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Abstract: We study the relaxation of the O—H stretch vibration of water in agueous salt solutions using
femtosecond two-color pump—probe spectroscopy. The vibrational lifetimes are measured for a series of
salts consisting of the anions ClI-, Br~, and I~ and the cations Li*, Nat, and Mg?*, for a range of
concentrations from 0.5 M up to 6 M (chloride salts), 9 M (bromide salts), and 10 M (iodide salts). In addition
to the previously found dependence of the vibrational lifetime on the nature of the anion, the lifetime is
found to depend on concentration and is observed to show a small but significant dependence on the
nature of the cation. We present a model in which all the effects of ions on the vibrational relaxaton of
liquid water are accounted for.

For aqueous salt solutions, the behavior of water molecules
there has been an enormoudn the anion’s solvation shell was observed to differ drastically

interest in the microscopic properties of electrolyte solutfons. TOM pure liquid water. After vibrational excitation, the bulk
One of the major problems in studying solvation interactions is @"d cation-bonded water molecules relax in about 0.8 ps,
the necessity to separate the response of the solvating watelVhereas the water molecules in the anion shell remain excited
molecules from that of the bulk solvent. In principle, this dis- 3 t© 6 times as long This difference in lifetime provides a
tinction can be achieved using nuclear magnetic resonance orM€ans to discriminate between the response from the molecules
Raman-scattering techniques. However, these techniques do not°!vating the anions and the response from the bulk and cation-
provide sufficient temporal resolution to study dynamical solvat!ng molecules and, thus, to specifically study t_he anion’s
processes on a time scale of picoseconds. Another way to avoigS@lvation shell. It was found, for example, that the time scales
bulk solvent molecules to interfere with the experiment is by ©f spectral diffusiof®® and orientational dynamits are
solvating a specific probe molecule, that can be excited to study Significantly longer for water molecules in an anion’s solvation
its response, e.g., fluorescerfcélt is hereby assumed that the ~ Shell than in the bulk liquid. An old paradigm, according to

response of the probe molecule directly reflects the responseWhich ions are capable of changing the hydrogen-bond structure

of the solvating molecules to the excitation of the probe mole- ©f the bulk solution (structure-making or -breaking), has been
cule. However, other dynamical processes of the probe molecule®iected, since outside the solvation shell no sign of a change

can also contribute, thus complicating the interpretation. in dynamics could be fourd.Although these experiments only
The past decade has brought powerful femtosecond mi

d- concerned the anion’s solvation shell, the results are expected
infrared laser sources, which enabled the study of the dynamicst© aPPly to the cation as well.
of liquids with subpicosecond time resolution. Ultrafast pro-

1. Introduction

Since the beginning of chemistry,

Notwithstanding the dominant influence of the anions, it can
cesses such as spectral diffusion in liquid water, previously only P& expected that at high concentrations the cations should affect
surmised, were accurately studfed.Other studies on liquid ~ the (slow component of the) vibrational relaxation: at concen-
water addressed the orientational dynarfiiddthe O—H stretch
vibrational lifetime!~12 and intermolecular vibrational energy
transfert

(8) Woutersen, S.; Emmerichs, U.; Bakker, HSgiencel997, 278 658.

(9) Nienhuys, H. K.; van Santen, R. A.; Bakker, H.JJ.Chem. Phys200Q
112 8487.

(10) Gallot, G.; Bratos, S.; Pommeret, S.; Lascoux, N.; Leicknam, J.-C;
Kozihski, M.; Amir, W.; Gale, G. M.J. Chem. Phys2002 117, 11301.

T FOM-Institute AMOLF.
* University of Amsterdam.
(1) De Grotthuss, C. J. TAnn. Chim.1806 58, 54.
(2) Jimenez, R.; Fleming, G. R.; Kumar, P. V.; Maroncelli, Nature 1994
369, 471.
(3) Pshenichnikov, M. S.; Duppen, K.; Wiersma, D.Pys. Re. Lett. 1995
4

4) Bu’zady., A.; Savolainen, J.; Erostyak, J.; Myllyperkio, P.; Somogyi, B.;

Korppi-Tommola, JJ. Phys. Chem. B003 107, 1208.
(5) Woutersen, S.; Bakker, H. Phys. Re. Lett. 1999 83, 2077.

(6) Gale, G. M.; Gallot, G.; Hache, F.; Lascoux, N.; Bratos, S.; Leicknam,

J.-C.Phys. Re. Lett. 1999 82, 1068.
(7) Dek, J. C.; Rhea, S. T.; Iwaki, L. K.; Dlott, D. 0. Phys. Chem. 200Q
104, 4866.

