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Ab initio molecular dynamics simulations are presented of vibrational dynamics and spectra of crystal HCI
hydrates. Depending on the composition, the hydrates include distinct protonated water forms, which in
their equilibrium structures approximate either the Eigen igbHH,O); (in the hexahydrate) or the Zundel
H,O---H*---OH, ion (in the di- and trihydrate). Thus, the hydrates offer the opportunity to study spectra and
dynamics of distinct species of protonated water trapped in a semirigid solvating environment. The
experimentally measured spectra are reproduced quite well by BLYP/DZVP-level calculations employing
Fourier transform of the system dipole. The large overall width {8000 cnt?) of structured proton bands
reflects a broad range of solvating environments generated by crystal vibrations. The aqueous HCI solution
was also examined in search of an objective criterion for separating the contributions of “Zundel-like” and
“Eigen-like” protonated forms. It is suggested that no such criterion exists since distributions of proton-
related structural properties appear continuous and unimodal. Dipole derivatives with respect to OH and
O---H™" stretches in water and protonated water were also investigated to advance the understanding of the
corresponding IR intensities. The effects of H bonding and solvation on the intensities were analyzed with
the help of the Wannier centers’ representation of electron density.

I. Introduction and 14. One of the major conclusions has been that the two

Protonated water is of basic importance in aqueous |Ohysic‘,\.‘limiting forms_ c_)f protonated water are not mutually _exc_lusive,
and chemistry. Two forms were suggested originally for @S th_ought o_rlglnally; rath_er, protonated water dynamlc_s |_ncludes
hydrated protons, an “Eigen complé®’Hz0*(H,0); and a continuous interconversion in the structural range limited by
“zundel ion"3#4 Hy,O+++H*+++OH,. In the first, the proton is the two forms, which is driven by coupling to the motions of
localized on a single water molecule, and in the second, it is the surrounding water molecules. Quantum mechanical effects
shared by two water molecules. Dynamical aspects of a solvatedwere shown to enhance proton delocalizafio@iting ref 13:
proton have also attracted considerable interest, particularly in“Eigen and Zundel complexes should only be looked upon as
connection with the anomalously high electrical conductivity limiting cases or caricatures, loosely speaking, similar to the
of acids; the conductivity is associated with proton hopping concept of resonance structures used to describe conjugated
between water molecules. Theoretical studies showed that thelT-systems in terms of Lewis bonding.”
proton hopping is driven by fluctuations of the protonated water
solvation shelP~7 Introduction of computer simulation tech-
niques applicable to proton-transfer systems advanced signifi-
cantly the atomic-level understanding of the hydrated proton;
the techniques include ab initio molecular dynamfcand the
empirical valence bond (EVB) approatt? For recent reviews
of pertinent computational studies, see, for example, refs 13

Nevertheless, one may gain considerable insight by trapping
and observing protonated water close to either of the limiting
forms and perhaps also in intermediate stages of proton sharing.
To this end, spectroscopic studies have been pursued of isolated
gaseous hydroniuth H;O™ and Zundél’~1° HyO«++H*++-OH,
ions and of protonated water clust®rg?, for example, the
protonated water tetramer was shown to adopt the Eigen
* To whom correspondence should be addressed. structure with the hydronium ion at the cenf@rwhile the
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on the dipole derivatives with respect to the OH and-B"
stretch in water and protonated-water-containing systems.
Analysis is presented of the physical reasons for the dramatic
increase in the OH stretch intensity of water upon hydrogen
bonding, which has been noted in numerous past studies; see,
for example, refs 50 and 51. A very large integrated intensity
observed for the ©-H™ stretcH is also discussed.

At this point, one may contrast the broad but structured
hydrate spectra of our interest (Figure 1) with the infrared
spectrum of an aqueous acid solution. The acid contributes to
the solution spectrum an intense, somewhat structured, con-
tinuum (“Zundel continuunt%? extending from the water OH
stretch band above 3000 chdown to the water libration band
below 900 cml. This continuum reflects the continuous
interconversion between the proton states; the more Zundel-
like and the hydronium-like configurations are expected to
dominate the low and the high end of the continuum, respec-
tively.3® The original analysis of this continuum by Zuntlel
was based on a simple model in which the proton in the
H,O-+-H*+--OH, unit is continuously “polarized” by a fluctuat-
ing electric field which reflects the dynamic solvation coordi-
nates. Zundel envisaged a quantum mechanical double-well
system, with a nearly degenerate pair of lowest symmetric and
antisymmetric states separated by small tunneling splitting; in
this model, the proton can be easily toggled between the two

. 3235 sides of the well by the electric field perturbation. Later
6:1 computational studies showed that tunneling does not play an
I 1880 4840 important role in proton dynamics in solution as the computed
L_\_,/wf 1155 barrier height in the free-energy profile is only abé&git; when
w quantum zero-point energy effects are included, the barrier
T Y T T T f becomes very small indeé#éiHowever, the crucial role of proton
3500 3000 2500 2000 18§00 1000 500

Wavenumber {cm-1) coupling to the so!vation she'II dynamics proposed by Zund'el

Figure 1. Experimental spectra of crystalline HCI hydrates at 80 K; stood th_e tes_t of time and will b? discussed further below in
from top to bottom: mono-, di-, tri-, and hexahydrate. The top three CONNection with hydrate and solution spectroscopy. For the past
spectra are from ref 27. efforts on computational analysis of the Zundel continuum in

) ) the spectra of liquid acid solutions, see refs-53; the pertinent
analysis addressed IR spectroscopy of the trihydrate and theresults are summarized briefly in section VIIIA. For the debate
hexahydraté?’“ While these studies generated some useful on the percentage of “Zundel-like” and “Eigen-]ike” ion forms
assignments, the authors of ref 41 themselves pointed out thein solution, see, for example, refs 13, 14,-8®, and the
difficulties associated with the use of the harmonic approxima- references therein. Further, more-detailed discussion of past acid
tion for the highly anharmonic protonated water systems. solution studies pertaining to these topics will be given in section
Normal-mode analysis is not sufficient for studying the broad y/.
bands characteristic of such systems. _ The article is organized as follows. In section II, computa-

Ab initio dynamics is uniquely suited for that purpose. First, - tional details are given. In section Ill, OH and-@4* infrared

the Born-Oppenheimer potential energy surface obtained at syretch intensities are analyzed with the help of the Wannier
every step a_II(_)WS for a un|f_|ed flrst-prlr_10|ple desc_rlptlon of centers for HO in the gas phase, the gaseous dimer, and the
proton-containing systems in all possible solvation states. |iquid phase, and for the Zundel ion in the gas phase, the HCI
Second, the system dipole function can be obtained at a modesyjihydrate, and the acid solution. Sections—VII address
computational overhead and can be used to obtain anharmonicsr cture and spectroscopy of the different hydrates. In section

IR spectra via dipoledipole correlation function&:™* Third, VIII, connection is made to the aqueous HCI solution. The
convenient qualitative analysis of the spectra can be carried outyegits are summarized in section 1X.

with the help of Wannier functior$:#44°Specifically, for the

purpose of calculation of the system dipole, the vglence electron, Computational Details

pairs are assigned to geometric centers (“Wannier centers”) of

localized orbitals, obtained by transformation of the electronic ~ The chief computational tool of this study is the CP2K/
wave function. In the closed-shell systems of our interest, the QUICKSTEP on-the-fly codé!32which is used for structure
Wannier centers can be easily associated, according to theirminimization, ab initio molecular dynamics (MD) simulation,
location, with OH bonds and lone pairs of oxygen and of halide and calculation of infrared (IR) spectra.

ions. One can then use the discretized “location” of the electron QUICKSTEP is an implementation of the recently developed
pairs as represented by the Wannier centers to elucidateGaussian plane wave method, which is based on the Kohn
contributions of different parts of the system to the spectrum. Sham formulation of density functional theory (DFF)The

See ref 49 for a recent elegant discussion of the use of WannierKohn—Sham orbitals are expanded using a linear combination
centers in the study and analysis of spectra of water and acidof atom-centered Gaussian-type orbital functions. The electronic
solutions. The Wannier centers are used here to elucidate thecharge density is described using an auxiliary basis set of plane
influence of hydrogen bonding and the solvation environment waves. Energies and forces corresponding to the Born
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Oppenheimer surface are calculated for each MD step usingTABLE 1. Dipole Derivatives u' with Respect to H
the Gaussian DZVP basis set, the exchange-correlation func-Displacement along a OH or OH fBO”d: in Debye/A, for
tional of Becke, Lee, Yang, and Parr (BLYP)and the atomic Various Systems; See Section Il for Further Explanation

pseudopotentials of the Goedecker, Teter, and Hutter %ype. system ' BLYP/DZVP MP2/aug-cc-pVTZ

Time steps of 1 fs were employed. H,O 0.61 0.46
Recently, applications of on-the-fly dynamics to computations (HO),, proton donor OH 2.66 2.86

of IR spectra of molecular systems have been gaining popularity; OH* of isolated Zundelion 9.15 9.40

for examples, see refs 4@9. The spectra can be obtained from edgf ?H of 'SOlf‘ted Zundelion 214

the Fourier transform of the dipotelipole correlation function. O'-éir?yd':;%"H ~OHzin 11.38

