological monolayers.
Recently, Fina and Tung (36) have developed an optical model to

describe the reflection-absorption properties from an anisotropic monolayer at
the air/water interface. They have established the relationships between the
average orientation angle, the anisotropic optical constants, and the angle of
incident light. In this thesis | am going to use this optical model, the related
theory, and FTIR reflection-absorption spectroscopy in conjunction with surface
tension measurements to investigate the molecular structures, polymethylene
chain orientations, chain conformations, and surface concentrations of
adsorbed monolayers of water-soluble surfactants (including some surfactant
mixtures) at the aqueous solution/air interface in the presence and absence of
electrolyte in the water subphase. The comparison of all information obtained
from both surface tension and FTIR spectroscopy measurements for ionic and
nonionic surfactants (including surfactant mixtures) allows for a comprehensive
understanding of molecular structural aspects of surfactants at the aqueous
solution/air interface and new insights into the thermodynamic interaction

parameter in bicomponent mixtures.

1.6. The Critical Micelle Concentration (cmc)

After the maximum surface concentration (I'max) is reached, the monomer
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concentration in the bulk phases increases with the addition of more surfactant
to a point where either any additional monomers added aggregate into clusters
called micelles [the concentration of monomers at the point of aggregation
formation is called the critical micelle concentration (cmc)], or an insolubility
limit is reached (if T<Ty, Tk = Krafft point, the temperature at which the solubility
of an ionic surfactant becomes equal to the cmc). When micelles form in water,
the hydrophobic tail of the surfactant is in the interior of the micelle and the
hydrophilic head is on the exterior.

As in adsorption, the reason for micellization is the amphipathic structure
of the surfactant molecule and the main driving force, in aqueous solution, is
an increase in the entropy of the system upon release of the water molecules
from the hydrophobic tails of the surfactant molecules when the tails cluster
together in the interior of the micelle. Israelachivili et al. (37) have introduced
a theory of self-assembly of surfactant molecules which predicts micelle type,
size, and shape, for a given surfactant, and explains the effects of salt,
temperature, and solubilized materials on micellization. Many physical
methods for the detection of cmces in aqueous solution exist, since many
physical properties change abruptly at this point. Among the physical
properties that have been used are: surface tension, interfacial tension,

" osmotic pressure, light scattering, refractive index, and electrical conductance
(for ionic surfactants only). The cmc is taken as the break point in the property -

concentration (of surfactant) curve.
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CHAPTER 2
THEORETICAL BACKGROUND AND OPTICAL MODEL

2.1. Theoretical Background

The classical electromagnetic theory used in the formulation of the
boundary value problem for a planar, optically isotropic muttilayered system
has been fully developed (38 - 43). The equations that describe the
interaction of plane-polarized radiation with an N-phase system of parallel,
optically isotropic layers can be derived from Maxwell’s equations by taking
into account the continuity requirements of the electric and magnetic field
vectors. Shopper (44) has proposed a theoretical model and the relationship
between the reflectance and the anisotropic structure for an anisotropic
monolayer film. Figure 2.1 is a basic physical description of the anisotropic
three-layered sample as an optical model. The parameters of the model are
defined as following: (a). The axis system defines z direction as the normal to
the plane of the water/air interface, x and y in the plane, and the y coordinate
is perpendicular to the plane of incidence. Therefore, radiation with
perpendicular polarization (s-polarization) has only a vector component of
electrical field in y direction, while parallel polarization (p-polarization) has
both x and z components. (b). The optical properties of the anisotropic

monolayer are characterized by the complex refractive indices:

fiy = ny -iky (2.2)
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where ny, ny, and n; are the x, y, and z components of the real refractive index
(R), respectively, and ky, ky, and k, are the x, y, and z components of the
absorption coefficient (k), respectively. (c). The ambient atmosphere and the

liquid substrate are assumed to be isotropic: nq = 1.0, kq = 0.0,
fio = No -iko (2.4)

Also defined are the angle of incidence (64), the monolayer thickness (d), p-

polarized (Ep) and s- polarized radiation (Es). The phase constants are

written in terms of the anisotropic constants as:

ag2 - bg? = ny2 - k,2 - n42sin26 (2.5)
agbg = ny ky (2.6)

ap2 - bp2 = (ny2 - ky2) A-2ny kB (2.7)
2 ag by =2 ny kA +(ny2 - k,2) B (2.8)

where

A=1-n42sin204 (n,2 - k,2)/(n,2 +k,2)2 (2.9)
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and

B = 2 ny2sin204 n, k,/(n,2 + k,2)2 (2.10)

Calculation of the Fresnel reflection coefficients for an oriented monolayer

on an absorbing isotropic substrate can be performed from the phase

constants as:

ris=(nqcoséq - ag + ibg)/(n1cosdq + ag - ibg) (2.11)

r1p = [y, 2cos0q - ng (ap - ibp)/ [ﬁyzcose1 +1q (8 - ibp)] (2.12)
rog = (ag - ibg -ioc0s05)/(ag - ibg +fiocosB o) (2.13)

rop = [fip (ap - ibp) - fiy2cos8,) [fip (ap - ibp) + fiy2cos8] (2.14)

The reflected amplitudes are then found from the relationship:

r={rq + roexp[-2i(a-ibmJ}{1 + ryroexp[-2i(a-ibjn]} (2.15)

where 7 = 2n(d/A), with d = Icosy (monolayer thickness), | = all-trans chain

length, % = angle between the chain axis and the surface normal, and A =

wavelength. The appropriate subscripts can be inserted into equation (2.15)

to determine rp and rg. Finally, the reflected intensities are found from:
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R=(r) (r) (2.16)
where r* is the conjugate complex of r. The reflection-absorption (RA) from an
anisotropic monolayer can be calculated from RA = -log (R/Rg), where R is the
reflectance from the three-phase system, and Ry is the reflectance from a pure

water (or salt solution) surface. Rgg and Rpp, are found from:
ros = (X1 - X2)/(xq + x2) (2.17)

fop = (ﬁ22X1 - ﬁ12X2)/ (ﬁ22X1 + fiq 2X2) (2.18)
with x; = fijc0s0;.

2.2. Modeling of Molecular Chain Anisotropy
Figure 2.2 shows the axis used in this optical modeling system. It

contains a representative molecular chain, angles that define the chain in axis

system (o, B, 3, %), a representative dipole moment of the chain (M), and an
angle between the chain axis and the dipole moment (®). In the case of
uniaxial symmetry about the Z axis, the angle o and B are equal and o can be

calculated from x, the chain orientation angle, by:

o = cos "1 (cos n/4cos(n/2 - x)) (2.19)

Both the real (n) and imaginary (k) parts of the refractive index can be defined
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in the laboratory frame of reference. The real part in n treated as an axially
symmetric ellipsoid with its principal axes coincident with the laboratory frame.

The relationship between the anisotropy in n and the chain orientation is:

Ny = Ny = N}ayC0S20. + NipjnCos(w/2-oc) (2.20)

n,= nmaxcoszx + nmincosz(ulz-x) (2.21)

where npax @and npin are the refractive index components parallel and
perpendicular to the axis and Ny,y,z are the components along the principal
axes of the ellipsoid. In order to find the components of the refractive index, a
knowledge of njax @and npip is required. This treatment does not consider
the effect of the orientation distribution function on the refractive index
components. However, the effect on the problem considered here is minor,
particularly in the case of a small anisotropy in the refractive index for a
system of perfectly aligned chains.

The principal axes components of the absorption coefficient (k) for the
oriented monolayer, kx,y,z can be related to the laboratory frame, the chain
orientation angle, the dipole moment angle, and the orientation distribution

function with the following equations modified from the original (45):

kx = Ky = kmax{[Pa<cosy>sin2®}/2 + [1- Pp<cosy>)/3} (2.22)



22

K, = Kmaxi Po<cosy>cos2® + [1 - Po<cosy>)/3} (2.23)

The angle x and ® are defined in Figure 2.2. Po<cosy> is the second moment

of the orientation distribution function and is equal to (3<cos2y> - 1)/2. kpax

is the absorption coefficient for a collection of completely aligned chains and
is the parameter that is proportional to the molecular concentration of the
monolayer.

Three assumptions are made about the monolayer chain orientation:

a. An uniaxial orientation about the axis that is normal to the air/water
interface, and no preferred orientation about the chain axis. Polymethylene
chains may rotate freely about the vertical axis (the surface normal).

b. All polymethylene chains have an all-trans planar zigzag conformation.

c. An orientation angle distribution function characterized by a delta function,
all chains are located at the same angle from the surface normal.

A combination of the various parameters discussed, i.e., the chain
orientation dependence of the refractive index (eqns. 2.20 and 2.21), the
principal axis components of the absorption coefficient with orientation (eqns.
2.22 and 2.23) and eqns. (2.5) - (2.18) permit quantitative calculations of the

polarized reflection-absorption intensities (RAp and RAs).

2.3. Modeling Results

A typical example of s- and p- polarized intensities versus chain
orientation angle (y) is shown in Figure 2.3. The calculations are performed

using the following parameters that are the same as in the experiments
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presented later. These are: 1). an incident light angle of 30° for both s- and p-
polarized light (angle between the light propagation direction and the surface

normal direction), 2) a substrate consisting of pure water with optical constants

n=1.415 and k = 0.0163 at 2920cm"1 (47), 3) a dipole moment directed

perpendicular to the chain axis (® = 90°) with no preferred orientation around

the chain, 4) a uniaxially symmetric distribution of chain axes, 5) a kg value
of 0.30 where kmax = 3Kigotropic: @Nd 6) @ monolayer thickness that depends
on the chain orientation. For an all-trans polymethylene chain of a sodium

dodecanesulfonate molecule (CqoSNa), the monolayer thickness of 17.8 A is

obtained by using the standard bond lengths and bond angles at x = 0°. The
angle-dependent monolayer thickness (d) is determined by d = 17.8X1 0-8cm

cosy. This assumes that a change in thickness is due to orientation rather
conformation. From Figure 2.3, some features are shown for this type of
experiment: 1) the intensities are negative throughout the i range, 2) the p-

polarized RA intensity (RAp) is always larger than s- polarized RA (RAs), 3)

both RAs and RAp decrease as the chain axes lie down toward to the plane of
the interface (with increase in ¢ angle).

The RA intensities shown in Figure 2.3 also depend on k54 Which is
related to the surface concentration of the surfactant in the monolayer. For
water-soluble surfactant solutions, monolayers are formed at the water/air
interface by adsorption of surfactant molecules from the bulk solution to the
interface, and the surface excess concentration can be calculated from the

Gibbs adsorption equation (1.6). Apparently, the chain orientation is affected
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by the surface excess concentration of the surfactant molecules. Thus, we are
able to change the surface excess concentration by change of the surfactant
solution concentration to investigate the chain orientation in the monolayer.
Both variables, surface concentration and chain orientation angle of surfactant
- molecules in the monolayer, need to be determined from RA intensities in

order to find either one individually.

2.4. Method for Simultaneous Extraction of Variables

In order to determine both surface concentration and orientation
simultaneously, two experimental RA intensities are required for a calculation
procedure. RAs and RAp from the same infrared peak and sample monolayer
are the obvious choices because these intensities are derived from the same
Kmax @and chain orientation. The problem can be solved in a variety of ways.

A nonlinear least-squares refinement procedure can be used to minimize the
difference between calculated and observed intensities when kyox @nd x are
varied. However, alternative methods have been used based on their

simplicity. The methods use the relationship between k4, X @nd the p- and

s- polarized RA intensities shown in Figure 2.4 and 2.5, respectively. The

curves were calculated using the same parameter values as those used to
calculate Figure 2.3. At any given value of %, an approximately linear

relationship exists between k45 and the RA intensities for both polarizations.

From the linearity, the experimental intensities are used to calculate s-and p-

Kmax values at all angles x. The true value of y is obtained by minimizing the

difference between s- and p- kipax (Akmax). This also leads to a
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determination of kmax, the surface concentration-related variable. The model

intensity data shown in Figure 2.3 are used to test the procedure with kyjax =

0.30 for all . Intensities calculated at ¢ = 0, 20, 40, 60, and 80° were used as
the input experimental intensities in refinement procedure and Aky 4y Versus
X curves generated. The results are shown in Figure 2.6. In each case, the

correct orientation angle y and k5% (=0.30) values are obtained.

An examination of the ratio of polarized intensities (RAp/RAs) is instructive
in that no calculations are necessary and qualitative interpretations about the
chain orientation are directly available. Figure 2.7 shows plots of the ratio
(RAp/RAs) versus ¢ for several k4 values varying from 0.13 (top) to 0.50

(bottom). The plot clearly shows the influence of changes in surface
concentration (Kp,5x) and chain orientation (x) on RAp/RAs. The ratio is

particularly insensitive to orientation with respect to a fixed k5% value in the
0 - 20° angular range and sensitive in the range of 40 - 80°,due to the cosine-
squared dependence of intensity on orientation. The figure can be used
qualitatively in the following way: Assume a decrease in RAp/RAs is observed
experimentally as a result of a decrease in the bulk surfactant concentration.
The surface concentration in the monolayer, and therefore kyax, Will either
remain constant (surface concentration in saturated adsorption range) or
decrease (surface concentration is unsaturated) in the monolayer as a result
of the above process. According to Figure 2.7, a decrease in RAp/RAs

coupled with a constant or decreasing ki, indicates that the orientation
angle x increases.

An improvement in the sensitivity of the calculations in the 0 - 20° range of




26
% can be implemented by using the intensity ratios RAp2/RAs or RAp3/RAs
rather than RAp/RAs. In Figure 2.8, one of the curves from Figure 2.7

(RAp/RAs) with a kg Value of 0.30 is plotted (top). also shown are RApZ/RAs

and RAp3/RAs. The intensities of the latter two have been normalized to be
coincident with the RAp/RAs curve at ¢ = 0°. The increased sensitivity of the
higher order intensity ratios in a y prediction is clear from the magnitude of the
ratio change and suggests that the simultaneous determination of k55 and x

will benefit from an increase of number of i in RApi/RAs. A new calculation

procedure was designed and is as follows: Using experimentally determined

RAs and RAp values and Figures 2.4 and 2.5, s- and p- kg values are
calculated as well as the average k5 at every x. At each average kmax (),
RAs, RAp, and RAp/RAs are calculated. The calculated ratios are compared
with the experimental ratios and the difference minimized to find x. An
example of the resuits of this procedure is shown in Figure 2.9 where the
calculations are based on input values of y = 20° and k5« = 0.30. One of the
curves from Figure 2.6 is duplicated in Figure 2.9. All four methods correctly

predict the x and k54 values used as input. However, the differential

sensitivity in the solution for the higher values of i in RApi/RAs is much higher
than others. Based on this and other modeling calculations, the remainder of

the work presented in this thesis uses PAp3/RAs for the simultaneous

determination of k55 and .
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Table 2.41.Effect of Error in Experimental intensity
Measurement on x and kmayx-Prediction

Assumed lculated Val
Values +1% change in Rp -1% change in Rp
kmax x(°) 2C) Pkmax Skmax %) Pkmax S-kmax
02 80 79 0.190 0.190 81 0.212 0.212
03 70 | 69 0.288 0.288 71 0.313 0.314
04 60 59 0.387 0.387 61 0.415 0.415
05 650 49 0.488 0.486 51 0.514 0.516
06 40 38 0575  0.574 41  0.612 0.614
0.7 30 28 0.681 0.678 32 0723 0.725
08 20 17 0.780 0.777 22 0.814 0.819
09 10 3 0.884 0.879 14  0.919 0.924

10 O 0 1.010 1.000 9 1.016 1.021

]
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Table 2.42 Results of Error in Experimental Intensity

Measurement on y_and kmay Prediction

Assumed Calcuiated Values

Values +5% change in Rp -5% change in Rp
kmax x() ’ ) PKmax  SKmax x() P-Kmax  S-kmax
0.2 80 76 0.167 0.167 86 0.352 0.355
0.3 70 66 0.248 0.248 76 0.406 0.407
04 60 54 0.329 0.328 66 0.505 0.507
0.5 50 43 0.418 0.414 56 0.598 0.598
0.6 40 31 0.507 0.500 47 0.708 0.718
0.7 30 18 0.608 0.597 38 0.800 0.818
0.8 20 0 0.739 0.718 30 0.897 0.920
0.9 10 0 0.914 0.877 24 0.997 1.024

1.0 0 0 1.049 1.000 21 1.092 1.123
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The effect of errors in measurement of RA intensity on the calculations of

Kmax and x is shown in Tables 2.4.1. and 2.4.2. Errors in intensity
measurements occur frequently due to baseline variations. The calculations
in Table 2.4.1.and 2.4.2 are based on the assumed values of kyax @and
given in the first two columns. The RA intensities are determined from them
and then g, s-, and p-ky5x are calculated with the indicated levels of error
imposed on RAp while RAs is held constant. Generally speaking, the
predicted values of y are more accurate with large % and the accuracy of the

predicted k5 Values does not change as the assumed value of kyax

changes.

2.5. Simulation of Reflection - Absorption Spectra

The frequency ( or wavenumber) of infrared absorption of the methylene
stretching vibrations has often been used as an indication of conformational
content in chain molecules (47-49). A question that arises in the use of the
reflection-absorption technique is: do the optics of the experiment result in any
peak shifts or band distortions relative to standard transmission spectroscopy?

In the past, specular reflection techniques have been shown to produce as
much as a 15 cm™1 shift in carbonyl stretching peak of poly(methyl

methacrylate) as compared to the transmission mode (50). In order to
examine for the presence of band distortion or frequency shifts associated
with the reflection - absorption experiment, simulated spectra are calculated
from the optical constants of sodium dodecanesulfonate. The optical

constants are found from the solid surfactant dispersed in a KBr matrix by
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using a combination of a Krames-Kronig transform and spectral modeling with
Fresnel coefficients. Polarized reflection-absorption spectra of an isotropic
monolayer surrounded by air on one side and water on the other side are
calculated for a thickness of 10.5A. The results are shown in Figure 2.10 and
compared with the experimental transmission spectrum. The peak positions

derived from the spectra (by 3-point quadratic interpolation of resolution =

2cm™1 data files) are shown in Table 2.5.1. The average magnitude of all

shifts is +0.28cm™1 and the maximum shift is +0.7cm™1. No shifting results

from using different polarizations. Figure 2.10 indicates that band distortions

as a result of the experimental optics are negligible.
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Table 2.5.1 Peak Position Comparison of Transimission with

I

T o .
(in KBr), (cm'1)

Simulated RA

RA, (em™T) RAg(cm™1)

Assignment

2957.4

2919.5

2872.1

2850.1

2958.1

2919.9

2872.0

2850.7

2958.1

2920.0

2872.0

2850.7

CHg asymmetric (vg)
CHp asymmetric (vg)
CHg symmetric (vg)

CHo symmetric (vg)
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CHAPTER 3
EXPERIMENTAL

3.1. Materials

Sodium dodecanesulfonate (C12Ho5S03Na) and lauryl sodium sulfate
(C12H25504Na) both of >99% purity were purchased from Research Plus
Inc., Bayonne, NJ.

Dodecyitrimethylammonium bromide (C12oHogNCgHgBr), >99% purity
was purchased from Sigma Chemical Compény, St. Louis, MO.

Dodecyl-ds 5 sodium sulfate (C15Do5504Na), 98% deuterated was
purchased from Cambridge Isotope Laboratories , Woburn, MA.

