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9

Cooperative Effects in Ion
Hydration

In the previous chapter we studied the solvation shell of anions in wa-
ter. However, in salt solutions one also has to consider the cation. Its
positive charge does not attract the OD-groups of water, but rather the
lone electron pairs on the oxygen of the water molecules. As a result the
solvation shell of a cation looks dramatically different, with the static
dipoles of its water molecules sticking radially out. The OD-groups in
the cation solvation shell are therefore hydrogen-bonded to the bulk
surroundings and can fully participate in reorientation processes. By
using the technique described in the previous chapter we show
in this chapter that the reorientation dynamics of OD-groups
in the anionic hydration shell in fact are affected by the pres-
ence of the cation. Anion-bound OD-groups have a freedom to wob-
ble while keeping their hydrogen-bond intact. This wobbling motion is
restricted in case cations with a sufficiently large surface charge density
are co-solvated. This cooperative effect on the hydration of charged
solutes is shown to be a generic feature that could play an important
role in the process of denaturation of proteins by certain salts.
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130 Cooperative Effects in Ion Hydration 9.1

9.1 Introduction

Water plays an essential role in the determination of the spatial structure of
(bio)molecules and (bio)molecular ions. Examples of this role of water are the
hydrophobic collapse in the folding of proteins and the self-organized formation
of cell membranes [135]. Concentrations of certain salts have been found to
influence these processes. Over a century ago, Hofmeister arranged a number
of salts to their ability to denature proteins, resulting in the so-called Hofmeis-
ter series [136]. In an attempt to explain this heuristic ordering of ions on a
molecular level, the concepts of structure-making and structure-breaking were
introduced [137]. It was thought that different ions either strengthen or weaken
the hydrogen-bond network of water over long distances and that this effect
would explain the observed (de)naturation effects. In the past decade, more
evidence was found that the effect of ions on water does not extend much fur-
ther than their first hydration shell [118, 119, 120, 121, 122]. These results
imply that, rather than long range structuring effects, direct ion-protein and
ion-membrane interactions are responsible for the influence of salts on the con-
formation of (bio)molecules.

More specifically, ions have been found to change the properties of a lipid
membrane such as thickness, headgroup conformation and lateral diffusion [138,
139, 140, 141, 142, 143, 144, 145]. In a number of studies it was found that the
tendency of anions to adsorb at the membrane surface follows the Hofmeister
series: weakly hydrated anions (with a low surface charge density) such as iodide
are attracted, while fluoride is repelled [141, 145]. For cations the effect is rather
opposite: strongly hydrated ions (with a large surface charge density) such as
Ca2+ and Na+ can penetrate into the interfacial region of the membrane and
tend to form clusters with lipids by binding to their carbonyl and phosphate
groups [138, 145, 142, 143, 146]. These results suggest a delicate balance of the
interactions between the hydrophilic groups of the phospholipid headgroups,
water and the co-solvated ions. For the understanding of membrane stability
and protein denaturation, it is therefore crucial to have a proper knowledge on
the details of ion hydration and water mediated interactions between ions and
charged molecular groups.

In this chapter we investigate these interactions. To this end we study the
orientational mobility of water molecules in a few selected electrolyte solutions.
First we try to understand the influence of anions on their solvation shell by
characterizing the reorientation of water molecules that are hydrogen bonded
to either chloride or iodide. Subsequently, we address the influence of differ-
ent co-solvated cations on the dynamics of the anion solvation shell. With this
knowledge we look into two biologically important charged molecules in combi-
nation with different types of cations: 1) Phosphorylethanolamine, which forms
the polar headgroup of a common class of membrane lipids (see structure for-
mula in Fig. 9.1B) and 2) formate, which acts as a model system for carbonyl
groups that are commonly encountered in proteins. We eventually draw the
bigger picture of cooperative hydration that evolved out of a number of exper-
iments in the last few years. Most results in this chapter were obtained using
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A B

Figure 9.1. A Linear absorption spectra in the region of the OD stretch vibration
for concentrated solutions of the measured alkali-halide salts and pure 4% D2O in
H2O. The OD stretch spectrum is shifted depending on the nature of the anion. B
Molecular structure formula of NaPE in water. PE− is a zwitterion at neutral pH.

the one-color infrared setup described in section 3.1.1. Section 9.3.4 describes
dielectric spectra that were obtained using the GHz dielectric relaxation setup
described in section 3.3.

9.2 Samples and Linear Spectra

In the first part of this chapter we focus on simple aqueous solutions of alkali-
halide salts. We chose NaCl, NaI, CsCl and KI for their high solubility and
coverage of the moderately strong to weakly hydrating alkali and halide ion
series [137]. The salts were purchased from Sigma Aldrich and were all of
>99% purity. We dissolved the salts in solutions of 8% HDO in H2O. Fig. 9.1A
shows the linear spectra of 4 molal solutions of the thus obtained solutions
in the region of the OD stretch vibration. As elaborated on in chapter 8, the
hydrogen-bond between deuteroxyl groups and halide ions is weaker than water-
water hydrogen-bonds, resulting in a blue-shift of the OD stretch band. For the
iodide salts this effect is stronger than for the chloride salts since iodide has a
lower surface charge density than chloride. We will use the blue-shift of anion
bound OD oscillators to study the reorientation dynamics of the anion solvation
shell.

