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ABSTRACT: Divalent metal ions play numerous roles in
biological, technological, and environmental systems. This study
examines the role of a variety of ions, Mg2+, Ca2+, Mn2+, Ni2+,
Cu2+, and Zn2+, in the adsorption of sodium decanoate at the
carbon tetrachloride−water interface. For all ions studied, the
ions drive the adsorption of the surfactant to the interface. Using
vibrational sum-frequency spectroscopy and the carboxylic acid
vibrational modes as a signature for metal ion binding, each
metal salt is found to play a distinctly diﬀerent role in the
molecular characteristics of surfactant adsorption at the interface. Additional spectroscopic studies of the methyl and methylene
vibrations are monitored to track the ordering of the alkyl chains when metal salts are added to solution. How the metal−
surfactant binding impacts the surfactant structure, orientation, and solvation is explored. How these spectroscopic
measurements compare with the degree of adsorption as measured by interfacial tension data is presented.

■

INTRODUCTION
The importance of metal binding is widespread throughout
chemistry and biology. One of the most extensive chelators of
metals are carboxylate groups which are present in familiar
molecules such as EDTA as well as being the primary
headgroup in fatty acids and soaps. Environmentally, humic
acids have a particularly high carboxylic acid content and aid in
the transport of both toxins (such as heavy metals) and
nutrients through the soil. There have been extensive studies
modeling humic acid to understand the binding activities of
metal ions.1−9 Metal ions also play an important role in a
variety of biological processes. Zn2+ acts as a stabilizer for a
collection of motifs known as zinc ﬁngers, which contain 25−60
residues arranged around one or two Zn2+ ions and are
important in the stabilization of small folded polypeptide chains
that interact with nucleic acids.10 In addition, metal ions,
particularly transition metals, are required for catalysis in
roughly one-third of all enzyme reactions. The transition metal
ions, such as Cu2+ and Mn2+, play a distinctly diﬀerent role
from monovalent ions like Na+ and K+, which often act in a
structural capacity rather than a catalytic one.10 Also in contrast,
monovalent ions tend to bind nonspeciﬁcally whereas divalent
metal ions bind speciﬁcally to functional group such as
phosphates, acting as superior shielding ions for large, highly
structured biomolecules.10 The presence of metals is also
known to have a great eﬀect on monolayers at the air−water
interface, causing the monolayers to form a more condensed
phase.11,12 This has strong implications for intracellular
structure near membrane walls, which are composed of fatty
acids, phospholipids, and cholesterols.
Although bulk phase characteristics of metals binding to
carboxylates have been extensively investigated, the importance
© 2013 American Chemical Society

of these events at interfaces is only now becoming clear as
environmental and biological studies provide more information
about the existence of metals in interfacial chemistry. It is
particularly important to understand the roles of metal ions in
the behavior of carboxylates at the interface between two
immiscible ﬂuids, as these “soft” interfaces are ubiquitous in
both biological and environmental systems. While there have
been a number of studies at the air−water interface pertaining
to metal binding with surface active species, these have
primarily been conducted with spectroscopies that are not
surface speciﬁc, and contributions from the bulk phase can have
signiﬁcant eﬀects on the spectra.13−17 Previous work by Allen
and co-workers probed the carboxylate headgroup of long chain
surfactants at the air−water interface with Na+, K+, Ca2+, and
Mg2+ and found distinct diﬀerences between the binding and
deprotonating ability of these diﬀerent ions.18−20 Hühnerfuss
and co-workers completed a number of studies on metals
binding with carboxylates at the air−water interface using IR
spectroscopy.13,14 They categorized the types of binding based
on the splitting between the symmetric and asymmetric
stretching frequencies of the carboxylate headgroup. However,
IR spectroscopy is not a surface speciﬁc technique, and analysis
of the split between asymmetric and symmetric peaks is
controversial, resulting in the strength of the binding
interactions being undeﬁned, especially since similar splitting
parameters have been attributed to diﬀerent metal ion−
carboxylate interactions.13
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dipole that are in the plane of the interface, and ppp is sensitive to
components that are both in and out of the plane of the interface.
The resulting spectra were ﬁt using a convolution of a Gaussian and
Lorentzian distribution described by Bain et al.,23 shown in eq 4.

In this work, vibrational sum-frequency (VSF) spectroscopy
was used to study the interactions of group II and transition
metal ions with carboxylate surfactants by probing the
carboxylate headgroup and alkyl CH vibrational modes at the
carbon tetrachloride−water (CCl4−H2O) interface, a model for
ﬂuid interfaces found in biology and the environment. Based on
the vibrational frequencies of the carboxylate symmetric stretch,
it is possible to identify the coordination of several group II and
transition metal ions with sodium decanoate adsorbed at the
oil−water interface. Recent experiments in this lab have shown
the oil−water interface to be a unique environment for
surfactant headgroups, and the results proved the oil phase
plays a large part in the distribution of orientations of the
headgroup.21 By using VSF spectroscopy in this study, the
distribution of orientations of the headgroup is observed to
change through vibrational frequency and peak amplitudes
depending on the metal that is bound to it.

