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The vibrational spectrum of the hydrated proton: Comparison
of experiment, simulation, and normal mode analysis

Jeongho Kima)

Department of Chemistry, The James Franck Institute and Institute for Biophysical Dynamics,
University of Chicago, Chicago, Illinois 60637

Udo W. Schmitta)

Department of Chemistry and Henry Eyring Center for Theoretical Chemistry, University of Utah,
Salt Lake City, Utah 84112-0850

Julie A. Gruetzmacher
Department of Chemistry, The James Franck Institute and Institute for Biophysical Dynamics,
University of Chicago, Chicago, Illinois 60637

Gregory A. Vothb)

Department of Chemistry and Henry Eyring Center for Theoretical Chemistry, University of Utah,
Salt Lake City, Utah 84112-0850

Norbert E. Schererb)

Department of Chemistry, The James Franck Institute and Institute for Biophysical Dynamics,
University of Chicago, Chicago, Illinois 60637

~Received 4 June 2001; accepted 8 October 2001!

The vibrational properties of the hydrated proton and deuteron in bulk phase water and deuterated
water are investigated spectroscopically and computationally. Mid-infrared spectra of aqueous acid
solutions are measured by attenuated total reflectance-Fourier transform IR spectroscopy and
compared with pure water and salt/counterion spectra to extract high-quality hydrated proton spectra
at a series of concentrations. Multistate empirical valence bond simulations of the excess proton in
bulk phase water are also performed, allowing the autocorrelation function of the time derivative of
the dipole moment, and hence the power spectrum of the hydrated proton, to be evaluated. The
experimental and theoretical spectra are found to be in very good agreement. Normal mode analysis
of the bulk phase simulation data allows definitive assignment of the spectrum. The associated
motions are found to be represented by both Eigen and Zundel forms of the hydrated proton.
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I. INTRODUCTION

Proton transport in aqueous media is one of the m
important processes in chemistry and biology and has b
the subject of intense experimental and theoretical scru
for many decades.1–12 The hydrated proton shows anom
lously high mobility in aqueous media compared to oth
electrolytic species,5 indicating that transport occurs vi
mechanisms other than normal ionic diffusion. Some of
most interesting cases occur in biology where proton tra
port plays a key role in function, e.g., proton permeat
along a one-dimensional water chain in ion channels.7 Thus,
a complete description of proton transport in liquid water
crucial for a molecular level understanding of a wide ran
of reactions and processes in aqueous environments. In
ticular, thorough characterization of the transport behavio
the excess proton in water is an important first step tow
understanding proton transport in more complex envir
ments.
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The unique structure of water and significant quant
mechanical contributions to pure water dynamics8,13 lead to
other unique consequences. The commonly accepted me
nism of proton transport in liquid water is that the exce
positive charge, not the proton itself, migrates through
hydrogen-bonded network by a concerted series
hydrogen-bond formation and breaking steps. This struct
diffusion process is termed the Grotthus mechanism.9 Even
though there is general agreement on the basis of the s
tural diffusion mechanism, a detailed description of molec
lar motions limiting the migration rate of the excess prot
in the process has only recently been proposed.10

The multistate empirical valence bond~MS-EVB!
method for determining reactive ground state potential
ergy surfaces~PES! was developed by Schmitt and Voth8,11

and applied to a comprehensive computational study of p
ton transport in water.8,13,14Quantum centroid molecular dy
namics simulations of the excess proton in bulk wa
yielded a proton transport rate in good agreement with
experimental value. The MS-EVB methodology has also
lowed critical analysis of the ‘‘Moses mechanism’’ of proto
transport in water, first proposed by Agmon,12 which in-
il:
© 2002 American Institute of Physics
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volves hydrogen-bond breaking in the second solvation s
of the hydronium ion as the rate-limiting step in proton tran
port. The finding of this analysis is that the critical H-bon
breaking step is likely to occur for a water molecule in t
first solvation shell of the hydronium ion~or, equivalently,
for a water in the first solvation shell of the Eigen cation!.
This mechanism is a modification of the one proposed
Agmon. Therefore, the MS-EVB approach is a power
computational approach for the investigation of proton tra
fer dynamics.

