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ABSTRACT: Water organization and ion distribution at air/
aqueous interfaces investigated by nonlinear vibrational
spectroscopy as well as by other surface-sensitive techniques
depend critically on the purity grade and purification
processing of the chosen salts and their solutions. This is
true not only for the ACS grade salts but also for the ultrapure
(UP) grade, even though both have <1% impurities. It is
shown here by means of conventional vibrational sum
frequency generation (VSFG) and heterodyne-detected VSFG (HD-VSFG) spectroscopy that salt purity grade and pretreatment
has a tremendous impact on the interfacial water spectrum of aqueous salt solutions. Our spectroscopic results indicate that salt
solutions prepared from ACS and UP grade salts (NaCl, Na2CO3, Na2SO4, and (NH4)2SO4) display highly similar conventional
VSFG and HD-VSFG spectra, provided that their solutions undergo pretreatment, that is, either salt baking followed by solution
filtration or simply filtration for low melting point salts. In addition, untreated (NH4)2SO4 and NaCl salt solutions prepared from
ACS grade salts show no significant spectral difference compared with pretreated ones. However, the corresponding untreated
solutions made from UP grade salts show a remarkably higher content in organic impurities, which perturb greatly the
conventional VSFG spectra in the water OH stretching region. Only in the case of high melting point halide salts such as
chlorides, was it found that salt baking has an effect comparable to solution filtration. However, this was not always true for all
salts, particularly those having oxyanions. Overall, to avoid spectral distortion introduced by the presence of organic
contamination, it is strongly recommended that metal halide salts should be baked, yet all other molecular ion-based salts should
be first baked (depending on the salt melting point), followed by filtration of their solutions before being used by VSFG
spectroscopy and, most likely, in any other surface-sensitive spectroscopic studies of water organization at air/aqueous interfaces.

1. INTRODUCTION
The impact of inorganic ions on interfacial water organization
at air/aqueous interfaces has been a topic of sustained interest,
particularly because of its relevance in atmospheric aerosol
chemistry,1−4 geochemistry,5−7 and oceanic chemistry,8 among
others. In recent years, intensive efforts have been invested
through both computational and experimental methods in the
understanding of the surface of aqueous salt solutions.9−15 For
instance, the combination of molecular dynamics (MD)
simulations and surface-specific nonlinear optical techniques,
such as second harmonic generation (SHG),16,17 conven-
tional,18−21 and (more recently) phase-sensitive and hetero-
dyne-detected vibrational sum frequency generation (HD-
VSFG) spectroscopy,22−26 as well as two-dimensional (2D)-
VSFG spectroscopy,27−29 have allowed unprecedented access
to the molecular-level picture of water organization and ion
distributions at air/aqueous interfaces.
In the past decade, numerous conventional VSFG and HD-

VSFG spectroscopic studies have systematically investigated the
surface propensity and influence of common inorganic salts,
such as chlorides and other halides,19,30−37 carbonates,35,38,39

nitrates,30,40−42 and sulfates,30,33,35,43 on the interfacial water
organization. Although there is some relative agreement on the

effects of inorganic ions on the interfacial water spectrum and
on their relative location within the interface, a lack of
reproducibility between conventional VSFG and HD-VSFG
spectra from different research groups as well as with other
surface-sensitive techniques44,45 still exists in the literature.
Aside from instrumental and methodological factors, a possible
explanation for this discrepancy could come from the use of
commercial salts of different grades or from salts and salt
solutions that have undergone different processing (e.g., being
used as-received, baking, filtering, baking and then filtering, etc.;
see Table 1).17,19,21,30,31,33,35,38−43 However, aside from
sporadic reports regarding halide salts,17,37 to the authors’
knowledge, no study using conventional VSFG and HD-VSFG
spectroscopy has so far systematically compared the influence
of salt purity and different prior treatments of salts and their
solutions on the spectrum in the water OH stretching region
for a variety of salts, particularly molecular ion-based ones.
To assess the impact of salt purity on the interfacial water

organization and to establish a standardized pretreatment

Received: August 14, 2013
Revised: August 20, 2013
Published: August 21, 2013

Article

pubs.acs.org/JPCC

© 2013 American Chemical Society 19577 dx.doi.org/10.1021/jp408146t | J. Phys. Chem. C 2013, 117, 19577−19585