■
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The second-order susceptibility, χ , as shown in eq 2 and the eﬀective
second-order susceptibility from eq 1 are related through the Fresnel
coeﬃcients and unit polarization vectors. Equation 2 shows that χ(2) is
composed of a nonresonant component and the sum of all present
resonant components.
(2)

∑ χR(2)v

(2)

v

χ(2)
Rv

as shown in eq 3, is
The resonant second-order susceptibility,
dependent on both the number density of the molecules at the
interface as well as the molecular hyperpolarizability, β. The angled
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This line shape takes into account both homogeneous broadening due
to the inherent nature of the transition and inhomogeneous
broadening due to the local environments of the molecules. For the
ﬁts, the Lorentzian line widths were held at constant values consistent
with typical vibrational lifetimes,24−27 while the Gaussian line widths
were allowed to vary to account for the wide array of complex
molecular environments, such as those due to hydrogen-bonding
interactions.
The sample cell was designed from a solid piece of Kel-F and
contains two windows set normal to the incident and outgoing 532 nm
beam and are sealed with Dupont Kalrez perﬂuoropolymer O-rings.
The input windows used were either CaF2 or BaF2, and no diﬀerence
was found in the spectra between the two. The output window was
BK-7 glass as it only needed to transmit the generated visible sumfrequency light, and it was more robust toward the aggressive cleaning
process used. All glassware, the cell, the BK-7 window, and the O-rings
were soaked in concentrated sulfuric acid with No-Chromix for a
minimum of 12 h, and then each piece was rinsed under water from an
18.2 MΩ Nanopure ﬁltration system for at least 25 min. The CaF2
window was allowed to soak in the same acidic solution for 15−20 min
and then copiously rinsed. The BaF2 window was used as is after
gently wiping with lens tissue soaked with methanol.
Data acquisition started immediately after the interface was made
and usually continued for approximately an hour for each prepared
interface. Each spectrum shown in these experiments is an average of
at least 300 laser shots per data point from at least three spectra that
overlay each other within 5% error. In the cases where there was some
equilibration time present in the initial spectra, then those spectra were
not averaged into the data set. Long-term equilibration was checked by
letting the interface sit for anywhere from 6 to 12 h and then retaking
the spectra. In all cases there was no long-term time dependence
observed in the spectroscopic data.
Interfacial Tension Measurements. Interfacial tension measurements were obtained using the Wilhelmy plate method with a balance
purchased from KSV. The procedure for measuring the interfacial
tension of the CCl4−H2O interface using the Wilhelmy plate method
has been described previously.21 This work showed that measurements
made with the Wilhelmy plate method were within error of
measurements obtained using the pendant drop method. For these
studies, a similar procedure was used to obtain the interfacial tension
of the metal−surfactant systems. A neat CCl4−H2O interface was ﬁrst
prepared in a dish, and a platinum plate attached to the balance was
lowered to this interface to measure the interfacial tension. The
cleanliness of the platinum plate and dish was conﬁrmed if the
interfacial tension was measured to be within 44−46 mN/m.28,29 With
the plate still sitting at the interface, an aliquot of concentrated sodium
decanoate solution was added to the aqueous layer to obtain a bulk
concentration of either 0.5 or 1 mM. This solution was measured until
the interfacial tension value was observed to remain constant within
±0.2 mN/m for 5 min. For the metal ion samples, aliquots of
concentrated salt solutions were added to the aqueous sodium
decanoate layer, and the interfacial tension was measured as discussed
above.
Sample Preparation. Chemicals were purchased in the highest
purity possible from Sigma-Aldrich (Na-dodecanoate, Na-decanoate,
Metal Salts) and CDN Isotopes (d-K-dodecanoate 98.7% atom d). We
could not obtain a deuterated dodecanoate with sodium as a
counterion in a high enough purity for our spectroscopic measurements. Solutions were prepared using clean glassware, an analytical
balance, and water from a Barnstead Nanopure system. Solution pH
was tested using EMD pH paper with regular veriﬁcation via an

EXPERIMENTAL SECTION
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Spectroscopic Measurements. VSF spectroscopic data were
acquired with an Ekspla laser and IR generation system with a sample
area built to accommodate the liquid−liquid cell and inverted beam
geometries, where the visible and IR beams travel up through the CCl4
to the interface. This system has been described in detail elsewhere.22
In short, a Nd:YAG laser outputs 1064 nm light with ∼30 ps pulse
lengths. The 1064 nm light is split into two lines, and one line is
frequency doubled to give 532 nm light. A small portion of the 532 nm
line is used as the visible portion at the interface, while the remainder
of the 532 nm line and the 1064 nm line are used to generate tunable
infrared light via a typical OPG/OPA/DFG setup. In these
experiments, all data were taken with the beams at their respective
total internal reﬂection angles (23.5° from the plane of the interface
for the visible and 15°−17° for the IR). Polarization changes of the IR
beam were accomplished using periscopes on magnetic mounts.
The intensity of the detected sum-frequency signal as shown in eq 1
is proportional to the square of the eﬀective second-order
susceptibility χ(2)
eff and the intensity of the incident IR and visible
beams.
(2) 2
I(ωsf ) ∝ |χeff
| I(ωvis)I(ωIR )