An experimental approach to study the microscopic
vironments of relevance to proton transfer is vibration
spectroscopy. Infrared absorption spectroscopy is a valu
tool for probing molecular environments as the frequen
~i.e., energy! and profiles~shapes and widths! of vibrational
transitions are strongly influenced by interactions with th
surroundings.15 Infrared spectroscopy is especially valuab
for studying hydrogen-bonded systems as the peak posit
and widths of transitions involving hydrogen-bonded grou
are highly sensitive to the extent of hydrogen bonding16

Many investigations into the hydrogen-bonding structure
aqueous systems have involved measurement and analy
their infrared spectra.17–24 While powerful, this approach is
limited in a number of significant ways. First, tradition
transmission spectroscopy is difficult to accomplish relia
in practice due to the high sample absorptivity resulting fr
the high number density of OH oscillators. Second, the br
absorption band characteristic of such systems washes
details of the dynamic processes contributing to the l
shapes, making the assignment of molecular motions to
absorption bands difficult. This is particularly true in the ca
of the excess proton in water: Although there have been
merous studies to measure the IR spectrum of hydrated
tons in aqueous solutions, the spectra and the assignme
the absorption bands have been inconsistent.25–28 Further-
more, the identity of the primary hydrated proton ‘‘specie
in liquid water and the transient structures involved in t
proton transfer process have been controversial issues.6,29,30

The utility of vibrational spectroscopy for characterizing t
hydrated proton hinges on the measurement of reliable in
red spectra and a firm basis for assigning the molecular
tions contributing to the absorption bands. In theoreti
studies by Tuckermanet al.31–33 on the properties of an ex
cess proton in bulk phase water as well as in the MS-E
studies,8,10 it was proposed that proton transfer occurs by
interplay of two distinct species, the Zundel cation~H5O2

1)
and the Eigen cation~H9O4

1). A normal mode analysis o
these two complexes is essential to assign the absorp
bands.

This paper is a joint experimental and theoretical eff
aimed at understanding proton transport by way of comp
ing the results of a computer simulation model of the h
drated proton with an accurate vibrational spectrum ther
Mid-IR spectra~500–4000 cm21! of acid, water and electro
lyte solutions were measured, and appropriate differe
spectra were constructed to extract the hydrated proton s
trum. Molecular dynamics~MD! simulations of the exces
proton in water were performed with the MS-EVB approac
Vibrational spectra were derived from the dipole derivativ
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and the partitioning of the Zundel~H5O2
1) and Eigen~H9O4

1)
cation forms was determined via density of states calcu
tions. A complete and reliable assignment of experimen
spectral features is achieved through normal mode ana
for both the Zundel and Eigen cations, which have been
ported to be the two main species involved in the pro
migration through the hydrogen bonds.31–33

The organization of this paper is as follows: The expe
mental details are described in Sec. II, while the simulat
approach is described in Sec. III. The experimental a
simulation results are presented and discussed in Sec
including the peak assignments by normal mode analy
The results are summarized in Sec. V.

II. EXPERIMENT

A. Methods

Infrared transmission measurements34 of hydrated pro-
tons are of limited value due to a typically low signal-t
noise ratio resulting from the sample’s very large absorpt
coefficients. This complication is circumvented by the
tenuated total reflection~ATR! technique. The evanescen
wave-sample interaction in ATR-FTIR spectroscopy est
lishes a very thin effective path length appropriate for obta
ing sufficiently good signal-to-noise ratio and highly repr
ducible spectra for spectral differencing. Thereby, the we
spectral contributions of dilute species can be isolated fr
the strong background. This method has been used to acq
IR spectra of liquid H2O, D2O, and isotopically diluted wa-
ter samples,19–21 and to determine the optical constants
water over a;15 000 cm21 range.22

IR spectra were measured with a Bio-Rad FTS60
FTIR spectrometer equipped with a liquid nitrogen-cool
MCT detector and an ATR accessory~Pike!. The ZnSe crys-
tal ATR accessory was positioned in a dry-nitrogen purg
and temperature stabilized sample compartment facilita
long term and reproducible measurements. The trough wi
ZnSe crystal bottom was filled with 2 ml of sample solutio
and the spectra were taken with 2 cm21 resolution; 128 scans
were averaged for each spectrum shown. The raw spe
data were ratioed to the spectrum of the bare crystal on
absorbance scale. The final spectrum was obtained with A
spectral correction to compensate for the higher absorp
in the longer wavelength region, which is caused by
wavelength-proportional penetration depth of the evanes
wave into the sample.35