pubs.acs.org/JPCC


procedure, conventional VSFG spectra were measured in the
water OH stretching (3000−3800 cm−1) and in the surfactant
CH stretching (2800−3000 cm−1) regions and HD-VSFG
spectra in the OH stretching region from the aqueous interfaces
of solutions made with ACS and ultrapure (UP) grade
commercial salts, with and without prior treatment. In the
case of salts with high melting points (NaCl), VSFG spectra
were also obtained for solutions made from baked-only ACS
and UP grade salts. The results regarding carbonate, sulfate, and
chloride salts reveal that for the same chemical species, UP
grade salts (>99.99%) versus ACS grade ones (≥99%) display
highly similar conventional VSFG and HD-VSFG spectra in the
OH stretching region, provided that the solutions be treated
beforehand. However, untreated solutions from UP grade salts
show a greater amount of organic impurities in comparison
with ACS grade salts and greatly distort the spectrum in the
water OH stretching region such that they should be used with
caution in any study of interfacial water organization on
aqueous solutions.

2. EXPERIMENTAL DETAILS

2.1. Materials. ACS grade (purity ≥99%) and UP grade
salts (purity ranging from 99.99% to 99.999%) were purchased
from several suppliers: NaCl (ACS certified, ≥99%, Fisher
Scientific; trace metals basis, 99.999%, Acros Organics),
Na2CO3 (ACS certified, Primary Standard, Mallinckrodt
Chemicals; trace metals basis, 99.999%, Acros Organics),
Na2SO4 (ACS certified, ≥99%; trace metals basis, ≥99.99%,
Sigma-Aldrich), (NH4)2SO4 (ACS reagent, ≥99%, Acros
Organics; trace metals basis, 99.9999%, Acros Organics), and
LiNO3 (ACS certified powder, Fisher Scientific). Ultrapure
water (not purged of CO2) with a resistivity of 18.2−18.3 MΩ·
cm and a measured pH of 5.6 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).

2.2. Preparation of Salt Solutions. Stock salt solutions
for VSFG measurements were prepared by dissolving ACS and
UP grade salts in ultrapure water. Owing to its ultrahigh
sensitivity, VSFG spectra obtained in the surfactant CH
stretching region (2800−3000 cm−1) were utilized as a probe

Table 1. Comparative List of Purity of Salts Used in Previously Published SHG, Conventional VSFG and HD-VSFG Studies at
the Air/Solution Interface

salt supplier grade and purity salt baking
solution
filtration ref

Halides
NaCl GFS Chemicals n/a no yesa,d 21
NaF, NaCl, NaBr, NaI Sigma-Aldrich ACS reagent, 99%+ no no 19
NaF, NaCl, NaBr, NaI Fisher Scientific ACS certified no yesb,d,e 32
NH4Cl n/a n/a no yesb,d 33
NaCl, NaBr, NaI Acros Organics ACS reagent, 99%+ yes (500 °C, >6 h) nod 17
MgCl2·6H2O Fisher Scientific ACS certified no yesb 31
NaCl, KCl, NH4Cl Sigma-Aldrich TMB, 99.999% (NaCl, KCl), 99.998% (NH4Cl) yes (NaCl, KCl,

500 °C)
yesa 30

NaCl, CaCl2 Fisher Scientific ACS certified, 99% yes (650 °C, >10 h) yesb,d 35
NaI Sigma-Aldrich 99.999% yes yesc 37
Carbonates
Na2CO3, NaHCO3 Aldrich 99.995% (Na2CO3), ≥99.5% (NaHCO3) no no 43
Na2CO3 Spectrum Chemical 99% no no 38
NaHCO3 Mallinckrodt

Chemicals
99.7−100.3% no no

Na2CO3 Fisher Scientific ACS certified, 99.5−100.5% yes (650 °C, >10 h) yesb,d 39
NaHCO3 Fisher Scientific ACS certified, 99.7−100.3% yes (650 °C, >10 h) yesb,d

Nitrates
NaNO3 (HNO3 + NaOH) GFS Chemicals n/a n/a yesa,d 21
Mg(NO3)2, Ca(NO3)2, Sr(NO3)2 Fisher Scientific n/a no yesb,d 40
Mg(NO3)2·H2O, Ca(NO3)2·4H2O,
Sr(NO3)2

