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The conformational order of sodium dodecyl sulfate (SDS), sodium dodecylsulfonate (DDS), dodecyltri-
methylammonium chloride (DTAC), and dodecylammonium chloride (DAC) adsorbed at the D2O/CCl4 interface
has been examined by total internal reflection sum-frequency vibrational spectroscopy (VSFS). The vibrational
sum-frequency spectra indicate the presence of gauche conformations in the hydrocarbon chains of SDS,
DDS, DTAC, and DAC at all surface coverages examined. An increase in the surface concentration of
surfactant at the D2O/CCl4 interface results in the reduction of gauche defects in the hydrocarbon chain as
determined from the intensity ratio of the methyl to methylene symmetric stretch vibrational modes. Analysis
of the SF vibrational spectra suggest significantly different alkyl chain conformations for the cationic and
anionic surfactants examined. The alkyl chains of the cationic surfactants DTAC and DAC possess the fewest
gauche defects, while SDS and DDS display more disorder in the hydrocarbon chains at similar surface
concentrations. Mixed surfactant monolayers are also examined and are observed to display the least number
of gauche defects, attributed to a reduction in head group repulsion.

I. Introduction

Whereas much has been learned in recent years on a
molecular level about how amphiphillic molecules adsorb at
air/liquid interfaces, much less is known about their behavior
at the oil/water interface. This is particularly true for simple
water soluble surfactants that are commonly used in commercial
products.1-3 This lack of information is primarily due to the
absence of experimental methods for studying the liquid/liquid
interface on a molecular level. While studies have been done
to determine the orientation and adsorption properties of surface
active dyes at the oil/water interface using fluorescence,4,5

resonance Raman scattering,6-8 and second harmonic generation
(SHG),9-11 little is known about the alkyl chain conformation
of simple alkyl surfactants at the liquid/liquid interface and how
such factors as head group functionality and surface concentra-
tion play a role in conformational order. Most neutron reflection
and X-ray diffraction studies of surfactants have been conducted
at the air/water interface.12-16 Such techniques have only
recently been applied to the investigation of surfactants at the
liquid/liquid interface.17,18

Vibrational sum-frequency spectroscopy (VSFS) has been
used in this work to measure the vibrational spectra of a number
of simple water soluble ionic surfactants adsorbed at the D2O/
CCl4 interface. An understanding of these systems in relevant
in advances in enhanced oil recovery as well as the technologi-
cally important field of emulsions.2,19 The surfactant molecules
that reside at the interface have their hydrophobic alkyl tails in
the oil phase and the hydrophilic cationic or anionic head group
in the water phase. In previous studies of these types of
surfactants at air/water interfaces, where the alkyl tails assemble
in the vapor above the liquid phase, much has been learned
about how surface density affects molecular structure.2,3,20,21The
van der Waals interactions between the alkyl chains of surfac-
tants play a very important role in how the surfactants assemble
at the air/water interface. These attractive forces can counter

the repulsive electrostatic forces between the charged surfactant
head groups, leading to a relatively ordered assembly of
surfactant molecules. At the liquid/liquid interface, the van der
Waals attractions between alkyl surfactants can be diminished
as solvent diffuses between the chains. Under such conditions
the chemical and electrostatic environment of the hydrophilic
head group plays an even greater role in the adsorption behavior
of the surfactants.22 The goal of these studies is to determine
if the chemical nature of the ionic head group affects the packing
density and subsequent alkyl chain disorder by way of either
electrostatic repulsion or size (possibly including the solvation
sphere).

In this paper, the conformational order of sodium dodecyl
sulfate (SDS), sodium dodecylsulfonate (DDS), dodecyltri-
methylammonium chloride (DTAC), and dodecylammonium
chloride (DAC) adsorbed at the D2O/CCl4 interface are exam-
ined in detail by VSFS. With VSFS, the molecular structure
sensitivity of vibrational spectroscopy is coupled with the
interface specificity of this nonlinear technique to make it an
ideal probe for examining buried interfaces.23-34 A total internal
reflection geometry is used, which significantly enhances the
sensitivity of this technique, allowing measurements to be made
over a wide range of surface concentrations. The sum-frequency
vibrational spectra of SDS, DDS, DTAC, and DAC are
examined, first, to characterize the vibrational modes being
probed and, second, to understand the effect of increased surface
concentration on the ordering of the alkyl chains. Information
about molecular conformation of the hydrocarbon chain is
obtained specifically from the C-H symmetric stretch region
of the vibrational spectra. Conformational order is discussed
in terms of the surface concentration of surfactant and the
character of the ionic head group.

II. Background

Sum-Frequency Vibrational Spectroscopy.Sum-frequency
vibrational spectroscopy has one major advantage over con-
ventional linear vibrational surface spectroscopic methods in
that it is inherently interface specific. In IR-vis sum-frequency
generation SFG, two coherent laser beams, one visible and the
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other from a tunable IR laser source (ω1 andω2) impinge on a
surface. The induced nonlinear polarization results in the
coherent generation of light at the sum-frequency (ω3 ) ω1 +
ω2), the intensity of which is governed by the surface polariza-
tion.35 The sum-frequency intensity is given by following
expression

whereP(2ω) is the induced second-order polarization andf̃SF is
the nonlinear Fresnel factor for the generated sum-frequency
light.36,37 The induced nonlinear polarization in a medium is
given by

where I is the laser intensity for each of the input beamsω1

andω2 and ø(2) is the second-order susceptibility tensor. In
the expression above, eˆ i ) ε̂ifi, whereε̂i is the unit polarization
vector andfi is the geometric Fresnel factor. The symmetry
constraints onø(2) prohibit nonlinear interactions in the bulk of
centrosymmetric medium. At an interface, this constraint is
lifted and such processes are allowed due to the local break in
symmetry. As a result, the spectroscopy of the molecules
residing in the interfacial region can be probed selectively
without any contributions from the molecules present in the
more pervasive bulk liquids.
The second-order susceptibilityø(2) can be separated into a

nonresonant contributionø(2)NR arising from the bare interface
and a resonant contributionø(2)R arising from the vibrational
resonances of the molecules at the interface:

