COLLOIDS
AND
SURFACES

ii'r_;‘--'_li.

ELSEVIER

Colloids and Surfaces
A: Physicochemical and Engineering Aspects 93 (1994) 79-95

In situ spectroscopic investigations of adsorbed surfactant and
polymer layers in aqueous and non-aqueous systems

P. Somasundaran *, S. Krishnakumar

Langmuir Center for Colloids & Interfaces, Henry Krumb School of Mines, Columbia University, New York, NY 10027,
usa

Received 8 December 1993; accepted 15 March 1994

Abstract

Adsorption of surfactants and polymers at the solid-liquid interface is used widely to modify interfacial properties
in a variety of industrial processes such as flotation, ceramic processing, flocculation/dispersion, detergency and
enhanced oil recovery. A molecular level understanding of the structure of the adsorbed layer is beneficial for improving
these processes by manipulating the adsorbed layer. In this paper we discuss the use of fluorescence, electron spin
resonance (ESR) and Raman spectroscopy for the study of adsorbed surfactant and polymer layers in aqueous and
non-aqueous systems. For example, fluorescence studies using pyrene probe on adsorbed surfactant and polymer
layers in aqueous systems along with ESR and Raman spectroscopy reveal the role of surface aggregation and
conformation of the adsorbed molecules in controlling the dispersion and wettability properties of the system. In non-
aqueous systems, ESR studies using paramagnetic nitroxide probes show how the adsorption of water affects the

conformation of adsorbed surfactant molecules and thus affects their dispersion properties.

Keywords: Electron spin rtesonance; Fluorescence; Non-aqueous dispersions; Polymer conformation;
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Introduction

Interfaces are commonly encountered in nature
and have become an integral part of all human
endeavors both scientific and technological. Of all
the interfaces known the solid-liquid interface
is the most important owing to its involvement
in several biological and industrial processes.
Adsorption of surfactants and polymers at the
solid-liquid interface is discussed usually in con-
nection with processes like flotation and floccula-
tion as the surface modification caused by the
adsorption is mainly responsible for the efficiency
of these processes [1,2].
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Understanding the micro- and nano-structure of
the adsorbed layer at the solid-liquid interface is
helpful for utilizing adsorption to enhance many
processes dependent on adsorption by designing
the adsorbed layers for optimum configurational
characteristics. Until recently methods of surface
characterization were limited to measurement of
macroscopic properties like adsorption density,
zeta potential, wettability etc. Such studies, while
being helpful to provide an insight into the mecha-
nisms, could not yield any direct information on
the microscopic characteristics of the adsorbed
species. Recently spectroscopic techniques have
been developed for characterizing the adsorbed
layers of surfactants and polymers at the solid-
liquid interface and for the identification of surface
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compounds on mineral particles. In this paper the
applications of fluorescence, electron spin reso-
nance (ESR) and Raman spectroscopic techniques
to probe the microstructure of the adsorbed layers
of surfactants and polymers on minerals in aqueous
and non-aqueous media are discussed. This paper
encompasses a review of some of the past work
and some of our recent attempts to delineate the
role of microstructures of adsorbed surfactants and
polymers on solid surfaces.

2. Fluorescence spectroscopy

Fluorescence emission is the radiative emission
of light by an excited molecule returning to its
ground state energy level. This phenomenon bears
a wealth of information on the environment of the
light absorbing species and has been exploited for
a long time for exploring the solution behavior of
surfactants. Parameters of fundamental importance
in fluorescence emission are (1) emission maximum
(wavelength of maximum intensity), (2) quantum
yield of fluorescence (emission efficiency measured
as intensity) and (3) fluorescence lifetime (time taken
by the excited state to decay to 1/e of its initial value).

