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ABSTRACT: Macromolecular assembly at the interface between water and a
hydrophobic surface underlies some of the most important biological and environmental
processes on the planet. Important model systems for understanding this assembly at
such interfaces are polyelectrolytes that have hydrophilic units interspersed along a
hydrophobic polymer backbone, similar to many biological macromolecules. This feature
article provides recent advances in the molecular factors that contribute to the adsorption
and assembly of carboxylic acid-containing polyelectrolytes at the carbon tetrachloride−
water interface, a model system for an oil−water interface. Using vibrational sum
frequency spectroscopy and interfacial tension techniques, these unique set of studies
presented herein identify the factors that dictate whether or not polyelectrolytes will adsorb to the oil−water interface and also
describe the speciﬁcs of the adsorption process that depend upon factors such as polymer size, charge density, hydrophobicity,
conformation, and the eﬀect of metal ion electrostatics and bonding.

■

INTRODUCTION
Polyelectrolytes are a ubiquitous class of molecules that occur
naturally in the form of proteins, DNA, enzymes, and humic
acids and can also be synthesized to produce extensive libraries
of polyelectrolytes that are used in a multitude of applications.
Polyelectrolytes have particular relevance at the interface
between two phases. The boundary between two immiscible
ﬂuids (i.e., a liquid−liquid interface and, most often, an oil−
water interface) is an important locale for the adsorption and
assembly of such charged macromolecules, having signiﬁcance
in biology, environmental remediation, and industry. For
example, the behavior of charged biological macromolecules
at ﬂuid cell surfaces is important to several life functions.1 The
adsorption of charged environmental macromolecules to the
interface between oil and water has importance in water
remediation2−5 and understanding the fate and transport of
toxic materials.6−9 In industrial applications, the assembly of
polyelectrolytes at oil−water interfaces is essential to the
stabilization of emulsions for a variety of processes10−13 such as
enhanced oil recovery, eﬃcient drug delivery, and the
manufacturing of personal care products. The behavior of
polyelectrolytes at these ﬂuid interfaces determines their degree
of eﬀectiveness in these important biological, environmental,
and industrial processes.
It is especially important to understand (a) the speciﬁc
conditions that favor or discourage polyelectrolyte surface
adsorption; (b) interfacial adsorption dynamics under these
various conditions; and (c) the resulting polyelectrolyte surface
structures. As several polyelectrolytes consist of long hydrophobic backbones with charged hydrophilic functional groups
equally spaced along the polymer chain, one might expect that
the interfacial activity of a polyelectrolyte will depend upon a
balance between hydrophobicity and hydrophilicity. Such a
balance has been extensively studied in the behavior of alkyl
chain surfactants at the oil−water interface, in which charging
© 2014 American Chemical Society

of the surfactant headgroup was found to be essential in its
ordered interfacial assembly.14 Compared to alkyl surfactants
that consist of a single charged polar headgroup with a long
hydrophobic tail, this balance has the potential to be very
diﬀerent for macromolecules with charges that persist along a
hydrophobic chain. Understanding this balance on a molecular
level is thus essential for describing less well understood
fundamental processes that involve charged macromolecular
assembly at the boundary between water and nonpolar ﬂuids. A
preliminary understanding of the adsorption of charged
macromolecules to hydrophobic liquid−liquid interfaces has
been achieved through interfacial tension measurements.15−18
However, such measurements only give general information
pertaining to polyelectrolyte adsorption dynamics and resulting
interfacial structure and fail to give the molecular-level details
necessary to fully characterize the behavior of polyelectrolytes
at the oil−water interfaces.
Vibrational sum frequency (VSF) spectroscopy has proven to
be a powerful technique to probe the molecular-level details of
buried oil−water interfaces that are otherwise diﬃcult to
access.19−29 This technique is well established,30−34 and several
excellent reviews exist on the subject.35−39 A brief description is
provided here as it pertains to the studies discussed in this
article. In VSF spectroscopy, a ﬁxed frequency visible beam and
a tunable IR beam are overlapped at the oil−water interface.
The generated sum frequency signal produces vibrational
spectra of oriented interfacial molecules adsorbed to an oil−
water interface and can give speciﬁc information regarding
bond strengths, interactions between chemical species, and
molecular orientations.30,35,36 The interfacial selectivity stems
from the fact that second-order nonlinear optical processes are
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discussed, as PAA serves as a very simple model system. The
results obtained from these studies have provided fundamental
information pertaining to polyelectrolyte behavior at the oil−
water interface. Studies of PMA, which serves as a more
complex polyelectrolyte, are presented next. Our studies of
PMA have allowed for examining the roles of increasing
polyelectrolyte hydrophobicity and altering backbone properties by comparing the behavior of the diﬀerent isomers of PMA,
speciﬁcally isotactic PMA (iPMA) and syndiotactic PMA
(sPMA), at the oil−water interface. The results presented
show important molecular-level features of polyelectrolyte
adsorption to the oil−water interface that persist throughout
all systems examined, including the inﬂuence of polyelectrolyte
charging on adsorption and desorption, the factors that aﬀect
the degree to which polyelectrolyte accumulates at the
interface, and how interactions of polyelectrolytes with
counterions can lead to induced adsorption. The article
concludes with an overview of these features, how they
compare to more well-understood alkyl chain surfactant
systems, and future prospects for understanding more complex
systems at the oil−water interface using VSF spectroscopy and
interfacial tension measurements.