10.1021/ja039147r CCC: $27.50 © 2004 American Chemical Society

(11) Laenen, R.; Rauscher, C.; LaubereauPAys. Re. Lett. 1998 80, 2622.
(12) Woutersen, S.; Emmerichs, U.; Nienhuys, H. K.; Bakker, HPhys. Re.
Lett. 1998 81, 1106.

(13) Nienhuys, H. K.; Woutersen, S.; van Santen, R. A.; Bakker, Bl.Ghem.
Phys1999 111 (4), 1494.

) Woutersen, S.; Bakker, H. BMature 200Q 402, 507.

) Kropman, M. F.; Bakker, H. Bcience2001, 291, 2118.

) Kropman, M. F.; Bakker, H. J. Chem. Phys2001, 115, 8942.

) Kropman, M. F.; Nienhuys, H.-K.; Bakker, H. Bhys. Re. Lett. 2002
88, 77601.

) Kropman, M. F.; Bakker, H. hem. Phys. Let2002 362, 349.

) Kropman, M. F.; Bakker, H. hem. Phys. Let2003 370, 741.

) Omta, A. W.; Kropman, M. F.; Woutersen, S.; Bakker, H5dience2003
273 347.

a4
(15
(16
(17
@s
(19
(20

J. AM. CHEM. SOC. 2004, 126, 9135—9141 = 9135



ARTICLES Kropman and Bakker

trations above approximately 6 M, almost all water molecules T T T ioMNal
are involved in solvating ions, and ions are starting to share VI
water molecules in their first solvation shelfsin the present ¥ - 0.5 M Nal
study, the effect of the cation on the vibrational relaxation of
the anion-bonded ©H stretch vibration is studied. It is observed

that the cations indeed change the vibrational lifetime of water

molecules in the solvation shell of the anion, albeit to a lesser

extent than do the anions. In addition, we study the effect of

the concentration of the ions on the vibrational lifetime. In
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combination with the previous work on the effects of the anions, 0.0001
the results obtained provide a complete picture of the influence

of anions and cations on the-@® stretch vibrational lifetime delay time [ps]

of water in aqueous salt solutions. This picture is incorporated Figure 1 Pump-probe measurements of solutions of several C(_)ncentrations
in a model for the vibrational relaxation in which all the effects ?rg(';'uﬂng‘y g?ﬂ%‘%ﬂlgﬁ dm;g‘:‘ggzn;fe”;ﬁeﬁrcey gfr;%ro”(‘)egm“ﬁ]régnﬁegump
of cations, anions, and their concentration are accounted for. are fits to the data. The fit function is a biexponential function convolved

. with a Gaussian cross-correlation function.
2. Experiment

We performed two-color mid-infrared pumiprobe experiments on 99'\1/\'4113.? °
1Br ©

the O—H stretch vibration in several salt solutions. The salt solutions
were LiCl, NaCl, MgC}, LiBr, NaBr, MgBr,, Lil, Nal, or Mgl,,
dissolved in RO and less tha 1 M of HDO. The hydrogen
concentration was kept low enough to prevenitsker-energy transfer
between nearby ©H groups. The salts were studied at the following
anion concentrations: 0.5, 1, 2, 3, 4, 6dé® M (bromide salts) and
10 M (iodide salts). Below 0.5 M, the concentration was too low to
allow for an accurate determination of the vibrational lifetime of the
anion-solvating HDO molecules. The maximum concentrations are
limited by the solubility in water. The samples were kept between two
Cak, windows that are held apart by a 2@ Teflon spacer. The
transmission of the samples at the center of theH®tretch absorption
band (approximately 3450 cr¥) is generally between 5% and 20%, delay time [ps]
depending on the HDO concentration. Figure 2. Pump-probe measurement$ ® M solutions of LiBr and NaBr

In the experiment, the pump pulse excites theHDstretch vibration in HDO/D;O. The measurements are performed using a pump frequency
of a subset of the water molecules, characterized by their absorption©f 3450 cnT*and a probe frequency of 3200 ctnThe lines are fits to the
frequency. This subset of excited molecules will contain molecules in
all possible environments: although the different environments of the
liquid (near a cation, anion, or only near other water molecules) affect
the O—H stretch frequency of the water molecule differently, the re- ;

. . . . . the present experiment.
sulting difference is not large enough to separate the different environ- o .
. o The polarization of the probe pulse was set at the magic angle’{54.7

ments spectrally. The probe pulse measures the induced transmission .., respect to the pump polarization. As a result, the measured signals
change ({/To), with T as the transmission with the pump pulse dad | :

