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range effect on the hydrogen-bond structure of liquid water, 2, Structural Dynamics of lonic Hydrations Shells
either enhancing or weakening this structure. This idea was

first introduced in 1934 by Cox and WolfendeSome ions 2.1. Introduction
would serve as a nucleation seed for a more icelike structure
of the liquid (“structure makers”), while other ions would
rather destroy the tetrahedrical hydrogen-bond structure
(“structure breakers”). Small and multiply charged ions are
believed to induce a strengthening of the hydrogen-bond

structure and are denoted as structure makers. Large X . . L !
Rayleigh scattering, transient vibrational absorption spec-

monovalent ions are rather believed to lead to a Weakeningt d molecular d ics simulati H ;
of the hydrogen-bond network and are, thus, denoted as"©SCOPY; and molecuiar dynamics simuiations. Here, we give
an overview and discussion of the results obtained.

structure breakers. The evidence for the concept of structure
making and breaking mainly stems from the measurement .

of the viscosity and the ion mobilities of aqueous salt 2.2. Nuclear Magnetic Resonance

solutions’ Nuclear magnetic resonance (NMR) spectroscopy is a

The dynamicsof aqueous salt solutions have also been Powerful technique to study the structure and dynamics of
studied with experimental techniques like NMR, low- Wwater molecules in aqueous salt solutions. For specific ions
frequency Raman scattering, and dielectric relaxation spec-that strongly bind water molecules, the exchange frequency
troscopy. An often-encountered prob|em in these studies isbetween the solvation shell and the bulk is lower than the
that the intrinsic measuring times are long (nanosecond tofrequency splitting of the spin resonances associated with
microsecond time range) Compared to the exchange time Of\Nater in the solvation shell and water in the bulk. As a result,
water between the hydration shells and the bulk (picosecond).the water molecules in the solvation shell give rise to a well-
An additional problem is that it is difficult to distinguish ~Separated peak in the NI\/IF<2§|c>ectrum.+ Ishls is, for instance,
the dynamics of the solvation shells from the bulk liquid. the case forions like B¢, Mg?*, and AP*.#*In these cases,
As a resu|t, at present most of the dynamica| information of the coordination number of the solvation shell can eaSIIy be
ionic hydration shells does not come from experimental determined from the integral of the peak in the NMR

studies but stems from molecular dynamics simulatfois. ~ spectrum. For most other ions, the exchange between bulk

In the past decade, it has become possible to study theand solvation shell is too fast to resolve a separate peak in

dynamics of bulk liquid water and hydration shells on the the NMR spectrum. In this motional narrowing case, the

subpicosecond time scale with ultrafast spectroscopic tech_v(\;a;esri?crleecglaelf (|)rf1 \t/r\:r?i3:1Itigndotsri]t?oiol\g\?gg?nigrerlriggi\(l) ?1 résne
nigues. In many of these studies, light pulses are used thaf{ gie p P 9

are resonant with a dissolved probe molecule or2foft he coordination number. In addition to structural _informa—
The dynamics of the probe molecule/ion depends on thet'oln' NMR can alsol belused to study the dynamics of the
interactions between the ions and water and, thus, maySO vating water molecules.
provide information on the effects of the probe molecule/ 2 1. Translational Dynamics
ion on the properties of water. However, the measured ] ) B
response is often dominated by the internal properties of the Information on the translational mobility of water mol-
dissolved probe moleculefion. The ultrafast dynamics of €cules can be obtained using NMR spin-echo techniques in
aqueous systems have also been studied by probing thet steady magnetic fleld gradlent. In a magnetic field gradient,
vibrational resonances of the (solvating) water molecules with the spin-echo amplitude is given %y
~100 fs (1012 s) midinfrared laser pulsé$.4* The advan- s
tage of this technique applied to aqueous salt solutions is S2r) = Y0) g M2 g GO 1)
that the dynamics of the water molecules are probed directly
and not via the response of a dissolved probe molecule/ion.with 7 the time between the two radio frequency pulses,

The molecular scale properties of ionic hydration shells (€ transverse relaxation timg,the gyromagnetic ratid
have been reviewed before in an excellent manner by Ohtakith® magnetic field gradient, arid the self-diffusion coef-
and Radndiin this journal in 1993. Since that time, there icient of the water molecules. The amplitude of the spin
have been interesting developments in the fields of molecular€Ch0 as a function of time gives information on the self-
dynamics simulations and ultrafast spectroscopy that havediffusivity and, thus, on the translational dynamics of the
led to new information on ionic hydration shells, in particular Water molecules. , ,
on their dynamics. In this review, the dynamics of water | ne dependence db on the concentration of dissolved
molecules near ions will be discussed in the light of the recent Salt can expressed in the following wéy,
findings, and in perspective with previous work on the 0
structure and dynamics of ionic hydration shells. This review D" _ 1+BcH+--- )

D

Hydration shells of ions are dynamical structures showing
(deformation) vibrations and rotations. In addition, water
molecules are continuously being exchanged between the
shell and the surrounding bulk liquid. The dynamics of ionic
hydration shells have been studied with NMR, depolarized

is organized in the following way. In section 2, the results D(c)

on the structural dynamics of the hydration shells of ions

are presented and discussed. In section 3, the vibrationawhere D° is the self-diffusion coefficient of water in the
relaxation dynamics of these hydration shells are described,absence of salt. For dissolved salts with tightly bound
and finally, in section 4, the effects of ions on the structure solvation shells By is positive, which implies thaD is
and dynamics of aqueous salt soluti@usidethe hydration smaller than for pure water. For dissolved salts with weakly
shells are treated. These latter results shed new light on thebound solvation shelld3p is negative and will be larger
long-range effects of ions on the dynamics and hydrogen- than for pure water. A problem in using this approach that
bond structure of liquid water, in particular on the concept the contribution to the mobility of water molecules solvating
of structure making and breaking. the positive ions cannot be distinguished from the contribu-
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tion of water molecules solvating the negative ions. To solve molecules, which can thus be associated with the translational

this issue, it is assumed thB(K™) = Bp (CI7). Using this
assumption, it is possible to obta§ coefficients for
water in the solvation shells of individual ions. If it is further

assumed that the observed diffusivity is an average of the

diffusivities of the solvation shells and the (unchanged)
diffusivity of bulk water, the value ob* can be related to

B with the following equation,

=B§%5+1

C

DYD* ()

where 55.5 is the molar concentration of pure water and
is the coordination number of the solvation shell. The last
equation shows that, with increasir@, the diffusivity
and, thus, the translational mobility decreases.

The self-diffusion constants determined by NMR can be
used to determine the residence timef a water molecule
in the hydration shell by using the EinsteiBmoluchovski
relation ¢ = 12/2D, with | being the distance over which the

molecular mobility. Hence, the observed spin relaxation is
a sum of two contribution&

1 _ 1 1
Ti(©) Tiof©  Tpyand©)

For some solvents like DMSO, the rotational and the
translation contributions to the longitudinal relaxation can
be distinguished® For these solvents, the value Bfyan{C)
can be determined using the valueTafyan{0) of the pure
solvent and the concentration-dependent self-diffusion coef-
ficients that are determined using magnetic-field gradient
spin-echo techniques:

()

1 __ 1 D=0
Tl,tranic) Tl,tranio) D(C)

The value of Ty(0) (and, thus, ofTi4and0)) can be
determined from measurements on the pure solvent in

(6)

. . - i i i i 48
molecule moves). Here, we use the version of this equationisotopic dilution’

in one dimension being the radial direction to the ion. Using
for | the average oxygeroxygen distance in water of 2.8
x 10719 m and the values db determined from the spin-
echo measurementéye obtaint =15 ps for Ci, 10 ps for
Br—, and 5 ps for 1. For positive ions, the residence times
are longer:7 = 39 ps for Li*, 7 = 27 ps for N&, andz =

15 ps for K" (by definition the same as for Ql. The longest
residence times are found for doubly valent positive ions:
= 90 ps for Mg+ andt = 60 ps for C&".

2.2.2. Orientational Dynamics

NMR spectroscopy can also be used to get information

on the orientational dynamics of the hydration shell. The
magnetic field of the proton spin adds to the magnetic field

experienced by other nearby protons. As a result, the relative

motions of the molecules lead to fluctuations in the local

For water, it is not possible to determifig,{0) and
T1rand0) Separately, because for this solvent, isotopic dilution
leads to the formation of HDO molecules. Hence, for water,
isotopic dilution affects both the rotational and the transla-
tional contribution to the longitudinal spin relaxation. There
fore, for water, it has been assumed that the two relaxation
contributions show the same dependence on the nature of
the ions and the concentration. Heneg,is proportional to
7.. Following Hertz}’ the dependence @f, on the concen-
tration of dissolved salt can be expressed in the following
way:

T,(0)
T,(c)

=1+B,C+ ©)

For salts that have tightly bound solvation sheg; is

magnetic fields. These fluctuations enable transitions betweenpositive, meaning that the spin relaxation time is observed
spin states and, thus, lead to relaxation. The longitudinal spinto be shorter; for salts that have weakly bound solvation

relaxation time constanf; can be written &$

Tll = CEX(z) 4)

with C a constantE; the interaction energy of the process
responsible for the relaxation (for instance nuclear dipole
nuclear dipole interaction), anf{z;) a function of the
correlation time constant. In the motional narrowing limit,
f(zc) is proportional tor.. Note that this means that slower
fluctuations (longr.) lead to faster relaxation (short). The
value ofz. is determined by the fluctuations in the distance
and relative orientation of the interacting nuclear dipoles.
The longitudinal spin relaxation time constantmeasured

in NMR can, thus, be used to determine the time constants

of the relative motions of the molecules.

shells,By: is negative and is longer. As with the change

in diffusivity, it can be assumed that the observed change in
T, is the sum of the contributions of the positive and negative
ions and thaB,(K*) = B(CI"). If it is further assumed
that the observed, is a weighted average af of the spins

in the solvation shells and of the unchangedf the bulk,

and using IT; ~ 7., the coefficientsB,;, can be directly

related to the correlation time constarjj for molecular
reorientation in the shell,

55.5
Tétrlfgr = B?(E)t X

+
C

+1 (8)

where 55.5 is the molar concentration of pure water mand

is the coordination number of the solvation shell. The last

The observed longitudinal spin relaxation can result both €guation shows that, with increasirEggt, the correlation

+

molecule (intramolecular) and from interactions between Slow orientational dynamics (large, and B, the longi-

nuclear spins located on different molecules (intermolecular).