Computation. of t.he system dipqle was implemented in.QUICK- edge OH of HO-+*H*++-OH in 7.60
STEP following ideas outlined in refs 425. More details on dihydrate

the implementation are given in ref 33. Briefly, the system dipole OH' of H,O-+-H"+--OH, in 10.61

is represented as a sum of contributions of nuclei and of Wannier solution N ]

centers representing the “average” locations of electron pairs.edgglsti';r?f HOw-H™--OHin  7.28

To locate th_e Wannier ce_nters, e>_<tended molecular orb|ta_1ls of H,0 in solution 4.53,3.12
the electronic wave function are first transformed to localized
orbitals; geometric averages over the latter correspond to the

Wannier center&44This means that a point charge is associated
with each valence electron pair. The computation is SomeWhatderived from the X-ray diffraction. The simulations of the
complicated by periodic boundaries; Berry phase approach is i qrate employed a cell with 28 formula units, of dimension
used (see ref 45 for a review) to obtain the total dipole of the 15.897x 12.055x 11.486 A. The simulations of 'Ehe trihydrate
periodic system, as a function of time. For classical nuclear employed a cell with eight formula units, of dimension 7.584
dynamics, the IR absorption intensity of radiation at frequency 10154 x 11.084 A. For the hexahydr;ite, the periodic box

o polarized in thg direction { =X, y, 7) is proportional to the - inansion used for calculation of spectra was 12.66@4528
Fourler.transform of the thermally averaged dipetiipole x 17.8979 A, corresponding to two formula units; some test
correlation function calculations of structural properties were also carried out on a
o larger box, 12.6604« 12.9056x 17.8979 A. Simulations of
I, = constw f,m <D,(0)D;(t)> exp(-iwt)dt (1) liquid water employed 64 water molecules in a cubic box of a
linear dimension of 12.4138 A. In simulations of HCI solutions,
In the case of the expensive on-the-fly simulations, proper one to four water molecules were replaced by HCI. The duration
averaging over numerous trajectories is difficult. A single of the trajectories was typically several picoseconds. For the
trajectory, typically of the duration of several picoseconds (ps), hydrate solids, the average temperature of the simulations was
yields three Cartesian components of the system dipole, as ain the 106-150 K range. In the liquid-phase simulations, the
function of time, for 0<t <T. To obtain maximum information  temperature was in the 36B07 K range. Further details on
from this trajectory, we adopted the following approximatién.  each simulation are given in the respective sections and/or in
Dj(t) was treated as a periodic function of time, with a period the figure captions.
of T. The integral in the formula foi; was taken from-T/2 to The modest level of electronic structure calculations selected
T/2 and was averaged over the values obtained while taking for the present study (BLYP/DZVP) was determined by the need
different points along the trajectory as the time origin. In this to calculate electronic energy and structure at each MD time
way, at least the dependence on the initial phase of the step. Judging from the comparison to experiment, the results
oscillations att = 0 was eliminated. Within this scheme, one are rather better than expected. It appears that significant
obtains the following while applying a quantum correction to  cancellation of errors takes place; the errors are due to the BLYP

ment between the computed and the experimental IR spectra
and between the structural properties of the models and the ones

the vibration amplitud#49.62 approximation, the limited basis set, and the classical treatment
7 5 of the nuclear dynamics. For example, the calculated diffusion
I, = const-w? f_T/Z D;(t) exp(—iwt)dt (2 constant of liquid water at an average temperature of 307 K is

2.4 x 1075 cn¥ /sec; the experimental value at 308 K is %9

The spectrum was averaged over the three polarization direc-10~° cn¥/sec?® On the other hand, past ab initio simulations of
tions. water on the BLYP/QZV2P level yielded a diffusion constant
In the on-the-fly simulations of the HCI hydrate crystals, the Which is four times too love?
starting points corresponded to molecular structures derived from To advance the understanding of the IR spectra, dipole
X-ray experiment33-26 which were reminimized using QUICK-  derivativesu’ were investigated with respect to<H stretch
STEP. Unfortunately, the QUICKSTEP code allows only and analyzed with the help of Wannier centers for the following
orthorhombic unit cells. Among the four different hydrates, only systems: the water monomer, the water dimer, the gaseous
the hexahydrate has an orthorhombic unit cell. The rhombohe-Zundel ion, the HO-+-H*++-OH, unit in the HCI dihydrate, and
dral unit cell of the monohydrate, with one formula unit per protonated water in aqueous solution. For the sake of consis-
unit cell, was expanded to an orthorhombic cell of dimensions tency, all of these calculations were carried out on the same
9.693 x 8.394 x 8.784 A, with 12 formula units. For the di- BLYP/DZVP level. However, for the smaller systempsyalues
and trihydrate, with monoclinic unit cells, such an expansion were also double checked on the MP2/aug-cc-pVTZ level. Table
could be carried out only approximately. That is, the unit cell 1 shows the resulting’ values calculated with BLYP/DZVP
was multiplied to generate an expanded cell which approximatesand with MP2 for the gaseous water, for the water dimer (with
an orthorhombic shape and which still has dimensions accessiblerespect to the proton-donor OH stretch), and for the-D
to on-the-fly simulations. The angles of the expanded cell were stretch in the Zundel ion. It was judged that this level of
readjusted to 90 the angle adjustment was2° for both agreement is reasonable for qualitative analysis employing
crystals. This approximation is supported by reasonable agree-Wannier centers calculated with BLYP/DZVP.
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by £0.05 A and by calculating the corresponding molecular
i dipole changé&® If it were possible to move the H atom without

displacing the electronic clougy = 4.80 Debye/A would be
obtained. In reality, the dipole derivative 8 times smaller

Q (' = 0.61 Debye/A) since the displaced atom “drags” behind
it the electronic cloud. In particular, upon H atom displacement,
the nearby bonding electron pair centep W displaced in the
(C) same direction. Although the displacement of the latter electron
pair center is only 1/3 of that of the H atom, it carries double

the charge with an opposite sign, thus reducing significantly
é the change in the total dipole. One may note that the contribution

of other electron pairs toward the reductionudfis nonnegli-
gible; if this contribution were neglected, would be 2.6 times
larger.
It is known that H bonding results in significant increase of
(A) (B) the dipole derivative with respect to the OH stretch. To analyze
this effect, the water dimer is now considered (Figure 2B). As
Figure 2. Minimum-energy configurations of the isolated water intuitively expected, the proton-donor OH bond points ap-

monomer (A), water dimer (B), and Zundel ion,Gt--H"--OH; proximately toward one of the acceptor lone pair Wannier

BLYP/DZVP-level calculation. The large red, small white, and small . - . .
pink circles denote the O and H atgms and the Wannier centers, CENters. As a result of bonding, this lone pair center is pulled

respectively. The large white circle in (C) denotes id the Zundel away from its O atom. (The W--O distance is 0.33 A, 0.02 A
ion. The Wannier centers represent the “average location” of the valencelarger than that for the monomer.) On the other hand, the

electron pairs for the purpose of the dipole moment calculdfiéh. bonding pair Wannier center of the donor OH moves 0.02 A
toward its O atom and away from H, a result which can be

Ill. Understanding Dipole Derivatives with Respect to the readily rationalized by electronic repulsion.

OH and O-+-H* Stretch with the Help of the Wannier As the donor OH is stretched, its bonding electron pair center

Centers follows the H atom to a lesser extent than that in the monomer

The aim of the present section is to understand qualitatively (24 rather than 34% of the H displacement), apparently due to
the intensities of the infrared OH and-@H+ stretch bands  the electrostatic repulsion from the acceptor lone pair. On the
(which dominate the spectra of the systems of present interest)other hand, the acceptor lone pair is displaced slightly toward
and their responses to intermolecular bonding. This section the approaching H atom, amplifying the change in the dipole.
explains why hydrogen bonding dramatically increases the OH Therefore, now, the dipole derivative with respect to the bonding
stretch intensity and why the ‘©H* stretch band of the H displacement is much larger than that in the monqmérGG
protonated dimer in the gas phase and in the condensed phase@ebye/'&' 95% 9f the value which would be obtained solely
is unusually intense. As noted above, the analysis is carried outT™OM the “bare” proton displacement. The effects of the
with the help of Wannier centers. In the calculation of the system €lectronic clouds of the two dimer molecules on the dipole
dipole, Wannier centers can be viewed as discretized “locations” derivative cancel to a significant extent since the H atom drags
of valence electron paifé4449Thus, it is enlightening to analyze the electronic cloud of the acceptor toward it and the electronic
dipole derivatives with respect to vibrational coordinates in terms ¢loud of the donor behind it. If we consider thécomponegt
of displacements of Wannier centers, which are associated with@/0ng the donor OH bond (which is equal to 2.59 Debye/A and
nuclear vibrations. The numerical results are summarized in @MOunts to 97% of the tota), the different contributions can
Table 1. (For the past effort in this direction with application P& written as 4.8 Debye/A from “bare” proton displacement
to the water dimer, see ref 67; that study employed a different MINUS 3.10 Debye/A from the donor felectronlc cloud plus 0.89
“charge-charge flux overlap” analysis and assigned changes Deby(.e/A from the acc.ept(.)r electromc.cloud. .
in the dipole derivative upon hydrogen bonding to charge  An isolated Zundel ion is then considered (Figure 2C). The
transfer and polarization effects.) asymmetric stretch of the central proton corresponds to an