In subsequent sections we will study the reorientation dynamics of OD
groups in solutions of the molecular anions phosphorylethanolamine (PE−) and
formate (HCOO−) in combination with different cations M=Cs+, K+, Na+,
Ca2+. PE− forms a good model system for the hydrophilic headgroup of a
very common class of phospholipids, the phosphatidylethanolamines. Phospho-
rylethanolamine (98% purity) was obtained in pure form from Sigma Aldrich.
After dissolving PE in water (isotopically diluted or pure H2O), a stoichiomet-
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132 Cooperative Effects in Ion Hydration 9.3

Figure 9.2. Transient absorption spectra at different delay times for a 4 molal NaCl
solution. The solid lines are the results from the fit to the model described in the text.

ric amount of hydroxide with the appropriate cation was added to obtain the
salt solution of interest. The solutions were brought to pH=8, at which pH the
phosphate fragment is fully deprotonated and the ammonium group is positively
charged [147], as illustrated in Fig. 9.1B. A small amount of D2O was added to
the samples used in the fs-IR experiments, such that the solvent consisted of 8%
HDO:H2O. For these salts, typically no blue-shift of the OD stretch vibration
is observed. Samples for the dielectric experiments were prepared in volumetric
flasks, in order to obtain well-defined molar concentrations of all components,
required for the analysis of the dielectric data. Throughout the sections that
cover the results on PE− all concentrations mentioned will refer to the concen-
tration of PE−, meaning that the amount of bivalent Ca2+ cations in a solution
of CaPE is only half the amount of Na+ cations in a solution of NaPE of the
same (PE) concentration. Formate is a model system for the carboxylate side
group of the amino acids aspartic and glutamic acid and is also often present
in the hydrophilic headgroup of certain types of membrane lipids.

9.3 Results and Interpretation

9.3.1 Reorientation of Water in the Anion Hydration
Shell

Fig. 9.2 shows transient absorption spectra at different pump-probe delay times
measured for a 4 molal NaCl solution. The negative absorption change (bleach)
for short delay times results from the excitation (νs = 0 → 1) of the OD
stretch vibration of a few percent of the HDO molecules. The excited state
decays in a few picoseconds to a differential absorption spectrum that remains
constant on the timescale of the experiment (10<t/ps<100). This differential



i
i

“Thesis˙Main” — 2013/12/19 — 12:57 — page 133 — #133 i
i

i
i

i
i

9.3 Cooperative Effects in Ion Hydration 133

A B

Figure 9.3. OD· · ·A− (A−=Cl−, I−) anisotropy decay for different concentrations
of NaCl (A) and NaI (B) solutions, including exchange effects. All curves show a fast
and slow decay. The reorientation becomes slower for more concentrated solutions, in
case of NaCl more so than for NaI.

absorption signal results from the increase of temperature after the excitation
has completely equilibrated over all the bath modes and is referred to as the
thermal difference spectrum (see section 4.3).

We analyze the data identically to the procedure described in section 4.4.3
and chapter 8, to which the reader is referred to for more details. In short, the
isotropic spectra like those shown in Fig. 9.2 are described by a model of vibra-
tional relaxation in which there are two different excited states, corresponding
to the |νs = 1⟩ states of the OD· · ·O and OD· · ·A− oscillators (A−=Cl−, I−).
In the kinetic modeling we included the effects of exchange between the an-
ion hydration shell and the bulk (see for a graphical presentation of the model
Fig. 4.7). Each of the states has a specific associated difference absorption
spectrum with respect to the ground state absorption spectrum. The shapes of
the difference spectra are fitted to the measured transient spectra at all delay
times. The fitted difference spectra do not change in shape as a function of
delay time, they only change in amplitude following the relaxation dynamics of
the kinetic model. Using the thus obtained state spectra we obtain the reori-
entation dynamics of both the OD· · ·O and OD· · ·A− oscillators by a spectral
decomposition (see section 4.4.3). The OD· · ·A− anisotropy decays for various
concentrations of both salts are shown in Fig. 9.3.

The anisotropy curves show a non-exponential decay with a fast and slow
component. As described in chapter 8 these decay curves not only represent
the reorientation dynamics of OD groups that remain hydrogen-bonded to the
anion (the intrinsic anisotropy), but also include a contribution due to excited
OD· · ·O oscillators that rotated into the anion hydration shell. We model the
anisotropy of the anion-bound water by assuming a bi-exponential form for the
intrinsic anisotropy Rintr

OD···A−(t), i.e. the anisotropy of the ion hydration shell
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134 Cooperative Effects in Ion Hydration 9.3

in case there would be no exchange [30]:

Rintr
OD···A−(t) = R0

[
(1−B0)e

−t/τA
1 +B0e

−t/τA
2

]
(9.1)

Here R0 is the initial amplitude, B0 a proportionality factor between the two
exponentials and τA1 and τA2 the time constants of the reorientation processes.
The initial drop due to librational motions is neglected here, as we only consider
the data after 0.5 ps in the fit. We include the exchange effects as was described
in section 4.4.3. It is not possible to determine the time constant of the exchange
for chloride and iodide solutions from our experiments because the OD· · ·O,
OD· · ·Cl− and OD· · · I− strongly overlap. Therefore we fixed the exchange
time constant for all measurements to 9 ps, as found by Gaffney for perchlorate
solutions [3]. The solid lines in Fig. 9.3 represent the results of the fit for the
NaCl and NaI solutions including the exchange effects. For both NaCl and NaI
we find τA1 = 2 ± 0.3 ps and τA2 = 9 ± 1 ps. The relative amplitudes of the
2 ps component are shown for all concentrations in Fig. 9.6A. For the iodide
solutions this component larger than for the chloride solutions.

We assign the slow reorientation component of the intrinsic anisotropy decay
to rotational diffusion of hydration shell water molecules on the charged anion
surface, while keeping the OD· · ·A− hydrogen bond intact [133]. The fitted
timescale is 9 ± 1 ps, in good agreement with what was found previously for
the long delay-time behavior of halide bound water [125, 132, 148]. For the
fast component we found a time constant of 2.0 ± 0.3 ps that we assign to
a wiggling motion of the OD bound to the anion. Since the iodide anion is
substantially larger than a water molecule, the OD· · · I− bond is less directional
than the OD· · ·O hydrogen-bond. The angle between the O· · · I− vector and
the OD transition dipole moment µ⃗ can therefore assume larger values than
in bulk water, without significantly weakening this bond. The variation of
this angle - while keeping the bond to the anion intact - will be influenced
by the environment of the water molecule. In principle this contribution will
therefore show a similar decay time as the bulk reorganisation/reorientation.
We find a time constant that is somewhat faster than the bulk reorientation,
which is possible since the wiggling within the anionic hydration shell does
not necessarily require a completed bulk reorientation event. This mechanism
was previously proposed for water solvating bromide ions in cationic micelles
[149]. For small micelles the bromide concentration in the interior becomes
extremely high and the total anisotropy will be dominated by the behavior
of water solvating the anions. For this system, an initially rapidly decaying
anisotropy was observed, assigned to the angular freedom of the OD· · ·Br−
hydrogen bond. With decreasing size of the anion from I− to Cl−, the amplitude
of the fast process decreases (Fig. 9.6A). This is explained by the restricted
angular freedom of motion that the smaller chloride ion allows for, which causes
the anisotropy of chloride-bound water to drop less than that of iodide bound
water (see also [89, 150]).
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A B