B. Sample

Infrared spectra of aqueous solutions of hydrochlo
acid ~HCl, Fisher Scientific, 37.4% solution! and hydrobro-
mic acid ~HBr, Fisher Scientific, 48% solution! were mea-
sured at a series of concentrations: 0.25, 0.5, 1.0, and 1.
The effect of the counterion on the acid spectra was es
lished by measurements of sodium chloride~NaCl, Acros,
crystals, 991%! and potassium chloride~KCl, Acros, crys-
tals! aqueous solutions at the corresponding concentrati
All the aqueous solutions were prepared in deionized wa
~18.2 MV!. In order to explore the effects of deuteration,
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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739J. Chem. Phys., Vol. 116, No. 2, 8 January 2002 The vibrational spectrum of the hydrated proton
spectra of deuterium chloride~DCl, Janssen Chimica, 991%
D! in D2O ~Acros, 99.8% D! were measured at the sam
concentrations. To prevent contamination by water vapor,
solutions were prepared by adding DCl directly to the D2O in
the ATR crystal trough upon opening the bottle and spe
were immediately recorded. IR spectra of NaCl solutions
D2O were also taken to consider the counterion effect.
emphasize the difference between the acid solution and
water spectra, the IR spectrum of pure water~or D2O for the
deuteron case! was measured and subtracted from the so
tion spectra described above.

III. THEORY

The IR absorption spectrum of the hydrated excess p
ton in liquid water at room temperature can be compu
from the Fourier transform of the dipole autocorrelati
function:

I ~v!5
\b

2p
v2E dte2 ivt^m~0!m~ t !&. ~1!

For computational and interpretative purposes, it is, howe
more convenient to compute the autocorrelation function
the time derivative of the dipole moment:

I ~v!5
\b

2pE dte2 ivt^ṁ~0!ṁ~ t !&. ~2!

The time derivative of the dipole moment within the poi
charge approximation assumed in the multistate empir
valence bond~MS-EVB! approach8,11 is given by

ṁ~ t !5 (
i

Natom

@ q̇i~ t !Ri~ t !1qi~ t !Ṙi~ t !#. ~3!

The first term in the sum can be regarded as the change in
dipole moment due to the adiabatic following of the ele
tronic degrees of freedom~and therefore the point charge
qi) in time, whereas the second term is dominated by
time variation of the nuclear degrees of freedom, e.g.,
velocities. The charges,qi , are calculated via

qi5 (
k

NEVB

ck
2qk

i , ~4!

with qk
i being the partial charge on atomi in thekth VB state

andck
2 being the corresponding EVB amplitude.

A classical MD simulation in the microcanonical~NVE!
ensemble with 125 water molecules and one excess pr
with an average kinetic temperature of 300 K was perform
The details are described elsewhere.8 Two different dipole
autocorrelation functions were calculated. First, the time
rivative of the dipole moment of a cluster in the bulk co
sisting of six water molecules and the excess proton
evaluated; the selected water molecules were those with
highest EVB amplitudes~therefore being in spatial proximity
to the excess proton!. Second, the pure liquid water tim
derivative dipole autocorrelation function has been compu
using six ~selected! water molecules that are not direct
electronically coupled to the excess charge. The same m
odology was also used in the fully deuterated simulatio
Downloaded 10 Jan 2002 to 128.135.233.43. Redistribution subject to A
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where all the hydrogen nuclei of the system were replaced
deuterons. It should be noted that the ‘‘cluster’’ is actually
snapshot taken from the liquid configuration and theref
reflects the liquid state proportions of the Eigen to Zun
cation. An enlargement of this cluster to include 12 wa
molecules did not affect the results above 1000 cm21.

In order to help assign the different peaks in the IR sp
trum to distinct vibrational modes of the excess proton,
instantaneous normal mode~INM ! analysis36,37 was per-
formed. To do so, the H1/6H2O cluster described in the pre
vious paragraph was extracted from the bulk phase sim
tion every 5 fs, where the water molecules were the one
spatial proximity to the excess proton. For every clus
snapshot from the liquid, the Hessian matrix was calcula
diagonalized, and the frequencies and corresponding ins
taneous normal modes extracted. Imaginary frequenc
which are mainly localized in the 0 to 800 cm21 frequency
interval, were disregarded in the analysis process. A tota
20 000 cluster configurations were used for spectral eva
tion.