generally forbidden in centrosymmetric media, such as most
bulk phases. At the interface between two such bulk phases, this
symmetry is broken, causing the sum frequency process to
selectively probe interfacial molecules. This symmetry rule also
requires that the functional groups of interfacial molecules have
a net orientation. By implementing diﬀerent polarization
combinations of the incident and detected beams, diﬀerent
orientational components of the interfacial molecules can be
probed.
This technique has already been a useful tool for studying
charged biological macromolecules at air−water,39−46 solid−
liquid,39,41,44,45,47−54 and membrane interfaces,39,44−46,55−60
including polyelectrolytes at the air−water61−63 and solid−
liquid64−69 interfaces. While informative, these previous VSF
studies do not capture the role of a unique oil−water interfacial
environment on polyelectrolyte adsorption and assembly. For
example, the majority of the solid−liquid studies focused on the
adsorption of a polyelectrolyte onto an oppositely charged
surface.64−66,68,69 In this case, electrostatic interactions are
found to dominate polyelectrolyte adsorption behavior, which
is contrary to what is expected for its adsorption to a liquid−
liquid interface. Despite the ﬂuidity of the air−water interface,
the vapor phase lacks the ability to speciﬁcally interact with the
hydrophobic moieties of polyelectrolytes, as is the case for the
nonpolar phase of an oil−water interface.
This article reviews the previous work performed in this
laboratory of simple poly(carboxylic acids), speciﬁcally poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMA), at the
carbon tetrachloride−aqueous (CCl4−H2O) interface using
VSF spectroscopy and interfacial tension studies. For the VSF
studies presented here, the ssp polarization scheme (s-sum
frequency, s-visible, p-IR) is employed to probe the functional
groups of adsorbed polyelectrolytes that have orientational
components that are normal to the interfacial plane.
Speciﬁcally, spectra are obtained only of molecular components
with a net orientation perpendicular to the oil−water interface.
Poly(carboxylic acids), such as PAA and PMA, represent a class
of polyelectrolytes that serve as good models for more complex
environmental70 and biological71 macromolecules. Because
their charging behavior, and thus their degree of hydrophobicity, is tunable, they also represent ideal systems with
which to probe the competing eﬀects of hydrophobicity vs
hydrophilicity on the oil−water interfacial behavior. Here,
studies of PAA and PMA as a function of both polyelectrolyte
characteristics and solution conditions provide details concerning the molecular-level factors that dictate whether polyelectrolytes remain water solvated or adsorb to the oil−water
interface, as well as the manner in which polyelectrolyte
interfacial assembly speciﬁcally occurs. Interestingly, the
conditions that inﬂuence the adsorption of these polymer
surfactants are quite diﬀerent than those that aﬀect the oil−
water interfacial behavior of well-studied alkyl surfactants.
Chemical structures of the polyelectrolytes discussed in this
feature article are shown in Figure 1. Studies of PAA are ﬁrst

■

POLY(ACRYLIC ACID): A SIMPLE MODEL
POLYELECTROLYTE
Due to its simple repetitive carboxylic acid monomer unit, PAA
serves as a good model system to study polyelectrolyte
interfacial behavior using VSF spectroscopy. The balance
between polyelectrolyte adsorption and solvation can easily
be probed by inﬂuencing charge with the presence of a pHsensitive carboxylic acid group. At low pH, most of the
carboxylic acid groups are protonated and the polyelectrolyte is
neutral. At high pH most of the carboxylic acid groups are
deprotonated, and the polyelectrolyte is negatively charged.
The pKa of PAA (6−7) is higher than that of the corresponding
acrylic acid monomer (4.5) due to the increasing diﬃculty to
further remove protons as the charging increases on the
polyelectrolyte.72−74 The degree of polyelectrolyte charging
changes PAA conformation in bulk solution. Speciﬁcally, PAA
exists in a more coiled conformation at low pH when it is
neutral and gradually extends its conformation as the pH
increases and the polyelectrolyte becomes more charged, thus
reducing charge−charge repulsive interactions.75 The inﬂuence
of polymer charging on the adsorbed surface structure of PAA
can be examined spectroscopically by probing the modes of the
carboxylic acid groups. Speciﬁcally, the presence of the carbonyl
stretching mode near 1730 cm−1 signiﬁes the presence of
neutral, protonated carboxylic acids, while the presence of the
carboxylate stretching mode near 1400 cm−1 signiﬁes the
presence of deprotonated, charged carboxylic acid groups.76
Initial VSF and surface tension studies of PAA by Beaman et
al.24 reveal the powerful role of charging in its adsorption to the
oil−water interface. These results, shown in Figure 2, indicate
very distinct and sharp pH dependence in the PAA adsorption.
PAA (MW = 450 kDa) only adsorbs to the CCl4−H2O
interface at pH ≤ 4 with negligible adsorption only a few tenths
of a pH unit beyond pH 4. At the low pH values (Figure 2A,
red data points), which correspond to a bulk polymer charge
density of less than 20%, an intense peak appears near 1730
cm−1 in the VSF spectra and indicates a high degree of ordering
of the protonated carboxylic acid functional groups of PAA.
Spectra in the CH/OH stretching region also revealed a high
degree of ordering of the polymer backbone methylene

