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Abstract: We investigated specific ion effects on interfacial water structure next to macromolecules with
vibrational sum frequency spectroscopy (VSFS). Poly-(N-isopropylacrylamide) was adsorbed at the air/
water interface for this purpose. It was found that the presence of salt in the subphase could induce the
reorganization of water adjacent to the macromolecule and that the changes depended greatly on the
specific identity and concentration of the salt employed. Ranked by their propensity to orient interfacial
water molecules, sodium salts could be placed in the following order: NaSCN > NaClO4 > NaI > NaNO3

≈ NaBr > NaCl > pure water ≈ NaF ≈ Na2SO4. This ordering is a Hofmeister series. On the other hand,
varying the identity of the cation exhibited virtually no effect. We also showed that the oscillator strength
in the OH stretch region was linearly related to changes in the surface potential caused by anion adsorption.
This fact allowed binding isotherms to be abstracted from the VSFS data. Such results offer direct evidence
that interfacial water structure can be predominantly the consequence of macromolecule-ion interactions.

Introduction

The Hofmeister series,1-5 was first constructed almost 120
years ago to characterize the ability of salts to precipitate
proteins from aqueous solution.1 The qualitative order of the
anions is

The ions at the right end of the series are referred to as
chaotropes and usually act to salt protein molecules into solution,
while the ions on the left are called kosmotropes and cause
proteins to salt-out of solution. The chloride ion typically
designates the dividing line between the two types of behavior.
The importance of the Hofmeister series goes well beyond the
solubility of proteins. Indeed, it plays a critical role in a wide
variety of chemical and physical phenomena.2-5 Despite its long
history and wide impact, a molecular level understanding of
this series is still far from complete. The Hofmeister effect was
originally explained by the capacity of various ions to “make”
or “break” bulk water structure.2-5 This idea has been chal-
lenged, however, by many recent experimental6-8 and theoreti-
cal9-11 studies. In fact, those investigations have clearly showed

that the properties of bulk water are not significantly perturbed
by ions dissolved in solution.

The Hofmeister effect can be treated as an interfacial
phenomenon.2-4,12 Specifically, the direct interactions of ions
with the macromolecule/aqueous interface should be of central
significance. Interfacial water structure plays a key role in the
thermodynamic and kinetic properties of macromolecules and
biomacromolecules dissolved in aqueous solution.13,14Contrary
to the conventional belief that ions are absent from surfaces
and interfaces, recent experimental and theoretical studies have
proven that ions, particularly anions, can be present and even
enriched at the top most layer of surfaces and interfaces.8,15-23

This raises some important questions. First, how is interfacial
water structure affected by the presence of Hofmeister ions?
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Second, how do these interactions contribute to the overall
Hofmeister effect?

An attractive technique for investigating interfacial water and
polymer structure is vibrational sum frequency spectroscopy
(VSFS).24-26 VSFS is a second-order nonlinear optical spec-
troscopy, which is inherently surface/interface specific. The
technique has proven to be a very powerful method for
investigating the molecular level details of interfaces. Numerous
VSFS studies have focused on interfacial solvent molecules and/
or species adsorbed at interfaces.21,26-28 One topic that has
received a particularly large amount of attention involves
polymers and proteins adsorbed at solution interfaces.28-32 Many
water-soluble macromolecules are surface active and can adsorb
at the air/water interface from solution with their hydrophobic
moieties well-aligned into the gas phase. Such alignment can
be easily monitored by measuring the sum frequency response
in the CH-stretch range. Moreover, the OH-stretch range of the
VSFS spectrum can report on interfacial water structure next
to the adsorbed macromolecules. The interference between the
OH and CH features provides information about the relative
orientation of these oscillators.33-36

