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Pyrenc and dinaphthylpropane (DNP) fluorescence probes were used to investigate the structure of
the adsorbed layer of sodium dodecyl sulfate at the alumina-water interface. The fluorescence fine
structure of pyrene yielded information on the polarity of the microenvironment in the adsorbed layer.
Intramolecular excimer formation of DNP was used to measure the microviscosity of this environment.
The results indicate the presence of highly organized surfactant aggregates at the solid-liquid interface,
formed by the association of hydrocarbon chains. Fluorescence decay methods enabled the determination
of the size of these aggregates and their evolution as a function of surface coverage. The overall spectroscopic
investigation reveals a molecular model that is in agreement with the concept of hemimicellization.
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INTRODUCTION

Adsorption of ionic surfactants on charged
particulate solids has been the subject of con-
siderable research owing to the fundamental
importance of it to many applications like flo-
tation (1), detergency (2), enhanced oil recov-
ery (3), and lubrication (4). Conventionally,
adsorption studies involve the determination
of adsorption isotherms, zeta potentials, par-
ticle wettability, and heats of adsorption (5).
The analysis of these results has provided an
understanding of surfactant adsorption in
terms of the major mechanisms governing the
formation of the adsorbed layer. In particular,
electrostatics and surfactant association at the
solid-liquid interface have been established as
important interactions in ionic surfactant-
charged solid systems (6). However, infor-
mation on the structure of the adsorbed layer
is lacking, largely due to the unavailability of
spectroscopic techniques capable of directly
probing the solid-liquid interface on a molec-
ular level. Techniques such as infrared spec-
troscopy (7) and ellipsometry (8) involve ex
situ procedures such as freezing, drying, in
vacuo, etc., and/or have necessitated the use
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of ideal surfaces. Clearly these methods have
limited applicability for studying surfactant
adsorption on particulate solids in aqueous
media.

Advances in fluorescence spectroscopy have
enabled the use of organic fluorescent probes
for in situ characterization of molecular en-
vironments such as surfactant micelles (9). The
utility of fluorescence methods in such studies
arises from the fact that the fluorescence re-
sponses of numerous probes are highly envi-
ronment dependent so that specific informa-
tion may be obtained by the appropriate
choice of probes. Fluorescence responses that
have been shown to depend on micellar en-
vironment include excitation and emission
spectra, decay rates, quantum Yyields of emis-
sion, fluorescence polarization, and quenching
(or sensitization) (10). These responses have
been, in turn, related to molecular properties
such as polarity, viscosity, diffusion, solute
partitioning, and aggregation numbers, from
which information on the dynamic and
physical aspects of micellization has been ob-
tained (11).

In contrast, few studies have reported the
use of fluorescence probes to investigate sur-
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factant adsorption on solid substrates. Levitz
et al. (12) recently demonstrated that steady-
state emission and fluorescence decay tech-
niques can be used to obtain structural infor-
mation on adsorbed surfactant layers at the
solid-liquid interface. In the present work,
similar methods were utilized to characterize
the structure of the adsorbed layer formed by
an anionic surfactant (dodecyl sulfate) on a
positively charged oxide (alumina). In partic-
ular, the polarity, microviscosity (rigidity), and
size (aggregation number) of the surfactant
microenvironment in the adsorbed layer were
determined. These results were correlated with
the adsorption and zeta potential behavior of
the system in order to elucidate the formation
and growth of the adsorbed layer as a function
of surface coverage.

PRINCIPLES

The evidence accumulated in the literature
suggests that the structure of surfactant ad-
sorbed layers is, in some respects, analogous
to that of surfactant micelles. Hence fluores-
cence techniques that are used to elucidate
specific structural details of micelles can be
used to characterize the adsorbed layer. In the
present study, specific fluorescence probing
methods were used to determine structural
properties such as polarity, microviscosity and
surfactant aggregation numbers of the ad-
sorbed layer. The principles of these tech-
niques, which are well-established in studies
of micelle structure, are discussed below.

STEADY-STATE EMISSION OF PYRENE:
POLARITY OF MICROENVIRONMENT

The pyrene fluorescence fine structure has
been found to be markedly dependent on the
solvent (13). In particular the intensities of the
first (/1) and the third (I3) vibrionic bands at
373 and 383 nm, respectively, are sensitive to
the solvent polarity (14). In practice, the in-
tensity ratio, I3/I1, is measured in solvents of
known polarity and the polarity of the un-
known environment is determined using this
information. Typically I3/I1 for pyrene
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changes from ~0.6 in water to >1 in hydro-
carbon media (13e). Pyrene has been widely
utilized as a polarity probe in the study of sur-
factant micelles since owing to its hydrophobic
nature, pyrene is selectively solubilized in mi.
celles (15). The fluorescence response in an
aqueous micellar solution thus reflects the po-
larity of the micelle media. I3/11 values mea-
sured in various micelles range from 0.7 to 1.0
(13¢). These polarities, which are intermediate
between hydrocarbon and aqueous environ-
ments, have been considered to be due to water
penetration in the micelle inner layers (where
pyrene is reportedly located) (16). More re-
cently, Mukerjee has considered the solubili-
zation of aromatics in micelles (16d) in terms
of a “two-state” model. Accordingly, these in-
termediate polarities can be interpreted as
being due to an equilibrium distribution of
pyrene between the micelle-water interface
(adsorbed state) and micelle core (dissolved
state).