The fluorescence measurements are generally
carried out by a steady statc fluorescence
spectrofluorometer and lifetime of fluorescence by
a time-resolved fluorescence lifetime instrument
[3]. The dependence of fluorescence intensity and
lifetime on the physicochemical environment of the
fluorescing molecule has been well documented
[4]. Such data have been applied to micellar
photochemistry to understand the property of
micelles [5]. We have recently adapted this tech-
nique as a tool for the adsorbed layer of surfactants
on solids to obtain information on the micropolar-
ity, microviscosity of the probe environment and the
aggregation number of the surfactant at the interface.
To determine the micropolarity a fluorescent mole-
cule, like pyrene, which possesses a highly struc-
tured fluorescence spectrum whose vibrational
lines are susceptible to intensity fluctuations
brought on by polarity changes of the medium, is
used. This empirical knowledge has been found to
be of universal applicability and used widely to
investigate the micropolarity of micelles. A prop-
erly resolved fluorescence spectrum of pyrene in
fluids has five vibrational fine structures in the
region from 370 to 400 nm (Fig. 1). The intensities
of the first (I,) and the third (I;) are found to be
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Fig. 1. Typical fluorescence spectrum of pyrene showing the five vibrational lines.
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particularly sensitive to the changes in the probe
environment. The ratio of these peaks (I3/I,),
sometimes referred to as the polanty parameter,
changes from about 0.6 in water to a value greater
than unity in hydrocarbon media.

2.1. Adsorption of sodium dodecyl sulfate on
alumina

The adsorption of sodium dodecyl sulfate (SDS)
on alumina from aqueous solutions has been
extensively studied and used as a model system
here to exemplify the different stages in the mecha-
nisms of adsorption of an ionic surfactant on a
charged mineral. A careful analysis of such an
isotherm was first done by Somasundaran and
Fuerstenau and is referred to as the S-F isotherm.
A typical example of an S-F isotherm is shown in
Fig. 2, where the adsorption of SDS on alumina at
pH 6.5 under a constant salt concentration of
10 'kmol m~3 is shown [6]. Mechanistically,
these regions may be viewed as follows.

Region 1 which has a slope of unity under
constant ionic strength conditions is characterized

by the existence of electrostatic interactions
between the ionic surfactant species and the oppo-
sitely charged solid surface.

Region II is marked by a conspicuous increase
in adsorption which is attributed to the onset of
surfactant aggregation at the surface through lat-
eral interactions between hydrocarbon chains. This
phenomenon is referred to as hemi-micelle forma-
tion [ 7,8]. The colloidal aggregates formed on the
surface in general between surfactant and/or poly-
mer species are referred to as solloids (surface
colloids) [9]. In the case of simple ionic surfact-
ants they have also been called hemi-micelles,
admicelles, surface micelles and surfactant self-
assemblies [ 10].

Region III shows a decrease in the slope of the
isotherm and this is ascribed to the increasing
electrostatic hindrance to the surfactant adsorption
following interfacial charge reversal caused by the
adsorption of the charged species. In Region Iil
and beyond, both the adsorbent species and the
adsorbate are similarly charged.

Region IV and the plateau in it correspond to
the maximum surface coverage as determined by
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Fig. 2. Adsorption isotherm of sodium dodecyl sulfate (SDS) on alumina at pH 6.5 in 10" kmol m > NaCl.
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micelle formation in the bulk or monolayer cover-
age whichever is attained at the lowest surfactant
concentration; further increase in surfactant con-
centration does not alter the adsorption density. A
schematic representation of adsorption by lateral
interactions is given in Fig. 3.

Classical methods based on zeta potential,
adsorption density and hydrophobicity, referred to

REGION |
NO AGGREGATION

as bulk methods, help to generate an overall picture
of the adsorption process. The application of spec-
troscopic techniques to study these systems gives
a better insight into the interior of the Al O,/
SDS solloid system. The I,/I, values for pyrene
were determined for alumina/sodium dodecyl
sulfate/water systems for various regions of the
adsorption isotherm. The data shown in Fig. 4 are
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>160 MOLECULES
PER AGGREGATE

Fig. 3. Schematic representation of the corretation of surface charge and the growth of aggregates for various regions of th

adsorption isotherm depicted in Fig. 2.
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Fig. 4. I,/I, Buorescence parameter of pyrene in sodium
dodecyl sulfate (SDS) in alumina slurries.

