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ABSTRACT: Pure aqueous electrolyte solutions display a minimum in surface
tension at concentrations of 2 + 1 mM. This effect has been a source of controversy
since it was first reported by Jones and Ray in the 1930s. The Jones—Ray effect has
frequently been dismissed as an artifact linked to the presence of surface-active
impurities. Herein we systematically consider the effect of surface-active impurities by
purposely adding nanomolar concentrations of surfactants to dilute electrolyte
solutions. Trace amounts of surfactant are indeed found to decrease the surface
tension and influence the surface chemistry. However, surfactants can be removed by
repeated aspiration and stirring cycles, which eventually deplete the surfactant from
solution, creating a pristine surface. Upon following this cleaning procedure, a
reduction in the surface tension by millimolar concentrations of salt is still observed.
Consequently, we demonstrate that the Jones—Ray effect is not caused by surface-

active impurities.

queous interfaces are important for a plethora of

biological, chemical, and physical processes." Quantifying
interfacial properties has been a major aim in the last few
decades, and thus various experimental and simulation
approaches have been introduced.””” Planar extended
interfaces are most offen employed in experimental studies.
For such surfaces, there is the experimental complication of
having a small surface-to-volume ratio that gives rise to
possible undetectable artifacts in the experimental data.® This
is especially true when the contaminants are surfactants, which
can be far more surface-active than the materials under study
(ie., salts).

The influence of impurities is a topic that has long been a
source of concern in the interfacial chemistry community.”~"'°
The discussion was recently refueled by theoretical studies'”'®
that suggested that surfactant impurities may be responsible for
many surface chemical observations and, most notably, for the
Jones—Ray effect. In 1937, Jones and Ray reported the surface
tension of aqueous KCl solutions at very low ionic strength."”
They measured that the surface tension gradually decreases,
reaching a surface tension minimum at 2 + 1 mM. Above 2
mM, the surface tension gradually increases again. This
observation has been a topic of much debate because the
result is counterintuitive and the change in surface tension is
small. Impurities might, therefore, be a plausible cause, which
would obviate the need for a discussion about the underlying
mechanism.
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The Jones—Ray effect has been recently reproduced.”’™*

Figure 1 shows the change in surface tension (Ay) as a
function of NaCl concentration in H,O (blue) and in D,0
(red), as measured by the Wilhelmy plate method (illustrated
in Figure 1A). For both H,0 and D,0, the surface tension (y)
decreases at low electrolyte concentrations. For NaCl, in H,O,
there is a minimum near 2 + 1 mM (Ay = —0.24 mJ/m?). The
minimum in surface tension occurs at ~14 mM (Ay = —0.29
mJ/m?) for D,0. These observations show that small changes
in the surface tension of dilute salt solutions can be measured.
Moreover, the minimum in the surface tension of the H,O/air
interface appears in the same concentration range as in the
original measurements of Jones and Ray. D,O solutions, on the
contrary, display a minimum at a very different (~14 mM), but
still low, concentration. This difference suggests that solvent—
ion interactions play a major role in determining the free-
energy difference between the surface and the bulk (rather
than the ion—surface interaction, as in the high salt
concentration range). Combining these measurements> with
elastic second-harmonic scattering, reflection UV resonant
second-harmonic generation, and modeling,zo’23 we concluded
that the Jones—Ray effect is not an experimental artifact and
relates to the interactions of ions with water. We proposed that
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Figure 1. Wilhelmy plate measurement of NaCl added to H,O and D,0. (A) Ilustration of the Wilhelmy plate method. (B) Surface tension
difference (Ay) between the salt solution and neat H,O (y=72.9 mJ/m?> @ 20 °C), and D,0 (y=72.7 mJ/m*) measured as a function of NaCl
concentration for solutions in H,O (blue) and in D,O (red). The red and blue lines connect the data points, and the dashed blue line indicates the
surface tension increase based on literature.”* (C) Interfacial cleaning protocol for removing trace impurities of surfactants. (i—iii) Illustrations for
the steps of stirring and aspiration cycles and (iv) a photograph of the Teflon aspirator.
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Figure 2. Effect of surfactant impurities on the surface tension of salt solution. (A) Surface tension data of a salt concentration series for NaCl
added to ultrapure water (black trace)’>*" and a concentration series of NaCl added to a solution of 5 nM NaDBS. (B) Surface tension values for
different aqueous solutions and aspiration/stirring cycles: ultrapure water (gray areas), 2 mM of KCl added to ultrapure water with stirring/
aspiration (green), and 3 (100) nM NaDBS added to 2 mM KCl solution shown in cyan (yellow) area. Stirring/aspiration brings back the surface
tension value to the pure 2 mM KCl solution value but not to the value of pure water (gray). Blue triangles (open and filled) show data points after
stirring and before aspiration, whereas red and black (open and filled) data points show measurement after aspiration. Note that measurements of
different sample solutions with identical composition are indicated with differently shaped data points. Thus the former measures the impurity
contamination, and the latter measures the surfactant-free interface.