Levitz et al. (12) found that pyrene was
strongly solubilized in the adsorbed layer of
Triton X-100 on silica. They measured a po-
larity that was similar to that of pyrene in Tri-
ton X-100 micelles from which they concluded
that the surfactant environment in the ad-
sorbed layer was formed by surfactant asso-
ciation in a manner analogous to micelliza-
tion.

FLUORESCENCE DECAY OF ANALYSIS OF
PYRENE EXCIMER FORMATION:
SURFACTANT AGGREGATION NUMBERS

Pyrene excimer formation has been studied
extensively in homogeneous solutions as well
as in micellar solutions (17). A homogeneous
solution is an example of an infinite (or con-
tinuous) medium, while a micellar solution is
an example of a fragmented medium; this dis-
tinction is based on the differences in the dy-
namics of excimer formation within these two
types of environments (12).

An excimer forms when an excited state py-
rene P* interacts with a ground state pyrene
P to form P%:
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The extent of excimer formation can be ob-
served in the steady-state emission spectrum,
where, in addition to the monomer (P*) emis-
sion (370 to 400 nm), the excimer (P?) emis-
sion gives rise to a broad band centered around
480 nm. Thus under pulsed excitation con-
ditions, the fluorescence intensity due to the
monomer and the excimer can be indepen-
dently monitored as a function of time.

In homogeneous solutions, excimer for-
mation follows second-order kinetics and the
monomer and excimer intensity profile
(change in population of P* and P% as a func-
tion of time) are (12, 17a)

In(t) = In(0)exp{—(Kko + k[P])] [la]

1(0)k[P]

I()= (- ko— KCIPD X [exp{—(ko + k[P])]

—exp{—kx]], [1b]

where ko and k; (units of s™') are reciprocal
lifetimes of P* (in the absence of excimer for-
mation) and P% respectively; k. (units of
mole~! s7') is the second-order excimer for-
mation rate constant; [P] is the concentration
of pyrene.

The above rate laws predict that in homo-
gencous solutions the monomer intensity pro-
file will be monoexponential with a slope that
depends on the level of pyrene in the system.
The excimer intensity profile, because k, is
generally larger than (ko + k.[P]), will have an
initial growth (when &, is comparable to (ko
+ k[P}s) followed by a decline (when kyt 3 (ko
+ k[P])). The excimer decline will be con-
trolled by the exp[—(ko + k.[P])] term in Eq.
[1b] and hence will be parallel to the monomer
profile.

In fragmented media composed of micelles
(or other aggregates of limited size in which
pyrene is solubilized), the probability of the
excited singlet state (P*) of pyrene leaving one
micelle and interacting with a ground state
pyrene from another micelle during its excited
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lifetime is very low; the exit of pyrene from
micelles is a millisecond phenomenon com-
pared to its nanosecond fluorescence (11).
Hence, the excimer formation of pyrene is es-
sentially an intramicellar process. Only those
micelles which contain more than one pyrene
at the instant of flash excitation can give rise
to excimers. In the time scale of the fluores-
cence, therefore, the micelles are considered
as fixed solubilization sites with pyrene ran-
domly distributed among them. The micellar
system is viewed as groups of individual
micelles with probe occupancies of 0, 1, 2,
3, ..., etc. The relative size of each group is
determined by the total number of probes
available. This situation can be expressed
mathematically by Poisson statistics (18) as

P,=n"exp(—n)/n!, 2}

where P, is the probability of micelles with n
probes and 7 is the average number of probes
per micelle.

The kinetic model to describe intramicellar
excimer formation for the ensemble of mi-
celles, MP,, wheren= 1,2, 3, .. .is as follows
(19):

+hy
MP. - MP‘P,,-]
excitation of ensemble,
ke
MP*P,., = MP, + h»

first-order radiative decay of monomer,

MP*P,_, "= “MP2P,_,

first-order intramicellar excimer formation,
&
MPSP,_,—> MP, + h»
first-order radiative decay of excimer.

where k, and k, are the reciprocal lifetimes of
P* (in the absence of excimer formation) and
P% respectively. In this scheme, intramicellar
excimer formation is first-order with a rate that
increases as the number of probes in the mi-
celle increases; k. expresses the intramicellar
encounter frequency of P* and P (alterna-
tively, (n — 1)k is the rate at which a micelle,
MP* P(,...l) , converts to MP!P(,._Z)).
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The behavior of pyrene in a fragmented
medium differs from that in homogeneous so-
lution (infinite or continuous medium) in the
following respects:

1. At low pyrene levels, the probability of
a micelle containing more than one probe is
negligible so that excimer formation does not
occur. The monomer decay profile is mono-
exponential with a slope (k) corresponding to
the radiative lifetime of P* (¢, = 1/ko) in the
absence of excimer formation.

2. Asthe pyrene concentration increases, a
fraction of the micelles will contain more than
one probe. Excimer formation occurs in these
micelles with the result that P* decay is en-
hanced. The monomer profile is therefore a
sum of exponentials, each of which corre-
sponds to the decay of P* in micelles having
n=1,23,....If excimer formation occurs
rapidly, i.e., k. > ko, the monomer profile will
contain an initial rapid decline due to decay
of P* through excimer formation in micelles
with n > 1, followed by a long-term single ex-
ponential component. This component, which
corresponds to the radiative decay of P* in
micelles with n = 1, is parallel to the curve at
low pyrene concentrations (where no excimer
formation occurs).