Sodium chloride, lithium chloride, and sodium bromide for increasing the
total ionic strength of surfactant solutions are analytical grade reagents (J.T.
Baker Chemical Co., Philisberg, NJ). Each salt was baked in a porcelain
casserole for several hours at red heat to remove traces of organic
compounds which may affect the surface properties of the studied surfactants.

The water used for preparation of surfactant solutions is first deionized
and then distilled twice, the last time from alkaline permanganate solution

through a 3-ft-high Vigreaux column with a quartz condenser and receiver

(specific conductivity 1.1X106 mho cm-1 at 25.0°C).

3.2 Surface Tension Measurements
All surface tension measurements were made by the Wilhelmy vertical
plate technique, using a sand-blased platinum plate of ca. 5-cm perimeter.

Instruments were calibrated against quartz-condensed water each day that
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measurements were made. The plate was suspended from a dial-type
torsion balance capable of being read to 0.2 mg (ca. 0.04 mN/m). All solution
to be tested were immersed in a constant temperature bath at the desired
temperature (25.00+ 0.02°C), and aged for at least 30 minutes before
measurements were made. Set of measurements were taken at 20-minutes
intervals until no significant change occurred.

Before being used for surface tension measurements, aqueous solutions
of anionic surfactants (sulfonates and sulfates) were further purified by
passage four times through minicolumns of octadecylsilanized silica gel (52)
to remove any traces of impurities more surface active than the parent
compound. The concentration of anionic surfactant in the effluent from these

columns was determined by two-phase titration with Hyamine 1622 (53, 54).

3.3. Dynamic Surface Tension Measurements

The maximum bubble pressure method was used to measure the
dynamic surface tension of surfactant solutions (55). The maximum bubble
pressure apparatus consists of a gas-feeding system and a bubble pressure
and frequency measuring sysiem. The gas used to produce bubbles is No.
The pressure variation in the capillary during bubble formation is monitofed
by a pressure transducer. The output from the pressure transducer is fed into
an IBM personal computer with a “Notebook” software. Both the bubble
frequency and the maximum bubble pressure are measured. Pure water (see
chapter 3.1) was used as the standard substance to obtain the calibration
factor (voltage to surface tension). The calibration is checked each day . The
relative error in the reproducibility of the dynamic surface tension values of

the surfactant solutions-is about 1%.
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3.4. Monolayer Preparation
A Teflon trough was immersed in a mixture of HNOg and HoSOy4 (1:10

ratio) for about 30 minutes for cleaning. The Teflon trough was rinsed in tap
water, then quartz-condensed water. The clean Teflon trough was filled with
12.5 ml of a surfactant solution studied at the ambient temperature (25 + 1°C),
and an adsorbed monolayer of the surfactant allowed to form at the air/water
interface. A time of 30 minutes of equilibrium was allowed for surfactant

molecules to diffuse to the interface before the measurement was carried out.

3.5. Spectroscopy

Single external reflection-absorption FTIR spectra of surfactant
monolayers at the aqueous solution/air interface were obtained with a Digilab
FTS-60A FTIR spectrometer coupled with a monolayer/grazing angle
accessory (Specac 19653). The experimental optical arrangement for
observing the reflection-absorption spectra of an adsorbed monolayer at the
air/water interface is shown in Figure 3.1. The incoming radiation was
polarized (p- or s- polarization) with a Au wire grid polarizer (Perkin-Elmer,
Norwalk, CT). The angle of incidence IR beam is 30° from the surface normal.

Figure 3.2 and Figure 3.3 show some spectra of the same C4oSNa
monolayer at different incident angle (0). It is apparent that increase in the

incident angle results in an increase in the intensity of signal and as well as
noise. In order to get both strong intensity and good signal-noise ratio
simultaneously, 30° incident angle is selected for both p- and s- polarizations

in all experiments. All the spectra are collected by coadding 4096 scans at 8

cm™ resolution with a narrow-band liquid No cooled HgCdTe (MCT) detector.
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One level of zerofilling yields a data increment of 4 cm~1. Final reflection-

absorption spectra are generated by dividing a polarized single beam
reflectance spectrum of the surfactant monolayer by a same polarized single
beam reflectance spectrum of quartz-condensed water (or corresponding salt
solution without surfactant) and taking the negative Iogarithni All spectra are
transferred to a VAX Cluster for spectral manipulation and processing. The
computer programs “PLT” and “PLOTTER?" written by Dr. Fina (Department of
Materials and Engineering, Rutgers University) and standard Digilab software
available on the FTS-60A computer were used to obtain band frequencies

and spectral plots.

3.6. Baseline Determination

The primary source of inaccuracies in the determination of experimental
intensities is baseline fluctuations. In the reflection-absorption experiment,
baseline fluctuations are minimized by using exactly the same optical path for
the sample and the reference (background). The height and the curvature of
the surface of the surfactant solution (or the pure water) can dramatically

affect the optical path. Figure 3.4 shows the changes in height of the
C4oSNa (C = 4.0X10°3 M) solution and pure water in the Teflon trough during

the experiment time at room temperature of 25 + 1°C and relative humidity of
60%, due to evaporation of water. It is observed that both surfactant and
water solution have the same water evaporation rate, and the decrease in the
height of solution is directly proportional to the experimental time (about 0.5
mm per hour). An example of the effect of changes in height on the reflection-

absorption spectra is shown in Figure 3.5. The spectra are produced using
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the negative log(lo/l1) where |4 is a single beam reflectance spectrum of pure
water at time tg, and I is a single beam reflectance spectrum of the same
water attimet (t =1, 2, 3, 4, 5 hours, respectively). In this case, the change in
the height of water surface with the time interval t-1 is due to water

evaporation. The bottom spectrum with t - t5 = 5 hours has ARA = 0.006 in

methylene stretching region. Considering the fact that 0.006 is in the same
intensity range as typical experimental RA intensities, a procedure should be
designed to minimize this effect. Single beam sample spectra are ratioed

with all reference (background) spectra. The “correct” ratio is visually
determined by the elimination of baseline curvature in the 3050-2800 cm1
region. Figure 3.6 shows a representative RA spectrum of C{oSNa
monolayer (C = 4.0X1 03 M, in pure HoO, s-polarized ), the spectrum has a

very good signal-noise ratio and a smooth baseline in the C-H stretching

region.

3.7. Experimental Reproducibility and Errors
Figure 3.7. shows the reproducibility of The RA spectra of the adsorbed
monolayers of C45SNa at the aqueous solution/air interface in pure water

solution. The spectra are taken for four surfactant solution samples with the
same bulk concentration, C = 4.00X10°3M, and at different time. Al the IR

parameters are kept constant. It is observed that all four spectra have a good
reproducibility in both the peak intensity and the frequency in the C-H
stretching region of methylene groups. The data on peak intensities (heights)

and frequencies in this region are listed in Table 3.7.1. ltis found that the
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Table 3.7.1.
i r RA intensi
Erequency Measurements

sample v (C-H) vg (C-H)

number H(mm) RA{(X10°3) Wnq(cm™!) H(mm) RA5(X10°3) Wny(cm™1)
1 56.0 4.10 29171 400 293 2848.8

2 54.0 3.96 2917.4  38.0 2.79 2849.1

3 53.0 3.89 29175  38.0 2.79 2849.0

4 53.0 3.89 29172 385 2.82 2849.2

RA{ = (3.96 + 0.10)X10°3; RA, = (2.83 + 0.07)X10°3

Wn{ =2917.3 £ 0.2cm™1; Wny = 2849.0 + 0.2cm"!
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intensity measurement has a relative percent error of 2.5%, and the frequency
measurement only about 0.02% (+0.2 cm-1 ). ltis clear that the accuracy of

measuring peak frequencies is much greater than that of measuring RA
intensity, thus the small change in peak frequencies is more significant than

much larger change in RA intensity.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1. Anionic Surfactant - Sodium Dodecanesuifonate

(C12H25503Na)

4.1.1. Static (Equilibrium) Surface Tension Measurements

Plots of the surface tension, v, of aqueous solutions of C45H25S0gNa

(C12oSNa) vs. log of their solution concentration, in mol/dm3, in pure HyO,
0.1M NacCl, 0.5M NaCl, and 0.1M LiCl solutions at 25.00 + 0.02°C are shown

in Figure 4.1.1. From this Figure, the surface pressure, x, in mN/m, the area

per molecule (A), in A2, the surface excess concentration at the interface, I, in

mol/cm?, were calculated using equations (1.1), (1.2), (1.6), and (1.7). The

data of &, v, and A at various bulk surfactant concentrations in pure Hs0, 0.1M

NaCl, 0.6M NaCl, and 0.1M LiCl solutions are listed in Table 4.1.1., 4.1.2.,

.4.1 3., and 4.1.4., respectively. Figure 4.1 2 is a diagram of surface pressure
vs. area per molecule for C4oSNa in pure HoO, 0.1M NaCl, 0.5M NaCl, and
0.1M LiCl solutions. Comparing these curves with Figure 1.1., we may
conclude that the states of all the adsorbed monolayers of C{oSNa at the
aqueous solution/air interface with various total ionic strengths at the
saturated adsorption can be classified as liquid expanded monolayers (LE). |
From Figure 4.1.2, it is also observed that there exists a phase transition point
(Cy) for each of the adsorbed monolayers of C1oSNa in aqueous solutions

between the LE and gaseous (G) states, when the area per molecule abruptly



Table 4.1.1 ,
Data on v, n, and A for C4 oHo 58 O3Na

in_Pure H,O Solution (25.0°C)

c (M) logC ¥ (MmN/m) 7 (mN/m) A (A2)
2.69X102  -157 39.0 33.0 B
2.34X102  -1.63 39.0 33.0 R
1.17X102  -1.93 40.0 32.0 56.7
5.89X103 -2.23 47.8 24.2 56.7
3.71X103 243 54.0 18.0 56.7
3.16X10-3 -2.50 55.8 16.2 64.0
2.40X103 262 59.2 12.8 72.8
1.74X103 276 62.4 9.6 88.0
1.17X103  -2.93 65.7 6.3 122.0
6.31X104  -3.20 68.4 3.6 182.0

* above the cmc.
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Table 4.1.2
Data on v, n, and A for C4 oHo5SQO3Na
in_0.1M NaCl Solution (25.0°C)
C (M) logC v (MN/m) & (mN/m) A (A2)
2.95X103 253 35.8 36.5 >
2.40X10°3  -262 35.8 36.5 -
1.32X10°3  -2.88 41.4 30.9 44.0
7.94X104  -3.10 45.8 26.5 44.0
5.25X10"4  -3.28 50.3 220 44.0
3.71X10%  -343 53.3 19.0 49.0
2.63X104 358 563 16.0 52.6
1.07X104 397 62.4 9.9 64.9
7.58X10®  -3.28 64.7 7.6 71.2

* above the cmc.
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Table 4.1.3
Data on v. &, and A for Cq pH25503Na
in_0.5M NaCl Solution (25.0°C)
C (M) logC v (MN/m) « (mN/m) A (A2)
3.98X104  -3.40 | 38.0 35.0 415
2.63X10°4 358 42.2 30.8 41.5
1.35X104  -387 49.2 23.8 415
8.91X10°  -4.05 52.8 20.2 42.9
6.31X10°  -4.20 56.3 16.7 46.9
4.26X10°  -4.37 59.1 13.9 52.3
2.69X10°  -457 62.8 10.2 60.3
178X105  -475 65.3 77 707
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Table 4.1.4
Data on v, 7. and A for Cq oHp5SO3Na
N 1 °
C (M) logC ¥ (mN/m) x (MmN/m) A (A2)
3.55X103 245 37.2 35.1 46.8
3.00X103 252 37.2 35.1 46.8
1.48X103  -2.82 42.4 29.9 46.8
1.12X10°3 295 44.9 27.4 46.8
5.60X10°4 325 51.0 21.3 47.4
2.80X104 355 57.0 15.3 50.7
1.40X104  -3.85 62.3 10.0 54.6
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changes from A in to @ higher value. It is interesting to note that the phase

transition points for all of the four different solutions are at a surface pressure,

=, of about 20mN/m. In fact, values of C; of all of the four surfactant solutions

are very close to their Coq. Rosen (22) has indicated that when the surface
(or interfacial) tension has been reduced by 20mN/m, the surface
concentration is 84-99.9% saturated, and pCo( is @ measure of the standard
free energy of adsorption. Thus, the bulk concentration of surfactant required
to depress the surface (or interfacial) tension of the solvent by 20mN/m,Co,
is not only a good measure of the efficiency of adsorption of the surfactant, but
also an indication of phase transition between LE and G phases of adsorbed

monolayers at the aqueous solution/air interface.
The data of cmc, I'max: Amin. @and Cq for C4oSNa in pure Ho0, 0.1M

NaCl, 0.5M NaCl, and 0.1M LiCl are listed in Table 4.1.5. These data are
consistent with those reported by Dahanayake (24) and Rosen (22). It is seen
that the surface excess concentration increases with increase in the total ionic .
strength of surfactant solutions, and the area per molecule on the absorbed ‘
monolayer at the aqueous solution/air interface consequently decreases.
This results in increasing adsorption at the interface because of the decrease

in repulsion force between the oriented charged head groups at the interface.
It is noteworthy that the value of I'yj5% for C12SNa in 0.1M NaCl solution is
larger than that in 0.1M LiCl, even though Li has a smaller atomic radius than
Na. It means that C{oSNa solution has stronger adsorption at the aqueous

solution/air interface in 0.1M NaCl solution than in 0.1M LiCl. This

phenomena may be explained by the difference between the hydrated ion
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Table 4.1.5

Surface Properties of C4oHs 55 OgNa Solutions (25.0°C)

medium cme Teme Tmax Amin N
(M) (mN/m) (X101 mol.lem?)  (A2) (M)

pure HoO  1.25X102 325 2.95 565  3.0X10°3
0.IMNaCl 2.50X10-3  36.0 3.85 440  3.7Xx10™4
0.5M NaCl - >37.0 3.85 415  9.0X10™°
0.IMLICI  2.69X103  35.1 3.55 468  4.0X104
apure HoO  1.24X102 330 2.93 56.7 -
a0.1MNaCl 2.47X10-3  36.4 3.76 44.2 -
40.5M NaCl S 870 3.85 415 -

* Cty = phase transition concentration.

** solubility too low to determine cmc.

a, data from reference (24)
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radii of Na* and Li* in aqueous solution. Because Na* has a smaller charge
density in aqueous solution, and consequently a smaller hydrated ion radius
than Li*, Nat is more tightly bounded with surfactant anion (C42S7), and

therefore, C4oSNa molecules appear to be more effectively adsorbed at the
interface than C4oSLi. Table 4.1.5 also shows that C45SNa solution in 0.1M

LiCl has a larger cmc than in 0.1M NaCl due to the same reason.

4.1.2. Dynamic Surface Tension and Kinetic Adsorption
Figure 4.1.3 is a plot of dynamic surface tension (maximum bubble
pressure method) vs. log of the surface age (bubble lifetime). The data are

listed in Table 4.1.6. The static surface tension (Wilhelmy method) of
1.2X 10"2M C1oSNa aqueous solution at different measurement times was

also measured. The data are listed in Table 4.1.7, and the plot of surface
tension vs. measurement time is shown in Figure 4.1.4.

The generally accepted physical model of adsorption kinetics at the
aqueous solution/air interface consists of a two-step process. The first step is
the diffusion of surfactant molecules in the bulk phase up to the subphase
close to the interface. It is caused by the concentration gradient produced by
the adsorption of surfactant molecules at the very beginning of the process.
The subphase is not fixed; it is defined as the place from where molecules
can be adsorbed without further transport. The second step can be described
as the transfer step of molecules from the soluted to the adsorbed state and
vice versa. Both steps proceed simultaneously. Depending on the rates of

the processes the adsorption is diffusion-controlled if the first step is much



Table 4.1.
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Dynamic Surface Tension Data of C4 oHp 5SO3Na_Solution”

lime dynamic surface tension (mN/m)
0.05 sec. 56.3
0.10 sec. 54.6
0.16 sec. 54.0
0.24 sec. 53.5
0.30 sec. 53.3
0.50 sec. 52.9
1.00 sec. 52.5
2.60 sec. 52.4
3.30 sec. 52.2
6.00 sec. 51.8
10.0 sec. 51.4
21.4 sec. 51.0
50.0 sec. 50.3
1.0hr 40.5

* maximum bubble pressure method, at 25.0°C, C = 5.0X1 0-3M.

** Static surface tension (Wilhelmy method)




Table 4.1.7

Data on Surface Tensions of Cq oHp 5SO3Na_Solution”

time surface tension (mN/m)
5 min. 42.6

20 min. 40.5

35min. 39.8

50 min. 39.5

65 min. 39.1

80 min. 39.1

100 min. 39.1

*Wilhelmy method, at 25.0°C, and ¢ = 1.2X10"2M in pure water.
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slower than the second one and kinetically-controlled in the opposite case. If
the rates of both steps are of the same order, we speak about a mixed
diffusion-kinetic-controlled adsorption process.

Ward and Tordai (56) presented a physical model of such a process,
based on the first and second diffusion laws. They derived the following

equation for the process:

r=2(Dm)1/2[cyt/2. f:C(O, t-1) d(z1/2)] (4.1)

where I = surface concentration at the interface, in mol./cm2;

D = diffusion coefficient of surfactant molecule, in cm2/s;
t = time, in seconds.

Cq = surfactant bulk concentration, in mol./cm3,

T = variable.

Hansen (57) has discussed the theory of diffusion-controlled adsorption.
The general solution, which includes adsorption and desorption, has two
limiting cases which can be compared to experiment corresponding to the
initial (short time) adsorption and the final (long time) adsorption for systems

obeying the Langmuir isotherm. For the short time approximation,
(Yo-1)/Cq = 2RT (D) 1/2 11/2; (4.2)

for the long time approximation,
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TYaq. =2 RT/[Cq (TIDY)1/2] (4.3)

where yéq_ = equilibrium static surface tension of the
surfactant solution investigated, in 1075 N/cm;

Yo = surface tension of the solvent, in 107 N/cm;
Y= dynamic surface tension of the surfactant solution

investigated, in 105 N/em;

R = gas constant, equal to 831 N.cm/K°mol;
T = absolute temperature, in K°.
Using these equations and experimental data, we can calculate the apparent

diffusion coefficient, D. Comparing the calculated D value with the
reasonable value (~1076 cm2/s), we are able to determine whether or not the

adsorption is diffusion-controlled.

The calculated short time approximation D value for the C1oSNa solution
is about 1.7X 10°7 cm2/s. This value is much smaller than the regular

diffusion value. Therefore, the adsorption of C1oSNa in pure HoO solution
may not be completely diffusion-controlled.

Figure 4.1.4 shows that it takes about 1 hr. to reach the equilibrium
surface tension value for a 1.2X10"2M C4oSNa aqueous solution. Figure
4.1.5 is a plot of reflection-absorption intensity of the adsorbed monolayer of

C12SNa at the aqueous solution/air interface from various bulk

concentrations vs. the measuring time. General speaking, it also takes about
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30 minutes to reach a constant RA intensity for all of the C1oSNa solutions.
Figure 4.1.6 and 7 are plots of peak frequency shifts from the equilibrium

frequency vs. the equilibrium time in the asymmetric C-H stretching band
(2920cm-1) and the symmetric stretching band (2850cm1), respectively.

Within experimental error, 30 minutes of equilibrium time is an acceptable
period for reaching equilibrium for the adsorbed monolayers of C4oSNa at

the water/air interface.