The intramolecular contribution to the longitudinal relaxation

tudinal relaxation timeTl; is short.
The rotational correlation time constany is defined as

requires a modulation of the interaction between the spinsthe decay time of the second-order correlation function
located on the same molecule. Such a modulation resultsCz(t) = P2(e(t) - €0))C= e V%, whereP,(x) is the second

from the molecular reorientation. The intermolecular con-
tribution to T requires the relative motion of different

Legendre polynomial in x. For the rotational correlation time
constant of pure liquid Watelrg,), a value of 2.5 ps at 300
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K has been found, both with NMR5° and with transient
vibrational spectroscopy. From the measured changes in
the longitudinal relaxation times, it was deduced that the
rotational dynamics of water in the hydration shells of
multivalent ions like M@" and C&" are slower by a factor
of 5 than in bulk water. In contrast, the rotational dynamics
of water in the hydration shells of large monovalent ions
like Cs" and I~ were found to be faster than those in bulk
water.

e
noO o

Absorbance
—_ [6,}

e
]

2.3. Depolarized Rayleigh Scattering

3100 3200 3300 3400 3500 3600 3700

The orientational dynamics of ionic hydration shells have P
Frequency (cm )

also been studied with depolarized Rayleigh scattering. The
line width measured in this technique is believed to be mainly Figure 1. Absorption spectra of a solution of 0.5 M HDO inO
determined by the orientational dynamics of the water a@nd of solutions of 0.5 M HDO ah6é M KF, NaCl, NaBr, or Nal
molecules in the hydration shells, as the depolarised light D20. Reprinted with permission from ref 58. Copyright 2002
. . . sevier.
scattering from pure water is very wez-or a solution of
LiCl in H,0, the reorientation time constant is observed to
increase from 7 ps at low concentrations to 18 ps at high
concentrations (36 mol % solutioP)The slow orientational
dynamics are interpreted to be mainly due to water molecules
solvating the Li ions. These ions are, thus, found in these
measurements to show rotational dynamics that aré 3
times slower than in bulk water.

isolated to prevent the dynamics to be influenced by this
process. Clearly, the solvent HDO/ is not the same as
pure HO. However, it can be expected that this will not
lead to qualitatively different results becausgdDand HO

show quite similar hydrogen-bond structures and interactions.
The pump and probe pulses used in these experiments have
a duration of~100 fs.

2.4. Transient Vibrational Absorption 2.4.1. Translational Dynamics

Spectrosco
P by The dissolution of halogenic anions in liquid water has

Recently, it has become possible to study the translationalbeen found to lead to the formation of hydrogen bonds
and orientational motions of water molecules interacting with between the ion and the solvating water mole@§fThese
ions with femtosecond transient vibrational spectros¢asy. newly formed OG-H---X~ (X~ = CI~, Br") hydrogen bonds
In this technique, a molecular vibration of water is excited are directional in charactdf2 which means that the ©H
by an intense infrared light pulse, thereby transferring a bond and the ©@-X~ hydrogen-bond coordinates are col-
significant fraction of the molecules to the first excited state linear.

(v = 1) of the vibration. In the case of excitation of an-& In Figure 1, the linear absorption spectra of the D
stretch vibration, the required midinfrared pulse has a central stretch vibration of HDO molecules of an aqueous solution
wavelength of~3 um (3300 cm); in the case of  consisting of HDO (0.5 M) in BO and 6 M of KF,NaCl,
excitation of an G-D stretch vibration, the required midin-  NaBr, or Nal are shown. Within the halogenic series, (F
frared pulse has a central wavelength~e4 um (~2500  CI-, Br-, I), the absorption spectrum of the-®! stretch
cmY). vibration is observed to shift to higher frequencies. The shift

The decay of the excitation is measured with a second to higher frequencies indicates that the average hydrogen-
pulse (probe) that is resonant with either the fundamental 0 bond becomes longer and weaR&®>
— 1 transition or with the = 2 excited-state absorption. The O-H stretch frequency depends strongly on the length
For the G-H stretch vibrations of water, the latter absorption of the hydrogen bond that involves the hydrogen atom of
is anharmonically red-shifted by250 cn®. For the C-D the O-H group%%5 Fluctuations in the length of the
stretch vibration, the anharmonic shiftis180 cnt?. If the hydrogen bonds will, thus, lead to fluctuations of the 1@
probe is resonant with the fundamentat-0l transition, the  stretch vibration frequencies. This is the case for both the
excitation by the pump leads to a transient transmission O—H---O hydrogen bonds to oxygen atoms of other water
increase, because less molecules are invtise0 state, and molecules and the directional-@H+--X~ hydrogen bonds
because of 1= 0 stimulated emission out of the= 1 state. to halogenic anions X262

The excitation tov = 1 also leads to 1~ 2 excited-state  As will be shown in the next section, the lifetime of the
absorption and, thus, to a decrease in the probe transmissiom—H stretch vibrations of water in the solvation shells of
at frequencies that are resonant with this transition. the halogenic anions C| Br-, and I is longer by a factor

In the reported transient vibrational absorption spectro- of 3—5 than the vibrational lifetime of the bulk. This property
scopic studies of aqueous salt solutiéhs}! the dynamics can be employed to distinguish the hydrogen-bond dynamics
of a large range of salts has been studied, including KF, LiCl, of these water molecules from the dynamics of bulk water
LiBr, Lil, NaCl, NaBr, Nal, MgCh, MgBr,, Mgl,, Na CIQ,, molecules. A pump pulse with a frequency near 3400%m
and Mg(CIQ).. The salt solutions have been studied over a will excite all water molecules, including bulk water
wide range of concentrations, ranging from 0.5 to 10 M. In. molecules and the water molecules in the hydration shells
all studies, a low-concentration solution of HDO in@is of the cations and the anions. The vibrational excitations of
used as a solvent, because for | concentrations- 1 M, water molecules in the bulk and in the solvation shells of
the vibrational dynamics are affected by resonant energy the cations decay with a time constante00 fs> whereas
transfer among the ©H stretch vibrations? In a solution the excitations in the first hydration shells of the"CBr-,
of 0.1 M HDO in D,O, the O-H vibrations are sufficiently ~ or I~ ions decay on a much larger time scale. Hence, after a
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0.1 Table 1. Central Frequency mo, Width A, Vibrational Lifetime
T1, and Spectral Diffusion Time 7. of the O—H Stretch
Vibration of Different Hydrogen-Bonded O —H Groups,
Obtained by Fitting the Data Using a Two-Component

Brownian Oscillator Model?

3 M Nalin HDO:D,O
Pump =3575cm™

o\ 3500 cm™

0.01 wo (cM™)  Aw (cm™) T1 (ps) 7. (pS)
-0 3420+ 10 280+ 20 0.840.1 0.5+0.2
Cl- 3440+ 15 160+ 15 2.6+0.2 12+ 3
Br- 3470+ 15 130+ 15 3.0+ 0.2 25+ 5
T I~ 3490+ 15 105+ 15 3.7+ 0.3 18+ 5

1 0 1 2 3 4 5 6 7 23 9 2The Values are Obtainedrf®@ M Solutions of NaCl, NaBr, and
Delay (ps) Nal Dissolved in HDO/BRO. For All Solutions, the Same Set of Values
for the O—H- - O Component Was Used.

In(T/T,)

O— .
O— .
O— .
oO— .

H-

H- -
H- -
H- -

0.1 T T T T T T T
r 6 M NaClin HDO:D,0
Pump =3525cm™

In order to determine the correlation time constanof
the spectral diffusion, the data are described with a Brownian
oscillator model. Recently, it was shown that this model
provides a good description of the spectral dynamics of the
O—H stretching mode of HDO dissolved in,0.2¢ In the
Brownian oscillator model, the frequency fluctuations of a
high-frequency coordinate are directly related to the motion
in a low-frequency coordinate, i.e., the transition frequency
is defined by the value of this low-frequency coordinate. The
motion in the low-frequency coordinate is assumed to be
_ _ _ governed by a harmonic potential and by stochastic interac-
Figure 2. Pump-probe transients measured for aqueous solutions tjons with a surrounding bath (Brownian oscillator). In the
of 3 M Nal in HDO/D,O and 6 M NaCl in HDO/RO. The — , oqant case, the low-frequency coordinate is the hydrogen-

transients are offset with respect to each other and are plotted onb dl th. | the dist bet th t f
a logarithmic scale to clarify the presence of two absorption 0ONd l€ngin, 1.e., the distance between the oxygen aloms tor

components and the differences in time constants. The solid curvesthe O—-H---O hydrogen-bonded systems and the distance
are calculated with a Brownian oscillator model, using. af 18 between the oxygen atom and the Kalogenic anion for

ps for the modulation of the ©H- - -I~ hydrogen bond and & the O—H:+-X~ hydrogen-bonded systems. The motion along
of 12 ps for the modulation of the ©H- - -CI™ hydrogen bond.  thjs hydrogen bond represents the translational motion of
The dashed curves are calculated with the same model using  he solvating water molecules with respect to the ion.