3. Unlike for the infinite medium case, the
excimer profile for the fragmented medium
case will not be parallel (after the initial
growth) to the monomer profile.

These differences can be particularly useful
in determining the structure of the microen-
vironment formed by the adsorbed surfactant
molecules. A surface composed of individual
surfactant aggregates of limited size is likely
to behave as a fragmented medium. On the
other hand, if the surfactant molecules form
a large continuous environment, then the
probe solubilized in this environment would
probably behave as it does in homogeneous
solutions.

Assumption of the intramicellar excimer
formation kinetic model, and Poisson statistics
for the probe distribution, leads to the follow-
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ing equation for the time dependence of
monomer emission (19):

In(t) = In(0)exp[ —kot + A(exp(—ke) — 1)], [3]

where kg and k, are as defined previously. 71 iy
the average occupation number and is given
by

= [P)/[Agg] = [P} X N/[C,— CMC]

for micelles, [4a]
=[P} X NMC—Cql
for adsorbed layer, [4b]

where [P] = total pyrene concentration; N
= aggregation number; [Agg] is the concen-
tration of surfactant aggregates; [C, — CMC(]
= concentration of micellized surfactant with
C, and CMC being the total surfactant con-
centration and critical micelle concentration
respectively; [C; — C.q] = concentration of ad-
sorbed surfactant with C,, being the equilib-
rium concentration of surfactant (unad-
sorbed).

Analysis of the monomer decay profiles us-
ing Eq. [3] can yield 7 from which the surfac-
tant aggregation numbers can be determined
using Eq. [4a] or [4b].

Inherent in the derivation of Eq. [3] are sev-
eral assumptions such as (i) complete solubi-
lization of the probe, (ii) equal probability of
occupation with no limit to occupation num-
ber for an aggregate, (iii) first-order kinetics to
describe intramicellar excimer formation, and
(iv) nonradiative dissociation of the excimer
is negligible. The validity of these assumptions
has been discussed in the literature (15b,
18, 19).

INTRAMOLECULAR EXCIMER FORMATION
OF DINAPHTHYLPROPANE (DNP):
MICROVISCOSITY OF ENVIRONMENT

The extent of excimer formation as a mea-
sure of the local probe mobility has been uti-
lized to determine the effective viscosity of
microenvironments such as micelles (10, 11).
As the viscosity of the medium increases, the
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probe mobility is retarded with the result that
the efficiency of excimer formation (which is
diffusion limited) decreases. Although inter-
molecular excimer forming probes such as py-
rene MAy be used for this purpose (20), the
analysis, s suggested in the preceding discus-
sion, 18 complicated by other factors such as
probe distribution (18). A variation of this
technique is the use of bichromophoric probes
such as dinaphthylpropane, where excimer
formation is exclusively unimolecular and
statistical factors may be ignored (21). Exper-
imentally the ratio of monomer to excimer
intensities (at 342 and 420 nm for DNP) may
be obtained from steady-state emission spec-
trum in solvents of known viscosity and the
viscosity of the system under study compared
on this scale. SDS micellar microviscosities of
~20-40 cp in the absence of additives have
been reported using this technique (11). Al-
though viscosities obtained in homogeneous
solutions may not be strictly comparable to
those in microenvironments, the technique is
useful for monitoring structural changes
(phase transitions) that occur within surfactant
microenvironments such as micelles and ad-
sorbed layers.

EXPERIMENTAL

MATERIALS

Alumina used in the present study was of
99% purity (Linde A grade, Union Carbide
Corp.). The particle size was specified to be
0.3 um with a BET surface area of 15 m?/g by
nitrogen adsorption. The point of zero charge
determined by electrophoresis was at pH 8.4.

Sodium dodecyl sulfate (SDS) obtained
from Fluka Chemicals was of 99% purity. Sur-
face tension of solutions prepared from the as-
received sample showed no detectable mini-
mum so that the sample was used for subse-
quent tests without further purification.

Pyrene (Aldrich) was recrystallized from
¢thanol-water mixtures. Dinaphthylpropane
was synthesized using a procedure described
by Chandross et al. (22).
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NaCl, HCl, and NaOH used were of ACS
grade. All solutions were prepared in triply
distilled, 107° mho conductivity water.

METHODS
Analytical Technigues

Dodecyl sulfate was analyzed by a two-
phase technique involving titration of SDS
against hexadecyltrimethylammonium bro-
mide in chloroform with dimidium bromide-
disulfine blue as endpoint indicator (23). Py-
rene was analyzed by UV absorption at 333
nm using an absorption coefficient of 4.5
X 10* mole™! cm™.

Adsorption Experiments

A known weight of alumina (5 or 30 g) was
equilibrated at pH 6.5 for 12 h with 150 ml
of solution containing 0.1 M NaCl and a
known amount of SDS. The pH of the sus-
pension was adjusted with 0.1 M HCI at the
start of the experiment and again 1 h before
the end of the equilibration period. The sus-
pension was stirred over a magnetic stirrer in
a temperature bath maintained at 25°C.

Fifty milliliters of the final suspension was
centrifuged and about 10 ml of the resulting
supernatant was used for analysis. Some of the
solids from the adsorption test were added to
the remaining supernatant and the resulting
diluted suspension was used for zeta potential
measurements using a Lazer-Zee meter elec-
trophoresis apparatus (Pen Kem Inc).