Despite the potential utility of VSFS for monitoring adsorbed
polymers and proteins at interfaces, no previous VSFS studies,
to the best of our knowledge, have focused on specific ion
effects in such systems. In this work, we investigate the effects
of Hofmeister anions on a polymer, poly-(N-isopropylacryla-
mide) (PNIPAM), and the water structure next to it (Figure 1).
Specific ion effects can be monitored by VSFS as the salt in
the aqueous subphase is varied. PNIPAM is an attractive
molecule for such investigations for several reasons. It contains
both isopropyl groups, which are hydrophobic, and amide
moieties, which are more hydrophilic.37,38Similar to many other

polymers and proteins, PNIPAM, can be adsorbed to the air/
water interface from solution to form a Gibbs monolayer which
is well suited for VSFS studies. A unique property of PNIPAM
is its lower critical solution temperature (LCST). This means
that PNIPAM will precipitate out from aqueous solution above
a specific temperature (∼31 °C in pure water).37,38 This
phenomenon is very similar to the cold denaturation/renaturation
phase transition of proteins. Additionally, the LCST of PNIPAM
is known to be very sensitive to the identity and concentration
of co-dissolved salts in solution.37-41

Results from the current VSFS studies clearly show that the
water structure at the air/PNIPAM/aqueous interface is very
sensitive to the salts present in the subphase. In fact, the extent
of water orientation closely followed the Hofmeister series for
the anions. More chaotropic ions generated stronger water
orientation. On the other hand, the CH-stretch region was
unaffected by the nature and concentration of the salt in the
subphase. This indicated that the surface concentration and
orientation of PNIPAM remained nearly unchanged in all the
experiments that were conducted. The cations were varied as
well. In contrast to the anions, the specific nature of the cations
showed little if any influence. This observation could be
attributed to the preferential interactions of the anions with the
polymer. Furthermore, the concentration dependent effects of
the various anions could be quantitatively modeled by employing
Gouy-Chapman-Stern theory. The equilibrium dissociation
constants for anion adsorption could, therefore, be determined.
The values of the dissociation constants for the anions with
PINPAM were found to be 0.15 M for perchlorate, 0.19 M for
thiocyanate, 0.50 M for iodide, 3.8 M for nitrate, 4.0 M for
bromide, and 15 M for chloride.

Materials and Methods

Materials. All inorganic salts (from Aldrich, MO and Fisher, NJ)
were used as received. PNIPAM was synthesized by free radical
polymerization from its monomer following procedures described
previously.37 The sample had a molecular weight of 1.70× 105 g/mol
and a polydispersity of 1.32.37 Aqueous solutions were prepared from
purified water with a minimum resistivity of 18.1 MΩ‚cm (NANOpure
Ultrapure Water System, Barnstead, Dubuque, IA). When D2O solutions
were employed instead, the heavy water was obtained from Cambridge
Isotope Laboratories (Andover, MA). All solutions were prepared by
addition of the appropriate salt to purified water or D2O. No buffer
was used to control the pH. While it would have been possible to
precisely control the pH of these solutions through the addition of
buffers, this would have necessitated the use of additional salts. Most
of the anions explored herein make strong acids, so the solutions of
the corresponding sodium salts have nearly neutral pH values. The most
important exception to this is NaF, which causes its saturated salt
solution to be basic (pH≈ 10.6).

We wished to determine if modulating the pH of the bulk solution
would have an effect on VSFS spectra at the interface. Therefore,
experiments were performed at pH 3.0 and 11.0. The acidic and basic
solutions were prepared by adding HCl and NaOH, respectively, to
purified water with no additional salts. The spectra in these cases were
identical within experimental error to the data from pure water (see
Supporting Information, Figure S1). These results demonstrated that
neither PNPAM nor the interfacial water structure was significantly
affected. Indeed, PNIPAM has no titratable groups in this pH range.
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Figure 1. Schematic diagram of the experimental setup for using VSFS to
monitor PNIPAM at the air/water interface. The structure of PNIPAM is
also shown.
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Vibrational Sum Frequency Spectroscopy. Our VSFS system has
been described in detail elsewhere.29,42,43Briefly, the visible and infrared
inputs were generated by an optical parametric generator/amplifier
(OPG/OPA) stage pumped with a Nd:YAG laser, which generated a
50 mJ, 17 ps pulse at 1064 nm. The frequency of the infrared beam
could be tuned between 2000 and 4000 cm-1. The system supplied
∼0.7 mJ per pulse near 3000 cm-1. The 532 nm beam was adjusted to
∼1 mJ per pulse at the sample surface.