Because the elements ofø(2)NR and ø(2)R and the associated
Fresnel factors may be complex, interference between terms can
exist. For this reason the relative phase of the terms in eq 3
must be taken into account. For the studies presented here,
within the C-H stretch spectral region the nonresonant com-
ponent from the D2O/CCl4 interface has been found to be
minimal with the SF response being dominated by the resonant
susceptibility of vibrational modes in the introduced surfactant.
For an IR vibrational mode, the resonant component of the
susceptibility is given by35,38

whereN is the adsorbate surface density, Anν is the IR transition
moment,Mlmν is the Raman transition moment,∆p is the
population difference,ων is the transition frequency with a
damping constant ofΓν for a specific transition,ν, andωIR is
the frequency of the incident infrared beam. In order for a
transition to be SFG active, it must satisfy the constraint of eq
4, which requires that the vibrational transition be both infrared
and Raman allowed.
With a judicious choice of both the input and output

polarizations, the independent tensor elements ofø(2)R can
effectively be isolated. There are four such polarization
combinations that are of interest when probing the liquid/liquid
interface with SFG. The expressions for the SF intensity for

the relevant polarization combinations are given by the following

where the first letter of the intensity subscript refers to the
polarization of the output sum-frequency, the second for the
visible, and the third for the IR source,θ1 andθ2 are the incident
angles of the visible and IR light,f’s are the linear Fresnel factors
discussed above, andE is the electric field strength. By
selecting the appropriate polarizations, one can effectively isolate
the SF response as a function of the IR polarization. This can
be used to determine the net dipole polarization of a vibrational
transition parallel or perpendicular to the surface normal.30,39-41

Such measurements allow for the determination of the confor-
mational and orientation of molecular species residing at the
interface as will be illustrated in the following sections.
In addition to a strong resonant contribution from the C-H

stretching vibrations within the molecules, the intensity is also
dependent upon the Fresnel factors for the input fields,fi, and
the outgoing SF,f̃SF, as shown in eqs 1 and 2. In this way, the
detected SF signal is dependent upon the optical properties of
the two bulk media through their frequency-dependent refractive
indices and the optical geometry, internal vs external. In the
case of linear spectroscopic methods such as FTIR attenuated
total reflection (ATR), this dependence has been used to enhance
the sensitivity of these methods.42-44 In a similar fashion, total
internal reflection sum-frequency generation (TIR SFG) is used
here to measure the sum-frequency vibrational spectrum of
surfactants adsorbed at a liquid/liquid interface. An enhance-
ment of several orders of magnitude in the SF response is
calculated for an internal reflection geometry above that of an
external reflection geometry.26,28,36,37,45-47 For the case of
internal reflection, the linear and nonlinear Fresnel factors in
eqs 1 and 2 take on imaginary values at incident angles above
the critical angles for the incident visible and IR fields. The
local field intensity at the interface exceeds that found in an
external reflection geometry due to the formation of an
evanescent wave at the interface. The maximum in the SF
intensity occurs when the fundamental beams approach the
interface at their respective critical angles. It is this implemen-
tation of a TIR optical geometry that has allowed the investiga-
tion of this fluid interface, which has previously been inacces-
sible by conventional SFG.

III. Experimental Section

Materials. D2O (99%) and HPLC grade CCl4 were pur-
chased from Aldrich. The CCl4 was distilled in order to remove
any residual hydrocarbon compounds, and its purity was
confirmed by transmission FTIR. D2O was shaken with purified
CCl4 prior to use and decanted. Sodium dodecyl sulfate (SDS)
(Aldrich, 99.8%), sodium dodecylsulfonate (DDS) (TCI America,
99%), dodecyltrimethylammonium chloride (DTAC) (TCI
America, 99%), and dodecylammonium chloride (DAC) (Kodak,
98%) were used as received. Hexadecyl sulfate (SHDS) was
prepared by sulfonation of 1-hexadecanol (99% Aldrich) with

I(ωSF) ) | f̃SFP(2ω)(ωSF)|2 (1)

P(2)(ωSF) ) ø(2):êω1
êω2xIω1xIω2

(2)

ø(2) ) øNR
(2) + ∑

ν

øR
(2)(ν) (3)

(øR
(2)(ωIR))lmn ) ∑

ν

NAnν
Mlmν

∆p

(ων - ωIR - iΓν)
(4)

Issp
sum∝ | f̃yE1(ω1) E2(ω2) sinθ2 f1yf2zøiiz|2 (5a)

Isps
sum∝ | f̃yE1(ω1) E2(ω2) sinθ1 f1zf2yøizi|2 (5b)

Ipss
sum∝ | f̃zE1(ω1) E2(ω2)f1yf2yløzii|2 (5c)