Fluorescence Experiments

Sample preparation. The same adsorption
procedure was followed as in the experiments
conducted in the absence of probe. Five grams
of alumina was used in all tests. The SDS so-
lutions used were prepared by adding a re-
quired volume of stock solution containing
known concentrations of probe (~1 X 1073
M pyrene and 1 X 10~* M DNP, respectively).
The stock solutions were prepared by stirring
pyrene or DNP crystals in 1 X 10~' M SDS
solutions for 24 h and filtering off the excess
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probe. Stock solutions of lower probe concen-
trations were prepared by subsequent dilutions
of the first stock with SDS solutions of equal
concentration.

Steady-state experiments. Steady-state emis-
sion spectra were obtained using either a Spex
Fluorolog or Perkin-Elmer LS-5 spectropho-
tometer. A portion of the adsorption sample
was transferred to a 2-mm quartz cell. The
resulting fluorescence emission spectrum was
recorded and corrected for scattered incident
light by scanning a blank sample that con-
tained no probe. Pyrene- and DNP-containing
samples were excited at 332 and 280 nm, re-
spectively.

Fluorescence decay of pyrene. A PRA
nanosecond flashlamp (nitrogen) and Ortec
single-photon counting equipment and mul-
tichannel analyzer were used. The principles
of single-photon counting for time-resolved
data acquisition have been discussed elsewhere
(24). The sample used for the steady-state
emission experiments was also excited at 320
nm at a 45° angle of incidence for these tests.
The monomer and excimer decay profiles were
monitored at 383 and 480 nm, respectively.
A pulse rate of 20 kHz and a timescale of 4.19
ns/channel were used.

For comparative studies, fluorescence stud-
ies with micellar solutions were conducted us-
ing air-saturated (no degassing) samples in 10-
mm path length cells at normal incidence of
excitation.

RESULTS AND DISCUSSION

ADSORPTION OF DODECYL SULFATE (SDS)
ON ALUMINA

The adsorption isotherm of dodecyl sulfate
on alumina at pH 6.5 in 0.1 A NaCl (Fig. 1a)
exhibits features that are characteristic of an-
ionic surfactant adsorption onto a positively
charged oxide. The isotherm can be divided
into four regions (6¢, 6d). At low concentra-
tions (Region I) the isotherm is linear with a
slope of ~ 1. An abrupt transition from Region
I'to Il occurs at Ceq = 7.5 X 10~ M (adsorption
density = 3 X 10™"* moles/cm?) beyond which
a marked increase in surfactant adsorption is
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observed. Region II extends linearly up to C,
=2 X 10~* M (Ads. density = 7 X 10~"! moles/
cm?). Region III is characterized by a contin-
uously decreasing slope even though adsorp-
tion continues to increase. The onset of the
plateau (Region IV) is at Ceq = 1.5 X 107> M
which also corresponds to the CMC of the bulk
solution (monitored in the supernatants by the
pinacyanol dye solubilization technique (25)).

The corresponding zeta potential behavior
of alumina particles is found to correlate with
the amount of adsorbed SDS as shown in Fig.
1b. In Region I, the potential is relatively con-
stant and equal to that of alumina particles at
pH 6.5 in the absence of SDS (+40 mV). A
significant decrease in the positive potential is
observed beyond the transition from Region
I to II which correlates with the marked in-
crease in anionic surfactant adsorption. The
isoelectric point corresponding to the neu-
tralization of the positively charged surface by
the adsorbed anionic surfactant appears to co-
incide with the transition from Region II to
III. Region III is therefore characterized by
SDS adsorption resulting in a net negative po-
tential at the surface. Constant negative po-
tentials (—65 mV) are measured when the ad-
sorption reaches its plateau level in Re-
gion IV,

The interpretation of the shape of the iso-
therm and corresponding zeta potential be-
havior has been reviewed in detail in the lit-
erature (6). Based on this information, the ad-
sorption mechanisms giving rise to the above
behavior can be stated as follows:

1. The slope of unity in Region I indicates
that the anionic surfactant adsorbs as individ-
ual ions through electrostatic interaction with
the positively charged surface.

2. The sharp increase in adsorption in Re-
gion II marks the onset of surfactant associa-
tion at the surface through lateral interaction
of the hydrocarbon chains.

3. The decreasing slope in Region III can
be attributed to an increasing electrostatic
hindrance to the surfactant association process
following interfacial charge reversal.
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FIG. 1. (a) Adsorption isotherm of sodium dodecy! sulfate (SDS) on alumina at pH 6.5 in 10~ M NaCL
(b) Zeta potential of alumina as a function of equilibrium concentration of SDS (designation of regions

based on isotherm shape).

4. Plateau adsorption could correspond to
cither complete surface coverage or a value
limited by constant surfactant monomer ac-
tivity in solution as a result of bulk micelli-
zation. The prevailing situation would depend
upon the extent to which the surface is charged
through protonation and deprotonation of
surface hydroxyls. Under the present condi-
tions, the plateau can be interpreted as being
CMC limited but also at or very near complete
surface coverage. The latter is inferred from
the plateau adsorption value (6.7 X 107'°
moles/cm?) which indicates a densely packed
monolayer (25 A? molecular area for sulfate
group) or a less densely packed bilayer (50 A?
molecular area).