(2)

(3)

The dependence of the sum frequency signal on the number density at
the interface and the molecular orientation allows for a thorough
perspective on interfacial adsorption. In addition, the polarization of
the generated sum-frequency signal is dependent on the polarization of
the visible and IR beams, and thus diﬀerent polarization combinations
can be used to probe diﬀerent planes of the interface. In this study,
polarization combinations ssp, sps, and ppp are used and the order of
each polarization combination goes as the sum frequency, visible, and
IR, respectively. ssp is used to probe components of the dipole that lie
normal to the interfacial plane, sps is used to probe components of the
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Oakton 110 series pH meter. All salt−surfactant solutions were found
to be in the range of pH 5−6. All metal salts in solution are speciﬁed as
ionic strength in the presence of 1 mM Na-decanoate unless otherwise
speciﬁed.

From this data, it is obvious that each metal ion plays a
speciﬁc role in driving sodium decanoate to the oil−water
interface. In order to understand the molecular level factors that
contribute to the metal-ion-induced adsorption of sodium
decanoate to the oil−water interface, interactions between the
speciﬁc metal ion and the carboxylate headgroup must be
characterized at the interface. This will be accomplished
through VSF spectroscopic studies of the carboxylate stretching
region. An analysis is ﬁrst required of the behavior of metal-ionfree carboxylates at the oil−water interface so that spectral
features associated with metal ion−carboxylate interactions can
be characterized.
Carboxylates at the Oil−Water Interface. Previous work
in this lab has shown that carboxylate surfactants adopt a wide
distribution of orientations at the oil−water interface due to the
large area per headgroup, the solvation of the chains via the oil
phase, and the variety of possible hydrogen bonding of water to
the headgroup of the surface adsorbed surfactant.21 Figure 2
shows VSF spectra in the carboxylate stretching region for
sodium dodecanoate.

■

RESULTS AND DISCUSSION
Metal-Ion-Induced Surfactant Adsorption. Group II
metal ions such as Ca2+ and Mg2+ play important roles in
biological systems where their binding to molecular species is
essential for life functions.30 Transition metals binding with
organics are relevant to atmospheric chemistry as the presence
of these ions can hinder reactions at the interface of cloud
droplets.31 Transition metals also play an important role
biologically, as several are found in enzymatic systems.30 We
have therefore chosen to study the eﬀects of a variety of metal
ions (Mg2+, Ca2+, Mn2+, Ni2+, Cu2+, and Zn2+) on the assembly
behavior of sodium decanoate at an aqueous/hydrophobic
interface in order to determine the speciﬁc eﬀects of each ion
and how these eﬀects relate to overall macromolecular
interfacial behavior. First, in order to determine the degree to
which these metal ions aﬀect the relative amount of sodium
decanoate adsorbed to the CCl4−H2O interface, interfacial data
were obtained for sodium decanoate both with and without
metal ions. These data are shown in Figure 1.

Figure 1. Interfacial tension measurements for the six ions at the
CCl4−H2O interface as well as the interfacial tension of the two
concentrations of sodium decanoate and the neat interface.
Concentrations are those used in the VSF spectroscopy experiments.

Figure 2. VSF spectra of (a) H23−Na-dodecanoate in ssp, sps, and ppp
polarization schemes, (b) D23-K-dodecanoate in the ssp, sps, and ppp
polarizations schemes, and (c) pH series of H23−Na-dodecanoate in
the ppp polarization scheme.

From the plot, it is shown that the metal-free sodium
decanoate solutions only somewhat reduce the interfacial
tension of the neat CCl4−H2O interface from ∼45 to ∼42 mN/
m for the 1 mM sample. Additionally, we observed that the
aqueous metal ion solutions in the absence of surfactant did not
signiﬁcantly reduce the interfacial tension below 44 mN/m. It is
clear, however, that each of the ions studied increases the
degree of adsorption of sodium decanoate at the oil−water
interface, albeit to diﬀerent degrees. At a metal ion
concentration of 3 mM, Mg2+ and Ca2+ have similar eﬀects,
reducing the interfacial tension to ∼30 mN/m, while Mn2+
reduces the interfacial further to ∼12 mN/m. Even at a lower
metal ion concentration of 1.6 mM, Ni2+ is able to reduce the
interfacial tension more than the other ions to ∼7 mN/m.
Because of solubility constraints, Cu2+ and Zn2+ were studied at
a concentration of only 200 μM, yet with sodium decanoate
they are still able to reduce the interfacial tension values to ∼20
and 30 mN/m, respectively.

