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We report in situ spectroscopic measurements of charge reversal behavior and surfactant bilayer formation at
the salt/aqueous solution interface as the aqueous surfactant concentration is varied. The studies, which employ
vibrational sum frequency spectroscopy to measure the vibrational response of sodium dodecyl sulfate and
water at the CadfH,0 interface, demonstrate the complex nature of the adsorption process which includes
monomer adsorption, surfactant bilayer formation, surfactant restructuring, surface charge reversal, and water
reorientation. These effects have been monitored directly for the first time by taking advantage of the
spectroscopy and the nonlinear phase relationships between the CH and OH vibrational modes. The results
provide important insight into the adsorption mechanism that is central to processes such as mineral ore
flotation and separation, waste processing, and petroleum recovery.

Introduction been detected by careful examination of the interferences that

occur between OH vibrational modes from interfacial water

The ad_sorptlon of surfactants from an agueous phase_ ONto gy 516cules with CH vibrational modes arising from the tails of
salt or mineral surface plays a key role in a number of diverse the SDS surfactant

fields including colloidal stabilization, lubrication, petroleum
recovery, waterproofing, waste processing, and mineral ore Experimental Method
flotation and separatioh.® Common to these endeavors is the

alteration of the interfacial properties due to the adhesion and specific nonlinear optical technique that makes use of two

aggregation of surfactant molecules at the solid surface. Theintense laser beams (one a fixed frequency visible beam and

attraction of agueous surfact_ants to a solid phase is often OlriVenthe other a tunable IR beam) that are coupled together, spatially
by the electrostatic interaction between a charged surfactantand temporally, at an interfadeThe molecules within the

headgroup and the intrinsic charge that many solids attain Wheninterfacial region will interact with the intense electric fields

tertacial tegion resuls n & driving force ot e migaton of DY STETAING & response at the sum of the two incorning bear
9 9 frequenciesd + w2 = w3). Within the dipole approximation,

:ngpcr)nmtlar atljsort[:r)]t;on ahn((:;isubsr;eiqtrjlenrtlg%grﬁ%at;o\?\lof Ith?ésrurfacfhis response is limited to molecules within a noncentrosym-
a olecules through dispersion a an der Waals I0Tees. \,qayjc environment, such as that found in an interface, and

These Interactions can result in dra_mat|c _chang_es n theforbidden in a bulk centrosymmetric medium. As the IR
properties of the solid surface and the interfacial region as thefrequency is tuned across a vibrational resonance of a molecule,

e bty o ymenen bowg e Geneaied VSES signal s enranced and a viaior
9 y yarog 9 spectrum of the interfacial molecules is obtained. On the

among water molecules can be disrupted quite dramatically. molecular level, in order for a mode to be VSFS active, it must
In this paper, we report d|re9t measurements of the adsorption possess both a nonzero Raman and IR transition moment which
of the anionic surfactant, sodium dodecyl sulfate (SDS), from i only occur for molecules lacking inversion symmetry. This
an aqueous solution to the surface of the ionic, semisoluble solid¢, in conjunction with the noncentrosymmetric nature of the
Cak (fluorite). We make use of the nonlinear, surface specific jnerface, leads to the surface specificity of this nonlinear
spectroscopic technlqut_a vibrational sum freq_uency SpectrOSCOpyprocess. Because of the coherent nature of VSF spectroscopy,
(VSFS) in order to simultaneously examine both the OH gach of the vibrational responses probed will have a distinct
vibrational modes of hydrogen bonded interfacial water mol- onaqe associated with it. Individual modes will interfere both
ecules and the CH vibrational modes arising from the surfactant ., ngtryctively and destructively in the final detected response,
tail. As the surfactant concentration is increased, the surfactant,, j it is these interferences that can be used to attain orienta-
adsorption process progresses from monomer adsorption tGong| information about the individual species within the

bilayer formation at the surface. Accompanying this is a change inertacial regiorf The laser system and experimental setup used

in the surface charge t_hat resu_lts in a reorientation of_interfac_ial in these studies has been described previctiéigriefly, a 3.5
water molecules consistent with the reversal of the interfacial ns, 20 Hz Nd:YAG laser is used to produce the visible (532

electric field through bilayer formation. This reorientation has nm) and tunable IR (27664000 cnm?) beams used in the

. g o be aad g T rehmond@ generation of the sum frequency spectra. We make use of a
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oregon.uoregon.edu. Fax: 541-346-5859. total internal reflection geometry by coupling both beams

T University of Oregon. through a Cafprism (ISP Optics) which is used as the solid
*Whitman College. substrate. A hollow cell is placed over the largest face of the

