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8

Exchange Dynamics in Salt
Solutions

The solubility of salts in water relies on a subtle balance of the coulomb
interaction between water molecules and the ions. If the attraction be-
tween the ions is strong compared to the ion-water interaction, the salt
precipitates. In solution, a negatively charged anion forms hydrogen-
bonds with the OD-groups of a number of water molecules in its direct
vicinity. This solvation shell is not static and in this chapter we
describe the exchange of solvation water molecules with their
bulk surroundings. We make use of two properties of the stretching
vibration of OD-groups that are hydrogen-bonded to halide anions: (1)
its resonance frequency is blue-shifted and (2) its vibrational lifetime
is significantly longer compared to that of bulk OD-stretch vibrations.
These properties enable us to resolve the reorientation dynamics of both
anion-bound and bulk OD-groups. We find that OD groups that are
hydrogen-bonded to anions posses a wobbling motion. Small ions like
Cl− have a stronger interaction with the OD groups and therefore re-
strict the wobbling cone more than for example the larger anion I−.
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120 Exchange Dynamics in Salt Solutions 8.2

8.1 Introduction

Salts in aqueous solutions are often considered in the context of their ability
to enhance or weaken the structural conformation of proteins and membranes.
Depending on the surface charge density of the ions they may show an increased
or decreased affinity for functional groups by coulomb interaction. These inter-
actions also change the structure and dynamics of water itself and can take
the form of a hydrogen-bond or can be purely electrostatic. The electric fields
exerted by ionic charges can lead to a strong ordering of the surrounding water.
In earlier times it was thought that the effects of ions on water structure were
quite long range and would extend well beyond the first hydration layer [117].
Some ions were thus referred to as structure makers, others as structure break-
ers. However, recent experimental and theoretical work showed that for most
ions the effect on the structure and dynamics of water is limited to only one or
two hydration layers [118, 119, 120, 121, 122]. Only for specific combinations
of ions, like Mg2+ and SO4

2−, it was found that the water dynamics can be
impeded over relatively long ranges [123].

The retardation of the dynamics of water molecules in the first solvation shell
of anions is found to be quite generic [124, 125]. This is caused by the partial im-
mobilization of the slightly positive hydroxyl groups that form a hydrogen-bond
to the negatively charged ion. This explanation also supports the observation
that anions with a higher surface charge density have a stronger immobiliza-
tion effect on their surrounding water molecules. Those water molecules are
not expected to remain in the anion solvation shell forever, but may exchange
with the bulk. Recently this exchange was studied for aqueous solutions of
NaBF4 [126] and NaClO4 [127, 3]. The time constant of the switching from the
hydration shell of the anion to the bulk was found to be ∼7 ps for BF4

− and
∼9 ps for ClO4

−. Unfortunately, this time constant is very hard to measure for
I−, because the absorption bands of hydroxyl groups hydrogen bonded to ei-
ther the anion and other water molecules are too strongly overlapping for these
salt solutions. For ClO4

− the absorption bands are quite well separated, thus
allowing the measurement of the exchange rate between these components.

In this chapter we study in detail the short delay time behavior and exchange
dynamics of water molecules in the anionic hydration shell of iodide and ClO4.
We measure the reorientation of the OD-stretch vibration of HDO molecules in
solutions of isotopically diluted water and NaI or NaClO4. To this end we use
polarization-resolved femtosecond infrared pump-probe spectroscopy. Thanks
to the difference in vibrational lifetime and spectral response between the anion
hydration shell on one hand and the bulk and the water molecules around the
cation on the other hand, we can distinguish the orientational dynamics of water
solvating the halide ions from the other water molecules.
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8.3 Exchange Dynamics in Salt Solutions 121

8.2 Experimental

The experiments in this chapter were performed with the one-color setup de-
scribed in section 3.1.1. The center frequency of the pump and probe spectra
was for different experiments tuned between 2500 cm−1 and 2620 cm−1. The
solutions of NaI and NaClO4 were made in isotopically diluted water (4% D2O
in H2O) and prepared in a sample cell consisting of two CaF windows (2 mm
thickness) pressed against each other with a teflon spacer of 25 µm in between.
Linear spectra of 4 molal (mol/kg solvent) NaI and neat 4% D2O in H2O are
shown in Fig. 8.1A.