L . ... are not affected by the reorientational motion of the excited molecules.
as the transmission without). The probe frequency can be tuned elther.l_he spectral widths of the pump and probe pulses were approximatel
to the fundamental €1 transition or to the +2 transition, which P pump P P PP Y

| .
absorbs at a lower frequency than the fundamental because of the anhare-;O and 40 cm, respectively. The pump pulses have an energy of

monicity of the G-H stretch vibration. In the experiments presented ':));ptlﬁzllyUngﬂ Jéna::d tt}(;;)dr;)b:nrultiez, éuztnogl?ﬁssfh?glggnﬁmz and
here, the excitation frequency was at 3450 &mwvhere the absorption pump 9y y 9 9 P

N : does not influence the dynamics. The cross-correlation trace has a
of the -1 transition is maximal, and the probe frequency was tuned typical width of 400 fs. A detailed description of the data acquisition
to 3200 cnt?, the maximum absorption of the—42 transition. The yp ' P q

- : . . method can be found in ref 9.
transmission change is measured as a function of time delay between

pump and probe pulses, to measure the dynamics of the excitation. 3. Results

The mid-infrared pulses used to pump and probe theHGtretch In Fi 1 b f soluti f Nal
vibration are generated from the 800 nm pulses delivered by a n Figure 1, pump-probe traces of solutions of Nal are

commercial 1 kHz Ti/lsapphire RGA/multipass laser system (Quantronix Shown. The decay is nonexponential, which is most clearly seen
Titan) using parametric light conversion processes. The 800 nm light &t low concentrations. The decay rate of the signals shows a
is split into two branches to generate independently tunable pump anddependence on concentration. In Figure 2, two measurements
probe pulses by the following method. First, in an optical parametric are shown where the dissolved salts differ in the nature of the
generation and amplification process infabarium borate (BBO)  cation. It is observed that the solution containing ldns shows
crystal, part of the 800 nm is used to generate 1250 nm (signal) and 3 somewhat faster decay than the solution containingibias.

2200 nm (idler) wavelengths. The idler is frequency-doubled inasecond  The data are fitted with a biexponential function, convolved
BBO crystal to obtain a 1100 nm pulse that is used as a seed pulse inwith a Gaussian cross-correlation trae(t):

the final conversion step, where a fresh part of the 800 nm light is

o
=

-In(T/Ty)

g
=

used instead of one, to increase the pulse-to-pulse stability. The resulting
narrower spectrum and longer pulse duration are not disadvantages in

converted into 1100 and 3000 nm light ugia 5 mmpotassium titanyl _ —/Ty 4 —Ty 5
phosphate (KTP) crystal. In the probe branch, two KTP crystals are SDF(t) =Ax Cc(t)(Afe YA T ) 1)
(21) Degree, L.; da Silva, F. L. BJ. Chem. Phys1999 110, 3070. with As + As = 1, so that”A; and As represent the fractional
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Figure 3. Value of A;, representing the relative abundance of the fast concentration [mole/liter]

component in the biexponential fit, for a series of Ghlts as a function of Figure 4. T, as a function of concentration for three salts containing the
concentration. The line is obtained from a simple calculation of the relative same cation: LiCl, LiBr, and Lil. The lines are calculated using the model
abundance of the fast component, assuming a coordination number of 6 ofdescribed in section 4.

the CI” ion and a cross-sectional ratio of the"€hnd water-bound HDO

molecules of 2.2. 3 MeCl, &
contributions of the fast and slow components to the total 28 | Tl o
biexponential function. Two time constants are obtained, the

shorter of whichTyy, is approximately 0.8 ps. The same time 26t

constant was observed for pure HDO dissolved i®*13The &

fast component originates from-&H1 groups that are hydrogen & o4l

bonded to a BO molecule, thus making them similar to the

O—H groups in HDO/BRO. The longer time constari; s ranges 22t

from roughly 2 to almost 5 ps and was found to correlate with

the type of aniori®19 2

Especially at high concentrations, the parametgrsy 1, As, 0 ! 2 o4 3 6 !
andT swill all be influenced by the cations present. However, concentration [mole/liter]
due to the dominance of the long-living component, we cannot
determine the time constant of the fast component very precisely;
we therefore seTy s = 0.74 ps in all fits (see section 5). The
parametergy, A, and Ty s are all treated as fit parameters in

fitting the pump-probe measurements. In Figure 3, the resulting

Figure 5. T as a function of concentration for three salts containing Cl
The lines are calculated using the model described in section 4.

