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Electron spin resonance bas been recently applied 00 the study of adsorbed surfactant structures in aqueous
solution. The extension of this technique to apolar media requires an accurate understanding of the
absorption behavior of the nitroxide probes used in this type of investigation and of their interactions with
the adsorbed species. In this study. adsorption on alumina in cyclohexane was carried out for two types
of nitroxide probes: Tempo derivatives (hydroxy and amino) and n-doxylstearic acids (n = 5, 7,12, 16).
All probes were found to adsorb on the mineral surface, but the addition of a surfaCtant, Aerosol OT, was
found to affect the probe adsorption significantly. While the adsorbed layer of Aerosol OT solubilized
the Tempo probes, it did not affect the adsorption of the 5- and 7-doxylstearic acids. Importantly, the
molecular conf"tgUration of the 12- and 16-doxylstearic was found to be highly sensitive to the amount of
surfactant adsorbed on the mineral. It is suggested that the configuration of these probes depends upon
the surface pressure developed on the solid surface by the adsorbed surfactant species.

has been extended to the study of adsorbed polymers and
surfactants. Information was obtained on the fluidity
profile in the adsorbed layer of dodecyl sulfate at the
alumina/water interface by using doxylstearic acids
probes. 16 Similarly, studies conducted with spin-labeled
polymers have allowed estimation of the train-to-loop ratio
of the adsorbed polymer chain and adsorbed layer thick-
ness.17

For successful FER investigation of interface structures,
the selection of proper probes is a critical step. Two
questions must be answered for the results to be mean-
ingful: (1) Does the probe modify the adsorption char-
acteristics of the adsorbate? (2) Can the information on

Introduction
The conformation of molecules at the solid/liquid in-

terface is of primary importance in understanding many
interfacial processes such as aggregation/dispersion of
colloidal suspensions, a phenomenon that controls the
qQa1ity of pigment dispersions used as inks and paints,l
and is important in magnetic tape processing2 and in the
cosmetic industry.3 Structural features of molecules ad-
sorbed at interfaces are also important in determining the
efficiency of industrial processes such as flotation,4 en-
hanced oil recovery,5 waste water treatment,6 and lubri-
cation.7 Among the methods used for studying the ad-
sorbed surfactant layer, conventional adsorption experi-
ments have yielded valuable basic information on the
surface coverage by the adsorbates on various solids. On
the basis of this information, molecular conformations have
been postulated. For example, in their work on the ad-
sorption of various fatty acids on different substrates,8
Kipling et al. concluded on the orientation of the major
axis of the molecule relative to the substrate surface.
Adsorption experiments are particularly useful in providing
information on the adsorbed surfactant layer at low surface
coverage when they are coupled with other analytical
methods such as electrophoresis,s bulk ion concentration
determination,10 or microcalorimetry.ll However, certain
changes in the adsorbed layer structure, especially those
involVing modifications at the molecular level, are not
directly detected by adsorption experiments. The mo-
lecular configuration of polymers and surfactants is af-
fected by their physicochemical environment (pH, ionic
strength in aqueous solutions, nature of the solvent,
presence of water in the case of nonpolar suspension). New
methods are needed to follow in situ conformational
changes of the surfactant molecules as their environment,
especially at interfaces, is modified.

Recently, electron spin resonance spectroscopy (ESR)
has been used to investigate the structure of the adsorbed
layers in aqueous suspensions at a molecular scale.12
Developed for microenvironmental studies of biological
membranes13 or membrane-mimetic systems such as mi-
celles14 or reverse micelles,15 the spin-probing technique
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Figure 2. &SR spectra of 4-hydroxy- Tempo coadsorbed with
different amounts of Aerosol OT on alumina in cyclohexane.
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Figure 1. Nitroxide spin probe stzuctures: (1) 4-hydroxy-Tempo;
(2) .-amino-Tempo; n-doxylatearic acids with n c 5 (3), n = 7
(.), n c 12 (5), and n - 16 (6). umperature. Both supernatant and 8ediJnent were used for the

~R experiments.
The Aerosol OT was analyZed by a two-phale titration tech-

nique where the surfactant is titrated against hexadecyltri-
methylammonium bromide in cbloroformwith dimidium bromide
disulfIDe blue as the end point indicator.

the probe environment given by its ~R spectra be used
as a true representation of the environment constituted
by the adsorbed molecules?