4.1.3. Orientation of CqoSNa Molecules at the Aqueous
Solution/Air Interface in Pure HoO Solution

Figure 4.1.8 is a diagram of a tilted C4oSNa molecule at the air/water

interface. This diagram explains vibration directions of the symmetric (vg) and
asymmetric (vg) C-H stretching modes in methylene groups (-CH»-) and S-O
stretching modes in sulfonate group (-SOg37) relative to the chain axis . Itis

noteworthy that both vg and v, of methylene groups are perpendicular to the

chain axis and orthogonal to each other.

Figures 4.1.9(a) and (b) are p- and s-polarized reflection-absorption
spectra of C4oSNa in pure HoO in the C-H stretching bands at various bulk
concentrations. Spectra are plotted as a function of decreasing surfactant
solution concentration from bottom to top. The measured peak intensities
from IR spectra are listed in Table 4.1.8. The RA intensity vs. log of the bulk
concentration is shown in Figure 4.1.10. From Table 4.1.8 and Figure 4.1.10.,
it is seen that both intensities of the symmetric and asymmetric bands remain

constant to a good approximation as the bulk concentration is above the
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phase transition point. The phase transition concentration determined from

FTIR spectrais in the range of 2.86X10°3M. ltisina good agreement with the

value of 3.0X10"3M from the surface tension measurements (Table 4.1.5).
The average chain orientation angles predicted from the polarized
intensities using the higher frequency asymmetric stretching peak (292Ocm‘1)

for different bulk concentration of C45SNa aqueous solutions are also listed
in Table 4.1.8. At the saturated adsorption, the average orientation angle of
methylene chains of C{oSNa at the aqueous solution/air interface is 38.4 +
3.3°, and the absorption coefficient of the monolayer, k5% = 0.528 + 0.035.

Table 4.1.9 lists data of orientation angles of methylene chains of some
similar compounds (including C1oSNa) at different interface or in the
crystalline solid. It is interesting to find that the chain tilt angle (41.3°) of
C12SNa molecules determined by X-ray crystallography (58) in triclinic
crystals is almost the same as the orientation angle (38.4 + 3.3°) at the
air/water interface. This result may indicate that the structure of a saturated
adsorbed monolayer of CqoSNa (with close packing) at the aqueous
solution/air interface is very similar to that found in solids of C1oSNa
crystallized from its supersaturated aqueous solution.

Another important observation is the change in peak frequencies of the
C-H stretching bands with bulk concentration. The frequency and width of the
CHo stretching bands are sensitive to the gauche/trans conformer ratio and
hence, the average amount of disorder in the methylene chains. The
increase in wavenumber is partly due to the increase in gauche conformers

(59), and partly due to the decrease in the density or packing state of the
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Properties of Adsorbed Monolayers of CqoHs5SO3Na

at The Aqueous Solution/Air Interface In HyQ

cx103M  BApx103  BAsx10®  BApRAs  x(?)  A(A?)
10.0 6.45 4.05 1.61 40 57
8.76 6.40 4.00 1.60 41 57
5.60 6.50 4.00 1.65 30 57
4.48 6.30 4.00 1.58 41 57
3.58 6.30 3.95 1.59 42 57
2.86 3.53 2.30 1.56 48 65*
1.87 2.67 2.00 134 - 96
1.00 2.00 1.60 1.25 - 127
c Ya(C-H) vs(C-H) ¥a(S-0) v5(S-0)
(X103M) (cm™1) (cm™) cm1) cm™ )
10.0 2917.2 2849.0 1167.2 1037.6
8.76 2917.3 2848.9 1167.0 1037.6
5.60 2917.2 2848.8 1167.2 1037.5
448 2917.3 2849.0 1166.8 1037.6
3.58 2917.3 2849.1 1167.0 1037.4
2.86 2920.0 2851.0 1166.6 1036.8*
1.87 2921.0 2852.0 1164.8 1036.3

* phase transition concentration region
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Table 4.1.9
Data_on Orjentation Angles of Polymethylene Chains

substance surface x(°) method ref.
CHg3(CHy)15SH gold 40 IR (reflectance) 1
C12Ho5S03Na crystals 37 X-ray diffraction 2
C42Ho5805Na  ( triclinic crystals) 41 X-ray diffraction 3
4C1oH05-C1gHgSO3Na water 43 OSHG* 4
C12Hs5S03Na water 384133 RA (FTIR)** 5

a. sodium 1-dodecylnaphthalene-4-sulfonate.

*OSHG = optical second harmonic generation.

** RA = reflection-absorption spectroscopy.

References:

1. Nuzzo, R.G., J. Am. Chem. Soci., 112, 558(1990).

2. Saito, E. et. al. , Colloid Interface Sci., 3, 771(1972).

3. Lingafelter, E.C. et. al. , Acta Cryst., 3, 257(1950).

4. Rasing, T. et. al. , Phys. Rev,, A31, 537(1985).

5. Tung, Y.S., Gao, T. Fina, L.J., and Rosen, M.J. , Appl. Spectros., accepted for

publication.
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methylene chain (60). Change in frequencies of these bands have been
used to characterize the process of micellization as a function of
concentration of alkanoates (61), the coagel to micelle transition (critical
micellization temperature) (62, 63), and the pressure-induced micelle to
coagel transitions of surfactants (64) and phospholipids (65). The data on
frequencies of CHo stretching bands in adsorbed monolayers of C4oSNa at
the air/water interface with various bulk concentrations are listed in Table
4.1.8. Atthe saturation adsorption, the bulk concentration is above the phase

transition point, both frequencies of the asymmetric and symmetric stretching
C-H bands remain at constant values (2917.2cm'1 and 2848.9cm"1). These
values are lower than the corresponding values determined from

transmission spectra of C4oSNa in a KBr pellet (2919.50m'1 and 2850.1

cm‘1). One possible reason for the higher values in the KBr pellet of

C12SNa is the change in the conformation of methylene chains caused by
the mixing and grinding process with KBr powder.

The low frequencies of the CHy stretching bands in saturated adsorbed
monolayers at the aqueous solution/air interface indicate that the methylene
chains of C45SNa molecules at the air/water interface are very ordered with
all-trans conformation. This implies that all carbon atoms of the chain are
coplanar. The all-trans state is conducive to the closest packing of an
assembly of chains due to strong interactions between methylene chains in
the monolayer at the interface. The peak frequencies of the C-H stretching
bands increase with decrease in bulk concentration when the bulk

concentration is below the phase transition point. In this case, the distance
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between methylene chains of C4oSNa molecules in the monolayer is not
close enough (area per molecule increases) to keep methylene chains very
ordered, and more and more gauche conformers are formed. Theoretically, a
bond can rotate from a trans angle to one of two gauche angles with an
energy absorption of about 0.5 kcal/mol (66). After trans-gauche rotation, the
carbon atoms of a methylene chain are no longer coplanar, the chain is “bent”
and takes up a larger monolayer area.

In chapter 2.4, we have already discussed the method for simultaneous
extraction of the orientation angle (x) and absorption coefficient (kmax) Which
is related to the surface concentration. The saturated surface excess

concentration (I';max) 0f C12SNa monolayer in pure water is determined from

the plot of surface tension vs.log C (Fig. 4.1.1.) as 2.93X10"10 mol./cm?

(Table 4.1.5). This value can be compared with the surface concentration
calculated from reflection-absorption data. The conversion of kg to surface
concentration is done in the following way: A reference point (one-point
standardization method) is needed where both values of bulk k5% @and
concentration of C1oSNa are known. Solid CqoSNa dispersed in a KBr

matrix is used for this purpose. The k54 value of the asymmetric methylene
stretching band (2919.5cm‘1)is found by first determining kisotropic using a

Kramers-Kronig transform and second, kyax = 3kjgo. An average of three
independent trials using finely ground powder yields kjgg = 0.234, and
therefore, kypgx = 0.702 for C1oSNa crystal. The bulk concentration of solid
C12SNa is calculated from its molecular weight (272.4 g/mol) and the density.

The density of C{oSNa is measured by a flotation method using mixtures of
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1,4-dioxane and carbon tetrachloride. The density of C{oSNa is measured

as 1.21g/cm3, and the bulk concentration of solid C15SNa is then calculated

as 4.44.X10°3 mol./cm3. The ratio of the k5 values of the adsorbed

monolayer and the solid crystals of C{oSNa is 0.528/0.702 = 0.752. Since
the Kmax ratio is directly proportional to the concentration ratio, using the one

point standardization method, the three-dimensional concentration of the

monolayer is Cg = 4.44X1073mol/cm3 X 0.752 = 3.34 X103 mol/cm3. In
order to compare this value with the surface concentration (I'y,5«) obtained

from surface tension data (I'max = 2.93X1 0-19 mol/cm?), a conversion from
the three-dimensional concentration, Cq, to the two-dimensional
concentration (surface concentration), Cg, should be done in the following
way:

Cg = Cp (3.34X10°3 mol/cm3) X d (thickness of the monolayer, in cm), where
d=1X cos %, | = 17.8X10"8cm (molecular length of C12SNa, calculated from
the standard bond lengths and bond angles), and y, chain orientation angle,
is 38.4°. Therefore, d = 13.9X10°8cm, and Cg = 3.34X10"3mol/cm3 X
13.9X10°8cm = 4.66X10°10 molicm?2. The surface concentration, Cg=
4.66X10°10 mol/cm?2, predicted by this method is reasonably close to the
Imax» 2.93X1 0-10 mol/em2, calculated from the surface tension data, having

the same order of magnitude. But, the former one is 1.59 times larger than

the latter.
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An obvious source of error in the conversion of k¢ value to surface

concentration is the use of k5% value from C4oSNa in KBr. A considerable
amount of grinding and mixing is required to obtain absorption independent
of particle size and mixing time. This process undoubtedly destroys the
crystal structure of C4 oSNa and introduces a fraction of gauche conformers
into methylene chains. Evidence for the presence of gauche conformation in
the KBr matrix is seen from changes in frequencies of methylene stretching

bands. As corhpared with the adsorbed saturated monolayer, the asymmetric

C-H stretching frequency of C{oSNa in KBr is shifted 2.1 cm-1 higher, and the

symmetric stretching one, 1.1 cm-1 higher. The introduction of gauche

conformers in the C42SNa in KBr reduces the k54 0f the methylene
stretching peaks from the all-franskmpax. This effect at least partly
compensates for the higher surface concentration predicted from the infrared
data.

Another potential source of error in the determination of orientation and

concentration is the assumption that the monolayer thickness varies only as

the cosy. Although this assumption seems reasonable, there is no direct

evidence to prove it. The effect on the problem will, of course, depend on the
actual nature of the thickness change. Penfold and his co-workers (67) have
studied the structure of aqueous tetramethylammonium dodecylsulphate
(TMDS) solutions at the air/water interface using specular reflection of
neutrons. They reported a staggered structure of the adsorbed monolayer,
the fraction of methylene chains included in the head group region at

completion of the monolayer is 0.15 which corresponds to about 2 of 11 CHo
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units. Because of the structure similarity of TMDS and C42SNa, the
adsorbed monolayer of C4oSNa at the air/water interface may also have the
similar staggered structure, and this will cause a big changes in the thickness
of the monolayer and as well as in absorption coefficient of the monolayer.

Thirdly, the distribution function of chain orientation angles may not be a
mathematical delta function as assumed in the calculations. Model
calculations using orientation distribution functions other than a delta function
indicate that the derived chain orientation and k54 values are only weakly
influenced by increases in the half-width of the distribution function.

The last possible source of error in the determination of surface
concentrations is the quantitative method of one point standardization. Beer’s
law is successful in describing the absorption of dilute solutions. At high
concentrations (usually > 0.01M), the average distance between the species
responsible for absorption is diminished to the point where each affects the
charge distribution of its neighbors. This interaction, in turn can alter their
ability to absorb a given wavelength of radiation. Because the extent of this
interaction depends upon concentration, the occurrence of this phenomenon
causes deviation from the linear relationship between absorbency and
concentration. Using a multi-point calibration method (calibration curve) is

much better for the purpose of quantitative analysis.

4.1.4. Adsorbed Monolayers of Cq{5SNa at The Air/water
Interface in 0.1M and 0.5M NaCl Solutions
Because of the limitation of the solubility of C1oSNa in NaCl solution (the
common ion effect), the bulk concentrations of surfactant studied in NaCl

solutions are much lower than those in pure water solution. The spectra of
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adsorbed monolayers of C{oSNa at the aqueous solution/air interface in
0.1M NaCl solutions are shown in Figure 4.1.11. Changes in RA intensities in
the C-H stretching region of the polymethylene chains with changes in
surfactant bulk concentrations in 0.1M NaCl solution are shown in Figure
4.1.12. The data of RA intensities of C4{oSNa monolayers at the interface in
both the symmetric and asymmetric C-H stretching regions in 0.1M NaCl
aqueous solutions are listed in Table 4.1.10. The same trend of the change in
RA intensity with bulk concentration in 0.1M NaCl as in pure water is

observed. At saturation adsorption (above the phase transition point), the RA

intensity remains basically constant (3.2X10'3), and after the phase transition

point, the RA intensity decreases with decrease in bulk concentration. The

phase transition concentration found from the surface tension measurements
is about 3.7X10°4M (Table 4.1.2.), in good agreement with that, 4.0X10"4M

(Table 4.1.10.), determined from the change in RA intensities. Figures
4.1.13(a) and (b) are plots of RA spectra of the adsorbed monolayers of
C12SNa at the aqueous solution/air interface in 0.5M NaCl solution. Figure
4.1.14. is a plot of the RA intensity versus log of bulk concentration. Data of
RA intensities in the C-H stretching region of methylene groups in 0.5M NaCl
solution are listed in Table 4.1.11. The change in RA intensity with bulk
concentration for C4oSNa monolayers in 0.5M NaCl solution has a slightly
different pattern: The RA intensities of both the symmetric and asymmetric
stretching modes decrease continuously with decrease in bulk concentration.
This may be attributed to the continued change in polymethylene chain
conformation in the monolayer with decrease in bulk concentration. We will

discuss this later. The phase transition concentration range found from the
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Table 4.1.10.
Properties of Adsorbed Monolayers of C4oHo5S03Na_
at The Aqueous Solution/Air Interface in 0.1M NaCl

CX104(M) BApX103  BAsXi0® BApBRAs  x(9®  A(A?)

10.0 3.20 2.00 1.60 41 44
8.00 3.10 1.93 1.60 45 44
6.00 3.10 1.95 1.59 45 44
4.00 2.30 1.47 1.56 50 49*
2.00 1.33 1.00 1.33 - 57
1.00 1.00 0.80 1.25 - 4 67
03 vg(C-H) vs(C-H) v5(S-0) vs(S-0)
(X10%4M) em1) cm1) (cm1) (cm1)
10.0 2920.5 2851.0 1169.5 1039.5
8.00 29206 2851.1 1169.2 1039.3
6.00 2921.0 2851.4 1169.4 1039.3
4.00 2923.9 2854.0 1169.2 -
2.00 2924.6 2855.0 - -
1.00 29255 =~ 28562 i -

* phase transition concentration region

a. see page 64 for the explanation
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Table 4.1.11.

cx104(m) BApx103  RAsx10®  BApBAs xC@  AA?)

2.63 2.00 1.44 1.39 83 42
1.77 1.87 1.38 1.36 55 42
1.29 1.76 1.33 1.32 57 42
0.63 1.34 1.04 1.29 - 47*
0.45 1.26 1.00 1.26 - 52
(0] v5(C-H) vs(C-H) v4(S-0) Vg(S-0)
(X104M) cm1) cm™1) cm'1) em1)
2.63 2920.2 2850.2 1173.6 1043.0
1.77 2920.3 2851.0 1 72.7. 1043.0
1.29 2920.8 2851.3 1173.0 -
0.63 2921.0 2851.8 - -
0.45 2920.5 2851.5 - -

* phase transition concentration region

a. see page 64 for the explanation




63

change in RA intensity (relatively large decrease) is between 1.29X10"4 and

6.3X10°5M. ttisin good agreement with 8.91 X1079M determined from the

surface tension measurements (Table 4.1.3)

The data on peak frequencies in the C-H stretching region of
polymethylene chains in 0.5M NaCl solution are also listed in Table 4.1.11. It
is observed that peak frequencies of both the C-H symmetric and asymmetric
stretching bands of C41oSNa monolayers at the interface in 0.6M NaCl
solutions continuously increase with decrease in bulk concentration. The
continuous change in conformation of methylene chains (more and more
gauche conformers are formed) results in continuous decreasing in RA

intensity (Chapter 4.1.5.will give a detailed explanation).

The frequency (2920.5cm’1) of the asymmetric C-H stretching band and

the frequency (2851 .Ocm'1) of the symmetric mode of methylene groups of
C125Na in the monolayer at the interface in 0.1M NaCl solution are much
higher than the corresponding ones (2917.30m'1 and 2848.8cm-1,

respectively) in pure water solution at saturation adsorption, and so are those
frequencies in 0.5M NaCl solution. This indicates that at saturated
adsorption, a fraction of gauche conformers is present in the methylene
chains of C{5SNa in adsorbed monolayers at the aqueous solution/air
interface in salt solutions compared with the all-trans conformation of
methylene chains in pure water solution.

Average chain orientation angles calculated from the previous optical
model and assumptions for adsorbed monolayers of C1oSNa at the aqueous

solution/air interface in 0.1M NaCl and in 0.5M NaCl are listed in Tables
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4.1.10. and 4.1.11, respectively. One thing should be mentioned here is that
all the calculated chain orientation angles are based on three previous
important assumptions (Chapter 2.2), and one of these assumption is: all-
trans conformation of methylene chains in adsorbed monolayers.
Unfortunately, this assumption is not valid in these cases (C1oSNa in salt
solutions). Actually, because a relative large amount of gauche conformers
are involved in the structures of methylene chains in the monolayers at the
interface in salt solutions, methylene chains of surfactant are present at a
random manner, and the chain orientation angle has no real meaning in

these cases.

4.1.5. The Effect of Salt Concentration on Structures of
Monolayers of Cq;oSNa at The Air/Water Interface.

As mentioned above in Chapter 4.1.1., addition of electrolyte (NaCl) to
C12SNa solution decreases the repulsion force between the charged head
groups, by compressing the electrical double layers at the aqueous
solution/air interface, and consequently increase adsorption at the interface.
This process éhould result in an increase in RA intensity and decrease in
average chain orientation angles.

Figures 4.1.15 shows the differences in RA spectra of the adsorbed
monolayers of 6.24X104M C1oSNa at the interface in pure water and in
0.05M NaCl aqueous solution with s-polarization. Figure 4.1.16. shows the
differences in RA spectra of monolayers of 1.1X10"4M C42SNain 0.1M and

in 0.5M NaCl aqueous solutions with s-polarization. From these Figures, it is

apparent that at the same bulk concentration, the RA intensity increases with
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an increase in the total ionic strength of surfactant solution, and the peak
frequencies of the symmetric and asymmetric C-H stretching bands of
methylene groups decrease with an increase in the total ionic strength of

solutions. The RAp intensity of the asymmetric C-H stretching mode of the

adsorbed monolayer of 1.0X10"3M C4oSNa in 0.1M NaCl aqueous solution
at the saturation adsorption is 3.2X10-3 (Table 4.1.10.), where as the RAp

intensity in pure water is only 2.0X10°3 (Table 4.1.8.) at unsaturated

adsorption. The addition of 0.1M of NaCl to the surfactant solution also

decreases the frequency of asymmetric C-H stretching mode in the
monolayer at the air/water interface from 2922 5¢cm1 10 2920.5cm™1. This

means that polymethylene chains of C{oSNa in the adsorbed monolayer at
the interface in 0.1M NaCl solution are more ordered than that in pure water
solution with the same bulk concentration (less gauche conformers are
involved in methylene chains in 0.1M NaCl solution).