IV. RESULTS AND DISCUSSION

A. Experimental results

1. Acid and electrolyte solutions

IR spectra of 1.0 M HCl and HBr solutions and pu
water are shown in Fig. 1~a! ~spectra of the solutions at othe
concentrations are not shown!. In the pure water spectrum a
well as in the spectra of the acid solutions, three broadba
are observed at 760, 1635, and 3350 cm21, which are as-
signed to libration, bending, and stretching motions of p
water molecules, respectively.25 A small broad peak is also
observed at 2100 cm21, which arises from the combinatio
of libration and bending motions of water. Besides these
sorption bands of pure water, additional features contrib
to the spectra of both HCl and HBr solutions. A continuo
absorption is observed over the broad range from 1000
3400 cm21, and a small peak is found at 1200 cm21. The
spectra of the HCl and HBr solutions are nearly identical
is difficult to distinguish between them, suggesting that
halogen counterions only make small contributions to
spectra.

The continuous absorption shown in Fig. 1~a! is re-
garded as a ubiquitous property of hydrogen-bonded s
tems.25,26,28–30It was first observed in the spectra of HCl an
NaOH,26 and it is believed to be caused by the presence
strong hydrogen bonds in a strongly solvating medium, s
as those associated with the H5O2

1 and H3O2
2 ions in aqueous

solution.38,39 In general, it is considered to arise from th
strong coupling of the proton transitions with collective v
brational excitations in the surrounding hydrogen-bond
solvating water molecules.

To clarify the spectral features of the hydrated proto
the pure water spectrum was subtracted from the acid s
tion spectra. The resulting difference spectra for 1.0 M H
and HBr solutions are shown in Fig. 1~b!. The three broad-
bands at 1760, 2900, and 3350 cm21 as well as the broad
peak at 1200 cm21 and the continuous absorption over th
1000 to 3400 cm21 range are the dominant features. All o
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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740 J. Chem. Phys., Vol. 116, No. 2, 8 January 2002 Kim et al.
these features can be attributed to the hydrated protons.
fact that both HCl and HBr solutions give almost identic
difference spectra suggests a weak influence of the ani
counterion.

The frequencies of the absorption bands attributed to
hydrated protons in the present measurement are in g
agreement with other studies.25–28,40 Falk and Giguere,25

who measured the infrared transmission spectra of aqu
solutions of mineral acids, observed concentration-depen
absorption bands in three frequency regions, 1205, 1750,
2900 cm21, with continuous absorption ranging from 1000
3500 cm21 in the HCl solution/water difference spectrum.
their assignment of the absorption bands, based on the
tence of the hydronium ion (H3O

1), the first two bands were
assigned asn2 symmetric bending andn4 asymmetric bend-
ing, respectively, while the other was assigned asn31n1

stretching of the hydronium ion. Librovichet al.28 also re-
ported absorption bands attributed to hydrated protons
1170 cm21 ~asymmetric stretching of OHO fragment
H5O2

1), 1710 cm21 ~bending of OH2 group in H5O2
1) and

2900 cm21 ~stretching of OH2 group in H5O2
1) with continu-

ous absorption at 1000–3400 cm21; the peak positions agre
well with the results of Falk and Giguere. However, th
assigned the peaks based on the existence of H5O2

1, the so-
called Zundel cation, instead of the hydronium ion.

The IR spectra of aqueous NaCl and KCl solutions w

FIG. 1. ~a! Infrared spectra of pure water and 1.0 M aqueous solution
hydrochloric acid~HCl! and hydrobromic acid~HBr!: water, solid; 1.0 M
HCl, dashed; 1.0 M HBr, dotted.~b! Difference spectra of 1.0 M aqueou
solutions of acid~HCl and HBr! and pure water: 1.0 M HCl–water, solid
1.0 M HBr–water, dashed.
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measured to investigate the manifestation of the counte
therein. The difference spectra of 1.0 M NaCl and KCl~so-
lutions minus pure water! are shown in Fig. 2~a!. Compared
to the acid solutions, the ionic solution difference spec
exhibit only small changes in absorbance. Furthermore,
NaCl and KCl difference spectra are virtually identical, su
gesting that the cations either make negligible or identi
contributions. Two small positive peaks at 1625 and 35
cm21 and a relatively larger negative feature at 3120 cm21

are observed. Considering its amplitude, the negative fea
accounts for the large dip in the acid solution differen
spectra at 3150 cm21. Minor contributions to the other peak
are also observed. To eliminate the effect of the anio
counterion, the NaCl solution spectrum, instead of the p
water one, was subtracted from the HCl solution spectrum
the same concentrations. The resulting spectra for var
concentrations are shown in Fig. 2~b!. The resulting spectra
become more ‘‘rounded,’’ especially between the 2900 a
3350 cm21 bands, resulting in a merging of the two band
The absorption at the main bands~1250, 1760, 3020 cm21!
and the continuum absorption~e.g., at 1500, 2200, and 250
cm21! exhibit a highly linear dependence on concentratio
i.e., Beer’s law behavior. Therefore, the resulting differen
spectrum obtained by subtracting the electrolyte spectrum
regarded as the vibrational spectrum of hydrated proton.