Consider first the water monomer. At the present level of unusually intense IR absorption, as demonstrated in the past
the calculation, the OH distance and angle at the minimum by calculation®6359and by experiment’~'° In accord with
energy configuration are 0.983 A and 102.8nd the molecular ~ chemical intuition, the central proton is bonded to each O atom
dipole is 2.14 Debye (the reported experimental values, from Vvia one of its lone pairs. At equilibrium, the \\-O distance

the compilation in ref 65, are 0.950.959 A, 103.9-105.0, is 0.43 A, significantly larger than the values for either the water
and 1.855 Debye). The location of the four Wannier centers monomer (0.31 A) or the water dimer (0.33 A).
(Figure 2A) is in accord with chemical intuition. The two “lone Displacement of the central Zundel proton results in a dipole

pair” centers (W) are at a distance of 0.31 A from the O atoms. change along the ®H direction. The corresponding dipole
The “bonding electron pairs” ({y are near the middles of the  derivative with respect to proton displacemerit = 9.15
respective OH bonds, 0.54 A from the O atom, slightly (0.1 A) Debye/A is nearly two times larger than the value which would
closer to H than to O. The angles formed by the Wannier be obtained from “bare” proton displacement! This large
centers are \W/++O-+*W,, = 101°, Wy*++O--*W), = 108, and amplification is due to the concurrent electron-cloud displace-
Wipe+-O-+*W), = 122, Thus, the four “electron pairs” as  ment. Three-quarters of the amplification is due to the electron
represented by the Wannier centers adopt an approximatelypairs of the two O atoms, which form the bond to the central
tetrahedral arrangement. proton. As the proton moves toward one of the lone pairs, the
The dipole derivative: with respect to OH bond stretching  corresponding H---O bond is strengthened, and the electron
is now considered for the water monomer. The derivative was pair is displaced toward the proton, amplifying the dipole. At
calculated by displacipa H atom along one of the OH bonds the same time, the second™H-O bond is stretched and
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R Finally, we consider an acid solution with two fully ionized
. HCIl molecules and 62 water molecules in a cubic box of
Fo.cig ; M o.cie) dimension 12.4138 A. A configuration was selected from an
o ab initio molecular dynamics run at a mean temperature of 321
..,W_)_{ K. In this configuration, one of the cations approached a Zundel-
like configuration, with an ©-O distance of 2.46 A and the
two O---H* distances of 1.13 and 1.34 A, respectively. The
change of the system dipole was calculated upon displacing the
proton along the shorter-©H" vector (which is nearly collinear
with the O--O vector, with an @-H*---O angle of 166). The
\ corresponding dipole derivative was again very large, 10.61
[ e Debye/A, and similar to the dihydrate value. Again, the
L i amplification with respect to the bare proton value originated
P ey P predominantly from the electrons of the two water molecules
2.9 3 3.1 3.2 3.3 comprising the BHO-++H*++-OH, unit. The respective contribu-
0..Cl distance [angstrom] tions tou' can be written as the bare proton value of 4.8
Figure 3. The inset displays a solvated®+-H*+--OH, unit in the Debye/A plus 1.66 Debye/A from the electrons of the water
crystal dihydrate structure. Cl, O, and H correspond to large green, molecule nearer to the proton plus 2.67 Debye/A from the
small red, and small white circles, respectively. The black dotted curve electrons of the second water molecule plus 0.57 Debye/A from
represents the computed distribution of the near-neighborCD four near-neighbor water molecules and a chloride ion that

distanceso...cii), | = 1, 4 (see inset), averaged over a 1.8 ps trajectory ; et ;

of the crystal (o)lihydrate at an average temperature of 120 K. The red are adjacent to_ the 40 H. OHZ. unit plus 0.91 Debye/A
solid curve represents the distribution of averages-, j = 1, 2 of from the remaining solution. It is of interest to note_ that
the two near-neighbor ®Cl distances of the different water molecules  the water molecule more weakly bound to the proton in the
(r1=0.5¢0--cia) T ro-ci@), (2= 0.5¢0--ci3) + ro--ci@)); this bimodal H,0--+HT-+-OH, unit contributes more ta.' than the more
distribution demonstrates the asymmetry of the average solvation strongly bound molecule. However, unlike the case of the

environment of the two ends of the “semi-hydronium” unit. The green dihydrate, most of the/ amplification beyond the pD---
dashed and blue detlashed curves represent the same two distributions H*---OH, unit does not originate from the adjacent solvating

as the two previous ones for the distances averaged over 0.1 ps sections | les: h . b lative |
of the trajectory rather than over the entire trajectory. Note that the MO!€CUIES; rather, it appears to be a cumulative long-range

latter distributions are not bimodal. response of the solution electrons.

The dipole derivative was also examined with respect to one
weakened, resulting in electron pair displacement toward its of the edge OH bonds of the,B-+-H*---OH, unit in solution,
oxygen and away from the central proton, an effect which of length 1.05 A. The resulting’ value is 7.28 Debye/A. The
doubles the:' amplification. contribution from the water molecule containing the OH is close

The dipole derivative with respect to the edge water OH to the bare proton value; the reduction due to its electrons is
stretch in the Zundel ion is 2.14 Debye/A, significantly smaller modest. The amplification gf' with respect to the bare proton
than the derivative with respect to the central proton but still value is due predominantly to the electrons of the water molecule
3.5 times larger than the value for the isolated water monomer. to which OH is H-bonded; the contribution of these electrons
The displaced proton of OH now “drags” behind it only the to ' is 2.08 Debye/A.
lone pair of the corresponding OH bond rather than the entire  Finally, dipole derivatives were calculated with respect to
H,O electronic cloud, as in the case of the monomer. two OH bonds of the four-coordinated water molecules selected

The dipole derivatives in the crystal HCI dihydrate are now from the solution. The corresponding dipole derivatives were
considered (at the minimum-energy configuration). The calcu- 4.53 and 3.12 Debye/A. The larger dipole derivative is associ-
lated dipole derivative with respect to the-@H* stretch in the ated with the shorter hydrogen bond (the correspondingCD
H,0-++H*++OH, unit is even larger than that in the gaseous distances to the acceptor water molecules are 2.82 and 2.91 A).
Zundel ion, 11.38 Debye/A. The contribution of the protonated The contributions of the entire water molecule with all of its
dimer unit itself, 9.44 Debye/A, is similar to that of the gaseous €lectrons to the two dipole derivatives are 2.76 and 2.10 Debye/
Zundel ion discussed above. Most (86%) of the amplification A, indicating ~50% 4’ reduction by electrons with respect to
with respect to the gas phase is due to the electrons of the fourthe bare proton value. Most of the additional contributiopr'to
near-neighbor Clions, which solvate the protonated dimer unit. (1.10 and 0.75 Debye/A) originates from the electrons of the
As discussed in the next section, the unit is somewhat asym-acceptor water molecule to which the OH is bonded. &he
metric, with the central proton closer by 0.17 A (at minimum) amplification by the proton-acceptor electrons is similar to the
to one of the neighboring O atoms than to the other. Interest- one obtained in the water dimer.

15

10

T o.cin) il o.cig

ingly, the contribution to the' amplification of chloride ions Summarizing, the dipole derivative' with respect to the
adjacent to the less well solvated®t--H*++:OH, (CI(3) and  proton displacement in the OH and-@4* bonds can be either
CI(4) in the inset of Figure 3) edge is somewhat large2(%) reduced or amplified with respect to the bare-proton displace-
than that of the chloride ions at the better-solvated edge (CI(1) ment by the concurrent displacements of the electronic cloud.
and CI(2) in the inset of Figure 3). In the case of H-bonded OH, the electron pair toward which

The dipole derivative with respect to OH stretch of the (better- the proton is displaced moves in the opposite direction,
solvated) water at the #---H"-+-OH, unit edge is also large, = amplifying the dipole derivative. The bonding electron pair of
7.60 Debye/A. Interestingly, slightly more than half of this value the OH follows the displacement of the proton, thus reducing
is due to the electrons of the near-neighbor chloride. That is, they' value. In the case of the Zundel ion, the electron clouds
displacement of the proton toward Gor away from it affects of both water molecules move in the opposite direction from
strongly the electrons of the polarizable anion, resulting in the the proton displacement, resulting in the very large dipole
calculatedu’ amplification. derivative.
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Structures and IR spectra of the different HCI hydrates will close to 1 was shown to depend strongly on experimental

be now discussed in detail. preparation conditions, as evidenced by the variability of the
spectra. Low temperatureyl5 K, deposits obtained in the
IV. Monohydrate: Summary of Results presence of excess HCl appear to be largely molecular. Heating

to ~100 K results in a largely ionic solid dominated by®t

and CI ions, which includes, however, a significant fraction
of unreacted molecules; the corresponding spectrum is remark-
ably similar to that of the crystal monohydrate. This is in contrast
to the nominally 1:1 HCI/HO deposit, whose spectrum is quite
distinct, and indicates enrichment in Zundel ions. Direct 1:1
deposition appears to result in a solid which is deficient in HCI;
that is, the resulting HCI/BO ratio is less than 1.

