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hydrogen-bond interaction to be separated 
clearly from the spectral response of the other 
water molecules. In addition, the techniaue 
enables the measurement of the spectral dif- 

- fusion of the 0-H stretch vibrational fre- 
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quency of the solvating water molecules, 
providing information on the time scale on 
which the distance between a solvating 

We report on the direct measurement of the dynamics of water molecules in water molecule and a dissolved iodmolecule 
the solvation shell of an ion in aqueous solution. The hydrogen-bond dynamics changes. 
of water molecules solvating a CI-, Br-, or I- anion is slow compared with neat We performed femtosecond midinfrared 
liquid water, indicating that the aqueous solvation shells of these ions are rigid. purnp-p~obe experiments on the 0-H stretch 
This rigidity can play an important role in the overall dynamics of chemical vibration of HDO molecules in an aqueous 
reactions in aqueous solution. The experiments were performed with femto- solution consisting of a low concentration of 
second midinfrared nonlinear spectroscopy, because this technique allows the HDO (0.1 M) in D,O and different concen- 
spectral response of the water molecules in the solvation shell to be distin- trations (1 M, 2 MY 3 M, and 6 M) of KF, 
guished clearly from that of the other water molecules in the solution. NaCl, NaBr, NaI, and MgCl, (19). In the 

experiment, an intense midinfrared pump 
The essential role of water in chemical pro- obtained by exciting and detecting a dis- pulse excites a substantial fraction of the 
cesses is closely connected to the dynamics solved probe molecule (9). In this type of HDO molecules to the first excited state of 
of the aqueous solvation shells of the reacting experiment, the dynamics of the solvating the 0-H stretch vibration (v,, = 1). The 
molecules. For instance, many reactions only water molecules are measured through the energy relaxation and spectralrelaxation of 
occur after water molecules have been re- time-dependent response of the probe mole- this excitation are probed with an indepen- 
moved from the solvation shells. The struc- cule. A disadvantage of this technique is that dently tunable, weak probing pulse that is 
ture and dynamics of solvation shells there- it probes the solvating water molecules indi- delayed with respect to the pump pulse. The 
fore form important subjects of investigation. rectly, but, on the other hand, it is the only polarization of the probe pulse is at the magic 

A complication in studying aqueous sol- experimental technique so far that gives in- angle (54.7") with respect to the polarization 
vation is that the response of the water mol- formation on the dynamics of aqueous solva- of the pumping pulse, to avoid the measure- 
ecules in the solvation shells cannot easily be tion shells. Because of the experimental dif- ments being affected by the orientational dif- 
distinguished from the response of the mole- ficulties, most information on the dynamics fusion of the HDO molecules. 
cules in the bulk. For instance, dissolving salt of aqueous solvation shells originates from Transient spectra were measured for a 
into water leads to a change of the 0-H molecular dynamics simulations (10-13). solution of 6 M NaI in HDO:D,O at four 
stretch absorption band of the water mole- Recently, nonlinear spectroscopic tech- different delays after excitation with an in- 
cules (1,2), but this change results both from niques that use femtosecond midinfrared la- tense pump pulse at 3400 cmp' (Fig. 1). This 
the presence of additional absorption bands ser pulses have been developed that enable a excitation leads to a bleaching of the v = 0 + 
of the solvating water molecules and from a separate measurement of the dynamics of a v = 1 transition [ln(TIT,,) > 0, with T the 
change in the bulk water structure. Further- selected subset of water molecules. With transmission of the probe and T,, the trans- 
more, the cross sections of these absorption these techniques, the dynamics of neat liquid mission of the probe in absence of the pump1 
components are affected by the strong Cou- water [pure liquid H,O (14) and dilute solu- in the frequency region between 3300 and 
lomb interactions between the dissolved ions tions of HDO in D,O (14-17)] and of elec- 3600 cm-' and an induced v = 1 -+ v = 2 
and the polarizable water molecules. With trons solvated in water (18) have been inves- absorption [ln(TIT,,) < 0] at frequencies be- 
linear spectroscopic techniques, these effects tigated. Here, we show that nonlinear midin- low 3300 cm-'. 
cannot be separated. As a result, the 0-H frared spectroscopy is an ideal technique for At short delays after the excitation, the 
stretch absorption band of the solvating water studying aqueous solvation shells, because it maximum of the bleaching is near the central 
molecules cannot be distinguished, which is allows the 0-H stretch absorption spectrum frequency of the pump (vertical dashed line 
unfortunate because, for instance, for water of water molecules that solvate through a in Fig. 1). The bleaching is substantially nar- 
molecules that solvate through a hydrogen 
bond, the 0-H stretch absorption spectrum 
would give information on the distribution of Fig. 1. Transient spectra of an 
distances (hydrogen-bond lengths) between aqueous solution of Nal (6 M) in 

the solvating water molecules and the dis- HDO:D,O. The spectra were 
measured at four different de- solved ion (3, 4). 
lays after excitation of the 0-H

