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ABSTRACT: The influence of salt purity on the interactions
between Na+ ions and the carboxylate (COO−) head group of
palmitic acid (PA) monolayers is studied in the COO− and
OH stretching regions using broad-band vibrational sum
frequency generation (VSFG) spectroscopy. Ultrapure (UP)
and ACS grade NaCl salts are used for aqueous solution
preparation after proper pretreatment. The time evolution of
VSFG spectra of PA monolayers on solutions made from these
two grades of salts is different, which reveals that the salt purity
has a significant impact on the interactions between Na+ ions
and the COO− group of PA. The trace metal impurities in ACS grade salt, which are more abundant than those in UP grade salt,
are responsible for this difference due to their stronger affinity for the carboxylate group relative to Na+ and further affects the
interfacial water structure. These results suggest that the alkali salt grade even after pretreatment is critical in the studies of alkali
cation−carboxylate interactions and comparison of relative binding affinities of different cations.

■ INTRODUCTION

Cation-specific effects in aqueous solutions are essential to
many chemical, biochemical, and atmospheric processes.1−8

Particularly, Na+ and K+, as the two most abundant alkali
cations in intra- and extracellular fluids, play a critical role in cell
signaling.9−11 While both are alkali cations, they exhibit notable
chemical differences, for example, their binding affinities to ion
pumps produce different intra- and extracellular Na+/K+ ratios,
which, in turn, creates an ionic gradient across cell
membranes.12−15 Computational studies by Jungwirth and co-
workers have shown that the preferred interactions of Na+ and
K+ with proteins can be attributed to the stronger affinity of
Na+ for the carboxylate (COO−) groups within amino acid side
chains.16,17 Other simulations of the cation-specific interactions
with the carboxylate group and acetate ion have also shown
stronger preference of Na+ to COO− relative to K+.18−21 This
analysis was also extended to other anionic groups in
discriminating Na+ and K+ affinities in biological environ-
ments.22 In general, all of these results have been in agreement
with the “law of matching water affinities” for which anions and
cations with similar size and valence preferentially form stable
ion pairs.23

In addition to these theoretical studies, experimental work
has been undertaken to elucidate the cation binding to the
carboxylate group. For instance, Uejio et al. and Aziz et al.
examined the cation-specific interactions with COO− in amino
acids as well as in formate and acetate aqueous solutions using
X-ray absorption spectroscopy.21,24 More recently, Murda-
chaew et al. investigated the alkali cation interactions with
dicarboxylate dianions in the gas phase by photoelectron
spectroscopy.18 The binding affinity of cations to the carboxyl
head group of fatty acid monolayers at air/aqueous interfaces
has also been of much interest. For example, the effect of

divalent cations on the structure and dissociation of long-chain
fatty acid monolayers has been studied using infrared
reflection−absorption spectroscopy (IRRAS),25,26 whereas
Cremer and co-workers utilized surface-specific vibrational
sum frequency generation (VSFG) spectroscopy to understand
the cation-specific interactions with the carboxylate groups of
fatty acid and acidic polypeptide monolayers and their influence
on water organization at air/aqueous interfaces.5,27

Most of the results obtained so far with Na+ and K+ ions have
suggested that Na+ has a stronger binding affinity to COO−

relative to K+.5,22−24 However, a VSFG spectroscopy study by
Tang and Allen pointed out a greater affinity of K+ than Na+ for
the COO− group of palmitic acid (PA) monolayers, in
contradiction with the law of matching water affinities.8 This
controversial finding initiated further experiments to assess the
effect of salt purity and pretreaments on such studies.28 Aside
from instrumental and methodological factors, the purity of the
salts utilized in the current experimental work was evaluated for
their spectroscopic impact. As shown in Table 1, salts with
different purities and pretreatments have been used among
research groups. Note that there is typically a 1−2%
contamination level in the ACS grade salts, part of which are
polyvalent cations such as Mg2+, Ca2+, Fe3+, Pb2+, and Ba2+. The
presence of such polyvalent cations, even in trace amounts,
could significantly alter the binding affinities of monovalent
cations and perturb the interfacial water organization through
binding to the carboxylate group.27
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In fact, salt purity in the aforementioned and other relevant
studies can be critical and may have a significant impact on the
experimental results. Very recently, Hua et al. reported on the
effects of salt purity on the interfacial water organization of
various bare aqueous salt solutions using conventional and
heterodyne-detected (HD-) VSFG spectroscopy.28 Their
results showed no appreciable difference in the water OH
stretching region of spectra obtained from those salt solutions
prepared from filtered ultrapure (UP) and ACS grade salts, thus
indicating the negligible impact introduced by the presence of
trace amount polyvalent cations. Incidentally, much less work
has been done to address the impact of the trace amount of
polyvalent cations at air/surfactant interfaces.27