X-ray investigation of the monohydrdteevealed a structure
composed of BO™ and CI. X-ray diffraction patterns indicated
hexagonal sheets of Clin a periodic arrangement. The data
were interpreted initially in terms of a ferroelectric structure
with each HO™ straddling three Clions in a sheet. However,
this structure corresponds to a single orientation of the hydro-
nium, while the X-ray data indicated an element of disorder
corresponding to two possible orientations for the hydronium
ions. The experimentalists interpreted the results in terms of a .
disordered structure in which three-coordinated hydronium ions V. Crystal HCL Dihydrate
can bond to Ct sheets from either side. Later computational The crystal dihydrate structure, derived from X-ray diffrac-
studied”*8demonstrated instability of the suggested disordered tion, was described as composed of Zundel units, solvated by
structure. chloride ions?* with an O+-O distance of 2.41 A. The location

The HCI monohydrate structure was addressed by us in aof heavy atoms (Cl, O) derived from X-ray diffraction is
recent study?® Alternative molecular arrangements were ex- expected to be much more reliable than that of the H atoms.
plored. The study included searches for possible crystal The computed near-neighbor<@D distance was 2.44 A for
structures, calculations of their X-ray diffraction patterns, and both the minimum energy structure and the trajectory average;
on-the-fly simulations of their IR spectra. this value is somewhat larger than the X-ray value but similar

Searches for alternative crystal structures yielded a numberto the one obtained in the CPMD study of Sillanpaa and
of antiferroelectric models, with a Clframe similar to that Laasonen (2.45 A3 However the protonated water dimer unit
derived from X-ray diffraction. Still, the best agreement between in our model structure is clearly asymmetric and can be
the computations and the experimental data (the diffraction described as “semi-Zundel”. The central proton is closer by
patterns and the IR spectra) was obtained for the original 0.17 A (at minimum), or 0.13 A (average over trajectory), to
ferroelectric structure, which thus appears to be the dominantone of the neighboring O atoms than to the other. This result is
component of the crystal. The presence of distinct hydronium qualitatively consistent with the asymmetry of the solvating
orientations is attributed to the presence of ferroelectric domainsenvironment of the protonated water dimer unit. The near-
whose dipoles cancel one another. Such domains commonlyneighbor G--Cl distances derived from X-ray diffraction for
occur in ferroelectric substances. In the absence of domains,the more strongly and more weakly solvategOHwere 3.04
one would obtain a ferroelectric solid enclosed by positively and 3.06 A and 3.09 and 3.10 A, respectively. The computed
and negatively charged surfaces. The surface charges woulddistribution of near-neighbor ©®CI distances, averaged over
generate a macroscopic electric field within the solid, which the trajectory, appears consistent with the diffraction experiment;
would substantially raise the energy of the matefiat was the distribution is multimodal due to presence of geometrically
shown that different domains can be accommodated in ainequivalent G--Cl distances in the finite duration trajectory
continuous CI frame at a modest energy cost. One of the and includes peaks ranging from 3.02 to 3.10 A (Figure 3,
antiferroelectric models appears to serve as a transition structuredotted). The asymmetry of solvation of the two water molecules
between the different domains. is seen more clearly from the distribution of averages of the

In addition, an on-the-fly study revealed strikingly anharmonic two near-neighbor ©-Cl distances of the different water
vibrational dynamics of the monohydrate syst&nThe mea- molecules; as seen in Figure 3 (solid curve), this distribution is
sured FTIR spectrum, displayed in Figure 1, is dominated by clearly bimodal. However, the solvation environment of each
an intense OH stretch band that peaks at 2553'cwith H,0---H*---OH, unit is not static but rather undergoes continu-
accompanying high-frequency sub-bands. This band complexous modulation due to lattice vibrations, the fact which, as
could be reproduced quite well by the on-the-fly simulation. explained below, has a rather dramatic effect on the spectrum.
The calculation shows that the band does not reflect the Thus, for example, the distribution of mean-€l distances,
vibrational density of frequencies. It was found that the peak averaged over 100 consecutive MD steps rather than over the
originates from specific sections of an anharmonic trajectory entire 1.8 ps trajectory, is much broader and unimodal (Figure
involving hydronium ions and lattice vibrations. Lattice motions 3, dashed and detdashed lines).
are an order of magnitude slower than the OH stretch vibrations. The computed IR spectrum of the dihydrate is shown in
The OH stretch intensity and frequency vary as a function of Figure 4A. The major features in the computed spectrum have
intermolecular configurations probed by the lattice motion. The experimental counterparts; the computed spectrum has some
observed infrared OH stretch peak originates predominantly extra structure with respect to experiment, presumably due to
from those hydronium ions which happen to oscillate in the the limited duration of the trajectory and the absence of quantum
direction of one of the neighboring Clons, along the bisector  nuclear effects. The band at3000 cni? originates from the
of the respective Ct--Cl~---Cl~ angle; when the corresponding OH stretch of the two sides of the,&:+<H*+:+OH, unit; the
O---Cl distance is close to the minimum, the OH bond nearest high- and the low-frequency ends of the band originate from
to CI~ acquires a large oscillating dipole in conjunction with a the more weakly and more strongly solvateg-irespectively.
low vibration frequency, resulting in the observed 2553 €m  The calculation overestimates the intensity ratio of the low- and
feature. high-frequency sub-bands of this feature. The intense features

Finally, the amorphous analogue of the HCI monohydrate below 2100 cm?, which are absent in the monohydrate,
crystal was explored both experimentally and computatioflly. originate from the central proton of the;@:-+H"+--OH, unit.

The composition of amorphous hydrates with a HG@Hatio The integrated intensity ratio of the OH stretch and the proton
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Figure 4. Bottom panel: Experimental spectrum of the crystal HCI

dihydrate, same as that in Figure 1. (A) Spectrum of the dihydrate,
calculated from the Fourier transform of the system dipole for an 8 ps
trajectory at an average temperature of 154 K. (B) The black solid

curve represents an average Fourier transform of all of the OH bonds.

For the center @-H™ distance of the kD-++H*-+-OH, unit, that distance
which is shorter at equilibrium was used. The green dotted curve
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Figure 5. Top panel: time dependence of the twe-®I" distances

(in A) for one of the protons in the dihydrate. Bottom panel: The solid
curve represents the-©H™ distance, which is shorter on average than
the black curve of the top panel, averaged over fast oscillations. Bottom
panel: The dotdashed curve represents the asymmetrie@ stretch
coordinaterasy, for the same KO-+-H*++-OH, unit; rasy = (ro-.ciay +
roci@) — (fo--ciz) + ro--cia), where the indices 1 and 2 refer to the
near-neighbor distances for the hydronium-like edge of the unit and 3
and 4 refer to the near-neighbor distances for the water-like edge (see
inset of Figure 3). The two bottom plots were shifted and rescaled with
respect to each other to emphasize the correlation.

transferred toward the midpoint of the dimer unit, which then
resembles a symmetric Zundel ion; during the latter sections,
the frequency of @-H* stretch is relatively low; see the Fourier
transforms of the @-H™ distance in the “top” and “bottom”

represents the average Fourier transform of all of the HOH angles attrajectory sections, shown in Figure 4C.

the two sides of the protonated dimer units. (C) The black solid curve
represents the Fourier transform of the ®* distance for one of the
H2O-+-H*---OH, units, as shown in Figure 5, top. The red dotted and
blue dot-dashed curves represent Fourier transforms of trajectory
sections marked “bottom” and “top”, respectively, in Figure 5. The
spectra were calculated with 10 chresolution. The solid-line spectra
were subsequently averaged over 50 Eintervals.

It is seen in Figure 5 that the proton motion occurs on two
time scales. Fast oscillations take place around a temporary
“equilibrium distance’req, Which fluctuates on a much longer
time scale of a few hundred femtoseconds (fs). The fluctuations
of req are strongly coupled to the fluctuations of the solvating
environment, most notably, to the asymmetric lattice vibration

band complex is only 1.6, despite the fact that there are four Fasy = (fo--cip) + ro--ci) ~ (fo--ci@) + ro--cia), where the
times more OH bonds than protons. In this system, the shapeindices 1 and 2 refer to near-neighbor- @l distances for the

of the O--H stretch density of frequencies (i.e., the average
Fourier transform of all of the OH bonds, Figure 4B) is fairly
similar to the dipole spectrum (Figure 4A). The experimental
gross structure of the proton band complex, a featurela00
cmt, and a broad band below 1500 thiis reproduced
qualitatively by the calculation. The origin of the two proton

hydronium-like edge of the unit and 3 and 4 refer to near-
neighbor distances for the water-like edge. The trajectory of
rasyis displayed in Figure 5 (detdashed curve in the bottom
panel), together witheq (solid curve); the correlation between
the two is apparent. The frequency of thgy lattice vibration

is ~145 cntl. For other protonated dimer units, one observes

features is now considered. Past studies of the gaseous Zundefimilar trajectories, with preferential proton bonding to one of
ion suggest assignment of the low-frequency band to the the O atoms and occasional periods of more egalitarian proton

asymmetric proton stretch, and thel700 cnt! feature is
assigned to water bending, with the intensity amplified by
coupling to the central proton motiéf However, analysis of
on-the-fly trajectories indicates that the dynamics of the

sharing. Sometimes, one observes full proton transfer to the other
O atom, but these events are relatively brief and infrequent.

In other words, the proton spectrum reflects the dynamics of
the solvating environment. In the limit of an asymmetric

protonated dimer unit in our condensed-phase system differs€nvironment, in which one end of the protonated dimer is much

considerably from that of the gaseous Zundel ion.