Nitroxide spin probes have been widely used in nonpolar
media to study the structure of reverse micelles and W 10
microemuiaions, but we are unaware of reports of their
behavior at the solid/nonpolar liquid interface. Fur-
thermore, the use of this technique to study the physico-
chemical characteristics of the adsorbed layer requires a
good understanding of the interactions between these
probes and the coadsorbed surfactant species. In this
peper, we reJX}rt ~ults obtained for two types of nitroxide
probes at the alumina/ cyclohexane interface and on the
effects of the addition of a commonly used surfactant,
Aerosol OT. The nitroxide probes ch~n are 4-hydroxy-
and 4-amino-Tempo (Tempo = 2,2,6,6-tetramethyl-
piperidinyi-l-oxy) and several doxyistearic acids (positions
of the nitroxide free radical on the stearic acid alkyl chain:
5, 7, 12. and 16) (Figure 1). The use of Tempo derivatives
was B\Uested by the extensive literature available on these
probes, which have been often selected to investigate the
structure of AOT reverse micelle and W /0 microemulaions
in nonpolar solvent.18 The doxylstearic acids offer the
unique possibility of collecting data profiles within the
surfactant layer in reverse micelles 8.8 well as in the ad-
sorbed state by monitoring the signal of the nitroxide
radical in various positions along the alkyl chain of the
stearic acid molecules.

Experimental Section
Material-. The alumina used in the p~nt mMiy was of 99~

purity (Linde A grade. Union Carbide Corp.). The ~cle .ize
was 0.3 ,.m. and the Bgf lurrace area was specified to be 15 ml/ g
by nitrocen adsorption. All the nitroxide spin probes were
pW'chaled from Aldrich Chemical Co. and used as received.
Cyclobexane obtained from Fjsher Scientific Co. was of certified
ACS grade. The aoIvent was dUtilled and stored on Molecular
Sieve 4A to avoid contamination by water. The .urfactant tiled.
Aerosol CYr (sodium bia(2-ethylhexyl) 8ulf~te) was obtained
from Fisher Scientific Co. and was purified according to the
p~ure described in the literature.lt

Sample PreparatloD. Sampl. were prepared by adding 15
cml of cyclohexane aolutionof ACYr containiDI approximatively
10-6 mol/L of the probe to 1 g of alumina previously desiccated
at 200 °C for 4 h and allowed to cool in a desiccator connected
to a vacuum pump using P sOl u desiccant. The luspension was
ronditioned for 24 h with a wrist shaker before being centrifuged.

Method.. The ESR spectra were obtained with a Varian E9
X-band apectrometer at a modulation frequency of 100 kHz using
a quartz capillary wile. All experiments wen performed at room

Results and Discussion
Adsorption of Tempo Derivatives at the Alumi-

najCyclohexane Interface. Analysis of the anisotropic
features of the ~R spectra provides information on the
rotational mobility of the nitroxide probe from which probe
environment characteristics can be deduced. An isotropic
spectrum characterized by a sharp three-line spectra is
obtained when the nitroxide is tumbling in a nonviscous
fluid. Immobilization of the probe leads to a line broad-
ening and to a spectrum that has lost most of its details.
If the molecule rotates slowly, an intermediate spectrum
is obtained.

Changes in the ~R line shapes of the Tempo deriva-
tives were studied as a function of the concentration of
coadsorbed surfactant. When no AOT was added to the
suspension, the probe was found to adsorb completely on
the alumina surface. In this case, the spectrum obtained
for the 4-hydroxy- Tempo (Figure 2) is typical of the probe
in a "frozen stateW. Similar results were obtained with
4-amino- Tempo. The line broadening observed shows that
rotational reorientations are not fast enough to average out
anisotropies and that the rotational motion of the probe
is strongly hindered by the presence of the solid surface.
Since the hyperfine splitting constant A.l cannot be readily
measured on this type of highly anisotropic spectrum,
calculation of the empirical order parameter S (propor-
tional to the difference in the hyperfine splitting constant
AI - A .l13) is not a simple procedure. Accurate quantifi-
cation of the probe mobility from its ~R spectrum would
require a complete simulation of the spectrum. However,
detection of modifications in 2A1 usually provides mean-
ingful information, due to the fact that a decrease in AI
implies a decrease in S and an increase in probe mobility.
Furthermore, comparison of these changes with similar
changes obtained by using experimental conditions at
which molecular conformations and probe environment are
well-known provides another way to obtain additional in-
formation on the probe environment and its effect on the
~R lineshape of the molecUle.