Each salt at each concentration has been measured at least
twice. The typical variation between two measurements taken
) - . Y at different days is larger than the error estimated from the fitting
value ofA is shown as a function of concentration for a series ,cedure, Therefore, we use the variation in different measure-
of CI™ salts. The concentration dependence Apfcan be ments to estimate the error in the obtained value¥,adf the

described by assuming a cross-sectional ratio between the twog,., component. We estimate the erroffirto be 0.1 ps. Within

cgmpon_ents and a c_oordlnatl_or:j numger Off”;]e anion. If the oo series of experiments, the errors are smaller than these
absorption cross sections are independent of the COnCentratIor]vatlues. For this reason, the main trends, i.e., the dependences

the value ofA is then completely determined by_ thg relati_ve of T1 on the nature of the cation and the concentration, have
abundance of the iD-bound HDO molecules, Wr_"Ch Is easily always been determined in single measurement runs.
calculated. In Figure 3, the calculated concentration dependence
of As is represented by the solid line. In this calculation, the
coordination number of Clis taken to be 6, and the cross-
sectional ratio of the anion-bound and water-bound water

molecules is 2.2. The fittedy are all close to the calculated 3 M ani tration. the lifeti f HDO in th vati
line. The deviations seem to be real; i.e., forcing fdo lie anion concentration, the lifimes o In the solvation

on the calculated line results in bad fits. The deviations can be shells of Br and I are aimost the same; HDO in the s_olvat|on
explained from variations in the pump and probe spectra and shell of CI” relaxes faster at all measured concentrations. The
the fact that the anion-bound and water-boundHDgroups sodium and magnesium salts show the same concentration
absorb at slightly different frequencies, which makes the cross- dependences as the'Lsalts.

In Figure 4,T is plotted as a function of anion concentration,
for a series of lithium salts. For all anions, the lifetime increases
with concentration, but different slopes are observed for different
anions; the slope increases going fromr @ Br~ to I~. Below

sectional ratio frequency-dependéhts:35 In Figures 5-7, Ty is plotted for solutions of salts containing
chloride, bromide, and iodide, respectively. Each anion is
(22) Bakker, H. JJ. Chem. Phys1993 98, 8496-8506. combined with lithium, sodium, and magnesium. The difference
(23) Kenkre, V. M.; Tokmakoff, A.; Fayer, M. DJ. Chem. Phys1994 101, . . . . L .
10618. between the data in these figures, in which the cation is varied,
(24) Stangret, J.; Gampe, J. Phys. Chem. 2002 106, 5393. i i i i
(25) Waldron. R. DJ. Chem. Phyeiga7 26, 809 IS much smaller than that in F|gure_ 4, where the anion was
(26) Kecki, Z.; Dryjafski, P.; Koziowska, ERoczniki Chem1968§ 42, 1749. varied. For example, at a concentration of 6 M, the valu@;of
(27) Lindgren, J.; Hermansson, K.; Yk, M. J. J. Phys. Chem1993 97, for an iodide salt is 50 times larger than that for a chloride salt,
(28) Walrafen, G. EJ. Chem. Phys1962 36, 1035. whereas the change of the cation from #¥dgo Na" leads to

(29) Miller, R. E. Sciencel988 240, 447.
(30) Staib, A.; Hynes, J. TChem. Phys. Lettl993 204, 197.

(31) Wagcik, M. J.; Lindgren, J.; Tegenfeldt, £hem. Phys. Lett1983 99, (33) Ohtaki, H.; Radnai, TChem. Re. 1993 93, 11157.
112. (34) Marcus, Y.lon Sobation; John Wiley & Sons: Chicester, 1985.
(32) Ford, T. A.; Falk, M.Can. J. Chem1968 46, 3579. (35) Bergstion, P.-A.; Lindgren, JJ. Phys. Chem1991, 95, 8575-8580.
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4

contributions representing the -®---X-/O—D---X~, the
O—D---0O, and the YO—D---O character of the accepting hy-
drogen bond (this equation can simply be derived from Fermi’s
golden rule, using the random-phase approximation):

UT, =F /T, + FJTy, + FJTy (2)

NaBr ‘m

3.8+ MgBr, ¢ I
LiBr O bt

3.6
34 r
32 ¢

30
28 ¢

T, [ps]

with F4 + Fp, + Fc = 1. The relaxation rate is thus given by a
261 4 sum of three contributions corresponding to the different
241 characters of hydrogen bonds present in the solution.TTh@
22 = : : : : = a,b,c) are the lifetimes of the-€H groups, in the case where
0 2 4 6 8 10 . o
) ) the accepting hydrogen bond would be purely anionic, bulk, or
concentration [mole/liter] L .
cationic in character. In the case of bulk, this corresponds to
the situation of pure liquid HDO/ED with no ions added.
In the following, we will determine the values of the fractions

Figure 6. Ty as a function of concentration for three salts containing Br
The lines are calculated using the model described in section 4.