In this work, we clarify the impact of salt purity on the study
of binding between one alkali cation (Na+) and the carboxylate
group of PA monolayers at air/aqueous interfaces by means of
VSFG spectroscopy. Our results reveal the significantly
different binding affinity of Na+ cations with the head group
of PA by using filtered UP versus ACS grade salt solutions as
the subphase. During the spectral monitoring, a small intensity
decrease of the COO− stretching peak is observed for the UP
salt solution, whereas a pronounced intensity increase is seen
for the ACS salt solution. For the whole OH stretching region,
the intensity remains low and constant for the UP salt solutions
but undergoes a gradual decrease over time for ACS grade salt
solutions. The different spectral behavior is likely due to the
stronger affinity of polyvalent metal ions present in the ACS
grade salt.

■ EXPERIMENTAL DETAILS

Materials. PA (CH3(CH2)14COOH, ≥99%) and acyl chain
deuterated d31-PA (CD3(CD2)14COOH, 98%) were purchased
from Sigma-Aldrich and Cambridge Isotopes, respectively. ACS
grade (≥99%) and UP grade (trace metals basis, 99.999%)
NaCl salts were purchased from Fisher Scientific and Acros
Organics, respectively. Ultrapure water with a resistivity of
18.2−18.3 MΩ·cm and a measured pH of 5.6 (not purged of
CO2) was obtained from a Barnstead Nanopure system (model
D4741, Thermolyne Corporation) equipped with additional
organic-removing cartridges (D5026 Type I ORGANICfree
Cartridge Kit; pretreat feed). All containers and glassware were
carefully cleaned using concentrated sulfuric acid with the
addition of a strong oxidizer, ammonium peroxydisulfate, and
then thoroughly rinsed with UP water.
Preparation of Lipid and Aqueous Salt Solutions. PA

and d31-PA solutions were prepared at a 1.5 mM concentration

by dissolution in spectroscopic grade chloroform (Sigma-
Aldrich). Both UP and ACS grade NaCl salts were baked at
∼600 °C for 10 h in a muffle furnace (Isotemp model 550-14,
Fisher Scientific). Stock salt solutions were prepared by
dissolving ultrapure and ACS grade salts in ultrapure water
and then filtering them twice using activated carbon filters
(Whatman Carbon Cap 75, Fisher Scientific) to remove
organic impurities. Their concentrations were then stand-
ardized by Mohr titration.29 Both salt solutions were shown to
be free of organic impurities, as revealed by their VSFG spectra
taken in the surfactant CH stretching region (2800−3000
cm−1) (Supporting Information). All solutions were thermally
equilibrated to room temperature (23 ± 1 °C) over 24 h before
use.

Equilibrium Spreading of PA Monolayers. PA mono-
layers were overspread (∼10 μL) on water and salt solutions in
Petri dishes (5 cm diameter). The quantity of spread PA was
equivalent to a mean molecular area of ∼21 Å2/molecule,30

which corresponds to a 2D-ordered (tilted liquid-condensed)
phase.31 Following spreading, 10 min was allowed for solvent
evaporation, after which, VSFG spectra were collected for ∼1 h.
The acquisition time for each spectrum was 5 min.