One way of obtaining highly specific in- stretch vibration with an intense 
formation on solvation structures is by study- pump pulse with central fre- a 
ing small gas-phase clusters consisting of an quency of 3400 cm-'. The solid 
ion surrounded by a few water molecules curves were calculated with the 

(5-8). However, it is not clear whether these Brownian oscillator model de-

clusters are really representative of the solva- scribed in the text in which an 
additional excited-state absorp- 

tion structures present in bulk water. Specific t ion term is included t o  account 
information on solvation shells can also be for the induced absorption ob- 
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rower (-120 cm-') than the width of the 
linear absorption spectrum (-250 cm- ', 
dashed curve). The excitation thus leads to a 
spectral hole in the 0-H stretch absorption 
band; that is, only a subset of the 0-H 
oscillators is excited. 

For directional 0-H--X hydrogen bonds, 
the relation between the 0-H stretch fre- 
quency and the length of the 0 - H X  hydro-
gen bond is the same for different types of 
ionic and molecular systems in the solid and 
the liquid phase (3, 4 ) .  This universal behav- 
ior can be explained from the fact that the 
0-H bond itself is not very sensitive to local 
electric fields, in contrast to the strongly po- 
larizable 0-Ha-.X hydrogen bond. Hence, 
variations in local electric field strength, for 
example, as a result of differences in local 
liquid configuration, affect the 0-H stretch 
frequency mainly by influencing the length of 
the 0-He-X hydrogen bond. As a result, for 
an 0-He-X system, the width of the 0-H 
absorption band is strongly correlated with 
the width of the distribution in hydrogen- 
bond lengths, as is observed. for example, for 
the 0-H stretch vibration of HDO dissolved 
in D,O (16, 17). Hence, the excited spectral 
holeln the 0-H stretch absorption band cor- 
responds to a specific subset of the distribu- 
tion in hydrogen-bond lengths. 

The bleaching signal was measured at dif- 
ferent pump and probe frequencies as a func- 
tion of delay for a solution of 3 M NaI in 
HDO:D,O (Fig. 2) and for a solution of 1 M 
NaCl in HDO:D,O (Fig. 3).4 For all tran- 
sients, the decay is strongly nonexponential 
and consists of a rapid decay followed by a 
much slower decay. All transients can be 
modeled well as a sum of two exponentials. 
one with a time constant of 800 femtoseconds 
(fs) (fast component) and one with a time 
constant of 3.0 picoseconds (ps) for the NaI 
solution and 2.3 ps for the NaCl solution 
(slow component). By tuning the probe pulse 
through the absorption band, we found that 

Fig. 2. Transmission changes as a 
function of delay between pump 
and probe for a central frequen- 
cy of the pump of 3575 cm-' 
and three different probe fre-
quencies, measured for an aque- 
ous solution of Nal (3 M)  in 
HDO:D,O. The solid curves were 
obtained with the Brownian os- 
cillator model described in the 
text, with the following parame- 
ters: 0-H--0 oscillator: T, = 
800 t 100 fs, 7, = 500 2 200 fs, 
o,= 3420 2 10 cm-', and A = 
119 +- 10 cm-' [corresponding 
to a full width at half maximum 
(FWHM) of 280 cm-'1: 0-H-.l-, -
oscillator: TI = 3.0 2 0.2 ps, 
T,= 1 8 )  5 p s , w n =  35002  10 

the slow component has the largest amplitude 
near a frequency of 3500 cm-' for the NaI 
solution and near a frequency of 3450 cm- ' 
for the NaCl solution. 

To investigate the origin of the slow com- 
ponent, we varied the concentration and per- 
formed experiments on solutions of KF, 
NaBr, and MgC1,. The amplitude of the slow 
component scales linearly with the concen- 
tration of dissolved salt. At concentrations 
below 1 M, the slow component remains 
observable. Changing the nature of the cation 
has no effect on the experimental observa- 
tions: Solutions of MgCl, and NaCl give 
exactly the same results as long as the con- 
centration of Cl- is the same. In contrast, the 
nature of the anion strongly affects the time 
constant of the slow component. For I-, Br -, 
CI-, and F-, we observe time constants of 
3.0,2.7,2.3, and 0.8 ps, respectively. In view 
of these observations, the slow component is 
assigned to water molecules that solvate the 
anion. 