The top panel of Figure 5 shows a sample trajectory of a
central proton in a pD---H™---OH, unit. In sections of the
trajectory, the shorter of the two-©H* distances oscillates
around 1.1 A, and the longer one oscillates around 1.35 A.

nearer to its solvating chloride ions than the other, the dimer
resembles a H-bonded hydronitiwater pair and absorbs
infrared radiation at-1700 cnt?. In the other limit, temporary
“symmetrization” of the solvating environment takes place; the
proton is displaced toward the center of the unit, which becomes

During these sections (such as the one marked “bottom”), the Zundel-like, and absorbs strongly in the 16a0100 cnt*
protonated water dimer can be described as containing aregime. The broad range of the solvation states spanned by these
distorted hydronium ion, connected via a strong hydrogen bond two limits is reflected by the large width of the proton band.

to a water molecule. During other sections of the trajectories
(such as the one marked “top” in Figure 5), the proton is

In both the experimental and the computed dihydrate spec-
trum, the proton band complex below 2100 dnmcan be
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Figure 6. Distribution of the O--H" distances. Definition of the
distances: The triangle left and filled circle represent the distance
between O and the central proton of theQ--H"-+-OH, unit in the
trinydrate and the dihydrate, respectively. The shorter of the two
distances was used. The triangle down, the square, and the diamon J0-++H +++-OH, configuration, the shorte(O--+H*) distance was used.

represent the longest OH distance of th©Hunit in the monohydrate, g s . ;
hexahydrate, and water, respectively. The large peak of the monohydrateBOttom panels display s[mllar contour plots but Wlth_coordlnate values
¥ ! averaged over consecutive 30 fs stretches of the trajectory (on the order

was truncated to emphasize the remaining plots. In the aqueous solution, S SN ; A
the proton was assigned to the instantaneously near-neighjfor H of th_e p_roton'oscnlatlon period); thlis’ correlatlon§ of the “temporary
molecule (see text for further explanation)rfi@ 7 pssimulation of a equilibrium distancea, = <r(Q-+-H")> are examinedfasy = (fo--

solution of 1 HCI in 63 water molecules at an average temperature of & * fo--ci@) — (fo-cie) + ro--cre), where the indices 1 and 2 refer
301 K. All distributions are from instantaneous configurations along © the near-neighbor distances for the hydronium-like edge of the unit

the trajectories. The exception is the curve for the trihydrate with andSand 4 re_fer to the near-neighbor distances for the water-like edge
unfilled circles, which is a distribution of averages of the- @~ (see inset of Figure 3). The two bottom plots were shifted and rescaled

distances over consecutive 30 fs stretches of the trajectory, on the order” ith respect to each other to emphasize the correlation. Contour range,

e : . . spacing: (A) 0.0060.036, 0.006; (B) 0.0030.018, 0.003; (C)
ic;:‘tst:act\i/(ljt:]re\l}mréal period of the central proton. The arrow is explained 0.0038-0.019, 0.0038; (D) 0.0020.01, 0.002.

Figure 7. Correlation diagrams of system coordinates in the dihydrate,
obtained from all configurations of an 8 ps trajectory at an average
temperature of 154 K. All coordinates are in angstrom units. Top
panels: contour plots of instantaneous valueg©f--H") against the
symmetric solvation coordinatgs, (B) and againsto...o (D). For each

described as a broad doublet with substructure (Figure 4). Ther, ... The distributions maximize at values near the minimum-
origin of the doublet is of some interest since, as seen in Figure energy configuration. The bottom panels display similar contour
6, the distribution ofr(O--H") distances in the dihydrate is  pots but with coordinate values averaged over consecutive 30

bhm%q bL.IE)UI’_IimO(.:al. Thus, when integrated over the Simﬁlaﬂﬁn' fs stretches of a trajectory (on the order of the proton oscillation
the distribution of proton states appears continuous rather t anperiod); thus, structural correlations of the “temporary equilib-

_blmodal. The apparent explanatlo_n of the two distinct featurgs rium distance” of (O+-+H") are examined. The bottom-left panel
in the proton spectrum can be obtained by noting that the Fourier.

transform of the bending coordinate of water at the edges of Is of partigular interest_. Unlike the top pane_l, th_e_distribution
the HO++H*++-OH, units peaks at the “hole” in the proton band does not+d|splay amaximum atthe asym_metnc minimum-energy
at ~1600 cntl. Thus, rather than viewing the proton band as H20-+-H _"'OHZ cohflgurathn; ra_ther, It maximizes at the_
a doublet, one should view it as a single broad band originating SYmmetric Zundel-like configuration, with a substantial tail
from the H™ asymmetric stretch, with an “Evans’s holé"2in toward hydronium-like configurations.
the middle, originating from the bending. The physical situation ~ One may note that the asymmetric character of the protonated
corresponds to a vibrational excitation (in our case, an asym-water dimer obtained in the present study is more pronounced
metric proton stretch of the 4@---H*+--OH, units) associated  than that obtained in the CPMD study of ref 38. There, the
with a broad frequency range and a large dipole derivative. ayerage difference in the two near-neighbor-8" distances
Within the corresponding ba_ndwidth,_ anothgr vibrational mode 55 only~0.04 A rather than 0.13 A, as obtained here. We do
(in our case, water bending) is associated with a much narrowerp ot know the reason for that difference; some of the deviation
frequency span and a much smaller dipole derivative. Coupling oy he due to our use of a slightly distorted crystal structure
results in. compound vibrationall excitations. In the' vicinity of in order to fit the model into an orthorhombic simulation box
tzzrtliegglr?(% r:z;eggr?t?i(t:))ﬁ titgr?, ?ﬁllf?hztzire;g:_e dg%ﬂgﬁ;gdsg %éze(see Computational Details). However, the reaso_nable agreement
are pushed to higher and lower frequencies by the coupling. between computed and measured IR spgctra (Figure 4) suggests
The result is low excitation intensity in the vicinity of the that Fhe .present I’ESUJ'[S.aI’e at least qualitatively correct. Also, a
distribution of O--Cl~ distances computed here appears con-

bending frequency, and an “Evans’s hole” appears in the X
spectrum. sistent with X-ray data (see above), and the asymmetry of the

Additional insight into proton correlation with the fluctuating C!~ solvation shell (which was also derived from X-ray
solvation environment is presented in Figure 7. The top panels diffraction) is the reason for the average asymmetry of the
show contour plots of instantaneous values(6f---H*) against ~ Hz0+-*H"+--:OH, unit. Reference 38 employed a different
the asymmetric solvation coordinatgy (left, top) and against ~ on-the-fly code, with an expanded experimental unit cell
ro--o (right, top). Both plots display some correlation, which containing 8 and 16 formula units. The dipole spectrum was
however appears somewhat more pronouncedjfQthan for not calculated in that study; their reported (isotopically shifted)
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proton power spectrum for the deuterated system includes a
doublet below 2100 crit similar to the one shown in Figure
4B.

One aspect of the dihydrate spectroscethe isotopic
substitution effectwas already examined by us in a past
publication3® Analysis of experimental IR spectra as a function
of the H/D ratio showed that the central position in the e o
protonated dimer is occupied preferentially by H rather than
by D. A similar effect was reported in ref 30 for another acid ke 14_00 1100 800
hydrate system. Computational analysis employing diffusion
Monte Carlo, in fact, demonstrate H preference for the central
position in the gaseous Zundel ion. A similar demonstration in
the dihydrate system would require inclusion of nuclear quantum
mechanical effects, for example via path integral Monte Carlo
simulation!337 Such studies will be pursued in the future and
will be applied additionally to the analysis of isotopic substitu- o

tion effects on the OH stretch band of the different hydrates. 3500 2500
The OH stretch bands of the dihydrate and of the other hydrates
as well are structured due to the presence of inequivalent lattice A

sites, and isotopic fractionation at the different sites was already 2
demonstrated spectroscopically (using the dependence of the'w
sub-band intensities on the H/D rafip

Inten

VI. HCL Trihydrate ’

X-ray study of this crystal revealed chains with protonated
dimer units HO:+-H*+--OH, interspersed by water molecuk&s. 3500 2500 150 500
The protonated dimer was described as a Zundel ion with a . 9<an
short O-+O distance of 2.43 A. At each end of,@-+H*-- EXD-
OH,, water donates a hydrogen that bonds to the solvatyp@y H
along the chain and another hydrogen that bonds to The
solvating water molecule acts as a proton donor to two chloride
ions. The computed average-@D distances along the chain
are 2.46, 2.67, and 2.69 A, respectively, corresponding to the
short bond and the two normal hydrogen bonds at the two ends .
of HyO---H*+--:OH,; the corresponding values derived from 3500

2500 1500 500

X-ray diffraction are 2.43, 2.65 and 2.75 A, respectively.
Similar to the dihydrate case, the solvating environment of frequency [cm'1]

the protonated dimer is asymmetric; the-@ and G--Cl Figure 8. Bottom panel: Experimental spectrum of the crystal HCI
distances at the two ends of the protonated dimer are 2.65 andrihydrate, same as Figure 1. (A) The black solid curve represents the
3.01 A and 2.75 and 3.05 A, respectively. This asymmetry spectrum of the trihydrate, calculated from the Fourier transform of
appears underestimated in the present model; as noted abovehe system dipole, foa 3 pstrajectory at a mean temperature of 117
the calculated difference between the short and the longO K. The red dotted curve represents the OH density of frequencies,
distance is 0.02 rather than 0.10 A. The calculated mean calculated as an average Fourier transform of all OH bonds. For the

. JPe . center O--H* distance of the bD---H*--OH, units, that distance which
difference between the two-©H™ distances in the protonated is shorter at equilibrium was used. (B) Fourier transforms of sections

dimer unit is only 0.03 A As explained below, the asymmetry o the trajectory of the shorter of the twoGH* distances for one of
resulting from dynamic fluctuations of the environment is much  the protonated dimer units; the respective sections are marked by arrows
larger than this mean difference. in Figure 10B. Solid and detdashed spectra correspond to trajectory

The spectrum of the trihydrate is displayed in Figures 1, 8, Sections at 11081400 and 16062000 fs, respectively. (C)lAnaIysis
and 9. As seen in Figure 1, the general shape of the trihydrateOf contributions to the dipole spectrum in the 80B00 cn1? range.