Figure 1. Chemical structure of the polyelectrolytes discussed in this
work, speciﬁcally poly(acrylic acid) (PAA), isotactic poly(methacrylic
acid) (iPMA), and syndiotactic poly(methacrylic acid) (sPMA).
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pH 4.5 despite the fact that full coverage of the interface occurs
at pH 4.
Interfacial tension measurements, shown in Figure 2B, reveal
an intriguing aspect to the mechanism of PAA interfacial
adsorption. As with the spectroscopic studies, these studies
conﬁrm that PAA adsorption occurs only at pH ≤ 4 (Figure 2B,
red data points), with interfacial tension values dropping to
∼30 mN/m compared to the neat CCl4−H2O value of ∼45
mN/m.78 At pH ≥ 4.5 (Figure 2B, blue data points), the
interfacial tension does not change signiﬁcantly compared to
that of the neat CCl4−H2O interface, supporting that the lack
of VSF signal at these pH values signiﬁes an absence of polymer
at the interface. Unlike the VSF spectroscopic studies, in which
strong signal was observed within a minute of interface
preparation (not shown), the interfacial tension took ∼10 min
to reach an equilibrium value. The VSF signal only occurs from
polymer functional groups that have a net orientation relative
to the plane of the interface, while interfacial tension
measurements are mainly sensitive to the relative amount of
material at the interface. These results therefore show that PAA
adsorbs to the interface in a multistep process. First, the VSF
spectroscopic data indicate that polymer chains quickly adsorb
to the interface and spread out with their backbone and
protonated carboxylic acid functional groups having an average
net orientation normal to the plane of the interface. This
conformation is very diﬀerent from that shown to exist in the
bulk at these low pH values. Such a rapid process is in part
attributed to the inherent oil−water interfacial ﬁeld, which is
known to assist in the adsorption of charged species.27,79 PAA
adsorption to the interface over time is disordered and so is
revealed only by the interfacial tension data. Subsequent
polymer adsorbs due to favorable hydrophobic interactions
with the initially adsorbed layer but is not ordered because the
ﬁeld is likely unable to penetrate far enough into the bulk to
cause the ordering of this second layer.24
The interfacial tension measurements at pH 2 of PAA of
varying molecular weight23 and concentration,22 shown in
Figure 3, further conﬁrm this multistep adsorption process. In
the VSF spectroscopic studies of 1.8, 450, and 1250 kDa PAA, a
strong signal was again seen in the CH and carbonyl stretching
regions within a minute after interface preparation,23 indicating
the rapid adsorption of highly ordered polymer layers. The VSF
spectra of the carbonyl peaks were the same within error for all
molecular weights, indicating a very similar surface structure
among polymer sizes. The corresponding interfacial tension
data, shown in Figure 3A, indicate that the smallest PAA
polymer (1.8 kDa) takes only minutes to reach an equilibrium
value of ∼30 mN/m, while the largest PAA polymer (1250
kDa) takes hours to stabilize near this value. Despite the
diﬀerence in the adsorption kinetics of the disordered polymer
layers, the amount of PAA adsorbed at equilibrium is relatively
the same for all polymer sizes.
Concentration studies of 450 kDa PAA also display timedependent behavior in the adsorption of the disordered
polymer layer. VSF spectra in the CH/OH and carbonyl
stretching regions for polymer concentrations from 1 to 50
ppm again showed the rapid adsorption of a highly ordered
interfacial layer structure that did not signiﬁcantly change with
concentration.22 Interfacial tension measurements, shown in
Figure 3B, reveal that the time for the disordered polymer to
adsorb to the interface is longer for the lower concentration
samples. Both the molecular weight and concentration studies
support the multistep adsorption process, showing that the

Figure 2. pH-dependent VSF spectra (A, ssp polarization) and
interfacial tension measurements (B) of PAA (450 kDa, 5 ppm).
Adapted with permission from ref 24. Copyright 2011 American
Chemical Society.

groups.24 This ordered extended interfacial conformation is in
contrast to the random coil polymer conformation that is
shown to exist in bulk solution for PAA at low pH values. The
data also do not show dramatic changes in the carbonyl spectra
from pH 1.5 to 4 (Figure 2A, red data points), and these
spectra can be ﬁt to the same single peak at 1730 cm−1 (Figure
2A, red trace). Additionally, there is no spectral evidence for the
presence of oriented deprotonated carboxylate groups. The lack
of signal in the carboxylate stretching region is attributed to
VSF signal cancelation due to the carboxylate groups adopting
opposite orientations to minimize unfavorable charge−charge
repulsions.
At pH ≥ 4.5, the spectroscopic measurements in the
carbonyl (Figure 2A, blue data points) and CH/OH24
stretching regions reveal an interface completely devoid of
polymer. The alternative explanation that polymer is present at
the interface but so disordered as to not be measurable by VSF
is discounted by the surface tension measurements that indicate
no adsorption at pH ≥ 4.5. Despite the fact that PAA
undergoes a gradual conformational transition with increasing
the pH of the bulk solution, the VSF spectroscopic data show a
sharp transition between PAA adsorption and desorption, with
the adsorbed polyelectrolyte structure not signiﬁcantly
changing with changing pH. Such a sharp pH-dependent
transition between complete polymer adsorption at pH 4 and
desorption at pH 4.5 indicates the important nature of
collective interactions between neighboring charges on the
polymer chain.77 Even though the charge density of PAA does
not change much between pH 4 and 4.5, the accumulation of
charges near each other on the polymer chain act to draw the
PAA chains away from the interface and into the bulk water at
28333
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Figure 4. Cartoon depicting the pH-dependent adsorption behavior of
PAA (450 kDa, 5 ppm) at the oil−water interface. At pH ≤ 4 (top)
PAA adsorbs to the interface as multilayers, while at pH ≥ 4.5
(bottom), PAA remains water solvated.