The independence of the experimental ob- 
servations on the nature of the cation suggests 
that water molecules that solvate cations have 
very similar absorption spectra and dynamics 
as bulk water molecules. Previous work on 
clusters of Na+ and water molecules showed 
that for the water molecules that directly 
surround the Nat ion, the 0-H groups point 
away from the cation (20,21) and are expect- 
ed to form 0-H--0 hydrogen bonds with 
bulk water molecules. As a result, the water 
molecules solvating Naf show very similar 
dynamics as the 0 - H O  oscillators in bulk 
water and thus contribute to the observed fast 
component with a T, of about 800 fs. 

For water molecules solvating a halogenic 
anion, the 0-H groups point toward the an- 
ion: leading to the formation of directional 
O-H.-Y- hydrogen bonds ( I ,  11, 22). The 
lifetime of the O-H.-Y- oscillators, with Y -
= C1 , Br-, or I-, is surprisingly long com- 
pared with the lifetime of 0-H-.O oscilla-

tors. For 0-H-.F-, the lifetime of the 0-H 
stretch vibration is the same as for the 
0-Ha-0 oscillator. The increase in lifetime 
from F- to I- can probably be explained 
from the change in the strength of the 
O-H--Y- hydrogen-bond interaction. From 
F- to I-, this hydrogen bond becomes weak- 
er and the hydrogen-bond frequency strongly 
decreases. Both effects will lead to a decrease 
of the anharmonic interaction between the 
0-H stretch vibration and the hydrogen 
bond. 

After a few picoseconds, all the excited 
0-Ha-0 oscillators have relaxed and only 
excited O-H.-Y- oscillators are observed. 
Hence, the transient spectra shown in Fig. 1 
after 4 and 7 ps are absorption spectra of 
0 - H I - oscillators only. This observation 
demonstrates an important advantage of time- 
resolved nonlinear spectroscopy over con-
ventional continuous wave spectroscopic 
techniques: The response of the water mole- 
cules that solvate the CI-, Br-, or I- can be 
separated with high selectivity from the re- 
sponse of all other water molecules by simply 
choosing the appropriate delay-time window. 

Analysis of the transients of Figs. 2 and 3 
at longer delay times (>3 ps) shows that the 
final exponential decay depends on the probe 
frequency. In Fig. 2, the final exponential 
decay constants are 2.5, 2.7, and 3.1 ps for 
probe frequencies of 3600, 3550, and 3500 
cm-', respectively. In Fig. 3, the final expo- 
nential decay constants are 1.6, 2.0, 2.1, and 
2.3 ps for probe frequencies of 3600, 3550, 
3500, and 3450 cm-', respectively. Such a 
dependence of the exponential decay constant 
of the O-H-.Y- component on the probe 
frequency is observed for all aqueous solu- 
tions containing CI-. Br-. or I-- ions and is 
obsen~ed at all concentrations. 

The observation of persistently different 
final exponential decay times can have two 
different origins. First, the transients may 
be affected by a slow stochastic modulation 
of the @H-.Y- hydrogen bond with a 
characteristic time scale of about 10 ps. 
This would mean that the frequency of an 
excited 0-H oscillator changes on the ex- 
perimental time scale from the frequency at 
which it was excited to another value with- 
in the absorption band. This effect would 
result in a faster decay of the bleaching 
when the probe frequency is near the pump 
frequency and in a slower decay when the 
pump and probe frequencies are different, 
as is observed in Figs. 2 and 3. Second, the 
O-H-.Y- absorption band could show no 
spectral modulation, but then the vibration- 
al lifetime should be frequency dependent, 
being shorter at the blue side of the 
O-H-.Y- absorption band than in the cen- 
ter. In the latter case, the observed decay 
should depend predominantly on the probe 
frequency and hardly on the pump frequen- 

ch-I ,  and A = 45  2 5 cm-' 

(corresponding to a FWHM of 105 cm-'). The dashed curves represent the result of a calculation 

with rc= x. 
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cy. However, we observe that the time con- 
stant of the final exponential decay also 
strongly depends on the pump frequency. For 
instance, if the pump frequency is below 
3500 cm-', the decay at 3600 cm-' is slower 
than at 3500 cm-'. This observation rules out 
the possibility of infinitely slow spectral dif- 
fusion. We conclude that the 0-He-Y- hy-
drogen-bond length is subject to a stochastic 
modulation process with a characteristic time 
scale of about 10 ps, which is extremely slow 
compared with the stochastic modulation of 
the 0-He-0 hydrogen bond in neat liquid 
water, which has a characteristic time con-
stant of only 500 fs (23). As a result, the 
transient spectrum rapidly equilibrates, so 
that for neat liquid water already after about 1 
ps the decay rate becomes independent of the 
probe frequency. 