marked by an abrupt change in local polarity of
the probe from an aqueous environment to a
relatively non-polar micelle type environment. It
is to be noted that this abrupt change occurs in a
region that is well below the critical micelle concen-
tration (CMC) and coincides approximately with
the transition in the adsorption isotherm from
Region I to Region L. In the plateau region the
I,/1, value coincides with the maximum value for
SDS micellar solutions, indicating completion of
aggregation on the surface. It can also be seen that
the polarity parameter is fairly constant through-
out most of Region III and above and hence seems
to be independent of surface coverage.
Information on microviscosity is obtained by
studying the excimer (excited dimer) forming capa-
bilities of suitable fluorescent molecules like
1,3-dinaphthyl propane (DNP). The excimer,
which is a complex of a ground state and an
excited state monomer, has a characteristic emis-
sion frequency. The intramolecular excimer forma-
tion is a sensitive function of the microviscosity of
its neighborhood. This property, expressed as the
ratio of the monomer and excimer yield (I,/[,) for
1,3-dinaphthyl propane, is determined for the solu-
tion and for the adsorbed layer for the various
regions of the adsorption isotherm (Fig. 5) [11].
These are then compared to the I /I, values of
DNP in mixtures of ethanol and glycerol of known
viscosities. Based on the I./I,, values of DNP for
ethanol-glycerol mixtures, a microviscosity value
of 90-120 cP is obtained for the adsorbed layer
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Fig. 5. Monomer to excimer ratio (/,,/I,) of dinaphthyl propane
(DNP) in SDS-alumina slurries as a function of SDS adsorption
density. The viscosities refer to those of ethanol-glycerol
mixtures which give a similar [,/I_ ratio for DNP.

compared to a value of 8 cP for micelles. The
constancy of microviscosity as reported by DNP
is indicative of the existence of a condensed surfac-
tant assembly that holds the probe.

The dynamics of fluorescence emission of pyrene
has been previously studied in homogeneous and
micellar solutions using time-resolved fluorescence
spectrometry [12]. While the decay kinetics of
monomer and excimer emission may be derived
directly for a homogeneous solution (continuous
medium), statistical methods are to be applied to
arrive at similar kinetics in aggregated micellar
ensembles. This stems from a need to recognize
the possibility of random multiple occupancy of
the probe in the aggregates which affects the exci-
mer forming probability within the aggregate. If
the micellar system is viewed as groups of indivi-
dual micelles with n probes, then P,, the average
number of probes per micelle, may be related to n
by Poisson statistics through the relation

P, =n" exp(— n)/n

This model yields the following relation for the
time dependence of monomer emission:

Lty = Ty €XpL — kot + n(exp(— k.t)—1 )]

where k, is the reciprocal lifetime of excited pyrene
in the absence of excimer formation, k. is the
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intramicellar encounter frequency of pyrene in
excited and ground states, and I, and Loy
represent the intensity of monomer emissions at
time zero and time ¢ respectively. Knowing n, one
can calculate the aggregation number N using the
expression

n=[P]/[Agg]l=[PINA[S]-[S.,D

where [P] is the total pyrene concentration, [(Agg]
is the concentration of the aggregates and
[S]—[Se] is the concentration of the adsorbed
surfactant.

A kinetic analysis based on this relation of the
decay profiles of pyrene in the adsorbed layer for
different regions of the alumina/dodecyl sulfate
adsorption isotherm [13] yielded the aggregation
numbers marked in Fig 6 for dodecyl sulfate sol-
loids. These results yield a picture of the evolution
of the adsorbed layer. The aggregates in Region II
appear to be of relatively uniform size while in
Region III there is a marked growth in the aggre-
gate size. In Region II, the surface is not fully
covered and enough positive sites remain as
adsorption sites. Since the aggregation number is

fairly constant in Region II, further adsorption in
this region can be considered to occur by the
formation of more aggregates but of the same size.
The transition from Region II to III corresponds
to the isoelectric point of the mineral, and adsorp-
tion in Region III is proposed to occur through
the growth of existing aggregates rather than the
formation of new ones due to lack of positive
adsorption sites. This is possible by the hydro-
phobic interaction between the hydrocarbon tails
of the already adsorbed surfactant molecule and
the adsorbing ones. The new molecules adsorbing
at the solid-liquid interface can be expected to
orient with the ionic head toward the water since
the solid particles possess a net negative charge
under these conditions. The whole process of

adsorption has been portrayed schematically in
Fig. 3.

