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Electrolytes induce long-range orientational
order and free energy changes in the H-bond
network of bulk water

Yixing Chen,1 Halil I. Okur,2 Nikolaos Gomopoulos,1 Carlos Macias-Romero,1 Paul S. Cremer,2,3 Poul B. Petersen,4

Gabriele Tocci,1,5 David M. Wilkins,6 Chungwen Liang,5 Michele Ceriotti,5 Sylvie Roke1*
Electrolytes interact with water in many ways: changing dipole orientation, inducing charge transfer, and distorting
the hydrogen-bond network in the bulk and at interfaces. Numerous experiments and computations have detected
short-range perturbations that extend up to three hydration shells around individual ions. We report a multiscale
investigation of the bulk and surface of aqueous electrolyte solutions that extends from the atomic scale (using
atomistic modeling) to nanoscopic length scales (using bulk and interfacial femtosecond second harmonic mea-
surements) to the macroscopic scale (using surface tension experiments). Electrolytes induce orientational order
at concentrations starting at 10 mM that causes nonspecific changes in the surface tension of dilute electrolyte
solutions. Aside from ion-dipole interactions, collective hydrogen-bond interactions are crucial and explain the
observed difference of a factor of 6 between light water and heavy water.
INTRODUCTION

The hydration of ions is related to physiologically, medically, and
chemically relevant processes such as protein folding/precipitation,
enzyme/ion channel/ion pump activity, action potentials generation,
transport across membranes, self-assembly, interfacial charging, and
aerosol formation (1–6). Ions interact with dipolar water molecules
through ion-dipole interactions. The electrostatic potential around an
ion decays with 1/R (with R being the distance away from the ion)
and is damped by the high dielectric constant of water and the pres-
ence of other ions. The orientationally averaged interaction energy
of a dipole and an ion is of a much shorter range, and decays with 1/R4.
The structure and dynamics of water around ions have been studied with
neutron scattering (7–9), x-ray diffraction (10, 11), x-ray absorption spec-
troscopy (12, 13), Raman spectroscopy (14), dielectric spectroscopy
(15, 16), solvent relaxation measurements (17), vibrational dynamics
measurements (18–22), infrared photodissociation spectroscopy of small
gas clusters (23, 24), and molecular dynamics studies (22, 25–28). In
these studies, a significant perturbation in the structure and dynamics
of liquid water by ions is not observed beyond the third hydration shell.
For univalent ions, structural changes are observed at ionic strengths
>0.1 M. Although the perturbation is found to depend primarily on the
valency of the ions, specific effects on chemical structure, size, and po-
larizability are clearly present (29, 30). Ion pairing becomes relevant at
the same ionic strengths (16). In general, there is agreement that the
ions’ influence on the water network is mainly dictated by behavior
that can be described with mean-field models that treat water as an ideal
gas of dipoles, in which ion-dipole interactions are the sole driving force.
However, water is a structured liquid in which more complex collective
hydrogen-bond (H-bond) interactions account for many of its unusual
properties (such as the high melting and boiling points, the large vis-
cosity, and the high surface tension). In addition, most methods rely
on either using local probes or determining differences in an average
property. Local probes include, for example, the OH stretch frequency,
which can be used as an indicator of either chemical interactions (14) or
molecular reorientation (19), or the structure factor of O atoms in the
first solvation shell, which only changes significantly for water mole-
cules in the first few hydration shells. High electrolyte concentrations
are needed to detect a difference in the average distribution of such a
property (the OH stretch frequency, the orientational relaxation, or the
structure factor). Similarly, computational methods are typically limited
to a relatively small number of molecules (27), applicable to either “in-
finite dilution” or high concentrations (~1 M), making it impractical to
simulate the dilute electrolyte solutions studied here.