. The black solid curve represents the dipole spectrum; the red dotted
spectrum appears to be related to that of the dihydrate. E"Ondcurve corresponds to the average Fourier transform of all OH bonds;

trajectories exemplifying the corresponding vibrational dynamics the green and blue curves represent the average Fourier transform of
are shown in Figure 10. the HOH bending in the yO---H*+--OH, units and in solvating water,
The trihydrate vibration dynamics is more fluxional than that respectively.
of the dihydrate, the apparent reason being the presence of theccurs. Due to the asymmetry of the average solvating environ-
H-bonded water chains. Recall that in the case of the dihydrate,ment, there is some preference for one of the sides, but both
the proton displayed much of the time preference for one side are visited. As in the case of the dihydrate, the proton responds
of the protonated dimer unit, with occasional bouts of more to the temporary solvation environment of the protonated water
egalitarian proton sharing between the two water molecules. In dimer, as determined by the phase of the local lattice motion.
the case of the trihydrate, the proton forms temporary “hydro- Similarly to the dihydrate, it is found that the temporary
nium” units with the water molecules on either side of the *“equilibrium distance” of the proton fast oscillations correlates
protonated water dimer. This proton dynamics is demonstratedstrongly with the vibrations of the asymmetric solvation
in Figure 10B. The proton oscillates for a fraction of a coordinaterasy= (ro..ci1) + ro-o@) — (ro--ci2) + ro-o0e),
picosecond near one of the O atoms (at a distancelof A), where the indices 1 and 2 refer to the near-neighbor distances
and then, a quick transition to the vicinity of the other O atom for the two ends of the protonated dimer unit; see panels A and
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trinydrate crystal structure. Cl, O, and H are marked green, red, and
Figure 9. Bottom: The black solid curve is the spectrum of crystal white, respectively. The large white circle denotes the proton at the
trihydrate, calculated from the Fourier transform of the system dipole, center of the KO-+-H*++OH, unit. (A) The trajectory of the asymmetric
in the OH stretch region. The red dotted curve corresponds to the solvation coordinate of one of the protonated dimer units in the
average Fourier transform of all of the OH bonds—(B) Fourier trihydrate;rasy = (ro--ciqy + fo-o@) — (Fo-ci@) + fo-o(), Where the
transforms of bond trajectories for different types of OH bonds. (B) indices 1 and 2 refer to the near-neighbor distances for the two ends of
OH bonds at the edge of ;@::-H*:-:OH,, for bonds which are  the protonated dimer unit; see left inset at the bottom. (B) time
H-bonded to water along the chain. (C) OH bonds at the edge of dependence of the two-©H™ distances in the same dimer. (C) OH
H20:++H*++-OH,, for bonds which are H-bonded to halide ions. (D)  bond lengths at the edge of the dimer unit for bonds which are H-bonded
OH bonds of solvating bD. The dotted green and the solid blue curves  to water along the chain. (D) OH bond lengths at the edge of the dimer
refer to the more weakly and more strongly H-bonded OH, respectively. unit for bonds which are H-bonded to halide ions. (E) OH bond lengths
The inset at the top displays a section of the trihydrate crystal structure. of one of the neighboring solvating water molecules. The black and
Cl, O, and H correspond to large green, medium red, and small white the red curves in EE pertain to the more strongly and more weakly
circles, respectively. The large white circle denotes the proton at the H-bonded OH, respectively. The numbers denote average bond lengths,
center of the BO--H*+:-OH, unit. The location of the OH bonds  with a standard deviation. For comparison, the mean OH bond length
(B—D) is marked in the inset. for the edges of the dihydrate protonated dimer units was 1.01 A. The
location of the OH bonds (€E) is marked in the right inset at the
B of Figure 10. The frequency of proton oscillation in the bottom.
“H30"-+-H 0" configuration, that is, at the extrema nfy is
relatively high,~1700 cnt®; see Figure 8B. A peak around IS, more or less egalitarian proton sharing. For that purpose,
this frequency is seen both in the density of the--B contour plots are displayed similar to those shown for the
frequencies and in the IR spectrum (dashed and solid curves dihydrate (Figure 11). Of present interest are the bottom
respectively, in Figure 8A). Occasionally, the solvating environ- contours, which are averaged over 30 fs consecutive stretches
ment of the protonated dimer becomes approximately symmetricof a trajectory, on the order of the proton oscillation period.
for several hundred femtoseconds, as in the section of the The bottom-left plot includes a maximum around the zero value
trajectory at~1200 fs in Figure 10A,B; during this section, the of the asymmetric solvation coordinate and a large average
amplitude of the ,syoscillation is especially small. During that ~ O---H* distance £1.21 A). This maximum can be reasonably
time, proton sharing takes place, and the dimer accesses assigned to “true Zundel”, while the extension of the contour
Zundel-like configuration. The proton frequency dropstb000 plot toward higher,s/lower r(O---H™) values can be viewed
cm~1 (Figure 8B, black curve), with a concurrent significant as excursions toward hydronium. A similar maximum is
increase in the proton infrared absorption intensity, resulting in observed in the bottom-right contour plot pertainingr 0.0/
an intense broad IR band in the 860400 cnt! range (Figure r(O---H™). Accordingly, “true Zundel” is defined to correspond
8A). The Zundel band has an experimental counterpart peakingto r(O-++H*) =1.175 A, that is, the range in the vicinity of the
at 1019 cm® and decreasing gradually toward high frequency contour plot maxima. Figure 6 shows the distribution of the
(Figure 8, bottom panel). averager(O---H™) values for the trihydrate (open circles); the
One may raise a question of which percentage of protonatedarrow marks the 1.175 A cutoff. With this definition, “true
dimer dynamics represents a “true Zundel” configuration, that Zundel” corresponds te-30% of the trihydrate trajectory.
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trajectory and, also possibly, neglect of nuclear quantum effects.
The interplay between asymmetric proton stretch and water
bending appears to be more complex than that in the case of
the dihydrate, where the bending signature was the antiresonance
“dip” in the proton spectrum at 1600 crh In the case of the
trinydrate, the densities of the bending frequencies peak at 1580
and 1670 cm! for the solvating water and the protonated dimer
units, respectively (Figure 8C). The higher protonated dimer
bending frequency with respect to the dihydrate may be due to
coupling to the solvating water bending or to different solvating
environments. As seen in Figure 8C, the peak of the trihydrate
dipole spectrum at 1690 crhappears at the region of overlap
between peaks in the densities of frequencies of asymmetric
proton stretch and of protonated dimer bending. Thus, the modes
which contribute to this IR feature appear to include both proton
stretch and protonated dimer bending components, and the “dip”
in the spectrum in the 15601600 cnt! range appears to be an
antiresonance with the solvating water bending.

The trihydrate was studied in the past by von Rosenvinge,
Tuckerman, and Klein et &l.using CPMD and CP-PIMD. The
latter scheme includes nuclear quantum mechanical effects,
which were not included in the present study and which are
expected to be nonnegligible in the proton-rich hydrate systems.

Another notable dynamic effect is the correlation between |t was, in fact, shown in ref 37 that substantial broadening of
the proton motion and the OH-bond vibrations along the chain. the proton spatial distribution takes place due to the quantum
This effect can be seen as an incipient “proton wire”. The mechanical effects. A contour plot is presented in that study of
correlation is apparent from panel C of Figure 10, which shows the roo,[r.01) — rp-or] distribution, which in classical
bond trajectories for the two OH bonds along the chain at the tyeatment is unimodal at the most probabig distance but
two sides of the protonated dimer unit. Whenever the proton pecomes bimodal at larger distances; it is shown that quantum
moves to the vicinity of one of the O atoms (see panel B), the effects wipe out the latter bimodality. The corresponding contour
neighboring OH, which is bonded to the same O atom, is pot for the present simulation resembles their classical result.
extended to~1.06 A The effect is not UneXpeCted because the On the other hand, the main dynamical effect described in the
transition occurs from a “water-like” to an “hydl'onium-like” present Study does not seem to depend hea\/”y on the use of
environment near the pertinent O atom and hydronium has c|assical dynamics. The proton motion is shown above to be
|0nger OH bonds than water. |nteresting|y, the OH bonds which Coupled predominantly to the solvation Coordinagey and
are hydrogen-bonded to the oxygen along the chain are muchproton oscillations take place around a temporary minimum
more responSiVe to prOton fluctuations than the donor OH bonds determined by the Curremsy|oca’[ion_ The frequency Spectrum
of the same O atoms, which are H-bonded to the chloride ions of rasyPeaks in the 108200 cn1t range; therefore, this motion
(Figure 10D). Because of the coupling to the proton motion, s not that far from the classical limit. Nevertheless, the classical
the spectrum of the OH bonds along the water chains is condition thatks T > A is not satisfied, except for the lowest-
relatively broad, extending from 2500 to 3400 ch(Figure frequency oscillations of the system. However, this is true for

9). Clearly, these OH bonds dominate the low-frequency wing most of the current computational research of molecular systems
of the OH stretch band, seen both in the calculated IR spectrumemploying classical molecular dynamics.