8.3 Results and Discussion

8.3.1 Linear spectra

The linear spectra of iodide salts show a blue-shift of the OD-stretch vibration
compared to that of neat 4% D2O) in H2O that is independent of the cation
(Fig. 8.1A). This blue-shift can be traced to the OD groups that are hydrogen-
bonded to the anion (OD· · · I−), in contrast to OD groups that are hydrogen-
bonded to other water molecules (OD· · ·O). The surface charge density of anions
decreases with increasing anion size, which leads to a weakening of the OD· · · I−
hydrogen bond [128]. The anharmonic coupling of the hydrogen-bond to the OD
stretch vibration results in such case to a blue-shift. In iodide solutions we thus
can distinguish two different hydrogen-bonding species of OD oscillators. It is
expected that the pump-induced absorption changes of these OD oscillators thus
contribute to the transient spectra with a corresponding frequency shift. For
iodide bound OD oscillators the blue-shift is 70 cm−1, whereas for perchlorate
bound OD oscillators the blue-shift is as much as 140 cm−1.

8.3.2 Vibrational Relaxation and Exchange

In Fig. 8.1B transient spectra at different delay-times are shown for a 4 mo-
lal solution of NaI, obtained with a pump-probe spectrum centered around
2500 cm−1. At early delay times the spectrum shows a bleach due to the deple-
tion of the ground state population and ν = 1 → 0 stimulated emission of the
OD stretch vibration. This transient spectrum due to the vibrational excitation
decays on a picosecond timescale. The transient spectrum at long delay-times
is the thermal-difference spectrum resulting from the temperature rise due to
the equilibrated pump-energy, as elaborated on in chapter 4. The blue side
of the spectra decays more slowly than the red side, pointing to a difference
in vibrational lifetime for the two OD oscillator species with different spectral
response.

In previous work it was found that the vibrational relaxation dynamics of salt
solutions containing Cl−, Br−, or I− ions consists of two distinct components
[129, 130]. One component is formed by OD groups that are hydrogen-bonded
to the oxygen atom of another water molecule. This component comprises both
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Figure 8.1. (A) Linear absorption spectra in the region of the OD-stretch vibration
for a 4 molal solution of NaI and neat 4% D2O in H2O. The spectra of the KI and
NaI solutions are nearly identical. (B) Transient spectra as measured for a 4 molal
NaI solution for delay times of 0.5, 0.7, 1.1, 1.4, 2.5, 5.1, 8.1 and 100 ps.

the bulk water molecules and the water molecules in the hydration shells of
the cations. These OD· · ·O groups absorb at about the same frequency as the
OD groups in neat HDO:H2O and have a vibrational lifetime T1 of 1.8±0.2 ps.
The other component is formed by OD groups that are hydrogen bonded to the
halogenic anion A−(=Cl−, Br− or I−). The excited OD· · ·A− vibrations have
a vibrational lifetime of 3-6 ps [129, 130], substantially longer than the excited
OD· · ·O oscillators. To take this blue-shifted contribution into account the
kinetic model for neat HDO:H2O is extended with a second excited state. The
two excited states will exchange since the HDO molecules bound to an anion can
rotate out of the anion-hydration shell and become OD· · ·O hydrogen-bonded
and vice versa.

The kinetic model that is used to analyze the data is schematically dis-
played in Fig. 8.2 and elaborated on in section 4.4.3. We rewrite here equation
Eq. (4.12) for the decomposition of the isotropic transient spectra ∆αiso(ν, t)
into the separate state contributions,

∆αiso(ν, t) =
∆α∥(ν, t) + 2∆α⊥(ν, t)

3
=

4∑
i=1

Ni(t)σi(ν) (8.1)

where Ni(t) is the population dynamics and σi(ν) the associated transient spec-
trum of the ith species or state. In the analysis we neglect the effects of spectral
diffusion within the OD· · ·O and OD· · ·A− bands. This is a good approxima-
tion as we use relatively broad-band excitation pulses (FWHM ∼ 120 cm−1) and
because we only model the dynamics for delays ≥0.5 ps, for which the spectral
diffusion is nearly complete [131, 130].

In view of the fact that the hydrogen bonds between water and the halogenic
anions are stronger than those between water and BF4

−/ClO4
−, we expect the
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8.3 Exchange Dynamics in Salt Solutions 123

Figure 8.2. Schematics of the model used for fitting the vibrational decay processes.
The two excited states are allowed to exchange from OD· · ·O to OD· · ·A− (with rate
constant kOA) and vice versa (kAO). The decay process of both states involves an
intermediate state to which OD· · ·O and OD· · ·A− oscillators decay with rates kO
and kA respectively.

switching time for rotation out of the hydration shell of I− to the bulk to be
at least as large as observed for BF4

− and ClO4
−, i.e. τAO ≤9 ps. In the

modeling we use a value of τAO of 9 ps. The value of τOA of the reverse process
was chosen such that the number density of OD· · ·A− oscillators is conserved.
Hence, τAO/τOA = NOD···O/NOD···A− , meaning that τOA will decrease with
increasing salt concentration.