Fisher Scientific ACS certified, 98.0−102.0%, 99.0−103.0%, 99.0% no yesb,d 41

NaNO3 Sigma-Aldrich TMB, 99.995% no yesa 30
LiNO3, NaNO3, Mg(NO3)2·6H2O Fisher Scientific Fisher Bioreagents, ≥99.0%, ACS grade, 98−102% no yesb,d 42
NH4NO3 MP Biomedicals UP grade, >99%
Sulfates
KHSO4 GFS Chemicals n/a no yesa,d 21
Na2SO4, (NH4)2SO4 n/a n/a no yesb,d 33
Na2SO4, NaHSO4·H2O Aldrich 99.99% (Na2SO4), 99% (NaHSO4) no no 43
Na2SO4, (NH4)2SO4 Sigma-Aldrich TMB, 99.99% (Na2SO4) 99.999% ((NH4)2SO4) yes (Na2SO4,

500 °C)
yesa 30

Na2SO4 Acros Organics ≥99% yes (650 °C, >10 h) yesb,d 35
(NH4)2SO4 Sigma-Aldrich ACS reagent, ≥99%
aPurification using syringe filters. bPurification using activated carbon filters. cPurification using the Lunkenheimer method.53 dSalt solutions were
checked for organic contamination with VSFG spectra in the CH stretching region (2800−3000 cm−1). eNaF was purified only by recrystallization.
n/a, not available; TMB, trace metals basis.
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to verify the presence of trace amount organic residues. As
revealed in these spectra, organic contamination was found in
all stock salt solutions prior to any pretreatment. To completely
eliminate organic impurities, as-received salts and their stock
solutions underwent either one of the following pretreatments:
(1) salt baking first followed by solution filtration or (2)
filtration only (see Table 2). Baking was applied only for salts

with a high melting point (e.g., Tm ≥ 650 °C for carbonate,
sulfate, and chloride salts), and the temperature chosen was at
least 50 °C lower than the melting point. Most salts (except
(NH4)2SO4 and LiNO3) were baked at ∼600 °C for 10 h in a
muffle furnace (Isotemp model 550-14, Fisher Scientific). Stock
salt solutions were then filtered using activated carbon filters
(Whatman Carbon Cap 75, Fisher Scientific).
Depending on the abundance of organics in each salt, two or

more filtration steps were performed: chloride solutions, 2
times; carbonate and sulfate solutions, 2−4 times; and nitrate
solutions, 4−6 times. For salts with a low melting point (<500
°C), pretreatment only refers to filtration. Salts from several

different batches were tested and compared in this work, and
no appreciable disparities were observed. Raman calibration
curves were obtained to determine the concentration of
carbonate, sulfate, and nitrate after filtration based on their
vibrational symmetric stretch ion mode (Supporting Informa-
tion Figure S1), while chloride solutions were standardized by
Mohr titration.46

The measured pH of most solutions was found to fall in the
range 5−7 (except Na2CO3 which had a pH∼12). All
pretreated salt solutions were shown to be free of organic
impurities as revealed by the conventional VSFG spectra
obtained in the surfactant CH stretching region (see
Supporting Information). All solutions were thermally equili-
brated to room temperature (23 ± 1 °C) over 24 h before use.
No degassing or N2-purging has been applied on them.

2.3. Conventional and Heterodyne-Detected Vibra-
tional Sum-Frequency Generation Spectroscopy. Con-
ventional VSFG spectroscopy measurements were performed
on a broad-bandwidth VSFG spectrometer setup that has been
described in detail elsewhere.20,47−49 The HD-VSFG spectros-
copy setup is based mostly on the conventional one, with the
optical configuration in the sample stage area redesigned for the
new application.50,51 The latter setup is similar to the system
reported by Tahara and co-workers,24,25 which is based on
heterodyne detection of broad-bandwidth signals and Fourier
transform analysis. The HD-VSFG setup and the data
processing procedure have been described elsewhere in
detail.35,39,50 Here, only the modifications made to the
experimental setup and calculated parameters are presented.
Briefly, the full spectral bandwidth of the generated broadband
infrared beam has been expanded from 3000 to 3600 cm−1

(∼600 cm−1) in the current HD-VSFG setup in the OH
stretching region. The average incident energy of the visible (s-