Figure 9.4. (A) Anion-bound anisotropy decays for different concentrations of KI
solutions, with the pump-spectrum centered around 2500 cm−1. With K+ instead
of Na+ as the counterion (see Fig. 9.3) the reorientation dynamics have only a very
small slow component, which does not depend on the concentration. (B) Orientational
dynamics of anion-bound water compared for 4 molal solutions of four different salts.
The curves represent the orientational dynamics of the OD hydrogen-bonded to the
anion only, but the amplitude of the slow decay process is dependent on the nature of
the cation as well as the anion.

9.3.2 Effect of Cations on the Anion Hydration Shell

Fig. 9.4A presents the OD· · · I− anisotropy for different concentrations of KI.
The curves show no change up to 6 molal. This is in stark contrast to the re-
sults on NaI that were shown in Fig. 9.3B, while only the cation was replaced.
Fig. 9.4B shows a collection of OD· · ·A− anisotropy curves obtained from 4
molal solutions of four different salts, all obtained with the pump-spectrum
centered around 2500 cm−1. Although ROD···A−(t) only represents the reori-
entation of anion bound OD groups, it not only depends on the nature of the
anion but also on the nature of the cation. It is excluded that the slower reori-
entation in ROD···A−(t) can be assigned to direct interaction of Na+ with OD
groups: Not only assures the spectral decomposition the contribution of anion
bound OD groups only, the vibrational lifetime of OD· · ·O oscillators around
Na+ is much shorter than the OD· · ·A− vibrational lifetime. The reorienta-
tion dynamics are thus dominated by the anion-bound oscillators for long delay
times. We performed the same analysis of the anisotropy curves as was done
in the previous section to obtain the relative amplitude of the fast relaxation
process of the intrinsic anisotropy (Fig. 9.6A). The large cations K+ and Cs+

induce a large fast decay component of the anisotropy decay of OD groups that
are hydrogen-bonded to the anion, while the smaller Na+ cation restricts the
fast decay component.

Dielectric relaxation spectroscopy measurements showed that the moder-
ately strongly hydrated sodium ion has no effect on the reorientation of water
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A B

Figure 9.5. OD· · ·O anisotropy decay for different concentrations of NaCl (A) and
NaI (B) solutions. The reorientation becomes slower for more concentrated solutions,
in case of NaI this occurs at higher concentration compared to NaCl.

molecules beyond its own hydration shell [151]. In this work we distinguish
the anisotropy dynamics of the anion-bound water molecules from other wa-
ter molecules and focus on the anion hydration shell. Surprisingly, we find that
moderately hydrated cations like sodium in fact do influence water reorientation
in the solvation shell of its counterion depending on the size and concentration
of the cation. From the faster OD· · · I− anisotropy decay for KI compared to
NaI solutions, it is clear that the orientational relaxation of water molecules
around the anions depends on the nature of the cations. The sodium induces a
decrease in the amplitude of the fast relaxation process, which is absent for the
larger cations (Fig. 9.4A). We explain this observation from the electric field
between cations and anions, which is larger in the case of smaller ions with a
larger surface charge density. If the field around the cation is strong enough it
partly aligns the static dipole of the water molecules around the anion, hinder-
ing the fast reorientation process by decreasing the angle of the cone over which
the OD can wiggle. Fig. 9.6A shows that the amplitudes of the fast process is
diminished by the presence of the stronger hydrated sodium for all measured
concentrations of iodide and chloride salts.

From the decomposition we also obtain the OD· · ·O anisotropy curves, which
are shown for the two sodium salts in Fig. 9.5. For low concentrations the curves
can be fitted well with a mono-exponential function with a time constant of
∼2.5 ps and thus resembles the dynamics observed for pure HDO:H2O [22].
The fitted reorientation times of the OD· · ·O anisotropy of all salts are shown
in Fig. 9.6B. For the more concentrated solutions the reorientation slows down,
the onset of this slowing down occurring at a higher concentration for NaI than
for NaCl. In contrast, the OD· · ·O anisotropy decays for the KI and CsCl
solutions behave like neat HDO:H2O up to the highest concentration measured.
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A B

Figure 9.6. (A) The fraction of the fast component in the anisotropy decay of OD
hydrogen-bonded to the anion (solid lines are guides to the eye). The results are
from a global fit on all the measured concentrations of all salts, with the fast and
slow reorientation times as global parameters. (B) Reorientation times fitted to the
decomposed anisotropy decay of OD· · ·O water.

It should be noted that ROD···O(t) also contains the dynamics of the water
molecules in the hydration shell of the cations.

The anisotropy decays obtained from the OD· · ·O band show hardly any
difference from the reorientation dynamics of OD groups in neat HDO:H2O,
except for the higher concentrations of the sodium salts (Fig. 9.5). This implies
that up to concentrations of 3 molal the cation does not affect the reorientation
of the hydroxyl groups of water molecules in its solvation shell, which was shown
before to be the case even for strongly hydrated cations like Mg2+ [118, 123].
The solutions containing a high concentration of sodium ions (≥ 4 molal) do
show a somewhat slower reorientation of the OD· · ·O groups, and this effect
is more pronounced for NaCl than for NaI. The difference between NaI and
NaCl indicates that the hydration shell dynamics of the cation is dependent on
the nature of the counterion. For the weaker hydrated Cs+ and K+ cations
we observe no strong dependence on concentration and/or the nature of the
anion, from which we conclude that the slowing down of the reorientation of
the OD· · ·O groups increases with both the cation and the anion hydration
strength.