2.2. Effect of position of functional group on
adsorbed layer microstructure [ 14]

Studies of changes in the position of the sulfonate
and the methyl groups on the aromatic ring of
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Fig 6. Surfactant aggregation numbers determined for various adsorption densities (average number is indicated).
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alkylxylenesulfonate showed a marked effect of
such changes on the micellization and adsorption
at the solid-liquid interface. Fluorescence spectro-
scopy was used to probe the microstructure of the
adsorbed layers in these systems. Adsorption iso-
therms for 4C11 3,5-para-xylenesulfonate (Para-1 ),

85

4C11 2,5-para-xylenesulfonate (Para-2) and 4C11
2,4-meta-xylenesulfonate (Meta) on alumina from
water and the I5/I, values along various points in
the isotherm are shown in Figs. 7 and 8 respec-
tively. At low adsorption densities, 1,// , 1s about
0.6. Once the solloids form, the value goes up to
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about 1. It can also be seen that there is no
difference among the polarities of the adsorbed
layers of the three surfactants indicating that these
layers in all three cases are really compact and
hence water penetration is the same in all the cases.
Average aggregation numbers of the solloids
increase from 17 to 76 with increase in adsorption
in all the three cases (Fig.9). The aggregation
numbers of the two para-xylenesulfonates are
similar throughout the range studied. However,
at higher adsorption densities, the aggregation
number of the meta-xylenesulfonate is lower than
that of the para-xylenesulfonates. This suggests
higher steric hindrance to the packing of the surfac-
tant molecules in the solloids of the meta-xylenesul-
fonate. Based on this evidence, the effect of change
of position of functional groups on the aromatic
ring of the alkylxylenesulfonates on adsorption can
be attributed to the steric constraints to the pack-
ing of surfactant molecules in their aggregates.

2.3. Polymer conformation in the adsorbed state

Polymers can exist in different conformations
both in solution and in the adsorbed state. The
adsorption of polymeric materials onto solid sur-
faces can be quite different from the adsorption of

small molecules in that the polymer adsorption is
greatly influenced by the multifunctional groups
that it possesses [ 15]. This stems from the widely
varying sizes and configurations available for the
polymer. In addition, macromolecules usually pos-
sess many functional groups each having a poten-
tial to adsorb on one or more given surfaces.

Among the polymeric materials, polyelectrolytes
are the most important because of their participa-
tion in many biological processes and their utility
in processes like dispersion, flocculation, adhesion
and rheology. Poly(acrylic acid) (PAA) and poly-
(methacrylic acid) (PMAA) are usually chosen as
simple examples of polyelectrolytes to gain insight
into the adsorption behavior of polyelectrolytes.
Such an understanding is importaat in acquiring
effective control over the processes of colloidal
stabilization and flocculation.

Poly(acrylic acid) can exist in different confor-
mations depending on the solvent, pH and ionic
strength conditions (Fig. 10) [16]. Such a flexibil-
ity also influences its adsorption characteristics on
solids and in turn affects the subsequent suspension
behavior. Using a fluorescent labelled polymer and
by monitoring the extent of excimer formation it
was shown that the polymer at the interface could
have a stretched or coiled conformation at the
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Fig. 9. Aggregation numbers determined at different adsorption densities shown along the isotherm.
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ct+ t 4ot
(a)

Fig. 10. Schematic represeatation of the conformation of poly
(acrylic acid) at different pH values: (a) pH 4.4; (b) pH 10.5.