To perform VSFS experiments on PNIPAM monolayers, a 35 mL
salt solution containing 0.006 mg/mL PNIPAM was poured into a small
Langmuir trough (Model 601M, Nima, U.K.), which was held at a
constant temperature of 12°C. This concentration was more than
sufficient to form a saturated Gibbs monolayer. In fact, raising the
concentration by 1 order of magnitude led to no observable changes in
the VSFS spectra. The visible and infrared beams were spatially and
temporally aligned to the air/polymer/aqueous interface of the Langmuir
trough and the VSFS signal was collected with a photomultiplier tube
(Hamamatsu, Japan). All spectra were recorded with the ssp (s-sum
frequency, s-visible, and p-infrared) polarization combination.

The intensity of the sum frequency signal,ISFG, could be modeled
using eq 1:

whereIvis andIIR are the intensities of the incoming visible and infrared
laser beams, respectively. The termøeff

(2) denotes the effective second-
order nonlinear susceptibility, which can be further expressed as

whereøNR
(2) and øR

(2) are the frequency-independent nonresonant term
and the frequency-dependent resonant term, respectively.øR

(2) of the
qth resonant mode is a function of the oscillation strength,Aq, resonant
frequency,ωq, peak width,Γq, and the frequency of the input infrared
laser beam,ωIR.

The VSFS spectra reported herein were reproduced a minimum of
three times over at least a 45 min time period to ensure equilibrium
had been achieved. Longer time periods showed no evidence of spectral
changes. The spectra have each been normalized to the nonresonant
response from a piece of Z-cut crystalline quartz after background
subtraction. The normalized spectra were fit to eq 2 by a computer
program using MATLAB software. The oscillator strengths,Aq, of the
water peaks could thereby be abstracted.

Surface Potential Measurements. Surface potentials measurements
on Gibbs monolayers of PNIPAM with various salts in the subphase
were measured in a large Langmuir trough (KSV 5000, KSV Instru-
ments Ltd., Helsinki, Finland). This trough was equipped with a Kelvin
probe for performing vibrating capacitor measurements.44,45 In these
experiments, the aqueous subphases were prepared in a similar manner

to the VSFS experiments. In this case, each measurement was carried
out after waiting at least 20 min to stabilize the reading from the Kelvin
probe. The surface potential values were determined from the average
of 3 to 10 measurements. The absolute values of the surface potential
varied from day to day; however, changes in the surface potential as a
function of the salt solution were far more consistent over the course
of a given day (on average( 14 mV), and this relative difference stayed
consistent from day to day. It is this relative difference that is employed
in the current work.

Results

VSFS Spectral Features. VSFS measurements of a Gibbs
monolayer of PNIPAM were made on a D2O subphase (Figure
2a). The spectrum contained four prominent peaks in the CH
stretch region (2800 to 3000 cm-1). The positions of the peaks,
2874, 2913, 2939, and 2980 cm-1, were abstracted by fitting
the data to eq 2. The 2874 cm-1 peak can be assigned to the
CH3 symmetric stretch (r+) of the isopropyl moiety.43,46 The
2913 cm-1 feature, which was much weaker, is due to the
methine stretch of the isopropyl group. The assignments of the
other two peaks at 2939 and 2980 cm-1 are typically attributed
to a Fermi resonance(r+

FR), and the CH3 asymmetric stretch
(r-), respectively. The features are similar to the VSFS spectrum
reported for a thin PNIPAM film cast on a CaF2 crystal,47

although the 2913 cm-1 peak was assign differently. The
intensities and positions of these peaks are strikingly similar to
previous studies of Gibbs monolayers of isopropanol on aqueous
solutions43,46 as well as to other analogous systems presenting
an isopropyl group.48,49

Next, the identical experiment was repeated in H2O. This time
two small additional features near 3200 and 3400 cm-1 arose
in the VSFS spectrum (Figure 2b). They can be assigned to the
OH stretch modes of aligned interfacial water molecules. These
peaks are quite weak compared with the features in the CH
stretch range. Indeed, PNIPAM does not possess any charged
residues, which would help align interfacial water molecules.
Similarly weak interfacial water features have been previously
observed at the air-water interface in the presence of neutral
surfactants and proteins near their isoelectric points.29,30,33-36