9.3.3 Cooperative Effects of Cations combined with
Formates or Phosphorylethanolamine

In the past two sections we have shown that in solutions of alkali-halide salts
the reorientation of water depends on the hydration strength (or surface charge
density) of both the cation and the anion. Many biologically relevant molecules
possess charged groups and in this section we investigate whether similar co-
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Figure 9.7. Transient absorption spectra at different delay times for a 1 molal solution
of KPE. The solid lines are the results of a fit to the data of the kinetic model described
in the text.

operative effects occur in solutions of such molecules and cations of various
hydration strengths.

Fig. 9.7 shows transient differential absorption spectra for ten pump-probe
delay times for a 1 molal solution of KPE. Since the linear spectra of PE solu-
tions do not show a spectral blue-shift of the OD stretch absorption band, we
assume that there are no different species of OD oscillators that are spectrally
distinguishable. We therefore fit a kinetic model to the data in which only one
excited state relaxes to the thermalized, hot ground state (for details see sec-
tion 4.2.2). The solid lines in Fig. 9.7 represent the fit of the model to the 1
molal KPE data. For all the different salts and concentrations the vibrational
relaxation times obtained from the fits are very close to the value of 1.7±0.1 ps
obtained for neat 8% HDO:H2O with the same model [22]. Similar results were
obtained for solutions of PE− with different cations and for solutions of various
formate salts. The finding that the model parameters are nearly independent
on the type of salt and concentration is a sign that all OD oscillators in the so-
lutions have a similar distribution of hydrogen-bond strengths as in bulk water.

Using the results of the fit of the kinetic model we subtract the contribution
of the thermalized ground state at all delay times from both the parallel and
perpendicular probed signals to obtain the polarization dependent absorption
changes that only result from the excited OD oscillators. From these signals
we obtain the anisotropy of the excited OD oscillators using Eq. (4.3). The
anisotropy decay for different concentrations of NaHCOO and KHCOO are
presented in Fig. 9.8. Since we could not discriminate the reorientation dy-
namics of OD groups in the ion solvation shells from those in the bulk, the
anisotropy curves shown here represent the averaged dynamics of all OD oscil-
lators in the solution. The reorientation dynamics of neat 8% HDO:H2O shows
a mono-exponential decay with a time constant of 2.5± 0.1 ps, similar to what
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A B

Figure 9.8. Logarithmic plot of the anisotropy decay of the OD stretch vibration
in solutions of NaHCOO (A) and KHCOO (B). For increasing concentrations of the
sodium salt the anisotropy becomes slower, which effect is absent in the potassium
salt solutions.

was found in previous work [22]. For increasing concentrations of NaHCOO,
the anisotropy decay becomes slower, while the addition of KHCOO has little
to no effect on the reorientation dynamics of water.

Fig. 9.9A shows the anisotropy decays obtained for 1 molal solutions of NaPE
and KPE. For comparison, the OD· · ·O anisotropy obtained for solutions of
NaI and KI in the previous section are plotted in Fig. 9.9B. Like in the formate
solutions, the reorientation dynamics in the PE solutions becomes slower upon
replacing potassium by sodium as the counterion. In contrast to KHCOO,
the reorientation dynamics in the KPE solutions is slower than in bulk water,
although not as much as for the NaPE solutions.

The curves in the logarithmic plot of Fig. 9.9 clearly show that the de-
cay is not single exponential. The anisotropy decay of all measured salts and
concentrations are very well described by a bi-exponential function with a fast
and a slow component like Eq. (9.1). Previous work on aqueous solutions of
osmolytes also found a bi-exponential behavior of the anisotropy dynamics of
water [28, 24, 152]. It was shown that even in concentrated solutions a fast
relaxation component persists with a time constant similar to the bulk water
reorientation time. For such concentrated solutions it is very unlikely that there
are many water molecules in an environment that is like bulk water. However,
concerning the dynamics of water, apparently even at high solute concentra-
tions there is still a considerable amount of OD groups that have the freedom
to reorient on a timescale like in bulk water.

We thus associate the fast component in our measurements to OD-groups
that reorient in a bulk-like fashion, that is, on a similar time scale as bulk water,
and we accordingly fix the time constant of this component to 2.5 ps. The
slow component represents OD-groups for which the reorientation is severely
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A B

Figure 9.9. Comparison of the anisotropy decay of different salt solutions, all at a
concentration of 1 molal. (A) NaPE has a stronger effect of immobilization of water
molecules than KPE. (B) This difference is absent in the case of the corresponding
iodide salts and therefore finds its origin in a cooperative effect between the cation
and the PE− ion.

hindered. Due to the fact that we can only probe the anisotropy over a time
interval of 8 ps, the time constant of this component cannot be determined
accurately. For all concentrations we fix this time constant to 20 ps. This
value is an average value obtained from a bi-exponential fit to the 2 molal
anisotropy decays of KPE and NaPE, with the notion that the error margin
on the fitted time constants is quite large. The fraction of slowly reorienting
water fslow = Aslow/(Aslow + Afast) follows from the fitted amplitudes of the
fast and slow reorientation processes, Afast and Aslow respectively. The bi-
exponential fits are represented by the solid lines in Fig. 9.8 and Fig. 9.9. The
slow water fraction fslow is shown in Fig. 9.10 for all data (salt solutions and
concentrations). We obtain the hydration number Z from the slope of a straight
line fitted through the data points (solid lines in Fig. 9.10). Z is the number of
slow OD-groups per solute molecule in the solution. We find that the hydration
number decreases in the cation series Ca2+ > Na+ > K+ ≈ Cs+.

The hydration numbers obtained from the analysis of our fs-IR data for
solutions with low charge density cations like K+, Cs+ are Z = 2 ± 1 for the
formate solutions and Z = 7±1 for the PE solutions. In the previous section we
concluded that these cations have a low surface charge density, what suggests
that the hydration number of the potassium and caesium salts is entirely due to
the solvation of the (formate or PE−) anion. In the case of PE− this hydration
water likely corresponds to water molecules that are hydrogen-bonded to the
phosphate group or are contained in the hydrophobic hydration shell of the
C2H4 backbone of PE−.