interface depending on the pH. The rationale
behind the use of this technique is the observation
that the extent of excimer formation which depends
on the interaction of an excited state pyrene of the
polymer pendant group with another pyrene group
in the ground state has a direct bearing upon the
polymer conformation. This may be understood
with reference to Fig. 11 which shows that at low
pH there is a better probability for intramolecular
excimer formation between pyrene groups resulting
from a favorable coiled conformation. Similarly a
low probability for excimer formation at high pH
may be understood as a consequence of the repul-
sion between the highly ionized carboxylate groups
in the polymer and the subsequent stretching of
the polymer chain. This difference is reflected in
the nature of their fluorescence spectra as seen in
Fig. 12. Also these studies have demonstrated that
the poly(acrylic acid) adsorbed in the stretched
form on alumina at high pH was essentially
irreversible as the conformation could not be
altered by lowering the pH subsequently (Fig. 13)
[17]. In contrast, the polymer adsorbed in the
coiled form at low pH did stretch out when the
pH was increased.

We have also performed a detailed investigation
on the flocculation behavior of alumina particles

High pH

Fig. 11. Schematic representation of the correlation of the
extent of excimer formation and intrastrand coiling of pyrene-
labeled poly(acrylic acid).
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Fig. 12. Fluorescence emission spectra of adsorbed polymer at
two pH values.
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Fig. 13. Schematic representation of the adsorption process of
pyrenc-labeled poly(acrylic acid) on alumina. A, At low pH
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expansion of the polymer. D. Polymer at high pH in solution
is extended and E, binds strongly to the surface in this
conformation. {F). Subsequent lowering of pH does not allow
for sufficient intrastrand interactions for coiling to occur.
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with and without added polymer under fixed and
shifted pH conditions. The polymer conformation
was shown to be a controlling factor of the floccu-
lation process in this case. The results of fluores-
cence emission studies using pyrene-labeled PAA
in the adsorbed state under shifted pH conditions,
ie. adsorbing the polymer at a fixed pH and then
changing the pH to a desired value, are shown in
Fig. 14. It may be noted that the excimer fluores-
cence emission intensity of the solid/liquid equilib-
ria after adsorption at high pH values remains the
same even after changing the pH to lower values.
From this observation, coupled with the above
results, the variation of poly(acrylic acid) confor-
mation at the solid-liquid interface under shifted
pH conditions may be represented as shown in
Fig. 15. It may be inferred that the polymer confor-
mation at a given pH may be manipulated by
coatrolling the adsorption conditions.

2.4. Polymer orientation in non-aqueous media

Fluorescence spectroscopy was also used to
detect polymer orientation on particles in non-
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Fig. 14. Excimer to monomer ratio I, m for alumina with 20 ppm poly(acr

conditions.

aqueous media. 7-Dimethylamino-4-methylcouma-
rin which is a relatively hydrophilic molecule was
used to probe the adsorbed layer of DAPRAL GE
202 (maleic anhydride—a-olefin copolymer with
both hydrophobic and hydrophilic sidechains) at
the alumina-tolucne interface. The spectrum for
the probe in the absence of DAPRAL is similar to
that obtained in water solution (maximum emis-
sion at 470 nm, Fig. 16). This is attributed to the
hydrophilicity of the bare alumina surface. With
an increase in polymer adsorption, the maximum
wavelength shifts toward the shorter wavelength
range reaching the value for hydrocarbon solvents
(390 nm) at 500 mg 1~ ' of DAPRAL (Fig. 17). This
observation supports the mechanism of polymer
adsorption through the interaction between the
ethylene oxide chains and the hydroxyl groups
on the alumina surface with the hydrocarbon
side-chains dangling toward the solution and the
alumina particles eventually fully covered to
become totally hydrophobic. This is also evidenced
by the fact that the alumina suspensions are
stabilized significantly by the adsorption of
DAPRAL.

acid) as a function of final pH under changing pH
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Fig. 16. Fluorescence spectrum of 7-amino-4-methylcoumarin
at the alumina-toluene interface in the presence of O ppm
DAPRAL (curve a) and 100 ppm DAPRAL (curve b).