Ippp
sum∝ | f̃xE1(ω1) E2(ω2)(cosθ1 sinθ2 f1xf2zøiiz +

sinθ1 cosθ2 f1zf2xøizi) +
f̃zE1(ω1) E2(ω2) cosθ1 cosθ2 f1xf2xøzii +

f̃zE1 (ω1) E2(ω2) sinθ1 sinθ2 f1zf2zøzzz|2 (5d)
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chlorosulfonic acid (99% Aldrich).48 Sodium hexadecyl-d3
sulfate was prepared by LiAlH4 reduction in tetrahydrofuran
of palmitic-d3 acid. The hexadecane-d3 sulfate was then
obtained by sulfonation of the resulting alcohol with chloro-
sulfonic acid. Purity of the products was determined by FTIR
and NMR. The molecular structures for the surfactants used,
SDS, DDS, DTAC, and DAC, are shown in Figure 1.
Sum-Frequency Experiments. Tunable IR light was gener-

ated using a LiNbO3 optical parametric oscillator (OPO),
described elsewhere.49 The OPO was pumped with the funda-
mental output of a Q-switched Nd:YAG laser generating 1064
nm pulses at 10 Hz with a pulse duration of 12 ns. Tunability
throughout the desired wavelength region was achieved by angle
tuning the LiNBO3 crystal. IR light pulses in the 2700-3100
cm-1 region with a band width of 6 cm-1 and energies of 2-3
mJ were obtained over the entire spectral region. Calibration
of the OPO was performed using a polystyrene sample. The
remainder of the 1064 nm YAG fundamental was frequency
doubled in a KDP crystal to generate the visible 532 nm light.
The sum-frequency experiments were performed in a cylin-

drical quartz cell. In order to achieve the desired optical
geometry for total internal reflection, both the visible and IR
beams were directed onto the D2O/CCl4 interface through the
CCl4, high index phase, in a copropagating manner. D2O was
used instead of H2O due to the weak but significant absorption
by H2O in the spectral region of interest, which resulted in
notable heating of the interface. The IR was focused on the
interface at an angle of 70°. The visible 532 nm was collimated
to a diameter of 1-2 mm and incident on the interface at an
angle of 66°. Laser powers used were typically 1-2 mJ/pulse
between 2800 and 3100 cm-1 and 5 mJ/pulse at 532 nm.
The sum-frequency signal was collected in reflection at an

angle of 66°. The resulting sum-frequency light was polariza-
tion selected with a broad band Glann-Taylor polarizer. The
residual 532 nm light was removed by a combination of
absorptive, interference, and holographic notch filters. The
resulting signal was detected using a PMT and gated electronics.
Variation of the input IR polarization was accomplished with a
Soleil-Babinet compensator and an IR polarizer. Polarization
of the visible light was selected with a half-wave plate. Data
points, collected every 2 cm-1, were an average of 200 pulses.
The SF spectra were corrected for Fresnel contributions for each
polarization and for the intensity variation of the infrared beam
throughout the spectral region.
The sample cell used in the SF experiments was cleaned with

MicroCleaner and Nochromix solution and rinsed with NAN-
Opure water that had a resistivity of 17.9 MΩ cm. The cell
was dried in an oven at 100°C to remove residual water. The

solvents CCl4 and D2O were introduced into the sample cell
and allowed to equilibrate. No detectable SF signal resulted
from the bare D2O/CCl4 interface. This measurement also
served as a means of determining the presence of any surface
active contaminants. The surfactants SDS, DDS, DTAC, and
DAC were added to the cell by removing an aliquot of the D2O
and dissolving the desired amount of surfactant. The solution
was then returned to the cell and mechanically stirred. SF
spectra were collected after allowing the solutions to equilibrate
for 20 min. A pH of 4.5-5.0 was measured for the D2O
solutions used. No adjustment to the pH was made for any of
the solutions. All spectra were obtained at room temperature.
Interfacial Tension Measurements. Interfacial tension

measurements of SDS, DDS, DTAC, and DAC at the H2O/
CCl4 interface were obtained by means of the drop-volume
method.50 A Gilmont micrometer syringe was used for drop
delivery of the CCl4. Measurements were made at room
temperature with aqueous surfactant concentrations ranging from
0.1 to 7.5 mM. The interfacial tension was obtained from the
drop volume by means of the method of Wilkinson.51

IV. Results

SF Vibrational Spectra. A representative sum-frequency
vibrational spectrum of SDS adsorbed at the D2O/CCl4 interface
at a 5.0 mM bulk concentration is displayed in Figure 2a. The
spectrum was collected with p-polarized IR and visible light
with no polarization selection for the generated sum-frequency
light. This particular polarization combination results in a
spectrum that displays contributions from both the in-plane and
out-of-plane SF active vibrational modes. The vibrational
spectra of DDS, DTAC, and DAC are similar to that of SDS
with differences only in the relative peak intensities. Also
shown is the nonresonant background from the D2O/CCl4
interface (Figure 2b). The spectrum in Figure 2a was fit with
a combination of a Lorentzian and a Gaussian function for each
peak. A Gaussian component was used in order to accom-
modate the limited bandwidth of the laser. No significant
interference between the D2O/CCl4 nonresonant background and
the resonant contribution for the adsorbed surfactant is apparent
in the spectrum of SDS.
In order to make accurate spectral assignments, comparisons

between the observed SF peaks and the corresponding infrared
and Raman transition frequencies for poly(methylene) and long-
chain alkanes have been made. The peak assignments for SDS,