> g, - ‘ ‘ ‘ ‘ Fi from the concentrations of the different types of hydrogen
as | T‘ﬁ{ : bonds present in a particular salt solution. We will calculate
' e the concentrationNopj(¢) of the three different types of

hydrogen bonds as a function of the concentratiofithe anion.

We assume that there is an equilibrium between unoccupied
anion binding sites X- and occupied anion binding sites
O—D---X~ with an equilibrium constark, defined by

[O—D-+-X7]
‘ ‘ ‘ ‘ ‘ *” [X~[0—D--0] ©
0 2 4 6 8 10
concentration [mole/liter] where C-D---O represents the concentrations of D groups

Figure 7. T as a function of concentration for three salts containing the that are not bound to the anion solvation shell. These concentra-
same t. The lines are calculated using the model described in section 4. tions fulfill the following “conservation laws”:

an increase of of at most 10%. The sodium salts have slightly
longerTy's than the lithium and magnesium salts.

4. Model [O-D++-X"] + [O-D-+-0] = Nop, (4)

[X ] +[O-D--X ] = S¢

relaxation of HDO molecules in the solvation shells of CI' golvation shell, which we will call here the hydration number.
Bl’f, and I that can eXplaIn the trends observed in the previous NOD is the concentration of ©D groups, equa' to twice the
section. In the relaxation of the-€H stretch vibration of HDO/  mojarity of water, 110 M. We identify [©D-+-X~] with

D20, at least part of the energy has to be accepted by then,, {o).

hydrogen bonds because, in contrast tgOHthere is no An expression for the number density of cation-affecteedD
combination of intramolecular modes that is resonant with the groups Nop €), can be obtained in a similar way. We describe
by the hydrogen bond that involves the hydrogen atom of the govation shell of the cation the water molecules are closest with

excited O-H group. In the following, we will denote this  thejr oxygen atom to the cation. The equilibrium is written as
hydrogen bond as the donated hydrogen bond. The present

experiments indeed demonstrate that this hydrogen bond plays [Y*-ODZ]

an essential role, because the change of this hydrogen bond from Ke= P )
O—H---O to O—H---CI~ to O—H---Br~ to O—H---I~ leads to [Y 1020l

a significant slowing down of the vibrational relaxation. and the conservation laws are

However, it should be realized that the hydrogen bonds in liquid

water form a strongly coupled network. This means that the [Y*-] + [Y+-OD2] = Se (6)
energy of the excited ©H stretch vibration in the solvation

shell of the anion is dependent not only on the local [Y+°OD2] + [D,0] = Npp/2

O—H---X~ coordinate but also on the-D-+-X~, O—D---0,

and Y*O—D---O coordinates of the other hydrogen bonds in & is the maximum number of water molecules in the cation’s
the liquid. As a result, the donated hydrogen bond is not a pure solvation shell (called the hydration number), and@Dis the
local O—H---X~ (X = CI7, Br7, I7) mode but a delocalized concentration of water molecules that are not in the solvation
mode showing admixture of surrounding hydrogen bonds. We shell of a cation.

therefore anticipate that the small but significant influences of  The concentration of ©D groups that is affected by the
the cations and concentration on the relaxation rate result fromcation is equal to twice (two ©D groups per water molecule)
changes in the wave function of this delocalized hydrogen bond. the concentration of occupied cation bonding sites. However, a
Hence, we describe the relaxation rate as a sum of threefraction of these &D groups will bind to the anion (especially

9138 J. AM. CHEM. SOC. = VOL. 126, NO. 29, 2004
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at high concentrations); these are considered to be anion-boundrable 1. Fit Values of Tia, kb, and k:*
O—D groups, since the anion has a much stronger effect on the T (pS) Ky k.
hydrogen bond Fhan the cation. T_his is iIIustr.ated by thelD Licl 35 0.17 0.07
stretch absorption spectra obtained from infrared spectros- NaCl 35 0.17 0.10
copy* 27 and Raman spectroscopy.Hence, to arrive at MgCl; 3.5 0.17 0.07
Nob.{€), the concentration of cation-affected—@ groups, Hsér 55 %’1188 %0152
2[Y*-0Dy], is multiplied with the fraction that binds to another MgBr. 5 0.18 0.07
water molecule and not to an anion. Hence, Lil 6 0.22 0.08
Nal 6 0.22 0.19
Mgl 6 0.22 0.06

NOD,a(E)

oD

Nop d€) = 2[Y-0OD,] (1 - (7)

|

Neglecting changes iNop due to dissolution of salt, the con-
centration of bulk G-D groups, i.e., the ones that are affected
neither by the anion nor by the cation, is given by

NOD,b(G) =Ngp — NOD,a(e) - NOD,C(G) (8)

The dominant character of the accepting hydrogen bond is
that of O—H---X~. The admixture of bulk and cation behavior
is assumed to scale witNop r(€) and Nop (€), respectively.
We assume that the fractioRg andF. depend linearly on these
concentrations. The coefficierff; then follows from the
normalization of the hydrogen bond modg ¢ Fp + F. = 1).