Vibrational Sum Frequency Generation Spectroscopy.
The VSFG spectra were obtained on a broad-bandwidth VSFG
spectroscopy setup that has been described in detail else-
where.8,32−34 Briefly, a Ti:sapphire oscillator (Tsunami,
Spectra-Physics) with a center wavelength at 800 nm was
used to seed two 1 kHz regenerative amplifiers (Spitfire
femtosecond (fs) and picosecond (ps) versions, Spectra-
Physics) that are pumped by a solid-state Nd:YLF laser
(Evolution 30, Spectra-Physics) at 527 nm. The fs and ps
amplifiers generate broad-band (∼85 fs, ∼345 cm−1 bandwidth,
∼1 W) and narrow-band (2 ps, ∼17 cm−1 bandwidth, >0.9 W)
laser pulses at 800 nm, respectively.34 The narrow-bandwidth
beam was used as the visible (vis) beam, while the broad-
bandwidth beam was further directed to an optical parametric
amplifier (TOPAS-C, Light Conversion) coupled to a narrow-
difference frequency generation system (NDFG, Light
Conversion) that generated a tunable mid-infrared (IR)
beam. The full spectral bandwidth of the generated broad-
band IR beam was ∼250 cm−1 in the COO− stretching region
(1350−1600 cm−1) and ∼800 cm−1 in the OH stretching
region (3000−3800 cm−1). The spectral resolution was ∼8
cm−1.30 The average energies of the IR beam for the COO− and
OH stretching regions were ∼6 and 10 μJ, respectively, while
that of the vis beam was ∼300 μJ. The copropagating vis and IR

Table 1. Salts with Different Purities and Pretreatments Used Among Research Groups in Studies of Alkali Cation−Carboxylate
Interactions

salt/carboxylate source supplier grade and purity salt baking
solution
filtration ref

NaCl, KCl/polypeptide Sigma-Aldrich NaCl: 99.999%; KCl: 99.999% no no 5
NaCl, KCl/PA Fisher Scientific NaCl: ACS certified, 99%; KCl: EP/BP/USP/FCC,

99%
no yes 8

NaCl, KCl/protein Lachema p. a. grade not specified not specified 16
NaCl, KCl/amino acid Sigma-Aldrich highest purity commercially available no no 21
NaOH, KOH/dicarboxylate acid n/a n/a not specified not specified 18
HCOONa, HCOOK, CH3COONa,
CH3COOK

Sigma-Aldrich 98% or higher no no 24

NaCl/PA (UP grade) Acros Organics trace metals basis, 99.999%; polyvalent cations:
≤10 ppm

yes yes this work

NaCl/PA (ACS grade) Fisher Scientific ACS certified ACS, 99%; polyvalent cations:
∼40 ppm

yes yes this work
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beams impinge on the aqueous surface at incident angles of 53
and 68°, respectively, and are overlapped spatially and
temporally to generate a sum frequency (SF) beam in the
reflection direction. The ssp beam polarization combination (s-
SF, s-vis, and p-IR) was used. Furthermore, most of the IR
beamline was purged with dry nitrogen to minimize the
absorption of the IR beam by water vapor in the air in both
spectral regions.

■ RESULTS AND DISCUSSION
In the following discussion, VSFG spectra of PA monolayers in
the COO− and OH stretching regions are presented. The
COO− peak directly reveals the binding of the Na+ cation to
the head group of PA, while the OH stretching band relates to
the interfacial water structure that is affected by the
surfactant,27,35−39 thus providing a complementary view of
the binding event. Tang and Allen reported the VSFG spectra
of PA on non-UP (e.g., ACS grade) salt solutions ∼10−15 min
after spreading and found a stronger affinity of K+ for the
carboxylate group over Na+.8 It is also known that the intensity
of the spectra may change with time due to monolayer
relaxation40 that can affect the comparison of the binding
affinity of cations to carboxylate groups. Therefore, a time study
was performed to see how the spectra change for aqueous
solutions made from UP and ACS grade salts.
Direct Evidence of Na+ Interactions with the