The above description of the nature of the
surfactant aggregation process at the surface
and the structure of the adsorbed layer formed
is, however, mostly hypothetical. In adsorption
models, the aggregation process has been
treated as a two-dimensional condensation
that leads to the formation of monolayered-
or bilayered-type surfactant assemblies termed
hemimicelles (26) or admicelles (27). These
assemblies are thought to occur in a localized
(patchwise) manner due to the energetic het-
erogeneity of the surface (28); the positive sites
are considered to be distributed into nonad-

jacent regions where surfactant condensation
takes place. The validity of such assumptions
and molecular models developed therefrom
can be verified only through a direct probing
of the adsorbed phase through spectroscopic
methods.

FLUORESCENCE STUDIES ON ADSORBED
LAYER OF SDS ON ALUMINA

Steady-state and transient experiments were
used to obtain information on the microen-
vironment of SDS adsorbed on alumina under
the experimental conditions mentioned above.
Comparative studies were also performed us-
ing SDS micellar solutions in 0.1 M NaCl.

Local Polarity

Emission spectra obtained for pyrene it
alumina slurries containing adsorbed SDf
showed the characteristic pyrene fluorescenc
fine structure with respect to the positions o’
the various vibrionic bands. The change in in
tensity ratio, I3/I1, of pyrene in SDS solution
of varying concentrations in the presence o'
0.1 M Na(Cl is given in Fig. 2a. The ratic
changes sharply at CMC (1.5 X 1073 M) fron
a value of 0.6. corresponding to pyrene i1
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FiG. 2. (a) I3/11, fluorescence parameter of pyrene in sodium dodecy! sulfate (SDS) solutions in 107! M
NaCl (A\; = 383 nm, A, = 374 nm). (b) I3/I1, fluorescence parameter of pyrene in SDS/alumina slurries.

aqueous media, to a value of 1.0, correspond-
ing to pyrene solubilized in SDS micelles.

Figure 2b shows the behavior of pyrene in
SDS-alumina slurries as a function of SDS
equilibrium concentration at points corre-
sponding to the adsorption isotherm in Fig.
1a. In Regions 11, II1, and IV (near CMC), no
pyrene was detected in the supernatants of the
slurries, which suggests that pyrene is com-
pletely solubilized in the adsorbed layer. In
Region I, almost all the pyrene was present in
aqueous solution in the supernatant,' sug-
gesting that pyrene by itself does not strongly
adsorb on alumina. Also, the adsorption iso-
therm in the presence and absence of pyrene
(Fig. 1a) was identical so that the adsorption
of SDS is not significantly influenced by the
presence of pyrene at the added levels (1077-
1073 M).

The data in Fig. 2b show an abrupt change
in the local polarity of the probe from aqueous
environment to a relatively nonpolar, micelle-
type environment. This change occurs in a re-
gion that is well below the CMC (where no
micelles are present) and that approximately
coincides with the transition in the adsorption
isotherm from Region I to II. Interestingly,
the I3/11 values of the probe are also relatively
constant (~ 1.0) throughout most of Region

! The concentrations of pyrene added for the polarity
tests in Region I were below the aqueous solubility Limit.
The cmission intensities were weak when pyrene was
mostly present in solution and increased significantly when
it was solubilized in the adsorbed layer.
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II and up to Region IV and hence independent
of surface coverage. The above results suggest
the existence of solubilization sites for pyrene
on the surface that are formed by micellelike
association of hydrocarbon chains. Clearly,
such aggregation takes place significantly only
in Region II and above. In addition, the mi-
croenvironment formed by the associated sur-
factant appears to be similar in nature
throughout the entire adsorption isotherm.

Microviscosity

Typical emission spectra obtained for the
intramolecular excimer forming probe, di-
naphthylpropane, in micellar solutions and in
the adsorbed layer are shown in Fig. 3a. It can
be seen that the extent of excimer formation
in the adsorption sample (I,/I. = 4) is signif-
icantly lower than that in the micellar solution
(Iw/I. = 1.7). The mobility of the probe can
therefore be considered to be more restricted
in the adsorbed layer than in the micelle.?

? In order to ascertain that the [,/I, ratio measured in
the solid slurries was not due to some intrinsic artifact
such as scattering of light, a control experiment was con-
ducted. An SDS micellar solution containing DNP was
added to silica particles (on which SDS did not adsorb)
and the resulting DNP spectrum was recorded. The I//,
in this sample was the same as that of the SDS micellar
solution (except that the emission intensity was much
lower). The presence of the solid, thus, did not interfere
with the measurement; the response of DNP reflected the
fact that it was present exclusively in micelles. Hence, it
can be concluded that the I/], value of DNP in the SDS/
alumina system reflects its environment in the adsorbed
layer.
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RG. 3. (a) Spectrum A: Dinaphthylpropane (DNP) fluorescence in SDS micellar solution ([SDS}wc/[DNP)]
= ratio of micellized SDS to DNP). Spectrum B: DNP fluorescence in SDS/alumina slurry ([SDSL.a/[DNP]
= adsorbed SDS to DNP). (b) Monomer to excimer ratio (In/I,) of dinaphthylpropane (DNP) in SDS/
alumina slurries as a function of SDS adsorption (Ax = 340 nm, A, = 420 nm). (c) Monomer to excimer
ratio (Jo/l.) of dinaphthylpropane (DNP) in ethanol-glycerol mixtures (viscosities measured by capillary

flow method).

Similar measurements as a function of ad-
sorption density (Fig. 3a) indicate that the ex-
tent of excimer formation is independent of
the surface coverage in the range of adsorption
densities measured (Region II to IV).