Effect of Anion Identity . Various sodium salts were
introduced into the aqueous subphase to investigate anion effects
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Figure 2. VSFS spectrum of PNIPAM at (a) the D2O/air interface and (b) the H2O/air interface.
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on interfacial water structure in the presence of PNIPAM. The
salts included 1 M NaSCN, 1 M NaClO4, 1 M NaI, 1 M NaNO3,
1 M NaBr, and saturated solutions of NaF (∼0.8 M) and Na2-
SO4 (∼0.8 M). From the VSFS spectra plotted in Figure 3a, it
is obvious that the water peaks became more prominent in the
presence of chaotropic anions. The sodium salt of the most
chaotropic anion, SCN-, induced the greatest water peak
intensity, while the most kosmotropic species, SO4

2-, had almost
no influence on the water structure. The OH stretch peak
intensities were clearly anion specific and followed the Hofmeis-
ter series:

The 3200 and 3400 cm-1 peaks both followed the series and
the fitted values of their oscillator strengths are provided in the
Supporting Information (Table S1).

Next, it was necessary to determine if the interfacial polymer
concentration was changed by the presence of different aqueous
subphases. The VSFS spectra in Figure 3a show apparently
different peak heights in the CH stretch range; however, the

intensities should not be directly compared because of varying
interferences with the OH peaks. To eliminate this interference,
the experiments were repeated with D2O subphases under
otherwise identical conditions, as shown in Figure 3b. It can
be clearly seen that the peaks in the CH region were unchanged
regardless of the anion employed. In fact, the positions and
intensities of all the peaks were identical within experimental
error to those found without any salt. This clearly demonstrates
that salt does not substantially perturb either the concentration
or orientation of the isopropyl moieties of PNIPAM at the air/
water interface. This lack of change is probably the result of a
collective interaction with the vapor phase, whereby the large
number of hydrophobic isopropyl side chains keeps PNIPAM’s
orientation fixed regardless of the specific solution conditions.

Effect of Chaotropic Anion Concentration. The PNIPAM
interfaces were further probed by VSFS as a function of salt
concentration. The VSFS spectra in Figure 4 show changes in
water structure as a function of salt concentration between 0
and 2 M NaSCN. At low NaSCN concentration, the peak
intensity in the OH stretch region increased rapidly with
increasing salt concentration, but the changes were much more
modest above 0.6 M NaSCN. These spectra can be fit with Eqn.
2 and the abstracted oscillator strengths of the 3200 cm-1 peak
are plotted against NaSCN concentration in Figure 5 (solid
circles,b). The same measurements were repeated for the other
Hofmeister salts and these data are also plotted in Figure 5.
The oscillator strength of the 3200 cm-1 peak was found to
increase and then level off in most cases. For the strongest
chaotropes, such as thiocyanate and iodide, the oscillator strength
increased relatively fast in the low concentration range regime
(<100 mM). By contrast, it increased much more slowly for
the weaker chaotropes. The shape of curves was quite remi-
niscent of a Langmuir isotherm and the lines in Figure 5
represent fits to this equation:

where OS stands for the oscillator strength of the 3200 cm-1

peak and C stands for the chaotropic anion concentration.Bmax

represents the maximum value of OS for a particular ion at
infinite concentration.KD,app is the apparent equilibrium dis-
sociation constant. The fits were reasonably good in most cases.

Figure 3. (a) VSFS spectra show specific anion effects on PNIPAM
adsorbed at the air/water interface. Each subphase contained 1 M of agiven
salt as indicated in the legend except for NaF and Na2SO4, which are
measured with saturated solutions (∼0.8 M for both salts). (b) The same
experiments repeated with D2O. The spectra are offset for clarity.

SCN- > ClO4
- > I- > NO3

- ≈
Br- > Cl- > pure water≈ F- ≈ SO4

2-

Figure 4. VSFS spectra of the air/PNIPAM/aqueous interface as a function
of sodium thiocyanate concentration in the subphase.

OS)
BmaxC/KD,app

1 + C/KD,app
(3)
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The abstracted values ofKD,app andBmax for all the anions are
provided in Table 1. The greatest deviation from Langmuir-
type behavior was found for perchlorate (Figure 5, open circles,
O). In this case, the oscillator strength rose quickly at low-salt
concentration, reached a maximum near 600 mM, and then
decreased slightly but steadily at higher concentrations.