the surface tension minimum originates from bulk ion-induced Recent computational studies'”'® have suggested that the

water—water correlations rather than ion adsorption at the
interface. As ions are added to water, the hydrogen-bond
network of water responds to the collective electrostatic field of
ions by increasing its orientational order. This increase in
orientational order in the bulk solution gives rise to an entropic
penalty, which causes a reduction in the surface tension.”'

surface tension changes found in Figure 1B are caused by the
presence of minute, undetectably small nanomolar concen-
trations of surfactants. In these studies, it is argued that salt-
induced screening enhances the impurity adsorption at the
interface,"”'® which leads to a depression in the surface
tension. Although the question still remains as to how this
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could result in around an order of magnitude difference in salt
concentration between H,0O and D,O, the calculated results
open up three questions that we investigate here:

e Can minute amounts of surfactants influence the surface
tension and thus the surface chemistry of salt solutions?

o Is this mechanism responsible for the Jones—Ray effect?

e Does it cast doubt over all surface tension measure-
ments?

To answer these questions, we have repeated the surface
tension measurements in Figure 1 with and without the
addition of nanomolar concentrations of a negatively charged
surfactant and adopted a simple but effective surface-cleaning
approach, which consists of repeatedly aspirating the surface
before performing the measurements. The method is inspired
by a procedure frequently used to prepare clean Langmuir
monolayers™ as well as in the removal of surface-active
contaminants from soluble surfactant solutions.'**® An
aspirator is a small Teflon tip connected to a vacuum pump
(Figure 1C,iv) that can be used to remove the topmost portion
of the aqueous solution including the surface-adsorbed
molecules. By combining the aspiration procedure with stirring
of the aqueous solution, it becomes possible to accelerate the
interfacial adsorption of surfactants found in trace amounts in
the bulk, which can then be removed, eventually depleting the
amount of surfactants in solution. The process is illustrated in
Figure 1C.

Figure 2 shows the change in surface tension compared to
neat H,0 (Ay) as a function of NaCl concentration in H,O
(black) and in H,O to which S nM of sodium dodecylbenze-
nesulfonate (NaDBS) was added (red). These Wilhelmy plate
measurements show minima in both curves at the same
concentration, ~2 mM, but with significantly different values:
Ay = —0.24 mJ/m? at ~2 mM NaCl without NaDBS and Ay =
—0.41 mJ/m? at 1—4 mM NaCl with 5 nM of NaDBS added.
This shows that surfactants can indeed decrease the surface
tension minimum, and the mechanism could well be that the
presence of ions enhances the local concentration of
surfactants at the interface, thereby giving rise to an ion
concentration-dependent minimum in the interfacial ten-
sion.

Is the enhancement of surfactant impurities by electrolytes at
the interface also an explanation for the Jones—Ray effect? To
test this question, we have first measured again the Jones—Ray
effect but this time with stirring/aspiration cycles. Figure 2B
shows the surface tension value of “ultrapure” water, 18.1 MQ-
cm (gray zone), and the surface tension values for a solution of
2 mM KCI that has been subject to three stirring/aspiration
cycles. It can be seen that the surface tension values remain
~0.2 mN/m lower compared with pure water and remain
identical for all measurements. This value coincides with the
minimum found in Figure 1b. Next, we measured a solution
with the same salt concentration with 3 nM NaDBS added. A
clear reduction in the surface tension, (y), is observed
compared to pure water and the 2 mM KCI solutions. As
anticipated, this extra decrease in the surface tension values can
be removed by aspiration of the air/water interface. After
aspiration and upon continued stirring, the surface tension
drops again on a time scale of 30 min. Stirring accelerates the
adsorption of surfactant to the surface, as diffusion for nM
surfactant concentrations is slow in the absence of convection.
Aspirating again moves the surface tension back up to the
initial value of the 2 mM KCl solutions but not to that of neat
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water. The same behavior is observed if 100 nM of NaDBS is
added. Repeated stirring/aspiration cycles will eventually
deplete the surface-active species from solution,'**° bringing
the surface tension minimum close to the original value of a
pure 2 mM KClI solution. This shows that charged surfactants
can indeed influence the surface tension of aqueous solutions,
but a surface-cleaning procedure can easily remove such
impurity effects. To test the influence of the type of salt and
the general applicability of the method, we repeated the results
for aqueous NaCl solution at a different laboratory on another
continent; see Figure S1. We thus conclude that nanomolar
concentrations of surfactants in solution can decrease the
surface tension minimum observable for salt solutions, as
predicted by recent simulations studies.'”'® However, stirring/
aspiration cycles can remove the surfactants from the system
but do not lead to a disappearance of the Jones—Ray effect.
This means that surface-active contaminants are not the cause
of the Jones—Ray effect. Rather, ions induce small structural
changes to the hydrogen-bond network of water that result in a
minimum of the surface tension, as explained in detail in ref 21.