Table 2. Standardized Pretreatment Procedure for Inorganic
Salts Purification

salt

metal
halides molecular ion-based

pretreatment
high Tm

(e.g., NaCl)
high Tm (e.g.,

Na2CO3, Na2SO4)

low Tm (e.g.,
(NH4)2SO4,
LiNO3)

salt baking +
solution filtration

+ + −

solution filtration
only

+ + +

salt baking only + − −

Figure 1. Comparison between conventional VSFG spectra from ACS and UP grade salt solutions in the OH stretching region (3000−3800 cm−1)
after pretreatment. (a) 1 M Na2CO3, (b) 1 M Na2SO4, (c) 1 M (NH4)2SO4, and (d) 1.5 M NaCl. The VSFG spectrum of neat water is also shown as
a reference by a gray line.
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polarized, 800 nm) and infrared (p-polarized, OH stretching
region) beams prior to the sample stage was reduced to 260
and 8 μJ, respectively. The primary sum-frequency beam is
time-delayed by 1.7 ps by its passage through a thin silica plate
(<1 mm). Neat water spectra were used as a reference for salt
comparison to assess reproducibility during the whole
experimental period. The reproducibility for both conventional
VSFG and HD-VSFG (Im |χ(2)|) spectra of neat water is
demonstrated in the Supporting Information. Critical here is
that all Im χ(2) spectra of salt solutions are compared with that
of neat water. Thus, our interpretation is based on the relative
difference between neat water and the salt solutions. To check
the validity in the general trend of these spectra, the deduced
power |χ(2)|2 spectra of each salt solution (see Supporting
Information) reconstructed from the HD-VSFG results are
compared with those measured directly by conventional VSFG
spectroscopy. Only every second and fourth data points are
plotted in the conventional VSFG and HD-VSFG and spectra,
respectively, to avoid spectral clutter.

3. RESULTS AND DISCUSSION
3.1. Conventional and Heterodyne-Detected VSFG

Spectra of Pretreated Salt Solutions for Different Purity
Grade Salts. Figure 1 shows the comparison between
conventional VSFG spectra in the OH stretching region of
pretreated 1 M Na2CO3, Na2SO4, (NH4)2SO4, and NaCl salt
solutions made from ACS and UP grade salts. A typical VSFG
spectrum of the neat air/water interface is also shown as a
reference for all salt solution spectra. This spectrum spans a
large spectral region from 3000 to 3800 cm−1 and consists of a
very broad band ranging from 3000 to ∼3600 cm−1 and a
narrow band centered at around 3700 cm−1. The broad spectral
band reflects the collective OH stretching modes of hydrogen-
bonded surface and subsurface (i.e., a few Å away from the
surface) water molecules with a broad continuum of geometries
and strengths;10,23,31 the hydrogen bonding strength weakens

as one goes from low to high frequencies. The narrow band at
3700 cm−1 is assigned to the dangling OH stretching of the
topmost surface water molecules with their OH bonds
protruding into the vapor phase.52

The conventional VSFG spectra of pretreated Na2SO4 and
(NH4)2SO4 salt solutions show greater SFG signal intensity
over the entire broad region relative to that of neat water,
whereas that of the Na2CO3 solution displays signal enhance-
ment only below 3200 cm−1, with a weakened intensity for the
higher frequency region (∼3200−3450 cm−1). In contrast, the
conventional VSFG spectrum of NaCl remains practically
unchanged compared with that of neat water. No appreciable
differences are observed for the SFG signal of the dangling OH
peak for all salts studied. The observed changes in the broad
region for carbonate and sulfate solutions have been interpreted
as an increase in the electric field magnitude normal to the
interface caused by the preferential distribution of CO3

2− and
SO4

2− ions within the interface.33

Moreover, it can be seen from Figure 1 that there is no
significant intensity and shape differences between correspond-
ing conventional VSFG spectra of pretreated ACS and UP
grade salt solutions studied (LiNO3 spectrum in Supporting
Information). The relative trend observed here between the
conventional VSFG spectra from sulfate salts and water is in
good agreement with those previously reported on solutions
made from as-received UP grade salts43 and with pretreated
solutions from ACS33,35 and UP grade salts.30 Noteworthy is
the fact that despite using as-received UP grade salts (e.g.,
Na2CO3, 99.95%; Na2SO4, 99.99%), Tarbuck and Richmond
observed no CH signal in their conventional VSFG spectra that
would indicate the presence of organic contamination.43