0. (a) Reprinted with permission from ref 53. Copyright 2001 In isolated hvd bonded ¢ the int ti ith
AAAS. (b) Reprinted with permission from ref 54. Copyright 2001 n ISolated hydrogen-bonaed Systems, the interactions wi
American Institute of Physics. the bath are weak and the low-frequency oscillation will be

underdamped. However, for liquid-phase aqueous systems,

few picoseconds, the signals observed in the transient pump the interactions with the bath are strong, and the spectral
probe experiments represeanly the response of water ~eésponse of the high-frequency oscillator can often be
molecules that form ©H-+--X~ hydrogen bonds (X= CI-, described assuming .dlffuswe, overdamped motion in the

Br-, I7). As a result, the translational and orientational 0W-frequency coordinate. For pure HDOWD, such a

Jdescription was successful in describing the spectral response
by monitoring the signals measured at delay$ ps. at delays> 200 fs353¢However, at shorter delays, evidence
. . was found that the hydrogen-bond mode is, in fact, not

In Figure 2, pump-probe transients are shown that are o\ergamped and shows some residual oscillatory behav-
measured for solutionsf@ M Nal and 6 M NaCl using ior.40.6667|n the modeling of the data obtained for aqueous

different probe frequencies. The transients show a faStsqutions, the hydrogen-bond modes are assumed to be
relaxation component corresponding to the vibrational re- overdamped35*

laxation of O-H groups of bulk water and of water All transients are fitted with two Brownian oscillators that
molecules solvating cations and a slow component corre- represent the ©H-+-O and O-H---X~ components, respec-
sponding to the vibrational relaxation ofH groups that  tjvely. The parameters of these Brownian oscillators are
are hydrogen bonded to the anions. The time constant ofshown in Table 1. The results of the calculations are shown
the slow relaxation component shows a small but significant j, Figure 2 by the solid curves. For all solutions, the same
dependence on the probe frequency. The time constant ofset of parameters for the-H+--O component is obtained.
the slow component is observed to increase with increasingThe spectral diffusion of this component has a time constant
frequency difference between pump and probe. This fre- 7. of 500 fs, which corresponds to the results of earlier studies
quency dependence of the decay time results from theon the hydrogen-bond dynamics of liquid wate?In more
spectral diffusion of the excitation frequency, which, in turn, recent studies of pure liquid water performed with a better
results from the fluctuations in the length of the-8---X~ time resolution, it was found that the hydrogen-bond dynam-
hydrogen bond between the solvating HDO molecule and ics of liquid water, in fact, consists of two components of
the X~ halogenic anion. Because of this spectral diffusion similar amplitude with time constants o100 fs and~1
process, excited molecules diffuse (spectrally) away from ps#° Hence, the value of. of 500 fs likely represents a
the excitation frequency, which leads to a faster decay atweighted average of the two components of the hydrogen-
probe frequencies close to the pump frequency and a slowerbond dynamics of the bulk liquid.

decay at probe frequencies that significantly differ fromthe  The time constants. represent the correlation time
pump frequency. constants of the hydrogen-bond fluctuations that keep the

3600 cm™ <~ 5
01 2 3 4 5 6 7 8 9
Delay (ps)




Structural Dynamics of Aqueous Salt Solutions

O—H---X~ hydrogen bond intact. As soon as the fluctuations
would lead to breaking of this bond and, more importantly,
to the formation of a new hydrogen bond to an oxygen atom
of a neighboring water molecule, the excitation of the kD
stretch vibration would rapidly relax and the-® oscillator
would vanish from the signdf. Therefore, the time constants
7. do not include fluctuations that lead to the transformation
of the O—H---X~ hydrogen bond into an ©H---O hydrogen
bond.

The time constants presented in Table 1 are determined
at quite high concentrations of ions. For a solution of 6 M
NaCl, approximately 6« ~5= ~30 M of the~110 M O—H
groups will form O-H---Cl~ hydrogen bonds, while the
remaining~80 M O—H groups will form O-H---O hydro-
gen bonds. Clearly, the latter80 M are not bulk water ©H
groups: the majority of these-€H groups will belong to
water molecules in the first hydration shells of thetNand
ClI~ ions. The precise location of the-@---O oscillator
appears to have very little effect on the energy dynamics
and the translational hydrogen-bond dynamics of theHO
group. The values found far;, andz. at high salt concentra-
tions are very similar to the values of these parameters of
pure liquid HDO/QO2343% This may seem surprising
because the interactions with the oxygen atom of theHO
group will be very different: in bulk water, the oxygen atom
will accept hydrogen bonds from neighboring water mol-
ecules, whereas in a concentrated NaX solution, a large
fraction of the oxygen atoms will be located near a"Nan.

It thus appears that the interactions with the oxygen atom of
the O—H group have very little effect on the energy and
hydrogen-bond dynamics of the < group. Only the
spectral width of the ©H---O component appears to be
somewhat larger (280 cr than that for bulk liquid water
(260 cn1l), which can be explained from the large hetero-
geneity of highly concentrated salt solutions.

The central frequency of the €H---X~ component
increases in the halogenic series @r—, and I, reflecting
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Figure 3. Anisotropy parameteR as a function of delay for a
solution d 3 M NaCl in HDO/D,O at five different temperatures.
The pump frequency is 3450 c and the probe frequency is 3200
cm1. Also shown are exponential fits to the transients in the delay-
time range from 3 to 8 ps (solid curves). Reprinted with permission
from ref 56 (http://link.aps.org/abstract/PRL/v88/p77601). Copyright
2002 American Physical Society.

mechanisms other than the spread in hydrogen-bond lengths
may contribute to the width of the absorption band.

2.4.2. Orientational Dynamics

The rate of molecular reorientation of the water molecules
can be studied by measuring the time dependence of the
anisotropy of the excitation of the-€H stretch vibration.
The excitation is initially anisotropic following a c{#)
distribution @ being the angle between the-®l transition
dipole and the pump polarization), becausekDgroups have
the largest chance for excitation when they are oriented
parallel to the pump polarizatior® (= 0). As a result, the
absorption changeAo,, for the case where the probe
polarization is parallel to the pump polarization will be larger
than the absorption changex for the case where the probe
polarization is perpendicular to the pump polarization. From

a decrease of the strength of the hydrogen-bond interactionAa, andAa, the rotational anisotrof§§can be calculated:

between the solvating HDO molecule and the anion. This

increase of the central frequency agrees with the observations

in the linear absorption spectra of Figure 1 and with the
results of a study in which the change in—O stretch

_Aay — Aoy

Ao+ 2Aag ®)

frequency due to salt addition was measured using a double-t can be shown theR(t) = [P,(e(t)-€(0))C= e V%o, wheree

difference spectroscopic technigtfeAfter multiplying by
1.36 to convert @D into O—H stretch frequencie®, the

central absorption frequencies found in these studies are 344%

cmt (O—H---Cl"), 3476 cm* (O—H-+-Br~), and 3495 cm!
(O—H-++17).

denotes the direction of the transition dipole moment of the
molecular (G-H) vibration®! As a result, the reorientation
ime 7o, Obtained from the dynamics d® can be directly
compared with the results from NMR. The denominator of
eq 9 represents the isotropic signal that is not affected by

The widths of the absorption components can be translatedthe reorientatiofi? Hence, isotropic effects like vibrational

into widths of the distributions of hydrogen-bond lengths,
as the G-H stretch vibrational frequency and the length of
the hydrogen bond are correlat&¥d® For the O-H---Cl-,
O—H---Br~, and O-H--+I~ hydrogen bonds, the widths of
the length distributions are 28 5 pm =102 m), 21+ 5
pm, and 12+ 4 pm, respectively (the mean lengths of these
hydrogen bonds are 320, 340, and 360 pm, respectively).
These widths are relatively small compared to the width of
36 + 2 pm of the distribution of @-H---O hydrogen-bond
lengths of HDO/DRO. This finding implies that the ©H---X~
hydrogen bonds have a relatively well-defined length. It
should be noted that the widths determined from the
absorption bands of the-€H---X~ component represent, in
fact, upper limits of the true widths; the widths of the length

relaxation and spectral diffusion are divided out in the
expression foiR, so that the delay dependence Rfonly
represents the orientational dynamics of the water molecules.
In Figure 3, the anisotropy parametis presented as a
function of delay for a solutionfa3 M NaCl in HDO/D,O
at different temperatures. All signals show an overall
nonexponential decay but become close to a single expo-
nential for delays> 3 ps. After this delay time, the signals
only represent the orientational dynamics of the HDO
molecules in the first hydration shell of the Cion, as a
result of the difference in vibrational lifetime of the-O
H---O and the G-H---Cl~ hydrogen-bonded systems. Also
shown in Figure 3 are fits to the data in the delay-time
window from 3 to 8 ps. At 27C, the time constant,, of

distributions may be even narrower, because line-broadeningthe orientational relaxation of these HDO molecules is 9.6
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Figure 4. Time constants,, of the hydration shells of C| Br-,

and I~ as a function of temperature. The solid curves represent fits

of the data using eq 10. Reprinted with permission from ref 56

(http:/Nlink.aps.org/abstract/PRL/88/p77601). Copyright 2002 Ameri-

can Physical Society.

20 40

=+ 0.6 ps, which is long in comparison with the valuergf

of 2.6 ps of HDO molecules in a solution of HDO inO®5!
With increasing temperature, the orientational relaxation
becomes fasterz,, decreases to 4.2 0.4 ps at 106C.

In a recent molecular dynamics simulation on the reori-
entation of water molecules solvating GP it was pointed
out that the reorientation time constam¢sof the hydration
shells represent the reorientation of the intact hydrogen-
bonded OG-H---X~ systems. As soon as this hydrogen bond

Bakker

The value ofry soiv is smaller for I than for Br and CF,
which suggests that the size of the orientationally diffusing
structure, i.e., the ion with its hydration shell, is smaller for
I~ than for CI and Br. It is not likely that the slower
reorientation of the hydration shells of Chnd Br results
from the formation of ion pairs, since it was found in
dielectric relaxation studies that these pairs are formed only
by a very small fraction of the ions present in solutién.

The values ofrhsov are smaller than the anietwater
hydrogen-bond lengthryg(Cl™) = 323 pm,rys(Br-) = 340
pm, andrys(l”) = 360 pmé This deviation illustrates that
the StokesEinstein relation, in particular, the viscosity
entering this equation, is only truly applicable to macroscopic
objects. In the case of diffusion solvation structures, the
moving objects are of about equal size as the molecules of
the viscous liquid. If the intermolecular interactions would
have led to the same friction on the microscopic scale as on
the macroscopic scale, the reorientation of the hydration
shells would have been-8L0 times slower than observed.
In spite of this large difference in magnitude between viscous
interactions and molecular scale friction, the data can be fitted
well to eq 10, which means that the molecular-scale friction
and the macroscopic viscosity show a similar dependence
on temperature.