Fig. 8.3A shows the spectra σi(ν) that result from a fit of the kinetic model
to the data. We assign the spectrum around 2500 cm−1 to excited OD· · ·O
and the spectrum around 2550 cm−1 to excited OD· · · I−. Neither of the two
spectral shapes changes significantly when the concentration or the nature of
the cation is changed. The population dynamics Ni(t) resulting from the fit are
shown in Fig. 8.3B, from which it is clear that the OD· · · I− spectrum decays
much more slowly than the OD· · ·O spectrum. These results demonstrates that
we can distinguish between the two different species OD· · ·O and OD· · · I−.

8.3.3 Separation of the Anion-Bound Anisotropy

The vibrational lifetime of the OD· · · I− oscillators is longer than that of the
OD· · ·O oscillators. This implies that if Eq. (4.18) is used to calculate the
anisotropy decay, the resulting dynamics would be dominated by the contribu-
tion of the OD· · · I− oscillators for long delay times. For shorter delay times, the
dynamics would have a mixed character with time-dependent weighting factors.
To obtain the correct anisotropy dynamics, the anisotropy for both OD· · ·O
and OD· · ·A− species should thus be resolved separately. This is possible due
to the spectral separation of their response and difference in vibrational lifetime.
We therefore consider the difference signal D(ν, t), which can be written as,

D(ν, t) =
∆α∥(ν, t)−∆α⊥(ν, t)

3
=

4∑
i=1

Ri(t)Ni(t)σi(ν) (8.2)
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124 Exchange Dynamics in Salt Solutions 8.3

A B

Figure 8.3. (A) Spectral components σi(ν) obtained from fitting the data of a 4
molal NaI solution. (B) Time dependence of the normalized populations Ni(t) in the
different states. At any given delay-time the total transient spectrum is the weighted
sum of the spectra shown in A, the weight factors given by the population curves in
B according to Eq. (8.1).

where Ri(t) is the anisotropy decay of the ith species or state. The associated
state spectra and population dynamics were already obtained from fitting the
isotropic data and we thus can resolve from D(ν, t) the anisotropy dynamics for
the independent states. This formalism implicitly assumes that the anisotropy
decay within the absorption band of a certain species does not show any signifi-
cant frequency dependence, as is the case for neat 4% D2O in H2O [22]. Since we
assume the intermediate state to have a vanishing spectrum and the heat state
to be isotropic (i.e. have a vanishing anisotropy), only the two excited states
contribute to D(ν, t) and thus n equals 2. To resolve the OD· · ·O anisotropy
ROD···O(t) and OD· · ·A− anisotropy ROD···A−(t) separately, we decompose the
difference spectrum D(ν, t) at every delay-time t in the two excited state spectra
σi(ν) obtained from the isotropic fit. The resulting time-dependent amplitudes
both contain Ni(t) and Ri(t) and the latter is obtained through division by
the fitted isotropic population dynamics. As implied by the kinetic model,
ROD···A−(t) represents the reorientation of excited water molecules that keep
their hydrogen bond with the anion intact or that have rotated from the bulk
into the solvation shell. The dynamics of ROD···A−(t) thus includes both the
effects of exchange and the intrinsic anisotropy decay of the anion-bound OD
oscillators. In Fig. 8.4 a typical example of a decomposition for a 4 molal NaI
solution is shown. The anisotropy decay of the OD· · ·O component can be well
fitted with a mono-exponential function with a time constant of ∼2.6 ps, a be-
havior identical to that found for neat HDO:H2O [22]. The OD· · · I− anisotropy
decay is clearly not mono-exponential: after a fast relaxation, faster than in bulk
water, the anisotropy decays via a much slower process.
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8.3 Exchange Dynamics in Salt Solutions 125

Figure 8.4. Results of a band decomposition on the data obtained for a 4mol/kg NaI
solution. The solid circles represent the orientational dynamics of OD groups bound
to iodide, the open circles those of OD groups bound to other water molecules.