The fractions thus show the following dependences on concen-
tration:

N
Fb(é)—kb C,)\i)ie)

N
Fl(e) = OD;éE)

Fa(€) = (1 = Fy(€) = Fe(e)) 9)

with k, andk; proportionality constants that depend on the nature
of the cation and the anion. Equations 2 and 9 fully describe
the dependence of the vibrational lifetime on anion, cation, and
their concentration.

5. Fit Results

In the previous section, we obtained an expression for the
lifetime of the anion-bound ©H stretch vibration in terms of
the lifetimes of anionic Tig), bulk (T1p), and cationic Tic)
components.Typ is known from previous studies on pure
HDO/D,O and equals 0.74 ps. Fdk. no data are available,
and their contribution to the measuré&gturned out to be too
small to allow for an accurate determination of their values in
the present work. Hence, we determine the valu&;eiusing
a phenomenological relation between thestretch redshift
(with respect to the gas-phase value of 3700 8nand the
vibrational lifetime2°:30

T, = k(Awg) +* (10)

The form of this relation can be intuitively understood by
appreciating that both quantities rely on the hydrogen-bond
strength. The first spectral moment of the component of the

O—-D stretch absorption band due to several cations has been(36

measured in ref 24. After multiplication by a factor of 133&
obtain the G-H stretch frequencies, the values are 3325tm
(LitO—H---0), 3456 cm?! (Na*O—H---O), and 3340 cm!

aT1aandk, depend only on the nature of the anion. The fits are shown
in Figures 4-7.

(Mg2tO—H---0). Compared to a frequency of 3410 chfor
HDO/D,O without salt3? the Na affected O-H stretch band

is blueshifted, and the Mg and Litaffected G-H bands are
redshifted. The constaktin eq 10 is determined using a life-
time of 0.74 ps for pure HDO/ED.1213 For Ty, the fol-
lowing values are obtained: 0.5 ps{li 1.0 ps (N&), and 0.5

ps (Mg?"). For the determination ofy, we cannot use eq 10,
since this equation is only valid for-€H---O hydrogen bonds.
For O—H---X~ hydrogen bonds the frequency dependence of
T, will be different.

Values for the hydration numbers can be found in the
literature33-38 We use hydration numbers of 4 for.i6 for
Na’, Mg?*, CI-, and Br; and 9 for I". The description using
chemical equilibria, egs 3 and 5, allows for a time-averaged
hydration number that is different fro®, and & and also for
a smooth transition to higher concentrations. The valuds,of
andK. appeared not to be very critical in the fit. We used values
of 0.25; n a 1 MNacCl solution, the Cl ion will then have on
the average 5.8 water molecules in its first shell and 0.2 free
sites, in agreement with MD similatioRg.

The remaining fit parameters afig,, ks, andk.. Of these
parametersTi, should only depend on the nature of the anion.
Furthermore, at zero concentration, the valudp$hould not
depend on the nature of the cation. Hence, &0, Fc = 0, Fy
=k, andF, = 1 — ky. Therefore, the nature of the anion defines
the values ofT1, and ky. This means that, for a particular
combination of cation and anion, orityis left as an independent
fit parameter. The results of the fits to the measured values of
T, are represented by the lines in Figures74 The fit values
of T1a kn, andk. are shown in Table 1.

6. Discussion

The model of section 4 provides a good description of the
trends observed in section 3. Using the model, we can identify
the origins of these trends. The increasdjrgoing from CI
to Br~ to I~ finds its origin in an increase iy, This increase
implies that the coupling of the excited-® stretch vibration
to the local G-H---X~ mode decreases in the series @ Br-
to 17, which can be understood as follows. Within the halogenic
series (F, CI~, Br—, 17), the absorption spectrum of the-®
stretch vibration shifts to higher frequencies, which indicates
that the strength of the hydrogen-bond interaction decré&ées.
The weaker hydrogen-bond interaction in turn leads to a
decrease of the anharmonic interaction between thkl Gtretch

) Dillon, S. R.; Dougherty, R. Cl. Phys. Chem. 2002 106, 7647-7650.
(37) Rempe, S. B.; Pratt, L. FEluid Phase Equilib2001, 183 121-132.
(38) Zhu, S.-B.; Robinson, G. W.. Chem. Phys1992 97, 4336-4348.
(39) Novak, A.Struct. Bonding (Berlinl974 18, 177.