Figure 4.1.17 shows the change in methylene chain conformation with
bulk concentration in pure water and 0.1M NaCl solutions. It is observed that
at the same bulk concentration, the frequencies of both the symmetric and
asymmetric C-H stretching modes decreases with increase in the total ionic
strength of surfactant solution.

From surface tension measurements (Table 4.1.5.), it is known that the
surface excess concentration of C1oSNa at the aqueous solution /air
interface in 0.1M and 0.5M NaCl solutions are much higher than that in pure
water solution at saturation adsorption. When we compare the RA intensity

data in Table 4.1.8 (pure water solution) with those in Tables 4.1.10 and
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4.1.11 (in salt solutions), a question arises: why are the RA intensities of
C12SNa monolayers in salt solutions always smaller than that in pure water
solution at saturation adsorption?. From the previous optical model (36), it is
established that the RA intensity of adsorbed monolayers at the interface

depends on the thickness of the monolayer (as a function of the chain
orientation angle x) and the absorption coefficient (k;,5x) of the monolayer,

which is related to the surface concentration as well as conformation of

methylene chains in the monolayer. In all-frans conformation, the thickness of

the monolayer can be calculated from the formula: d=lcosy, because |, the

length of an extended molecule, is fixed, and the kp, 4 is proportional to the
surface concentration (packing density). When a fraction of gauche
conformers is introduced into the structure of methylene chains in the
monolayer, the situation becomes relatively complicated. Firstly, the
thickness of the monolayer is related to both chain orientation angle and
chain conformation. Introduction of gauche conformers into the
polymethylene chains produces “bent” and non-coplanar structures into the
methylene chains, and consequently decreases the lengths of molecule
chains and the thickness of the monolayer at the interface. Secondly,
gauche conformation has even more significant effects on the absorption
coefficient of the monolayer. Mantsch and his coworkers (63) have studied
the temperature-dependence of the methylene chain modes of sodium
hexadecyl sulfate (SHS) and sodium dodecy! sulfate (SDS). When the

temperature arises from 38°C to 43°C, the peak frequency of the symmetric

C-H stretching mode of 0.2M of SHS solution increases from 2850.5cm"1 to
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2851.5cm™1. The peak height of the asymmetric mode decreases drastically

from §5.5mm in 38°C to 33.5mm in 43°C. The intensity is decreased about
40%. This indicates that conformationally disordered methylene chains with
a high content of gauche conformers (such as found in liquid hydrocarbons)
have much smaller absorption coefficient , kyax, than that with all-trans
conformationally ordered methylene chains.

In conclusion, because gauche conformers are present in the structures
of methylene chains in the adsorbed monolayer at the aqueous solution/air
interface in salt solutions, the absorption coefficient as well as the thickness of
the monolayers are decreased considerably. Therefore, the RA intensity of
the adsorbed monolayer at the interface is decreased. In fact, the calculated
values of average k5% of the monolayers in pure water, 0.1M, and 0.5M
NaCl solutions are 0.528 + 0.04, 0.353 + 0.05, and 0.323 + 0.02, respectively.
This is consistent with our prediction.

Table 4.1.12 summarizes the data on peak frequencies of the C-H
stretching bands of methylene groups in the crystalline state, and in the
adsorbed monolayers in pure water, 0.1M, and 0.5M NaCl aqueous solutions.
In Chapter 4.1.4., it was noted that the frequencies of both the symmetric and
asymmetric C-H stretching bands of polymethylene chains of C1oSNa
monolayers in 0.1M NaCl (or 0.5M NaCl) at saturated adsorption are higher
than the corresponding ones in pure water solution, indicating that the
structures of adsorbed monolayers in salt solutions are different from that in
pure water solution.. Increasing the total ionic strength of surfactant solutions
(with the same bulk concentrations) decreases the peak frequencies of C-H

stretching bands. This is due to increasing the surface concentration and



68
decreasing fraction of gauche conformers in the structure of methylene
chains in adsorbed monolayers at the interface. But from our observation, it
seems that the effects of addition of electrolyte to dilute surfactant solution in
pure water (up to 0.5M NaCl) are not strong enough to change thoroughly the
structure of methylene chains in the adsorbed monolayers at the interface
from partially disordered gauche conformation to highly ordered all-trans
conformation. Figure 4.1.18. diagrams suggested structures of the adsorbed
monolayers of C4oSNa at the aqueous solution/air interface with various bulk
concentrations in pure water and in salt solution. It shows that even though
high surface concentrations of surfactant at the air/water interface are
reached in salt solutions, the polymethylene chains at the interface still have

plenty of disordered gauche conformers.

4.1.6. RA Spectra of Adsorbed Cq{5SNa Monolayers at The
Air/Water Interface in the S-O Stretching Region

Figures 4.1.19. and 4.1.20. are the RA spectra of adsorbed monolayers of
C12SNa in the S-O stretching region in pure water, and in 0.1M NaCl solution,
respectively. Frequencies of the symmetric and asymmetric S-O bands in pure
water, 0.1M, and 0.5M NaCl solutions are listed in Table 4.1.8., 4.1.10., and
4.1.11, respectively. Table 4.1.12. also summarizes the data on frequencies of
the S-O stretching bands in adsorbed monolayers at saturation adsorption in
pure water, 0.1M, and 0.5M NaCl solutions.

From these Tables and Figures, it is observed that peak frequencies of both
the symmetric and asymmetric S-O stretching bands in adsorbed monolayers at
the air/water interface basically remain constant at saturation adsorption in pure

water and salt solutions. The RA intensity in the S-O stretching region looks like
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Table 4.1.12
Peak Frequency for the C-H and S-O Stretching Bands of
C12H25503Na in Crystalline and Adsorbed
Monolayers at the Water/Air Interface
Structural Stretching Crystalline Monolayers (cm™1)
group mode KBr(cm'1) [HoO 0.1M NaCl 0.5M NaCl]
-CHo- Vg 2919.5 2917.3 2920.5 2920.2
Vg 2850.1 2848.8 2851.0 2850.2
-SO3- Vqa 1174.0 1167.2 11695 1173.0
1045.0 1037.56 1039.5 1043.0
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showing the same trends as in the C-H stretching region (because of the
difficulty to obtain a correct base line, we didn’'t measure the peak intensity in
the S-O region). But the change in peak frequencies of the S-O stretching
bands with bulk concentration is in the opposite direction compared with the C-
H stretching region. Both frequencies of the symmetric and asymmetric S-O
stretching bands decrease with decrease in bulk concentration when the bulk
concentration is below the transition point. Mantsch et.al. (63) have indicated
that both the frequencies and band shapes in the region of S-O modes differ
considerably among the individual alkali hexadecyl sulfates, and the behavior
is determined to a large extent by the different electrostatic interaction and
counterion binding in these solid surfactants. The greater the interaction
between the negatively charged head groups, the higher the peak frequency.
When the bulk concentration is below the phase transition point, the surface
concentration at the interface decreases with decrease in bulk concentration.
Therefore, the repulsive force between the charged head groups at the
interface decreases with decrease in bulk concentration, and consequently, the
peak frequencies of the S-O stretching modes decrease. In fact, both the

symmetric and asymmetric S-O stretching bands have the highest frequencies
(1174 and 10450m‘1) (68) in crystalline solids.

From Table 4.1.12, it is also observed that both peak frequencies of the
symmetric and asymmetric S-O stretching modes increase with an increase in
the total ionic strength of surfactant solution. As mentioned before, the addition
of electrolyte to ionic surfactant solution decreases the repulsion force between

the charged head groups in the adsorbed monolayer, thereby bringing more

counterions (Na™) in close contact with the head groups at the interface. For
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example, the Debye length, which is proportional to the diffuse layer thickness,
decreases from 30A in the absence of electrolyte to about 10A in 0.1M NaCi
(22). Since the transition moment vector for the symmetric mode points normal
to the interface (Fig. 4.1.8) towards the diffuse double layer, the increase in
frequency is consistent with an increase in counterion interaction (69, 70).

The change in the asymmetric mode, which are expected to be very
sensitive to surfactant - surfactant interactions, is caused by the crowding of the
sulfonate head groups. The increased crowding of the sulfonate head groups
produces a local site symmetry lowering which leads to increased splitting of
the asymmetric modes, i. e. a more solid -like character of the spectra. As the
result, the frequency of the asymmetric modes also increases with increase in
surface concentration. These results are consistent with those reported by

Weers and Scheuing (71) for C41oHS micelles.

4.2. Cationic Surfactant - Dodecy! Trimethylammonium Bromide,
C12H25N*(CHg3)3Br" (C4oN)

4.2.1. Surface Properties from Surface Tension Measurements
Data on v, =, I, and A of C4oN in pure water and in 0.1M NaBr solution at

various bulk concentrations are listed in Table 4.2.1. and 4.2.2., respectively.

Table 4.2.3. summarizes data on cme, Teme Tmax: @nd Amqin of C1 2N in pure

water, 0.1M, 0.5M, and 1.0M NaBr solutions. Figure 4.2.1. shows plots of

surface tension versus log of bulk concentration of C4oN in pure water and
0.1M NaBr solutions. Figure 4.2.2. is plots of surface pressure vs. area per
molecule of C4oN in pure water and 0.1M NaBr solutions. These data are

consistent with those reported by Tanaka (72) and Rosen (22).
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Table 4.2.1
Data on v 7. I, and A of Cq oHp gN(CH3)3Br
In_Pure H»,OQ Solution (25.0°C)

C logC Y T r A
(X103M) . (mN/m) (mMN/m) (X109 mol/cm?) (A2)
20.0 -1.70 38.0 34.0 - - -+
14.0 -1.85 30.4 32,6 3.22 51.6
10.0 -2.00 44.4 27.6 3.05 54.5
7.00 -2.15 49.1 22,9 2.73 60.7
5.00 -2.30 53.8 18.2 2.44 68.0
2.50 -2.60 61.0 11.0 1.84 90.2

1.75 -2:75 63.7 8.3 1.54 108

* above the cmc.
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Table 4.2.2
Data on v. z. T, and A of C; oH5 sN(CH3)3Br
M NaB o

C logC Y T r A
(X103M) (mN/m)  (mN/m) (X1019 mol/cm?) (A2)
10.0 -2.00 36.0 36.3 - .
4.00 -2.40 37.6 34.7 3.51 47.3
3.16 2,50 38.4 33.9 3.42 48.5
2.00 -2.70 43.0 29.3 3.29 50.5
1.00 -3.00 48.6 23.7 3.02 55.0
0.56 -3.25 52.8 19.5 2.74 60.5

* above the cmec.




74

Table 4.2.3
Surface Properties of Cq{oHosN(CH3)3Br Solutions (25.0°C)

Subphase cme Teme Imax Amin
(X103M) (mN/m)  (X1019mol/ecm?)  (A2)
pure Ho0 16.0 33.6 3.19 52.0
0.1M NaBr 4.25 36.5 3.45 48.0
0.5M NaBr 1.50 39.0 4.00 41.5
1.0M NaBr 1.00 40.0 4.05 41.0
pure HyO 155 34.0 3.22 51.6
ap.1M NaBr 4.22 36.3 3.51 47.3
20.5M NaBr 1.45 38.7 4.04 41.1
a{.0MNaBr 0.91 40.4 - 4.05 41.0

a8, data from reference (72)
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From these data and Figures it is observed that adsorbed monolayers of
C12oN at the aqueous solution/air interface have some properties in common
with monolayers of CqoSNa: the state of the adsorbed monolayers at saturated
adsorption may be classified as liquid expanded monolayers (LE), and the
addition of electrolyte (NaBr) decreases the cmc of the solution, increases the
surface pressure and adsorption, and consequently, decreases the area per
molecule at the interface. But C42oN solutions have a slightly different surface
propenrty: the curve of surface tension vs. log of bulk concentration does not
have a clear linear region. It implies that when the bulk concentration is below

the cmc, the adsorption at the interface continuously increases with increase in
bulk concentration up to the cmc, the slope of the y-logC curve decreases

smoothly with decrease in bulk concentration, and therefore, no sharp phase

transition point was found.

4.2.2. Surface Properties of Cq{oN Monolayers at The
Aqueous Solution/Air Interface from RA Spectra

Figure 4.2.3. is a representative spectrum of the adsorbed monolayer of
C4oN at the aqueous solution/air interface in pure water solution. Comparing
this spectrum with Figure 3.6, it is clearly seen that the spectrum of the
adsorbed CqoN monolayer has relatively stronger absorption in the C-H
stretching region of methyl groups, because there are four methyl groups in a
C 12N molecule, whereas a CqoSNa molecule only has one terminal methy!
group. The IR band assignments in the C-H stretching region for the methylene

chains and methyl groups are listed as follows:
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wavenumber (cm™1) assignment
2957 Vg CHg
2920 Vg, CHop
2902 v, CHg (?)
2877 Vg, CHg
2850 vg, CHop
2820 v, N-CHg

The peak near 2902cm™1 appears in compounds containing tertiary carbon

atoms connected to 3 CHg groups, such as 2,2,4-trimethylpentane, or N atoms
connected to methyl groups, Ikike 2,2-dimethyl ethylamine (73). Figures 4.2.4.
and 4.2.5. show plots of RA spectra of the adsorbed monolayers of C1oN with
various bulk concentrations in pure water solution. Data on RA intensities, peak
frequencies (wn) of the symmetric and asymmetric C-H stretching bands of
methylene groups as a function of the concentration of C1oN are listed in Table
4.2.4.

From Figure 4.2.5. and Table 4.2.4. it is observed that when the bulk
concentration is below the cmc, the RA intensity continuously decreases with

decrease in bulk concentration. The surfactant solution concentration of
2.0X10"2M is above the cmc (1 .5X10'2M), and this solution has a higher RA

intensity than other solutions. Peak frequencies of the C-H stretching modes of
methylene chains basically increase with decrease in bulk concentration.

Szulzewsky and his coworkers (74) have studied the crystal structure of
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C12oN using x-ray crystallography. They have found that the methylene chains

in C4oN crystals are statistically disordered, and slightly screwed around their

chain axes; the area per molecule is 18.7A2, and the tilt angle of the chain axis

with the (100) plane is 67°.

Bursh and his coworkers (75) have studied the relations between the
structure in crystalline state and properties of bilayers and monolayers on the
basis of systematic structure investigations. They have found that there exist
some analogies of the behavior of the three-dimensional crystals of long chain
compounds and their two-dimensional mono- or bilayers because of
comparable intermolecular interactions within the layer planes, and crystal
structure determinations may be used to elucidate the molecular structure and
the principles of molecular arrangement of the monolayer.

Simister et al.. (30) have studied the structure of the adsorbed monolayer of
tetradecyitrimethylammonium bromide (C4 4N) at the air/water interface by a
neutron reflection method. Lee and his coworkers (76) have reported
staggered structures of adsorbed monolayers of tetradecyltrimethylammonium
bromide (C44N) and decyltrimethylammonium bromide (C1gN) at the air/water
interface. They have reported that in order to fit a saturated monolayer model,
the thickness of the chain region is 17.5 + 1A for C4 4N, which is less than the
fully extended chain length, and the thickness of the head region 7 + 3A. When
the bulk concentration is above the cmc, the surfactant (Cq 4N) is more closely
packed at the interface and the thickness of the head-group distribution
increases to 12 + 3A. They attributed this phenomena to a “roughening” of the
head group part of the layer (staggered monolayers). The similarity of the

molecular structures of C1oN and Cq 4N (or C1gN) makes it not unrealistic to



Table 4.2.4
Properties of Adsorbed Monolayers of C4oHo sN(CH3)3Br
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atThe Aqueous Solution /Air Interface

c subphase Ya Vg A
(X103M) RAs(X103) Wn(em™1) RAg(X103) Wn@em1) (A?)
20.0 Ho0 1.20 2921.0  0.85. 28516 -

14.0 Ho0 1.12 29214  0.82 2851.5 51.6
10.0 HoO 1.04 29215  0.77 2851.4 545
7.00 H,O  0.97 29228  0.62 2852.0 60.7
5.00 HoO'  0.85 29227  0.55 2852.0 68.0
2.50 HoO  0.80 29237  0.40 28540 90.2
1.75 H,O 072 29236  0.40 2855.0 108
10.0 0.1MNaBr  1.24 29237  0.80 28536 -

4.00 0.i1MNaBr  1.18 29246  0.80 2854.7 47.3
2.00 0.iMNaBr  0.80 2924.7  0.56 2854.8 50.5
1.00 0.IMNaBr  0.70 2924.8  0.46 2855.2 55.0
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expect that the staggered structure of adsorbed monolayers also occurs in
C12N solutions. Figure 4.2.10. is a diagram to explain the structure and
distribution of water and C4oN molecules at the aqueous solution/air interface.
When the bulk surfactant concentration is relatively low, the adsorbed
monolayer is unsaturated, the distances between methylene chains and
between head groups within the monolayer are relatively large, and the
monolayer is uniform. When the bulk concentration is getting higher and higher
(close to or above the cmc), the adsorbed monolayers in pure water solution
have rﬁore and more staggered structures (the thickness of the head-group
distribution also increases).

Continuous changes in RA intensity and peak frequencies of RA spectra
with decrease in bulk concentration may be caused by this type of staggered
structure of the monolayer. If the adsorbed monolayer has a staggered
structure, the surface concentration (chain packing density) at the interface will
continuously increase with increase in bulk concentration up to the cme, and so
does the head group distribution region. Therefore the interactions between
methylene chains and between methylene chain and adjacent head groups in
the monolayer also increase with the increase in bulk concentration. Since RA
intensity increases with increasing surface concentration and the peak
frequency in the C-H stretching bands decreases with increasing interaction
between methylene chains (Van Der Waals force) in the monolayer at the
interface, then RA intensity should increase continuously with increasing bulk
concentration, and the peak frequency should decrease continuously with
increasing bulk concentration.

Because there are no abrupt turning points in the plots of RA intensity, peak

frequencies, and surface tension versus log of bulk concentrations, it appears
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that the transition between LE and G phases is smooth; no sharp transition

point was found.

The lowest frequency (2851 .6cm‘1) of the symmetric C-H stretching band

in adsorbed monolayer of C4oN at the interface is close to that (2851.0cm"1)
reported for C1gN in the coagel phase by Scheuing and Weers (77). But

frequencies of both the symmetric (2851 .6cm'1) and the asymmetric

(2921.Ocm‘1) C-H stretching bands of methylene groups in saturated C4oN
monolayers (bulk concentration just below its cmc) are much higher than the
corresponding ones (2848.8cm'1 and 2917.3cm™1, respectively) in C4oSNa
monolayers. One possible reason for this is the difference in their head group

structures. A C45SNa molecule has a negatively charged, -SO3", head group,

whereas C1oN has a positively charged, -N*(CHg)3, head group. They have

totally different inductive effects on their methylene chains. The absolute
frequency of the C-H stretching bands of methylene chains are affected by the

- types of head groups on the methylene groups, due to through-band inductive
effects (78). Secondly, the frequency difference between C4oN and C{oSNa
monolayers may be partially attributed to the disordered and screwed chains of

C4oN in the adsorbed monolayer, which are found in the crystalline state (75).
4.2.3. RA Spectra of Adsorbed Monolayers of Cq4oN at the

Interface in 0.1M NaBr Solution

Figures 4.2.6.(a) and (b) are plots of RA spectra of the adsorbed
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monolayers of CqoN at the aqueous solution/air interface in 0.1M NaBr solution
with various bulk concentrations at p- and s--polarization, respectively. Data on
RA intensities and peak frequencies of the C-H stretching bands of methylene

groups are listed in Table 4.2.4.