1. Effect of Surfactant Addition. When the sur-
factant is added to the suspension, it coadsorbs with the
nitroxide probe on the solid surface, affecting the mobility
of the latter, a phenomenon that can readily be observed
via the ~R technique. As the concentration of the sur-
factant is increased, AI decreases (Figure 2). This result
is a clear indication that the probe mobility increases,
suggesting that the probe molecule is SQlubilized inw the~..-" '_~-L" ~- ~. . - -
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Figure 5. Variation of 2A. with the time of contact of the solid
with air before the addition of the Aerosol OT solution ([AOT]
= 5 X 10--3 kM/m3).
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Figure 3. Equilibrium adsorption iaotherm of Aeroeol OT on
alumina incyclobeune.
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Figure 6. ESR spectra of 5- and 16-doxylstearic acid solubilized
in cyclohexane with different AOT concentrations: 0.5 x 10"" and
5 x 10-3 kM/m3 are respectively below and above the surfactant
cmc.

Figure 4. ~R spectrum of 4-hydroxy-Tempo adsorbed (a) on
heat-treated alumina and (b) on as-received alumina.

isotherm of AOT on alumina in cyclohexane. The aff"mity
of the surfactant for the alumina surface is rather high
since the maximum absorption is reached before any re-
sidual surfactant concentration is detected in the super-
natant. (Using a specific surface area of 15 m2jg for the
alumina and a parking area of 70 A2 for the AOTmolecule,
the maximum adsorption was found to correspond to the
monolayer coverage.) Above the surfactant concentration
corresponding to the monolayer coverage, the excess AOT
remains in solution to form reverse micelles where the spin
probe is also solubilized. Preferential partitioning of the
nitroxide probe into the reverse micelles is apparently
favored since the ESR signal of the supernatant does be'-
come increasingly stronger as the surfactant residual
concentration in the supernatant increases.

2. Effect of Water on the Probe Mobility. The ESR
response of the 4-hydroxy-Tempo was found to be very
sensitive to the presence of water adsorbed on the alumina
surface. The spectra obtained with the dehydrated alu-
mina and with the alumina used as received were markedly
different (Figure 4). The spectral anisotropy observed
with the desiccated mineral was much larger (higher AI)
than when tl1e mineral was used without any pretreatment.
The role postulated for the water present on the ''as
received" alumina surface was COnIlrmed by leaving the
desiccated alumina exposed to air for different intervals
prior to the addition of the surfactant solution. In Figure
?, th? hy~~fin~ spl!tti~g .cons~nt.~I. i~ plotted ~ .a

air (containing moisture). The line broadening observed
at low water content decreases as the contact time with
air is increased, indicating a change in the probe envi-
ronment due to an increase in the amount of water ad-
sorbed from the air on the mineral surface. Eventually,
the mobility of the probe reaches a limiting value, which
corresponds to the spectral anisotropy observed for the
untreated alumina. These results COnIlrm that the as
received alumina contains adsorbed water which evapo-
rates during the heating step but readsorbs when the
sample is left in air.

Behavior of II -Doxylstearic Acids in the Alumi-
na/ AOT /Cyclohexane System. Doxylstearic acid
probes offer the unique possibility to collect information
on structure profiles within the surfactant layer in reverse
micelles as well as in the adsorbed state.12,16 Figure 6 shows
ESR spectra of 5- and IG-doxylstearic acid probes solu-
bilized in cyclohexane in the presence of various amounts
of surfactant. It can be seen that the spectral anisotropy
varies with both the position of the nitroxide radical on
the alkyl chain of the stearic acid molecule and the sur-
factant concentration. In Figure 7, the peak ratio ho/ h_1
is plotted as a function of surfactant concentration for. - - - -- .
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Figure 8. ESR spectra of 5- and 16-doxylstearicacid probes
coadsorbed on alumina with various amounts of AOT. The
concentrations shown are the initial ones. An initial AOT con-
centration of 0.5 X 10-3 kMjm3 gives incomplete surface coverage
with no surfactant left in the s~rnatant; 5 X 10-3 kMjm3leads
to a monolayer coverage with a micellar supernatant solution.
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Figure 9. Effect of surfactant adsorption on the conformation
of (I) the5-doxylstearic acid molecule and (2) the 16-doxylstearic
acid molecllie adsorbed on alumina.