2.5. Molecular Dynamics Simulations

Molecular dynamics simulations constitute a powerful and

breaks and a new hydrogen bond to an oxygen atom of awidely used method to get insight into the structure and
nearby water molecule is formed, the-@ stretch vibration dynamical behavior of aqueous solvation shells. An important
will rapidly relax, which means that this reoriented vibration parameter that is often derived from these studies is the
will no longer contribute to the anisotropy of the measured residence time of the water molecules in the solvation shell
signal. Therefore, the anisotropy dynamics at defay&ps of the ion. As can be expected, this residence time strongly
represent the reorientation of the intact solvation structure depends on the nature of the solvated ion. For small

only.

positively charged ions like Lj residence times up to several

Since the observed reorientation results from the orienta- hundred picoseconds have been repoitedhereas for large

tional diffusion of the intact shell, the dynamics can be
described with the Stoke<instein relation for orientational
diffusion. This description leads to the following expression
for 7,6

4'7'”7(-|’)rh,solv3

rOI’(T) = 3kT

(10)
with k being Boltzmann’s constant,being the temperature
in Kelvin, »(T) being the temperature-dependent viscosity,
and r, sy being the hydrodynamic radius of the solvation
structure.

In Figure 4, the values af,, of the first hydration shell of

the halogenic anions Cl Br~, and I are presented as a
function of temperature. The solid curves in this figure are

monovalent ions, much shorter residence times-&0 ps
have been foung?12.14.16.2624

In the past, many different types of molecular dynamics
simulations have been applied. Among these are classical
molecular dynamics simulations using electrostatic pairwise
potentials’® simulations including polarizable water mol-
ecules and ion%,2141620 mixed quantum-mechanical/
molecular mechanical calculatiots}”-*8and full ab initio
Car—Parrinello molecular dynamics simulatiofis? In the
latter type of calculations, all polarization and collective
effects are included.

The structure and dynamics of the solvation shells of the
Cl=, Br7, and I ions have been calculated with many
different techniques. For the Clon, the calculated number
of water molecules contained in the first solvation shell

fits of eq 10 to the data. The temperature-dependentranges between 5 and 6, depending on the precise definition

viscosities were obtained from the literatdtdeaving the
radiusrn soy s the only fit parameter. This procedure results
iN r.so(Cl7) = 213 pm,rpsoBr-) = 237 pm, and, son(1 )

of this shell. If the coordination number is obtained by
integrating the first peak in the €H radial distribution
function, the value is, in general, lower than when this

= 205 pm. These radii can be compared to the hydrodynamicnumber is obtained from the €D radial distribution

radii obtained from the Stoke<instein relation for trans-
lational diffusion. From the ionic mobilitie%,it follows that
rn(ClI7) = 120 pm,rpy(Br-) = 118 pm, andp(I~) = 120 pm.
For all halogenic iong;, is significantly smaller thamy sop,
which suggests that the ions show (translational) diffusion
steps without their hydration shells, thus reducing the
effective size of the diffusing ion. If, 5o would equalry,

the reorientation would be-8 times as fast, withy, thus
being only~1 ps.

function?® From the CHO radial distribution function
calculated with CarParrinello molecular dynamics simula-
tion, a value of 5.6 was derived, in good agreement with the
experimental value of & For Br-, the average coordination
number calculated with the CaParrinello approach was 6.3
(based on the BtO radial distribution functionj? in exact
agreement with the experimental resdl€alculations show
the solvation shell of Brto be very dynamic; the coordina-
tion number was found to fluctuate between 4 artd Bor
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|-, the coordination number calculated with E&rarrinello 1.0
molecular dynamics simulations is 6.6 (based on th®| \
radial distribution function§* This number is lower than is 08 L\
calculated in most other molecular dynamics simulation VN
studies of aqueous | The solvation structure of the fon 06 - '\\

is calculated to be quite isolated from the local water ’
structure. The average number of hydrogen bonds per water N e
molecule in the shell is only 2.5. Of these hydrogen bonds, 04 '\\
only 37% are formed with water molecules outside the shell. N
For comparison, the water molecules in the solvation shell 02t ~.

of F~ form, on average, 3.1 hydrogen bonds, of whies0% S

are formed with water molecules outside the shell. Hence, 0.0 e TS
it can be concluded that the solvation shell ofirtegrates 0 2 4 6 8 10 12 14 16
much better in the local water structure than the solvation t(ps)

shell of I". The different hydrogen bonding in the solvation Figure 5. Calculated residence time correlation function for the
shell of I is also apparent from the calculated blue-shift of @dqueous solvation shell of Br Solid line, HBr, calculated with
the O-H stretch frequency of 70 cm. This value is in the Car-Parrinello method; dotted line, Br calculated with the

lent t with th . tal val btai dCar—ParrineIIo method; dashedlotted line, Br, calculated with
excellent agreement with the experimental values oblaiNed | 5ssical molecular dynamics simulations using a nonpolarizable

with double difference infrared spectroscépgnd transient  force field. Reprinted with permission from ref 22. Copyright 2002
vibrational absorption spectroscopy (see Table 1). American Institute of Physics.

The structure of the solvation shell strongly depends on
the polarizabilities of the water molecules and the dissolved
halogenic anion. Inclusion of these polarizabilities in the
calculation makes the solvation structure strongly asym-
metric? and quite similar to that of a small gas-phase cluster
of the halogenic anion and water, for which the ion is located
at the surface of the clust&!11521The strong effect of
polarizability on the calculated structure can be understood
from the fact that the solvation structure is the result of the
delicate competition between solvation interactions between

p(®)

1g.

log < (9>

!on and_ water molecules on one hand and hydrogen-bond (O I -"5 : é.- z '.é B BIBVRER?
interactions among the water molecules on the other hand. simulation time / ps

The inclusion of polarizabilities of the water molecules Figure 6. Logarithmic plot of the time-averaged residence time

and the ions in the calculation leads to a net (induced) dipole correlation function (dotted line) and the monoexponential fit (solid
line) to this function with a characteristic time constant of 12 ps.

moment of .the solvated i(_)n. For Cl ?’ri' and I'_' the Reprinted with permission from ref 23. Copyright 2003 American
calculated dipole moment is'1 debye?:2* Interestingly, Institute of Physics.
the inclusion of the polarizabilities of the water molecules

and the anions has little effect on the dipole moments of the approach for Ci is presented@ An exponential fit to this
water molecules in the first solvation shéf24 function gives a residence time constant of 12 ps. Fpal

residence time of-7.5 ps is calculated both in classical and
in Car—Parrinello molecular dynamics simulatiol#g#

Recently, the orientational dynamics of water molecules
in the first hydration shell of Cl have been studied with
classical molecular dynamics simulatiofisn this study, the
reorientation of the ©H groups interacting with Clwas
calculated to be dominated by a fast rotation out of the
solvation shell with a time constant of 3.3 ps. The intact
hydrogen-bonded ©H---Cl~ system was found to show a
relatively slow reorientation with a time constant of 6.2 ps
for a solution containig 1 M NaCl. The two processes
together lead to an effective reorientation time constant of
2.2 ps for the G-H groups solvating the Clion, which is
faster than the molecular reorientation in bulk liquid water.
The mechanism of the out-of-shell rotation was found to be
a jump mechanism in which the hydrogen bond to the ClI
ion is broken and a new hydrogen bond to another water
molecule is formed. The transition state of this reorientation
is a bifurcated hydrogen bond between the D group of
the rotating water molecule, the Cibon, and the other water
molecule.

The definition of the residence time of water in the first
hydration shell is delicate, as water molecules can leave the
solvation shell for a short time only and return before a
certain time has passed. A widely used definition is that these
water molecules are still considered as being resident in the
first solvation shell when the time spent outside the shell is
<2 ps® The calculated residence time strongly increases upon
the inclusion of polarization effects in the calculation. This
is illustrated in Figure 5. In this figure, the residence
correlation function for water in the solvation shell of Br
is shown for the case where the residence correlation function
is calculated with the CarParrinello approach (polarization
effects included, dashed line) and for the case where the
residence correlation function is calculated using a rigid SPC
potential function for water (polarization effects not included,
dotted-dashed line). If polarization effects are included, the
residence time constant4sl9 ps; if not, the residence time
constant is only 5 ps. For Clsimilar effects are observed.