water interface at pH values when it is not normally surface
active, albeit to diﬀerent degrees.22
As shown in Figure 5A, Ca2+ induces the adsorption of 450
kDa PAA to the interface at pH 4.5, causing both the carbonyl
and carboxylate groups to adopt a net orientation normal to the
interfacial plane. As seen with PAA at low pH, the VSF signal
was seen almost instantaneously and did not signiﬁcantly
change with time. Therefore, the decrease in interfacial tension
over time, as seen in Figure 5B, again indicates the multilayer
adsorption process. PAA with Mg2+ had a similar VSF
spectroscopic response, yet the signal intensities in both the
carboxylate and carbonyl stretching regions were weaker than
PAA with Ca2+.22 Because the interfacial tension data, and thus
relative amount of adsorbed disordered polymer, were the same
within error for PAA with Ca2+ and Mg2+, the diﬀerence in sum
frequency signal intensity indicates that the carboxylic acid and
carboxylate groups of the initially adsorbed PAA layer are more
ordered with Ca2+ compared to Mg2+. This is attributed to the
weaker induced ﬁeld strength of solvated Mg2+ ions compared
to solvated Ca2+ ions, as has been shown previously from
molecular orbital calculations.82 The appearance of the
deprotonated carboxylate peak is consistent with a mechanism
for cation-induced PAA adsorption at higher pH values in
which the positively charged divalent cations screen the
negatively charged carboxylate groups. The charge screening
additionally allows for the ordering of the carboxylate groups at
the interface, which is not apparent with PAA at lower pH
values.
The addition of Na+ to 450 kDa PAA at pH 4.5 also induces
polyelectrolyte adsorption; however, there are diﬀerences in the
data compared to that of PAA with divalent cations. Speciﬁcally,
as seen in the VSF spectroscopic data in Figure 5C, the
ordering of the protonated carboxylic acid groups is observed
by the strong peak in the carbonyl stretching region. The lack
of ordering of the carboxylate groups is observed by the
absence of signal in the carboxylate stretching region.
Additionally, the lack of signiﬁcant adsorption of disordered
polymer to the interface over time is observed by the small

Figure 3. Time-dependent interfacial tension measurements of PAA
(pH 2) as a function of (A) molecular weight (1.8 kDa, red circles;
450 kDa, brown squares; 1250 kDa, blue triangles) and (B)
concentration (50 ppm, maroon circles; 5 ppm, brown squares; 2
ppm, black triangles). Data are taken from refs 22 and 23.

initial rapid adsorption step is strongly dictated by the
interfacial ﬁeld, while the second slower adsorption step is
dictated by the diﬀusion of disordered polymer to the interface.
Figure 4 depicts this pH-dependent multilayer adsorption
process. The combination of results from the VSF spectroscopic and interfacial tension techniques provides a more
complete picture for polyelectrolyte interfacial behavior that
would otherwise not be obtained with just one technique or the
other.
While the molecular weight and concentration studies of
PAA at a low pH provide a clear picture for multistep polymer
adsorption, the studies do not address the aspect of the balance
between polymer charging and hydrophobicity. Charging of the
polymer drives the polymer into the aqueous phase, and
hydrophobicity drives the polymer to the interface, which is
expected in macromolecular oil−water interfacial adsorption
and assembly. Our studies have revealed that when PAA is
neutral the overall equilibrium structure of the initially
adsorbed PAA layer and the total amount of disordered PAA
adsorbed are relatively the same despite diﬀerences in either
polymer size or concentration, which has been observed in
other polymer systems.80,81 In order to further probe the role of
charging in polyelectrolyte interfacial behavior, PAA was
studied in the presence of diﬀerent salts. These VSF
spectroscopic and interfacial tension results, shown in Figure
5, reveal that both divalent and monovalent cations are able to
induce the ordered adsorption of 450 kDa PAA to the oil−
28334
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Figure 5. VSF spectra (top, ssp polarization) and interfacial tension measurements (bottom) of 450 kDa PAA (5 ppm, pH 4.5) with added ions. (A)
PAA in the absence of added ions (circles), with 0.5 mM CaCl2 (squares) and 1 mM CaCl2 (triangles). (B) PAA in the absence of ions (circles) and
with 1 mM CaCl2 (triangles). (C) PAA with 3 mM NaCl. (D) PAA in the absence of ions (circles) and with 3 mM NaCl (triangles). Data are taken
from ref 22.

change in the measured interfacial tension relative to that of the
neat CCl4−H2O interface, as shown in Figure 5D. It is well
established that monovalent cations interact less eﬀectively with
polyanions compared to divalent cations. Speciﬁcally, on
average monovalent cations are only able to penetrate the
ﬁrst solvation shell of polyanions, while divalent cations are
better able to penetrate the second solvation shell of
polyanions.83,84 Due to these weaker interactions of monovalent cations with partially solvated polyanions, Na+ is able to
induce the adsorption of PAA to the interface, but it is unable
to eﬀectively screen the negative charges of the polymer chain
to cause the net orientation of the charged carboxylate groups
of the initially adsorbed layer. The lack of charge screening at
the interface additionally hinders favorable hydrophobic
interactions between the initially adsorbed PAA layer and the
PAA in bulk solution so that the adsorption of disordered layers
to the interface over time does not occur. These results support
the picture of induced PAA adsorption through the screening of
negatively charged carboxylate groups by positively charged
ions and that the degree of interfacial adsorption and ordering
depends upon the degree that the cation eﬀectively screens the
polymer charges. Figure 6 shows a cartoon depicting the
diﬀerence in Ca2+ vs Na+ PAA induced adsorption.

Figure 6. Cartoon depicting the induced adsorption of PAA at pH 4.5
with CaCl2 (top) and NaCl (bottom).