Figure 1. Molecular structures of sodium dodecyl sulfate (SDS),
sodium dodecylsulfonate (DDS), dodecyltrimethylammonium chloride
(DTAC), and, dodecylammonium chloride (DAC). Figure 2. Sum-frequency vibrational spectrum of (a) 5.0 mM SDS at

the D2O/CCl4 interface and (b) the bare D2O/CCl4 interface. The
polarizations used were p for visible, p for infrared. The sum-frequency
output light was collected with no polarization selection. The solid
lines represent a fit to the spectra using a combination of Gaussian
and Lorentzian functions for each peak.
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DDS, DTAC, and DAC are summarized in Table 1. Also shown
are the corresponding infrared and Raman modes and their
respective frequencies.52-57 Spectral assignments for the SF
spectra of SDS shown in Figure 2a have been made as follows.
The peaks at 2872 and 2960 cm-1 have been assigned to the
terminal methyl symmetric (r+) and asymmetric stretch (r-)
modes respectively. The peak at 2848 cm-1 has been assigned
to the methylene symmetric resonance (d+) of the hydrocarbon
chain. The assignment of the peaks at 2896 and 2925 cm-1

are complicated by a difference between the IR and Raman data;
see Table 1. The peak centered at 2896 cm-1 has been assigned
to the symmetric methylene Fermi resonance (d+

FR) resulting
from interaction of an overtone of the methylene bending mode
with the methylene symmetric stretch. This peak appears in
the IR (d+(π)FR) at 2898-2904 cm-1 and in the Raman (d+-
(0)FR) at 2890 cm-1 of poly(methylene).54,55 We have assigned
the peak at 2925 cm-1 to the methylene asymmetric stretch (d-)
in agreement with the value observed in the IR spectrum (2920
cm-1).52 Previous SFG studies have assigned the peak between
2930 and 2940 cm-1 to the methyl symmetric stretch Fermi
resonance peak (r+

FR) and not thed- mode.29,30,39,58-60

The above assignments have been verified by deuteration
studies. Figure 3 displays the SF spectra of sodium hexadecyl
sulfate (SHDS) (Figure 3a) and sodium hexadecyl-d3 sulfate
(Figure 3b), in which the terminal methyl group has been
deuterated. The disappearance of the methyl peaks at 2872 and

2960 cm-1 for the r+ and r- modes respectively is seen upon
deuteration. Comparison of the two spectra in Figure 3 also
show that no detectable peak arising from the methyl Fermi
resonancer+

FR is observed in agreement with the assignment
for the peak at 2925 cm-1 as the methylene asymmetric stretch
and not ther+

FRmode as reported by previous authors.29,30,39,58-60

The peak at 2925 cm-1 remains strong in the spectrum of the
deutered species, further verifying that this peak arises from
the asymmetric methylene (d-) mode. This assignment is in
contrast to SFG spectra of surfactants adsorbed at the air/liquid
interface where the methyl Fermi resonance at 2935 cm-1 is
more pronounced.61 Ther+

FRmode is also observed from self-
assembled monolayers on metal substrates39 and Langmuir-
Blodgett films of cadmium arachidate on fused silica.29,62 It is
possible that in the spectra presented in this study that the methyl
Fermi resonance is buried within the much stronger methylene
mode.

Figure 4 shows the SF spectra taken for SDS (4a,b), DDS
(4c,d), DTAC (4e,f), and DAC (4g,h) at bulk concentrations of
5.0 mM. The first figure for each set represents the polarization
combination of ssp (s-polarized SF, s-polarized visible, p-
polarized IR) and the adjacent spectra were obtained with the
polarization combination sps (s-polarized SF, p-polarized visible,
s-polarized IR). The former polarization probes the out-of-plane
components, whereas the latter, sps, polarization combination
probes the in-plane components of the vibrational resonances.
All spectra have been corrected for Fresnel factors so that the

Figure 3. Sum-frequency vibrational spectrum of (a) hexadecyl sulfate,
sodium salt, and (b) hexadecyl-d3 sulfate, sodium salt. The spectra
were obtained with p-polarized visible, p-polarized infrared, and no
polarization selection of the output sum-frequency beam. Resonances
at 2872 and 2960 cm-1 are assigned to the methyl symmetric and
asymmetric stretch modes, respectively. The solid lines represent a
fit to the spectra using a recombination of Gaussian and Lorentzian
functions for each peak.

TABLE 1: SFG Peak Frequencies (cm-1) of SDS, DDS,
DTAC, and DAC Adsorbed at the D2O/CCl4 Interface and
the Measured Infrared and Raman Band Frequencies (cm-1)
for Alkyl Chains

SFG infrared Raman

2848 CH2SS 2850 d+(π) 2850 d+(0)
2872 CH3SS 2873 r+ 2871 r+

2896 CH2FR 2890 d+(π)FR 2898-2904 d+(0)FR
2890 d-(0)

2925 CH2AS 2928 d-(π) 2920-2930 d+(0)FR
2960 CH3AS 2953-2962 r- 2952-2964 r-

Figure 4. Sum-frequency vibrational spectra acquired with p-polarized
infrared and s-polarized visible: (a) SDS, (c) DDS, (e) DTAC, and (g)
DAC. SF spectra acquired with s-polarized infrared and p-polarized
visible: (b) SDS, (d) DDS, (f) DTAC, and (h) DAC. Spectra were
obtained at a bulk concentration of 5.0 mM. The generated sum-
frequency was s-polarized in all cases. The solid lines represent a fit
to the spectra using a combination of Gaussian and Lorentzian functions
for each peak.
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intensities between the two polarizations can be compared
quantitatively.
The SF spectra have been corrected for polarization and

dispersion effects in the following way. There is a slight
variation in the sum-frequency intensity as a function of the IR
wavelength and polarization of the incident field independent
of resonance effects. This variation is due to the change in the
optical constants of the D2O and CCl4 within the spectral region
of interest. By calculating the SF intensity for a specific
experimental geometry and polarization of the input and output
fields, the spectra can be normalized over the frequency region
of interest. The real and imaginary components of the refractive
index of D2O63 are used in conjunction with eqs 5a and 5b to
calculate the SF intensity as a function IR wavelength for ssp
and sps polarizations. The IR and visible fields are not
significantly attenuated by the surface layer, as determined by
reflection measurements. As a result, the refractive indices of
the bulk phases are used in the determination of the nonlinear
Fresnel coefficients as well.36 The resulting SF intensity for
the two polarization combinations as a function of IR frequency
which were used to normalization the SF spectra in Figure 4
are shown in Figure 5.
The spectra taken usingp polarized IR for all the surfactants

studied (Figure 4a,c,e,g) exhibit strong intensities for the
methylene asymmetric stretch (d-), with peaks of moderate
intensity observed for the methylene symmetric (d+) and methyl
symmetric (r+) stretches. A weak methylene Fermi resonance
(d+