(40) Mikenda, W.J. Mol. Struct.1986 147, 1—15.
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Figure 8. FunctionsNop 4€)/Nop, Nob x(€)/Nop, andNop {€)/Nop, defining Figure 9. FractionsF4(e), Fu(€), andF(e), representing the anionic, bulk,
the normalized number densities of the different groups present in and cationic hydrogen-bond character of the accepting hydrogen-bond mode,
solution, for NaCl (solid lines) and Mgl(dashed lines). for NaCl (solid lines) and Mgl (dashed lines). The fractions depend on

) ) the functionNop «€)/Nop, Nop,u(€)/Nop, andNop,(€)/Nop shown in Figure
vibration and the hydrogen-bond mdfeand, thereby, to a 8 and are defined in eq 9.

slowing-down of the vibrational relaxation. In addition, the
reduced mass of the-€H++-X~ hydrogen-bond stretch vibration, —and Br. As a result, the fraction of anion-affected-O groups
which determines the energy spacing of the levels of this increases faster with concentration forthan for Cr and Br-.

mode, increases within the halogenic series, @r—, I~. The In Figure 8, it is indeed seen that for Mghe relative fraction
hydrogen-bond frequencies have been meastirad0 cnr? of anionic hydrogen bonds rises faster with anion concentration
for O—H---Cl~, 158 cn1?! for O—H---Br—, and 135 cm? for than for NaCl. The faster rise of the fraction of anionic hydrogen

O—H--+1~. As a result, the dissipation of the excitation energy bonds for I leads to a faster rise of the contribution of the
of the O—H stretch vibration will involve a higher level of  anionic hydrogen bonds to the accepting hydrogen-bond mode,

excitation of the hydrogen-bond vibration for than for CI, which in turn results in a faster increaseTaf
which also decreases the anharmonic interacdion. Another important trend is the small but significant depen-
A second important trend is the increaseTgfwith concen- dence ofT; on the nature of the cation: the sodium salts have

tration. According to the model, this increase mainly results a longerT; than the magnesium and lithium salts. This results
from the decreased contribution of bulk-@---O bonds to the ~ primarily from the difference in the value Gf.. The different
accepting hydrogen-bond mode. In Figure 8, the normalized values ofTc can be explained from the different strengths of
concentrations of the different types of-@ groups are shown  the electric fields around the cations: lis smaller than Ng,

for NaCl and Mgs. It is clearly seen that with increasing Wwhile Mg?* has the same size as Naut twice the charge.
concentration of dissolved salt the concentration efliD--O The electric field serves to polarize the hydrogen bonds of water
hydrogen bonds decreases, while the concentration of molecules adjacent to the cation which leads to a strengthening
O—D---X~ hydrogen bonds increases. The concentration of of these bonds. This strengthening in turn leads to an increase
cationic hydrogen bonds NO—D---O first increases with the  of the anharmonic interaction with the— vibration. The
concentration of dissolved salt because more ions are preseninfluence of the very short (0.5 p3$). of lithium and magnesium
but, at high concentration, decreases again because an increasirig somewhat tempered by the fact that there are fewer cationic
part of the water molecules in the first solvation shell of the O—H groups compared to sodium at the same concentration:
cation are simultaneously bound to an anion via arD® X~ for lithium because the hydration number is lower (4), for
hydrogen bond. In Figure 9, the corresponding fractions of the magnesium because of the double charge, halving its concentra-
anionic, cationic, and bulk hydrogen-bond character of the tion with respect to the anion.