Fig. 9.10 shows that a marked difference in hydration number exists between
the potassium salts and the sodium salts. For both anions the replacement of
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A B

Figure 9.10. Slow fraction of water (τslow = 20ps) for PE solutions (A) and formate
solutions (B) with different cations, as inferred from fs-IR experiments. The hydration
number Z is the slope of the straight line fitted through the data points. Cations with
a larger surface charge density are observed to slow down a larger number of water
molecules.

potassium by sodium results in an increase of Z by four OD groups with slower
reorientation. This suggests that for NaHCOO and NaPE not only the anion,
but also the cation is responsible for the slower dynamics of water. However, the
OD· · ·O reorientation dynamics in solutions of NaI and KI in Fig. 9.9B are con-
tradicting the hypothesis that the stronger retardation around NaPE/NaHCOO
compared to KPE/KHCOO is just caused by the cation. Like we found in the
previous section, the difference between the sodium and potassium salts implies
a cooperative effect that is present between sodium and the anion, but is absent
for potassium. This cooperative effect is indicative of the formation of weak sol-
vent separated ions pairs. In case the cation is Ca2+, with a yet higher surface
charge density than Na+, the effect is even more pronounced (Z = 14 ± 2 for
CaPE). It should be noted that Z is this large even though the number density
of cations in solutions of CaPE is twice as low as that in solutions of NaPE.

9.3.4 Lifetime of the PE-Na and PE-Ca Ion-pairs

Fig. 9.11 shows the real (blue, circles) and imaginary (red, squares) part of the
dielectric function for different concentrations of NaPE. From the raw data it is
apparent that the spectra contain an intense relaxation mode (peak in ε′′ and
accompanying dispersion in ε′) at frequencies ∼ 0.3 to 1GHz. Its amplitude
increases with concentration, apparent from the increase of the peak in the
dielectric loss upon the addition of solute. The electronic structure of the PE−

anion is such that the negative charge is located at the phosphate group and the
positive charge is centered at the ammonium fragment. This charge separation
leads to an intrinsically large dipole moment and the observed lower frequency
relaxation can thus be assigned to the rotation of the PE− ion.
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Figure 9.11. The real (blue, circles) and imaginary (red, squares) part of the di-
electric function for solutions of 0.24, 0.48, 0.71 0.93 1.33 and 1.75 molal of NaPE in
water. The bulk water mode at 20 GHz is decreasing with concentration and a mode
at low frequencies grows in with concentration. The latter mode is assigned to the
reorientation of the zwitterion PE−.

The observed frequency corresponds to a reorientation time of the solute
on the order of 200 ps, increasing with increasing solute concentration to over
400 ps. We derive the effective dipole µeff of the PE− ions from the fitted mode
amplitudes using the Cavell equation (Eq. (4.43)). For all salt solutions except
CaPE the effective dipole is independent of both cation type and its concen-
tration (Fig. 9.12). The obtained dipole moments of 25 ± 1 Debye correspond
well to the results of an ab initio calculation of a PE− zwitterion in a dielectric
continuum a. Interestingly, the effective dipole of PE− in solutions of CaPE
shows a significant decrease with concentration.

The data in Fig. 9.11 shows another relaxation mode that is centered at
∼ 20GHz. The amplitude of this relaxation decreases with increasing concen-
tration and can be readily assigned to the reorientation of bulk-like water [31].

From the fs-IR data it is apparent that not all water molecules show bulk-
like dynamics, and that a subensemble of water molecules exhibits distinctively
slower rotational dynamics. Accordingly, we fit a superposition of three Debye
modes to the experimental permittivity spectra, representing the solute rota-
tion, the relaxation of slow water molecules, and the orientational relaxation of

aQuantum mechanical geometry optimizations for several conformers of the PE- anion were
performed using density functional theory (B3LYP [153, 154] and PBE [155, 156]) as provided
by the ORCA program package [157]. For all calculations, the TZVPP basis set [158, 159] was
used within the resolution of identity [160, 161]. Solvation effects were taken into account by
the COSMO model [162] taking the dielectric constant of water εs = 80 as the permittivity
of the medium. Dipole moments were calculated assuming the geometric center as the pivot.
These calculations give values for µeff=24-33 D, depending on the conformation.
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Figure 9.12. The effective dipole moment µeff of PE− as obtained from the amplitude
of the low frequency mode using the Cavell equation (Eq. (4.43)). The obtained values
are in good agreement with an ab initio calculation of the PE− dipole in a constant
medium, which gives µeff=24-33D, depending on the conformation. The error bars for
the NaPE data points are exemplary, the error bars for the other data points are of
similar magnitude. The dipole moments of PE− thus show no significant dependence
on concentration, except if Ca2+ forms the counterion.

bulk-like water molecules,

ε̂(ν) =
SPE

1 + 2πiντPE
+

Sslow

1 + 2πiντslow
+

Sbulk

1 + 2πiντbulk
− iσ

2πνϵ0
+ ε∞, (9.2)

where σ is the conductivity of the sample (see also section 4.5). As the relaxation
of the slow water sub-ensemble is located in the spectrum between the intense
bulk water relaxation and the lower frequency solute mode, it is difficult to
unambiguously determine its amplitude and central frequency. Thus, we reduce
the number of adjustable parameters and fix the fraction of slow water molecules
in these fits to that obtained from our fs-IR experiments. GHz-DR measures
the first order correlation function of the macroscopic polarization, whereas
fs-IR measures the second order correlation function of the transition dipole
moments of the OD stretch vibration. The rotational correlation times of the
two different experiments are found to be related to each other by a factor of
3.4 [35]. We therefore further assume the relaxation time of the slow water
molecules to be τslow = 68ps, corresponding to the value of 20 ps used in our
fs-IR analysis. As can be seen in Fig. 9.11 such fits are in excellent agreement
with our experimental spectra. The good quality of the spectral decomposition
into the three Debye modes is exemplified in Fig. 9.13 for the spectrum of a
1.75 molal solution of NaPE.