The I,/I. response of DNP was calibrated
in ethanol-glycerol mixtures of known vis-
cosities (Fig. 3b). Based on this scale the ad-
sorbed layer and micelle viscosities are 90-
120 and 8 cP, respectively. The high microvis-
cosity in the adsorbed layer suggests that the
surface phase is highly structured and almost
ngid. Furthermore, no significant structural
rearrangements occur with increase in surface
coverage (in the range of adsorption densities
studied); i.e., it is possible that the associated
structures that form at lower surface coverages
are already in a densely packed state which
cannot be compressed any further. Such a sit-
uation can be expected if condensed surfactant
assemblies exist on the surface.

Fluorescence Decay of Pyrene
in SDS Solutions

The fluorescence decay behavior of pyrene
in an SDS micellar solution in 0.1 M NaCl
(Fig. 4) is typical for that in fragmented media.
Curve A is the monomer profile obtained un-
der nonexcimeric conditions, i.e., at low levels
of pyrene (indicated as the ratio of SDS to py-
rene). The radiative lifetime of pyrene, 1/ko,
in SDS micelles, calculated from the slope of
this monoexponential curve, is 175 ns. Curve
B is the monomer profile when excimer for-
mation occurs (see emission spectrum) and
Curve C is the corresponding excimer profile.
Computer fitting of curve B (see Appendix) to
Eq. [3] yields the excimer formation rate, k.,
and the mean occupation number, 71. The ag-
gregation number, N, for the SDS micelle in
0.1 M NaCl is calculated using Eq. [4a] to be
118. The results are summarized in Table 1.
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FIG. 4. (a) Pyrene monomer and excimer decay profiles in SDS micellar solutions; [SDS] = 8.2 X 1072
M, [NaCl} = 1 X 10~' M, CMC = 1.5 X 10~* M. Pyrene levels are indicated as ratio of micellized SDS to
pyrene; (monomer emission monitored at 383 nm, excimer emission at 480 nm). Curve A: Monomer
emission profile for SDS/PY = 2160. Curve B: Monomer emission profile for SDS/Py = 108. Curve C:
Excimer emission profile for SDS/PY = 108. (b) Pyrene fluorescence spectra in SDS micellar solutions
corresponding to conditions in Fig. 4a. Spectrum A: SDS/PY = 2160; Spectrum B: SDS/PY = 108.

Fluorescence Decay of Pyrene
in Adsorbed Layer

Typical decay profiles of pyrene in the ad-
sorbed layer for the indicated adsorption den-
sities are given in Figs. 5-7. Included in each
figure are the monomer profile (Curves A and
B) at two pyrene levels (indicated as SDS/PY,
the number of surfactant molecules per probe
in adsorbed layer) and the corresponding
emission spectra. The excimer profiles at the
higher pyrene levels are also given (Curve C).

Examination of the monomer and excimer
profiles obtained for the adsorbed layer sam-
ples and comparison with that obtained for
the micellar solution suggest the following:

1. Under excimeric conditions (Curve B),
the profiles obtained in the adsorbed layer are
multiexponential suggesting that pyrene, like
in micelles, reports a fragmented-type struc-
ture. However, the initial declines of the
monomer profiles in each of the adsorbed layer

samples are less steep than those in the micellar
solution implying that excimer formation oc-
curs more slowly in the adsorbed layer than
in the micelle. It should be noted that although
the highest adsorption density sample exhibits
fragmented medium properties, it also tends
to exhibit homogeneous environment prop-
erties; the monomer profile is nearly monoex-
ponential and the excimer and monomer de-
clines are almost parallel. A homogeneous type
environment could be expected near the pla-
teau adsorption levels since the adsorption
density corresponds closely to complete cov-
erage of the surface as discussed earlier.

2. That the excimer formation occurs more
slowly in the adsorbed layer than in the micelle
can also be qualitatively inferred from the
“parallelism” of the corresponding monomer
and excimer profiles; a larger k. results in a
greater deviation of the monomer and excimer
curves in accordance with the fragmented me-
dium model. In all adsorption cases, the

TABLE 1
Summary of Kinetic Analysis of Pyrene Excimer Formation; SDS Micelle (0.1 M NaCl)

SD8 conca.
(melen/liter) o merY iy, » kot N
8.2x107? 1.5% 107 108 175 1.4 %10’ 1.10 118
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FG. 5. (a) Pyrenc monomer and excimer decay profiles in SDS/alumina adsorbed layer; pyrene levels
indicated as ratio of adsorbed SDS to pyrene; Ads. density = 1.3 X 10~"* moles/cm?, {SDS], = 1.4 X 107*
M, pH 6.5, [NaQl] = 1 X 107" M, (monomer emission at 383 nm, excimer emission at 480 nm). Curve
A: Monomer profile for SDS/PY = 520, Curve B: Monomer profile for SDS/PY = 52. Curve C: Excimer
profile for SDS/PY = 52. (b) Pyrene fluorescence spectra in SDS/alumina adsorbed layer corresponding to
conditions in Fig. 5a. Spectrum A: SDS/PY = 520; Spectrum B: SDS/PY = 52.

monomer and excimer curves deviate less
from each other than do the corresponding
curves in the micellar solution, again suggest-
ing that excimer formation is slower in the
adsorbed layer.