Vibrational sum frequency spectroscopy (VSFS) is a surface
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0.8 the CaR/HO interfacet’~13 therefore, the surface charge
a) o remains positive and facilitates the alignment of water molecules
o in the interfacial regiod.The spectrum of the neat C#R,0
interface at pH 5.1 is shown in Figure 1a. The two main features
evident in the spectrum are a large peak response320
cm! and a smaller “shoulder” located at3440 cnt?. Prior
studies of water at several different solid interfdée® have
assigned these two peaks to hydrogen bonded water molecules
with differing levels of coordination. The-3210 cnt! peak
response arises from the collective vibrational motion of
tetrahedrally coordinated water molecules. Generally, water
molecules in this type of highly coordinated, symmetrical
hydrogen bonding environment have sum frequency responses
shifted and broadened by several hundred wavenumbers from
their gas phase values (typically seen-@&700 cnt?).1” Water
molecules that experience intermolecular hydrogen bonding
environments that are less coordinated tend to have sum
frequency peak responses centered in the 34300 cnr?!
range. These molecules experience a more disordered hydrogen
bonding environment (because of either asymmetric or bifur-
cated hydrogen bonds) which shifts their peak responses by only
a few hundred wavenumbers from their gas-phase values.
Small additions of the negatively charged surfactant SDS to
the neat CaffH,0 interface (pH 5.1) results in a decrease in
the VSF intensity across the entire OH stretching region of water
as shown in Figure 1b. We attribute this decrease in signal to
the adsorption of the SDS surfactant through the electrostatic
attraction of the negatively charged headgroup to the positively
0 : : i o charged Cajfsurface? The adsorption results in a lower net
2800 3000 3200 3400 3600 3800 charge at the surface and consequently a decreased electric field
penetrating into the solution phase. With the decrease in the
near surface field, the tendency of water dipoles to align with
Figure 1. Vibrational sum frequency spectra of the G&LO/SDS the field is decreased. This reduces the depth of penetration of

interface spanning the entire OH and CH stretching regions: (a) neat i £ ;
CaR/H,0. (b) 6.1x 10-5M SDS, (€) 2.0x 104 M SDS, and (d) 3.0 the electric field into the aqueous phase and consequently the

Intensity (arb. units)

Frequency (cm™)

« 103 M SDS. number of water molecules being align€dn addition to the
decrease in the response from the OH oscillators, Figure 1b
prism (50 x 50 mm), sealed with an O-ring, and fillee-§0 displays the onset of multiple sharp transitions in the small

mL) with the solution of interest. All solutions were prepared deconstructive peaks in the spectral region from 2850 to 2950
with 18 MQ Nanopure water using ACS reagent grade cm . These peaks are attributed to interferences between the
chemicals. Additions of SDS solutions were made via micropipet sum frequency response from the CH oscillators in the surfactant
with constant stirring provided by a mechanical stirring paddle. tail and OH oscillatord?2° These interferences are a result of
Signal intensity at the peak frequency of the water responsethe coherent nature of the VSF spectroscopy and will be
was monitored during the additions to ensure equilibrium was discussed later in this paper.

attained. All spectra were normalized to fluctuations in the At a bulk SDS concentration of 2 1074 M, the signal level

monitored IR power. from interfacial water molecules is reduced to nearly zero as

shown in Figure 1c. At this concentration, the effective charge

Results and Discussion from the Caf surface has been largely compensated by the
The vibrational sum frequency spectra of®molecules in ~ Negatively charged sulfate headgroup. Although barely percep-
the interfacial region between the ionic solid GaRuorite) tible in this figure, the interferences from the CH resonances
and a bulk aqueous phase has been studied previdsig. are present in the spectra as seen in Figure 1b. The reduction

CaR/H0 interface is a rather interesting system exhibiting in the response from .the interfacial water molecu!es in going
strong pH dependent behavior as a result of the preferential from the neat CafH20 interface to the CafH,0/SDS interface
dissolution of surface Fions. This surface dissolution results ~indicates that the adsorbed SDS molecules significantly disrupt
in a strongly positively charged fluorite surface which orients the water structure at the sohd/aqueou; interface. However, the
water molecules within the interfacial region. As the aqueous father small response from the CH oscillators suggests that the
phase is adjusted toward more neutral pH conditions, the surfaceSDS tails are very disordered, leading to only a low intensity
charge diminishes and reverses sign at the point of zero charge?€ak from the pendant GHyroups at the terminal end of the
(PZC) of the CaffH,0 interface. In addition, in the basic pH ~ molecules
range, the fluorite surface exhibits ion exchange between the The “effective” PZC of the CaifH,0O/SDS interface (the point
surface ions and aqueous phase hydroxide species and/oat which the positively charged CaBurface has been neutral-
dissociated water molecules leading to formation of surface ized by adsorption of the negatively charged surfactant) occurs
CaOH oscillators. at just above 2x 10* M SDS, as discussed above. By
The studies described in this paper were conducted at near-increasing the bulk concentration abovex210~* M, the sum
neutral pH conditions (pH 5.1). This pH is below the PZC of frequency response from interfacial water returns in both the
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Figure 2. Charge reversal behavior at the G&FO/SDS interface as
evidenced by the interferences between the surfactant CH modes and
water OH modes. Surfactant concentrations are (ax41075, (b) 2.0

x 1074, (c) 3.5x 1074, (d) 9.2 x 10* M SDS.