Surface Potential. Surface potential measurements were
made at the air/PNIPAM/aqueous interface with the same eight
salts employed in the VSFS experiments. These measurements
were made to determine if changes in the water peaks could be
correlated to changes in the potential at the interface. The surface
potential of the air/PNIPAM/water interface was ca.-360 mV
in the absence of salt in the subphase. Upon addition of the
salts, the potential became more negative for the chaotropic salts,
but barely changed within experimental error when kosmotropic
salts were added to solution. The change in potential with a 1
M concentration of each salt is plotted in Figure 6 , and the
numerical values are listed in the Supporting Information (Table
S1). Again, the same measurements were performed with only
∼0.8 M NaF and∼0.8 M Na2SO4.

As can be seen, SCN- had the greatest ability to attenuate
the surface potential and this propensity decreased with the other
anions according to the Hofmeister series. A linear correlation
could be established between the measured surface potential
and the abstracted oscillator strength of the water peaks (Figure
6, solid circles,b). This remarkable result suggests that changes
in the surface potential were directly related to changes in the
OH-stretch region of the VSFS spectra. The surface potential
was also directly measured for NaSCN and NaClO4 at various
salt concentrations. The numerical values are provided in Table
S2 of the Supporting Information. These values are also plotted
in Figure 6 and show the same linear correlation to the oscillator
strength of the 3200 cm-1 peak (open circles,O, for NaSCN
and open triangles,4, for NaClO4).

It should be noted that similar correlations between nonlinear
optical signals and surface potential have previously been found

at aqueous interfaces in second harmonic generation (SHG)
studies,50-52 although they are less common in SFG studies.33-36

This type of correlation may be due to aø(3) effect or simply
caused by the charge induced alignment of water.33-36 Next, it
should be noted that high quality data for surface potential versus
salt concentration could only be obtained for strong chaotropes.
The reason stemmed from signal-to-noise limitations of the
vibrating capacitor technique.45 Finally, a very similar relation-
ship between the 3400 cm-1 peak’s oscillator strength and the
surface potential was also found, but the correlation was not
quite as good.

Effect of Cations. To test for cation specific effects, VSFS
measurements of the air/PNIPAM/aqueous interface were
performed with various chloride salts. These included 1 M LiCl,
1 M NaCl, 1 M KCl, 1 M CsCl, 1 M (CH3)4NCl, 0.5 M MgCl2,
and 0.5 M CaCl2. The spectra were essentially identical within
experimental error (see Supporting Information, Figure S2). This
suggests that the cations do not strongly associate with the
PNIPAM interface and, hence, the interfacial water structure
remains unchanged.

Ion Adsorption Isotherms and Gouy-Chapman-Stern
Theory. The strong correlation between the surface potential
and the 3200 cm-1 peak (Figure 6) affords a unique opportunity
to measure the surface potential more accurately with VSFS
than is otherwise possible with a Kelvin probe. As noted above,
vibrating capacitor measurements are typically associated with
a large degree of error.45 The data in Figure 5 generally show
increasing water signal with increasing salt concentration. To a
first approximation, the concentration dependence for changes
in the oscillator strength of the 3200 cm-1 peak can be fit by a
simple Langmuir isotherm to abstract the corresponding fitting
parameters (Table 1).

At a higher degree of scrutiny, however, changes in the
surface potential (or the oscillator strength of the 3200 cm-1

feature) should not follow a simple Langmuir isotherm. This is
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15369.

Figure 5. The relative oscillator strength of the 3200 cm-1 peak vs anion
concentration in the subphase. The lines are Langmuir isotherm fits to the
data. The fit for perchlorate is denoted by a dashed line as it is obviously
not as good as for the other anions.

Table 1. Dissociation Constants of Anions to PNIPAM

SCN- ClO4
- I- NO3

- Br- Cl-

KD,app(M) 0.031 0.016 0.048 0.20 0.30 0.76
Bmax(au) 0.43 0.37 0.35 0.22 0.22 0.15
KD,intrinsic (M) 0.19 0.15 0.50 3.8 4.0 15

Figure 6. Correlation between the surface potential and the oscillator
strength for the 3200 cm-1 peak. The solid circles are 1 M salt concentrations
of the Hofmeister salts except for sulfate and fluoride which were∼0.8 M.
The open circles and open triangles represent various concentrations of
NaSCN and NaClO4, respectively. The average error bar for each data point
is (14 mV.
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because Coulombic interactions between ions are significant and
the Langmuir model does not take these into consideration. To
account for Coulombic interactions, an extra electrostatic term
can be introduced into the basic Langmuir model:44,45