After correction for kinetic depolarization [38] the sum of the amplitudes of
the two water relaxation modes (slow water + bulk-like water) reproduce the
total analytical water concentrations for KPE and CsPE within experimental
accuracy. For the samples with Ca2+ and Na+ as counterions, the water con-
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Figure 9.13. The results of a fit (solid line) of three Debye modes to the real (blue,
circles) and imaginary (red, squares) part of the dielectric function of a 1.75 molal
solution of NaPE in water. The dotted lines represent the imaginary part of the three
resolved modes. The amplitude and time constant of the slow water mode (middle)
are obtained from the fs-IR experiments.

centration extracted from the sum of the amplitudes of the two water relaxation
modes, is lower than the analytical water concentration, indicative of the pres-
ence of irrotationally bound water molecules within the hydration shell shells
of those cations [38].

In the previous section we found strong evidence for the formation of solvent
separated ion pairs for NaPE and Ca(PE)2 solutions. Dielectric spectroscopy is
in particular powerful in detecting such ion pair species, since an ion aggregate
possesses an intrinsic electrical dipole moment. In case the lifetime of such an
ion aggregate is comparable or longer than its rotational correlation time, the
rotation of the aggregate will be observed as a strong low frequency relaxation
in the DR spectrum [163].

In the present case the PE− anion itself has an electrical dipole owing to its
zwitterionic chemical structure. The formation of an ion-pair via interaction of
the cation with the negatively charged phosphate group of PE would balance
part of the negative charge located at the phosphate group. An M+PE− ion
pair would therefore have a smaller electrical dipole than the PE− anion itself.

For all studied samples (except for Ca2+), we observe µeff to be constant
at all studied concentrations. This observation implies that ion pairs between
PE− and the monovalent alkali-metal ions (including Na+) are too short-lived
(<200ps) to be detected with DRS. Only for Ca2+ we observe µeff to decrease
with increasing concentration. This indicates that only for Ca2+ the solvent sep-
arated ion pair exists longer than 200ps. Apparently, the formation probability
or lifetime depends on concentration.

It is noteworthy that we observe the rotation time of water molecules located
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between the phosphate group and the cation of the solvent separated ion-pair
to be in the order of 20 ps. This time constant implies that the life time of the
PE-Na ion-pairs must exceed 20 ps in order to observe a noticeable retardation
of the water dynamics. The DRS results provide the upper boundary for the
persistence times of the PE-Na contacts of 200 ps.

9.4 Cooperative Ion Hydration: The Broad
Picture

Various salts have quite a different impact on properties of water that can be
detected macroscopically. Examples are the viscosity, or the ability to salt out
proteins, the latter of which led Hofmeister already in 1888 to formulate an
empirical ordering of salts [136]. In spite of their relevance for many processes,
still no consensus has been reached about the microscopic origins of such effects.
A parameter of importance that follows from the Hofmeister series is the surface
charge density of ions, which is determining the strength of the interaction of
the ion with the polar water molecules. Most current disagreements concern
the extent over which ions affect their environment and whether the influence
of ions on their environment is additive or not [118, 164, 137, 165, 166]. In
discussing these issues, the definition of terms should be taken with care. The
influence sphere of an ion is often called its hydration shell. However, there
can be quite a difference in the size of this hydration shell depending on the
measurement technique [137, 123].

Here we find that for salt solutions the orientational dynamics of the wa-
ter molecules often depend on both the nature of the cation and the anion, in
agreement with other work [123, 37, 29]. In addition to previous work, we iden-
tified the separate contributions of the cations and anions to the reorientation
dynamics. We found that both ions have their own characteristic influence on
the reorientation of water and that these effects are often non-additive. The
combination of a cation and anion with both a large surface charge density has
a substantially larger deceleration effect on the water dynamics than the sum of
the effects of both ions when they are combined with counterions with a much
lower surface charge density.

It has been argued that some of such combined effects of ions on the water
dynamics can be explained by the speed up of water reorientation by ions with a
low surface charge density [166]. NMR experiments showed that for solutions of
a few molal NaClO4 the average reorientation time increases slightly (3%) with
respect to that of bulk water [167], assigned to water solvating the perchlorate
anions. In previous NMR, dielectric relaxation spectroscopy and fs-IR experi-
ments, only the average reorientation time of all water molecules in the solution
was measured, meaning that this claim could not be tested. By separating the
response of OD groups solvating anions (OD· · ·A−) and that of OD groups sol-
vating other water molecules (OD· · ·O), we were able to show that the water
solvating the anion can indeed possess a reorientation component that is faster
than bulk liquid water [30] (Fig. 8.5). This fast component can be assigned
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to a wobbling motion of the OD group while keeping its hydrogen-bond to the
anion intact [149]. The OD group can wobble over a relatively large cone due
to the large size of the anion in comparison to the OD· · ·A− bond length. This
assignment is supported by the observation that the fast wobbling component
is larger for anions that are bigger and that have a lower surface charge density
(Fig. 9.6A). Classical MD simulations found that a high surface charge anion
Cl− much more aligns the transition dipole of a solvating OH group than I−

does. ClO−
4 has a very low surface charge density [128], and for solutions of

NaClO−
4 this component is apparently large enough to suppress the average

reorientation time of all water molecules as observed by NMR [167]. At high
concentrations, matters become different as we will discuss in a moment.

The reorientation of the OD· · ·O groups at relatively low concentrations is
identical to that of bulk water [30] (Fig. 8.5). Since the OD· · ·O component con-
tains the water molecules solvating the cations, this observation implies that at
low concentrations Na+ does not affect the reorientation of OD groups in its sol-
vation shell. This is consistent with previous findings [118]. In analogy to water
solvating anions, it was predicted that the reorientation of water molecules sol-
vating cations with a low surface charge density also speeds up [166]. However,
this is not what we observe: Fig. 9.6B shows that the OD· · ·O reorientation
in solutions of CsCl is not faster but identical to that of bulk water. The Cs+

cations thus leave the reorientation of OD groups merely unaffected.