Here, we report a multiscale investigation of the bulk and surface
of dilute aqueous electrolyte solutions. Femtosecond elastic second
harmonic scattering (fs-ESHS) (31) was used to detect changes in the
orientational order of water molecules in bulk electrolyte solutions
over nanoscopic length scales. Snapshots of changes in the orientational
distribution of water molecules in different polarization combinations
of the incoming and outgoing light reveal that electrolytes induce a per-
turbation in the orientational order of bulk water. The orientational
order, recorded for 21 different electrolytes, starts to change at ionic
strengths <10 mM. This seemingly long-range and universal effect is in-
dependent of the chemical structure, polarizability, and size of the ions.
H2O (hydrogen oxide or light water) and D2O (deuterium oxide or heavy
water) show remarkably different responses: the fs-ESHS intensity of
pure H2O is 40% lower than that of D2O, whereas a 6× higher ionic
strength is needed to perturb D2O compared to H2O. The amount of
orientational order induced by the electrolytes is also a factor of 3 lower
for D2O. A mean-field model that exclusively incorporates ion-dipole
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interactions cannot describe the experimental data. Molecular dynamics
simulations that include both ion-dipole and dipole-dipole interactions
show that ions induce long-range changes in the orientational order of
the bulk network, modulating the intrinsic H-bond correlations. That the
H-bond is somewhat shorter and stronger for D2O than for H2O (a nu-
clear quantumeffect; Fig. 1A) qualitatively explains the observed difference
between neat light water and heavy water and their respective electrolyte
solutions. The resultant orientational order can be detected macro-
scopically. Macroscopic surface tension measurements display changes
at ionic strengths thatmatch the saturated values forH2OandD2O, as well
as the phenomenological differences observed between them. A compari-
son with surface and ion-specific resonant reflection second harmonic
measurements shows that thenanoscopicbulk restructuringof theH-bond
network is responsible for the nonspecific difference in surface tension.
RESULTS AND DISCUSSION

Femtosecond snapshots of collective effects
In our fs-ESHS experiments (illustrated in Fig. 1B), S- or P-polarized
1028-nm 190-fs 200-kHz pulses interact with an aqueous electrolyte
solution and induce a second-order polarization (P(2), Eq. 1 in the Sup-
plementary Materials) that instantaneously scatters polarized 514-nm
second harmonic photons. This second-order polarization originates
from two main sources (32): electronic anisotropy within an individual
nonspherical molecule (32–34) and structural anisotropy, which reports
on the combined structural electronic anisotropy of many molecules. The
first term is an incoherent contribution and can be understood as a measure
of charge asymmetry within a molecule (and is also known as the self-
correlation term; Eqs. 8, 11, and 12 in the Supplementary Materials). The
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second term is a coherent contribution and reports on the total sum of
static positional orientational correlations between any pair of molecules
(Eq. 9 in the Supplementary Materials). A randomly distributed set of
water molecules (as in an ideal gas) contains electronic anisotropy but
no orientational correlations. For this reason, femtosecond second harmon-
ic scattering is used routinely to probe particle and droplet surfaces (35, 36):
Aligned water molecules by means of H-bonds, an electrostatic field, or
other interactions have orientational correlations. As an example, the
orientational correlation of a pair of water molecules (as illustrated in
Fig. 1A) can be changed by breaking an H-bond through a rotational
or bending/libration motion, but not by stretching the H-bond. Femto-
second laser pulses that are shorter than the orientational relaxation
time of water are necessary to measure snapshots of the static collective
orientational correlations in water (37, 38). In what follows, we refer to
the structural collective orientational correlations as orientational order.