In contrast to previous femtosecond measurements on water reorientation
in salt solutions, we resolved the dynamics of OD· · ·O and OD· · ·A− groups
separately. The OD· · · I− curve shown in Fig. 8.4 therefore represents the ori-
entation dynamics of OD-groups bound to iodide only. The features in the
first 200 fs lie within the cross correlate of the pump and probe pulse and the
effects of spectral diffusion are not negligible. Nonetheless, it is clear that an
extremely rapid decay makes the anisotropy drop to about 0.3, which is 75% of
its theoretical maximum of 0.4. This first drop is likely due to fast librational
motions [132]. The behavior after 0.5 ps has a non-mono-exponential character
with a fast decay component and a slower component at later delay times. The
slow component corresponds to the slower dynamics of water that was previ-
ously found in aqueous solutions of halide salts [124, 125]. Its origin is explained
by diffusion of OD-groups over the surface of the ion, and the reorientation of
the complete hydration shell of the halogenic anion. The short delay time dy-
namics could not be resolved before. Chapter 9 will discuss the characteristics
of the OD· · ·A− anisotropy decay in more detail, but before that we show in
the next section that ROD···I−(t) contains a contribution that is not intrinsic
to the reorientation of OD groups that keep their hydrogen bond to the anion
intact.

8.3.4 Contribution of Exchange to the Anisotropy

The data shown so far were obtained with the pump-probe spectrum centered
at the OD· · ·O resonance at 2500 cm−1. Since the OD· · · I− resonance peaks
at 2570 cm−1, the pump spectrum only partly overlaps with this band. One
may thus wonder what effect different pump frequencies have on the results of
the analysis presented above. To further investigate the nature of the OD· · · I−
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A B

Figure 8.5. (A) Resolved anisotropy decays of anion-bound water for 4 molal NaI
with different pump frequencies. If exchange is included in the anisotropy dynamics,
the solid lines fitting the three measured anisotropy cures are obtained. (B) The
total anisotropy decay of a 4 molal NaClO4 solution at different frequencies for a
pump spectrum centered around 2500, 2560 or 2620 cm−1. If the pump and probe
frequencies are not the same, exchange events make the anisotropy decay faster.

component we therefore shift the pump-probe spectrum to be centered around
2535 cm−1 and 2570 cm−1 to have an increasing overlap with the OD· · · I− res-
onance. The resulting decomposed OD· · · I− anisotropy decays of a 4 molal
NaI solution are presented in Fig. 8.5A. The curves show a smaller initial decay
when the pump has a better overlap with the iodide band.

The differences in ROD···I−(t) depending on the center frequency of the
pump spectrum inspires to investigate solutions of NaClO4. A decomposition
of the anisotropy is for this system not needed due to the large frequency shift
of OD· · ·ClO−

4 (∼140 cm−1), making it ideal for studying the effect of the pump
frequency on the anion-bound anisotropy and a test case for our analysis. We
repeat the previous experiments for solutions of NaClO4 by tuning the center
frequency of the pump to 2500, 2560 and 2620 cm−1 (Fig. 8.5B). In case the sam-
ple is pumped at 2560 cm−1, the anisotropy probed at 2620 cm−1 shows a larger
fast decaying component than when the sample is pumped at 2620 cm−1. Sim-
ilarly, with the pump at 2560 cm−1 the anisotropy decay at 2500 cm−1 shows a
larger faster component compared to the case where the sample is both pumped
and probed at 2500 cm−1.

To model the vibrational relaxation we used a kinetic model that incorporates
exchange events between water molecules in the anion hydration shell and water
molecules hydrogen-bonded to other water molecules. These exchange events
can account for part of the OD· · · I− anisotropy decay shown in Fig. 8.4, and to
treat the anisotropy data consistently we include these effects here as well. The
way in which exchange affects the anisotropy can be understood as follows.
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8.3 Exchange Dynamics in Salt Solutions 127

The rotation of excited OD-oscillators out of the anion hydration shell does
not affect the decay of the OD· · ·A− anisotropy. These oscillators exchange
their OD· · ·A− hydrogen bond for an OD· · ·O hydrogen bond and thus no
longer contribute to the OD· · ·A− spectral component σOD···A− . Therefore, the
rotation out of the hydration shell will only lead to a decay of NOD···A−(t), but
not to an additional decay of ROD···A−(t). However, there are also OD-groups
that were excited as OD· · ·O oscillators and have changed their orientation to
become OD· · ·A− oscillators. These oscillators will contribute to the measured
anisotropy of the OD· · ·A− spectral component. In fact it can be expected
that these oscillators will decrease the anisotropy of the OD· · ·A− spectral
component, because the angle of rotation in the exchange between the hydration
shell and the bulk is ∼55 degrees [2, 133, 134]. Since the time constants of the
exchange are of the order of 10 ps the switching from the bulk to the hydration
shell will mainly contribute to the slow component of the anisotropy decay.