1.2

1.1

1.2 1.2

<r(O..H+)>

11 1.1

0.0 25
<r(asy)> <R(0..0)>

Figure 11. As in Figure 7, for the trihydraterasy = (fo.-ci2) + ro--

o) — (fo-cie) + ro-o(), where the indices 1 and 2 refer to the near-
neighbor distances for the two ends of the protonated dimer unit; see
left inset of Figure 10. Contour range, spacing: (A) 6-0106, 0.01;

(B) 0.003-0.021, 0.003; (C) 0.0040.024, 0.004; (D) 0.0020.012,
0.002.

and in the experiment (Figures 8 and 9).

The spectroscopy of the HCI trihydrate was investigated in

The measured OH stretch band displays several sub-peaksne past in refs 40 and 41 using harmonic normal-mode analysis

in the 2976-3300 cnt! range and a low-frequency wing
extending down to 2350 cm (Figure 8, bottom). The calcula-
tion yielded a structured band in a somewhat higher frequency
range (3056-3350 cn?) and a low-frequency wing extending

in conjunction with DFT. The OH stretch band complex was
reproduced, but without the low-frequency tail. The computed
spectrum included also a peak at 1600 ¢nassigned to water
bending, and a clump of peaks at1100 cnT?, assigned to

down to 2550 cm*, which however includes a distinct bump  pending and torsional vibrations of the ion, coupled to other
(Figure 8A). The substructure of the OH stretch band is due to jodes of water and lattice. Thus, the assignment is quite

the presence of six inequivalent OH bonds, whose frequency yifferent than the one proposed above based on ab initio
spectra are moreover broadened by coupling to the lattice pojecylar dynamics.

motions (Figure 9). As in the case of the monohyd?atine

IR spectrum differs significantly from the OH density of
frequencies (dotted curve, Figure 9A). It is seen that the high-
frequency end of the density of frequencies, which is due to  The hexahydrate structure is depicted in Figure 12. The
solvating water molecules donating H bonds to the anions, structure was generated using coordinates derived from X-ray

VII. HCL Hexahydrate

carries limited IR intensity.

The proton band complex below 1800 ch(Figure 8)
includes (both in experiment and in calculation) a peak at 1700
cmt, a dip around 15001600 cnt!, and a broad band
extending beyond 1000 crh The computed proton feature is
overstructured with respect to experiment, most likely from finite
dimensionality of the model and a limited duration of the

experimert® as input and subjecting them to BLYP/DZVP
minimization. Some of the OH bond lengths derived from X-ray
data do not make sense since bond lengths in the range ef 0.77
0.98 A were proposed. (X-ray data are however not expected

to be very sensitive to the location of the H atoms). QUICK-

STEP minimization resulted in more physically reasonable OH
bond lengths in the range of 0.99.06 A; the larger values
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Figure 13. As in the top two panels of Figures 7 and 11, for the
hexahydrate. The ©H* distance is defined as the instantaneous longest
OH distance of the D" unit in the hexahydrate. The solvation
coordinate is defined analogously to the dihydrate.gs= (ro.-o@) +
roo@) — (fo-o@ t ro-ow) (as in inset to Figure 3, with the water
molecule bonded to the instantaneously longest OH st replace
chlorine ions in the inset by O atoms of the solvating water molecules).
Contour range, spacing: left panel 0-60.035, 0.005; right 0.0043
0.0163, 0.003.

The solvating water molecules in the hexahydrate form donor
bonds to each other and to chloride ions; the former H bonds
tend to be stronger, as indicated by the slightly larger average
OH bond length (by 0.008 A at the minimum). One finds within
the minimized hexahydrate structure an unusual bifurcated H
bond, in whid a H atom of one of the water molecules is nearly
equidistant to a chloride ion and an O atom of another water
molecule, at a distance of 2.4 A. (Typically H atom of water
in solution or in a solid phase forms a single shorter proton-
Figure 12. Structure of the crystal hexahydrate, generated by the donor bond to either another water molecule or to a negative

BLYP/DZVP-level minimization which employed the published X-ray -5, y A water molecule forming a bifurcated bond is marked
structure as inpu¥€ Hydronium ions are encircled by dashed lines. Large by an arrow in Figure 12

spheres denote chloride ions; note that the depth coordinate (“into the

page”) alternates along the displayed rows of.dlhe arrow marks a The computed hexahydrate spectrum is dominated by the
water molecule which forms the unusual bifurcated pretdonor H water OH stretch band above 3000 ¢mand by a broad
bond to the near-neighbor Chnd to another kD, both to the left of hydronium OH stretch feature extending down+®000 cnt?,

it, as described in the text. to the red from the water OH stretch band (Figure 14A). This

assignment is based on comparison with the respective contribu-
correspond to the constituent hydronium ions. The minimized tions to the OH density of frequencies, shown in Figure 14B.
location of the heavy atoms is within 0.62.12 A from the  The water OH stretch feature is dominated by OH bonds which
location in the unit cell derived from X-ray data. In accord with are H-bonded to KD rather than to chloride since the former
ref 26, the minimized structure is fully ionized, with hydronium  OH corresponds to stronger H bonds and correspondingly larger
ions solvated by a 3D network of water molecules. This is unlike dipole derivatives (compare Figure 14A and C). The computed
the case of the monohydrate, in which the hydronium is solvated water OH stretch feature has an experimental counterpart in a
directly by the chloride ions. The difference in the solvation similar frequency range, although the band substructure (which
environment results in the longest hydronium OH bond length s due to inequivalent OH bonds in the crystal) is not reproduced
distribution peaking at-1.08 A, as compared to 1.05 Ainthe accurately by the calculation. In the region to the red of the
case of the monohydrate (Figure 6). Also, unlikglH in the water band, one sees in the experimental spectrum a fairly
monohydrate, the water-solvated hydronium ion undergoes intense continuum adsorption ending with a “bump” at 1890
occasional excursions toward the Zundel structure, with the cm=1. On the basis of comparison to the calculation, we assign
longest OH reaching lengths as large as 1.15 A. Figure 13 showsthis continuum absorption to the fluxional hydronium stretch
contour plots of instantaneous valuesr@---H*) against the oscillation, although the computation overestimates the relative
asymmetric solvation coordinatgsy (left) and againsto...o intensity of the hydronium absorption with respect to the water
(right). The plots are analogous to the top plots of Figures 7 band. In fact, in the case of the hexahydrate, the general shape
and 11 for the di- and trihydrate. In Figure 13, the-®I* of the measured spectrum is matched better by the OH density
“distance” was defined as the instantaneous longest OH distanceof states than by the dipole spectrum (compare the two curves
of the HO™ unit in the hexahydrate. The solvation coordinate in Figure 14A to experiment). This result may be an artifact of
is defined analogously to the di- and trihydrate &g, = the asymmetry of the simulation box used (12.6604.4528
(foo@ Tt ro-o@) — (fo-o@) + ro-ow) (see inset to Figure  x 17.8979 A), which was dictated by the asymmetry of the
3; replace chlorine ions by O atoms of the solvating water crystal unit cell (6.3302 6.4528x 17.8979 A); a larger box
molecules). The(O---H™) distance range typical of the hexahy- was beyond our computational means. The siatimension
drate is significantly shorter than those of the di- and trinydrate; of the simulation box is expected to introduce artifact phase
nevertheless, both contour plots in Figure 13 display some coincidences into the classical trajectory, which may result in
incipient anticorrelation between-©H* and eitherr sy, or the the overestimated hydronium feature intensity. Similar assign-
O---O distance; this anticorrelation becomes much more pro- ment of the 18663000 cnt! continuum to the hydronium
nounced for the di- and trihydrate (Figures 7 and 11); it is more stretch was made in refs 39 and 41, where the hexahydrate
pronounced forasythan forre...o. The distributions maximize spectra were analyzed in the framework of the harmonic
at values near the minimum-energy configuration. approximation. Within the latter, the hydronium stretch feature
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2 ﬂ EXp- to a 3.5 M concentration, from a 2.5 ps simulation at an average
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6:1 l spectrum of water at 301 K. Cyan: the average of the measured spectra
| 1890 1640 of 2.43 and 4.85 M solutions of HCI in water; from Figure 5 of ref 4.
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V.
. instantaneous normal-mode analysis. The 15B840 and