accepting hydrogen bond are shown. At low concentration, the  Finally, the influence of the cations oh is much smaller
character of the accepting hydrogen bond is already dominatedfor the iodide salts than for the bromide and chloride salts. In
by the anionic hydrogen bond mode. With increasing concentra-the model this effect is reflected in the relatively small
tion, this character gets even stronger, making the hydrogencontribution of the LfO—D-:-O and Mg*O—D-++-O hydrogen
bond into an almost purely anionic hydrogen bond at high bonds to the accepting hydrogen-bond mode. This can be seen
concentrations. Hence, the overall relaxation tifaéncreases from the coefficientd. of the iodide salts shown in Table 1. A
with concentration because of the increase of the contribu- possible explanation for the small admixture of cationic
tion of the longT:4 and the decrease of the contribution of the hydrogen bonds is the large frequency difference between

shorterTyp. the Li"fO—D--+O and Mg*tO—D---O hydrogen bonds and
The slope of the concentration dependence is largestfor | the O-H-:«I~ hydrogen bond. The [O-D---O and
salts. The slope of the concentration dependende isf mainly Mg?tO—D---O hydrogen bonds are relatively strong and will
determined by the difference betweén, and Ty This have high frequencies, whereas the-l@-+I~ hydrogen bond
difference increases going from Clo Br~ to |-, thus largely is relatively weak, resulting in a rather low frequency. Within
explaining the observed increase in slope in this series. In a perturbative approach of the description of the wave function,
addition, the hydration number is higher for than for CI the admixture is inversely proportional to the frequency differ-

: ence, explaining why the FO—D:--O and Mg"O—D---O
(41) fggétel’zg';l\zl\é%dﬁlf’zg%zﬂ; Kim, J.; Johnson, M. &.Am. Chem. Soc.  hydrogen bonds are only weakly contributing to the hydrogen

(42) Nitzan, A.; Jortner, 1. Mol. Phys.1973 25, 713. bond of dominant ©H---1~ character.
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From the above it is clear that the observed trends can be The observed trends in the relaxation can be well described
well explained from changes in the character of the accepting with a model in which one of the accepting modes is the
hydrogen-bond mode involving the hydrogen atom of the excited hydrogen bond involving the hydrogen atom of the exciteeHD
O—H vibration. However, this hydrogen bond is not the only group. Due to the coupling between the hydrogen bonds in the
possible accepting mode. It is to be expected that the acceptingliquid, this hydrogen bond is not a pure-®i:--X~ (X = CI~,
combination tones also contain excitations of the bending mode Br—, or I7) bond but acquires character of other anionic
and/or the G-D stretching vibratiorf,as well as other hydrogen- ~ O—D---X~ hydrogen bonds, bulk ©D-:-O hydrogen bonds,
bond modes. The intramolecular modes can also be affectedand G-D---O hydrogen bonds of water molecules in the first
by a change in concentration and nature of the dissolved cationssolvation shells of the cations, denoted asO¥-D-++-O hydrogen
and anions. However, this effect will be small, since the bonds.
intramolecular potentials of the HDO molecule are only weakly ~ With increasing concentration, the----X~ character of
dependent on the nature and concentration of the ions. The bulkthe accepting hydrogen bond increases, while the bulk
O—D---0 and the cationic YO—D---O hydrogen bond modes O—D---O character decreases, leading to an increas&; of
also depend on the nature and concentration of dissolved salt(slower relaxation), because the-@& stretch vibration is more
However, these hydrogen bonds are not expected to couplestrongly coupled to an ©D---O hydrogen bond than to an
directly with the excited &H stretch vibration, because they O—D---X~ hydrogen bond. For the iodide salts, this difference
are shielded from the excited vibration by an oxygen atom or in coupling is largest, thus explaining the relatively steep
a heavy anion. These hydrogen bonds mainly affect the increase ofT; with concentration for solutions containing.|
relaxation by changing the character of the donatedHO-X~ The value ofT; is also affected by the cationic"D—D---O
hydrogen bond, which is the basis of the model of section 4. hydrogen bonds. The strength of the cationic hydrogen bond
increases going from N#&®-D---O to LiTO—D---O to
Mg?tO—D---O. Hence, the anharmonic interaction increases in

We studied the mechanism of vibrational relaxation of water this series, thus explaining the observed decreask.iThe
molecules in the solvation shells of CIBr~, and I halogenic latter effect is small (maximum= 10%) because for all salt
anions. To this end we performed measurements on thesolutions the cationic hydrogen bonds only form a small
vibrational relaxation of HDO/BD solutions of a series of salts  contribution (<7%) to the accepting hydrogen bond mode.
formed by the cations L, Na, and Mg" and the anions Cl|
Br~, and I. The concentration was varied between 0.5 and
6 M (ClI7), 9 M (Br), or 10 M (I"). We found that the
vibrational lifetimeT; of HDO molecules in the solvation shell
of the anions increases in the halogenic series Bi—, I~ and
with increasing concentration of dissolved salt. In addition, we . . ;
found a small but significant dependencelgon the nature of ;I’S\(,avol\lg\r;\%rlands Research Council for Chemical Sciences
the cation: for the same type of anion and concentrafign, )
increases in the cationic series MgLi™, Na'. JA039147R

7. Conclusions
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