■

chirality alternates between monomers, while for the isotactic
PMA (iPMA), all monomers have the same chirality. In bulk
solution, it has been shown the iPMA is overall more
hydrophobic than sPMA.85−88 Additionally, the close proximity
of the carboxylic acid groups relative to each other for iPMA
provides it with a higher charge density than for sPMA in bulk
solution.86−88 The studies of PMA discussed below show how
this diﬀerent bulk behavior manifests at the oil−water interface
and also displays the important facets of polyelectrolyte
adsorption seen in the studies of PAA.
VSF spectroscopic and interfacial tension measurements of 3
kDa sPMA as a function of pH, as shown in Figure 7, reveal
that its adsorption behavior is very similar to that of 450 kDa

POLY(METHACRYLIC ACID): INCREASING
POLYELECTROLYTE COMPLEXITY
The studies of PAA provide fundamental information
concerning the molecular-level details of the oil−water
interfacial behavior of a very simple polyelectrolyte. In order
to understand a more complex polyelectrolyte, VSF spectroscopic and interfacial tension studies were conducted of
poly(methacrylic acid) (PMA). Compared to PAA, PMA is
overall more hydrophobic due to the presence of methyl groups
on the polymer chains. Diﬀerent chiral isomers of PMA are
available that have very diﬀerent bulk properties. These isomers
are shown in Figure 1. For the syndiotactic PMA (sPMA), the
28335
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Figure 7. VSF spectra (A, ssp polarization) and interfacial tension
measurements (B) of 3 kDa sPMA (5 ppm) at varying pH values (pH
5.5, gray bowties; pH 5, pink triangles; pH 4, red squares; pH 2, black
circles). Data are taken from ref 28.

of polymer at the interface. As the pH decreases from 5 to 2, a
decrease in the equilibrium interfacial tension value is observed.
This indicates that a decrease in the degree of charge−charge
repulsive interactions between polymer layers leads to an
increase in the amount of disordered polymer that is able to
accumulate at the oil−water interface. This pH-dependent
behavior is consistent with the conclusion that hydrophobic
interactions between the initially adsorbed, ordered layer and
the remaining disordered polymer in bulk solution are key in
the multistep adsorption process.
The pH-dependent interfacial behavior of 3 kDa sPMA (∼34
monomers per chain) is slightly diﬀerent than that of 450 kDa
PAA (∼6250 monomers per chain). Speciﬁcally, there is a more
gradual pH transition between adsorption and desorption in
the sPMA data compared to the sharp pH transition between
adsorption and desorption observed in the PAA data. It is likely
that the more hydrophobic nature of PMA allows it to more
readily adsorb to the oil−water interface at higher pH values
compared to PAA. However, the slight diﬀerences in pHdependent adsorption may not be entirely due to the
diﬀerences in the chemical structures of the diﬀerent polymers
but also may in part be due to the number of monomers
comprising the polymer chains. This is supported by VSF
spectroscopic and interfacial tension studies of 28 kDa sPMA
(326 monomers per chain) as a function of pH, shown in
Figure 8.
Here, the spectroscopic data in the carbonyl stretching
region of the 28 kDa sPMA in Figure 8A are very similar to that
of the 3 kDa sPMA in Figure 7A, but only at pH ≤ 4, with an
increase in peak intensity seen for both the water-rich and oil-

PAA, albeit with some diﬀerences.28 As shown in Figure 7A, the
peaks due to the carbonyl stretching mode appear only at
relatively low pH values, speciﬁcally at pH ≤ 5. At pH ≥ 5.5,
the VSF signal does not appear in the carbonyl stretching
region, and the CH/OH stretching region spectra conﬁrm a
lack of polymer adsorption to the oil−water interface at these
higher pH values.28 Unlike PAA, however, two features appear
in the spectra: a lower frequency peak near 1730 cm−1 that
corresponds to carbonyl groups in a more water-rich
environment76 and a higher frequency peak near 1790 cm−1
that corresponds to carbonyl groups in a more oil-rich
environment.89 The presence of the higher frequency peak in
Figure 2A, which does not appear in the PAA spectra, suggests
that sPMA sits further into the oil phase than PAA due to the
higher degree of hydrophobicity for PMA compared to PAA. As
the pH is decreased from 5 to 2, the spectra in Figure 7A show
an increase in the intensities of both the water-rich and oil-rich
carbonyl peaks. This indicates that as the pH decreases and the
charged carboxylate groups become protonated there is an
increase in the number of oriented carbonyl groups pointing
into both the water and oil phases.
The degree of charging of the quick adsorbing and ordered
sPMA layer plays a large role in the degree to which disordered
polymer accumulates at the interface over time. Like PAA, the
VSF signal seen from the sPMA appeared within a minute of
interface preparation and did not appear to change with time.
The time dependence seen in the interfacial tension data of
sPMA, shown in Figure 7B, therefore indicates that, like PAA,
sPMA adsorbs in a multistep process. At pH 5.5, the interfacial
tension value of sPMA does not change relative to that of the
neat CCl4−H2O interface (45 mN/m), conﬁrming the absence

Figure 8. VSF spectra (A, ssp polarization) and interfacial tension
measurements (B) of 28 kDa sPMA (5 ppm) at diﬀerent pH values
(pH 5, pink triangles; pH 4.5, blue diamonds; pH 4, red squares; pH 2,
black circles). Data are taken from ref 28.
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A key feature observed in the PAA and sPMA adsorption to
the oil−water interface at low pH is the ability to form
multilayers from favorable hydrophobic interactions between
the quickly adsorbing ordered layer and the disordered polymer
that accumulates to the interface over time. The VSF
spectroscopic and interfacial tension measurements at pH 2
comparing sPMA to iPMA in Figure 10, however, show that