3. Electron spin resonance spectroscopy (ESR)

ESR studies as applied to micellar systems rely
on the sensitivity of a free radical probe to respond
to its microenviconment. Molecular species with a
free electron possess intrinsic angular momentum
(spins), which in an external magnetic field
undergoes Zeeman splitting. For a system with S =
1/2, two Zeeman energy levels are possible whose

&
8

8

Wavelength of Viaximum Emission, nm

Fig 17. Diagram illustrating the shift in maximum emission
wavelength of coumarin at the alumina—toluene interface with
adsorption of DAPRAL.

energy gap (4E) is given by
E=hv=gBH,

The magnetic moment of the free electron is
susceptible also to the secondary magnetic moments
of the nuclei and thus the Zeeman splitting will be
superimposed by the hyperfine splitting which
brings about further splitting of the absorption
signal. The hyperfine splitting pattern depends on
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the spins and the actual number of the neighboring
nuclei with spins. If the electron is in the field of a
proton then the ESR spectrum would yield two
lines of equal intensity, and similar interaction by a
nucleus with S=1, as in nitrogen, would produce a
triplet of equal intensity. The line shapes of ESR
signals are subject to various relaxation processes
(spin-lattice and spin-spin relaxations) occurring
within the spin system as well as anisotropic effects
due to the differentially oriented paramagnetic cen-
ters being acted upon by an external magnetic field
[18]. These effects result in a broadening of the
absorption lines. Three types of ESR study can be
applied to probe surfactant microstructures—spin
probing, spin labeling and spin trapping [19]. In
the spin probing technique, a molecule with spin is
externally added to the system, whereas in spin
labeling a spin-bearing moiety, through covalent
bonding, part a part of the molecule. The spin
trapping technique is mainly used for the identifica-
tion of radicals produced thermally, photochemi-
cally or radiolytically by trapping the radical
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through chemical reactions with a spin trap (like
butyl nitroxide) and converting the radical to a free
radical which can be examined by ESR. In this
study, three isomeric stable free radicals 5-, 12- and
16-DOXYL-stearic acids were used as the spin
labels. These spin labels were co-adsorbed individu-
ally on the alumina along with the main adsorbate,
sodium dodecyl sulfate, and the main regions of the
isotherm were investigated.

Information on micropolarity and microviscos-
ity can be obtained by measuring the hyperfinc
splitting constant Ay and the rotational correlation
time 1. The latter is a measure of the time required
for a complete rotation of the nitroxide radical
about its axis. Its value can be defined as the time
required for the nitroxide to rotate through an
angle of one radian. The hyperfine splitting con-
stants of 16-DOXYL-stearic acid measured in
dodecylsulfonate solloids (hemi-micelles) (15.0 G)
is indicative of a less polar environment in compari-
son to its value for water (16.0 G) and SDS micelles
(15.6 G) (Fig. 18). Similarly microviscosities esti-

Fig. 18. Comparison of ESR spectra of 16-DOXY L-stearic acid in solloids, micelles and ethanol-glycerol mixtures and corresponding

rotational correlation times and viscositics.
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mated from r. measurements and calibrated
against 7, measured in ethanol-glycerol mixtures
give reasonably high values for the solloids relative
to the values for water. Three different microviscos-
ities were obtained using different probes in the
solloids, indicating that the nitroxide group in each
case experienced a different viscosity within the
solloid. These observations may be explained by
assuming a model for the adsorption of the probe
in which the carboxylate group is bound to the
alumina surface. Such a model would require us
to attribute greater mobility for the nitroxide
moiety near the SDS-H,O interface (as in the
16-DOXYL-stearic acid case) and less mobility for
the 12-DOXYL and 5-DOXYL cases [20,21]. This
work is the first reported indication of variations
in microviscosity within a surfactant solloid as
estimated by any known technique.