Here,σadsis the surface charge density due to anion adsorption
andz is the valence of the ion.C is the bulk ion concentration,
Ns is the number density of binding sites,æ(0) is the surface
potential,k is the Boltzmann constant,T is temperature, and
KD is the equilibrium dissociation constant. The equation adopts
the same mathematical form as the well-known Stern model.44,45

Equation 4 is not directly useful since it contains two
unknowns: the surface charge density and the surface potential.
According to Gouy-Chapman theory, a diffuse double layer is
formed next to a charged plane in an electrolyte solution. This
layer contains a net charge of opposite sign to the interfacial
charge. The charge density in the diffuse double layer can be
related to the surface potential and ionic strength of the bulk
solution:

whereσd is the net charge density in the diffuse double layer,
I is the ionic strength,εr is the dielectric constant, andε0 is the
permittivity of vacuum. To maintain neutrality, the surface
charge,σads, has to be balanced by the charge in the diffuse
layer:

Using eqs 4-6, the surface potential can be uniquely
determined as a function of bulk ion concentration, assuming
the solution contains no other salts. This relationship, however,
cannot be written in a simple closed form. Instead, it must be
determined numerically. Figure 7 plots the concentration
dependence of the surface potential withKD values varying from
0.001 to 100 M.

The concentration dependence of the surface potential is not
a monotonic function. With increasing ion concentration, more

ions adsorb and the greater surface charge density generates a
greater surface potential. The surface potential, however, is not
only determined by the surface charge, but also by the diffuse
double layer, which acts as a screening layer. The screening
effect also increases with ion concentration (ionic strength). The
overall concentration dependence is a combination of these two
competing phenomena.

At low concentration the surface potential rises in a nearly
exponential fashion. This is mostly the result of Stern-type
adsorption. At high concentration, however, the screening effect
becomes dominant and the surface potential decreases roughly
as the square root of the ionic strength. The competition between
these two processes results in a maximum potential, the height
and the position of which strongly depend on the value ofKD.
The stronger the adsorption, the greater and earlier the maximum
in the surface potential is found. However, the anions may not
bind very tightly. This is the case represented by the bottom
four curves in Figure 7. Under these circumstances, the
maximum does not appear until very high concentrations, which
may even exceed the solubility limits of the corresponding salt.

It should be noted that Gouy-Chapman-Stern theory is
applied somewhat differently here compared with its common
use.44,45 In a typical system, ions adsorb onto a surface of
opposite charge. This phenomenon is important only within the
layer very close to the surface (the so-called “Stern layer”).
Within the Stern layer, the potential drops rapidly as a function
of distance from the surface. The surface potential is also
lowered and the effect is stronger at higher ion concentrations.
The screening effect with increasing ionic strength further
reduces the surface potential, though at a slower pace. The
surface potential, therefore, continuously decreases with increas-
ing salt concentration in a standard system with an initial surface
charge.

In the present case, the surface is initially neutral and the
surface charge and the surface potential arise only because of
ion adsorption. This is, therefore, not a “Stern layer” in the
conventional sense, since the counterions have virtually no effect
on this system. We still call the model Gouy-Chapman-Stern
theory because the mathematical derivation is similar, though
the concentration dependence of the system is different. An
analogous case to the present system involves crown ether
complexation in anion-exchange resins, whereby ion pairs are
believed to be important.53

The oscillator strength/surface potential data from Figure 6
can be fit with the present theory and replotted in Figure 8. A
single parameter, the equilibrium dissociation constant, is
obtained from the fit to each ion. The agreement is excellent
with the exception of sodium perchlorate. TheKD values for
thiocyanate, iodide, nitrate, bromide, and chloride are 0.19, 0.50,
3.8, 4.0, and 15 M, respectively. These values are also provided
in Table 1 asKD,intrinsic for the sake of comparison. The fits are
better than the simple Langmuir fitting for the more chaotropic
ions such as I- and SCN- (Figure 5). More significantly, the
intrinsic dissociation constants are 6∼20 times larger (weaker
binding) than the apparent dissociation constants obtained by
Langmuir fitting.

For perchlorate, direct fitting with Gouy-Chapman-Stern
theory is not completely successful. In this case a decrease in
surface potential is found by 1 M (Figure 8, open circles,O).

