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Aggregation of ionic surfactants is driven by the reduction in
hydrophobic contacts between their alkyl chains and water, but
is opposed by electrostatic repulsions between the charged
headgroups of the surfactant. This repulsion is reduced by the
adsorption of counterions at the surface of the aggregate in a
region known as the electrical double layer.! An understanding
of counterion adsorption is needed to rationalize phenomena
associated with aggregation such as the “salting-in” of surfactants
to form micelles,2 sphere-to-rod transitions in micelles,3 the
viscoelasticity of micellar solutions,* and the electrophoretic
mobility of surfactant aggregates.> Inmicellar catalysis, adsorbed
counterions react with hydrophobic molecules that are solubilized
within the micelle.® Electrostatic potentials at charged surfaces,
which are heavily influenced by adsorption of ions, also play an
important role in many biochemical processes, including ion
conduction in membranes, fusion of phospholipid bilayers, and
binding of charged drugs to membranes.’

In the Gouy—Chapman model, the distribution of counterions
at the interface between a charged layer and the bulk solution
is described as a continuous function with the greatest concen-
tration of ions at the charged layer and with nodistinction between
“free” and “bound” ions.? Alternatively, the double layer can be
viewed as an outer diffuse region, in which the ions are in random
thermal motion, and an inner region where the mobility of the
ions is severely restricted by a large electric field (the Stern
model).” A number of techniques, such as NMR, ESR, and
conductivity measurements, suggest that a large fraction of
counterions, in the range 0.5-0.8, are “bound” to the aggregate
with the remainder in the diffuse double layer (DDL).!9 However,
the definition of “bound” ions varies from technique to technique,
and the detailed structure of the interface is unclear. This
communication provides the first study of bound counterions by
vibrational spectroscopy. Infrared-visible sum-frequency spec-
troscopy (SFS) shows unequivocally that the asymmetric anion,
SCN-, adopts a preferential orientation in the Stern layer of a
monolayer of the cationic surfactant, C,4,TA* (tetradecyltri-
methylammonium).
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Figure 1. Schematic diagram of a monolayer of C;4TA* adsorbed to a
self-assembled monolayer of ODT on gold. Open circles represent the
positively charged surfactant headgroups; closed ellipses represent
thiocyanate counterions. Note, however, that the exact location of the
counterions is not known.

SFS is a nonlinear optical technique which has been well-
documented elsewhere.!!-13 Briefly, a pulsed visible laser and a
tunable pulsed infrared laser are superimposed at a surface, and
the light emitted at the sum of their frequencies is detected.
Emission at the sum frequency is resonantly enhanced by
molecular vibrations; hence, when the infrared frequency is
scanned, the emitted intensity provides a vibrational spectrum.
A key feature of SFS is that light is only emitted from molecules
in noncentrosymmetric environments. SFS is thus uniquely
surface-sensitive and detects only those molecules that are
adsorbed with a preferred orientation at an interface, even in the
presence of the same molecules in solution. Since micellar
solutions are generally isotropic,!4 and consequently sum-
frequency inactive, we have studied counterions adsorbed to a
monolayer of a surfactant.

A thin film of water containing the surfactant and SCN- was
trapped between a planar hydrophobic surface and a prism. The
hydrophobic surface was provided by a self-assembled monolayer
of octadecanethiol on gold.!S The surfactant, C,;TA*,!6 phys-
isorbs to the hydrophobic surface forming a monolayer in which
the hydrocarbon tails of the surfactant are oriented toward the
hydrophobic surface.!” The positively charged quaternary am-
monium groups are therefore exposed at the surfactant-water
interface (Figure 1).

Figure 2 shows the SF spectrum of C;4TA*SCN-,!8 from 1950
to 2150 cm™!, as a function of concentration. The visible, IR, and
SF beams were all p-polarized. The constant background SF
signal arises from the surface of the gold, and the peak at 2050
cm! is assigned to the CN stretching mode of thiocyanate ions.!?
The selection rules of SFS dictate that the peak must be associated
with ions that have adopted a preferred orientation within the
double layer. The CN peak was also observed for a monolayer
derived from 3 X 10-3 mol dm™3 tetradecyltrimethylammonium
bromide (C;4TAB)!8 in a solution of 2.5 X 10# mol dm™3
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Figure 2. Sum-frequency spectra in the CN stretching region of aqueous
solutions of C)4TA*SCN- in contact with a hydrophobic monolayer of
octadecanethiol on gold. The critical micelle concentration of C,,TA*SCN-
is approximately 8 X 10 M (determined from surface tension mea-
surements at 20 °C). The spectra have been offset for clarity, and the
zero of intensity refers to the concentration of 5 X 10~ M.