3.1. Conformation of adsorbed Aerosol-OT at the
alumina—-cyclohexane interface [ 22,23 ]

Colloidal dispersions in non-aqueous media
have a number of technological applications and
water is present in most of these cases and plays a
major role in determining the dispersion behavior.
The effect of water on the stability of a colloidal

Physicochem. Eng. Aspects 93 ( 1994) 79-95

ence of surfactant, Aerosol-OT is shown in Fig. 19.
A succession of flocculated, dispersed and floccu-
lated states is observed as the amount of water
added to the suspensions is incrcased. ESR studies
were conducted using 7-DOXYL-stearic acid as a
probe to get structural information on the
adsorbed layer. Fig. 20 shows ESR spectra of
7-DOXY L-stearic acid adsorbed on alumina in the
presence and absence of adsorbed surfactant. The
values of A4, obtained in the two cases, 69 G and
65 G, respectively, are significantly different from
each other, suggesting that despite the slow motion
of the probe it is possible to distinguish between
the probe interacting directly with the mineral
surface and that hindered in its motion by the
surfactant molecules surrounding it.

Fig. 21 shows some of the spectra oblained at
different water concentrations with 7-DOXYL-stea-
ric acid co-adsorbed with a full monolayer of
Aerosol-OT on the alumina surface. The changes
observed in the ESR line shape correspond to an
increase in probe mobility consistent with a decrease
in the ordering of the probe environment. These
observed changes are quantified by using the con-
cept of order parameter S which can be calculated
from the spectrum using the following equation:

{A; — [ (meas) + C]}

. L . §=1.66
suspension of alumina in cyclohexane in the pres- {4, + 2[4 ,(meas) + C]}
).0
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Fig 19. Effect of water on the alumina suspension stability at two different surfactant concentrations: solid symbols, AOT]=

8.5 x 10™* M; cmpty symbols, [AOT]=26.5 x 10" * M.
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Fig. 20. ESR spectra of 7-DOXYL-stearic acid probe adsorbed
on alumina in the absence (a) and presence (b) of Aerosol-OT.

where C=145-0.019[4, — A,(meas)] G. The
order parameter is usually a parameter of molecu-
lar motion. S varies between O (low order) and 1
(high order). The calculated parameter plotted as
a function of water concentration is shown in
Fig. 22. It can be seen that as more water is added
to the suspension the order parameter decreased
until it reached a constant value of 0.75. These
results are interpreted in terms of an increase in
the probe lateral diffusion within the adsorbed
surfactant layer. Such an increase in the probe
lateral diffusion is realistic, considering the struc-
tural reorganization of the complex adsorbed layer
when water is present at the interface. At low water
concentrations, water molecules bind the carbox-
ylic groups of the stearic acid molecules and the
polar groups of Aerosol OT, directly to the
hydroxyl groups of the alumina surface. This bind-
ing limits the ability of the probe to move within
the adsorbed layer and is consistent with a model
of localized adsorption where the adsorbed mole-
cules have limited degrees of freedom. As the water
adsorption density increases, the carboxylic groups

VI~

wg = 1.85

_ f — W5 =725

V wo = 111
Fig 21. Effect of water on the ESR spectra of 7-DOXYL-

stearic acid co-adsorbed with a monolayer of Aerosol-OT at
the alumina-cyclohexane interface.

of the probe molecules interact with water mole-
cules not bound directly to the hydroxyl groups of
the mineral surface. Similar interactions between
the polar groups of Aerosol-OT and water mole-
cules are most likely, as a result of which the
adsorbed layer can become loosely bound to
the mineral surface. The molecular diffusion limited
by the binding of the surfactant molecules at low
water concentrations thus increases markedly as
water adsorbs on particles.

4. Raman spectroscopy

Raman spectroscopy is acclaimed as a vibra-
tional technique well suited for studies of aqueous
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environments compared to IR owing to the near
transparency of the former and the ease with which
the whole vibrational region of interest can be
covered. Vibrational frequencies of molecules in
the bound state should be different from those in
the free state. Also, it is susceptible to changes in the
symmetry properties of the environment. Very few
definitive studies exist in the literature concerning
the Raman spectroscopy of surfactants in solution.
Raman investigations of surfactant adsorbates are
reported as surface-enhanced Raman studies at the
metal colloid--or metal electrode—liquid interface.
The alumina-dodecylsulfate system has also
been probed by excited state resonance Raman
spectroscopy using  tris(2,2-bipyridyl) ruthen-
ium(II) chloride, Ru(bpy)?*, as a reporter mole-
cule [24]. It has been shown that ruthenium
polypyridyl complexes serve as excellent photo-
physical probes for biopolymers like nucleic acids.
The excited state of Ru( bpy)3* shows strong reso-
nance-enhanced Raman transitions when probed
at 355 nm. Furthermore, it has been shown that
binding of this ion to clay particles results in
substantial changes in the ground state transitions
of the excited state resonance Raman spectrum.