Figure 2a shows VSF spectra in ssp, ppp, and sps polarization
schemes of the carboxylate headgroup symmetric stretch. The
same spectra for the three polarization schemes of a fully
deuterated sample (Figure 2b) removes any overtone or
combination band contributions. Although diﬀerences in the
carboxylate spectra with Na+ compared to K+ may be due to
diﬀerences in counterion interactions with the headgroup, the
deuterated spectra in Figure 2b clearly conﬁrm that the primary
spectral features in Figure 2a are due to carboxylate headgroup
vibrations. Further proof of this was found in a pH series of Nadecanoate in ppp polarization (Figure 2c) where the full width
of the modes is observed to decrease as the pH is lowered. As
the headgroup is protonated to become a carboxylic acid, all the
vibrational modes in the carboxylate region disappear. The
spectra of the carboxylate region can be ﬁt to two vibrational
modes in this region: one centered at approximately 1370 cm−1
15513
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Figure 3. The ppp (a) and ssp (b) VSF spectra of 1 mM sodium decanoate at pH 5.5 with MgCl2 in the COO− region. The solid lines are ﬁts to the
data.

and the other at 1405 cm−1.32 The two modes correspond to
diﬀerent hydrogen-bonding structures of the headgroup at the
interface. Although only two peaks can be resolved
spectroscopically, the breadth of these peaks implies that
there is an extent of possible hydrogen bonding environments.
In this continuum of environments, the lower frequency peak is
due to a more hydrogen bound headgroup, and the higher
frequency peak is due to a less hydrogen bound headgroup.
This is similar to the interpretations of VSF water spectra where
the hydrogen-bonding coordination number leads to shifts of
700 cm−1 or more.33−35 The broad widths of the spectra and
the distinguishable hydrogen-bonded frequencies of the
headgroups makes this an excellent case study for the binding
of ions to the charged surfactants because any change in the
headgroup hydrogen-bonding structure, such as through the
ionic or covalent binding of metal ions, will be apparent in the
VSF spectral signatures.
Ionic Metal Ion−Carboxylate Interactions. VSF spectra
were taken in the carboxylate region for the sodium
decanoate−metal ion systems in order to determine the eﬀects
of each speciﬁc metal ion on the surfactant headgroup and how
this relates to induced surfactant adsorption at the oil−water
interface. Overall, the spectra for sodium decanoate with Mg2+,
Ca2+, Mn2+, and Ni2+ look very similar. The VSF spectra in the
carboxylate region for sodium decanoate with Mg2+ are shown
in Figure 3 as a representation of the spectral changes observed
with these ions compared to the neat sodium decanoate
spectra.
Clear changes are observed in the ppp polarization (Figure
3a) and ssp polarization (Figure 3b) spectra that indicate metal
ion interactions with the carboxylate groups. First, the ppp
spectra show a blue-shift in both the peak near 1345 cm−1 to
1357 cm−1 and the peak near 1400 cm−1 to 1414 cm−1. This
indicates that the presence of an ion−headgroup interaction is
disrupting the hydrogen-bonding network present for the
carboxylate group of sodium decanoate in the absence of metal
ions by displacing water molecules near the surface of the
headgroup to form the carboxylate salt.
Additionally, both the ppp and ssp spectra show a decrease in
the amplitude of the peak near 1345 cm−1 while concurrently
showing an increase in the amplitude of the peak near 1400
cm−1. As discussed above, the lower frequency peak, which has
a large amplitude in the sps polarization scheme, is assigned to
carboxylate groups in a more strongly hydrogen bonded
environment that mostly exist in an orientation in the plane of
the interface. On the other hand, the high-frequency peak,
which has a large amplitude in the ssp polarization scheme, is

assigned to carboxylate groups in a less strongly hydrogen
bonded environment that mostly exist in an orientation normal
to the plane of the interface. The decrease in amplitude of the
low-frequency peak along with the increase in amplitude of the
high-frequency peak therefore suggests that the metal ion−
carboxylate interactions cause a net change in the orientation of
groups that are in the plane of the interface to being more
upright at the interface. This is conﬁrmed by the sps spectrum
of sodium decanoate in the presence of Mg2+, which shows a
decrease in intensity in the carboxylate region compared to the
metal-free spectrum. For clarity of the ﬁgure, this data is not
shown.
Although the decrease in interfacial tension for the Mg2+−
decanoate system suggests that a change in the headgroup to a
more upright orientation is due to an increase in the number of
surfactant molecules at the interface and thus an increase in
packing, our previous VSF spectroscopic and interfacial tension
studies of lauric acid as a function of concentration imply that
this is not the case. These studies show that an increase in the
bulk concentration results in both a decrease in interfacial
tension and an increase in the peak amplitudes for both the
peak near 1370 and 1405 cm−1.21 Thus, an increase in bulk
surfactant concentration mainly results in an increase in the
number of surfactant molecules at the interface, with no
signiﬁcant changes in the overall orientation of the surfactant
headgroup.
With Mg2+, however, a decrease in interfacial tension is
accompanied by a change in headgroup orientation, indicating
that the metal ion−carboxylate interactions are responsible for
this phenomenon. We attribute the headgroup reorientation to
two factors. First, metal ion−carboxylate interactions decrease
the degree of water solvation of the headgroups, which in the
previous concentration study was found to be the dominant
factor in headgroup orientation. Second, ionic interactions
between the metal ion and carboxylate groups screen the
charges of the headgroup, such that unfavorable charge−charge
repulsion between neighboring adsorbed surfactants is reduced
so that carboxylate groups can more easily align at the interface.
Such ionic interactions are known to occur for the metal ions
discussed in this section.36
By looking at the degree of these spectral changes compared
to the metal ion-free sodium decanoate spectra, we can
determine the relative extent of the metal−carboxylate ionic
interactions for diﬀerent metal ions. For example, similar
spectral changes seen with Mg2+ are also observed with Ca2+
(Figure S1) and Mn2+ (Figure S2), yet the degrees of these
changes are diﬀerent. Brieﬂy, Ca2+ induces a slightly larger
15514
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Figure 4. The ppp (a) and ssp (b) VSF spectra of 1 mM sodium decanoate at pH 5.5 with NiCl2 in the COO− region. The solid lines are ﬁts to the
data.