f
FIG. 2. ~a! Difference spectra of 1.0 M electrolyte~NaCl and KCl! solutions
and pure water: 1.0 M NaCl–water, solid; 1.0 M KCl–water, dashed.~b!
Difference spectra of HCl aqueous solutions at various concentrations
NaCl solutions of the corresponding concentrations: 0.25 M HCl–0.25
NaCl, solid; 0.5 M HCl–0.5 M NaCl, dashed; 1.0 M HCl–1.0 M NaC
dashed-dotted; 1.5 M HCl–1.5 M NaCl, dotted.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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741J. Chem. Phys., Vol. 116, No. 2, 8 January 2002 The vibrational spectrum of the hydrated proton
2. Deuterated acid solutions

IR spectra of D2O and a 1.0 M DCl solution are show
in Fig. 3~a!. Three broadbands are observed at 680, 1200
2480 cm21 that, respectively, correspond to the transitions
760, 1635, and 3350 cm21 in H2O; these can be assigned
libration, bending and stretching motions of D2O. In addition
to the D2O bands, the DCl solution spectrum also show
continuous absorption in the 1300–2250 cm21 region. A
small band centered at 920 cm21 also appears that corre
sponds to the 1200 cm21 peak in the HCl/H2O spectrum.

These features become more apparent in the differe
spectra~solution minus D2O) shown in Fig. 3~b!. Again,
each peak in the deuterated difference spectrum has its c
terpart in the proton difference spectrum with red-shifted f
quencies. The general shape of the spectrum also agrees
with that for HCl, but over a compressed spectral range
expected from the greater mass of the deuteron. The con
ous absorption in the 1300–2250 cm21 region is more evi-
dent. Furthermore, the absorbance of all the bands, inclu
that at 920 cm21, increase linearly in magnitude with DC
concentration. Besides these features, four more peaks
observed near 1420, 2130, 2480, and 3415 cm21. The first
three peaks correspond to the peaks at 1760, 2900, and
cm21 in the HCl/H2O spectrum. The small peak at 341
cm21 seems to arise from contamination by H2O absorption

FIG. 3. ~a! Infrared spectra of pure heavy water (D2O! and 1.0 M deuterium
chloride ~DCl! and sodium chloride~NaCl! solutions in heavy water: D2O,
solid; 1.0 M DCl/D2O, dashed; 1.0 M NaCl/D2O, dashed-dotted.~b! Differ-
ence spectrum of 1.0 M DCl/D2O solution and pure D2O ~solid! and differ-
ence spectrum of 1.0 M DCl/D2O solution and 1.0 M NaCl/D2O solution
~dashed!.
Downloaded 10 Jan 2002 to 128.135.233.43. Redistribution subject to A
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from the air; it increased as the measurement~i.e., exposure!
time increased~spectra not shown!. The NaCl in D2O solu-
tion spectrum was subtracted from the DCl spectrum
eliminate the counterion effect. This resulted in the merg
of the 2130 and 2480 cm21 peaks as seen as the dashed cu
in Fig. 3~b! superimposed on the DCl/D2O difference spec-
trum. This is the same change as observed in the HCl/N
difference spectrum.

B. Simulation results

The simulated IR spectra corresponding to the pro
nated cluster and the pure water cluster of the same size
shown in Fig. 4~a!. In the pure water case, the well-know
features of the spectrum~OH stretch:;3600 cm21, HOH
bend:;1500 cm21, libration: ;600 cm21! are found as in
the experimental spectrum@Fig. 1~a!#. For the protonated
case, a gain in intensity over the broad range from 1550
3450 cm21 is observed, i.e., the so-called continuum ban
whereas the intensity of the peak corresponding to the
stretch is reduced somewhat. In order to shed light on

FIG. 4. ~a! Power spectrum of the dipole time derivative autocorrelati
function for the hydrated excess proton~solid! and pure water~dashed!. ~b!
Power spectrum of the total~solid!, nuclear~dashed! and electronic~dashed-
dotted! contribution to the dipole time derivative autocorrelation functio
for the hydrated excess proton.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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origin of the continuum band, the time derivative of the d
pole moment, Eq.~2!, was decomposed into two term
which can be regarded as electronic and nuclear compon

ṁ~ t !5ṁel~ t !1ṁnu~ t !