The identification of two different species with different orientational re-
laxation dynamics was recently challenged [29]. In this work it was suggested
that the reorientation of water is highly concerted and a separation between OD
groups solvating ions and OD groups hydrogen-bonded to other water molecules
is invalid for this observable at the concentrations studied. The argument used
was that the total anisotropy for MgBr2 did not show a noticeable dependence
on frequency as the OD· · ·O and OD· · ·Br− oscillators have a different linear
absorption spectrum. A difference in reorientation dynamics should have led to
a frequency dependence of the overall anisotropy decay.There are a number of
points missing in this argumentation. First, the discussion does not address the
influence of the population dynamics on the total anisotropy. Since the stretch
vibrations of OD· · ·Br− oscillators have a considerably longer lifetime, their
relative contribution to the total anisotropy does not only depend on the distri-
butions in the linear spectrum. At short delay times the anisotropy is dominated
by the orientation of OD· · ·O oscillators, while at 8 ps delay time the anisotropy
is almost exclusively representing the orientation of OD· · ·Br− oscillators [133],
irrespective of the probe frequency (see also Fig. 8.3 in the previous chapter).
Hence, the lack of frequency dependence in the overall anisotropy dynamics
of Ref. [29] is mostly due to the fact that at later delays only the OD· · ·Br−
dynamics are observed. In case both species have highly different reorientation
dynamics, a large frequency separation of their resonances, and not too different
lifetimes, as is the case for the core and shell water of reverse micelles [27], the
total anisotropy dynamics clearly shows a frequency dependence. This is also
the case for NaClO4 solutions, for which also a strong frequency dependence of
the total anisotropy dynamics was found [30]. For systems with a smaller spec-
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tral separation of the two species, a spectral decomposition as was performed in
this chapter yields a more accurate method to obtain the reorientation dynam-
ics of the different water species. Would the proposition of Ref. [29] be correct,
then the decomposed anisotropy dynamics of both species would be equal. This
is clearly not what we observe.

For increasing concentrations, some cations can have a pronounced effect
on the reorientation of OD groups in the anion solvation shell (Fig. 9.4B and
Fig. 9.6A). Cations with a larger surface charge density like Na+ induce a de-
crease of the fast wobbling component. Since we associated this component
with an alignment of the OD· · ·A− hydrogen-bonds, this observation implies
that Na+ enhances this alignment and eg. Cs+ does not. The fast wobbling
component thus depends on both the anion and the cation and represents a
non-additive or cooperative contribution to the reorientation of water in ion-
solutions. At a certain concentration also the dynamics in the OD· · ·O becomes
slower (Fig. 9.6B). The origin for this effect is likely to be found in crowding
effects, the overlap of hydration shells of the ions. Important to notice here
is that the critical threshold for this effect to happen is different for different
ion-combinations and again depends on both the cation and the anion.

An extrapolation of the results of this chapter can be made to the observa-
tions in solutions where both ions have a very high surface charge density, like
MgSO4 [123, 37]. OD groups that are hydrogen-bonded to SO2−

4 experience a
strong limitation of their wobbling motion due to the ions very large surface
charge density. The addition of a weakly hydrated counterion like Cs+ does
not restrict this wobbling motion any further, while Mg2+ does. In addition,
the strong field between SO2−

4 and Mg2+ further hinders the rotation of wa-
ter molecules in the Mg2+ solvation shell [123, 168]. Since the reorientation
of water solvating Mg2+ is hardly affected in solutions of MgClO4 [118], the
observations for the water dynamics in MgSO4 solutions form a clear example
of a non-additive ion-effect.

Recent classical MD simulations argued that there are no cooperative effects
for ions with high surface charge density (like MgSO4 and Na2SO4) and that the
slow down of the water reorientation is due to a dominant contribution of slower
frame reorientation, related to the increased viscosity of such solutions [166].
This conclusion disregards the fact that cooperative effects were already ob-
served for concentrations of MgSO4 and MgCl2 lower than 0.5 molal [123],
at which concentration no crowding effects are expected by the same classical
MD study [166]. Moreover, a slower frame reorientation and a higher viscos-
ity are not at all at odds with the formation of cooperative solvent-separated
ion-pairs. In fact, the slower frame reorientation and higher viscosity are likely
(macroscopic) consequences of the formation of solvent separated ion-pairs. Un-
fortunately, in this MD study [166], the dynamics of water were only compared
in solutions of Na2SO4 and NaClO4, and not to those in a solution of CsSO4.
A comparison in which the strongly hydrating ions (Mg2+, Na+, SO2−

4 ) are
combined with much more weakly hydrating counterions (ClO−

4 , Cs+) could
truly have provided more insight in the cooperative effects of particular ion
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combinations on the dynamics of water.
At infinite dilution, cooperative effects can only arise in case the ions show

some affinity for each other. In such a case a subtle balance exists: the salt
is not precipitating yet, although pairs of ions of opposite charge are formed.
In case no water percolates in between the ions, such a formation is called a
contact ion-pair (CIP). Sometimes stable configurations are formed wih one or
two layers of water in between the ions, called solvent shared ion-pairs (SSIP) or
solvent separated ion-pairs (2SIP), respectively. In concentrated solutions these
concepts start to break down, as the water-ion ratio becomes such that most
hydration shells necessarily start to overlap. Since most monovalent ions have 6-
8 water molecules in their hydration shell [137], extensive overlap of hydration
shells due to crowding is expected to happen at concentrations exceeding 3
molal. For bivalent ion combinations like Na2SO4 the threshold is rather around
1 molal [166].

At the concentrations for which cooperative ion effects are found in this
chapter, as well as for MgSO4 [123], it is thus likely that the ions engage in
SSIP or 2SIP rather than that crowding effects play a role. Dielectric relaxation
spectroscopy (DRS) measurements did indeed find Na2SO4 ion-pairs [151, 36].
Since DRS can only probe ion-pairs of which the lifetime exceeds the rotational
correlation time of the complete pair, the lifetime must be at least 100 ps. These
results thus appear to be in contradiction with the lifetimes shorter than 10 ps
of such ion-pairs that were found by classical MD simulations [166]. The DRS
results thus do not support the argument based on classical MD simulations
that ion-pairs cannot play a dominant role in the observed retardation. The
formation of ion-pairs is clearly a very subtle balance and difficult to capture
by classical MD simulations [169, 170, 171, 172], as was also mentioned in other
studies [168].