increase in amplitude of the peak near 1400 cm−1 compared to
Mg2+, showing that Ca2+ has a somewhat stronger ionic
interaction with the carboxylate groups than Mg2+. Furthermore, Mn2+ shows a greater blue-shifting of the higher
frequency carboxylate peak compared to either Mg2+ or Ca2+,
indicating that Mn2+ interacts more strongly with the
carboxylate groups than either Mg2+ or Ca2+. Information on
peak positions and amplitudes for each metal ion are presented
in Tables S1 and S2, respectively.
While the VSF spectra in the carboxylate region for sodium
decanoate with Ni2+ again look similar to the spectra of the
other metal ions discussed above, the spectral changes
compared to sodium decanoate in the absence of metal ions
are much more pronounced. Figure 4 contains the VSF spectra
of NiCl2 at an ionic strength of 400 μM in the presence of 1
mM sodium decanoate.
As seen in the ppp spectra (Figure 4a), the lower frequency
component decreases in amplitude signiﬁcantly while the
higher frequency component not only increases in amplitude
but also blue-shifts signiﬁcantly from 1400 to 1420 cm−1. In the
ssp spectra (Figure 4b), although the Ni2+ is at an ionic strength
6 times less than that of the Mg2+ shown in Figure 3, it shows
an even greater amplitude decrease of the low-frequency
carboxylate peak and amplitude increase of the high-frequency
carboxylate peak over the neat 1 mM Na-decanoate ssp spectra
compared to the 3 mM Mg2+ solution. The induced shift and
the amplitude changes both indicate that Ni2+ is by far the
strongest bound ion introduced thus far. While Mg2+, Ca2+, and
Mn2+ are known to bind with ionic character,36 Ni2+ is thought
to bind with character between that of ionic and monodentate.13,37 These results provide evidence that the binding
strength of the Ni2+ with a carboxylate is much stronger than
that of the other three ions. However, if the binding were
hydrogen-bonded monodentate in character, the spectra would
be expected to shift much more signiﬁcantly than what is
observed here, with the peak appearing at a frequency greater
than 1430 cm−1.
It is clear that the strength of the ionic interaction between
the metal ions and the carboxylate groups plays a strong role in
increased adsorption of sodium decanoate to the oil−water
interface, as seen in the interfacial tension data shown in Figure
1. Here, the trend in the degree of increased adsorption follows
the trend for ionic interaction strength: Mg2+ ≈ Ca2+ < Mn2+ <
Ni2+. We attribute this to the degree to which the speciﬁc metal
ion interacts with the carboxylate headgroup. The better the
metal ion is both able to displace water from and screen the
charge of the carboxylate headgroup, the better the surfactants

are able to assemble at the interface due to decreased water
solubility and reduced charge−charge repulsions.
Covalent Metal Ion−Carboxylate Interactions. While
the above metal ion studies clearly demonstrated the role of
ionic interactions in induced surfactant adsorption to the oil−
water interface, they were unable to show how the much
stronger covalent bonding interactions between carboxylate
groups and metal ions dictate surfactant interfacial behavior. In
order to distinguish between ionic and covalent binding
character, two ions were investigated that are known to have
stronger covalent binding characteristics with carboxylates,
Cu2+ and Zn2+.36 Because of solubility constraints, these ions
were studied at much lower concentrations than the ions above;
however, the eﬀects of these ions on the VSF spectra of sodium
decanoate even at low concentrations leave no doubt as to the
ability to distinguish between ionic binding character and
covalent binding character. Spectra of 0.5 mM sodium
decanoate with and without Cu2+ in the ssp polarization
scheme are shown in Figure 5.

Figure 5. The ssp VSF spectra of CuCl2 (I = 200 μM) and sodium
decanoate (0.5 mM) in the COO− region. The solid lines are ﬁts to
the data.