Induction of structural orientational order by electrolytes
The polarization combination used in the exciting and emitted beams
can be used to obtain information about the nature of the induced
second-order polarization. Electronic anisotropy can be found in all
eight possible polarization combinations. Orientational order (structural
correlation) that is, on average, spherically symmetric, appears only in
four polarization combinations: PoutPinPin, SoutSinPin, PoutSinSin, and
SoutPinSin (36, 39). In this notation, the subscripts out/in refer to
outgoing (emitted) and incoming (exciting) light. If centrosymmetric
ions induce changes in the orientational order of water, we expect these
changes to appear only in the abovementioned polarization combina-
tions, and not in the combinations SoutSinSin, PoutPinSin, SoutPinPin, and
PoutSinPin. The latter combinations report on translational/dipolar
order as found in noncentrosymmetric crystals (40). By examining
Fig. 1. Snapshots of long-range perturbations in aqueous NaCl solutions. (A) Illustration of two H-bonded water molecules that are orientationally
correlated. The black arrows represent different axes along which H-bonds can be broken. fs-ESHS is only sensitive to the breaking of this H-bond
via rotation (black curved arrow). Nuclear quantum effects predict that the H-bond bending mode is stronger, whereas the H-bond stretching mode
is weaker, for D2O compared to H2O. (B) Sketch of the fs-ESHS experiment. fs-ESHS intensities are recorded at a scattering angle (q) of 90o. P(S) refers
to a polarization direction parallel (perpendicular) to the scattering plane. (C) Top: Illustration of the different regimes probed in the experiment. At
low ionic strengths (1), each ion induces long-range structural water correlations in its vicinity, forming a water-ordered domain. At higher ionic
strengths, more domains appear. These domains (2) start to overlap and (3) interfere with one another, leading to a saturation of the observed
signal. Bottom: fs-ESHS intensities, relative to that of H2O, measured from NaCl solutions. Four different polarization combinations were measured:
PoutPinPin, PoutSinSin, SoutPinPin, and SoutSinSin. Only the PoutPinPin and PoutSinSin intensities change with increasing NaCl concentrations.
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the polarization dependence of the fs-ESHS intensities of aqueous solu-
tions of NaCl from 1 mM to 0.1 M, we can thus determine whether the
ions induce changes in the orientational order of the water network.
Figure 1C (bottom) shows the change in the fs-ESHS intensity relative
to that of neat H2O (at q = 90o) for 1 mM to 0.1 M NaCl solutions for
four different polarization combinations: PoutPinPin, PoutSinSin, SoutSinSin,
and SoutPinPin, reporting on the collective orientational order [PoutPinPin
and PoutSinSin (39)] and the electronic structure of single molecules
[SoutSinSin and SoutPinPin (40)]. The polarization combinations SoutSinSin
and SoutPinPin do not display any concentration-dependent intensity
change with respect to the signal of pure H2O. This excludes a change
in the ion-induced electronic anisotropy of molecules. However, the
PoutPinPin and PoutSinSin intensities increase by 30 ± 3% and 25 ±
3%, respectively, before reaching a plateau at ~1 mM. That we observe
changes in these polarization combinations alone indicates that the
orientational order of water (33, 39) is changing, in qualitative agree-
ment with the inelastic nanosecond hyper-Rayleigh scattering study con-
ducted by Shelton (41).

To make an estimate of the spatial range and magnitude of these
perturbations, we simplistically place each ion at the center of a spherical
domain that is surrounded by a monomolecular shell of water at a
distance R and is distorted in its structure by a tunable phenomeno-
logical parameter h, in analogy with nonlinear light-scattering models
(35, 36, 42) (see sections S3 and S4). In measurements of up to ~55 mM
(Fig. 1C), the spherical domains do not overlap and the measured in-
tensity increases linearly with concentration. At higher concentrations,
the fs-ESHS intensity levels off. As more ions are added, the volumes
associated with different ions begin to overlap, to interfere with one an-
other, and to exhibit spatial correlations. The dependence of the inten-
sity on concentration is well captured by the functional form of the
Langmuir equation, despite being a bulk phenomenon. The Langmuir
equation is most commonly used to describe surface adsorption pro-
cesses. Figure 1C is concerned with a bulk measurement and we note
that this correlation is purely empirical. Considering water molecules as
organized in concentric shells is not a physically meaningful representa-
tion of water and should not be interpreted as such. However, this over-
simplified representation does serve to show that (i) the length scale
over which the orientational order extends is >5 nm and (ii) short-range
(<1 nm) structural changes cannot account for the observed changes.
From this analysis, which is presented fully in the Supplementary Ma-
terials (sections S3 and S4, fig. S3, and table S2), it is easy to see that
the collective orientational order could extend as far as 19 to 70 hy-
dration shells (table S2).