FR) is also observed as a shoulder of the methylene
asymmetric stretch. For s polarization the asymmetric meth-
ylene (d-) and methylene Fermi resonance (d+

FR) are present
in all cases. The most prominent feature in thes-polarized
spectra of Figure 4b,d,f,h is the methyl asymmetric stretch (r-)
at 2960 cm-1. A weak methylene symmetric stretch is also
apparent.
SF spectra of SDS, DDS, DTAC, and DAC were collected

at a number of aqueous surfactant concentrations ranging from
0.1 to 5.0 mM in D2O. The symmetric methyl and methylene
region of the vibrational spectra of SDS, DDS, DTAC, and DAC
for 0.1 and 5.0 mM aqueous solutions are shown for ssp
polarization in Figure 6. Strong C-H resonances are observed
for both thed+ andr+ stretches. The spectra in Figure 6 have
been normalized to thed+ mode at 2850 cm-1 in order to
compare relative intensities between spectra. A relative increase
in the methyl symmetric stretch is observed between 0.1 and
5.0 mM bulk concentrations. The largest increase in the methyl

peak intensity is seen for DTAC and DAC. Even at the lowest
concentration of 0.1 mM both DTAC and DAC possess the
largest relativer+ intensity compared to SDS and DDS at a
bulk concentration of 5.0 mM.
In addition to the SF spectra, the interfacial pressure isotherms

for SDS, DDS, DTAC, and DAC were also measured and are
plotted in Figure 7. Measurements were taken between 0.1 and
7.5 mM bulk aqueous concentrations. All measurements were
performed below the bulk critical micelle concentration of the
surfactants. At a bulk concentration of 7.5 mM the surface
pressures of SDS and DDS are the highest at 34 and 31 mN/m
respectively. The cationic surfactants DTAC and DAC in
comparison achieve a surface pressure of 24 and 28 mN/m
respectively.

V. Discussion

Terminal Methyl Orientation. A determination of the
average orientation of the terminal methyl group can be obtained
from the polarization measurements presented in Figure 4.
Components of transitions moments both parallel and perpen-
dicular to the surface normal can be probed selectivity by using
either p- or s-polarized IR respectively. Examination of the
relative SF spectral intensities from both polarizations can in
principle be used to determine the orientation of the hydrocarbon
tail of the surfactant. In particular, the intensities of the methyl
vibrational modes (r+ and r-) can be used to determine the
average tilt angle of the terminal methyl with respect to the

Figure 5. Calculated SF intensity as a function of IR and visible
polarization for ssp and sps polarizations for the frequency range of
2700-3100 cm-1.

Figure 6. Sum-frequency vibrational spectra of the symmetric stretch
region for (a) SDS, (b) DDS, (c) DTAC, and (d) DAC at the D2O/
CCl4 interface. Spectra are shown for 0.1 mM (O) and 5.0 mM (])
aqueous concentrations. The spectra were taken using s-polarized
output, s-polarized visible, and p-polarized infrared. The solid lines
represent a fit to the spectra using a combination of Gaussian and
Lorentzian functions for each peak.
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surface normal.24,30,32,40,64For a completely all-transchain, the
terminal methyl would be at an angleθ ) 35° from the chain
axis. For a monolayer that possesses symmetry in the plane of
the surface, such as for a Langmuir-Blodgett film, components
of both ther+ andr- modes should be observed under both p
and s polarizations.30,40,64 The spectra in Figure 4 for ssp
polarization (p-polarized IR) show a pronounced CH3 symmetric
stretch at 2872 cm-1 (r+) for all the surfactants examined. For
the sps polarization (s-polarized IR) the symmetric stretch of
the terminal methyl is not apparent. The absence of intensity
with this polarization combination shows that no net polarization
is induced in the plane of the surface for ther+ mode. This
suggests that the average orientation of the terminal methyl
group for the ensemble is pointing primarily along the surface
normal. This result is consistent with an isotropic distribution
of molecules about the surface normal that would be expected
at a liquid surface. The in-plane components of ther+ mode
effectively cancel for such an ensemble.
For the terminal methyl group, which possessesC3V sym-

metry, the transition dipoles of the symmetric and asymmetric
stretches are orthogonal to each other. Thus, the corresponding
r- mode can similarly be used in the determination of the
orientation of the terminal methyl. For ssp polarization spectra
shown in Figure 4a,c,e,g, negligible intensity of ther- mode at
2960 cm-1 is observed. In contrast, when the IR light is
polarized parallel to the surface, sps (Figure 4b,d,f,h) the most
prominent feature in the spectra is ther- mode at 2960 cm-1.
As with the symmetric CH3 mode these results indicate that
the average ensemble orientation of the terminal methyl is
parallel to the surface normal. These results are found for the
entire concentration range of SDS, DDS, DTAC, and DAC
examined (0.1-5 mM) for both ther+ andr- modes. Conclu-
sions regarding the absolute orientation or distribution of the
alkyl chains are complicated by the fact that there appears to
be a large number of gauche defects in the alkyl chains as
evidenced by the strong symmetric methylene peak at 2850 cm-1