Carboxylate Group from the COO− Stretching Region.
Figure 1 shows the time evolution of VSFG spectra in the
COO− stretching region of d31-PA monolayers on 0.6 M NaCl
solutions up to about 1 h after spreading. Two peaks at ∼1405
and ∼1470 cm−1 are observed for both UP grade and ACS
grade salts. The d31-PA was chosen here to avoid the
interference from CH2 bending modes (∼1465 cm−1). The
contribution to the signal in this region is assigned to the
different species (complexed and hydrated) of the COO−

groups (see below). Note that the pKa value of the carboxyl
group is ∼4.6−4.9 for short-chain fatty acids in the bulk, but it
increases to ∼7−10 for medium- and long-chain fatty acids at
the air/water interface due to the closer packing occurring with
increased chain length.41,42 For example, using different
experimental techniques, the apparent surface pKa of PA was
found to lie in the range of 8−10.40,41,43,44 Hence, given a neat
water subphase with pH 5.6, according to the calculations
reported by Shen and co-workers, ∼99.9% of the PA head
groups are protonated prior to binding,45 which is supported by
the lack of a SFG COO− signal from a d31-PA monolayer on
neat water (Figure 1a). The presence of the COO− stretching
signal observed in Figure 1b,c can be attributed to the
deprotonation caused by the metal cations in the subphase,8

which will be discussed below. The peak at 1405 cm−1 is
assigned to the hydrated COO− species,8,40,45 whereas the one
at 1470 cm−1 is indicative of ionic complexes of COO− groups
with cations.8,40 This ionic complex has been previously
identified by IRRAS.25,26,46 The intensity of the high-frequency
peak at ∼1470 cm−1 is much higher than that of the low-
frequency peak at ∼1405 cm−1, suggesting that most COO−

groups form complexes with the metal cations (M+) in the
subphase. In the following discussion, the emphasis will be put
on the 1470 cm−1 peak as it is directly related to the binding
event between COO− and Na+.
Figure 1b depicts the VSFG spectra of a d31-PA monolayer

on the solution prepared with the UP grade NaCl salt. After
spreading, the 1470 cm−1 peak displays a gradual but small

decrease in intensity (up to ∼20%) and becomes relatively
constant after about 1 h. Because the VSFG signal is responsive
to the local ordering (anisotropy) at the air/aqueous
interface,47,48 the intensity decrease observed here can be
attributed to the PA monolayer relaxation; PA molecules
become more disordered as no counteracting surface pressure
is applied. Sakai and Umemura also observed surface pressure
relaxation in Langmuir monolayers of zinc stearate by infrared
external reflection spectroscopy, which was linked to a change
in the orientation angle of the hydrocarbon chain relative to the
surface normal.49 In addition, Ma and Allen’s VSFG study on
phospholipid monolayers on water showed a significantly lower
intensity of the symmetric phosphate (POO−) group at lower
surface pressure (∼12 mN/m),50 which is similar to the COO−

intensity decrease observed here.
In the case of ACS grade NaCl salt, as seen in Figure 1c, the

general features of the VSFG spectra remain nearly identical to
those found in Figure 1b. The 1470 cm−1 peak in the initial
spectra taken ∼10 min after spreading is much lower in
intensity than that of UP grade salt (compare the black spectra
in Figure 1b and c). Despite the different peak intensity ratio,
the presence of two peaks at 1405 and 1470 cm−1 in Figure 1c
agrees with Tang and Allen’s spectra (after ∼10 min
spreading).8 However, unlike the intensity decrease of the

Figure 1. VSFG spectra of d31-PA monolayers on neat water and NaCl
salt solutions in the COO− stretching region (1350−1600 cm−1) up to
about 1 h after spreading: (a) neat water, (b) UP grade 0.6 M NaCl
solution, and (c) ACS grade 0.6 M NaCl solution. Spectra were taken
∼10 min after spreading, as shown in the figure.
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1470 cm−1 peak observed in the spectra from the UP grade
NaCl solution, there is a remarkable intensity increase for the
ACS grade NaCl solution, indicating that more cation−COO−

surface complexes are present and, thus, stronger cation
binding to COO−.8,40 The intensity about 1 h after spreading
becomes constant and almost 6 times higher than the initial
intensity, although varying to some extent on different days
(4−6 times higher; see the Supporting Information). This trend
is significantly different from that observed in the UP grade
NaCl solution spectra. Because both ACS and UP grade NaCl
salts were pretreated following the same procedure and the
experiments were performed under the same conditions, the
difference in intensity change can be primarily attributed to the
purity of the salts, that is, the presence of trace amounts of di-
and trivalent cations, which have stronger binding affinities with
the head group of PA.5,25−27,40 In particular, as shown in Table
1, the ACS grade NaCl contains more polyvalent metal cations
(∼40 ppm) than UP grade NaCl (≤10 ppm). It is expected that
the quite small (<0.01%) but non-negligible amount of
polyvalent cations in the ACS grade salt bind to the COO−

groups due to their stronger binding affinity relative to Na+,5,26

which largely accounts for the dramatic intensity increase of the
1470 cm−1 peak with elapsed time. Even though the ACS grade
NaCl also contains some trace amounts of anions (e.g., Br−, I−,
NO3