Curves A and B were fitted using Eq. [3] in
order to obtain ko, k., and 71 (see Appendix).
These results are summarized in Table II. Ag-
gregation numbers, N, calculated via Eq. [4b]
are also included. The reproducibility in these
calculated parameters was checked by dupli-
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cate tests (S and 7, 14 and 15 in Table II) as
well as tests conducted at varying pyrene levels
but at the same adsorption density (4 and 5,
6 and 7, 9 and 10, 13 and 14 in Table II). k.
and N were reproducible to about 10% except
at low adsorption densities. At low adsorption
densities the inaccuracies in determining ad-
sorption densities and hence SDS/PY, as well
as the weaker emission intensities, contribute
to errors of about 20% in these parameters.
Within these experimental errors, k. and N
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F1G. 6. (a) Pyrene monomer and excimer decay profiles in SDS/alumina adsorbed layer; pyrene levels
indicated as ratio of adsorbed SDS to pyrene; adsorption density = 7.2 X 10~*! moles/cm?, {SDS),, = 2.2
X 107 M, other conditions as in Figure Sa. Curve A: Monomer profile for SDS/PY = 1090. Curve B:
Monomer Profile for SDS/PY = 109. Curve C: Excimer profile for SDS/PY = 109. (b) Pyrene fluorescence
spectra in SDS/alumina adsorbed layer corresponding 10 conditions in Fig. 6a. Spectrum A: SDS/PY = 1090;

Spectrum B: SDS/PY = 109.
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FG. 7. (a) Pyrene monomer and excimer decay profiles in SDS/alumina adsorbed layer; pyrene levels
indicated as ratio of adsorbed SDS to pyrene; Ads. density = 4.5 X 10™'* moles/cm?, {SDS),, = 5.8 X 107
M, other conditions as in Figure 5a. Curve A: Monomer profile for SDS/PY = 1390. Curve B: Monomer
profile for SDS/PY = 139. Curve C: Excimer profile for SDS/PY = 139. (b) Pyrene fluorescence spectra in
SDS/alumina adsorbed layer corresponding to conditions in Fig. 7a. Spectrum A: SDS/PY = 1390; Spectrum

B: SDS/PY = 139,

are independent of pyrene concentration at a
particular adsorption density in accordance
with the prediction of the kinetic model used
here.

Monomer lifetime. The monomer lifetimes
(1/ko) for samples obtained in Region II and
above of the adsorption isotherm in Fig. la,
range from 158 to 175 ns® with no significant
trend as a function of adsorption density.
These lifetimes are comparable to that of py-
rene in SDS micelles (175 ns) but are larger
than that of pyrene in water (135 ns). These
lifetimes suggest an environment for pyrene
in the adsorbed layer that is similar to that of
micelles.

Excimer formation rate. The values of k.
for the adsorbed layer are, (depending on the
adsorption density), 2 to 8X smaller than that
for the micelle. The rate constant, k., has been
defined as the intramicellar encounter fre-
quency of an excited-state pyrene with an
unexcited-state pyrene which, in turn, depends

3 The ~20-ns variation in lifetimes was for experiments
conducted on different days; a much smaller variation was
observed for tests run on the same day. This effect was
subsequently traced to day-to-day room temperature fluc-
tuations during the decay measurements. For all the data
in Table 11, Curves A and B were obtained on the same
day and hence had the same ko.

Jowrnal of Colloid and Interface Science, Vol. 117, No. 1, May 1987

upon the mobility of the probe in its environ-
ment. The range obtained for the rate of ex-
cimer formation here is thus supporting evi-
dence that the adsorbed layer is more viscous
compared to the micelle. This is in agreement
with the conclusion from the extent of excimer
formation of DNP presented earlier.

The data in Table II also indicate a decreas-
ing trend for k. with increase in adsorption
density with particularly small values being
determined at high surface coverages. This
trend in k, is not likely to result from micro-
viscosity effects since no significant differences
in microviscosity were observed as a function
of adsorption density (DNP measurements).
It is to be noted that in addition to local vis-
cosity, other factors such as shape and dimen-
sions of the aggregates can affect the inter
molecular excimer formation rate. These fac-
tors affect the local concentration of pyrene
(interprobe distance) and hence the time of
encounter between P and P*. Indeed the lower
k. values in Table II were obtained in larger
aggregates. The observed change in k. as 2
function of adsorption density is thus attrib-
uted to the increase in average interprobe dis-
tance resulting from the growth of aggregates.

Aggregation number. The change in aggre-
gate size with adsorption is shown in Fig. 8.
The average aggregation number, N, measured
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TABLE 11
 _arv of Kinetic Analysis of Pyrene Excimer Formation; SDS/Alumina Adsorbed Layer (pH 6.5, 0.1 M/1 NaCl)
—
Adsorption density
fest No (moles/cm?) SDS/PY 1/ky, ns ke, s i N
1 1.2x 10712 39 163 7.3%10° 1.68 66
2 30x10°" 21 “163 6.6 X 10° 235 49
3 5.0%x1071 74 163 7.2Xx10¢ 1.64 121
4 t.2x107" 128 163 6.6 X 10° 1.06 136
s 1.3x 107" 52 160 6.0x 10° 204 106
6 LIxio™ 275 158 6.5%x10° 0.53 146
7 1.2x10°" 55 158 6.7x10* 1.92 105
8 23x10™" n 158 6.2 % 10¢ 1.80 128
9 69x10°" 260 163 5.1Xx 10 0.65 169
10 7.2X%X107" 109 162 48 %10 1.44 157
1 7.6X107" 117 172 44x10° 1.47 172
12 17X 107" 132 163 4.6x10° 1.49 196
13 44x107%° 336 175 2.4 % 10¢ 0.74 250
14 45x10"° 139 175 2.4 % 10¢ 1.86 258
15 4.6 %X 107" 146 163 2.5%10° 1.77 258
16 6.6 X107 123 168 1.8 x 10¢ 291 356