However, a similar situation was not found by Koelsch et al.
in their comparison of VSFG spectra of as-received and purified
1 M NaI solution (in this case “surface chemical purity” was
assessed using a surface tension-based purification method)53

made from as-purchased UP grade salt (99.999%) nor for the

Figure 2. Comparison between HD-VSFG spectra from ACS and UP grade salt solutions after pretreatment. (a) 1 M Na2CO3, (b) 1 M Na2SO4, (c)
1 M (NH4)2SO4, and (d) comparison of all 1 M salt solutions. The HD-VSFG spectrum of neat water is also shown as a reference.
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case of untreated UP grade salts shown here (see Section
3.2).37 This apparent discrepancy is not surprising because it
may well reflect the variations in organic impurity over time
among salt batches, among suppliers, and even from the same
supplier. Also notable is the reversal of signal intensity in the
conventional VSFG spectra of Na2SO4 and (NH4)2SO4
pretreated solutions (see Figure 1a, c) from Allen and co-
workers33,35 relative to those reported by Tian et al.30 An
explanation for this discrepancy could come from the difference
in the applied solution filtration methods. It is possible that the
method privileged by Tian et al., primarily used for the removal
of insoluble microparticles,17 could have been less effective in
the thorough elimination of organic contaminants.
The change in the overall shape of the hydrogen-bonded

region with salt addition suggests that the presence and
distribution of the ions within the interfacial region perturb
water organization to different extents and force a rearrange-
ment of the hydrogen-bonding network. However, little
information concerning the relative distributions of cations
and anions in the interface can be inferred from conventional
VSFG spectra because of the loss of phase information (i.e.,
OH transition dipole moment orientation) inherent to
conventional VSFG spectroscopy. To gain further insight into
the effects of ions on the orientation of water molecules and, in
turn, on the relative ion distribution, HD-VSFG spectroscopy is
utilized. In contrast to conventional VSFG spectroscopy, this
technique provides directly the sign (i.e., orientation) and
magnitude of the net water transition dipole moment for each
vibrational mode.
HD-VSFG spectra in the hydrogen-bonded stretching region

(3000−3600 cm−1) from the pretreated solutions of each salt
are shown in Figure 2. Again, the Im |χ(2)| spectrum of neat
water serves here as reference and is similar to the ones
reported previously.22,24,25 This spectrum displays positive and
negative bands located below and above a zero crossing point at
∼3200 cm−1, which represent water molecules with a net OH
transition dipole moment oriented toward and away from the
vapor phase, respectively. In contrast to the higher frequency
region, the assignment of absolute orientation in the lower
frequency still remains debated because of recent computa-
tional analysis.54−56

As can be seen in Figure 2, similar to conventional VSFG
spectra, no significant difference can be observed in the
intensity and the shape of the HD-VSFG spectra between ACS
and UP grade salt solutions after pretreatment (e.g., filtration).
These serve as evidence that pretreated UP grade salts have a
negligible effect in the study of water structure for aqueous salt
solutions. (This is not necessarily true for studies of lipids on
salt subphase.57−59) HD-VSFG spectra of Na2CO3, Na2SO4,
and (NH4)2SO4 pretreated salt solutions all show greater
negative intensity in the ∼3050−3500 cm−1 spectral region
compared with neat water. This negative enhancement can be
attributed to the presence of an ion-induced electric field in the
interfacial region (e.g., carbonate and sulfate anions residing
closer to the isotropic aqueous bulk with their cations located
above them), which then causes water molecules to reorganize
and to have a net orientation toward the bulk solution. A
comparison of the Im |χ(2)| spectra for the pretreated solutions
made with ACS grade salts indicates clearly that the magnitude
of this electric field from largest to smallest and, therefore, the
extent of water reorganization, follows the series (NH4)2SO4 >
Na2SO4 > Na2CO3 (Figure 1d). This trend is also consistent

with the one observed previously with pretreated solutions
from ACS grade salts.35