(53) Okada, T.J. Phys. Chem. B1997, 101, 7814-7820.

Figure 7. Concentration dependence of the surface potential predicted by
Gouy-Chapman-Stern theory for anion adsorption.Ns is set at 5× 1014

cm-2. The solution is assumed to contain only the anion and its counterion,
both of which are monovalent.
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This would suggest that perchlorate saturates the surface at
relatively low concentration. It should be noted that perchlorate
is much larger in size than the other chaotropic anions. If we
assume thatn sites are used for each binding event, then the
Stern equation (eq 4) can be rewritten as follows:

Equations 5, 6, and 7 can be simultaneously solved in a
numerical fashion to obtain the surface potential with this steric
effect properly taken into account. Fitting the perchlorate data
in this manner yields a dissociation constant of 0.15 M with an
n value of 3.08 (Figure 9). This suggests that the adsorption of
a single perchlorate ion blocks∼3 binding sites. Note that the
dissociation constant for perchlorate is actually smaller (stronger
binding) than the one found for thiocyanate. Indeed, perchlorate
induces a more negative surface potential at low concentration
(see Supporting Information, Table S2). Perchlorate, however,
saturates much sooner because of the multisite blocking effect.
Therefore, screening dominates at higher concentrations and
results in an attenuation of the change in surface potential at
concentrations around 600 mM NaClO4. Without this steric
effect, the screening effect would only become dominant over
adsorption at extremely high concentrations. In fact, the apparent
order of perchlorate and thiocyanate in the Hofmeister series is

almost certainly reversed at low concentrations exactly because
of this steric effect. This steric model may apply more generally
and offer an explanation for the general observation that
perchlorate and thiocyanate often switch their respective posi-
tions in the Hofmeister series.2,37 It should be noted that
subjecting the data from the other anions to this model generates
n values very close to 1. This suggests that steric effects are
not significant in those cases.

Discussion

Interfacial Water Structure in the Presence of PNIPAM
Monolayers. It is generally believed that interfacial water
orientation stems predominantly from local electric fields at the
interface.26,27 Previous studies have also shown that the water
peaks increase in intensity as the surface charge density is
increased.34-36 For PNIPAM spread on a pure water subphase,
only very weak OH-stretch peaks were observed from the
uncharged layer (Figure 2b). When chaotropic anions were
introduced, however, the water peaks became much more
prominent. For example, the 3200 cm-1 peak was approximately
2 orders of magnitude more intense in the presence of 1 M
NaSCN than on a pure water subphase (Figure 4).

It should be noted that the results from the PNIPAM interface
stand in stark contrast to other common systems. In typical cases,
adding salt into the subphase screened the electric field and
weakened the OH-stretch peaks in corresponding VSFS
spectra.34-36 The difference here is that the adsorption of the
anions are directly responsible for creating the interfacial
potential (Figure 10). Moreover, the degree of interfacial water
orientation at a given salt concentration was found to depend
directly on an anion’s position in the Hofmeister series (Figure
3a). On the other hand, varying the cations appeared to have
little if any effect. These observations are generally consistent
with the notion that weakly hydrated ions can shed their
hydration shells and associate with the interface, while more
strongly hydrated ions cannot.54

The linear correlation between the surface potential and the
oscillator strength of the 3200 cm-1 peak appears to suggest
that the relationship between surface charge and water alignment
is direct (Figure 6). The drop in surface potential found in the
vibrating capacitor experiments should correlate with water
dipole moments aligning away from the surface (hydrogen atoms
up, oxygen atoms down). Indeed, the interference between the
OH and CH stretches is constructive (comparing Figure 3a and
Figure3b),similar toothersystemswithanegativecharge.29,30,33-36

(54) Marcus, Y.Ion Properties; Marcel Dekker: New York, 1997.

Figure 8. Changes in the surface potential as a function of salt concentration
in the subphase. The lines represent fits using the Gouy-Chapman-Stern
model. The fit for perchlorate is represented by a dashed line to emphasize
the fact that it does not fit nearly as well.

Figure 9. Change in surface potential as a function of NaClO4 concentration
in the aqueous subphase. The solid line is a fit to the modified Gouy-
Chapman-Stern model from eq 5, 6, and 7.
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Figure 10. Anion adsorption onto PNIPAM at the air/water interface.
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In fact, the most chaotropic anions gave rise to the greatest VSFS
intensity between the CH- and OH-stretch regions (∼3000
cm-1).