« 1/ko was set at 163 ns.

at particular adsorption densities is indicated
along the isotherm. In general, the size of ag-
gregates increases with adsorption density with
relatively small aggregates existing near the
onset of Region II (the difference in N of 49
and 60, based on the experimental uncertain-
ties, is not significant). The aggregates in Re-
gion II appear to be relatively uniform in size
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FIG. 8. Surfactant aggregation numbers as function of
adsorption density (average number at each adsorption
poiat shown along isotherm).

(121-128) while in Region III a marked growth
in aggregates (166-356) is observed as adsorp-
tion density increases. The implications of this
overall behavior in terms of the evolution of
the adsorbed layer are discussed below and
shown schematically in Fig. 9.

1. In Region I, no significant aggregation
takes place and adsorption is likely to be due
to electrostatic attraction of individual surfac-
tant ions.

2. Adsorption in Region II and above oc-
curs through the formation of surfactant ag-
gregates of limited size.

3. In Region II, where the surface is essen-
tially bare and sufficient number of positive
sites are available (zeta potential is positive),
increase in adsorption is achieved mostly by
increasing the number of aggregates; a con-
stant aggregation number implies that the
number density of aggregates increases with
increase in adsorption.

4. The transition from Region II to III
marks the point at which most of the positive
sites are filled since the zeta potential reverses
in sign at this point. Adsorption in Region III
is therefore likely to occur through the growth

Jowrnal of Colloid and Interface Science, Vol. 117, No. |, May 1987
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FIG. 9. Schematic representation of the correlation of surface charge and growth of aggregates for the

various regions of the adsorption isotherm.

of existing aggregates rather than through the
formation of new ones. The growth of these
aggregates can be expected to be electrostati-
cally hindered. This hindrance to the aggre-
gation process results in the continuously de-
creasing slope for the adsorption isotherm;
higher surfactant chemical potentials (con-
centrations) are required to offset the electrical
repulsion experienced by the adsorbing mol-
ecules. Surfactant adsorption in Region I1I is
also likely to occur with a reverse orientation
as illustrated in Fig. 9 since there is an insig-
nificant number of positive sites on the surface.

CONCLUSIONS

The fluorescence analysis of the adsorbed
layer formed by dodecyl sulfate on alumina is
in agreement with the basic concepts of hemi-

Journal of Colloid and Interface Science, Vol. 117, No. 1, May 1987

micellization. The surfactant aggregation oc-
curs above a critical concentration (or adsorp-
tion density) that is marked by a sharp increase
in adsorption and proceeds through the for-
mation of highly organized and finite-sized as-
semblies even at relatively low surface cover-
ages.

The surface charge appears to have an in-
fluence on the evolution of the surface aggre-
gates as a function of surface coverage. In Re-
gion II when the surface is positively charged,
relatively uniform-sized aggregates (120-130)
are measured on the surface. A corollary of
this is that adsorption in this region occurs by
increasing the number of aggregates on the
positive sites of the particle. When the positive
charge on the mineral is neutralized, the ener-
getic situation favors the growth of existing
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tes rather than the formation of new
tes. Thus in Region III, the size of ag-
gregates increases significantly with adsorption
The present study shows that fluorescence
Spectroscopys when used in conjunction with
other techniques, is a powerful tool for eluci-
dating the structure of surfactant adsorbed
Jayers at the solid-solution interface.

APPENDIX

Fitting Procedure for Monomer Decay
Profiles Using Eq. [3]

Equation 3,
1,.(1) = Im(0)exp{—kot + exp(—ke1) — 1)),

was fitted using the Marquardt-Levenberg
nonlinear regression algorithm which involved
minimization of the weighted sum of squares

(8SQ):
N
$SQ = Z Wi(OHF? (1) - F3())

where, W;, the weight = 1/F7(#); F7 (1) and
F5(¢) are the observed and calculated number
of counts, respectively.

Goodness of fit was checked by examining
the (i) sum of squares, (ii) the fitted curve,
and (iii) the weighted residuals, 1 JIF2 (']
X [Fe(t) — F$(0)). n, ko, k. were obtained by
fitting Curves A and B simultaneously. For
example, suppose Curve A was obtained with
a 10X dilution in pyrene with respect to Curve
B, then the equations fitted were

(1) = In(0)exp]—kot + (71/ 10X exp(—ket) — 1)}
for A,
In(t) = I(0)exp{—kot + Aexp(—ket) — 1)]
for B.

This procedure was found to be necessary be-
cause the pyrene levels for most of the ad-
sorbed layer samples could not be lowered
enough to ensure no excimer formation.

The zero time channel was taken as the
channel in which the monomer intensity was

45

maximum. The lamp profile extended up to
about 25 ns. Fitting was begun from 50 ns
without deconvolution. A background noise
level corresponding to the last 25 channels was
subtracted from the actual data. The noise
level was generally less than 1% of the maxi-
mum intensity.
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