5 (
i

Natom

q̇i~ t !Ri~ t !1 (
i

Natom

qi~ t !Ṙi~ t !. ~5!

The change ofṁel(t) is dominated by the time derivation o
the point charges,q̇i , caused by the adiabatic following o
the electronic degrees of freedom on displacement of
nuclei, whereasṁnu(t) is dominated by the nuclear velocity
Ṙi(t), such that

^ṁ~0!ṁ~ t !&5^ṁ~0!elṁ~ t !el1ṁ~0!nuṁ~ t !nu

1ṁ~0!nuṁ~ t !el1ṁ~0!elṁ~ t !nu&

'^ṁ~0!elṁ~ t !el&1^ṁ~0!nuṁ~ t !nu&. ~6!

Note that the separation between nuclear and electr
contributions does not strictly apply, so both terms will ha
~small! contributions from the complementary set of degre
of freedom. For comparison, both the electronic te
^ṁ(0)elṁ(t)el& and the nuclear term̂ṁ(0)nuṁ(t)nu& were
computed and Fourier transformed independently. The co
sponding spectra, together with the total calculated IR sp
tra from Fig. 4~a!, given by the exact result in Eq.~6!, are
shown in Fig. 4~b!. It can be seen that the nuclear contrib
tion is clearly the dominant part of the IR spectrum, es
cially in the frequency ranges that can be connected to p
water vibrations. However, the electronic contribution ad
significant intensity to the spectrum in the 1600–3400 cm21

range. This shows that approximating the IR spectrum
including only the nuclear dephasing~e.g., using the velocity
autocorrelation function! will most likely fail to give the cor-
rect IR spectral intensities.

In order to make a connection to the experimental res
in this paper, the two spectra shown in Fig. 4~a! were sub-
tracted; the result is shown together with the experime
result in Fig. 5. The experimental difference spectra~lower
panel! show a negative peak at 3650 cm21, two broad posi-
tive peaks at 3300 and 3000 cm21, a broad positive con-
tinuum ranging from 3400 to 1000 cm21 with a peak at 1760
cm21, immediately followed by a dip at 1650 cm21. All of
these features of the experimental spectrum can be see
the theoretical calculation~upper panel!, with peak locations
being slightly red- or blue-shifted and intensities in over
good agreement with the experiment.

The computed difference spectrum for deuterated c
where all the protons are replaced by deuterons is also sh
with the experimental difference spectrum of DCl in hea
water in Fig. 6. As in the protonated case, there is agreem
of the features between the two spectra with good match
of peak positions.

C. Normal mode analysis and spectral interpretation

In order to attribute the peaks found in the differen
spectrum to particular vibrational modes of the hydrated
cess proton cluster, an instantaneous normal mode~INM !
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analysis36,37 was performed. To do so, 20 000 different clu
ter configurations consisting of the excess proton and the
closest water molecules were cut out of the bulk phase si
lation and the INM density of states, given by

r~v!5K (
i 51

6N2M

d~v2v i !L ~7!

was computed. Here,N is the number of atoms in the cluste
and M accounts for the imaginary frequencies, which ha
been omitted in the analysis. The functionr(v) is compared

FIG. 5. Comparison of the computed IR difference spectrum~upper panel!
with the experimental result~lower panel; 1.0 M HCl–water, solid; 1.0 M
HCl–1.0 M NaCl, dashed!. The dashed arrows indicate the correspond
peaks.

FIG. 6. Comparison of the computed IR difference spectrum~upper panel!
with the experimental result~lower panel; 1.0 M DCl–D2O, solid; 1.0 M
DCl–1.0 M NaCl/D2O, dashed! for deuterated case. The dashed arro
indicate the corresponding peaks.
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to the density of states obtained from the Fourier transfo
of the velocity autocorrelation function, e.g., the second te
in Eq. ~6! with charges set to unity. Both densities are illu
trated in Fig. 7~a!; the peak positions of the two densitie
agree very well, but the peak intensities for the high f
quency OH stretch densities differ by a factor of 2. Some
this difference can be attributed to anharmonic broadenin
the velocity correlation function~i.e., MD! results. The two
densities in the more relevant frequency range from 200
3600 cm21 are shown in Fig. 7~b!. The three arrows indicate
the frequency ranges that will be examined in order to in
pret the difference spectra in Fig. 5.