in the spectra of Figure 4a,c,e,g.
Conformation of the Alkyl Chain. To understand the

relative intensities of the peaks in the SF spectra shown, it is
necessary to consider the local symmetry of the CH2 hydro-
carbon backbone. An all-trans hydrocarbon chain is locally
centrosymmetric with respect to methylene groups. Therefore,
under the dipole approximation for SFG, little contribution from

methylene resonances should be observed for a system of well-
ordered (all-trans) hydrocarbon chains.23,57 Because of this, the
methyl and methylene region of the infrared spectrum is an
especially sensitive indicator of conformation within the sur-
factant alkyl chain. The presence of a strong methylene peak
necessarily leads to the conclusion that a number of gauche
defects exist in the chain. The introduction of gauche confor-
mations breaks the local symmetry of the hydrocarbon backbone,
resulting in the previously forbidden methylene transitions to
become allowed. The strong methylene peak in the spectra of
Figure 4 indicates that all four surfactants studied have a
considerable number of gauche defects within the alkyl chains
and do not attain a well-ordered, all-transconfiguration at the
D2O/CCl4 interface at any surface coverages examined. This
result is in contrast to surfactant adsorption at the solid/liquid
or liquid/air interface in which an all-trans close-packed
configuration of the alkyl chains can result.23,40,65 Unlike
amphiphiles adsorbed at the liquid/air interface, which exhibit
significant ordering due to chain-chain van der Waals interac-
tions, such chain interactions are reduced for amphiphiles at a
nonpolar oil/water interface.21,22,66 Chemisorption of the ad-
sorbate head group onto a solid substrate, which often plays a
role in molecular ordering at a solid/air interface, cannot occur
at a liquid/liquid interface. The lack of head group localization
and the inability to form strong chain-chain interactions
contribute to the relative disorder of the hydrocarbon chain of
surfactants at the liquid/liquid interface as compared to other
interfaces.
To understand how the conformational order of the alkyl

chains varies with surfactant concentration, the ratio of the
intensities of the symmetric methyl and symmetric methylene
stretch modes is compared. Previous studies have demonstrated
that theIr+/Id+ ratio can be used as an indictor of the relative
order within the hydrocarbon chains.67,68 The ratio of the methyl
to methylene peak intensity, for the range of concentrations
examined for SDS, DDS, DTAC, and DAC, are plotted in Figure
8. An increase in theIr+/Id+ ratio is observed with increasing
concentration, suggesting a change in the conformation of the
alkyl chain with concentration. A decrease in the CH2 sym-
metric stretch intensity for p-polarized IR indicates that the alkyl
chains assume a conformation that contains fewer gauche
defects, not simply a change in tilt angle or orientation along
the surface normal. Although a change in the orientation of
the hydrocarbon chain may be manifested as a reduction in the

Figure 7. Plot of the interfacial pressure of (b) SDS, (9) DDS, (2)
DTAC, and (1) DAC at the H2O/CCl4 interface versus the aqueous
concentration. Measurements were obtained using the drop-volume
method. Interfacial pressures were calculated by subtracting the value
of the interfacial tension of the neat D2O/CCl4 interface. The solid
line is shown as a guide to the eye.

Figure 8. Plot of the ratio of the methyl symmetric stretch peak
intensity (Ir+) to the methylene symmetric stretch peak intensity (Id+)
versus bulk aqueous concentration for (b) SDS, (9) DDS, (2) DTAC,
and (1) DAC.
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symmetric methyl stretch, the intensity of the symmetric
methylene is dominated by the local break in symmetry of the
hydrocarbons backbone and not the chain orientation. From
the data in Figure 8 it appears that the ionic head group can
play a role in the conformational behavior of these surfactants.
The cationic surfactants, DTAC and DAC, possess the largest
Ir+/Id+ ratio even at the lowest bulk concentrations. In contrast
SDS and DDS show much smaller increases in theIr+/Id+ ratio
and show nearly identical behavior.
The effect of surface concentration on the conformational

order within the alkyl chains determined from SF measurements
is addressed. The surface excess concentration (Γi) of surfactant
at the interface is obtained from the bulk aqueous concentration
by way of the interfacial pressure isotherms. The interfacial
tension curves for SDS, DDS, DTAC, and DAC at the D2O/
CCl4 interface are shown in Figure 7. For highly surface active
species such as these, the surface excess concentration can be
considered to be equal to the actual surface concentration if
adsorption of counterions does not compete significantly. The
Gibbs equation used for calculating the surface excess as a
function of bulk concentration in the absence of any supporting
electrolyte is given by eq 6

whereπ is the interfacial pressure in mN/m anda is the activity.
For dilute solutions (less than 10-2 M), the activity can be
replaced with the bulk concentrationCi. The surface concentra-
tions of SDS, DDS, DTAC, and DAC obtained from eq 6 and
the interfacial tension data are plotted in Figure 9.
The surface concentration as a function of bulk aqueous

concentration plotted in Figure 9 shows a striking similarity to
the Ir+/Id+ ratio data in Figure 8. This is consistent with the
argument that as the surface density increases the degree of
conformational mobility within the alkyl chains decreases,
leading to more alkyl chain ordering. The cationic surfactant
DAC that possesses the highest surface concentration also
achieves the greatestIr+/Id+ ratio in comparison to SDS, DDS,
and DTAC. This trend can also be observed in the mean
molecular areas at monolayer saturation for SDS, DDS, DTAC,
and DAC. The cationic surfactant DAC possesses the smallest
mean molecular area at 38 Å2, whereas DTAC has a saturation
area of 88 Å2. SDS and DDS have areas of 59 and 61 Å2