3.2. Conventional VSFG Spectra of Pretreated and
Untreated Salts of Different Purity Grades. To emphasize
the importance and to assess the effectiveness of solution
pretreatment, a direct comparison was made between conven-
tional VSFG spectra in the OH stretching region of 1 M
(NH4)2SO4 solutions made from ACS and UP grade salts,
before and af ter pretreatment (Figure 3a). Conventional VSFG

spectroscopy has been preferred here over its more involved
heterodyne-detected variant because the focus here is not about
the change of water transition moment orientation caused by
the presence of specific salts but, instead, the spectral
perturbations introduced by their impurities. As shown
previously, there is no observable spectral difference between
the VSFG spectra of pretreated ACS and UP grade (NH4)2SO4
solutions. Interestingly, the HD-VSFG spectrum for the
untreated ACS grade (NH4)2SO4 solution overlaps very well
with the pretreated ones, indicating that the low amount of
organic impurities present in the ACS grade salt does not affect
the interfacial water organization. In contrast, the untreated UP
grade (NH4)2SO4 solution exhibits remarkable differences in its
VSFG spectrum with a marked intensity increase in the lower
frequency region, a small decrease in the higher frequency
region, and a complete disappearance of the dangling OH peak
at 3700 cm−1. The suppression of the water dangling OH peak
has been observed previously for surfactant systems, such as
insoluble alcohols, fatty acids, and phospholipids monolayers,
and has been attributed to the presence of adsorbed surfactants
replacing surface water molecules at the interface.52,60

To verify the presence of possible surfactant species,
conventional VSFG spectra partially encompassing the
surfactant CH stretching region (∼2850−3000 cm−1) have

Figure 3. (a) Comparison between conventional VSFG spectra of
untreated and pretreated 1 M (NH4)2SO4 solutions made from ACS
and UP grade salts. (b) Comparison between conventional VSFG
spectra of untreated 1 M (NH4)2SO4 solutions made from ACS and
UP grade salts.
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been obtained for untreated 1 M (NH4)2SO4 solutions made
from ACS and UP grade salts (Figure 3b). Despite the lower
signal-to-noise ratio at the edge of this broad spectral window,
two distinctive peaks associated with CH3 and terminal CH2
symmetric (∼2865 cm−1), and CH2 asymmetric (∼2913 cm−1)
stretching modes can be distinguished in the VSFG spectrum of
untreated UP grade (NH4)2SO4 solution, thus confirming the
presence of surfactants. In comparison, untreated ACS grade
(NH4)2SO4 solution shows very little to no organic
contamination in the same spectral region. This result clearly
demonstrates that prior to pretreatment, the UP grade
(NH4)2SO4 contains much more organic impurities than its
ACS grade equivalent. This could possibly be due to the
different industrial processes employed in the purification of
UP (trace metals basis) and ACS grade salts, the former
presumably using chelating surfactant compounds for the
precipitation or retention of unwanted inorganic ions.61−63

In the case of high melting point halide salts, one could also
resort to salt baking as a suitable and easy-to-use alternative to
solution filtration in the removal of organic impurities. Baking
also limits the salt loss due to filtration and the need for
subsequent concentration calibration. Figure 4a shows, for

instance, a comparison between conventional VSFG spectra in
the OH stretching region of 1.5 M NaCl solutions made from
ACS and UP grade salts that underwent either baking or
filtration steps. It can be seen that both treatment on ACS and
UP grade NaCl solutions give nearly identical spectra in the
OH region. In other words, salt baking and solution filtration
appear to be comparable methods when it comes to organics
removal. This is also the case for 2 M NaBr solution (data not
shown).
A complete removal of organic contaminants has also been

demonstrated previously by Bian et al. by comparing the VSFG

spectrum in the surfactant CH stretching region of concen-
trated NaBr solutions made from unbaked and baked salt.17

However, in the case of Na2CO3 and Na2SO4, two high melting
point molecular ion-based salts, similar VSFG measurements
performed on baked and filtered solutions indicate that baking,
even over an extended time period, proved to be less effective
(data not shown). Solutions made from baked ACS grade
Na2CO3 and Na2SO4 salts still showed the presence of organic
impurities in the CH region and were often slightly cloudy,
which resulted in poorly reproducible VSFG spectra in the OH
region. This could be due to the presence of floating
microparticles (submicrometer-sized) in these solutions,
which could only be removed through filtration.17 It has been
reported that such microparticles act as a secondary source of
contamination and exist at the surface of sodium halide
solutions, whether the salt has been baked or not. It was
hypothesized that these particles could possibly originate from
carbonized organic contaminants that cannot be detected in the
surfactant CH stretching region by conventional VSFG
spectroscopy but, instead, with nonresonant SHG fluctuation
measurements on the solution surface. However, the conven-
tional VSFG results obtained here in the CH region on ACS
grade Na2CO3 and Na2SO4 salt solutions could be due, in fact,
to insoluble microparticles or aggregates containing organic
contaminants that survived the baking process and that would
be detectable.
Similar to the case of (NH4)2SO4 (Figure 3b), the untreated