Due to the difficulties in capturing the formation of ion-pairs, other work
specifically studied the differences in hydration dynamics for fixed anion-cation
distances [168]. In this work, a clear additional retardation effect on solvating
water molecules was found in case a Mg2+ and SO−2

4 ion were close enough
to each other. The retardation was found to depend on the surface charge
density of the ions: The water dynamics of a similar configuration with Cs+

and Cl− ions was found to have a significantly smaller additional retardation
effect. At larger ion distances (12 Å), only a small additional retardation effect
was observed outside the hydration shells of both ions. These findings let the
authors to conclude that cooperative effects are small beyond the ions first
solvation shell and mainly affect the reorientation time and not the number of
slower water molecules.

So far, we only considered simple inorganic salt solutions. Biologically rele-
vant Hofmeister effects however concern the influence of salts on the conforma-
tion of proteins and lipid membranes. It is easy to picture ions to have water
mediated interaction with charged groups of proteins similar to the effects de-
scribed above. To test this, we studied the reorientation of water in solutions
that contain simple molecules with negatively charged groups as a model for
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biologically relevant systems with different types of cations. As model systems
we used phosphorylethanolamine (PE−) and formate.

The results on these solutions are easily viewed in the same context as de-
scribed above. We cannot resolve the reorientation dynamics of OD oscillators
hydrogen-bonded to the phosphate group separately, since those oscillators lack
a different spectral response like for the halide anions. The reorientation dynam-
ics that we obtain thus represent all OD groups in the solution. It is however
likely that the reorientation of OD oscillators bound to the negatively charged
phosphate group of PE− or the carboxyl group of formate involves a similar
wobbling motion as we observed for the halide anions. In perfect analogy to
what was discussed above, co-solvated K+ or Cs+have a low surface charge den-
sity and have no influence on these dynamics. In contrast, the electric fields
around Na+/Ca2+ are high enough to align a number of OD groups in a water
complex with phosphate/carboxyl. Since we find these effects already for rela-
tively low concentrations, the close vicinity between the ions that is needed for
such an alinement can be explained by the formation of solvent separated ion
pairs.

With DRS we observed PE-Ca ion-pairs but no PE-Na ion-pairs. These
results put an upper boundary on the lifetime of the PE-Na ion pairs (< 200 ps):
They must be formed and broken only fleetingly. Since the fs-IR experiment
is capable of measuring the reorientation of water molecules on a much shorter
timescale, we are able to probe the slower dynamics caused by those short living
ion-pairs. For Ca2+ it has been found that the residence time of water molecules
in its solvation shell can be as long as 700 ps [173], while for Na+ this value is
only 22 ps. The rigidity of the Ca+ hydration shell could explain why the PE-Ca
ion pair is much longer lived than the PE-Na ion pair.

Our findings agree with previous theoretical work and molecular dynamics
simulations that showed that the interaction between membrane lipids and co-
solvated ions is highly dependent on the charge density of the ions. Cations
with a high surface charge density like sodium and calcium were found to have
a higher propensity at the lipid surface [141, 145, 146]. The binding of Na+

and Ca2+ to particular anionic groups may also play a role in the denatura-
tion of biomolecules (e.g. proteins and DNA), as cations with a higher surface
charge density typically destabilize protein conformation [137]. To explain de-
naturation effects, most recent work favors the picture of direct ion-protein
interaction rather than a long-range structure making or breaking effect on wa-
ter [174, 119, 120, 175, 121, 122]. Our observation of the existence of solvent
separated ion pairs between phosphate and Na+ or Ca2+, forms strong support
for the important role of direct ion-protein interaction.

9.5 Summary

We studied the reorientation dynamics of water in electrolyte solutions of dif-
ferent types of cations and halide ions, phosphorylethanolamine (PE−) and
formate. Using the spectral blue-shift of the OD-stretch resonance frequency of
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halide bound water molecules, we were able to specifically isolate the response
of these water molecules. We find that the reorientation of OD groups in the
anion hydration shell happens by a fast and slow process (2.0 ± 0.3 ps and 9 ±
1 ps). The amplitude of the fast component was found to decrease for smaller
anions and for smaller cations. The fast component is associated with the wig-
gling motion of the OD groups that keep their hydrogen-bond to the anions
intact. An anion with a smaller radius and higher surface charge density exerts
a stronger restriction on the angle of the cone it is allowed to wiggle, explain-
ing the decrease of the amplitude of this process for smaller anions. We found
that a strongly hydrating cation like Na+ has the tendency to align the water
molecules in the anion hydration shell, thereby restricting the angular cone even
further.

In the case of stronger hydrating cations, the dynamics of water molecules
that are hydrogen-bonded to other water molecules are also found to have slower
dynamics but only at relatively high concentrations. These molecules are likely
hydrating the cation and are restricted in their reorientation by the influence
of the anion. This effect is more pronounced in the case of a stronger hydrating
anion and can be seen as the onset of the formation of the locked water com-
plexes that were recently observed for strongly hydrating cations and anions
like Mg2+ and SO2−

4 .
Cooperative effects as described above are a general phenomenom and may

play an important role in the ion-specific hofmeister effects on protein conforma-
tion that have been observed. To investigate this, we also studied water reorien-
tation and ion-pair formation in solutions of formate or phosphorylethanolamine
with different types of cations. In line with the results on inorganic salts, we
find that cations with a large surface charge density like sodium and calcium
form solvent separated ion pairs with the phosphate group of PE− and the car-
boxyl group of formate. For larger cations like potassium or cesium such ion
pairs are not observed. The dielectric spectra in the region of 200 MHz to 70
GHz are consistent with these results. In these spectra we find a low frequency
mode that we assign to the reorientation of the PE− ion. From this mode we
determined the effective dipole moment of PE− to be 25± 1 Debye, consistent
with ab initio calculations. The effective dipole shows a concentration depen-
dence in the case of Ca2+ as counterion, which is indicative of the formation
of ion pairs with life-times exceeding 200 ps. Since such a long-living ion-pair
is not observed in the DRS studies of NaPE, while the fs-IR results do provide
evidence for the formation of ion pairs nonetheless, the lifetime of Na+-PE−

complexes must be in the range 20-200 ps.