It is observed that when the bulk concentration (1.0X1 0‘2M) is above its

cme (4.22X10'3M), the adsorbed monolayer at the interface has a larger RA

intensity and lower peak frequencies than others; when the bulk concentrations
below the cmc, RA intensity decreases with decrease in bulk concentration and
peak frequencies remain almost constant. It is also observed that peak
frequencies of both symmetric and asymmetric C-H stretching bands of

methylene chains of C4oN monolayers at the interface in salt solutions are
higher than the corresponding frequencies (2852.5cm™1 and 2921 .4cm'1) in

pure water solution whether the bulk concentration is above, close, or below its
cme.

Figure 4.2.7 shows the effects of salt on the RA spectra of CqoN
monolayers at the interface. Figure 4.2.8 and 4.2.9 are plots of RA intensity and
peak frequency shift (compared with the frequency value at the saturated
adsorption, the bulk concentration just below the cmc) in the C-H stretching
region of methylene groups versus log of bulk concentration in pure water and
in 0.1M NaBr solution, respectively.

It can be seen that RA intensity and peak frequency (both the symmetric
and asymmetric C-H stretching modes) increase with increase in the total ionic
strength of surfactant solutions at the same bulk concentration. At saturated

adsorption (the bulk concentration just below the cmc), the RA intensities of the
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asymmetric and symmetric C-H stretching bands in adsorbed C4oN monolayer

are 1.18X10-3 and 8.0X10"4, respectively, in 0.1M NaBr. The corresponding

intensities are 1.12x10°3 and 8.2X10"%4in pure water. Within the experimental

error, These intensities are essentially the same. From Table 4.2.3. we know
that the surface concentration ratio is 1.09 at the saturated adsorption. The
intensity ratio is less than the surface concentration ratio. From the previous
optical model (36) it is established that the RA intensity depends on the chain
packing density in the adsorbed monolayer (surface concentration), the
average chain orientation angle (the thickness of the monolayer),and
conformation of methylene chains in the monolayer. Because of a great change

in conformation of polymethylene chains from pure water to salt solutions (peak
frequency from 2921.4cm~1 and 2851.5cm™1 to 2924.6cm™1 and 2854.7cm™1,

respectively), there are more gauche conformers formed in structures of
methylene chains in salt solutions, and the absorption coefficient (kyax)
became much smaller. As a result, the intensity ratio is smaller than the surface
concentration ratio.

Why are methylene chains in monolayers with the subphase of salt solution
more disordered than that with the subphase of pure water? So far we have not
yet found a satisfactory interpretation. This may be caused by the “roughening”
structures of the adsorbed monolayers of C4oN at the interface. The high
frequencies of the C-H stretching bands of methylene groups in salt solutions
indicate that this type of staggered structure consists of a great amount of

gauche conformers.
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4.3. Sodium Dodecylsulfate, C{oHo 55 Og4Na (C42HS), and
Deuterated Sodium Dodecylsulfate, CqoDo55O4Na
(C42DS) Monolayers
4.3.1. Surface Properties from Surface Tension Measurements
Since peak frequencies of the symmetric and asymmetric C-D bands of
deuterated polymethylene chains are completely different from the
corresponding ones of the C-H bands, it is convenient to distinguish methylene
chains from deuterated polymethylene chains in surfactant mixtures containing
the same methylene chains as C1oHS to investigate structures and
compositions of mixed monolayers at the aqueous solution/air interface. It is
therefore important to determine whether the surface properties of the two

isotopic compounds C4oHS and C45DS) are the same.

Data on v, =, T, and A of C45HS in pure water and in 0.1M NaBr solutions
with various bulk concentrations are listed in Table 4.3.1. and 4.3.2.,
respectively. Dataony, =, I', and A of C1oDS in pure water solution with

different bulk concentrations are listed in Table 4.3.3. Plots of surface tension

versus log of bulk concentration of C4oHS and C45DS in pure water solutions
are shown in Figure 4.3.1. Plots of surface pressure () vs. area per molecule

(A) of C4oHS and C45DS in pure water and 0.1M NaBr solutions are shown in
Figure 4.3.2. Table 4.3.4. lists surface properties (cme, Teme: Tmax: and Amin)

of C4oHS in pure water and 0.1M NaBr solution, and C15DS in water solution.
Our experimental data on surface properties of C15HS in pure HoO are
consistent with those reported by Dahanayake (24). From these data and

Figures, it is seen that C{oHS and C45DS have the same maximum surface
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Table 4.3.1
Data on v. 2. I, and A of Cq 2H>5SO4Na
in Pure H>O Solution (25.0°C)

C logC Y T r A
(X103M) (mN/m) (mN/m)  (X101% mol/cm?) (A2)
10.0 -2.00 39.5 32.5 - -
7.00 -2.15 41.0 31.0 3.13 53.0
5.00 -2.30 46.4 256 3.13 53.0
3.50 -2.45 52.0 20.0 2.86 58.0
2.50 -2.60 57.0 15.0 2.48 67.0
1.75 -2.75 63.7 8.3 2.09 79.5

* above the cmc.
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| Table 4.3.2
Data on v. . I, and A of Cq oH55SQ4Na
B ion

C logC Y T r A
(X10%M) (mN/m) (mN/m) (X109 molicm?) (A2)
15.8 -2.80 33.6 38.7 - a
10.0 -3.00 37.2 35.1 4.15 40.0
5.00 -3.30 44.3 28.0 4.15 40.0
2.50 -3.60 51.2 21.1 3.70 449
1.58 -3.80 55.8 16.5 3.37 49.3
0.89 -4.05 © 59.6 12.7 2.96 56.0

* above the cmc.



Table 4.3.3
Data on v. x. [, and A of C4,D55504Na
in_Pure H>0_ Solution (25.0°C)
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c
(X103M)

10.0
7.00
3.50
2.00
1.00

logC | Y T r
(mN/m) (mN/m)  (X1019mol/cm?)
-2.00 39.0 33.0 -
-2.15 40.0 32.0 3.13
-2.45 50.8 21.2 3.13
-2.70 58.4 13.6 2.07
-3.00 64.0 8.0 1.38

(A2)

53.0
53.0
80.0
120

* above the cmc.
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Table 4.3.4

Surface Properties of C1oH25S04Na (CqoHS)

and C4oD55504Na (CqoDS) Solutions (25.0°C)
Surfactant cme Teme " T'max Amin

(X103Mm) (mN/m) (X100 mol./ecm?2)  (A2)

C4oHS 8.00 32.0 3.10 53.5
(in HyO)
C42DS 7.59 33.0 3.13 53.0
(in Ho0)
C1HS 1.40 38.7 4.15 40.0
(in 0.1M NaBr))
aC4oHS 7.94 32.5 3.16 52,5
(in HoO)

a. data from reference (24)
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concentration (I'max)and the same area per molecule (A) at the saturated

adsorption at the aqueous solution/air interface, and their cmc and Temc Values

are very close to each other. Therefore It is concluded that within experimental
error, C4oDS has the same surface properties as C1oHS, and consequently,
replacement of C45HS by C1oDS in mixtures with a cationic surfactant (such
as C4oN) will not have significant effect on the surface properties of the mixed

monolayer at the air/solution interface.

4.3.2. RA Spectra of Adsorbed Monolayers of C4-HS at The
Aqueous Solution/Air Interface in Pure Water Solution

The C-H stretching region of polymethylene chain

RA spectra of the adsorbed monolayers of C45HS at the aqueous
solution/air interface in the C-H stretching region of methylene groups in water
solution with various bulk concentrations are shown in Figure 4.3.3(a). Data on
RA intensities and peak frequencies in this region are listed in Table 4.3.5.
Plots of RA intensity and peak frequency shift versus log of bulk concentration
are shown in Figure 4.3.5. and 4.3.6., respectively. It is observed that the
adsorbed monolayers of C4oHS at the interface have the similar trends as the
monolayers of Cq1oSNa: the intensity and peak frequency remain basically
constant at saturated adsorption; after the phase transition point, the intensity

decreases and peak frequency increases with decrease in bulk concentration.
The phase transition point, 3.50X10"3M, determined from surface tension

measurements (Table 4.3.1.) is the same as the one calculated from the abrupt
change in RA intensity (Table 4.3.5.).

It is also found that when the bulk concentration continuously increases



Properties of Adsorbed Monolayers ofC4oHs5504Na
at The Aqueous Solution /Air Interface in Pure HyO

Table 4.3.5
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c
(X103M)

10.0
7.00
5.00
3.50
2.50
1.75

RAg(X103)  Wn(em-1)

1.73
1.70
1.60
1.60
1.57
1.47

2920.8
2921.1
2921.4
2922.0
2922.4
2922.4

RAg(X103)

1.27
1.22
1.10
1.10
1.02
1.00

Wn(cm'1 )

2850.5
2850.8
2851.0
2851.1
2851.1
2851.0

(A2)

53.0
53.0
58.0*
67.0
79.5

* phase transition concentration region.
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from below to above its cmc, the RA intensity also increases slightly, and peak

frequencies of C-H stretching bands of methylene groups decrease. This

means that when the bulk concentration is above its cme, 7.94X1 0‘3M, the

methylene chains in the adsorbed monolayers at the interface are more closely
packed and more ordered than that in solutions whose bulk concentrations are
below the cmc.

Sundell and his coworkers (79) have studied the crystal structure of
C1oHS using X-ray crystallography. They have reported that C4oHS crystals

have a monoclinic structure, with full extended hydrocarbon chains, chain tilt
angle of 79° to the layer plane, and the average area per molecule is 20.9A2.

They have also found that the sulfate groups of adjacent molecules are
alternately displaced (perpendicular to the layer plane) by about 2A in order to
have favorable electrostatic interactions. This slightly staggered structure in
crystals also possibly occurs in monolayers (as mentioned before for C4oN
monolayers), and cause the continuous change in RA intensity with increase in
bulk concentration up to the cmec.

It is interesting to note that C12SNa and C12HS molecules have the same
methylene chains and similarly charged head groups, but the RA intensity and
peak frequencies of their adsorbed monolayers at the aqueous solution/air

interface are different. This difference is probably due to the different structure
of their head groups. A C{oSNa molecule has a -SO3™ head group, and a C-S
bond linkage between its methylene chain and head group, while C{oHS has a
-SO4” and C-O bond linkage. It is well-known that oxygen atom is more

electronegative than sulfur (electronegativity of O is 3.5, and 2.5 for S), the C-O
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bond is more polar than C-S, and therefore, -SO,4~ head group has a stronger

inductive effect on its methylene chain in C1oHS molecules than -SO3”in

C12oSNa. From this point of view, It is expected that the frequencies of the
symmetric and the asymmetric C-H stretching modes of methylene chains of
C12HS in monolayers should be slightly higher than those of C{oSNa at

saturated adsorption. Experimental data have proved this argument: 2921.1
and 2850.8cm™1 for C42HS monolayer and 2917.3 and 2848.8 cm-1 for

C128Na. The difference in structures of their head groups also produces a big
change in absorption coefficients (k) Of their adsorbed monolayers. The RA

intensity of the asymmetric C-H stretching band (with s-polarization) in the

saturated adsorbed monolayer of C;oSNa at the interface is about 4.0X1 03,

while the corresponding RA intensity of C45HS is only 1.7X10"3, less than half
that of C41oSNa. From surface tension measurements , it is observed that the
adsorbed monolayers of C;oSNa and C1oHS have almost the same maximum
surface concentration (2.93 and 3.13 X10"10 molicm?, for4C1 oSNa and

C2HS, respectively) at the interface in pure water solutions. From the
structure similarity between the crystalline state and the adsorbed monolayer, it
is expected that the chain orientation of C{oHS in the monolayer at the
interface is not far from the chain tilt angle, 11°, in crystals (81). Thus the big
decrease in RA intensity in C45HS monolayers is attributed to the decrease in

the absorption coefficient (ky,5x) Of the monolayer.

the S-O stretching region of head group



92
Figure 4.3.3(b). shows plots of RA spectra of adsorbed monolayers of

C1oHS at the interface in the S-O stretching region in pure water solution. The

broad peak near 1203cm-1is assigned to the asymmetric S-O stretching band,

and the small peak near 1060cm™1 the symmetric band. Mantsch et al.. (63)
have reported 1270 and 1207 cm-1 as the asymmetric S-O stretching band and
1070cm1 as the symmetric mode for sodium hexadecyl! suifate micelle at the

temperature below the CMT (Critical Micellization Temperature, 43°C).
Because the bands haps and the signal/noise ratio of both symmetric and
asymmetric S-O stretching bands are not good enough to determine the peak

frequencies, information about the frequency change is not available.

4.3.3. RA Spectra of Adsorbed Monolayers of C{,DS at The
Aqueous Solution/Air Interface.

the C-D stretching region of polymethylene chain

Figure 4.3.4(a) shows plots of RA spectra of adsorbed monolayers of
C12DS in the C-D stretching region at the aqueous solution/air interface in pure
water solution with various bulk concentrations. The peaks near 2195 and
2091cm-1 are assigned to the asymmetric and symmetric C-D stretching bands
of deuterated methylene groups, respectively. Data on RA intensities and peak
frequencies are listed in Table 4.3.6. Changes in RA intensity and peak
frequency in the C-D stretching region with bulk concentration are plotted in
Figure 4.3.7. and 4.3.8, respectively.

The same trends of changes in RA intensity and peak frequency are found

in the C-D stretching region of CoDS monolayers as in the C-H stretching




Table 4.3.6
Properties of Adsorbed Monolayers ofC42D55S0Q4Na
atThe Aqueous Solution/Air Interface in Pure H>Q
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c subphase Ya Ys
(X103M) RAg(X10%) Wn(em1) RAg(X10%) Wn(cm™1)
10.0 HoO 8.80  2194.8 600  2091.0
7.00 Ho0 8.80  2195.2 600  2091.0
3.50 Ho0 8.80  2195.2 570  2091.1
2.00 Ho0 670  2196.2 430 20943
1.00 Ho0 450  2199.0 290  2095.2

A

(A2)
53
53"
80
120

* agn ) . .
phase transition concentration region
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region of C1oHS monolayers: at saturated adsorption both intensity and the
peak frequency remain constant, after the phase transition point the intensity

decreases and the peak frequency increases with decreasing bulk
concentration. The phase transition point (from LE to G), 3.50X10"3M,

determined from the surface tension measurements (Table 4.3.3.) is equal to

the one found from IR spectra (Table 4.3.7.). It is observed that RA intensities

(s-polarization, 8.80X1 04 and 6..00X1 0'4) of the C-D stretching bands of
saturated C45DS monolayers are much lower than those (1.70X10"3 and

1.30X10‘3) of the corresponding C-H bands of saturated C1oHS monolayers.

This is due to the great difference in atomic mass between D and H atoms. The
smaller RA intensity indicates that the absorption coefficient (kyax) of the C-D

stretching vibration is much smaller than that of the corresponding C-H modes.

the S-Q stretching region of head group
Figure 4.3.4(b) is RA spectra of adsorbed monolayers of C4oDSin the S-O

stretching region at the interface in pure water solution. The peaks near 1205

and 1032cm™ are assigned as the asymmetric and the symmetric S-O

stretching band of -SO4~ group, respectively. The intensity and peak

frequencies in this region qualitatively have the same changing trends as that in

the C45HS monolayers.

4.4. Mixed Monolayers of CqoN and C{oHS (or C{,DS) at The

Aqueous Solution/Air Interface.



95
4.4.1. Surface Properties from Surface Tension

Measurements
Data on y, =, I, and A of equimolar mixtures C1oHS-C4oN, C1oDS-C¢oN
in pure water, and C1o,DS-C42oN in 0.1M NaBr are listed in Table 4.4.1., 4.4.2.,
and 4.4.3., respectively. The determined values of cmc, tome: F'max: @d Amin

from surface tension measurements for these systems are listed in Table 4.4.4.
Our experimental data on mixture C45HS-C42oN in pure water are consistent
with those reported by Lucassen-Reynders (80).

Plots of the surface tension vs. log of the bulk concentration for C4oHS, |
C12DS, C42N, and their equimolar mixtures (C{oHS-C4oN and C4oDS-
C12N) in pure water are shown in Figure 4.4.1(a). Plots of the surface tension
vs. log of the bulk concentration for C4 DS, C4oN, and their equimolar mixture
(C12DS-CqoN) in 0.1M NaBr are shown in Figure 4.4.1(b). Plots of the surface
pressure vs. the area per molecule for these mixed systems are shown in
Figure 4.4.2. Itis observed that all of these mixed monolayers at saturation
adsorption at the interface are LE type monolayers, and there exists a phase
transition point between the LE and G phase for each of these adsorbed mixed
monolayers. Figures 4.4.1(a) and (b) also show strong interactions between
these anionic and cationic surfactants at the interface as well as in formation of
micelles. Synergism in both surface tension reduction efficiency and surface
tension reduction effectiveness is observed. Gu and Rosen (81) have
investigated interactions in cationic-anionic mixed monolayers at various
interfaces. Using the equations derived by them, which include a correction for
changes in area per surfactant molecule at the interface resulting from

intermolecular interaction in the mixed monolayer, we have calculated the
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Table 4.4.1
Data on v. . I\ and A for Equimolar Cq5H5550;,Na-
C12Ho5N(CH3)3Br Mixed Solutionin Pure HyOQ (25.0°C)

ca logC Y T r A
(X105M) (mN/m) (mN/m)  (X1019 mol/cm?) (A2)
5.00 -4.30 29.0 43.0 - >
4.00 -4.40 32.0 40.0 2.89 57.5
2.00 -4.70 42.3 29.7 2.89 57.5
1.00 -5.00 51.6 21.4 2.61 63.6
0.50 -5.30 60.5 11.5 2.29 725
0.25 -5.60 67.0 5.0 1.98 84.0

* above the cmc.

a. the bulk concentration of either surfactant component.
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Table 4.4.2
Data on v, x. I, and A for Equimolar C4 Do 5&4_&@-
C+42oHo 5N(CH3)3Br Mixed Solutionin Pure H,OQ (25.0°C)

ca logC Y T r A
(X105M) (mN/m) (mN/m) (X101 molicm?) (A2)

5.00 -4.30 29.6 424 - >
4.00 -4.40 325 39.5 2.73 60.8
2.00 -4.70 45.0 27.0 2.73 60.8
1.00 -5.00 52.0 20.0 2.50 66.5
80.0

0.50 -5.30 58.5 13.5 2.08

* above the cmc.

a. the bulk concentration of either surfactant component.
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Table 4.4.3
Data on v. 7. I, and A for Equimolar Cq D35S Q4Na-
C4 oHo sN(CH3)3Br Mixed Solutionsin 0.1M NaBr (25.0°C)

ca logC Y T r A
(X105M) (mN/m) (mN/m)  (X1010 mol/cm?) (A2)
5.00 -4.30 27.3 45.0 - -+
2.50 -4.60 29.4 42.9 2.81 59.0
1.75 -4.75 34.2 38.1 2.81 59.0
1.25 -4.90 38.8 335 2.81 59.0
0.875 -5.05 43.8 28.5 2.73 60.8
0.625 -5.20 48.5 23.8 2.55 65.0
0.44 -5.35 53.0 19.3 2.41 69.0
0.31 -5.50 57.0 15.3 2.25 736

* above the cmec.

a. the bulk concentration of either surfactant component.
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Table 4.4.4

Surface Properties of Equimolar C4oHS-C4oN _and
C12DS-CqoN Solutions in Pure H>0 (25.0°C)

Mixture cmed Tcme T'max Amin
(X10°M) (mN/m) (X1019 mol./cm?) (A2)

C1oHS-C1oN 4.10 43.0 2.89 57.5

(in Ho0)

C12DS-C1oN 4.05 42.4 2.73 60.8

(in Ho0)

C12DS-CqoN 2.95 45.0 2.81 59.0

(in 0.1M NaBr)

Mixture - B° pm X4 X4m
C19HS-C1oN -32.8 -29.0 0.51 0.51

(in Ho0)

C1 2DS-C1 oN -32.6 -28.6 0.51 0.51

(in Ho0)

C12DS-CyoN -16.8 -15.7 0.55 0.53

(in 0.1M NaBr)

a. bulk concentration of either surfactant component.
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interaction parameters [3° (in formation of mixed monolayers), B™M (in formation

of mixed micelles), X{ (the molar fraction of component 1 in the mixed
monolayer), and X4 M (the molar fraction of component 1 in the mixed micelle).