In summary, we have investigated the possibility that
surfactant-active impurities influence surface chemistry and
surface tension measurements in particular. We found a
persistent surface tension minimum (Ay ~ —0.2 + 0.05 mN/
m) at 2 + 1 mM ionic strength for electrolyte aqueous
solution/air interfaces, even with repeated stirring/aspiration
cycles. This clearly indicates that an interplay of electrolytes
and water is the underlying mechanism for the Jones—Ray
effect rather than an ion-induced enhanced concentration of
surfactants in the interfacial region. By contrast, when
nanomolar concentrations of charged surfactants are present,
the surface tension minimum is still observed at the same
concentration but drops to a lower value (Ay = —0.41 mN/m
for NaCl). By removing the surfactant-rich interfacial region
using stirring—aspiration cycles, the surface tension increases
to that of the neat electrolyte solution/air interface. This shows
that surface-active impurities can serve as an artifact to surface
tension and quite possibly to many other surface chemistry
measurements but are not the origin of the Jones—Ray effect.
The Jones—Ray effect stems from an interplay between ions
and water, whereby the ions induce tiny modifications in the
hydrogen-bond structure of water.

B MATERIALS AND METHOD

Chemicals. NaCl (Abcr and Sigma-Aldrich 99.999%) and KCl
(Acros Chemicals, 99.999%) were first baked at 600 °C for 2 h
prior to use. NaDBS (Sigma-Aldrich, Pharmaceutical secon-
dary standard) is employed as the negatively charged surface-
active impurity. A NANOpure Ultrapure Water System
(Barnstead) and a Milli-Q-UF-Plus instrument (Millipore)
were employed to obtain 18.1 MQ-cm water to prepare light
water (H,O) samples. Samples were prepared in glassware that
was cleaned by two different methods, and identical results
were achieved. In the first (Figure 1, Figure S1), the glassware
was cleaned with piranha (3:1 H,SO, (95—-98%, Sigma) and
H,0, (30%, Macron Fine Chemicals) and cleaned and rinsed
with copious amounts of ultrapure water prior to use. In the
second (Figure 2), a cleaning solution was prepared with
Deconex by 1:20 dilution, and glassware were filled with this
solution, sonicated for 1 h, and washed and rinsed at least 10
times with Milli-Q water. The surfactant solutions at
nanomolar concentrations were prepared as follows: A 10
mL stock solution of surfactant at its critical micelle
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concentration was prepared, and 1:100 dilutions were
performed until the desired surfactant concentration was
achieved in previously cleaned 100 mL volumetric glassware.
Furthermore, we used negatively charged surfactants to
minimize any potential adsorption to negatively charged glass
surface. Then, the desired sample solutions are measured in
jacketed glass containers with a surface area of ~50 cm® and a
solution volume of 50 mL.

Surface Tension Measurements. Surface tension measurements
were performed using the Wilhelmy plate method. The
Wilhelmy plate method,® as illustrated in Figure 1A, uses a
vertically suspended Pt plate (Biolin Scientific) with a
perimeter (I), which is pulled out of the electrolyte solution
toward the air. The force (F) acting on this plate was measured
with a microbalance, and it was correlated to the surface
tension (y) by the following equation

F

=1 cos(0) (1)

Here 0 is the contact angle between Pt and water. 6 is assumed
to have a value of 0 = 0 based on literature.”” With 0 = 0°, the
measurement accuracy of the method is ~0.1%.° For a more
detailed description of surface tension, see ref 21.

To measure small changes in the surface tension, care needs
to be taken to eliminate possible surface-active contaminants.
To help eliminate this effect, all solutions were stored in closed
glass containers with glass caps. The glassware was cleaned in a
piranha solution (3:1 H,SO,/H,0,) or with Deconex
solutions, as described above, before use. Moreover, sample
solutions were freshly prepared just prior to measurements
with degassed ultrapure water and with different batches of
highly pure NaCl or KCl salt (>99.999%, the highest
commercially available). The salts were baked at 600 °C for
2 h prior to use to remove potential organic contaminants.
Environmental influences including any possible dust con-
tamination, vibrational instability, and temperature were
minimized to the extent possible. The measurements were
performed in a jacketed beaker, and the temperature was
monitored to remain at 20 + 0.05 °C over the course of the
experiments. Moreover, personal protective equipment includ-
ing nitrile gloves and clean-room-compatible garments were
worn at all the times. The Pt Wilhelmy plate was first cleaned
with a piranha solution or with Nochromix (Sigma-Aldrich)
and then rinsed with copious amounts of Milli-Q water to
eliminate organic impurities from prior measurements.
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