To this end, it is helpful to compute the INM densi
independently using the degree of hydrogen bond asymm
of the shortest oxygen–oxygen bond in the protonated c
plex as a descriptor.8 To do so for this bond, the asymmetr
stretch coordinate

q5
ROO

2
2ROH ~8!

was computed and the averages in Eq.~7! were performed
with the restrictionuqu,0.1 ~Zundel-like case! and uqu.0.1

FIG. 7. Comparison of vibrational density of states obtained from the IN
analysis~dashed! with the power spectrum of the velocity autocorrelatio
function ~solid!: ~a! Frequency range 200–4000 cm21; ~b! 200–3600 cm21.
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~Eigen-like case!, respectively. Both normalized densities a
shown in Fig. 8. Note that the two densities will not add
to the total density shown in Fig. 7~a! due to the independen
normalization performed.

It is evident from Fig. 8 that the frequency regions ind
cated by a, b, and c in Fig. 7~b! gain different contributions
from the Zundel-like or Eigen-like nuclear configuration
For the frequency ranges marked by the vertical lines in F
8, the corresponding normal mode eigenvectors were sto
independently and visualized afterwards. The results of
visualization analysis are displayed as the dominant lo
modes~stretching and bending motion! that contribute most
to the normal mode. Note that the different normal mod
within the given frequency ranges are regarded in the follo
ing as linear combinations of these local modes with vary
amplitudes and phase factors.

Figure 9~a! displays the bending modes on the wa
oxygen with the largest hydronium character and the nea
neighbor water molecule that are responsible for the peak
1580–1640 cm21 in the Eigen-like situation and 1680–188
cm21 in the Zundel case. Therefore, the contribution to t
continuum band in that frequency range~‘‘c’’ in Fig. 5 ! stems
from the bending motion in the hydronium ion or in th
Zundel dimer, which are both blue-shifted compared to p
water. This explains the peak structure in region ‘‘c’’ in Fi
5. The dip at the water bend frequency is due to the alm
complete cancellation of the densities in the difference sp
trum, whereas the peak at slightly larger wave numbers or
nates from the aforementioned bending motion of water m
ecules in close proximity to the excess proton.

Region ‘‘b’’ in Fig. 5 at 2700–2950 cm21 corresponds to
normal modes that are a linear combination of OH stre
vibrational motions in the symmetrically hydrated hydr
nium ion @Fig. 9~b!#. This is confirmed in Fig. 8, where th
total INM density in that range is dominated by contributio
from Eigen-like nuclear configurations with asymmetric h

FIG. 8. Normalized INM density foruqu.0.1 ~Eigen case; solid! and uqu
,0.1 ~Zundel case; dashed!. The vertical lines show the regions that hav
been examined more closely in terms of their corresponding normal m
eigen vectors.
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FIG. 9. Illustration of the relevant lo-
cal modes participating in the norma
modes in a given frequency interva
for the protonated cluster H1•6H2O.
The same basic structure is used for a
modes for compactness of present
tion. In figures showing both Eigen
and Zundel modes, it should be unde
stood that the Zundel structure is sym
metric with respect to the excess pro
ton. ~a! 1580–1880 cm21, bending
modes on the center oxygen of the hy
dronium ion and the nearest neighbo
water molecule;~b! 2700–2950 cm21,
a linear combination of OH stretch
motions in the symmetrically hydrated
hydronium ion;~c! 3250–3400 cm21,
a linear combination of OH stretch
motions of the two water molecules
which symmetrically solvate the ex
cess proton;~d! 3400–3600 cm21, de-
localized normal modes with OH
stretch motions of water molecules i
the first and second solvation shells o
the hydronium ion; ~e! 3650–3720
cm21, bulk water symmetric and
asymmetric OH stretch motions.
ts

th
re
a
te
to

e
nd

uc-

of
the
pro-
the
ol-
ter

700
h

on,
en-
H

drogen bonds. The peak in region ‘‘b’’ in Fig. 5 gains i
intensity mainly from these stretching modes.

Moving to larger frequencies in the 3250–3400 cm21

range, the main contribution to the density is shifted from
Eigen situation to the Zundel-like configuration. The cor
sponding normal modes in Fig. 9~c! can be regarded as
linear combination of OH stretch motions of the two wa
molecules which symmetrically solvate the excess pro
~which itself is not moving!.