conilguration. This hypothesis is in agreement with the
results of Cadenhead et at on the 12-doxylstearic acid
configuration in a monolayer of dipalmitoyllecithin at the
water I air interface.20

peak-to-peak line width being identical for all these probes,
changes in the rotational correlation time of the probe are
proportional to changes in the peak ratio ho/ h_1 <ho and
h-l are respectively the heights of the central line and of
the high field line). The use of the concept of the rota-
tional correlation time as a measure of the probe mobility
is justified only when the probe rotational motion may be
considered as isotropic, an assumption valid in the case
of doxylstearic acids in solution, even in the presence of
surfactant. When the nitroxide free radiCal is very close
to the polar head (5-doxylstearic acid), the spectral an-
isotropy increases sharply above the surfactant cmc (for
AOT in cyclohexane, cmc = 1.35 X 10-3 kM/m3). This
observation allows one to draw the conclusion that the
stearic acid probe carrier is integrated into the reverse
micelle, affecting the probe environment. No change in
spectral anisotropy is observed with the 16-doxylstearic
acid, suggesting that, although the probe carrier isinte-
grated into the reverse micelles, the nitroxide free radiCal
remains outside the surfactant shell of the micelle, because
the length of the AOT molecule is equivalent to only about
nine caroon-carbon bonds.

Figure 8 shows the spectra obtained for cases where the
various doxylstearic acid probes are coadsorbed on the
alumina surface with various amounts of coadsorbed
surfactant. For the 5-doxylstearic acid, the spectra are
characteristic of the probe in a frozen state, irrespective
of the coadsorbed surfactant concentration. A similar
phenomenon was observed with the 7-doxylstearic acid.
This poor probe motion in these cases suggests that the
probe is close to the surface, even when the coadsorbed
AOT molecules cover the whole surface. The spectra ob-
tained for 16-doxylstearic acid (Figure 8) and for 12-
do~c acid show the nitroxide inafrozen state when
no surfactant is present. But, as the surfactant is added,
a progressive shift toward an increased mobility is ob-
served. This result may be interpreted as follows: at low
surface coverages, interactions between the nitroxide
radical of the 12- and 16-doxylstearic acids and the alumina
surface lead to a bent con1lgUration of the probe at which
the rotational motion of the nitroxide is hindered, giving
a characteristic frozen spectrum. These interactions are
not strong enough to resist the "surface pressure" generated
by the adSorbed surfactant as the concentration of coad-
sorbed surfactant increases. Under these conditions, the
nitroxide probe is pushed away from the surface,allowinJ{

Conclusions
Adsorption of various nitroxide probes on alumina in

cyclohexane was studied by ~R. The effect of surfactant
addition on the adsorption of the probes and their ESR
response was investigated. Tempo derivatives and n-
doxylstearic acids were found to adsorb on alumina when
no surfactant was added to the system. The ~R spectra
obtained in this case indicated that the rotational motion
of the probes was hindered by the presence of the surface,
suggesting that the nitroxide free radiCals were close to the
solid surlace, in the case of all probes, including n-
doxylstearic acids.

When Aerosol OT was added to the suspension, the
behavior of the two types of probes differed. The decrease
in spectral anisotropy observed for the Tempo derivatives
shows the mobility of the probe to increase, possibly due
to solubilization of the probe in the adsorbed surfactant
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to the surfactant concentration.
Changes in the ESR line shape of the n-doxylstearic

acids were used in this investigation to monitor differences
in the adsorption behavior of the n-doxylstearic acids when
surfactant is added to the system. When the probe was
adsorbed on alumina, the ESR response was found to
depend upon the position of the nitroxide free radical The
nitroxide probe is pulled away from the alumina surface
by the adsorbed surfactant only in the case of the 12- and
16-doxylstearic acids. It is suggested that the strength of
nitroxidejalumina interaction depends upon the position
of the spin probe along the alkyl chain of the carrier
molecule.

layer. When the intensity of the ESR signal was used as
,a qualitative indicati~n o~ the probe concentration and the

~urfactant concentration m the supernatant was measured,
'the result suggested that the probe stays preferentially in
the adsorbed surfactant layer as long as the AOT con-
centration in the supernatant is not high enough to form
micelle. When reverse micelles were present in the sur-
rounding solution, the probe was preferentially solubilized
into the micelles. Under adsorption conditions, the probe
was found to be sensitive also to the presence of water on
the alumina surface.

The behavior of the n-doxylStearic acids (n = 5, 7, 12,
and 16) in the presence of surfactant was found to depend
on the position of the nitroxide radical on the stearic acid
alkyl chain. When the probe was close to the polar head
of the carrier molecule (n = 5 and 7), ESR was able to
detect the presence of AOT reverse micelles. When the
free radical was away frOm the carboxylic end of the carrier
molecule (n = 12 and 16), it was found to be less sensitive
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