In ppp (Figure S3), the spectral shape is similar to the other
ions between 1300 and 1400 cm−1, indicating that some of the
Cu2+ ions may be interacting with the carboxylate groups in an
ionic fashion. However, with Cu2+, a third mode appears at
1450 cm−1 that is seen in both the ppp and ssp spectra. This
mode is also assigned to the carboxylate symmetric stretch.
Carboxylates bound to metal ions in a bidentate fashion are
known to produce distinct vibrations within the carboxylate
stretching region.38−40 The mode at 1450 cm−1 is attributed to
the bound carboxylate headgroups where a Cu2+ ion is
interacting with it in a bidentate manner.36
15515
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Because of the largely diﬀerent results between Cu2+ and the
other ions, a study of Zn2+ was necessary to further characterize
the speciﬁc type of binding between ions and the headgroup.
The VSF spectrum of sodium decanoate with Zn2+ in the ssp
polarization scheme of the carboxylate region is shown in
Figure 6.

The ppp spectrum with Zn2+ (Figure S4) again shows the
same modes between 1300 and 1400 cm−1 observed in the
spectra for the metals that interact with the carboxylate groups
in a purely ionic manner. In the ssp spectra of Zn2+, there is a
strong mode at 1395 cm−1 and two weaker modes at 1435 and
1450 cm−1 that are not observed in the spectra of metal ions
that interact with the carboxylate groups in a purely ionic
manner. Once again, these modes are all assigned to
carboxylate symmetric stretches. As with the Cu2+ spectra,
signiﬁcant splitting is observed. Here, this splitting is in part
attributed to diﬀerent Zn2+−carboxylate interactions,38 with the
peak near 1435 cm−1 characteristic of either a hydrogen-bonded
monodentate or bridging complex, and the peak near 1450
cm−1 characteristic of a bidentate complex.19,36 These Zn2+−
carboxylate complexes are consistent with what has been
suggested for Zn2+ bound octadecanoic acid monolayers at the
air−water interface.13
It is clear from the interfacial tension and VSF spectroscopic
studies of sodium decanoate with Cu2+ and Zn2+ that like ionic
interactions, covalent binding interactions between metal ions
and the carboxylate headgroups act to drive surfactant
molecules to the interface, even at metal ion concentrations
as low as 200 μM. A stronger eﬀect than the role of ionic
interactions in induced surfactant adsorption, covalent metal

Figure 6. The ssp polarization VSF spectrum of the COO− vibrational
region for ZnCl2 (I = 200 μM) and sodium decanoate (0.5 mM). The
solid lines are ﬁts to the data.

Figure 7. The ssp polarization VSF spectra of the CH vibrational region for sodium decanoate with the metal ions studied. The solid lines are ﬁts to
the data.
15516
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At only 200 μM, Cu2+ (Figure 7e) shows by far the largest
enhancement in alkyl ordering for a given concentration.
Although Ni2+ does have a larger order parameter at 1.6 mM,
this is a factor of 8 greater in ionic strength and is thus not
surprising. It is interesting, however, that even though Cu2+
seems to induce the greatest degree of order compared to the
metal ions studied, it does not reduce the interfacial tension of
sodium decanoate as signiﬁcantly as either Mn2+ or Ni2+.
Because fewer surfactant molecules adsorb to the interface with
Cu2+ due to smaller surfactant and metal ion concentrations,
this higher degree of alkyl chain orientation is unexpected. It
has been suggested, however, that covalent bidentate
interactions between metal ions and adsorbed surfactant
headgroups can induce alkyl chains to adopt an all-trans
conﬁguration to maximize favorable chain−chain interactions at
the interface.19 Previous studies have observed this same eﬀect
at the air−water interface for fatty acids, where the bidentate
binding of metal ions to carboxylate containing surfactants
causes the condensation of monolayer alkyl chains.13,15,16,37
This induces an increase in molecular packing and orientation
of molecules at the air−water interface.
For Zn2+, an order parameter of ∼1 was obtained, which is
lower than for any other metal ion studied. For clarity of the
ﬁgure, this data is not shown. We attribute this lower ordering
of the surfactant chains in the presence of Zn2+ to the very
diﬀerent binding behavior of this metal ion with the carboxylate
headgroup compared to the other metal ions. Because of these
multiple covalent binding interactions, it is likely that other
eﬀects are at play in chain ordering, such as the coordination of
multiple carboxylate groups to one ion.38
A Closer Inspection of NiCl2. Of the six ions in this study,
Ni2+ is unique as its binding characteristics are typically deﬁned
as being between what is categorized as ionic or covalent.13,37
This is attributed to a relatively weak covalent interaction that is
thought to be monodenate in nature, making it diﬃcult to
distinguish a purely covalent interaction from a purely ionic
interaction. The unique ability to look at the binding
interactions directly at the interface in this study makes it
possible to better characterize this interaction and deﬁnitively
state whether Ni2+ is interacting in a covalent or ionic fashion.
As discussed above, Zn2+ and Cu2+ gave distinct spectral
signatures that indicated they were binding in a covalent
manner. In order to understand the binding nature of Ni2+, a
full concentration series was completed to observe the shifting
of the vibrational modes.
Figure 8 shows VSF spectra of 1 mM sodium decanoate with
NiCl2 at concentrations from 50 μM to 1.6 mM in the ssp
polarization scheme. The ppp spectra (Figure S5) show a blueshifting trend in the peaks as salt concentration is increased,
and the low-frequency component decreases signiﬁcantly in
amplitude as it blue-shifts. In ssp polarization the carboxylate
mode grows in amplitude, and a shoulder appears on the highfrequency side as concentration is increased. This peak near
1450 cm−1 appears in the spectra for Cu2+ (Figure 5) and Zn2+
(Figure 6) and is attributed to the metals binding to the
carboxylate groups in a bidentate manner. The appearance of
the 1450 cm−1 peak in the ssp spectrum of Ni2+ at 1.6 mM is
evidence that at higher ion concentrations Ni2+ also binds to
the carboxylate groups in a bidentate manner.
To further investigate the eﬀects of Ni2+ on the interfacial
sodium decanoate molecules, the water and CH region were
monitored as a function of Ni2+ concentration. As shown in
Figure 9, the concentration of Ni2+ has a large eﬀect on the