Distortion of the H-bond network over nanoscopic distances
Next, we want to determine whether the observed increase in orien-
tational order depends on the chemical structure and charge of the ions,
and which interactions are involved most prominently. We addressed
this question by repeating these experiments for 20 other electrolytes
with a nonpolar neutral molecule (CCl4) as a control. Figure 2A shows
the PoutPinPin fs-ESHS intensity in the same ionic strength range for a
monovalent Cl− cation series (NH4Cl, KCl, NaCl, LiCl, and HCl) and
for a Na+ anion series (NaH2PO4, NaOH, NaCl, NaBr, NaI, NaNO3,
NaClO4, and NaSCN). The divalent cationic–monovalent anionic pairs
(MgCl2, CaCl2, SrCl2, and BaCl2), the monovalent cationic–divalent
anionic pairs (Na2S2O3 and Na2SO4), and the divalent cationic–anionic
pairs (BeSO4, MgSO4, and CaSO4) are also shown. For all electrolyte
solutions, the same trend is observed: a rise in intensity up to a plateau.
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In contrast, for nonionic CCl4, the fs-ESHS intensity remains unchanged.
Note that the ionic strengths at which the curves change slope, as well
as the relative intensity of the plateau, are independent of the electrolyte
used. Thus, there is no dependence on the ionic radius, the polarizability
of the ion, or the chemical structure of the ions. This absence of ion
specificity is consistent with the notion that the fs-ESHS signal generated
by the immediate neighborhood of the ion is negligible (see sections
S3 and S4 and fig. S3).

Thus far, the origin of the increase in orientational order observed
in Figs. 1C and 2A has not been attributed to any specific type of in-
teractions. Ion-dipole interactions as captured by a mean-field descrip-
tion are a candidate, but so are collective H-bond interactions between
water molecules that are distorted by electrolytes. In the Supplementary
Materials (section S7), we consider a Debye-Hückel model that treats
water as an ideal gas of dipoles, in which ions interact by means of ion-
dipole interactions. This model predicts that the fs-ESHS response sat-
urates as a function of ionic strength. The fs-ESHS response is also
expected to scale as 1/temperature. Light water and heavy water have
comparable dipole moments and dielectric constants (1.8546 D/1.8558 D
and 78.45/78.08 for H2O/D2O; table S1) and thus generate identical fs-
ESHS responses within this framework. However, we observe that the
temperature-dependent fs-ESHS response (fig. S5B) does not follow the
trend found by the Debye-Hückel model. Furthermore, bulk D2O gen-
erates an ~40% larger fs-ESHS intensity than bulk H2O, and also gen-
erates different second harmonic polarization ratios (section S6 and
fig. S4). Accordingly, the scattering patterns for pure light water and
heavy water are not consistent with ideal gas behavior. Figure 2B com-
pares the fs-ESHS measurements of NaCl dissolved in H2O and D2O
(PoutPinPin polarizations). The intensity change up to the plateau for
D2O solutions is 9 ± 3% (instead of 30 ± 3% for H2O, a factor of
~3.3). The ionic strength at half saturation is 310 ± 71 mM for D2O
(instead of 55 ± 5 mM for H2O, a factor of 6 ± 1.9). Although the
Debye-Hückel model saturates as a function of ionic strength, it predicts
a saturated fs-ESHS response that is a factor of 20 (for D2O) or a factor
of 6 (for H2O) larger than the measurement. The onset of the increase is
either on the order of the observed value (H2O) or off by a factor of 7
(D2O). Within the Debye-Hückel framework, there are no adjustable
parameters that can account for any of these effects.