For these reasons this probe was chosen to study
the solloids formed at the alumina—water interface
with excited state resonance Raman spectroscopy.

Raman spectra of Ru(bpy)?* above the CMC
show frequency shifts as well as intensity changes
as compared to its spectrum in water. Table 1 lists
the relative intensities of various lines with respect
to the line at 1286 cm ™! in water. These transitions
can be attributed to the perturbation of the excited

1 and SDS micelles
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state by the SDS micelles. The excited state reso-
nance Raman spectrum of this probe in various
regions of the adsorption isotherm for the
alumina-SDS system is shown in Fig. 23. The
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spectrum of Ru(bpy)}* on alumina in the absence
of SDS is very similar to its spectrum in water both
in terms of frequencies and relative intensities. This
trend is continued into Region II, where the solloid
aggregation process starts. In Regions IIT and IV,
the Raman spectrum shows significant changes. The
frequency shifts are more pronounced than in the
case of micelles. A plot of change in wavenumbers
for some of the lincs in the four different regions of
the adsorption isotherm is shown in Fig. 24. The
changes in Raman frequency and intensity assume
substantial significance in the transition Regions 11
and III onward only. This could be due to the
change of net charge on the alumina surface from
positive to negative. The favorable net negative
charge enhances the adsorption of the probe at the
solid-iquid interface. Accordingly, no adsorption
of Ru(bpy)}* was observed when the supernatants
were analyzed in Region I and Region Il or in the
absence of SDS. These results indicate that adsorp-
tion of Ru(bpy)?* on to alumina becomes signifi-
cant only close to the point of zero charge. The
transitions at 1213, 1286 and 1428 cm~! show sig-
nificant increments and these trends clearly suggest
the probe adsorption on to the solloids. Also it was
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Fig. 24. Frequency shifts of resonance Raman lines of
Ru(bpys® as a function of SDS concentration for an
alumina-S$SDS system.
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seen that the 1286 peak shifted to 1281 in the
presence of solloids while it was practically
unchanged in the SDS micelles. It may be speculated
that Ru(bpy)3* may be sensing different environ-
ments within the SDS micelles and the
alumina-SDS solloids. Implicit in these results is
also the potential of time-resolved Raman spectro-
scopy as a powerful diagnostic tool to explore the
solid-liquid interface.

5. Conclusions

The use of various spectroscopic techniques for
studying the adsorbed layers of surfactants and
polymers in aqueous and non-aqueous systems is
elucidated here. A number of new findings are
reported with regard to the structure and evolution
of surfactant and polymer solloids by an integrated
approach using the classical bulk property meas-
urements and the modern spectroscopic tech-
niques. The aggregation number of SDS on
alumina was determined at various points during
solloid evolution and the variation of the microvis-
cosity within the solloid layer determined along
the isotherm. Fluorescence spectroscopic studies
also indicate that steric hindrance to packing in
the adsorbed layers controls solloid formation
of the alkylxylenesulfonates. The effect of
pH-dependent conformational equilibria of poly-
(acrylic acid) on the adsorption process and its
implications to flocculation have been explored to
suggest reasonable conformational structures for
the polymer solloid. Finally, the role of water in
controlling the dispersion properties of alumina
dispersed in cyclohexane by increasing the lateral
diffusion of the adsorbed surfactant molecules was
depicted using the ESR technique. It is clear that
there is a variety of techniques now becoming
available to examine structures in situ at levels
smalier than ever before. With technologies now
being developed to examine interfaces at atomic
scales and dynamics of these atoms and molecules
at pico and femto scales, opportunities will arise
to visualize processes such as aggregation and
reaction between various species at interfaces as
they take place.
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