binding to the carboxylate groups would completely displace
water from and screen the charge of the headgroups, driving the
surfactant to the oil−water interface. Even though from the
interfacial tension data it appears that Zn2+ does not induce the
adsorption of sodium decanoate to the interface to the same
extent as Cu2+, the larger amplitudes of the carboxylate peaks
seen for Zn2+ compared to Cu2+ indicate that Zn2+ induces a
stronger orientation of the carboxylate groups at the interface.
We attribute this to the diﬀerent types of covalent interactions
that occur between Zn2+ and the carboxylate groups.
While the above analysis of the VSF spectra of the
carboxylate region for sodium decanoate with metal ions was
able to show the eﬀect of speciﬁc metal ion−headgroup
interactions on induced surfactant adsorption and carboxylate
orientation at the oil−water interface, this information does not
provide a relationship between the degree of induced
adsorption and the degree of alkyl chain orientation. The
reduction in interfacial tension for sodium decanoate with the
metal ions compared to the metal free solutions suggests an
increase in favorable alkyl chain interactions between
neighboring interfacial surfactants due to tight packing of the
molecules at the interface. VSF spectra of the CH stretching
region, however, are required for determining the speciﬁc
molecular level degree of surfactant chain orientation and how
the metal ion interactions with the carboxylate headgroups
aﬀects this orientation.
Alkyl Chain Conformations. VSF spectra in the CH
stretching region in the ssp polarization scheme are shown in
Figure 7 for the ions studied. The spectra are ﬁt to four
vibrational modes. From low to high frequency, they appear
near 2850, 2880, 2910, and 2940 cm−1. Additional peaks did
not improve the quality of the ﬁts. These are assigned to the
methylene symmetric stretch (νsCH2), the methyl symmetric
stretch (νsCH3), the methylene Fermi resonance (νfrCH2), and
the methyl Fermi resonance (νfrCH3), respectively. Fitting the
amplitudes of the peaks allows a direct assessment of the chain
conformation, given that methylene vibrations are only
observed with VSF spectroscopy when the cylindrical symmetry
of the chain is broken via a gauche defect. In instances where
methylene vibrations are observed, an order parameter may be
calculated as the ratio of methyl/methylene amplitude as an
internal method of comparing the ordering of the interfacial
surfactant chains within a set of experiments.41−43
The ratios of the methyl/methylene vibrations are shown in
Figure 7f for each of the ions studied in this work. Mg2+ (Figure
7a) and Ca2+ (Figure 7b) show the lowest ratio, indicating that
these two ions induce the lowest amount of monolayer
ordering even though they are at the highest ionic strength used
in this work. Mn2+ (Figure 7c) induces a signiﬁcantly larger
amount of ordering within the monolayer, followed by Ni2+
(Figure 7d). In Figure 7f, Ni2+ is shown as a concentration
series, and more details will be discussed in the following
section. At half the ionic strength of Mn2+, Ca2+, and Mg2+, Ni2+
induces more chain ordering. For these metals which have been
shown to interact with the carboxylate groups at the interface in
a purely ionic manner, the degree of alkyl chain ordering
follows the trend of the degree of the metal ion interaction with
the surfactant headgroup as well as the degree of induced
surfactant adsorption. This conﬁrms that the strength of the
ionic interaction between the metal ion and the carboxylate
group drives the surfactant to the interface in a more tightly
packed monolayer where both the headgroup and alkyl chains
are highly ordered.
15517

dx.doi.org/10.1021/la403665n | Langmuir 2013, 29, 15511−15520

Langmuir

Article

within the interfacial region is also decreasing. The combination
of these two eﬀects leads to the loss of water signal in the
spectra. The neutralization of the interface is observed at a Ni2+
ionic strength around 400 μM. Relative to bulk concentrations,
this means there is only one nickel ion present for every 7−8
surfactant molecules. However, at the interface, an excess of
Ni2+ ions is likely to exist due to the inherent interfacial ﬁeld,22
and thus neutralization of the monolayer occurs at very low
bulk concentrations of the ion.