rich carbonyl features with decreasing pH. The time dependence seen in the interfacial tension data at these lower pH
values, shown in Figure 8B, additionally indicates a multistep
adsorption process. Key diﬀerences in the data occur at pH > 4.
Speciﬁcally, adsorption does not begin until pH 5 for the 28
kDa polymer, as seen by the lack of VSF signal in the carbonyl
stretching region (Figure 8A) as well as a lack of lowering of
the interfacial tension relative to the neat oil−water interface
(Figure 8B). Additionally, the structure of the 28 kDa sPMA
that adsorbs to the interface between pH 4 and 5 is very
diﬀerent from that of the 3 kDa sPMA in the same pH region.
In the carbonyl stretching region, a very weak water solvated
feature indicated by its low energy dominates the spectrum.
The interfacial tension data show only a very small decrease
over time, indicating an absence of the multistep adsorption
process.
Importantly, unlike the 28 kDa sPMA at lower pH values,
time dependence is observed in the VSF signal intensity
between pH 4 and 5.28 Here, there is an initial increase in the
CH and carbonyl sum frequency signal intensity followed by a
decrease and eventual stabilization. The carbonyl spectrum of
28 kDa sPMA at pH ∼ 4.5 shown in Figure 8A was taken after
this signal had stabilized. The continual decrease in the
interfacial tension value with time for this sample indicates that
the decrease in VSF signal intensity is consistent with polymer
reorientation rather than desorption. Additionally, the spectrum
of 28 kDa sPMA at pH ∼ 4.5 in the water OH stretching region
shows the presence of oriented water molecules that straddle
the oil−water interface, indicating incomplete coverage of the
interface by the polymer.28 These data suggest that only a thin
layer of the 28 kDa sPMA adsorbs to the oil−water interface,
with reorientation of polymer chain segments protruding into
the bulk water occurring after a critical amount of polymer has
adsorbed in order to minimize charge−charge repulsions.
Investigations of the interfacial behavior of diﬀerent size
sPMA chains support the presence of collective charging
behavior seen in PAA that induces its sharp pH-dependent
adsorption behavior. For the 3 kDa sPMA, only a few charges
can accumulate per chain as the pH increases, while for the 28
kDa sPMA, many more charges can accumulate per chain as the
pH increases. Due to cooperative interactions, these charges
accumulate near each other on the polymer chains, causing the
smaller polymer to be much more surface active at higher pH
values compared to the larger polymer. Between pH 4 and 5,
the highly charged segments of the 28 kDa sPMA chain are
drawn away from the interface and into the bulk water, as
depicted in Figure 9. For the 450 kDa PAA, the large number of
charges that can accumulate per chain likely contributes to its
very sharp pH-dependent adsorption behavior.

Figure 10. VSF spectra (A) and time-dependent interfacial tension
measurements (B) for 3 kDa sPMA (black squares) and iPMA (red
circles) at pH 2.

this property is not inherent in all polyelectrolytes and strongly
depends on the adsorbed polyelectrolyte conformation.23,90 As
discussed previously, iPMA has the same chemical composition
as sPMA, yet has a diﬀerent backbone conﬁguration (Figure 1).
This diﬀerence is shown to lead to diﬀerent adsorbed polymer
structures at the oil−water interface.23,90 The strong signal
present in the VSF spectra in the carbonyl stretching region, as
shown in Figure 10A, indicates that both iPMA and sPMA
adsorb to the interface with a net orientation of the carbonyl
groups normal to the interfacial plane. The spectra are very
similar for the diﬀerent isomers, containing both the water-rich
and oil-rich carbonyl features. The oil-rich feature for iPMA,
however, is slightly more intense than for sPMA, suggesting
that iPMA sits further into the oil phase than sPMA. This is not
surprising, as iPMA is known to be overall more hydrophobic
than sPMA.
Despite the similarity in the carbonyl region spectra, the
interfacial tension measurements are drastically diﬀerent for the
two isomers, as shown in Figure 10B. Here, the interfacial
tension of the sPMA sample decreases over ∼10 min until an
equilibrium value of ∼30 mN/m is reached, while the interfacial
tension of iPMA does not change very much over time
compared to the neat CCl4−H2O interfacial tension value of 45
mN/m.23 The VSF spectroscopic results indicate that, like

Figure 9. Cartoon depicting the oil−water interfacial behavior of 28
kDa sPMA at pH 4−5.
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sPMA and PAA, iPMA quickly adsorbs to the interface as a
highly ordered polymer layer. Unlike sPMA and PAA, however,
the interfacial tension measurements reveal that disordered
polymer does not continue to accumulate at the interface over
time. Spectra in the CH/OH stretching region,23,28,29 as well as
preliminary computational results,90 indicate that the conformations of the initially adsorbed iPMA and sPMA polymer
layers are quite diﬀerent. Speciﬁcally, the hydrophobic residues
of iPMA mainly reside in the oil phase, while those of sPMA
have the ability to reside in the water phase. This allows for
favorable hydrophobic interaction to exist between the initially
adsorbed sPMA and the polymer that remains in bulk solution,
yet these interactions are hindered for iPMA. Figure 11 depicts
the multilayer adsorption of sPMA compared to the single-layer
adsorption of iPMA.

Figure 12. VSF spectra (ssp polarization) of 3 kDa iPMA (5 ppm, pH
6) as a function of CaCl2 ionic strength (0 mM, gray diamonds; 0.1
mM, blue triangles; 0.5 mM, red circles; 10 mM, black squares). The
data are oﬀset for clarity. The solid lines are ﬁts to the data. Data are
taken from ref 29.