If polarization effects are not included, the residence time
in the first solvation shell calculated with classical molecular
dynamics (MD) simulations is quite short, only 4.5 %s.
Inclusion of the polarization effects on the ion and the water 2 6. Discussion
molecules in a classical MD simulation makes the residence = ™

time 2—3 times longef:*?1416.20n Figure 6, the residence In Table 2, the residence time constants obtained with
correlation function calculated with the CaParrinello NMR and molecular dynamics simulations are presented
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Table 2. Residence Times and/or Characteristic Time Scales of vibrational relaxation appears to be dominated by the intrinsic
the Hydrogen-Bond Fluctuations of the Hydration Shells of Ct, relaxation of the intact ©H-+-X~ system, which implies
Br~, and |~ Obtained with Different Methods : '
that the out-of-shell rotation should be much slower than
CI” (ps) Br (ps) I” (ps) the observed vibrational lifetimes of 2:3.5 ps (see next
Car—Parrinello MD 12 19 7.5 section)?!
NMR 15 10 5 An estimate of the out-of-shell rotation time can be
transient IR 12+ 3 25+£5 18+5 obtained from a comparison of the vibrational lifetimes

measured at low and high salt concentrations. With increasing

together with the correlation time constants of the hydrogen- salt_ conce_ntration, the out-of-shell rotation will decelerate,
bond length fluctuations measured with transient vibrational &S it requires the approach of the-@---X~ system by
spectroscopy. For the hydration shells of @hd Br, the another water molecule to _form a blfurcated_ hydrog_en-
residence time and the time constant of the hydrogen-bondPonded transition stafé.At high salt concentrations, this
fluctuations are quite similar. This good comparison suggestsformation is expected to become increasingly sterically
that the dissociation of a water molecule from the hydration Nindered, leading to a slowing down of the out-of-shell
shell results from the fluctuations in the length of the rotation. If we assume that the change in vibrational

hydrogen bond. However, the residence time and the time€laxation time constant of €H-:-Cl" from 2.2 ps at low
scale of the hydrogen-bond fluctuations are in fact very concentrations to 2.6 ps at high concentrations is ent_lrely
different parameters, as will be discussed in the following. due to the slowing down of the out-of-shell rotation, we find

An effect that could make the residence time significantly a time constantrodCl ) for this rotation at low salt

shorter than the time constant of the hydrogen-bond fluctua- \(,:\,%nﬁﬁgi—ra;%??)i 1//[[(&//33_(1(/12/36%])]::1; pssér%rmlzr_ly)/,
tions is the out-of-shell rotation of the water molecule 2 ' ' P b

X = 1/[(1/2.5)— (1/3.6)]= 6 ps. These time constants suggest
followed by the formation of a new hydrogen bond to an . —
oxygen atom of a neighboring water molecule. Here it should that the dissociation of water from the shell may be

be reminded that the hydrogen-bond fluctuation time con- dominated by out-of-shell rotation, which would imply that
stants as specified in Table 2 are a property of the intact there is no direct connection between the residence time and

TR . CH-- the time constant. of the fluctuations of the intact ©H-
O—H X system. The fprma‘uon of an . OEydrogen <X~ bond. The fact that these time constants are nevertheless
bond will lead to rapid vibrational relaxatiof{= 0.8 ps)

of the O-H stretch vibration, as a result of which the comparable, at least for the hydration shells of &hd Br

X o . Table 2), suggests that the out-of-shell rotation and the
oscillator will disappear from the sign&.Therefore, out- ( TR ) . : )
of-shell rotation leading to the direct formation of an O~H--X" hydrogen-bond length fluctuations find a com

O—H--O is not contained in the time constant of the MON origin in the relative motions of the water molecules in
observed hydrogen-bond length fluctuations, but it will thiéirr?rt]:ﬂddtg%osﬁgﬁgﬁglf}ldtrha;igi?f:gﬂlstéchni ues arrive
contribute to a shortening of the residence time. Y q

. at somewhat different values for the residence time/time
In a recent molecular dynamics study, the water molecules ¢onstant of the hydrogen-bond fluctuations. For this shell,

in the hydration shell of Clwere found to show both arapid  NMR and molecular dynamics simulations arrive at a much
out-of-shell rotation with a time constant of 3.3 ps and @ gporter time constant (57 ps) than transient vibrational

slower reorientation due to the frame rotation of the intact spectroscopy (1& 5 ps). This difference can be assigned
O—H:---CI” systen'’® The calculated time constant of this {5 the rotation of the water molecules out of the hydration

latter rotation is 10 ps foa 3 M solution, which is in ghe|| of |- being faster than the length modulations of the
excellent agreement with the time constant of 9.6 ps found jhtact O-H--«1- hydrogen bond.

for this process with polarization-resolved transient vibra-
tional spectroscopy. The fast out-of-shell rotation with a time 3 E ; i ;

; ; : . Energy Dynamics of lonic Hydration Shells
constant of~3 ps appears to be inconsistent with the results 9y Ly y
of other studies. As discussed above, rotation out of the shell i
o . 3.1. Introduction
implies that the water molecule leaves the hydration shell. o o
Therefore, an out-of-shell rotation with 3.3 ps is not  For bulk water, the vibrational energy relaxation time
consistent with the results of other (C&Parrinello) molec-  constantT, of the O-H stretch vibrations of the water
ular dynamics simulations that find the residence time of molecules has been observed to be strongly dependent on

water molecules in the hydration shell of Gb be~10 ps. the strength and nature of the hydrogen bctid$Therefore,
Out-of-shell rotation with a time constant of3 ps also it can be expected that the structures of ionic hydration shells

appears to be at odds with the results from isotropic transient"Vill 8IS0 affect the rate of vibrational-energy relaxation. A
vibrational spectroscopy studies. An out-of-shell rotation (echnique ideally suited to measure the vibrational energy
affects the dynamics of the isotropic signal measured in relaxation of the molecular vibrations is transient vibrational

transient vibrational spectroscopy, because this rotation turnsAPSOrption spectroscopy. In this section, we give an overview
the slowly relaxing G-H---Cl~ system into a rapidly relaxing of the mformauon on thg energy dynamics of ionic hydration
O—H-++O system. Hence, the observed vibrational relaxation Shells obtained with this technique.

rate will be the sum of two channels, one being the intrinsic

relaxation of the intact ©H--X~ system and the other 3.2. Vibrational Relaxation of Anionic Hydration

formed by out-of-shell rotation followed by fast relaxation. Shells
The intrinsic lifetime of the intact ©H---X~ is expected to The vibrational energy relaxation of water molecules has
increase going from Clto Br~ to I, while the out-of-shell been studied for several alkalihalide solutigfi$>57:58:61

rotation is expected to decrease in this series. In the These solutions consist of a low concentration of 0.1 M HDO
experiment, the vibrational lifetime is observed to increase in D,O and different concentrations (0.5, 1, 2, 3, 6, 9, and
in the halogenic series (see next section). Hence, thel0 M) of KF, NaCl, NaBr, and Nal.
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ponent depends on the type of anion. For solutions of 6 M

NacCl, NaBr, and Nal, we find time constants of 2:60.3

ps, 3.4+ 0.3 ps, and 3. 0.3 ps, respectively, thus showing

an increase within the halogenic series from @ Br~ to

I~. In view of these observations, the second relaxation

component is assigned to HDO molecules that solvate the

halogenic anion via the formation of an-®---X~ hydrogen

bond (with X~ = CI~, Br~, I7). This means that the time

constant of the second component corresponds to the

vibrational lifetime T; of O—H, the vibration of HDO

molecules that are hydrogen bonded with theirDgroup

to the anion. For KF, the relaxation is observed to be single

exponential with a time constant of 08 0.2 ps. This

s s s - s s observation shows that HDO molecules that are hydrogen

0 2 4 6 8 10 bonded to F show approximately the same rate of vibra-

Delay (ps) tional relaxation as HDO molecules that are hydrogen bonded

Figure 7. Pump-probe transients measured for aqueous solutions {0 D20.

of different salts in HDO/BO. The transients were measured using ~ The dependence of the vibrational lifetime of the slow

a pump frequency of 3450 crhresonant with thes = 0 — 1 component on the nature of the anion suggests that the

transition and a p_rc_)be frequt_ancy of _SZOOT}mesonant with the O—H:-+X~ hydrogen bond (X = CI-, Br-, 1) is involved

- %i ot zzgggné'lts'gcie?ep“med with permission from ref 58. i the vibrational relaxation mechanism. In Figure 1, it was
pyrg ' shown that the frequency of the-® vibration of the

O—H---X~ hydrogen-bonded system increases in the halo-

An(T/T,)

1 T T
NaCl m

. LiCl o genic series Cl, Br~, and I'. This increase in frequency

09 T , MgCl, @ | indicates that the hydrogen bond becomes we&két.A
s o8l . calculated = | weaker hydrogen-bond interaction in turn leads to a decrease
£ of the anharmonic interaction between the-1® stretch
§ 077 vibration and the hydrogen-bond mo®eyhich causes the
° g6l slowing down of the vibrational relaxation. In addition, the
g reduced mass of the €H---X~ hydrogen-bond stretch
BEoosy vibration, which determines the energy spacing of the levels

04 b of this mode, increases within the halogenic series Bi~,

i I~. The hydrogen-bond frequencies have been measured to
035 . ;5 3 ] 5 p be 210 cm? for O—H---Cl~, 158 cm* for O—H---Br~, and
) 135 cnt? for O—H--+17.8% Therefore, the dissipation of the
concentration [mol] excitation energy of the ©H stretch vibration will involve
Figure 8. Relative abundance of the fast component for a series 5 higher level of excitation of the hydrogen-bond vibration
of CI~ salts as a function of concentration, measured at a probefOr I~ than for CI, which leads to a decrease of the

frequency of 3450 cm. The line is obtained from a simple . . . .
calculation of the relative abundance of the fast component, (réSonant) part of the anharmonic coupling that is responsible
assuming a coordination number of 6 of the @n and a cross-  f0r the relaxatior?* For a solution of KF in HDO/RO, the
sectional ratio of the Cland water-bound HDO molecules of 2.2  absorption spectrum is slightly red-shifted with respect to
at a frequency of 3450 cr. the spectrum of HDO/ED, which indicates that the-€H-F~
hydrogen bond is even stronger than theld--O hydrogen
In Figure 7, pump-probe transients measured for four bond. The resulting strong anharmonic interaction between
different salt solutions are shown. For the solutions of NaCl, the O-H vibration and the ©H-+-F~ hydrogen bond makes
NaBr, and Nal, the data can be fitted well with a biexpo- the vibrational lifetime of HDO solvating Frelatively short,
nential function. Two time constants are obtained, of which thus explaining the absence of a slow relaxation component
the shorter has a value 6f0.8 ps and is the same for all  for a solution of KF in HDO/BO.
salt solutions. This value compares very well with the .
vibrational relaxation time constant of the—® stretch  3-3. Effect of Concentration on the Energy
vibration of pure HDO/RO3*75 This component origi ~ Dynamics of the Anionic Hydration Shell
nates from G-H groups that form ©H---O hydrogen bonds In Figure 9, pump-probe traces of solutions containing
to other water molecules. As a result, the relaxation be- different concentrations of Nal are shown. It is observed that
havior is very similar to that of the ©H groups in HDO/ the time constanit; of the vibrational relaxation of the -€H
D,0. The fast component also contains the response of thegroup of the G-H---I~ systems shows a significant depen-
HDO molecules in the first hydration shell of the Na  dence on concentratiorif; increases from 2.4- 0.2 ps at
cations, because for the HDO molecules near the cation, the0.5 M to 4.7 ps at 10 M.
O—H groups will point away from the ion and will form In Figure 10, T; is plotted as a function of anion
O—H---O hydrogen bonds with bulk » molecules® 8 concentration for a series of lithium salts. For all anions,
In Figure 8, the relative abundance of the fast componentthe lifetime rises with concentration, but the slope of the
is plotted as a function of the salt concentration for solutions rise increases going from Cto Br~ to I~. Below 3 M, the
of NacCl, LiCl, and MgC}. It is seen that, with increasing lifetimes of Br and I~ are almost the same; Clis faster at
salt concentration, the amplitude of the fast component all measured concentrations. Sodium and magnesium salts
decreases while the amplitude of the slow relaxation also show an increase @% with increasing concentration
component increases. The time constant of the slow com-of dissolved salt.
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Figure 9. Pump-probe traces of solutions of several concentrations Figure 11. Pump-probe tracesf® M solutions of LiBr and NaBr
of Nal in HDO/D;O. The measurement was performed at a pump in~ HDO/D,O. The measurement was performed at a pump