−, ClO4
−, etc., for a total amount of ≤200 ppm), the cation

effect is dominant in the ion−monolayer electrostatic
interactions. Not surprisingly, because the carboxyl head
group of PA becomes negatively charged upon the ion-induced
deprotonation, it is more likely to attract oppositely charged
cations.8,25,40 The binding event is also believed to be cation-
specific and to follow a Hofmeister series.51,52 However,
whether the coanion has an influence or not on these
interactions still needs further investigation.
Indirect Evidence of Na+ Interactions with the

Carboxylate Group from the OH Stretching Region.
The organization of water molecules in the OH stretching
region is highly sensitive to its environment.53−58 For instance,
the influence of trace amounts of organics on the interfacial
water structure has been extensively studied.27,35−39 Because all
of the salts used here are free of organics after pretreatment, the
spectral change observed here can only be attributed to the
cation−carboxylate binding.
Figure 2a presents the VSFG spectrum in the OH stretching

region of a PA monolayer on neat water. There are four bands
located at ∼2940, ∼3200, ∼3450, and ∼3600 cm−1. The 2940
cm−1 peak is assigned to the Fermi resonance of the CH3
symmetric stretch with the overtone of the bending mode.8,45

The broad band from 3200 to 3450 cm−1 is a signature of
collective OH stretching modes of hydrogen-bonded water
molecules that display complex coordination and cooperativity
in the interfacial region.56,59,60 The 3600 cm−1 peak results
from weakly hydrogen-bonded OH groups of both fatty acid
and water. These features are consistent with the VSFG spectra
reported by Miranda et al.45 and Tang and Allen.8,35 Although,
as mentioned earlier, most of the PA molecules are intact at the
water surface, a small amount of deprotonated carboxylic
groups still exists, and, in turn, the presence of an electric field
induced by this deprotonation can change the interfacial water
structure,35 as shown by the higher intensity relative to that of
neat water in Figure 2a. Note that the spectra in Figure 2a are
slightly different from previously reported ones, especially in
the region from ∼3600 to 3700 cm−1.8 This was probably

caused by the lower energy on the high-frequency side of our
previous incident IR profile that was not easily normalized out.
In the presence of NaCl in the subphase, the VSFG spectra

of the PA monolayers have significantly changed (Figure 2b,c).
The intensity of the OH stretching bands on UP grade NaCl
solution (Figure 2b) changes dramatically relative to that of PA
on neat water. The lower intensity in the high-frequency region
in Figure 2b relative to Figure 2a indicates a loss of local
ordering between water molecules just below the PA
monolayer due to charge screening. In other words, the
interaction of Na+ with the COO− head groups gives rise to a
less charged interface that weakly aligns the water molecules.
This explanation for the spectral intensity attenuation relative
to PA on neat water is in accordance with previous VSFG
studies of surfactant monolayers on salt solutions.27,35,37,61 In
addition, the intensity remains constant even 30 min after
spreading the PA monolayer on the UP grade NaCl solution,
suggesting that a stable monolayer is formed. It could serve as
evidence that the trace amounts of polyvalent metal ions in the
UP grade NaCl salt did not result in a significant perturbation
of the interfacial water organization.
In contrast, the VSFG spectra of a PA monolayer on ACS

grade NaCl solution resemble that on neat water (compare
Figure 2a and c). The three broad bands in the region from
3000 to 3800 cm−1 are easily discernible, and the peak