interface, with the sharp peak near 3700 cm−1 corresponding to
the “free OH” mode of water molecules that straddle the oil−
water interface. As CaCl2 is added to solution, CH peaks appear
in the spectrum between 2800 and 3000 cm−1 and increase in
intensity until an ionic strength of 0.5 mM CaCl2, while the
“free OH” mode disappears. At higher ionic strengths, however,
the intensity of the CH peaks begins to decrease. Interfacial
tension measurements, which neither showed dependence in
CaCl2 ionic strength nor showed that the added ions induced
multilayer formation, indicated that the decrease in CH peak
intensity with excess CaCl2 was due to a reorientation of the
polymer structure at the interface.29,78
In order to further probe this reorientation process, and also
to explore the interactions of the Ca2+ ions with the negatively
charged carboxylate groups, spectra of the carboxylate and
carbonyl regions of iPMA were also obtained as a function of
CaCl2 ionic strength.29 The intensities of the methylene peak
near 2930 cm−1, the carboxylate peak near 1400 cm−1, and the
carbonyl peak near 1712 cm−1 are plotted in Figure 13. Unlike
the methylene peak intensity, the carboxylate peak intensity
increases until an ionic strength of 1 mM and then stabilizes at
higher ionic strengths. The intensity of the carbonyl peak
increases until a CaCl2 ionic strength of 0.25 mM and then
decreases in intensity with further increases in ionic strength.
The intensity trends of the methylene, carboxylate, and
carbonyl peaks with increasing CaCl2 ionic strength do not
match each other. This is not surprising, however, because Ca2+
is known to induce the deprotonation of poly(carboxylic
acids).91 Therefore, an increase in CaCl2 ionic strength can lead
to a decrease in the number of protonated carboxylic acid
groups and thus increase the number of deprotonated
carboxylate groups at the interface. When the peak intensities
of the carboxylate and carbonyl peaks are considered together
in Figure 13, showing the change in the relative number of both
ordered carboxylate and carbonyl groups at the oil−water
interface with increasing CaCl2 ionic strength, the trend in the
data follows that of the methylene peak intensity.
These data are consistent with the detailed picture of Ca2+induced adsorption of iPMA to the oil−water interface that is
depicted in the bottom of Figure 13. Here, the initial addition
of Ca2+ screens the charges of iPMA, making the polymer more
hydrophobic and therefore driving it to the interface. Upon

Figure 11. Cartoon depicting the multilayer adsorption process for
sPMA (top) and monolayer adsorption process for iPMA (bottom).

Polyelectrolyte backbone conﬁguration not only plays a role
in whether or not multilayer formation occurs but also aﬀects
the degree to which counterions screen the negatively charged
carboxylate groups and induce polyelectrolyte adsorption to the
oil−water interface. Speciﬁcally, like PAA, both monovalent and
divalent cations induce the adsorption of iPMA to the interface
at high pH values, yet this is not the case with sPMA.29 That
iPMA can adsorb to the interface in the presence of ions but
that sPMA cannot is attributed to the fact that the conﬁguration
of iPMA gives it an extremely high charge density allowing it to
interact more strongly with oppositely charged species in bulk
solution compared to sPMA.86−88 Unlike PAA that adsorbs to
the interface at high pH values in the presence of monovalent
and divalent cations, the placement of the methyl groups on
sPMA acts to sterically hinder interactions of the carboxylate
groups with the counterions such that charge screening does
not occur to an extent that favors sPMA adsorption. For iPMA,
the strong interactions with counterions, particularly with Ca2+,
lead to an induced adsorption process that is quite complex.
VSF spectroscopic measurements of iPMA with CaCl2 in the
CH/OH stretching region, shown in Figure 12, indicate that
Ca2+ ions induced the adsorption of iPMA to the interface at a
solution pH not conducive to polymer adsorption. In the
absence of added salt, the spectrum of iPMA at pH 6 does not
reveal ordered polymer at the interface. Speciﬁcally, the
spectrum looks very similar to that of the neat CCl4−H2O
28338
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Figure 13. (Top) Square root of the peak intensities from the spectra
of 3 kDa iPMA (5 ppm, pH 6) in the CH (2930 cm−1, black circles),
carboxylate (1400 cm−1, pink squares), carbonyl (1712 cm−1, blue
triangles), and carboxylate + carbonyl (purple diamonds) stretching
regions as a function CaCl2 ionic strength. (Bottom) Cartoon
depicting interfacial behavior of 3 kDa iPMA (5 ppm, pH 6) with
increasing CaCl2 ionic strength. Data are taken from ref 29.

Figure 14. Time-dependent sum frequency signal intensity of the CH
peak (ssp polarization) observed in the spectra of 3 kDa iPMA (5
ppm, pH 6) with 0.5 mM (red) and 10 mM (black) CaCl2 (top).
Cartoon depicting the multistep adsorption process for iPMA with
Ca2+ at pH 6 (bottom). Data are taken from ref 29.

increasing the ionic strength, the Ca2+ ions are able to induce
the deprotonation of the carboxylic acid groups. At high
enough ionic strengths, there is a reorientation of the interfacial
polymer structure. This is likely due to the interaction of one
Ca2+ ion with two neighboring carboxylate groups84,92−95 that
either increases the disorder of the adsorbed polymer or creates
centrosymmetric structures that are not VSF active.
Interestingly, the signal intensity from iPMA with added
CaCl2, as shown in Figure 12, does not appear immediately.
Rather, the signal intensity increases over time before stabilizing
after several hours. The time for signal stabilization to occur
increases with increasing CaCl2 ionic strength, as shown in
Figure 14. Here, at ionic strengths of 0.5 mM and below, the
time for the signal to stabilize is on the order of a few hours,
while for higher concentrations the signal takes over 12 h to
stabilize. This long time dependence is in part attributed to
adsorption of highly disordered, coiled chain structures92,93,96−99 to the interface that subsequently spread at
the interface due to favorable interactions between the polymer
hydrophilic groups and the water and the hydrophobic groups
with the oil. As clariﬁed by previous bulk studies, these coiled
chain structures increase in stability with increasing the number
of interactions between the Ca2+ ions and the carboxylate
groups,95 and so the time for spreading increases with CaCl2
ionic strength. The bottom of Figure 14 displays this multistep
adsorption process.
As with PAA, monovalent cations are also shown to induce
the adsorption of iPMA to the oil−water interface, and the
interactions with the carboxylate groups are also found to be
weaker than with divalent cations.29 This is seen in the VSF
spectra of iPMA with 10 mM ionic strength KCl compared to
with 10 mM ionic strength CaCl2, as shown in Figure 15. Here,
the carbonyl peak near 1712 cm−1 for iPMA with K+ is much
more intense than for iPMA with Ca2+, as shown in Figure 15A,
while the carboxylate peak near 1400 cm−1 is much less intense