frequency of 3450 crt and a probe frequency of 3200 cinThe
lines are fits to the data. The fit function is a biexponential function
convolved with a Gaussian cross-correlation function.
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Figure 10. T, of the O—H stretch vibration of the ©H- - -X~
system (X = CI—, Br—, or I) as a function of concentration for

three salts containing the same cation: LiCl, LiBr, and Lil. The
lines are guides to the eye.

The dependence of; of the O-H---X~ system on

concentration has been explained from the coupling between5h+e”

the different types of hydrogen bond modes in the lidfid.

The hydrogen bonds are similar in frequency and will be

frequency of 3450 crmt and a probe frequency of 3200 cinThe
lines are fits to the data. The fit function is a biexponential function
convolved with a Gaussian cross-correlation function.

water molecule to form a bifurcated hydrogen-bonded
transition staté? With increasing concentration, this approach
will be slowed down, and at high concentration, it may even
become impossible. In the previous section, it was shown
that, if the difference inT; at low and high concentrations
would be completely due to the vanishing of the out-of-shell
rotation, 7o, Cl-) = 1/[(1/2.2) — (1/2.6)]= 11 ps,t0odBr-)

= 1/[(1/2.5) — (1/3.6)] = 8 ps, andrye{l7) = 1/[(1/2.5) —
(1/3.6)] = 6 ps. These time constants decrease going from
CI~ to Br~ to 17, which is consistent with the fact that the
hydration shell becomes more labile in the halogenic series.

3.4. Effect of Cations on the Energy Dynamics of
the Anionic Solvation Shell

It can be expected that the vibrational lifetime of water
molecules in the solvation shell of the anion depends on not
only the nature of the anion and the concentration but also
the nature of the cation, in particular when the hydration
is shared by the anion and the cation, thus forming
O—H-:-X~ systems.

In Figure 11, it is shown that the vibrational relaxation is

coupled, leading to the formation of delocalized modes. This somewhat faster for a Bisolution with Li* as the counterion
notion also applies to the hydrogen bond that involves the than with N& as the counterion. Interestingly, in a study of

hydrogen atom of the relaxing-€H group in the G-H---

X~ system, and that likely plays an important role in the
vibrational relaxation of the ©H stretch vibration. This
hydrogen bond will not be a pure locaHMi---X~ hydrogen
bond but will show admixtures of neighboring-®---O and
O—H---O hydrogen bond modes. These admixtures will
affect the rate of vibrational relaxation of the-®l stretch
vibration.

An alternative explanation of the observed increase;of
with concentration is formed by a slowing down of the out-
of-shell rotation. The rotation of the-€H group out of the
hydration shell will contribute to the vibrational relaxation
of the O—H---X~ system. This rotation results in the breaking
of the O—H---X~ hydrogen bond and the formation of a new
O—H---O hydrogen bond to a neighboring water molecule.
The latter system will show a relatively rapid vibrational

the vibrational relaxation of NaCl and LiCl solutioffsthe
solution containing Li ions was found to show alower
vibrational relaxation. However, in a comment on this paper,
it was shown that this result is not statistically significéht.
In the same comment, it was shown that, for Gblutions
also, the relaxation is, in fact, slightly faster with*Lithan
with Na' as the counterion, in agreement with the results
found for the Br solutions shown in Figure 11. For solutions
containing Md@*, the relaxation is observed to be even faster
than for solutions containing Li¢* Hence, the vibrational
lifetime of HDO solvating CI and Br is observed to
decrease in the cationic series™&i*, Mg?".

The effect of cations on the vibrational lifetime of the
anionic hydration shell can be explained from the electric
fields exerted by the cations. The electric field of the cation
polarizes the ©H---O and C-H---X~ hydrogen bonds of

relaxation with a time constant of 0.8 ps. As the out-of-shell water molecules adjacent to the cation. With increasing
rotation is expected to be slower than this relaxation, the polarization, the strength of the hydrogen bonds increases,
overall rate of this additional relaxation channel is determined which in turn leads to an increase of the anharmonic
by the rate of the out-of-shell rotation. The out-of-shell interaction with the G-H stretch vibration of an HDO
rotation is expected to be concentration dependent, as itmolecule solvating the Xanion. The Li ion is smaller than
requires the approach of the-®---X~ system by another  Na', while Mg?" has a similar size as Nabut possesses
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Figure 12. O—H stretch lifetime of anion-bound water molecules
as a function of temperaturerf@ M solutions of Ct, Br—, and I _
in liquid water. Reprinted with permission from ref 58. Copyright 3
2002 Elsevier. E
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©
twice the charge. Therefore, the local electric field exerted <
by the cation increases going from N#&o Lit to Mg?", 8
thereby explaining the observed decrease of the vibrational
lifetime of the anionic hydration shell in this series.
3.5. Temperature Dependence of the Energy 3000 3100 3200 3300 3400 3500 3600 3700 3800
Dynamics of the Anionic Solvation Shell frequency [om ~']

; i At Figure 13. Spectra of the ©H stretch vibration of HDO/BO
In Figure 12, the anion-bound-€H stretch lifetimes of (the D,O background was subtracted, panel A) and of a solution

Cl, Br, a_nd I are sh_own_as a f_un(_:tion of temperatur_e. of 6 M Nal in HDO/D,O (background BO and bulk G-H band
For all anions, the vibrational lifetime decreases with \yere subtracted, panel B) at three temperatures. For HEQ/D
temperature. Such a decrease of the vibrational lifetime with the band shifts to the blue by50 cnt?, the O-H- - -X~ band

temperature is quite generally observed and can be explainedhifts only by~10 cntt. Reprinted with permission from ref 58.
from the increase of the anharmonic interaction with increas- Copyright 2002 Elsevier.
ing thermal occupation of the accepting moées. ) ) o )
Interestingly, previous work on the-eH stretch vibration ature effect on the v_|brat|or_1al Ilfetlme€-|---x_‘ oscillators
of bulk liquid water (i.e., HDO/RO and HO™) showed (X==CI7,Br,IN)is dom_lnated not by an increase of_ the
that the lifetime of the ©H stretch vibration of bulk water ~ €nergy gap {500 cn1*) with the overtone of the bending
increaseswith temperature. In recent theoretical work on Mode but rather by the increased thermal occupation of other,
the vibrational relaxation of HDO/ED, it was found that  low-frequency accepting modes (i.e., hydrogen boftd&x
this increase oT; with temperature can be largely explained @ result,T, decreases with temperature for the-B---X~
from the increase of the energy gap to the overtone of the hydrogen-bonded systems.
bending modé&’
The opposite temperature dependence of the vibrational4. Structural Dynamics of Water Outside the First
relaxation of O-H++-O and G-H---X~ (X~ =CI~, Br,and lonic Hydration Shell
I7) can be explained from the temperature dependence of
the O—H stretch absorption spectra of the-8*++O oscil- 4.1. Introduction
lators and the ©@H---1~ oscillators. The latter spectrum is
constructed in the following way. First a difference spectrum
is taken of the spectrum of a solutioh®M Nal, 1 M HDO,
and the RO spectrum of a solutionf®d M Nal in D;O.
This difference spectrum contains the response of all different
types of O-H oscillators, i.e., ©H hydrogen bonded to
D,O and O-H hydrogen bonded to~| Then, a second
difference spectrum is obtained by taking the difference of
the spectrum of a solution HDO in,D and that of pure
D,0. This difference spectrum represents onhy D oscil- _
lators hydrogen bonded to,D. To obtain a spectrum that Mo ~ AVc + Bc (11)
is representative for the ©€H---1~ oscillators, the second Mo
difference spectrum is subtracted from the first. The spectra
are shown in Figure 13. For the-€-:-O oscillators of pure  with 5 being the viscosity of the solutionjy being the

lons are believed to have a long-range effect on the
structure of liquid water, either strengthening the hydrogen-
bond network of water (structure making) or weakening this
network (structure breaking)A strong indication for a
structure making and breaking effect of ions on liquid water
is the influence of ions on the viscosity of watérhe Jones
Dole expressioft for the viscosity of aqueous ionic solutions
states that, for concentrations up+d M,

water, the G-H band shows a strong blue-shifte60 cnr?! viscosity of pure water¢ being the ion concentration, and
when the temperature is increased from room temperatureA and B being constants. The first term on the right-hand
to 93 °C. In contrast, the ©H stretch band of ©GH--1~ side results from electrostatic interactions between the ions.

oscillators shifts by only 10 cri in this temperature range. The magnitude ofA can be easily calculatél,as it is
This means that the hydrogen bonds of the solvation shell assigned to the electrostatic interaction between the ions. The
become only slightly weaker when the temperature is second term is attributed to the influence on the hydrogen
increased toward the boiling point. As a result, the temper- bond structure by the ion: some ions, like the tetraalkylam-
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monium ions and ions with high charge densities, have large dynamics of aqueous salt solutions as the measurement of
positive B coefficients and are, thus, believed to be strong the low-frequency Raman spectrum. In experiments on
structure makers, while other ions, in particular ions with solutions of HCI in water, two relaxation time constants were
low charge densities, have negatiBecoefficients and are  observed. The shortest one~d ps and is very similar to
believed to be structure breaking. the time constant deduced from the measurement of the low-

Another indication for a structure making and breaking frequency Raman spectrum. The second one ranges from 2
effect of ions on liquid water is formed by the anomalous to 7 ps, depending on temperature and concentration. Both
mobility of many ions in water. The Zwanzig model for ionic  time constants scale well with the viscosity, although the
mobilities, which accounts for the hydrodynamic size of an correlation is not perfect for the shortest time constant at
ion and the polarizability of the solvefft,gives a poor low temperatures. The short time constant is assigned to local
guantitative description of most ionic mobilities in water. liquid dynamics, i.e., like the breaking and formation of a
In general, ions with low charge densities (e.g., large local hydrogen bond. The longer time scale is assigned to
univalent ions) have a larger mobility than predicted by the the collective relaxation of highly connected hydrogen-
Zwanzig equatiori.lons with high charge densities generally bonded groups of molecules.
have a smaller mobility than predicted by the Zwanzig
equation. These observations also suggest that ions with high4.3. Dielectric Relaxation and Low-Frequency
charge densities enhance the hydrogen-bond network ofInfrared Spectroscopy
liquid water.