Figure 2. VSFG spectra of PA monolayers on neat water and NaCl salt
solutions in the OH stretching region (3000−3800 cm−1) up to about
1 h after spreading. (a) PA on neat water, (b) UP grade 0.6 M NaCl
solution, and (c) ACS grade 0.6 M NaCl solution. Spectra were taken
every 7 min on average, ∼10 min after spreading.
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assignment is similar to that on the neat water subphase,
although the peak intensity decreases, especially at ∼3200
cm−1. The spectral intensity decrease provides evidence of
cations binding to COO− as the water molecules become less
aligned by the weaker interfacial electric field and the head
group becomes less ordered with respect to orienta-
tion.27,35,36,61 Despite the overall lower intensity relative to
that of PA on neat water, the spectral intensity on the ACS
grade subphase is much higher at 3500 cm−1 than that for PA
on the UP grade NaCl solution. As shown in Table 1, the
concentrations of polyvalent cations in UP and ACS grade
NaCl salts are ≤10 and ∼40 ppm, respectively. Gurau et al.
have reported the marked effect of trace amounts of divalent
ca t ions (1 and 10 μM) on an arach id ic ac id
(CH3(CH2)18COOH) monolayer in the OH stretching region
relative to that on neat water.27 It is expected that the impurity
level of polyvalent cations between the UP and ACS grade salts
in our experiment is sufficient and leads to the significant
difference observed between Figure 2b and c.
The most significant difference between the UP and ACS

grade salt solutions is the intensity changes with elapsed time.
Unlike the VSFG spectra given in Figure 2b, those in Figure 2c
decreased in intensity and then became unchanged after about
1 h. As more polyvalent metal cations present in the ACS grade
salt, which have stronger binding affinity, bind to COO−

groups, the water hydrogen bonding structure changes.
Accordingly, the ionic complex between the cation and
COO− becomes predominant and leads to an increasing peak
intensity at ∼1470 cm−1, as shown in Figure 1c. The two
complementary views of the binding mechanism revealed by
the VSFG spectra from the COO− and OH stretching regions
are consistent with each other.
On the basis of the spectral changes of PA monolayers on UP

and ACS grade NaCl solutions in both the COO− and OH
stretching regions, the purity of alkali salts is found to have a
great impact on the resulting VSFG spectra of fatty acids spread
on their solutions (even after pretreatment). This may further
cause difficulty in determining the relative binding affinity of
cations, for example, Na+ versus K+. Therefore, UP alkali salts
are highly recommended for studies of cation−carboxylate
binding. Note that the impact of organic contaminants with the
UP grade salt on the cation−carboxylate binding has not yet
been studied.5,6 Furthermore, to gain a better understanding of
the cation−surfactant interaction, a complete study of other
salts and surfactants (e.g., phospholipids) as well as of
pretreatment effects is needed.

■ CONCLUSIONS
PA monolayers at the air/NaCl solution interface were
monitored over time by VSFG spectroscopy in the COO−

and OH stretching regions after spreading on the pretreated
solutions prepared from UP and ACS grade NaCl salts.
Significant differences were observed between the UP and ACS
grade salt solution spectra. In the COO− stretching region, the
1470 cm−1 peak, which is a signature of the ionic complex
formed between the COO− group and cations, undergoes a
small intensity decrease for the UP salt solution, whereas for
the ACS salt subphase, a drastic intensity increase is observed.
In the OH stretching region, the intensity of the broad band
from 3000 to 3800 cm−1 remains unchanged for the UP salt
solution but gradually decreases for the ACS one.
The information conveyed by the VSFG spectra of PA

monolayers in the COO− and OH stretching regions are

consistent with each other. Both results demonstrate the impact
of trace metal contaminants on the cation−carboxylate binding,
and these impurities largely affect the spectra of PA in both
spectral regions. The changes in the spectra for UP salt solution
are likely related to monolayer relaxation, but for the ACS salt
subphase, the changes are largely due to the trace metal
impurities that strengthen the cation−carboxylate binding. The
grade of alkali salts therefore proves to be critical in exploring
the cation−carboxylate binding and comparing relative binding
affinities of different cations. The use of UP grade salt is
strongly recommended especially in the studies related to
alkali−carboxylate interactions. However, whether the salt
purity effect applies to the interactions between other
monovalent cations and negatively charged moieties such as
the phosphate group in phospholipids is still unknown. More
generally, special care should be taken in the selection of
chemicals when investigating air/aqueous surfactant interfaces
with surface-sensitive techniques.
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