Orientational order arising from H-bond interactions has not been
considered relevant in the interpretation of second harmonic data from
bulk water (43, 44). However, surface second harmonic scattering ex-
periments from aqueous interfaces of oil nanodroplets in aqueous so-
lutions (45, 46) hint at the importance of H-bonding. Including H-bond
interactions here will likely modulate the fs-ESHS signal and may re-
duce the orientational order found from the Debye-Hückel model. In-
deed, liquid water derives its unique properties from its three-dimensional
H-bond network, which ensures that some degree of structural orien-
tational order is present. This can be demonstrated with a molecular
dynamics simulation of 264,000 (TIP4P 2005) water molecules that
includes both ion-dipole and dipole-dipole interactions. Such a large
simulation box (or an even larger one) is necessary to approach the
low concentration limit that is probed by the experiments and to reduce
finite-size artifacts in the electrostatic potential. Figure 2C shows the
orientational order in water (that is, the water-water orientational cor-
relations among all pairs of water molecules) as a function of distance. At
water-water distances of R < 1 nm, water molecules experience
changes in their orientational distribution on the order of 10° to 20°
per molecule. Ions will distort this distribution by means of ion-dipole
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interactions and by changing the H-bond network of water, which are
both probed in the fs-ESHS measurements. The fs-ESHS response is
represented by ∫∞0 dRR

2〈cosf〉 (where f is the angle between the di-
poles of a pair of water molecules; section S5 and Eq. 10 in the Sup-
plementary Materials). Figure 2D shows the distance dependence of the
ion-induced change in the fs-ESHS response, that is, it shows the
difference in the average orientational distribution with and without
8 mM NaCl (〈cos f〉c − 〈cos f〉0) multiplied by R2. The resulting dis-
tance-weighted angular distortion is plotted on the right axis. Pertur-
bations with a magnitude of ~0.02°∙nm2 are induced by the presence
of ions and persist over length scales >8 nm (here limited by the size of
Chen et al. Sci. Adv. 2016; 2 : e1501891 8 April 2016
the simulation box). Figure 2 (C and D) shows that water-water inter-
actions are very strong but short-ranged (involving less than ~100 mol-
ecules), whereas ion-induced water-water correlations are long-ranged
but small (involving on the order of ~104 molecules, limited by the
size of the simulation box).

Nuclear quantum effects
The contribution of H-bond interactions offers an explanation for the
phenomenological difference between light water and heavy water. The
strength of the H-bond in H2O and D2O is different and is modulated
by nuclear quantum effects. The bending mode of the H-bond (Fig. 1A)
Fig. 2. Nonspecific long-range changes in the H-bond network of water. (A) fs-ESHS intensities, relative to that of pure water, of 21 different electrolyte
solutions obtained at a scattering angle of 90o (PoutPinPin polarization combination). The relative intensities of all electrolyte solutions can be fitted with the
same equation. The dashed line indicates the concentration of half saturation. fs-ESHS intensities for CCl4 are also plotted [the x axis should be read here as
“Concentration (mM)”]. (B) fs-ESHS intensities of NaCl in H2O andD2O (PoutPinPin polarization combination). (C)Water-water orientational correlations (left) and
corresponding changes in average tilt angles (right) obtained from a molecular dynamics simulation of pure water. (D) Ion-induced change in the orienta-
tional order for an 8 mM NaCl solution. Changes in the distance-weighed water-water orientational correlations are shown (left axis), as well as the
corresponding changes in the distance-weighted average tilt angle per water molecule (right axis).
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in D2O is stronger than that in H2O, whereas the stretching mode of
the H-bond displays the opposite behavior. Isotope effects are usually
not more than a few percentages in magnitude because of the competi-
tion of these opposite quantum effects along the two different molecular
axes displayed in Fig. 1A (47–49). In the data of Fig. 2B, a bigger dif-
ference between H2O and D2O is found because only one of the two
modes (the bending H-bond motion) modulates the fs-ESHS response.
A stronger H-bond in D2O (along the bend axis) consistently implies a
higher fs-ESHS intensity of pure D2O, a higher ionic strength for the half
saturation, and a smaller relative saturation intensity.

Thus, electrolyte concentrations as low as 10 mM induce orientational
order in water that amounts to a fraction of a degree. At such con-
centrations, each ion is surrounded by 2.75 × 106 water molecules.
Therefore, although the magnitude of the change in orientation order
is small, the total cooperative effect can be significant. Macroscopic
properties might be influenced, too, if they report on changes in ori-
entational order. We will explore macroscopic changes next.