The absorptions in the 3400–3600 cm21 frequency
range are constituted from fairly delocalized normal mod
with OH stretch motions of water molecules in the first a
second solvation shells of the H3O

1 ion, with contributions
from both Zundel and Eigen nuclear configurations@Fig.
9~d!#. The motions associated with the 3650 to 3720 cm21
Downloaded 10 Jan 2002 to 128.135.233.43. Redistribution subject to A
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region are shown in Fig. 9~e!; they correspond to the bulk
water symmetric and asymmetric OH stretch motions.

This information can be used to explain the peak str
ture ‘‘a’’ in Fig. 5. The positive peak at ca. 3600 cm21 in the
computed spectrum originates from OH stretch motions
water molecules in the first and second solvation shells of
hydrated proton that are strongly coupled to the excess
ton. The red-shift from pure water can be explained by
transfer of electron density from the hydrated water m
ecules to the hydronium ion, therefore weakening the wa
OH bond and dipole moment. The negative peak at ca. 3
cm21 in region ‘‘a’’ in Fig. 5 corresponds to those OH stretc
vibrations of water that, on insertion of the excess prot
electronically couple to it and thus create the missing int
sity in the difference spectrum. In other words, the O
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stretches of the water molecules in the first and second
vation shell around the hydronium ion, which show
slightly red-shifted, are not adding intensity in the 37
cm21 region in the hydrated proton spectrum, thus leading
the negative peak in the difference spectrum.

Upon comparison of the results from experiment a
simulation ~Fig. 5!, there are, however, small discrepanc
in the frequencies of the absorption bands. In particular,
simulated bands at lower frequencies, i.e., bending mo
under 3000 cm21, are red-shifted relative to experiment an
those in higher frequencies over 3000 cm21, i.e., stretching
modes, are generally blue-shifted. There are several fac
to consider. An anion exists in the experimental solutio
with equal concentration to the proton, but counterions w
not included in the simulations. It has been reported that
anion tends to deform the hydrated proton as well as w
molecules.25 The frequencies of the stretching modes in t
experimental spectra would then be red-shifted by the e
tence of the anion through a weakening of the OH bond
the hydrated proton. For similar reasons, the frequencie
the bending modes could be blue-shifted. In the high f
quency OH stretching regions, the influence of quantizat
effects ~not included in the simulations! can lead to
red-shifts.41 A more likely possibility for the deviation in
frequencies, of course, are inaccuracies in the MS-EVB
tential energy surface~e.g., from a primarily harmonic in-
tramolecular potential! beyond neglecting the anion. A pola
izable potential may also be important for making mo
quantitative comparisons with experiment since polariza
ity may have an influence on these motions.42 Finally, quan-
tum effects and delocalization character of the hydrogen
oms and the excess proton would tend to soften the h
frequency ‘‘local’’ motions.43

V. SUMMARY AND CONCLUSIONS

This study investigated the behavior of hydrated proto
in bulk phase water both spectroscopically and computat
ally. IR difference spectra of aqueous, acid and electro
solutions, obtained by ATR-FTIR spectroscopy with exc
lent signal-to-noise ratio, are reported. IR difference spe
~aqueous acid solutions minus pure water! show distinct
spectral features of hydrated protons. The assignment o
absorption bands is made with the computed density of st
associated with the hydrated proton~and analogous compu
tational differencing!. The resultant spectrum is in goo
agreement with experiment. The general shape of the di
ence spectra matches very well for both the protonated
deuterated cases except for small but clearly apparent
quency shifts of the absorption bands. These discrepan
might arise from the difference between the experimen
and simulation conditions, e.g., the existence of counterio
or from limitations in the computational approach, e.g.,
neglect of quantum effects in the dynamics and/or inaccu
cies in the MS-EVB or water potentials. Nevertheless,
obvious correspondence allows the peaks in the spectru
be assigned with a normal mode analysis performed wit
basis set of MS-EVB states for the Zundel and Eigen catio
Each normal mode is visualized as local modes that do
nantly contribute to the normal mode, giving rise to a mo
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detailed picture of the nuclear motions associated with
hydrated proton in liquid water than previously reported.

New insights into the relationship between the spec
features and the behavior of the proton in bulk phase w
will be helpful in understanding the transport process in b
phase water as well as in studying microscopic dynamics
biochemical systems where the proton transfer plays a
cial role, for example, in gramicidin, a model io
channel.44–51Furthermore, the normal mode analysis meth
used in this study could be applied to nonlinear opti
measurements52 designed to resolve the dynamics associa
with the hydronium ion.
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