respectively. The surfactants SDS and DDS show very similar
surface concentrations, which is also mirrored in theIr+/Id+

values as observed in Figure 8. TheIr+/Id+ ratios obtained for
SDS and DDS are consistently lower then those observed for
DAC. Again this trend can be compared with their much lower
surface concentrations and correspondingly higher molecular
areas at monolayer saturation. However there is a clear
discrepancy between the surface concentration data of DTAC
and the Ir+/Id+ values seen in Figure 7. Although DTAC
achieves lower surface coverages than SDS and DDS and
possesses a much larger molecular area, theIr+/Id+ ratios
observed are larger than the anionic surfactants and more
characteristic of those observed for DAC.
One explanation for this observation may be the solvation of

the ionic head group. Solvation of the head group has two
effects on the adsorbed surfactant molecules; one is the
penetration depth of the ionic head group into the aqueous phase,
and the other is surface roughness. Such microscopic param-
eters as the penetration depth and interfacial roughness of the
adsorbed monolayer cannot be determined from the thermody-
namic methods typically used to obtain macroscopic information
about adsorbed films or by the spectroscopic methods employed
here. Potentially, neutron reflection and X-ray scattering
experiments might be able to provide the necessary microscopic
and dynamic detail. However, at present these studies are
limited in their usefulness in the investigation of liquid/liquid
interfaces.13,17,18 Although direct comparison between studies
performed on the air/water and liquid/liquid interfaces is not
necessarily accurate, such comparisons do lend some insight.
For example, neutron reflection studies have found a difference
in the penetration depth of the ionic head groups of SDS and
hexadecyltrimethylammonium bromide (HDTAB) at the air/
water interface.14 The measured separation between the position
of the ionic head group and that of the mean position of the
aqueous interface is 7.5( 0.1 Å for SDS and 8.0( 0.1 Å for
HDTAB.
If a similar increase in the penetration depth of the head group

for DTAC and DAC as compared to SDS and DDS is occurring
here, this may account for our spectroscopic observations. By
drawing the alkyl chain further into the aqueous phase, the
conformational fluidity of the alkyl chain can be reduced.
Recent neutron reflection studies of dodecyltrimethylammonium
bromide layers at the air/water interface have found that the
majority of conformational defects in the hydrocarbon tail
resides within the portion of the hydrocarbon chain furthest from
the ionic head group.16 The tilt angle of the portion of the alkyl
chain closest to the head group is found to be nearly parallel
with the surface normal, suggesting that the number of gauche
defects within this portion of the chain are minimal. By drawing
the head group further into the aqueous phase, the effective chain
length in the organic phase is reduced, possibly making it more
difficult for gauche defects to be introduced. This may account
for the SF results that show that the alkyl chains of DTAC and
DAC are found to possess fewer gauche defects than those of
SDS and DDS.
In trying to understand the observed differences between the

cationic and anionic surfactants presented above, possible effects
due to contamination and interfacial pH should also be
considered. Previous surface tension measurements of nona-
dodecylamine hydrochloride at the air/water interface have found
that contaminants by carbonate ions greatly affects the surface
activity.69 In the experiments presented here no additional salts
were added to the aqueous phase. The only possible contami-
nation of carbonate ions would result from exposure to
atmospheric CO2. As was stated earlier, the experiments were
conducted with a bulk pH ranging from 4.5 to 5. Since the
pKa values of carbonic acid are 6.37 and 10.25,70 very little

Figure 9. Surface excess concentration as a function of bulk aqueous
concentration for (b) SDS, (9) DDS, (2) DTAC, and (1) DAC.

Γi ) 1
2RT[ ∂π

∂ ln(ai)]T (6)
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free carbonate species should be present in our solutions.
Another concern might be the effect of the surface pH resulting
in an ill-defined protonation state of the surfactants, which might
lead to ambiguities regarding the surface concentration due to
the functional form of eq 6. This is particularly true for DAC,
which has a bulk pKa of 10.6.71 The adsorption of a charged
species on an interface alters the pH of the interface due to the
potential difference arising from the adsorbed species.66 In the
case of the dodecylammonium ion the pKa of an adsorbed
monolayer is found to be somewhere between 8.5 and 10.0.71

This is also substantiated by surface potential measurements of
nonadodecylammonium chloride, which show no change below
a bulk pH of 7.69 This suggests that, at a bulk pH between 4.5
and 5 at which these SF experiments were performed, DAC is
predominately in its protonated state. The fact that DAC is in
a protonated state is consistent with the similarity between the
SF results from DTAC and DAC, which show similar behavior
as a function of surface concentration. Since DTAC is
insensitive to pH, this suggests that the adsorbed DAC is in its
protonated state.
Another plausible explanation for the discrepancy observed

between the cationic and anionic surfactants could reside in the
SF response for the bare D2O/CCl4 interface. Spectral interfer-
ence between the nonresonant and resonant components of the
induced sum-frequency response maybe contributing to the
observed disparity. As was stated earlier the nonresonant
background from the D2O/CCl4 interface was not measurable.
However, even if a nondetectable intensity was arising from
the interface, this may be sufficient to affect spectral features.
Studies in this laboratory and others61,72,73 of surfactants
adsorbed at the air/H2O and air/D2O interfaces suggest that not
only do the spectral features of H2O and D2O affect the
intensities of the C-H region but also the relative intensity of
the various resonances are dependent upon the ionic character
of the head group, i.e. negative or positive charges. Such effects
may be a factor in the observations made here. However, this
is difficult to verify since a measurable background SF signal
from D2O is not observed in the studies presented here.
Mixed Ionic Surfactants. To further investigate the impor-