Orientational order probed macroscopically
Surface tension measures the work needed to create a unit surface
area of liquid-vapor interface. Adding electrolytes to water leads to a
change in the surface tension Dg. The change in Dg is in turn linked to
a net surface excess or depletion of the electrolyte at the interface by
the Gibbs adsorption equation. Indeed, for electrolytes at molar con-
centrations, the surface is depleted relative to the bulk, leading to an
increase in surface tension (that is, Dg > 0) (50). At concentrations
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<1 mM, which are much smaller than those at which depletion ef-
fects become measurable, Jones and Ray (51) measured a decreasing
Dg that reaches a minimum at a concentration of ~1 mM, using the
capillary rise method. A possible explanation for this observation is
that, at such low concentrations, the decrease in Dg does not stem
from the surface segregation of the bare ions, but rather from the rel-
ative stability of the weakly oriented water that surrounds the ions. An
increase in the orientational order of the water H-bond network en-
tails an entropic penalty that is greater in the bulk than at the surface,
leading to a net favorable interaction with the surface and, hence, to a
decrease in Dg.

To verify this hypothesis, we measured (i) the concentration-
dependent surface adsorption of ions by means of resonant second har-
monic measurements in reflection mode (Fig. 3B) and (ii) compared
the Dg values of electrolyte solutions at different ionic strengths for light
water and heavy water up to 100 mM (Fig. 3C). Starting with the first
set of experiments, second harmonic measurements in reflection mode
were recorded under resonant conditions, probing the charge-transfer-
to-solvent (CTTS) transition of I− present in NaI and KI solutions. The
surface activity of I− is found from spectral decomposition and is plotted
for NaI and KI solutions as |c(2)|2 in Fig. 3B (black and red data). The
I− surface second harmonic generation (SHG) signal increases at micro-
molar concentrations close to the minimum of the surface tension mea-
surements and then saturates at ~100 mM. Other salts that have an
optically accessible CTTS transition, such as K4Fe(CN)6, also lead to
changes in the surface second harmonic signal. The smaller halide ions
Fig. 3. Macroscopicmanifestationof orientational order in theH-bondnetworkof aqueous electrolyte solutions. (A) An illustration of the concept of
surface tension. (B) Normalized resonant I− surface second harmonic response of NaI and KI (|c(2)|2; black and red data) (52) and normalized fs-ESHS (bulk)
intensity change originating from constraints in the orientational order of bulk water (blue and green data). Ion-induced changes in the H-bond network of
bulk water occur at lower concentrations (55 mM) than the surface adsorption (4 mM). The saturation of the bulk structural changes coincides with the
minimum in Dg (dashed line). The top panel shows an illustration of resonant surface SHG. VIS, visible; UV, ultraviolet; GS, ground state. (C). Measured surface
tension difference (Dg) for NaCl solutions of H2O (blue data) andD2O (browndata). Above 20mM,Dg increases, as indicated by the dashed line [see Jarvis and
Scheiman (53)]. A cartoon illustrating the structural changes in the electrolyte solution is shown on top. The numbers correspond to the different regimes of
ionic strength and are also indicated in (B).
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have CTTS transitions at shorter wavelengths that are not optically
accessible. The changes in the surface SHG signal were nonetheless
interpreted as nonspecific (52, 54). The bulk fs-ESHS response for
NaCl and NaI solutions is also shown (blue and green data). As dis-
cussed, it shows that the orientational order of bulk water is changed at
~1 mM. The ionic strength for the half saturation of both curves (55 mM
and 4 mM) is different by ~2 orders of magnitude.