NaSCN: if either the surfactant or the SCN- was excluded, no
peak was observed. The SCN- is bound to the monolayer in
preference to the bromide, as expected from the relative positions
of the two ions in the lyotropic series.!2 Solutions of NaSCN
containing an anionicsurfactant (sodium dodecyl sulfate) or non-
ionic surfactant (dodecanol), which also form adsorbed mono-
layers with their hydrocarbon chains oriented toward the
hydrophobicsurface, showed no peak in the CN stretching region
even at thiocyanate concentrations of 1 mol dm-3. Whatever
interaction is giving rise to the CN peak in Figure 2 is therefore
specific to the cationic surfactant.20

In the Stern model, the ions we detect could lie either in the
Stern layer or in the diffuse double layer. If the electric field in
the DDL is sufficiently large to produce a substantial net
orientation in the thiocyanate ions, we would also expect a highly
dipolar neutral, such as acetonitrile (CH3CN, u = 3.39 D), to
be oriented. We were, however, unable to detect the CN mode
of CH;CN by SFS from a 1% solution of CH;CN in C,,TAB
at its cmc. We infer that the SCN- ions detected by SFS lie in
the Stern layer. This observation was unexpected given that
Eisenthal has detected polarized water molecules in the double
layer of a charged monolayer by second harmonic generation.?!
The difference in sensitivity of the two experiments may simply
reflect the fact that the concentration of water (55 mol dm3) is
much higher than that of either thiocyanate or acetonitrile (<1
mol dm-3). The large difference between the CN stretching
frequency of the SCN-ion detected by SFS (2050 cm™!) and the
vibrational frequency of the ion in agueous solution (2067 cm-1)1?
provides further evidence that the thiocyanate ions we detect do
not reside in the DDL.

Sum-frequency emission carries information on orientation
not only in its intensity but also in its phase. Peaks are observed
in Figure 2 because there is constructive interference between
the light emitted by the SCN- ions and the background signal
from the gold. If the polar orientation of the thiocyanate ions
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Figure 3. Sum-frequency spectra in the CN stretching region of (a) 7.5
X 104 M C)4,TA*SCN- in contact with ODT on gold and (b) SCN-
adsorbed on a gold electrode at a potential of +0.4 V vs saturated calomel
electrode (SCE).

were inverted, the phase of the light emitted by the ions would
change by 180°.!7 Consequently, destructive interference with
the background gold signal would lead to a dip, rather than a
peak, in the spectrum. To determine the polar orientation of the
SCN- ions, we have compared the SF spectrum in Figure 2 with
the spectrum of SCN- adsorbed to a gold electrode (Figure 3).
It is believed that the peak at 2128 cm™! in Figure 3b corresponds
to the SCN- bound to the electrode through the sulfur atom.13:22
Since the CN resonance has the same phase for SCN- bound to
gold and to the surfactant monolayer, the polar orientation of the
ionis almost certainly thesame. Thus the thiocyanate counterions
inthe Stern layer have a net orientation in which the sulfur atoms
aredirected toward the monolayer. A specificinteraction between
the quaternary ammonium headgroup of the surfactant and the
sulfur of the SCN- is the likely cause of this orientation. The
observed orientation is consistent with simple electrostatics: ab
initio calculations?? suggest that the sulfur atom carries a greater
negative charge than the nitrogen atom. Hard and soft acid and
base theory24 would also predict this orientation since both sulfur
and tetramethylammonium ions are classed as “soft”. Ion
solvation alsp has to be considered in order to explain the
preferential binding of SCN- over ions such as Br~. There is
some evidence that anions may partially shed their hydration
shell in the Stern layer,1%so0 the preferred orientation of the SCN-
may also be related to differences in the binding strength of the
hydration shell at the two ends of the ion.

In conclusion, sum-frequency spectroscopy has provided.the
first vibrational spectrum of a counterion in the headgroup region
of a surfactant monolayer. The appearance of a resonance
assigned to the CN stretch of the thiocyanate counterion indicates
that this ion has a preferred orientation at the interface, although
the fraction of counterions adopting this orientation can not be
determined directly.25 It is likely that the bound counterions
reside within a few angstroms of the charged layer, corroborating
the view of this region as consisting of an outer diffuse region
with an inner Stern layer. The phase of the light emitted from
the CN groups indicates that the counterions are bound through
the sulfur atom.
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