The above-described observations that are in support of aq
structure making or breaking effect of ions on water are based
on macroscopic properties of the liquid (viscosity and
conductivity). Hence, these properties represent averages ovi
the whole liquid, making it impossible to discern the specific
properties of the hydration shells from those of the hydrogen-
bond network of the liquid outside these shells. Fortunately,
there exist spectroscopic techniques that do allow for such
a distinction and that provide molecular-scale information

on the effects of ions on the hydrogen-bond network of liquid permittivity ¢ (c, ») and the total loss"(c, v) are measured
water. In this section, we will present and discuss the results : f . S

obtained with several spectros?copic techniques and molecularfarse auzjr? é: t|on'9(fctr:/()a i(;orrgl::tr;téa;témtrﬁé 3:2?&1\{5 g [ZZ';. éni)of
dynamics simulations on the long-range effect of ions on q w- (G '
the structural dynamics of liquid water, i.e., the properties

In dielectric relaxation spectroscopy, the polarization
sponse to an applied electric field is measured as a function
of frequency. This polarization response predominantly
results from the reorientation of the dipolar water molecules.
Hhe frequency spectrum of the polarization response thus
provides information on the strength and rigidity of the
hydrogen-bond network of the liquid. The typical frequency
range in which this technique is applied is from 0 to 100

In dielectric relaxation spectroscopy, the relative dielectric

of the liquid outsidethe first hydration shells of the ions. p"'(c,v) = €"(c, v) + kl(2avey) (13)
4.2. Low-Frequency Raman Scattering and with « being the conductivity and, being the vacuum
Optical Kerr Effect permittivity. The conductivity contribution dominates at low

The low-frequency Raman spectrum of aqueous salt frequencies and determines the minimum frequency at which
solution represents the dynamics of the structural relaxation€ (G, ¥) can be determined. The technlqusee Qsaf been applied
processes of the whole liqui#é-** Hence, this spectrum gives 0 many agueous salt and acid solutiéh.%¢:%%1n Figure
information on the strength and stability of the hydrogen- 14 typical measurement results obtained for solutions of

bond network. The measured low-frequency dielectric re- different concentrations NaBr in water are presented. It is
sponse is often fitted to a CoteCole type relaxation, shown that the dielectric response decreases with increasing

concentration of dissolved salt.
oc(C) — € The frequency-depended(c, v) and¢’(c, v) are used to
Ay e (12) determine the static dielectric consta(t, 0). The addition
1+ (i2mvrel” of salt to water will, in general, lead to a decrease of the
static dielectric response. This decrease consists of two
contributions:

x(v) =

with 7cc being the (structural) relaxation time afideing a
arameter that accounts for the presence of a distribution of _ _

Pelaxation times. In the case wkﬁ)eﬁe= 1, there is only a Ac(c, 0)=€(0, 0) = (¢, 0) = Ace(C, 0) + Acy(C, 0)

single relaxation time and the Cole-Cole relaxation is the (14)

same as a Debye relaxational mode. The termAegqc, 0) predominantly represents the loss in
For most salt solutions? is found to be~0.9, which dielectric response due to the water molecules that are

implies that there is not a broad distribution of relaxation immobilized in the solvation shells of the ions. These water

times. The measured time constants arg ps, which is molecules will no longer contribute to the polarization

substantially shorter than the time constants of the transla-response of the water to an applied electric field. An

tional and orientational dynamics of the hydration shells. For additional minor contribution t\ecc, 0) results from a

all solutions, it is found that the time constanincreases  dilution effect: in a salt solution, part of the volume is taken

with increasing salt concentratidfi.® It is also found that by ions that have a lower dielectric responsg,(0) ~ 2)

the time constant correlates well with the viscosity of the than water. The termAe(c, 0) is the so-called kinetic

liquid. The largest relaxation time constants are found for depolarization tern® This term finds its origin in the rotation

solutions containing ions like Mg. of the dipolar solvent molecules that is induced by the
The time-resolved measurement of the optical Kerr migration of the ions in the applied electric field. This

effec® provides similar information on the relaxation rotation sets up a polarization in the direction opposite to
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Figure 14. Dielectric permittivity (a) and loss (b) curves for a for aqueous solutions of sodium salts at room temperature. The
solution of NaBr in water at room temperature. The concentrations Tcc have been shifted vertically by varying amounts for clarity:
are 0.05, 0.15, 0.35, 0.50, 0.65, 0.80, 1.00, 1.20, 1.40 M (top to NaNGO; (black squares), NaBr (black circles0.5 ps), Nal (black
bottom). Reproduced with permission from ref 73. Copyright 2005 triangle,—1.0 ps), NaClQ(black diamond;-1.5 ps), NaSCN (black
American Chemical Society. downward triangle;—2.0 ps). Also included are literature data for
NaNG; (cross-hatch squaf@,open squaré® and horizontal line
squaré®) and NaClQ (open diamont?d). Reproduced with permis-

the normal dipolar alignment in the applied field, thus leading gon from ref 73. Copyright 2005 American Chemical Society.

to a decrease of the dielectric constant. This contribution is
proportional to the conductivity and the Debye relaxation hydrogen-bond network will give rise to faster orientational
time of the solvent: motion of the water molecules.

The dependence ac on concentration can be fitted well
€(0, 0) — €,(c, 0) 7(0) with the functior®

€(0, 0) € (15)

Ae,4(c, 0) = pk(c, 0)
¢ Tec(C) = A e+ (tcc(0) = A) (16)

The factor p accounts for the hydrodynamic boundary
conditions of stick o = 1) or slip o = 2/3) ionic motion.
The time constant(0) is the Debye time constant of the
pure solvent. Bothegq(C, 0) andAexq(c, 0) contribute to
the loss in dielectric response.

Since Aeeqc, 0) mainly represents the loss of dielectric

response due to the binding of water to the ions, its value
can be used to determine the number of water molecules
that bind to the ions. The determination/®é.{(c, 0) requires
the determination of the magnitude Akyq(c, 0), since the
measured change in dielectric response is the sum of both
Aeyq(c, 0) depends on the hydrodynamic boundary condition
of stick or slip ionic motion. In the case of stick ionic motion,
Aeig(c, 0) would become quite high, meaning thisde(c,
0) would become unreasonably small. This would have, as
a consequence, that the ions acquire very low or even
negative solvation numbers. Hence, the kinetic depolarization
must occur under slip boundary conditid#s.

The frequency dependence of the dielectric susceptibility
€(v) measured at a particular concentration can be fitted to
the expression for the ColeCole response of eq 1285869697
In Figure 15, the time constangc is presented as a function
of concentration for five different salt solutions. For all salts,
the value oftcc is observed to decrease with increasing : . : :
concentratior2 This result has also been found in previous g'4' 'It'rranSIent Vibrational Absorption
studies of NaCl solution®.°” The decrease ofcc with pectroscopy
increasing concentration suggests that the hydrogen-bond The hydrogen-bond dynamics of water molecules outside
network of the liquid becomes weaker, because a weakerthe first anionic hydration shell have been studied with

wheretc(0) is the relaxation time constant for pure water,
7cc(0) = 8.3 pst®®1%The value ofk, which represents the
sensitivity of the relaxation time constant to the concentra-
tion, scales quite well with the radius of the dissolved anion.
This result suggests that the hydrogen-bond network of water
gets more strongly broken with increasing size of the
dissolved anions.

The frequency range of the dielectric relaxation measure-
ments was extended to 1.3 THz (40¢xin a low-frequency
infrared absorption study of aqueous solutions of L€In
this study, it was also found that the water molecules
contained in the solvation shells of the ions no longer
contribute to the low-frequency dielectric response. As a
result, the low-frequency infrared absorption strongly de-
creases at all frequencies with increasing salt concentration.
It was also found that, in the concentration range from 0 to
12 M, the frequency dependence of the absorption could be
well-described with a sum of two Debye relaxation modes
with the same relaxation time constants as pure wét&his
finding indicates that the ions have very little effect on the
structural dynamics of the water molecules outside the first
solvation shells.
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Figure 17. Anisotropy parameteR measured as a function of delay
for solutions of different concentrations of Mg(GJ)@dissolved in
HDO/H,O. The pump and probe frequencies are 2500'cand

are resonant with the €D vibration of the G-D- - -O groups.