The data are also listed in Table 4.4.4. These data are in good agreements with
those reported by Rosen (22). Figure 4.4.1(a) also shows that the mixed
monolayer of C45DS-CqoN basically has the same surface properties as the
mixed monolayer of C{oHS-C4oN at the interface in pure water. This has
provided good basis by using C12DS instead of Cq2oHS in surfactant mixtures
containing the same polymethylene chains as C4oHS for spectroscopic studies
(FTIR, NMR). From Table 4.4.4., it is also found that the salt concentration has
no significant effect on the properties of the mixed monolayer of C{5DS-C4oN,
because the complex compound C4oDS-C1oN has surface propetrties similar

to that of a non-ionic surfactant. On the other hand, the interaction between the

anionic surfactant and the cationic surfactant, as measured by the values of [56

and B™M, is reduced in the presence of added electrolyte, because of

compression of the electrical double layer surrounding their respective head

groups.

4.4.2. RA Spectra of Mixed Monolayers of Equimolar mixtures
C129HS-C4 29N and C{oDS-Cq4 5N at the Aqueous
Solution/Air Interface.

Plots of RA spectra in the C-H stretching region of the adsorbed mixed

monolayers of C1poHS-C 5N at the interface in pure water are shown in Figure
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4.4.3. The peak intensities and frequencies of the symmetric and asymmetric
C-H stretching bands are listed in Table 4.4.5. The plots of RA intensity and
peak frequency shift vs. log of the bulk concentration are shown in Figure 4.4.4.
and 4.4.5., respectively. It is observed that when the bulk concentration is
below the cmg, the peak intensities of both the symmetric and asymmetric C-H
stretching bands decrease continuously with decrease in bulk concentration,
and peak frequencies increase continuously with decrease in bulk

concentration. Figure 4.4.3. also shows the same trends for the change in

frequency of the asymmetric stretiching C-H band (near 29600m‘1) of methyi

groups. As we have discussed in Chapter 4.2 and 4.3, both adsorbed
monolayers of C4oN and C45HS at saturated adsorption at the interface are
more or less staggered. It is reasonable to expect that their adsorbed mixed
monolayers (C4oHS-C4oN) at the interface may also have the similar
staggered structure. Therefore, this staggered structure generates the
continuous changes in both peak intensity and frequency in mixed monolayers
at the interface.

Figures 4.4.6(a), (b), and (c) are plots of RA spectra of adsorbed mixed
monolayers of C45DS-C4oN at the aqueous solution/air interface in the C-H, in
the C-D, and in the S-O stretching regions, respectively, with various bulk
concentrations (equimolar mixture) in pure water. The data on RA intensities
and peak frequencies of the symmetric and the asymmetric C-H, C-D and S-O
stretching bands are listed in Table 4.4.6., 4.4.7., respectively. Figures 4.4.8.
and 4.4.9. show RA intensity and peak frequency shift in the C-H and C-D
stretching regions as a function of log of the bulk concentration, respectively. It

is observed that the changes in RA intensity and peak frequency in the C-H and
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Table 4.4.5
Properties of Adsorbed Mixed Monolayers of Equimolar
C12H25504Na -CqoHo sN(CH3)3Br atThe Aqueous
Solution /Air Interface in Pure HoO

ca Va Vg A

(X105M)  RAg(X10%) Wn(em 1) RAg(X103) Wn(em™1) (A2)
5.00 2.10 20202  1.20 2850.7 i

4.00 2.30 2920.1 1.36 2850.4 57.5
2.00 2.10 29206  1.20 2850.9 57.5
1.00 1.90 29213  1.10 2851.3 63.6
0.50 1.70 29215  0.90 2851.6 72.5
0.25 1.25 29229  0.64 2852.1 84.0

a. the bulk concentration of either surfactant component.
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C-D stretching regions for mixed monolayer of C1oDS-Cq 2N at the interface
have the same trends as those in the C-H stretching region for the mixed
monolayer of C{oHS-C1oN. It implies that the adsorbed mixed monolayers of
C412DS8-C4oN at the interface may also have the staggered structures.
Because of the continuous change in RA intensity, the phase transition point

from the RA spectra was not determined.

4.4.3. Calculation of Surface Composition at The Air/Water
Interface from RA Spectra of Mixed Monolayers
In Chapters 4.2.and 4.3. we have already measured the RA intensities of
the adsorbed monolayers of the individual surfactants, C{sN, C42oHS, and
C12DS (Tables 4.2.5, 4.3.5) at saturation adsorption at the interface. We have

also determined the maximum surface concentration (I'j15x) at the interface for
the individual surfactants of C1oN, C1oHS, and C1oDS (in Tables 4.2.3. and

4.3.4.). Table 4.4.4. lists I', 5 data for the mixed monolayers of C{oHS-C4oN

and C4oDS-C4oN in pure water. Tables 4.4.5., 4.4.6., and 4.4.7. list RA
intensities of the mixed monolayers of C{oHS-C4oN and C{oDS-C4oN in the
C-H, and C-D stretching regions. Now using these data, we are able to
calculate the composition in the mixed monolayer at the interface.

From the previous optical model (36), it is known that the RA intensity of the
adsorbed monolayers at the interface depends on the thickness of the
monolayer, the surface concentration, and the chain orientation of surfactant
molecules in the monolayer. Assuming that the chain orientations and
conformation of each component in the mixed monolayer are the same as those

in their individual adsorbed moriolayers (It also means that the thickness of the
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Table 4.4.6
Properties of Adsorbed Mixed Monolayers of Equimolar
C12D55504Na -CqoHo 5sN(CH3)3Br at The Aqueous
Solution /Air Interface in Pure H,Q (the C-H Stretching Bands)

ca va(CH) vg(C-H) A

(X109M)  RAg(X10%  Wn(em™1)  RA4(X103)  Wn(em1) (A2)
5.00 1.20 2918.4 0.90 2848.6 -

4.00 1.10 2919.1 0.82 2849.1 60.8
2.00 1.06 2920.4 0.74 2850.8 60.8
1.00 1.00 2921.5 0.56 2851.6 66.5
0.50 0.90 2922.6 0.50 2853.0 80.0
0.25 0.72 . 29234 0.40 2853.3 95.0

a. the bulk concentration of either surfactant component.
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Table 4.4.7
rbed M Monolayers of E
C12D55504Na -CqoHo5N(CH3)3Br at The Aqueous
i f - n - retching B
c v4(C-D) vs(C-D) v4(S-0)  vg(S-O)

(X109M) RAg(X10%) Wn(ecm1) RAg(X104) Wn(em'!) (em™) (cm™1)

5.00 8.00 2191.6 5.60 2087.0 1216.9 1040.7
4.00 8.00 2191.6 5.30 2087.5 1216.6 1040.3
2.00 6.40 2194.0 5.00 2088.6 1215.9 1037.2
1.00 5.60 2196.9 4.50 2090.0 1215.0 1037.2

0.50 5.00 2197.5 4.00 2090.7 1215.2 1037.3
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mixed monolayer is equal to those of individual monolayers), then the RA
intensity of the mixed monolayer only depends on the composition (surface
concentration) of each component in the monolayer, and it can be calculated by
using the RA intensity and the surface concentration of individual surfactants in

the following ways:

l2920(C12HS) * Tmax(C12HS-C12N) - X4

log20(C12HS-C12oN) =

I'max(C12HS)

l2920(C12N) " Tmax(C12HS-C12oN) - (1-X4)
+ (4.6)

Fmax(C12N)

where logog(C12N), logog(C12HS), and logog(C1oHS-C oN) are the RA
intensities of the asymmetric C-H stretching bands of methylene groups in
adsorbed monolayers of C4oN, C4oHS, and their mixed monolayer of
C12HS-C4 N, respectively, in pure water. X is the molar fraction of the

component 1 (C4oHS) in the mixed monolayer at the interface.
Table 4.4.8. lists experimental data on RA intensities and ' for the
individual and mixed monolayers. Solving the equation (4.6), we have

X4 =0.45. This value, 0.45, predicted from IR spectra is in good agreement with

X%=0.51, calculated from a non-ideal mixing solution model (Table 4.4.4.).
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Because the RA intensities in the C-H stretching region in the
C12DS-C4oN mixed monolayers at the interface is only contributed by the
methylene chains of the C4oN component, and the RA intensities in C-D
stretching region by the deuterated methylene chains of C{ DS, the difference
between the RA intensities of mixed C1oHS-C4oN and
C12DS-CqoN in the C-H stretching region are contributed only by the C{1oHS
components. Comparing this value with the RA intensity and I'j 5 for the
individual C1oHS monolayer, we can also calculate the surface concentration
of the C4oHS component in the mixed monolayer at the interface in the

following way:

log20(C12HS ) = Ing2g(C12HS-C1oN) - lngog(C12DS-Cq oN)

= 2.40X10°3 - 1.10X10"3 = 1.30X10°3

lp920(C12HS) * Tmax(C12HS)
Xq = | (4.7)

log20(C12HS) * Tygx(C12HS-C42oN)

= 1.30X10°3- 3.16X10-10/1.70X10-3 - 5.54X10-10 = 0.44

where logog(C1oH S*) is the intensity of the asymmetric C-H stretching band in

the mixed monolayer of C1oHS-C41oN. This value is also in good agreement

with X®. These good agreements between X4 and X values may indicate that



Table 4.4.8

Data_on Maximum Surface Concentration (Iimay) and
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Intensity for A r Monol r

Monolayer I'max C-H C-D

log20 logs0 l2195 l2091

x10"10movcm?)  (X10-3) (X1073) (X10°4) (X104
C1oN 3.22 1.12 0.82 . -
C4oHS 3.16 1.70 1.22 - -
C1 QDS 3.12 - - 8.80 6.00
i'C1 2HS-C1 2N 5.54 2.40 1.36 - -
1.10 0.82 8.00 5.30

*C12DS-CyoN 5.46

* equimolar solution.
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the previous assumptions (the orientations and conformation of surfactant
molecules in the individual adsorbed monolayers are the same as in their

mixed monolayers) are basically correct.

4.4.4. Peak Frequencies of Mixed Monolayers of C{oHS- C{oN and
C12DS-Cqy2oN at The Aqueous Solution/Air Interface
Data on peak frequencies in the C-H, C-D, and S-O stretching regions of
methylene, deuterated methylene, methyl, and sulfate groups for the individual
surfactant monolayers of C4oN, C1oHS, C12oDS and their mixed monolayers of
C12HS- C4oN and C15DS- C4oN are listed in Table 4.4.9. When the total

surfactant concentration (Ct = 1.2X10°4M) of the mixed equimolar surfactant

C12DS-C1oN solution is higher than the cmc (8.10X1079M), some fine

crystalline solids were formed at the air/water interface as well as in the mixed
solution. These fine solids are eye-visible, and also detectable by the decrease
in the transmittance of visible light compared with the transparent mixed
surfactant solution. Figures 4.4.7.(a), (b), and (c) are RA spectra of the

C12DS- C12oN crystalline particles at the aqueous solution/air interface in the
C-H, in the C-D, and in the S-O stretching regions, respecﬁvely. It is seen that
the fine crystalline particles formed from the equimolar mixture C1oDS-C4oN at
the interface generate RA spectra with a very good signal-noise ratio and strong
absorption in all three regions. These unnormal high intensities of the RA
spectra in all three regions indicate the presence of multilayers or solid particles
at the interface. Data on these peak frequencies are listed in the bottom line of
Table 4.4.9. for comparison.

C-H and C-D stretching regions of polymethylene chains



Table 4.4.9

Peak Frequencies in Adsorbed Monolayers
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system C-H (CHy)

2
(cm™1)

CioN 29214
C1oHS 2921.1
C1zDS -

aC1 oHS
-CyoN 2920.1
aC1gDS
-CyoN 2919.1

-C1oN* 2918.0

C-D (CDy)
¥Ys ¥z ¥s
(cm'1 ) (cm‘1 ) (cm'1 )
2851.5 - -
2850.8 - -
- 2195.2 2091.0
2850.4 - -
2849.1 2191.8 2087.5

2848.0 2191.1

2086.5

S:0 (SOy)
Va
(cm1)

1204.5
1205.7

1215.0

1216.6

1217.4

C-H (CHg)

(cm™1)

2957.8
2957.4

2956.0

2955.8

2954.3

* The crystalline solid at the interface.

a. equimolar solution.
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It is found that the frequencies in the C-H and C-D stretching regions of
methylene and deuterated methylene chains of the crystalline precipitates at
the interface have the lowest values among all of the individual and mixed
monolayers. This indicates that the polymethylene and deuterated methylene
chains in this equimolar mixture (crystalline solids) are very high-ordered, all-
trans conformational. It is also noted that the frequencies of the C-H and C-D
stretching bands in the mixed monolayer at the interface at saturation
adsorption are always lower than the corresponding ones in their individual
surfactant monolayers. Even though the polymethylene and deuterated
methylene chains in the mixed monolayer conformationally are the same (all-
trans) as in their individual adsorbed monolayers at saturated adsorption, the
methylene chains are more closely packed (the area per metnylene chain is
smaller). The lower peak frequencies in the C-H stretching region are probably
caused by the strong interactions between the methylene chains in the mixed
monolayer.

Scheuing and Weers (82) have studied the mixed micelles of
dodecyitrimethylammonium chloride (DTAC) and C12oHS by FTIR. They have
reported that the frequencies of the symmetric and asymmetric C-H stretching

bands of polymethylene chains in a precipitate formed from the equimolar
mixture of DTAC and C4HS are 2851.0 and 2919.4cm™1, respectively. These
frequencies are close to ours in CqoHS-C4oN mixed monolayers (2850.4 and

2920.1cm™1), but higher than the corresponding ones in the C1oDS-C4oN

crystalline solids (2848.0 and 2918.0cm'1). This frequency difference may be

caused by different processes of formation of precipitates, or different structures
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between C1oDS-C4oN and C1oHS-DTAC. The former is slowly formed from
the adsorbed monolayer at the interface and has both methylene and
deuterated methylene chains , while the latter is formed from the mixed micelles
in solution and has only methylene chains. It is expected that the former has
more ordered methylene chain structures.

It is observed that the peak frequencies in the C-H stretching region for our
adsorbed monolayers are much lower than those reported for the pure and
mixed micelles of C1oHS (82) These relative low frequencies indicate that the
methylene chains in the adsorbed monolayers at the interface is more ordered
(less gauche conformers) than those in the pure or mixed micelles in surfactant
solutions. Weeres and Scheuing (71) have also reported that accommodating
the greater aggregation numbers from spherical micelle to non-sphetical
micelles (like rod-like and lamellar) the methylene chains of the surfactant must
adopt a slightly higher ordering, i.e., a lower gauche/trans conformer ratio.
Generally speaking, molecular ordering increases in the following order:;
monomers (in solution) < spherical micelles < rod-like micelles < lamellar
micelles < liquid crystals < adsorbed monolayer < solid crystals.

S-0 stretching region

Scheuing and Weers (82) have reported a broad doublet asymmetric S-O

stretching band near 1214cm ' and a single symmetric S-O stretching band

near 1060cm-1 for the pure SDS (C12HS) and its non-equimolar mixed (with

DTAC) micelles of C15HS-DTAC. It is interesting to compare the RA spectra in
the S-O stretching regions of the individual surfactant monolayers of C1oHS
[Fig. 4.3.3(b)], C12DS [Fig. 4.3.4(b)], and the mixed monolayer of C15DS-C1oN
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[Fig. 4.4.4.(b)], and also to compare ours with those reported by other
investigators. The RA spectra of the adsorbed monolayers of C1oHS are
slightly different from those reported for the pure C1oHS micelle (82). Spectra

of the C4oHS monolayer have a strong broad asymmetric S-O stretching band

near 1205cm~1 with a very small high frequency (12600m'1) shoulder and a

weak symmetric S-O stretching band at 1060cm™1. The differences in band

shapes and frequencies in this region between spectra of the adsorbed C1oHS
monolayer at the interface and the micelles in surfactant solutions can be
'attributed to the different molecular structure and arrangement. The former
(monolayers) have a relatively high ordered con-formation (basically, all-trans
conformation), while the latter (micelles) have a more disordered conformation
(0.77 double-gauche and 0.68 kink states per molecule of C1oHS) (83)
Colthup et.al.. (73) have reported two strong bands around 1270 and

1207cm" for the asymmetric S-O stretching modes and one strong band at

1170cm™1 for the symmetric mode for solid CoHS. The changes in the band

shape and frequency in the asymmetric S-O stretching mode for different

C12HS sample states and structures may be summarized as follows:
two strong doublet peaks (1207 and 1270cm1 ), for crystal solids; one strong
broad peak near 1205cm™! with a small higher frequency shoulder, for

adsorbed monolayers; broad doublet, with major peak near 1214cm™1, and a

large higher frequency shoulder, for pure or mixed micelles.
The RA spectra of the adsorbed monolayers of C4oDS are slightly different

from that of C4 oHS monolayers in the symmetric S-O stretching band. The
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former (C4oDS) has the peak near 1040cm™1, and the latter near 1060cm™1.

The difference in this peak frequency can be attributed to the different structures
in the chains (methylene and deuterated methylene) attached to the same head
groups. In the asymmetric S-O stretching regions, both C{oHS and C4oDS
monolayers have similar band shapes and peak frequencies. This indicates
that relative to the symmetric S-O band, the asymmetric S-O stretching band is
less sensitive to the structure of the attached chains.

The RA spectra of the mixed monolayer of C1oDS-C4oN at the interface

have a strong asymmetric S-O stretching band near 1214cm1 with a small
higher frequency shoulder (near 12500m‘1) and a relatively weak symmetric
band around 1040cm™1. The increase in the low frequency component of the
asymmetric S-O stretching mode from 1205¢cm-1 in the individual monolayer of

C12DS to 1214cm1 in the mixed C412DS-C12oN monolayer is probably caused

by the electrostatic interactions of the C4,DS and C4oN head groups at the
interface. These interactions cause a shifting and a splitting of the asymmetric
S-0 stretching modes, due to a “local site” symmetric lowering of the
asymmetric modes (82). From Table 4.4.9. it is seen that the asymmetric S-O
stretching band in the crystalline solids formed at the interface has the highest
frequency due to the strong interaction between the head groups and highly
ordered structure in this equimolar anionic-cationic mixture.

asymmetric C-H stretching band of methyl groups
The head group,-N*(CHg)3, of the C4 5N molecule contains three methyl

groups. In the mixed monolayer of C4oHS-C4oN or C15DS-C4oN, this head
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group undergoes a large change in its electrostatic environment. These

changes should result in altering the band shapes and frequencies in the
deforming modes of the methyl group in the -N*+(CHg)3 head group of the

C1oN. Scheuing and Weers (82) have reported these changes in mixed

micelles of C4oHS-DTAC with different micelle compositions. Unfortunately, the
RA spectra in this region (1300-15000m'1) could not be resolved due to the

very strong absorption of water vapor at the aqueous solution/air interface.