Adsorption behavior can be viewed as a partitioning of the
anions between the interface and the bulk solution. The
equilibrium constant and the bulk concentration dictate the
distribution between these two states. For an anion to be
adsorbed at the interface, it needs to undergo partial desolvation.
The chaotropic anions have relatively low solvation free energies
mostly because of their generally large size and high polariz-
ability.54 Therefore, a smaller desolvation penalty is paid
compared with the kosmotropic anions. We believe that this is
the major reason for the specific anion effects seen in this
system. Recent calculations and experiments have shown that
chaotropic anions are concentrated at the air/water interface in
a trend which is also consistent with the Hofmeister series.17-21

In addition, the generally greater polarizability of chaotropic
anions may also facilitate adsorption through direct interactions
with PNIPAM’s amide dipole.9-11

It is of great interest to compare the phenomena observed in
the present system with related experiments that also show
specific ion effects at aqueous interfaces. For example, air/water
interface studies of sodium halide solutions have been conducted
with VSFS in several laboratories.23,55,56In those cases it was
also found that anions were enriched in the uppermost layer at
the interface, relative to cations.21 Moreover, the most chaotropic
halides had the greatest preference for the interface. A key
difference, however, between the air/solution interface results
and the present data is the magnitude of the specific ion effect.
Namely, the specific ion effects are much more pronounced for
the polymer interface. For example, the water peak induced by
iodide at the air/PNIPAM/aqueous interface is∼100 times
stronger than at the air/water interface. Indeed, chaotropic anions
should partition much more readily into a hydrated polymer
than into a bare air/water interface.

A previous study by our laboratory investigated specific ion
effects on octadecylamine (ODA) monolayers at the air/water
interface.8 In that case the Langmuir monolayer bore a partial
positive charge, and the water signal was attenuated as salt was

added to solution. Different anions attenuated the signal to
different extents; however, no clear correlation could be found
between the Hofmeister series and the degree of water orienta-
tion. It should be noted that the interactions between the anions
and the monolayer involved electrostatic interactions with the
positively charged head groups of ODA. Such interactions
affected the surface density of the ODA molecules, the
alignment of their fatty acid chains, and the net charge at the
interface. All these effects, in turn, influenced interfacial water
structure and orientation. By contrast, the PNIPAM monolayer
in the present case has relatively less complex interactions with
the anions. In fact, Figure 3b indicates that the orientation of
the PNIPAM layer was nearly unaffected by the presence of
various salts in solution. Therefore, the largest influence of the
anions comes from the modulation of the surface charge density.
The degree of interfacial water alignment follows the Hofmeister
series for the air/PNIPAM/aqueous system simply because the
interactions between the anions and the macromolecule directly
follow this series. This implies that the underlining mechanism
of interfacial water structure ordering is not directly affected
by the identity of the anion dissolved in the subphase, but merely
a consequence of polymer-ion interactions.

Biophysical Implications. Hofmeister salts can bind to
biomacromolecules and induce the alignment of adjacent water
molecules. For example, proteins near their isoelectric point
would be expected to have their adjacent waters aligned (and
surface potential modulated) according to the Hofmeister series
as various salts are added to solution. Such changes should be
important in many phenomena, such as protein solubility,
aggregation, denaturation, and related protein-protein interac-
tions.

Acknowledgment. We thank the National Science Foundation
(Grant CHE-0094332) and the Robert A. Welch Foundation
(Grant A-1421) for funding. We also thank Prof. David E.
Bergbreiter for providing the PNIPAM sample.

Supporting Information Available: VSFS spectra of PNIPAM
on subphases at various pH values, the introduction of various
cations to the subphase, surface potential measurements, and
fitted oscillator strength values. This material is available free
of charge via the Internet at http://pubs.acs.org.

JA073869R

(55) Schnitzer, C.; Baldelli, S.; Shultz, M. J.J. Phys. Chem. B2000, 104, 585-
590.

(56) Raymond, E. A.; Richmond, G. L.J. Phys. Chem. B2004, 108, 5051-
5059.

Special Ion Effects on Interfacial Water Structure A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 40, 2007 12279