Figure 3C shows the second set of experiments: Dg recorded for
NaCl solutions in H2O and D2O using the Wilhelmy plate method
(55). As worked out in detail in section S8, here, Dg reports on the
ion-induced free-energy change involved in creating a water-air surface,
with an accuracy of 0.1% (0.072 mJ/m2). It can be seen in Fig. 3C that
Dg reaches a minimum at 2 ± 1 mM for NaCl in H2O and at 14 ±
0.5 mM for D2O (that is, at an ~7× higher ionic strength than for
H2O). Beyond ~20 mM (H2O), Dg increases (50, 51). Within the error
of the measurements, the concentrations for which the minima are
reached are the same as the ones for which the fs-ESHS signal saturates
for both H2O and D2O (Fig. 2B). The difference equals the phenom-
enological factor of ~6 observed in the fs-ESHS measurements (Fig.
2B). Because surface tension measurements cannot distinguish between
the different axes along which H-bonds can be formed/broken (Fig.
1A), the magnitude of Dg is expected, and observed, to be the same
for H2O and D2O. In agreement with this observation, interfacial iso-
tope effects are small: Sum frequency experiments on isotopic mixtures
at the air-water interface indicate no substantial isotope effect (56) or,
at most, a 4% isotope effect (57).

Thus, although the change in the orientational order of a single water
molecule is small, the collective effect appears to be linked to macro-
scopically detectable distortions in the H-bond network of water. This
is a remarkable display of how an accumulation of a small yet quan-
tifiable distortion may result in macroscopic effects. Water plays an omni-
present role in physics, chemistry, biology, and medicine, and subtle
effects can have significant consequences for equilibrium and none-
quilibrium processes. The observed effects may well be relevant to a wide
variety of phenomena, and the sizeable difference observed between
H2O and D2O provides us with a handle to understand and verify models
aimed at understanding nuclear quantum effects in aqueous systems.
SUMMARY AND CONCLUSIONS

In summary, we observe electrolyte-induced perturbations in the
H-bond network of liquid water that start to appear at ionic strengths
<10 mM. The changes level off at ~1 mM, are constant up to ~0.1 M,
and can be explained as an increase in orientational order in the H-bond
network of water. The observed perturbations are independent of the
chemical nature of the 21 ion pairs used, indicating a universal effect
that is also present at physiological electrolyte concentrations. The ob-
served constraint in the orientational order of water molecules is also
detectable macroscopically: The decrease in surface tension measured at
micromolar concentrations points to a qualitative change in the surface
propensity of ions that can be explained in terms of the collective in-
teraction between nanoscopic “ordered domains” of water around ions
and the interface. The H-bond restructuring observed in the fs-ESHS
measurements occurs in both H2O and D2O, but the comparative re-
sponse of D2O is a factor of ~3 lower in relative fs-ESHS intensity than
that of H2O, and occurs at an ~6× higher electrolyte concentration. This
is consistent with H-bonds being stronger in D2O than in H2O as a
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result of nuclear quantum effects, which leads to smaller perturbations
in heavy water than in light water. This large difference in the onset con-
centration is also observed in surface tension measurements, suggesting a
further link between nanoscopic and macroscopic length scales.
MATERIALS AND METHODS

Sample preparations
CCl4 (99.9%, Sigma-Aldrich), LiCl (99.999%, Sigma-Aldrich), NaCl
[99.999% (Acros) for fs-ESHS measurements and 99.999% (Sigma-
Aldrich) for surface tension measurements], KCl (99.999%, Acros),
MgCl2 (99.99%, Sigma-Aldrich), CaCl2 (99.99%, Sigma-Aldrich), SrCl2
(99.99%, Sigma-Aldrich), BaCl2⋅2H2O (99.9999%, Alfa Aesar), NaNO3

(99.999%, Fluka), NaBr (99.995%, Fluka), NaI (99.999%, Sigma-Aldrich),
NaH2PO4 (99.999%, Fluka), NH4Cl (99.9995%, Fluka), NaSCN (99.99%,
Sigma-Aldrich), Na2S2O3 (99.99%, Sigma-Aldrich), Na2SO4 (99.99%, Sigma-
Aldrich), BeSO4⋅4H2O (99.99%, Sigma-Aldrich), MgSO4 (99.99%, Sigma-
Aldrich), CaSO4 (99.99%, Sigma-Aldrich), NaClO4 (99.0%, Acros),
NaOH (99.99%, Sigma-Aldrich), and HCl (Ultrpur, Merck) were used as
received, without further purification. All samples were made by dissolving
the electrolytes in degassed ultrapure water to obtain a stock solution with
a high concentration. To purify H2O, we used a Milli-Q UF-Plus instru-
ment (Millipore Inc.) for the fs-ESHS measurements and a NANOpure
UltrapureWater System (Barnstead) for the surface tension measurements,
with an electrical resistance of 18.2 megohm⋅cm. For the experiments with
heavy water, degassed D2O was used: D2O (99.8% d, >2 megohm⋅cm,
Armar) for the fs-ESHS measurements and D2O (99.9% d, Cambridge
Isotope Laboratories) for the surface tension measurements. The stock
solutions were filtered (Millipore Millex-VV 0.1-mm polyvinylidene di-
fluoride membrane filters) and diluted to the desired concentration.