4.4.5. The Effects of The Bulk Surfactant Composition on Surface
Properties of Mixed Monolayers of C;,DS-Cq 2N at The
Aqueous Solution/Air Interface

surface tension measurements

We have measured the surface tensions of mixed C1oDS-C4oN aqueous

solutions with various compositions («=0.1, 0.2, 0.4, 0.5, 0.6, 0.8, and 0.9). The
plots of surface tension vs. log of the total bulk concentration with different o

values are shown in Figure 4.4.10. The determined values of cmc, Apin, F'max
with different o values are listed in Table 4.4.10. Using equations including the
correction of changes in area per surfactant molecule (81), we have calculated

the interaction parameters, BG, BM and the mole fractions X4 S and X4yM. Data

are listed in Table 4.4.10.

It is observed that the area per polymethylene chain at the interface slightly

decreases with increase in o, and reaches a minimum value at oo = 0.5
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(equimolar mixture), then increases with increase in a. This means that the

composition in bulk surfactant solution has a small effect on the packing density
in the monolayer at the interface In the non-equimolar cationic-anionic
surfactant solution, the complex compound C1oDS-C4oN at the interface is
electrically neutral, but after interactions between cationic and anionic
surfactant molecules, either the cationic or the anionic surfactant molecules are
in excess in bulk solution. Because of the concentration gradient between the
bulk solution and the interface, these excess cationic (or anionic) surfactant
molecules still have a chance (although very small) to diffuse to the interface.
Therefore, it is expected that a small amount of individual cationic (or anionic)
surfactant molecules are present in the monolayer at the interface (in kinetic
equilibrium). As a result, these positively (or negatively) charged molecules
should slightly expand the monolayer (because of the repulsion between the

charged head groups), and consequently increase the are per polymethylene

chain at the interface. When o is getting further and further from 0.5, the

concentration gradient is larger and larger, and the chance for the individual
surfactant molecules to adsorb at the monolayer becomes greater and greater.
As a result, the area per methylene chain at the interface is getting bigger and

bigger.

From Table 4.4.10. it is seen that the calculated interaction parameters |3°

and BM are very close to each other for different o values. This indicates that in

a wide range of bulk compositions (o = 0.1 - 0.9), the interactions between the

cationic and anionic surfactants in the adsorbed mixed monolayers as well as

in mixed micelles basically remain at the same levels. It is also found that the
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Table 4.4.10.
Effects of o on Interaction Parameters of 8, M, Mole
Fractions of X° and XM, AmincLmax..and_cme in Mixed

£19DS-CqoN Solutions
o g° X1° gm Xqm X1
0.1 -32.1 0.48 -27.8 0.47 0.46
0.2 -31.6 0.49 -26.9 0.48 0.55
04 -31.0 0.50 -27.9 0.50 0.54
0.5 -32.6 0.51 -28.6 0.51 0.52
0.6 -30.5 0.52 -27.0 0.52 0.54
0.8 -32.5 0.53 -29.0 0.53 0.52
0.9 -33.0 0.54 -29.2 0.55 0.52
o Amin Imax cme
(A2/per chain) (X10"19mole/cm?) (X10-5M)

0.1 34.0 493 10.0
0.2 33.0 5.08 9.50
0.4 31.6 5.30 8.58
0.5 30.7 5.46 8.10
0.6 31.9 5.25 8.45
0.8 32.8 5.11 9.12
09 33.8 496 _ 9.56

X1*- the caclulated mole fraction of component C45DS in the mixed monolayer at the
interface from RA spectra



"~ 118

mole fractions of compo‘nent C40DS in both the mixed monolayer (X1°) and in
the mixed micelle (X4™) continuously, and very slowly increase with increase in

o , but both values of X4 C and XM are very close to 0.5. This shows that for

the mixed cationic-anionic surfactant system, in a wide range (o = 0.1-0.9), the

composition in the bulk solution has no significant effect on the compositions in
the mixed monolayer at the interface as well as in the mixed micelle in solution.

Rosen has indicated that at the point of maximum synergism, the mole

fraction, o', of surfactant 1 in the total surfactant used in the solution phase is

equal to the value of X*, the mole fraction of surfactant 1 in the total surfactant in

the mixed monolayer at the interface, and can be calculated by the expression:

In(C419/C20) + B°

X' =o' = (4.8)

2%

where C10, CQO, and [3° are defined in equations (1.9) and (1.10). Because of

the strong interaction between the cationic and anionic surfactants, the BG

value, -32, is much larger than ln(C10/020), -0.64. Then X = o’ =0.51 and
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equimolar amounts give maximum synergism, irrespective of the (C4 0/020)

ratio.

From Table 4.4.10., it is observed that the the cmc values continuously

decrease with increase in o, and reach a minimum value at o, = 0.5, then

increase with increase in a. In an equimolar mixture, the complex compound,

C12DS-C4 2N, has the maximum concentration in the solution. This complex
with two long hydrocarbon chains is the most surface active and has the the

lowest cmc value compared to the individual ionic surfactants in the mixed
surfactant solutions. When a is getting further and further from 0.5, the bulk
surfactant solutions contain more and more individual ionic surfactant
component (either cationic or anionic, depending on a is less or more than 0.5),
and the cmc values of the mixed surfactant solutions become larger and larger.
RA spectra of mixed monolayers of Cy oDS-CyoN with various o« values
Figures 4.4.11.(a) and (b) are plots of RA spectra of the mixed monolayers

of C1oDS-CqoN at the same total bulk concentration (8.0X1072M) with different

o values in the C-H and in the C-D stretching regions, respectively. The data on

the peak intensities and frequencies in the C-H and in the C-D stretching

regions are listed in Tables 4.4.11. and 4.4.12., respectively. Plots of RA

intensity and the frequency shift in the C-H and C-D stretching regions vs. a

values are shown in Figure 4.4.12. and in Figure 4.4.13., respectively.

It is found that the RA intensities in both the C-H and C-D stretching regions

basically remain constant, and the bulk compositions (o values) have no
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significant effects on the RA intensities of the mixed monolayers at the interface.
The RA intensity of the mixed monolayer of C1oDS-C4oN in the C-H
stretching region is contributed only by the component C4oN, and the RA
intensity in the C-D stretching region only by C12DS. Using all the
assumptions in Chapter 4.4.3., we are able to use the RA intensities of the
asymmetric C-D stretching bands (higher intensity) of the mixed monolayer to

calculate the compaosition in the mixed monolayers in the following way:

12195 (C12DS-C12N) - Fimax (C12DS)

X1" (C42DS) = (4.9)

2195 (C12DS) * Tmax(C12DS-C42N)

where X1* is the mole fraction of C15DS in the mixed monolayer at the

interface. The calculated X " values for different o, values are listed in Table

4.4.10. Comparing values of X4 " with X4 ©, determined from surface tension

measurements, we have found good agreements between these values, and all
the values are close to 0.5. This has provided new evidence that the o value
has no significant effect on the surface composition in the mixed monolayer at
the interface, and in a relative large range (o = 0.1-0.9), the cationic and anionic

surfactants at the interface remain at almost constant 1:1 ratio.
From Tables 4.4.11. and 4.4.12. it is interesting to note that even the RA

intensities in both C-H and C-D stretching regions keep almost constant at the
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Table 4.4.11
Properties of Adsorbed Mix
Monolayers of Cy oDS-CqoN atThe Aqueous Solution /Alr
Interface in Pure H, O
(Cr_= 8.0X10"5M, the C-H Stretching Region)
o ¥5(C-H) ¥g(C-H)
RAg(X103) Wn(cm™1) RAg(X104) Wn(cm™1)
0.00 1.12 2921.4 8.20 2851.5
0.10 1.10 2923.0 7.80 2851.5
0.20 1.08 2923.0 7.00 2851.2
0.40 1.20 2922.6 6.80 2850.8
0.50 1.20 2919.1 8.20 2849.1
0.60 1.10 2920.0 6.80 2849.5
0.80 108 2920.7 7.20 2849.9
0.90 1.06 2921.3 6.80 2850.2

"o = the mole fraction of C12D25504Na in the mixture of C1oDo5SO0O4Na -

C12H2o5N(CHg)3Br in pure HoO.
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Table 4.4.12
Pr i A Mix
Monolavers of Cq5DS-Cq ;N atThe Aqueous Solution /Alr
Interface in Pure HyQ

(C7_=_8.0X10"5M, the C-D Stretching Region)

o ¥5(C-D) ¥5(C-D)
RAg(X10%) Wn(em™1) RAg(X10%) wn(cm-1)

0.10 6.40 2197.3 4.80 2095.0
0.20 7.90 2197.2 5.10 2094.6
0.40 8.00 2196.0 4.80 2093.5
0.50 8.10 | 2191.8 5.30 2087.5
0.60 8.00 2194.4 5.10 2090.7
0.80 8.10 2196.7 5.00 2092.7
0.90 8.10 2197.0 5.10 2093.1
1.00 8.80 2195.2 6.00 2091.0

"o = the mole fraction of C42D25504Na in the mixture of C4oDo5SO4Na -

C12oHogN(CHg)3Br in pure HoO.
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same total bulk concentration in different a values, but the peak frequencies in
these regions have relatively large changes. The peak frequencies in both C-H

and C-D stretching regions decrease with o values, and reach minimum values

at a=0.5, then increase with increase in a.. This trend is the same as that

observed for the area per methylene chain at the interface. Scheuing and
Weers (82) have reported the same trends for the mixed C1oDS-DTAC
micelles: the frequencies for both bands (C-H and C-D) show a decrease as the
mixed micelle composition becomes equimolar. They have attributed this
increase to the changes in the absolute frequencies of C-H and C-D bands due
to the electrostatic effects in the non-equimolar mixed micelles. Comparing the
data in Tables 4.4.11. 4.4.12. with those in Table 4.4.9., we have found that both

the symmetric and asymmetric C-D stretching band frequencies in most of the

non-equimolar mixed monolayers (except a=0.6) are actually higher than those

(2195.2 and 2091.0cm'1) in the adsorbed monolayer of pure C{oDS solution,
and the asymmetric C-H stretching band frequencies in the mixed monolayers
of the C4 oN-rich mixed solutions are higher than that (2921 .4cm'1) in the

saturated adsorbed monolayer of individual C4oN solution. This increase in
frequency may be related to several factors. The first one is the packing density

of the methylene chains at the interface. As discussed in Chapter 4.4.5., when
o value is getting far from 0.5, the area per polymethylene chain at the interface

increases , and the interactions between methylene chains at the interface
decrease. This results in increasing frequencies for both the C-H and C-D

stretching bands. The second factor may be the extent to which the total
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surfactant concentration in mixed solutions deviates from its cmc. As mentioned

before, the cmc of mixed surfactant solutions has a minimum value at o = 0.5,

and increases with increase in the extent at which the o value deviates from
0.5. At the same total surfactant concentration, C1=8.0X1 0'5M, which is below
the minimum cmc value, when o is getting further and further from 0.5, the Cyis

less and less than its cmc, since the cmc is increasing when o deviates more

and more from 0.5. As we discussed in Chapter 4.4.4., the peak frequencies in
both C-H and C-D stretching regions continuously increase with decrease in
bulk concentration due to the possible staggered structures of the mixed
C10DS-C4oN monolayers at the interface. Therefore, when the Ct is getting
less and less than its cmc, the peak frequencies in these two regions are higher
and higher. The third factor may be the different environments surrounding the
head groups at the interface. As the composition of the mixed surfactant
solutions is changed from C4oN-rich to C4oDS-rich, the interactions between |
head groups at the interface are also changed, and these changes may affect

the absolute frequencies of the C-H and C-D stretching bands somewhat.
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Figure Legends

1.1. Surface pressure - area per molecule (rn-A) diagrams of different types

of monolayers. Schematic; not in scale.

1.2. Simulated relationship between the surface excess concentration and
the bulk concentration for a monolayer absorbed at the air/water
interface.

2.1. Optical model of an anisotropic monolayer on an isotropic liquid
substrate. |

2.2. Laboratory axis system with a representative chain (long arrow), a
representative dipole moment (M), and the definition of angles.

2.3. Calculated value of the reflection-absorption intensity vs. chain
orientation angle for s- and p-polarized incident light at constant
surface concentration.

2.4 .Relationship between reflection-absorption intensity and k5 at
different chain orientation angles (30°, p-pol.).

2.5 .Relationship between reflection-absorption intensity and k54 at

different chain orientation angles (30°, s-pol.).
2.6. Results of refinement procedure which minimize Aky gy to calculate the

chain orientation angle x and kpax-

2.7. Polarized reflection-adsorption intensity ratios (RAp/RAs) vs. chain

orientation angle at various values of kymax.
2.8. RAp//RAS ratios vs. chain orientation angle at different i values, ky g

is constant (0.30).
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Determination of orientation angle using various methods of

minimization.

2.10. Comparison of an experimental transmission spectrum with simulated

3.1.

3.2.

3.3.

3.4.
3.5.

3.6.

3.7.

reflection-absorption spectra for the adsorbed monolayer of
C12Ho5503Na (C12S) at the air/water interface.
Schematic diagram of the optical arrangement used for obtaining RA
spectra of adsorbed monolayers at the air/water interface.
Reflection-absorption spectra (p-polarization) of adsorbed C15S
monolayers at the air/water interface with different angles of incident
light, but the same bulk concentration.
Reflection-absorption spectra of adsorbed C4oSNa monolayers at the
air/water interface with different polarizations and angles of incident
light, at the same bulk concentration.
The height of the solution vs. the experimental period time.
Ratios of a single beam s-polarized reflectance spectrum of a water
surface against the same, but at different height of the water surface -
log(RyRg). Height of the water surface changes with the time of
evaporation (t).
A representative reflection-absorption spectrum of the adsorbed C4 5S

monolayer at the air/water interface, at 30° incident angle and
s-polarization; surfactant concentration, C= 4.80X10-3M.
Reproducibility of RA spectra of adsorbed C15SNa monolayers at the

air/water interface (C=4.0X1 0-3M, s-polarization)
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Surface tension vs. log of the molar concentration of C4{2SOgNa in
aqueous solutions of H50, 0.1M NaCl, 0.5M NaCl, and 0.1M LiCl at
25.0°C.
Surface pressure vs. area per molecule (A) of C{oSOgNain
aqueous solutions of H»0, 0.1M NaCl, 0.5M NaCl, and 0.1M LiCl at
25.0°C.

Dynamic surface tension vs. log of the surface age time of 5.0X1 0-3M

C412803Na in pure Ho0 at 25.0°C (maximum bubble pressure
method).

Surface tension vs. measuring time for 1.2X10°2 M C42SOgNa in

pure HoO at 25.0°C (Wilhelmy method).

RA intensity vs. measuring time of C15S03Na monolayers at the
air/water interface from different bulk concentrations.

Peak frequency shift of the asymmetric C-H stretching vibration vs.
measuring time of C42S0O3Na monolayers at the air/water interface
with different bulk concentrations.

Peak frequency shift of the symmetric C-H stretching vibration vs.
measuring time of C12SOgNa monolayers at the air/water interface
from different bulk concentrations.

A diagram of a C12S50gNa molecule at the air/water interface.

RA spectra of adsorbed monolayers of C{5SOgNa at the aqueous

solution/air interface in pure water at 30° incidence angle.

Fig. 4.1.10. Changes in RA of adsorbed monolayers of C12SO3gNa at the

air/water interface with different bulk concentrations in pure water
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Fig. 4.1.11. RA spectra of adsorbed monolayers of C{,S0gNa at the aqueous

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.1.12.

4.1.13.

4.1.14.

4.1.15.

4.1.16.

4.1.17.

4.1.18.

4.1.19.

4.1.20.

solution/air interface in 0.1M NaCl at 30° incidence angle.

Changes in RA intensity of the adsorbed monolayers of C45SOgNa
at the air/water interface with different bulk concentrations in 0.1M
NaCl solution.

Reflection-absorption spectra of the adsorbed monolayers of
C1250gNa at the aqueous solution/air interface in 0.5M NaCl at
30° incidence angle.

Changes in RA intensity of the adsorbed monolayers of C{o,SOgNa
at the air/water interface with different concentrations in 0.5 M NaCl.
Effects of NaCl concentration on RA of adsorbed monolayers of
C12S03Na at the air/water interface .

Effects of NaCl concentration on RA of the adsorbed monolayers of
C12S03Na at the air/water interface at s-polarization

Frequency shifts of the C-H stretching bands vs. log of bulk
concentration in pure water and 0.1M NaCl solutions.

A diagram explanation of C45S0OgNa monolayer structures at the
air/water interface.

RA spectra of adsorbed monolayers df C12503Na at the aqueous
solution/air interface in pure water at 30° incidence angle and
s-polarization in the S-O stretching region.

RA spectra of adsorbed monolayers of C15SOgNa at the aqueous

solution/air interface in 0.1M NaCl at 30° incidence angle and

s-polarization in the S-O stretching region.
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4.2.1. Surface tension vs. log of the concentration of C4oN(CHg)3Br
(Cq2N) in pure H>0 and 0.1M NaBr solution at 25.0°C.
4.2.2. Surface pressure vs. area per molecule (A) of C4oN in pure Ho0 and
0.1M NaBr solution at 25.0°C.

4.2.3. A representative RA spectrum of the adsorbed monolayer of CqoN
(C=1.4X1 0'2M) at the aqueous solution/air interface in pure HoO at

30° incidence angle and s-polarization.

4.2.4. RA spectra of the adsorbed monolayers of C1oN at the air/water
interface in pure HoO at 30° incidence angle and s-polarization

4.2.5. RA spectra of the adsorbed monolayers of C 5N at the air/water
interface in pure HoO at 30° incidence angle and s-polarization

4.2.6. RA spectra of the adsorbed monolayers of C1oN at the air/water
interface in 0.1M NaBr at 30° incidence angle and s-polarization.

4.2.7. Effects of NaBr concentration on RAs of C4oN monolayers at the
air/water interface at 30° incidence angle and s-polarization

4.2.8. Changes in RA intensity of the adsorbed monolayers of C4oN at the
air/water interface with different surfactant bulk concentrations in
pure HoO and 0.1M NaBr solutions (in the C-H stretching region).

4.2.9. Changes in peak frequency of the adsorbed monolayers of C1oN at
the air/water interface with different surfactant concentrations in pure
water and 0.1M NaBr solutions (in the C-H stretching region).

4.2.10. Structure and distribution of water and C42oN molecules in the

adsorbed monolayers at the air/water interface.