1.5 M NaCl solution made from ACS grade salts displays a
VSFG spectrum nearly identical to those of pretreated solutions
(Figure 4b). The untreated UP grade NaCl, on the other hand,
shows a significantly different spectrum over the entire OH
stretching region, although with less dramatic changes than
those observed for unfiltered (NH4)2SO4 solution. For
instance, the intensity of the dangling OH peak is still reduced,
but to a lesser extent, mostly because of the smaller amount of
surfactants contained in untreated NaCl salt. These results
somewhat differ from those of Tarbuck and Richmond, who
used UP salts as-received and showed no evidence of organic
contamination in the surfactant CH stretching region.43 As
mentioned above, this could be an indication of the variability
in organic impurities between suppliers. Hence, to avoid such
potential contamination, solutions made from UP grade salts
must be treated by filtration or, preferably, by salt baking
(depending on the melting point) followed by solution
filtration, before being used in surface-sensitive spectroscopic
studies of bare air/aqueous salt solution interfaces.

4. CONCLUSIONS
It is shown in this work that no apparent difference is observed
in the OH stretching region of conventional VSFG and HD-
VSFG spectra between ACS and UP grade salts after
pretreatment (either salt baking followed by solution filtration
or simply filtration for low melting point salts). It is
demonstrated that UP grade salts contain much more organic
impurities than the corresponding ACS grade salts, and these
impurities largely affect the salt solution spectra in the water
OH stretching region. This presumably results from the
industrial use of chelating surfactants for the removal of trace
metals.
For halide salts, such as chlorides, baking serves as a suitable

alternative to solution filtration in the removal of organic
impurities. In contrast, the similarity in conventional VSFG and
HD-VSFG spectra between pretreated ACS and UP grade salt

Figure 4. (a) Comparison between conventional VSFG spectra of
baked or filtered 1.5 M NaCl solutions made from ACS and UP grade
salts. (b) Comparison between conventional VSFG spectra of
pretreated and untreated 1.5 M NaCl solutions made from ACS and
UP grade salts.
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solutions suggests that the ACS grade salts are adequate for the
spectroscopic investigation of water organization at air/aqueous
salt solution interfaces. This result is of significance because it
should ensure greater reproducibility and better comparison of
VSFG measurements at the air/solution interface between
different research groups and provide a more defined
benchmark for computational models.
Although it was not shown in the current work, it is likely

that organic contamination is predominant at higher salt
concentrations. The question on the minimal level at which
organic impurities begin to have an effect on interfacial water
spectral features still needs to be carefully examined by further
concentration studies. Furthermore, for studies that investigate
binding effects of ions to surfactants (e.g., fatty acids and
phospholipids monolayers) on aqueous salt solution subphases,
the impact of salt purity is currently not well established.
However, recent results suggest that for surfactant surface
studies, organic contaminants are not as critical as trace metal
impurities.
Considering the variation in the production methods from

any given supplier, or between several suppliers or between
product batches, there is no guarantee that a given salt will have
the same level of organic impurities over time. Since organic
impurities are not usually specifically tested, one cannot rely on
the specifications as an infallible guide for surface-chemical
purity. Hence, regardless of the salt source, unless the specific
batch has been tested and shown to be free of surface-active
impurities, it is strongly recommended to filter salt solutions
but preferably bake the salts (depending on the salt melting
point) and then filter the solutions before studying interfacial
water organization of aqueous salt solutions. In addition, the
use of complementary techniques (as already shown by few
research groups), such as non-resonant SHG for floating
microparticle detection and surface tension, can serve as
valuable indicators of surface chemical cleanliness. Even though
these recommendations could be simply viewed as “common
good standard analytical practice”, it is still not widely
recognized and adopted throughout the nonlinear surface
spectroscopy community. The current work should hopefully
serve as a cautionary warning for future studies on aqueous
surfaces.
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