Femtosecond elastic second harmonic scattering
fs-ESHS measurements were performed, as previously described in de-
tail (31), using 190-fs laser pulses centered at 1028 nm at a 200-kHz
repetition rate. The polarization of the input pulses is controlled by a
Glan-Taylor polarizer (GT10-B, Thorlabs) and a zero-order half-wave
plate (WPH05M-1030). The filtered (FEL0750, Thorlabs) input pulses
with a pulse energy of 0.3 mJ (incident laser power P = 60 mW) were
focused into a cylindrical glass sample cell (inner diameter, 4.2 mm)
with a waist diameter of ~35 mm and a Rayleigh length of 0.94 mm. The
scattered second harmonic light was collected with a planoconvex lens
(f = 5 cm), and then filtered (ET525/50, Chroma), polarized (GT10-A,
Thorlabs), and finally focused into a gated photomultiplier tube (H7421-
40, Hamamatsu). The detection angle was set to 90° with an acceptance
angle of 11.4°. Data points were acquired with an acquisition time of
50 × 1 s [that is, using 50 × (2 ×105) pulses in total] and a gate width of
10 ns. The fs-ESHS signal of pure H2O (Figs. 1C and 2, A and B) or
D2O (Fig. 2B) was measured between every two samples and was used
as a reference. The reproducibility of the fs-ESHS measurements was
1 to 3%. Samples were stored and measured in sealed glass sample
cells. All measurements were performed in a temperature- and humidity-
controlled room (T = 297 K; relative humidity, 26.0%). The obtained
relative intensities as a function of ionic strength were fitted with a
Langmuir equation whose functional form is given by DI ¼ C

r=A
1þr=A,

where r is the ion concentration and A and C are constants. The
temperature-dependent measurements were performed by placing the
sample cell in a temperature controller (Quantum Northwest).
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Molecular dynamics simulations
Classical molecular dynamics simulations were performed using the
GROMACS 5.0.4 package (58). The TIP4P-2005 model (59) was chosen
for the water molecules, and the CHARMM36 (60) parameters were
chosen for the sodium and chloride ions. Cubic simulation boxes, with
a side of about 20 nm, were prepared by combining about 264,000 water
molecules with randomly distributed pairs of ions, up to the desired con-
centration. After initial equilibration, simulations were run for 50 ns, and
snapshots of the instantaneous configurations of water and ions were
saved for further processing.

Surface tension measurements
Surface tension measurements were performed with an Attension Sigma
701 Force Tensiometer (Biolin Scientific), which was equipped with an
Attension PtWilhelmy plate (Biolin Scientific). This instrument was placed
on a Micro-g Lab Table (TMC), located in an ISO class 6 (1000 p/ft3)
Cleanroom (Clean Air Products), to minimize environmental noise and
to reduce atmospheric dust. All solutions were kept and measured in
glassware, which was previously treated with a standard Piranha glass
cleaning procedure. Namely, the glassware was first treated for a min-
imum of 5 min with a 3:1 mixture of concentrated sulfuric acid (95 to
98%, Sigma-Aldrich) and hydrogen peroxide solution (30%, Macron
Fine Chemicals). After this process, the glassware was washed with co-
pious amounts of water. Each sample solution was scanned a minimum
of 40 times, and every surface tension value was reproduced indepen-
dently at least 5 times.
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