for iPMA with K+ than for iPMA with Ca2+, as shown in Figure
15B. This demonstrates the weaker interactions of the
carboxylate groups with K+ compared to Ca2+. Speciﬁcally,
the K+ ions are not as well able to induce the deprotonation of
the carboxylic acid groups as the Ca2+ ions, resulting in the
relatively strong carbonyl peak intensity. Even though the
electrostatic interactions of the K+ ions with carboxylate groups
decrease the overall polymer charge density and thus drive
iPMA to the oil−water interface, these interactions are not
strong enough to cause a high degree of ordering of the
carboxylate groups, resulting in relatively weak carboxylate
signal. This structure is consistent with that of interfacial PAA
with Na+, as shown in Figure 6.

■

POLYELECTROLYTES AS SURFACTANTS: AN
OVERVIEW AND FUTURE PROSPECTS
The assembly of polyelectrolytes to the interface between
nonpolar and aqueous liquids is an important process to several
applications ranging from biological, to environmental, to
industrial. It is therefore important to identify and understand
which polyelectrolyte characteristics as well as aqueous solution
conditions enable charged macromolecules to adsorb to liquid−
liquid interfaces. Additionally, it is critical to acquire speciﬁc
details of the adsorption process itself, as well as the resulting
interfacial structure. Speciﬁc questions can be asked in terms of
polyelectrolyte behavior at the oil−water interface: What
characteristics of the polyelectrolyte and aqueous solution
promote the ordered assembly of polyelectrolytes at the
interface? What factors determine the degree to which
polyelectrolytes accumulate at the interface? How can the
interactions of polyelectrolytes with counterions induce
28339
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alkyl surfactants at the oil−water interface at high pH values.
For polyelectrolytes, cations can induce the adsorption of
certain polyelectrolytes, with the degree of adsorption and
ordering depending on the strength of the interaction between
the carboxylate groups and the cations. Even though alkyl
surfactants do adsorb to the interface at these higher pH values,
the addition of cations induces an increased degree of packing
and ordering on the surfactant monolayer, which also depends
on the degree of the interaction of the cation with the
carboxylate group.
The results presented in this article have thus provided an indepth molecular-level picture for describing polyelectrolyte
behavior at the oil−water interface. In particular, these results
have implications for a variety of ﬁelds in which polyelectrolyte
assembly between two immiscible liquids is important, such as
for describing the behavior of proteins at the surface of a cell,
understanding the fate and transport of toxins and nutrients in
the environment via humic acids, or determining the ability of
polyelectrolytes to stabilize emulsions for enhanced oil
recovery. Often, polyelectrolytes are used with oppositely
charged organic species, such as surfactants or other
polyelectrolytes, to invoke synergistic adsorption eﬀects. This
is especially true for applications that require a signiﬁcant
lowering of the oil−water interfacial tension. We now have a
thorough molecular-level understanding of both polyelectrolyte
and alkyl surfactant behavior at the oil−water interface.
However, these adsorption processes for mixed systems are
complicated and not yet well understood. The studies
presented here, as well as our previous studies of alkyl
surfactants, have paved the way for future studies aimed at
exploring these more complex polyelectrolyte-co-adsorbate
systems at the oil−water interface with VSF spectroscopy
that have prevalence in more realistic systems.

Figure 15. VSF spectra (ssp polarization) of 3 kDa iPMA (5 ppm, pH
6) with added 10 mM KCl (pink squares) and 10 mM CaCl2 (black
circles) in the carbonyl (A) and carboxylate (B) stretching regions.
Solid lines are ﬁts to the data. Data are taken from ref 29.

adsorption and aﬀect polyelectrolyte adsorption dynamics and
resulting interfacial structure? The combined VSF spectroscopic and interfacial tension studies performed in our
laboratory have served to provide a fundamental molecular
level understanding concerning polyelectrolyte adsorption and
assembly at an oil−water interface, which has not been
thoroughly studied previously. Several important features
related to the balance between polyelectrolyte hydrophobicity
and hydrophilicity have been discovered that greatly inﬂuence
polyelectrolyte interfacial behavior and appear to be consistent
throughout our studies of diﬀerent poly(carboxylic acids).
Interestingly, these features of polyelectrolyte adsorption to
the oil−water interface are somewhat diﬀerent from those of
simple, carboxylic acid-containing alkyl surfactants. For
instance, alkyl surfactants adsorb to the oil−water interface in
an ordered manner only at relatively high pH when most of the
carboxylic acid groups are deprotonated, while polyelectrolytes
adsorb to the oil−water interface in an ordered manner only at
relatively low pH when most of the carboxylic acid groups are
protonated. This indicates the powerful role of collective
charging behavior in the oil−water interfacial assembly of a
macromolecule that is able to accumulate several charges,
compared to one that has only one ionizable group.
Additionally, polyelectrolytes have the ability to adsorb either
as a monolayer or as multilayers, depending on the
conformation of the initially adsorbed polymer layer. This is
in contrast to simple alkyl surfactants, which tend to quickly
adsorb to the oil−water interface as a monolayer and lack the
dynamics seen in polyelectrolyte adsorption. Lastly, cations
have similar eﬀects on the assembly of polyelectrolytes and
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