4.3.1. Surface tension vs. log of the concentration of C{sHo5S04Na
(C12HS) and C45D25504Na (C45DS}) in pure HoO and 0.1M NaBr
solution at 25.0°C. |
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Surface pressure vs. area per molecule (A) of C4oHS and C1oDS in
pure HoO and 0.1M NaBr solution at 25.0°C.
RA spectra of the adsorbed monolayers of C4oHS at the air/water
interface in pure HoO at 30° incidence angle and s-polarization (the
C-H and S-O stretching region)
RA spectra of the adsorbed monolayers of C42oDS at the air/water
interface in pure HoO at 30° incidence angle and s-polarization (the
C-D and S-O stretching region)
Changes in RA intensity of the adsorbed monolayers of C45HS at the
air/water interface with different bulk concentrations in pure HoO (in
the C-H stretching region).
Changes in peak frequency of the adsorbed monolayers of C45HS at
the air/water interface with various bulk concentrations in pure water
(the C-H stretching region).
Changes in RA intensity of the adsorbed monolayers of C45DS at the
air/water interface with different bulk concentrations in pure HyO (the
C-D stretching region).
Changes in peak frequency of the adsorbed monolayers of C1oDS at
the air/water interface with various bulk concentrations in pure water

(the C-D stretching region).

4.4.1(a). Surface tension vs. log of the concentration of C4oHS, C45N,

t
C412DS, and equimolar mixtures C4oHS-C45oN and
C12DS-C42oN, in water solutions at 25.0°C.

4.4.1(b). Surface tension vs. log of the concentration of C4oN, C415DS, and

equimolar mixture C45DS-C4oN in 0.1M NaBr at 25.0°C.
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Surface pressure vs. area per molecule (A) of equimolar
C12HS-C42oN and C45DS-C4 5N mixtures in water and in 0.1M NaBr
solution at 25.0°C.

RA spectra of the adsorbed mixed monolayers of equimolar mixture

C12HS-C4 5N at the aqueous solution/air interface in pure H,O at

30° incidence angle and s-polarization (the C-H stretching region)

Fig. 4.4.4.

Fig. 4.4.5.

Fig. 4.4.6.

Fig. 4.4.7.

Fig. 4.4.8.

Changes in RA intensity of adsorbed mixed monolayers of equimolar
mixture CoHS-C12oN at the air/water interface with different
surfactant bulk concentrations in pure HoO (the C-H stretching
region).

Changes in p’éak frequency of the C-H stretching modes in the
adsorbed mixed monolayers of equimolar mixture C1oHS-CyoN at
the aqueous solution/air interface with various bulk concentrations in
pure water.

RA spectra of the adsorbed mixed monolayers of equimolar mixture
C412D8-C4 2N at the aqueous solution/air interface in pure HoO at
30° incidencé angle and s-polarization (the C-H, C-D, and S-O
stretching bands)

RA spectrum of the floating particles (precipitates) of equimolar
mixture C42DS-C4 N (bulk concentration, C = 6.0X10°9M) at the

aqueous solution/air interface in pure HoO at 30° incidence angle
and s-polarization (the C-H, C-D, and S-O stretching bands).
Changes in RA intensity of the adsorbed mixed monolayers of
equimolar mixture C4oDS-C4oN at the air/water interface with
different surfactant bulk concentrations in pure HoO solutions (in the

C-H and C-D stretching regions).
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Fig. 4.4.9. Changes in peak frequency of the adsorbed mixed monolayers of
equimolar mixture C1oDS-C45N at the air/water interface with
different surfactant bulk concentrations in pure HoO solution (in the

C-H and C-D stretching regions).

Fig. 4.4.10. Surface tension vs. log of the total bulk concentration of mixed
C412D8-C4oN in water solution from different o values at 25.0°C.
Fig. 4.4.11. RA spectra of the adsorbed mixed monolayers of C4oDS-C4oN

(Ct=8.0X1 O'5M) at the aqueous solution/air interface in pure HoO

at 30° incidence angle and s-polarization with various o values (in

the C-H and C-D stretching region).

Fig. 4.4.12. Changes in RA intensity of adsorbed mixed monolayers of mixture
C412DS-C4oN at the air/water interface with different o values in

pure HoO solution (in the C-H and C-D stretching regions).
Fig. 4.4.13. Changes in peak frequencies of the C-H and C-D stretching modes
in the adsorbed mixed monolayers of mixture C45DS-C4oN at the

air/water interface with different o values in pure HoO solution
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Fig. 1.1. Surface pressure - area per molecule (n-A) diagrams of
different types of monolayers. Schematic; not in scale.
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Fig. 1.2. Simulated relationship between the surface excess
concentration and the bulk concentration for a monolayer absorbed
at the air/water interface.
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Fig. 2.1. Optical model of an anisotropic monolayer on an isotropic
liquid substrate.
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Fig. 2.2. Laboratory axis system with a representative chain (long
arrow), a representative dipole moment (M), and the definition of
angles.
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Fig. 2.3. Calculated value of the reflection-absorption intensity vs.
chain orientation angle for s- (the top line) and p-polarized (the
bottom one) incident light at constant surface concentration.
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Fig. 2.4. Relationship between RA intensity and Ku,,4 at different

chain otientation angles. (30°, p-pol.).
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Fig. 2.6. Results of refinement procedure which minimize Akmay t0
calculate the chain orientation angle x and kyp,y-
From left to right: x = 0°, 20°, 40°, 60°, and 80°, respectively.
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Fig. 2.7. Polarized reflection-adsorption intensity ratios (RAp/RAs)
vs. chain orientation angle at various values of k5. From top to

bottom : k5 = 0.13, 0.15, 0.20, 0.35, 0.30, 0.35, 0.40, 0.45, and
0.50, respectively.
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Fig. 2.8. RApi/RAs ratios vs. chain orientation angle at
different i values, kpax constant (=0.30). From top to

bottom: RAp/RAs, RAp2/RAs, and RAp3/RAs, respectively.
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Fig. 2.9. Determination of orientation angle using various methods
of minimization. From top to bottom:

A(RAp3/RAs), A(RAp2/RAs), A(RAp/RAs), respectively.
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Fig. 2.10. Comparison of an experimental transmission spectrum
with simulated RA spectra for the adsorbed monolayer of
C412H25503Na (C45SNa) at the air/water interface. From top to

bottom: simulated RAs, RAp, and experimental spectrum of C4 2SNa
dispersed in a KBr matrix.
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Fig. 3.1. Schematic diagram of the optical arrangement used for
obtaining RA spectra of adsorbed monolayers at the air/water
interface.
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Fig. 3.2. RA spectra (p-polarization) of the adsorbed C12SNa
monolayers at the air/water interface with different angles of

incident light, but the same bulk concentration.

From top to bottom: 6 = 44°, 30°, and 16°, respectively.
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Fig. 3.3. RA spectra of the adsorbed C{5,SNa monolayers at the

air/water interface with different polarizations and angles of
incident light, but the same bulk concentration.

From top to bottom: s-polarized, 06=10°; p-polarized, 6=10°;
s-polarized, 0=30°, and p-polarized, 6=30°, respectively.




148

10.0 A A pure H20
4+ C12SNa (4.0X10-3M)
- A
= +
.E 9.5+ A .
5
© A
- -
- -+
o
£ 9.0+
+
o
T A
+
A
8-5 Ll 1 ' 1 ' 1 v 1 v 1 v 1
0 30 60 90 120 150 180

time(min.)

Fig. 3.4. The height of the solution vs. the experimental period time.
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Fig. 3.5. Ratios of a single beam s-polarized reflectance spectrum
of a water surface against the same water surface -log(R¢/Rp), but

at different height of the water. The height of the water changes
with the time of evaporation (t).
From top to bottom: t=1, 2, 3, 4, and 5 hours, respectively.
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Fig. 3.6. A representative RA spectrum of the adsorbed C{,SNa
monolayer at the air/water interface, at 30° incident angle and
s-polarization; surfactant concentration, C= 4.80X10"3M.



151

0.00

?

-55. 4

Reflection-absorption x10%

—1 1 0 1 1 T T T T
3200 3100 3000 2800 2800 2700 2600

Wavenumbers(cm'1 )

Fig. 3.7. Reproducibility of RA spectra of the adsorbed monolayers
of C{oSNa at the air/water interface, C= 4.0X10‘3M,
s-polarization
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Fig. 4.1.1. Surface tension vs. log of the molar concentration of

C12SO3Na in aqueous solutions of H,0, 0.1M NaCl, 0.5M NaCl,

and 0.1M LiCl at 25.0°C.
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Fig. 4.1.2. Surface pressure vs. area per molecule (A) of
C12S0OgNa in aqueous solutions of H,0, 0.1M NaCl, 0.5M NaCl,
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Fig. 4.1.3. Dynamic surface tension vs. log of the surface age time
of 5.0X10°3 M C12S03Na in pure Hy0 at 25.0°C (maximum bubble

pressure method).
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Fig. 4.1.4. Surface tension vs. measuring time for 1.2X10"2 M
C12SOg3Na in pure HyO at 25.0°C (Wilhelmy method).
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Fig. 4.1.5. RA intensity vs. measuring time of C{5SO3Na

monolayers at the air/water interface from different bulk
concentrations.
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Fig. 4.1.6. Peak frequency shift of the asymmetric C-H stretching
vibration vs. measuring time of C{5,S045Na monolayers at the

air/water interface with different bulk concentrations.
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Fig. 4.1.7. Peak frequency shift of the symmetric C-H stretching
vibration vs. measuring time of C{,SO3Na monolayers at the

air/water interface from different bulk concentrations.




159
D,(CH3)
Ua(CH3) t’ua o)
satd

Ul

! —U,(CH,)

U,(CH,)

4

{
' QVQ(CHZ)
\\E“rn
R v (CH,)

.
g~ |

S
]! ! & (5-0)
i v

air-water interface

Fig. 4.1.8. A diagram of a C;{5SO4Na molecule at the air/water
interface. ’




160

-380
o 4101
S
*
[ =
2 -440-
Q.
S
8
5
S -470-
3
2
s |
(s

-500 -

-530 , . »

3100 3000 2900 2800 2700

Wavenumbers(cm"1)

Fig. 4.1.9(a-1). RA spectra of the adsorbed monolayers of
C12S03Na at the aqueous solution/air interface in pure water at

30° incidence angle and p-polarization.
From top to bottom:

surfactant concentration _logC
6.24X10"4 M -3.20
9.90X10™4 M -3.00
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Fig. 4.1.9(a-2). RA spectra of the adsorbed monolayers of
C12S0gNa at the aqueous solution/air interface in pure water at

30° incidence angle and p-polarization.
From top to bottom:

surfactant concentration doaC
1.87X10°3 M -2.73
2.28X10°3 M -2.64
2.86X10™3 M -2.54
3.58X103 M -2.45
4.48X10-3 M -2.35
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8.76X103 M -2.06
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Fig. 4.1.9(b-1). RA spectra of the adsorbed monolayers of
C12S03Na at the aqueous solution/air interface in pure water at

30° incidence angle and s-polarization.
From top to bottom:

surfactant concentration doaC
6.24X10"4 M -3.20
9.90X10"% M -3.00
1.98X10°3 M -2.70
3.12X10"3 M -2.51
4.00X103 M -2.40

4.80X10°3 M -2.32
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Fig. 4.1.9(b-2). RA spectra of the adsorbed monolayers of
C412S03Na at the aqueous solution/air interface in pure water at

30° incidence angle and s-polarization.
From top to bottom:

surfactant concentration logC
1.87X10°3 M -2.73
2.28X10"3 M -2.64
2.86X103 M -2.54
3.58X10°3 M -2.45
4.48X103 M -2.35
5.60X10"3 M -2.25

8.76X103 M -2.06
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Fig. 4.1.10. Changes in RA intensity of the adsorbed
monolayers of C4,SOg3Na at the air/water interface with

different bulk concentrations in water solution.
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Fig. 4.1.11(a). RA spectra of the adsorbed monolayers of
C12504Na at the aqueous solution/air interface in 0.1M NaCl at

30° incidence angle and p-polarization.
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Fig. 4.1.11(b). RA spectra of the adsorbed monolayers of
C12503Na at the aqueous solution/air interface in 0.1M NaCl at

30° Iincidence angle and s-polarization.
From top to bottom:
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1.00X10™% M -4.00
2.00X10™% M -3.70
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Fig. 4.1.13(a). RA spectra of the adsorbed monolayers of
C12S03Na at the aqueous solution/air interface in 0.5M NaCl at

30° incidence angle and p-polarization
From top to bottom:

surfactant concentration loaC
4.47X10"° M -4.35
6.31X10° M -4.20
1.29X10"% M -3.89
1.77X10"4 M -3.75

2.63X10"4 M -3.58
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Fig. 4.1.13(b). RA spectra of the adsorbed monolayers of
C12503Na at the aqueous solution/air interface in 0.5M NaCl at

30° incidence angle and s-polarization
From top to bottom:

surfactant concentration loaC
4.47X10° M -4.35
6.31X10°9 M -4.20
1.29X10"4 M -3.89
1.77X10"4 M -3.75

2.63X104 M -3.58
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Fig. 4.1.16. Effects of NaCl concentration on RA spetra of the
adsorbed monolayers of C415,S05Na at the air/water interface at

s-polarization.
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Fig. 4.1.19. RA spectra of the adsorbed monolayers of C41,S03Na

at the aqueous solution/air interface in pure water at 30° incidence
angle and s-polarization in the S-O stretching region.
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Fig. 4.1.20. RA spectra of the adsorbed monolayers of C412503Na

at the aqueous solution/air interface in 0.1M NaCl at 30° incidence
angle and s-polarization in the S-O stretching region.
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Fig. 4.2.6 (a). RA spectra of the adsorbed monolayers of C{oN at

the air/water interface in 0.1M NaBr at 30° incidence angle and
p-polarization
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Fig. 4.2.6 (b). RA spectra of the adsorbed monolayers of C15N at

the air/water interface in 0.1M NaBr at 30° incidence angle and
s-polarization
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Fig. 4.2.10. Structure and distribution of water and C4oN molecules

in adsorbed monolayers at the air/water interface’.
(A). A uniform layer at dilute surface concentration.
(B). A staggered layer at concentrated surface concentration.

* reference (29)



188

70 _
+ + C12HS, H20
: A C12DS, H20
+
E 60 - u ) A
2 +
E | o A
- +
S o a
@ 50 - +
o o
- %
3 o
S
e +
5‘: 40 - 0 . £ %
O
o C12HS, 0.1M NaBr o o
30 T T
-4.5 -3.5 -2.5 -1
logC

Fig. 4.3.1. Surface tension vs. log of the concentration of
C12H25804Na (C12HS) and 012025304Na (C1zDS) in pure

H20 and 0.1M NaBr solution at 25.0°C.

.5



189

40
+ A C12DS, H20
* A o Ci2HS, H20
E 30- d
= + + C12HS, 0.1M NaBr
E 4
e +
3 + 0
o 20 - A
2 g
o + A
8 =]
S + A
o 0
a 10 * A
a
0 Y T T T
25 75 125
A

Fig. 4.3.2. Surface pressure vs. area per molecule (A) of C4oHS
and C4oDS in pure Hy0 and 0.1M NaBr solution at 25.0°C.
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Fig. 4.3.3 (a). RA spectra of the adsorbed monolayers of C4oHS
at the air/water interface in pure H,O at 30° incidence angle and

s-polarization (the C-H stretching region)
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Fig. 4.3.3 (b). RA spectra of the adsorbed monolayers of C4oHS
at the air /water interface in pure H,O at 30° incidence angle

and s-polarization (the S-O stretching region)
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surfactant concentration dogC
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Fig. 4.3.4 (a). RA spectra of the adsorbed monolayers of C42oDS
at the air/water interface in pure HoO at 30° incidence angie and

s-polarization (the C-D stretching region)
From top to bottom:

surfactant concentration dogC
1.00X10"3 M -3.00
2.00X10"3 M -2.70
4.00X10°3 M -2.40
8.00X10-3 M -2.10
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Fig. 4.4.3. RA spectra of the adsorbed mixed monolayers of
equimolar mixture C4oHS-C4oN at the aqueous solution/air

interface in pure HoO at 30° incidence angie and

s-polarization (the C-H stretching region)
From top to bottom:

surfactant concentration doaC
2.50X10°6 M -5.60
5.00X10°8 M -5.30
1.00X105 M -5.00
2.00X10° M -4.70
4.00X10"3 M -4.40

5.00X10°5 M -4.30



202

0.003
o va(C-H)
o o
> 0.002 a
a o
2
= -
- +
s o . + +
0.001
+
+
0.000 ' T —
-6 -5 -4
logC

Fig. 4.4.4. Changes in RA intensity of the adsorbed mixed
monolayers of equimolar mixture C{oHS-C4oN at the air/water

interface with different builk concentrations in pure HoO (the C-H

stretching region).



203

3
o
1 o va(C-H)
—~ 2 + vs (C-H)
£
o
~ +
ot a
@ 1 .
-
e +
4 o
g +
Yo o - n |
+
-1 | I 1 1
-6 5 -4
logC

Fig. 4.4.5. Changes in peak frequency of the C-H stretching modes
in the adsorbed mixed monolayers of equimolar mixture CqoHS-

C12N at the aqueous solution/air interface with various bulk
concentrations in water.



204

)
[en]
[a»]

I\ .
~ ' / /\/ !
20,0\, A=A \/ \/ A

10.0 —L/\/_\u\’\/:\/\f\f

)
%

Reflection-absorption
! o
o o
o
| I lg
<
A
™
¢
>
§

" 3100 3000 2900 2800 2700

wavenumbers(cm” 1)
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Fig. 4.4.6(c). RA spectra of the adsorbed mixed monolayers of
equimolar mixture C{,DS-C45N at the aqueous solution/air
interface in pure H,O at 30° incidence angle and s-polarization

(the S-O stretching bands)
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Fig. 4.4.7(a). RA spectrum of the mixed multilayers (precipitates) of
equimolar mixture C45,DS-C4oN (bulk concentration,

C = 6.0x10‘5M) at the aqueous solution/air interface in pure HpO at
30° incidence angle and s-polarization (the C-H stretching bands).



208

15.0 f\\f!

Reflection-absorption x104

0.00 ; . . , !
2250 2200 2150 2100 2050 20G0

Wavenumbers(cm‘1 )

Fig. 4.4.7(b). RA spectrum of the mixed multilayérs (precipitates) of
equimolar mixture C4,DS-C45N (bulk concentration,

C = 6.0X10°9M) at the aqueous solution/air interface in pure HoO at
30° incidence angle and s-polarization (the C-D stretching bands).
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Fig. 4.4.7(c). RA spectrum of the mixed multilayers (precipitates) of
equimolar mixture C45DS-C49N (bulk concentration,

C = 6.0X10'5M) at the aqueous solution/air interface in pure H,0 at
30° incidence angle and s-polarization (the S-O stretching bands).
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Fig. 4.4.8. Changes in RA intensity of the adsorbed mixed
monolayers of equimolar mixture C1,DS-C4,N at the air/water

interface with different bulk concentrations in pure H,O solution
(the C-H and C-D stretching regions).
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(the C-H and C-D stretching regions).
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Fig. 4.4.11(a). RA spectra of the adsorbed mixed monolayers of
C19DS-C45N (Cy = 8.0X10"5M) at the aqueous solution/air
interface in pure H,O at 30° incidence angle and s-polarization

with various o values (in the C-H stretching region). From top to
bottom, o = 0.9, 0.8, 0.6, 0.5, 0.4, 0.2, and 0.1.
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Fig. 4.4.11(b). RA spectra of the adsorbed mixed monolayers of
C42DS-C4oN (Cy = 8.0X10"9M) at the aqueous solution/air
interface in pure H,O at 30° incidence angle and s-polarization
with various o values (the C-D stretching region). From top to
bottom, o = 0.9, 0.8, 0.6, 0.4, 0.2, and 0.1.
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Fig. 4.4.12. Changes in RA intensity of the adsorbed mixed
monolayers of C15,DS-CyoN at the air/water interface with different

a values in pure HoO soiution (the C-H and C-D stretching bands).
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