tance of the head group repulsion in alkyl chain ordering, the
SFG spectra of a mixed anionic and cationic surfactant layer
are examined. Although mixed anionic and cationic surfactants
are incompatible in solution, forming insoluble precipitates, at
extremely low concentrations the two can coexist in solution
allowing adsorption at an interface. The strong electrostatic
interactions between oppositely charged head groups result in
unique properties of aqueous mixtures of anionic and cationic
surfactants. An example of their unique properties can be seen
in the increased surface activity of such a mixture compared to
that of the pure surfactants.74,75 If electrostatic head group
repulsion is indeed determining alkyl chain order, a dramatic
change in theIr+/Id+ ratio should be observed. The SFG spectra
of a mixed surfactant solution containing 0.05 mM DDS and
0.05 mM DAC is shown in Figure 10. For comparison the
spectra of DAC and DDS at 0.1 mM are also shown. All spectra
are shown for the symmetric stretch region for ssp polarization.
Upon introduction of the oppositely charged surfactant, a
dramatic increase in the methyl peak at 2872 cm-1 is observed
with an accompanying decrease in the CH2 symmetric stretch
at 2850 cm-1. In forming a mixed surfactant monolayer, the
force responsible for limiting the packing density of the film,
namely the electrostatic repulsion of similarly charged head
groups, is removed. The result is that an extremely close-packed
ensemble is formed, and this is manifested in the relatively high
Ir+/Id+ ratio. DDS and DAC at 0.1 mM bulk aqueous concen-

tration have a methyl/methylene ratio of 1.3 and 0.8 respectively.
However, the mixed surfactant film of the same cumulative bulk
surfactant concentration has a ratio of 2.4. This is a striking
example of the head group packing density and its effect on
the alkyl chain conformation as seen by SFG.

IV. Conclusions

Sum-frequency vibrational spectroscopy has been used in this
study to examine the molecular structure of four surfactants,
SDS, DDS, DTAC, and DAC, adsorbed at the D2O/CCl4
interface. With the use of a TIR optical geometry, the sensitivity
of this technique has been enhanced considerably allowing for
the spectroscopic investigation of this previously inaccessible
interface. The vibrational spectra reveal information on the
orientation of the terminal methyl group as well as the
conformation and order within the hydrophilic hydrocarbon
chains. The surfactants studied all display identical C-H
vibrational resonances. The C-H vibrational modes observed
in the SF vibrational spectra were assigned and compared with
the corresponding infrared and Raman transitions for similar
compounds. These assignments were further verified with the
use of a deuterated surfactant, hexadecyl-d3 sulfate, in order to
determine the contribution from the terminal methyl group to
the SF spectra. In contrast to previous studies of water soluble
surfactant at the air/water interface and amphiphiles adsorbed
to solid substrates, the symmetric methyl Fermi resonance is
not observed. Instead a pronounced asymmetric methylene
resonance is found to be present.
Effects of the ionic head group on the conformation of the

hydrocarbon chain and the orientation of the terminal methyl
group have been studied. By examining the out-of-plane
response of the SF vibrational spectra, the conformational

Figure 10. Sum-frequency vibrational spectra of the symmetric stretch
region for (a) 0.1 mM DDS, (b) 0.1 mM DAC, and (c) 0.05 mM DDS
+ 0.05 mM DAC at the D2O/CCl4 interface. The spectra were taken
using s/polarized output, s-polarized visible, and p-polarized infrared.
The solid lines represent a fit to the spectra using a combination of
Gaussian and Lorentzian functions for each peak.
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ordering of SDS, DDS, DTAC, and DAC was investigated. The
CH2 backbone displays pronounced resonances due to the
symmetric and asymmetric methylene modes at 2850 and 2925
cm-1 respectively. The large intensity observed for these
resonances is the result of the relaxation of the local symmetry
constraint for the CH2 vibrations by the introduction of gauche
defects as the surface density increases. The ratio of theIr+/Id+

methyl/methylene intensity as a function of bulk concentration
is used as a measure of chain conformation. An increase in
the Ir+/Id+ methyl/methylene ratio is observed with increasing
surface coverage, suggesting a reduction in the number of
gauche defects. TheIr+/Id+ ratio is seen to correlate well with
the surface concentration obtained from interfacial tension
measurements, demonstrating the effect of packing density on
the ordering of the alkyl chains. From the spectral data DTAC
and DAC are found to possess the least number of gauche
defects relative to SDS and DDS at similar surface concentra-
tions. For DTAC and DAC versus SDS and DDS, the greater
penetration depth of the ionic head groups of DTAC and DAC
into the aqueous phase may account for these observations.
Polarization studies were also performed in order to ascertain

the orientation of the terminal methyl group of SDS, DDS,
DTAC, and DAC at the D2O/CCl4 interface. The results
indicate that the terminal methyl group is oriented primarily
along the surface normal for all concentrations examined. This
result is consistent with an isotropic distribution of molecules
as would be expected for species adsorbed at the liquid/liquid
interface. Any conclusions regarding the absolute orientation
or orientation distribution of the alkyl chains, however, are
complicated by the fact that there appears to be a large number
of gauche defects in the alkyl chains as seen by the strong
symmetric methylene resonance in the SF vibrational spectra.
Historically an investigation of molecular species adsorbed

at a liquid/liquid phase boundary by conventional vibrational
spectroscopy has been inaccessible. Complications arising from
distinguishing between the spectral contributions of interfacial
molecules and those in the more pervasive bulk have presented
a formidable experimental challenge. These limitations have
been overcome by the use of the surface selective technique of
TIR SFG. The results reported here demonstrate the feasibility
of the investigation of adsorption and transport properties at
the interface between two immiscible liquids by nonlinear
vibrational spectroscopy.
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