The data have been fitted with a single exponential and are shifted
vertically with respect to each other for clarity. Reprinted with
permission from ref 60. Copyright 2003 American Institute of
Physics.

cm 1, the signal is dominated by the orientational dynamics
of the O-H---CIO, groups. After 3 ps, the measured
anisotropy only represents the orientational dynamics of
these G-H groups, because of the difference in vibrational
lifetime between the anion-bonded and the water-bonded
O—H vibrations. The time constant of the orientational
relaxation of the G-H---CIO, groups is 7.6+ 0.3 ps. At a

tions of pump and probe frequencies. The absorption spectrum ispump frequency of 3400 cm and a probe frequency of

shown in the inset of (a). Reprinted with permission from ref 60.
Copyright 2003 American Institute of Physics.

transient vibrational absorption spectroscopy using aqueou
salt solutions for which the water molecules solvating the

anion are spectrally well-separated from the spectral respons

of the other water molecules. For instance, for solutions of
the perchlorate ion (CI9), the OH--CIO, absorption band
of the hydration shell of this anion is quite well-separated
from the OH--O absorption band of the other water
molecules, because the ®HCIO, hydrogen bond is non-
directional and relatively weak, with the @4 groups
pointing to the centers of the edges of the Cl@trahe-
dron?9®

In the inset of Figure 16, the absorption spectrum of the
O—H stretch vibration of solutionsf&® M NaClO, in HDO/
D,0 solution is shown. The spectrum is composed of two
peaks: the peak centered at 3400 ¢mepresents ©H
groups hydrogen bonded to,O molecules, and the peak at
3575 cnit represents ©H groups hydrogen bonded to the
ClO, ion.” The HDO molecules bonded to,0 molecules
represent both bulk HDO molecules and HDO molecules in
the solvation shell of the cation. The decay of the isotropic
pump-probe signal is shown in Figure 16a. When pumping
at 3575 cm? (0 — 1 transition) and probing at 3325 cf
(1 — 2 transition), the observed decay is biexponential. The
fast component with a time constant of @80.1 ps results
from O—H groups that are hydrogen bonded teCD and
the slow component with a time constant of 2:20.2 ps
results from G-H groups bonded to the CjCanion. When
the absorption band is pumped at 3400 énf0 — 1
transition) and probed at 3150 cf(1 — 2 transition), no

S

3150 cm?, the observed anisotropy decay is single expo-
nential over the whole delay-time range and only represents
the orientational relaxation of HDO molecules hydrogen
bonded to DO molecules. This result shows that, for
solutions containing CIQ, the orientational dynamics of
the O—H---O hydrogen-bonded water molecules can indeed

%e studied without the measurements being affected by the

contribution of anion-bonded water molecules.

To study the effect of the ions on the orientational
dynamics of the bulk water molecules, the anisotropy
dynamics were measured for solutions that contain ions that
are believed to be strong structure makers, like*Mgnd

SQO;". The JonesDole B coefficients at room temperature
of Mg(CIO4), and NaSO, solutions are 0.3 and 0.4,
respectivel\?? This means that the viscosityf @ M Mg-
(ClOy), is ~30% higher than the viscosity of pure water,
and the viscosity ©1 M Na,SO, is even~40% higher. By
dissolving Mg(ClQ), in HDO/H,O instead of HDO/RO,
the orientational dynamics can be probed via theD3stretch
vibration. The vibrational relaxation time of the-D stretch
vibration of 1.7+ 0.3 p2% is more than twice as long as
the vibrational relaxation time of the-€H stretch vibration,
which implies that the anisotropy decay can be followed over
a much longer delay-time interval.

In Figure 17, the dynamics & of solutions of Mg(CIQ),
in HDO/H,O are compared to the dynamics Rfof pure
HDO/H,0. All solutions show the same anisotropy decay
with a time constant of 2.5 0.1 ps, which shows that the
addition of Mg(CIQ), has a negligible effect on the
orientational dynamics of the water-bonded water molecules.
The same result was found for solutions containing; SO
ions® These results imply that ions do not affect the strength
of the hydrogen-bond interactionsitsidethe first hydration

anion-bonded OH groups are observed, and the decay isshell. The value of the orientational correlation time constant

single exponential with a time constant ©0.8 ps.
In Figure 16b, the measured anisotropy is shown. At a
pump frequency of 3575 cniand a probe frequency of 3325

of 2.5+ 0.1 ps agrees well with the value that was measured
for pure liquid water with transient vibrational spectroscéjy,
NMR,**50and terahertz spectroscopy (taking into account a
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factor of 3 between the relaxation time constants of the first viscosity of liquid water. In fact, the increase in viscosity is

and the second Legendre polynomidp104 considered to be one of the prime indications for the
structure-making effect on liquid water of ions like g
4.5. Molecular Dynamics Simulations However, it should be realized that the viscosity is a

macroscopic property that represents the average behavior
The long-range effects of ions on the hydrogen-bond of a large number of water molecules. This average behavior
structure of liquid water have also been studied theoretically js clearly only a good measure for the behavior of the
using MD simulations. In all simulations, it is found that individual molecules if all molecules would show the same
the hydrogen-bond structure of the first solvation shell dynamics. The findings in section 2 and in this section show
strongly differs from that of liquid water and that, beyond that the effects of ions on the orientational and translational
this shell, the liquid rapidly acquires the structure of the pure dynamics of water are, in fact, extremely inhomogeneous.
liquid.*#8+195112In the second solvation shell of cations, the Transient vibrational absorption spectroscopy and molecular
relative orientation of water molecules can be somewhat dynamics simulations show the translational dynamics of the
different from liquid watef.®#*In addition, it has been found  water molecules in the first hydration shell to be 1 order of
in some simulations that the number of hydrogen bonds permagnitude slower than the corresponding dynamics of pure
water molecule can be slightly higher in the second shell of jiquid water. In contrast, beyond this shell, there is no
Na' than in the bulk°However, in other MD simula-  measurable difference with pure liquid water. This means
tions, this effect was not observéd:'** For the M@" ion, that an aqueous salt solution should not be viewed as a
which is considered to be a strong structure maker, somehomogeneous liquid with a modified, uniform intermolecular
studies found that the oxygeioxygen distances between the interaction but rather as a colloidal suspension of more-or-
first and the second solvation shell are shorter than in bulk |ess inert particles in pure liquid water, with the particles
liquid water, indicative of a strengthening of the hydrogen formed by the ions and their first hydration shells. In this

bondsi****However, in a more recent study, the distance picture, the viscosity at low concentration can be described
between the first and the second solvation shell was not foundpy the Einstein equatioh?

to be significantly smaller than the distance between water

molecules in the pure liquitl? thus suggesting that even n =1

Mgt with its high charge density has a negligible long- ~ 2.5

range effect on the strength of the hydrogen bonds. "o

4.6. Discussion and Concluding Remarks with ¢ being the volume fraction of the spheres.

It follows from this equation that a 30% increase of the
Most experimental techniques do not show a significant viscosity, as observedfa 1 M Mg(ClO,), solution, can be
change of the hydrogen-bond structure of water outside theobtained with a solutionf@ M suspended spheres that have
first solvation shell of the ions. In transient vibrational a radius of~250 pm. This colloidal radius compares quite
absorption spectroscopy, it was found that the orientational well with the typical radius of an ion and its first hydration
dynamics outside the first solvation shell are the same as inshell of water molecules. From the Einstein relation, it
pure liquid water, even for solutions containing ions that are follows that a smaller increase in viscosity corresponds to a
believed to be strong structure makers. In dielectric relaxation smaller colloidal radius. For instance, an increase in viscosity
studies, the orientational dynamics were observed to becomeof 10%, as observed fa 1 M NaCl solution, corresponds
slightly faster when ions are addétyhereas low-frequency  to an average colloidal radius of the Nand CfI ions of
Raman and time-resolved Kerr effect studies show a slight only 200 pm. Here, it should be realized that the colloidal
slowing down of the dynamics. Here, it should be noted that radius is determined not only by the radius of the ion and
the relaxation time constants measured in low-frequency its first solvation shell but also by the residence time of the
Raman spectroscopy~(L ps) are significantly shorter than  water molecules in this shell. With decreasing residence time,
the time scales for molecular reorientation deduced from the effective colloidal radius will become smaller, and the
transient vibrational absorption spectroscopy, NMR, and increase in viscosity will be less. It is indeed found in
dielectric relaxation studies {48 ps). Hence, low-frequency  molecular dynamics simulations that ions that strongly
Raman spectroscopy and optical Kerr effect studies appearincrease the viscosity (and that are believed to be structure
to probe relaxation processes of the liquid that are different makers) show much longer residence times for the water
from the processes observed with the other techniques.molecules in their hydration shells than ions that only weakly
Finally, molecular dynamics simulations show that ions can affect the viscosity (and that are believed to be structure
affect the orientation and density of hydrogen bonds beyond breakers¥° Hence, the large influence of some ions on the
the first solvation shell, but the effects are small and rapidly viscosity of water is not their ability to enhance the bulk
vanish with increasing distance with respect to the ion. hydrogen bond network but rather the rigidity (long lifetime)
It can be concluded that ions have a very limited effect of their first hydration shells.

on the hydrogen-bonded structure of liquid water outside the ~ An interesting question is whether the above conclusions
first solvation shell. This finding implies that the macroscopic 0on the limited range of influence of ions on the structure of
properties of salt solutions, which were believed to be water also apply to more complex ionic systems showing
indicative of structure making or breaking, have to be multiple hydrogen-bond donor and acceptor sites like pep-
explained from different effects. For instance, the effect of tides and DNA molecules. Clearly, further research will be
ions on the linear absorption spectrum must predominantly needed to provide the answer to this question. A recent study
result from the influence of the ions on the structure and Of the dynamics of water near the ionic surface of AOT
dynamics of the hydrogen bonds of the first hydration shell. (Sodium bis(2-ethylhexyl)sulfosuccinate) reverse micelles
Another important effect that was believed to be indicative showed that the first layer of water interacting with the ionic
of structure making/breaking is the effect of ions on the SO; head groups at the surface is strongly immobilized.
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Beyond this layer, the dynamics are not very different from
those of bulk liquid watet'® Hence, also for this complicated

ionic surface, the range over which the structural dynamics

of the water is influenced by the ion appears to be limited
to the first hydration shell.
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