To determine the correlation time con-
stants of the stochastic modulation of the 
0-H--0 and 0-Ha.-Y- hydrogen bonds, we 
modeled the data with the Brownian oscilla- 
tor model (24). In this model, the spectral 
dynamics is described with only two param- 
eters: (i) the correlation time constant r c  rep-
resenting the time scale at which the hydro- 
gen-bond length is stochastically modulated 
and (ii) the width A of the Gaussian distribu- 
tion e - ~ 2 ~ z ~ 2  stretch frequencies, rep- of 0-H 

resenting the width of the distribution in hy- 
drogen-bond lengths. It should be noted that 
there can be additional contributions to the 
absorption line width that do not express 
themselves in the distribution in hydrogen- 
bond lengths. In view of the strong correla- 
tion between the 0-H stretch frequency and 
the hydrogen-bond length, these contribu-
tions will be small (3, 4). Because of these 
contributions, A can be somewhat smaller 
than the experimentally observed absorption 
line width. 

For all solutions, we obtained an excel- 
lent fit using two Brownian oscillators that 
represent the 0-H.-0 and O-H-.Y- (with 
Y- = C1-, Br-, I-) components of the 
absorption spectrum. The transients mea-

Fig. 3. Transmission changes as a 
function of delay between pump 
and probe for a central frequen- 
cy of the pump of 3525 cm-' 
and four different probe fre-
quencies, measured for an aque- 
ous solution of NaCl (1 M) in 
HDO:D,O. The solid curves were 
calculated with the Brownian os- 
cillator model. For the 0-H--0 
oscillator, the parameters were 
the same as in Fig. 2; for the 
0-H-.Cl- oscillator, they were 
T, = 2.3 -t- 0.2ps,~, = 12 r 4 
ps, wo = 3450 2 10 cm-', and 
A= 69 5 5 cm-' (corresponding 
to a FWHM of 160 cm-'). The 
dashed curves represent a calcu- 
lation with T, = w. 

sured at different probe frequencies were 
fitted simultaneously to determine the val- 
ue of r ,  with the highest possible accuracy. 
For all solutions, the parameters of the 
0-H.-0 oscillator correspond very well to 
the values observed for neat liquid water 
(17). In contrast, the parameters of the 
0-H-Y- oscillators strongly differ from 
those of bulk water. The time constant 7, of 
the O-H--Y- oscillator ranges from 12 to 
25 ps, which is 20 to 50 times longer than 
the value of r ,  (500 fs) of the 0-H.-0 
oscillator. The value of T, of the 0-H--Y- 
oscillator depends somewhat on the anion 
Y- and on concentration: Increasing the 
concentration from 1 to 6 M changes r ,  
from 18 + 5 to 25 + 5 ps for a solution of 
NaI and from 12 + 4 to 20 + 5 ps for a 
solution of NaC1. For the 0-H-..Br- oscil-
lator (25),  the parameters are similar to 
those of the 0-H.e.1- oscillator. For the 
0-He-F- oscillator, r c  could not be deter- 
mined, because the \ibrational lifetime of 
the water molecules that solvate the F- ion 
is too short. 

The large difference in 7, between bulk 
liquid water and the aqueous solvation shells 
of C1-, Br-, and I likely results from dif- 
ferences in structure between bulk liquid wa- 
ter and aqueous solvation shells. For bulk 
liquid water, the disordered three-dimension- 
al structure allows the simultaneous breaking 
and formation of hydrogen bonds. As a result, 
the energy cost of locally breaking a hydro- 
gen bond will be low (and thus T= is short), 
because it can be compensated for by the 
simultaneous formation of a new hydrogen 
bond at a different position. For aqueous 
solvation shells, the removal of a water mol- 
ecule from the first solvation shell involves a 
breakdown of the solvation structure, which 
will have a high associated energy cost that 
cannot be as easily compensated for as in 
bulk liquid water. This means that the large T, 
of the solvation shell is not the direct result of 
the interaction between the ion and the sur- 
rounding water but rather results from the 

mutual interactions of the water molecules in 
the solvation shell in combination with their 
well-ordered arrangement around the ion. An 
interesting observation is that T, is somewhat 
longer for the solvation shells of B r  and 1-
than for the solvation shell of C1-. This 
observation indicates that rcis probably de- 
termined not only by the binding energy of a 
water molecule in the solvation shell but also 
by the frequency of the (defonnational) vi- 
brations of the solvent cage. Hence, T, could 
be shorter for C1- than for Br- and I-,  
because the solvation shell of C1- is smaller, 
leading to higher frequency solvent-cage 
modes. 
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