■

SUMMARY AND CONCLUSIONS
Our VSF spectroscopic and interfacial tension studies have
shown that metal ions induce the adsorption of sodium
decanoate to the CCl4−H2O interface through both ion and
covalent interactions of the metal ion with the carboxylate
headgroup. Figure 10 summarizes the speciﬁc interactions for
the ions studied.

Figure 8. The ssp polarization VSF spectra of the COO− region for
the NiCl2 concentration series with 1 mM sodium decanoate. The
solid lines are ﬁts to the data. Some concentrations are omitted for
clarity.

alkyl chain ordering. In addition, it was also shown that Ni2+
caused the largest drop in interfacial tension of 1 mM sodium
decanoate.
Figure 9a presents water and alkyl region VSF spectra for a
Ni2+ concentration series. At 50 μM concentration, the water
spectrum looks like that of a typical charged surfactant at the
interface. There are CH modes between 2800 and 3000 cm−1
and a broad water peak centered at 3200 cm−1, which is
typically assigned to a highly coordinated water species at the
interface. As the ionic strength of Ni2+ is increased, two regions
of the spectra show signiﬁcant change. The CH modes grow in
amplitude and become more distinct as shown in Figure 9b.
The Ni2+ concentration series is ﬁt in the CH region, and the
methyl to methylene ratio is analyzed and plotted in Figure 7f.
It is concluded that as Ni2+ concentration is increased, the
ordering of the alkyl chains increases. At 200 μM, the
conformation of the alkyl chains is disordered; however, the
conformation rapidly increases, and by 300 μM, the ordering
within the monolayer has already surpassed that of Ca2+ and
Mg2+ at 3 mM ionic strength. The broad water mode centered
at 3200 cm−1 decreases to zero intensity. The electric ﬁeld at
the interface from the adsorbed surfactants that is due to the
double layer acts to orient these strongly coordinated water
molecules, and thus they contribute strongly to the VSF spectra
when the ﬁeld is not neutralized. However, as more Ni2+ is
added to solution, the ﬁeld at the interface becomes negligible
as the charges on the surfactants become neutralized, and hence
orientation of the water molecules within the interfacial region
disappears. In addition, the ions displace the water solvating the
headgroup, and thus the number density of water molecules

Figure 10. Cartoon depicting the metal ion−carboxylate group
interactions observed at the CCl4−H2O for the diﬀerent metal ions
studied with sodium decanoate.

Mg2+, Ca2+, Mn2+, and Ni2+(at low Ni2+ concentration) were
found to interact with the headgroup of the surfactant in a
purely ionic manner, and the strength of this interaction (Mg2+
≈ Ca2+ < Mn2+ < Ni2+) determined the degree to which the

Figure 9. VSF spectra of the water and CH vibrational region for the NiCl2 concentration range investigated. The solid lines are ﬁts to the data,
which can be used to extract alkyl conformational changes over the concentration range. Spectra are oﬀset for clarity.
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surfactant adsorbed to the interface as a tightly packed, more
highly ordered monolayer. Zn2+ and Cu2+ were found to
interact with the carboxylate headgroups in a covalent manner.
This stronger interaction, compared to purely ionic interactions, allowed Zn2+ and Cu2+ to induce the adsorption and
orientation of sodium decanoate at the CCl4−H2O interface at
a far lower metal ion concentration than was seen for the other
metal ions. Diﬀerent speciﬁc covalent interactions with the
carboxylate groups were found to occur for Cu2+ (bidentate)
and Zn2+ (bidentate and either bridging or hydrogen-bonded
monodentate). While Cu2+ was found to induce the adsorption
of sodium decanoate to the interface to a greater degree than
Zn2+, the diﬀerent covalent interaction of Zn2+ with the
carboxylate groups were found to induce a greater degree of
headgroup orientation. Ni2+ showed unique behavior, in that it
was found to bind in a purely ionic manner at low
concentration, with evidence for covalent bidentate interactions
at higher Ni2+ concentrations. The mechanism for metal-ioninduced surfactant adsorption and ordering at the oil−water
interface was determined to be the exclusion of water from and
the charge screening of the surfactant headgroup due to the
metal ion−carboxylate interactions. These factors act to both
reduce the water solubility of the surfactant and minimize
charge−charge repulsions at the interface.
That diﬀerent ions are able to enhance the degree of
monolayer packing and ordering at an oil−water interface
depending on binding strength has implications for both
environmental and biological systems. Environmentally, humic
substances are carboxylate-containing surfactants that are
known to bind toxic metals, and the fate and transport of
such toxins is a topic of concern. Our results show that metal
ions that are better able to bind carboxylate groups are better
able to accumulate at oil−water interfaces, suggesting that such
strong metal binders to humic substances can accumulate at
ﬂuid interfaces in the environment. Biologically, metal ion
binding at cellular interfaces has been suggested to play a role in
the misfolding of amyloidgenic proteins, one of the key events
in neurodegenerative diseases such as Alzheimer’s.44 That
certain metal ions can more strongly bind the carboxylate
groups of surfactants such as fatty acids that makeup cellular
membranes has implications for metal ions accessibility to
amyloid proteins at membranes that may aﬀect their folding
behavior.

■
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