The exchange explains the behavior of the anisotropy decay of anion-bound
water for different pump frequencies. In the case of a pump spectrum centered
around the OD· · ·O resonance at 2500 cm−1, relatively more water molecules
outside the anion hydration shell are excited compared to an experiment with
a blue-shifted pump spectrum. In both cases the anion band is probed, but
exchange events with excited OD· · ·O molecules will show a larger contribution
to the decay of the measured OD· · · I− anisotropy in the first situation.

The results for NaClO4 presented in Fig. 8.5B show this effect very clearly.
Here the two bands are well separated, allowing for excitation of almost ex-
clusively OD· · ·ClO−

4 or OD· · ·O oscillators. Exclusive OD· · ·ClO−
4 excitation

is achieved with the pump-probe spectrum centered around 2620 cm−1. The
reorientation dynamics thus probed can only come from OD· · ·ClO−

4 oscillators
and shows a clear bi-exponential behavior. Only OD· · ·O oscillators are excited
with the pump-probe spectrum centered around 2500 cm−1. The ROD···O(t)
anisotropy in this case decay with 2.5 ps similar to the reorientation dynam-
ics in neat 4% D2O in H2O. However, when the pump spectrum is positioned
in between the two bands around 2560 cm−1, oscillators in both bands are ex-
cited. The exchange events then cause both the anisotropy probed at 2500 cm−1

and 2620 cm−1 to decay considerably faster compared to the previous situa-
tion in which the OD· · ·O and OD· · ·ClO−

4 bands were pumped separately at
2500 cm−1 and 2620 cm−1, respectively.

To further formalize the exchange dynamics in the measured anisotropy de-
cays, we fit all three anisotropy curves of Fig. 8.5A using the same model.
We assume a single bi-exponential functional form for the intrinsic OD· · · I−
anisotropy decay (Rintr(t)) and then include exchange effects as follows. From
the fitted vibrational decay constants and exchange rates we obtain the popu-
lation dynamics of OD oscillators that remain OD· · ·A− bonded (Nintr(t)) and
those that exchange from the bulk o the anion hydration shell (Nex(t)). We
can treat those two types of OD oscillators as different species. The exchang-
ing species are now assumed to loose their orientation completely in the event
(Rex(t) = 0), which is a slight overestimation compared to a ≈75% decrease as-
sociated with the jump angle found by Gaffney et al for perchlorate solutions [3].
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The species that do not exchange are assumed to have the intrinsic reorienta-
tion dynamics. The total reorientation dynamics of OD· · · I− oscillators is then
given by the weighted sum of the two as follows,

ROD···I−(t) =
Nintr(t)Rintr(t)

Nintr(t) +Nex(t)
(8.3)

where the population dynamics depend on the initial populations and thus on
the overlap of the pump spectrum with the OD· · · I− band. The parameters
of the intrinsic anisotropy are now varied to fit the total anisotropy curves
including exchange to the curves obtained by the measurements with different
pump frequencies simultaneously. The solid lines in Fig. 8.5A are the results of
the fit, the black line is the intrinsic anisotropy if no exchange would occur. The
single intrinsic anisotropy decay can indeed describe all three measurements,
thus supporting our hypothesis that the differences between the data obtained
with different pump frequencies were due to the exchange events.

8.4 Conclusions

By using the blue-shifted resonance frequency and slower vibrational decay time
of OD-oscillators bound to iodide and perchlorate anions (OD· · ·A−) we were
able to separate the reorientation dynamics of the OD· · ·A− from those of bulk
OD-oscillators (OD· · ·O). The OD· · ·A− anisotropy ROD···A−(t) is found to
decay by a fast and a slow process. The relative amplitude of the two processes
depend on the spectral position of the center frequency of the pump pulse. This
can be readily understood by considering exchange events of excited OD· · ·O
that rotate into the anion hydration shell and become OD· · ·A−. Such a ro-
tation requires the OD-group to jump over an angle of about 55◦, an event in
which almost all orientation is lost. Exchange events thus result in an addi-
tional decrease of the ROD···A−(t). The magnitude of this decrease depends
on the relative fraction of excited OD· · ·O to OD· · ·A−, which on its turn
depends on the spectrum of the pump. In case the pump spectrum is tuned
to have a better overlap with the OD· · ·O resonance, relatively more OD· · ·O
than OD· · ·A− will be excited. The OD· · ·A− anisotropy will then represent
more OD-oscillators that experienced a jump into the anion hydration shell and
lost their orientation. In case the OD· · ·A− is exclusively pumped, the pure
OD· · ·A− reorientation dynamics, or intrinsic anisotropy, is probed. The im-
plementation of this model for exchange offers an excellent description of the
observed pump-frequency dependent anisotropy decays.