3210 and 3440 crt peaks. Figure 1d shows the GARO/
SDS interface at a bulk SDS concentration of 303 M. The
spectrum shows several new features; in addition to intensity
from the tetrahedrally coordinated water molecules (3216%m ) . . . .
and more disordered water molecules (3440 Ymthere are E'gure 3. Diagram of the three distinct adsorption regions of SDS on

. . 1 . ak. (a) Monomer adsorption of anionic SDS to the positively charged
several sharp peaks evident in the 283000 cn* region and Cak, surface, (b) the PZC of the CaR,0/SDS interface and
a broad peak centered at3570 cn. We assign the sharp  randomization of interfacial water molecule structure, and (c) bilayer
feature centered at 2850 ctnto the symmetric stretch of GH formation and charge reversal at the @az0/SDS interface and the
groups (CH(ss)) in the surfactant backbone and the two peaks return of interfacial water structure above this layer.
at 2873 and 2933 cm to the CH symmetric stretch split by
a Fermi resonance with an overtone of a{di¢nding mode. the disordered surfactant tafsThis classic example of bilayer
These assignments are in agreement with several previous VSF$ormation orients the charged sulfate headgroups toward the
studies of surfactants at a variety of interfat&%. 2* We assign aqueous phase with the surfactant tails interdigitated b&low.
the broad peak centered a3570 cnt! to water molecules  With the reintroduction of an electrostatic orienting force from
solvating the negatively charged sulfate headgroup of the SDS.the charged headgroups, the water molecules in the interfacial
This is in agreement with previous sum frequency studies at region above the bilayer will again orient their dipoles in
the CCl/H,O interfac&®26 where these peaks from weakly alignment with the field® Evidence of this alignment is shown
hydrogen bonded water molecules were assigned to either wateby the return of the sum frequency signal from the interfacial
in the primary or secondary solvation shell of a charged water molecules, much like that seen at the neat.(thP
headgroup. The behavior of the GAF,O/SDS interface above interface. It is possible that the behavior of this system results
2 x 10 M is consistent with the formation of a bilayer of  from a continuation of monomer adsorption. However, there is
SDS molecules on the surface of the &g the surfactant  a strong driving force for the formation of a bilayer in order to
molecules associate through van der Waals interactions betweeminimize the charge repulsion of the SDS headgroups, to




3678 J. Phys. Chem. B, Vol. 107, No. 16, 2003 Letters

maximize van der Waals interactions between the surfactantM the surface charge on the Gasolid reverses (the point of
tails, and to orient the SDS headgroups toward the aqueouszero charge, PZC) with a commensurate flip in the orientation
phase where interactions with the water molecules would help of the interfacial water molecules. (3) At SDS concentrations
to reduce the total energy of the system. Further evidence forabove 3.5x 1074 M, a bilayer is formed on the CaBurface
bilayer formation from DO studies of the same interface will  with the negatively charged sulfate headgroups penetrating into
be detailed in an upcoming publicatiéh. the aqueous phase. Water molecules are aligned by the electric
Further evidence of the charge reversal at theG8P/SDS field originating from the negatively charged “surface” of the
due to bilayer formation comes from careful investigation of SDS bilayer through the electric field/dipolar interactions. The
the VSF spectra in the CH stretching region from 2800 to 3000 interfacial water molecules are now oriented, on average’, 180
cm L. Figure 2a-d shows the VSF spectra of the GARL,O/ from their original neat solid/liquid positions. This orientational
SDS interface at SDS concentrations below (Figure 2a,b) andinformation is obtained by careful analysis of the interferences
above the PZC (Figure 2c,d). In all four figures, the OH between resonant vibrational modes of the CH and OH
stretching response from interfacial water molecules appearsoscillators contributing to the VSF spectra. These studies are
as the “tail” from 3000 cm! which slowly decreases to part of a larger investigation into the adsorption behavior of
background level in the 2862850 cnT?! region. As a result  surfactant molecules onto ionic solids and the affect of this
of the coherent nature of the sum frequency process, the CHadsorption on the interfacial water structure.
stretching modes will interfere, either constructively or destruc-
tively, with the “tails” of the OH resonances depending on the
relative orientation of the oscillating group®?® At the SDS
concentrations shown in Figure 2a,b, the interfacial water
molecules should be oriented, on average, with their oxygen
atoms nearest the positively charged €abrface and their
hydrogens pointing out toward the aqueous phase. This is
confirmed in Figure 2a, where the CH oscillators interfere References and Notes
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