3500 ffgou aiic [cm1_51?0 500 1680-1880 cn1? spectral regions were assigned to the Eigen
qu y and Zundel ion bending, respectively. The 27@®50 cnt?!
Fig_ure 14. Bottom: experimental_ spectrum of the crystal hexahydrate, range was proposed to originate from an OH stretch of
as in Figure 1. (A) The black solid curve corresponds to the spectrum gymmetrically hydrated hydronium. Additional absorption above
of the hexahydrate, calculated from the Fourier transform of the system 3000 cnt was assianed to water molecules in the first and the
dipole, fa a 3 pstrajectory at a mean temperature of 102 K. The red . g e
second solvation shells of the respective ions.

dotted curve represents the average Fourier transform of all OH bonds. ' - > .
(B) Average Fourier transform of all OH bonds of®i (green, dot Smiechowski and StangPetstudied spectra of HDO isoto-

dashed) and of 0* (blue, solid). (C) Average Fourier transform of  pically diluted in an aqueous acid solution. The analysis was
all OH bonds which are H-bonded to chloride (magenta;-diashed) carried out with the help of ab initio calculations on protonated
and of OH bonds which are H-bonded to water (cyan, solid). The first \yater clusters with two to eight water molecules. They identified
category of_OH belongs to water, while the second belongs to water “an asymmetric variant of the regular Zundel cation” as a
and hydronium. . L2 .
dominant hydrated proton species in solution.
. . The percentage of the “Zundel-like” and “Eigen-like” con-
ggrlrgscpn?rqdr(:\?]gtlza narrow clump of intense peaks in the-2119 figurations in liquid has been a subject of some debate.
' Tuckerman et ai’ suggested a 40:60% ratio, based on inspection
VIIL. HCL A . of CPMD trajectories. Multistate EVB calculations by Voth et
. gueous Solution 145 h . )
al**indicated “a solvation structure composed of a roughly 65:
A. Structure and Spectroscopy of Acid Solutions: Some 35 mixture of the Eigen and Zundel”, although it was empha-
Past Results.There is considerable published literature on the sized that the Eigen and Zundel cations are merely “limiting
subject; for reviews, see, for example, refs 13 and 14. The concepts”. In contrast, Asthagiri et%&largued that the Zundel
present summary is not designed to provide exhaustive coveragecomplex is the dominant species. The argument of ref 56 was
rather, a brief overview is presented of select results and ideasbased on quasichemical theory of solutions and on ab initio
focusing on two aspects, (a) interpretation of the IR spectra andMD simulations. The argument is essentially that the observed
(b) the debate on the relative contributions of the two protonated O---H* distances are too long and the corresponding @

water forms, Eigen and Zundel, to the acid solutions. distances too short for the Eigen ion; still, the authors note that
The acid contributes to the spectrum a continuous IR a “symmetrical ideal Zundel cation is not observed”.
absorption extending over several thousand'¢finom the water Another recent ab initio MD study of HCI solutions by Heuft

stretch band to the water-libration band (Figure 15). Borgis and and MeijeP” employed structural analysis based on the concept
Vuillemier®® employed a multistate EVB model for the analysis of embedded cluster species;®4" was suggested as the

of this continuum. The absorption in the 1660800 cm! range dominant local structural element (50%), with the Zundel
was assigned to a combination of bends and theHD and the Eigen structures corresponding~t30 and~ 15%,
asymmetric stretch of the J---H*---:OH, “complex”. The respectively.

absorption of the Eigen form was proposed to peak at 2650 Botti et al. analyzed neutron diffraction data on a HCI solution

cm~1, while the intermediate frequency range was assigned to using Monte Carlo techniques and allowing bareHhydronium

a bridging region between the two forms, which involves a or Zundel ions into the simulation box. The results could be

“special” O+-H™ bond. interpreted alternatively either in terms of the formation of a
Kim et al®* also employed multistate EVB to analyze the high percentage of asymmetric Zundel complexes or in terms

spectra; there, the assignment was carried out with the help ofof the formation of distorted 0™ and highlighted “the
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difficulty of making a clear distinction between Eigen and solution, while in the monohydrate, solvation is solely due to
Zundel complexes due to the continuous random network of the chloride anions.) Thus, the peak of the-<®l™ distance
hydrogen bonds formed between water and hydrated protons.”distribution for the acid solution can be assigned to the
Finally, Cavalleri et af® tried to assess the percentage of ‘hydronium” or the “Eigen” ion. However the distribution
the two protonated water forms using combined X-ray absorp- includes a long tail extending up te1.2 A, over the entire
tion spectroscopy and computational study of HCI aqueous range of the trihydrate (whose calculated equilibrium structure
solutions. It was concluded that in the-4 M concentration (Hs021)(H20)(CI7) includes a nearly perfect Zundel unit).
range, there is a transition from mostly “distorted Zundel-type Moreover, the @-H™ distance distributions for the hexahydrate
species” to a predominance of the Eigen form. and the trihydrate overlap sinces®" in the hexahydrate

From the above discussion, one gets a sense that Semanticgndergoes occasional excursions toward the Zundel structure,
is involved. That is, the suggested contributions of the two types While the HO-+H*++OH, unit in the trihydrate undergoes
of structures depend crucially on the criterion used to differenti- frequent distortions toward hydronium (see discussion in
ate between them. One may then ask whether an objectivesections VI and VII). One might still try to separate “hydronium-
criterion exists at all. This topic is further discussed in the like”and “Zundel-like” configurations in the liquid using some

following section. kind of cutoff value, for example o = 1.116 A, correspond-
B. Solution: Results and Discussionln this part, simula- N9 t0 the point where the trihydrate and the hexahydrate
tions were carried out for systems wit dissolved HCI distributions intersect. However, inspection of Figure 10B

moleculesN = 1, 2, and 4, and 64N water molecules, at an indicates that thisr(O---H™) value is within the range of
average temperature of 30807 K. The results are presented proton oscillations during sections of the trihydrate trajectory,
below. An effort is made to transfer what we learned from N Which the proton clearly favors one of the ends of the
hydrates to the liquid. Moreover, an attempt is made to addressH20"*"H"++*OH, unit (i.e., “*hydronium-like” MD sections).
the question of whether protonated water in the liquid phase Moreover, contour plots such as the bottom-left panel in Figure

favors the hydronium or the Zundel forms; a variety of opinions 11 suggest that the trihydrate protons spend or80% of their -
found in the literature was sampled above. time in “true” Zundel-like configurations; see discussion in

Some general considerations are first presented. In order toSection V1.
obtain true Zundel or Eigen, the solvating environment must  Another possible way to address the division of proton
acquire symmetry. In the case of Eigen, three equally strong configuration space in solution is to consider hydronium and
proton-donor H bonds of the cation to water are needed. In caseZundel “basins of attraction”, which include the entire ranges
of the Zundel ion, the two ends of the ion must be solvated to of motion covered by the protonated water in hexa- and
a similar extent. Symmetry is not present typically in the liquid trihydrate, respectively. This point of view may have some merit
state and (as shown above) is commonly distorted even in thesince the distance distribution for the solution in Figure 6 can
crystals by the librations of the solvating environment. Even in be roughly reproduced as a linear combination of 35% of that
the case of the trihydrate for which the calculated equilibrium for the hexahydrate and 65% of that for the trihydrate. Moreover,
configuration is close to Zundel, the proton oscillates most of this analysis is qualitatively applicable to the spectrum. As
the time in the vicinity of either of the O atoms, in a short- discussed above, the protonated water spectrum of the hexahy-
lived local minimum dictated by the configuration of the drate extends roughly frory1800 to 3000 cmt. On the other
solvating environment (see Figure 9). Simulations suggest thathand, the di- and trihydrate proton band complex extending from
the hydrated proton in solution displays a continuum of states 900 to 1750 cm! represents absorption by the proton in the
bracketed by these two configurations. In our view, there is no fluctuating “Zundel-like” basin of attraction. Both spectral
obvious criterion to separate this distribution to “hydronium- ranges-for the “fluctuating hydronium” in the hexahydrate and
like” and “Zundel-like” components. To obtain clear separation, for the “fluctuating Zundel ion” in the trihydratecover most
a bimodal distribution of some sort would be needed; otherwise, of the regime of the acid solution continuum absorption. As
the division is arbitrary. We tried and did not succeed to locate seen in Figure 15 and also in Figure 5 of ref 4 (which show IR
any clearly bimodal distributions for the hydrated proton in spectra in the HCI concentration range of :2D.95 M), the
solution. integrated intensity of the hydronium-like contribution to the

Consider, for example, a distribution of @H* distances for ~ Spectrum (to the blue from 1800 c#) is somewhat larger than
the liquid acid solution, which is compared to that for the that of the “Zundel-like” contribution, which is in contrast to
hydrates in Figure 6. In the case of the di- and trihydrate, the the estimates based on t{®---H™) distance distributions noted
shorter of the two distances between O and the central protonabove. Therefore, it is our point of view that quantitative division
of the HO-+-H*++-OH, unit was used to generate the distribu- into two distinct types of protonated water states in solution is
tion. In the case of the monohydrate and the hexahydrate, thenot very meaningful.
distribution pertains to the longest OH distance of ths®©H An additional way to look at the &H' bond length
ion. In the case of the aqueous solution with a single (ionized) distribution is to consider a rescaled asymmetry varigdbte
HCI, each H nucleus was assigned to its near-neighbor O atom.[(0.5r(O-+-O) — r(O---H™)]/r(O---O) (Figure 16), in which the
The “HzO*” unit was identified by the O atom which serves as  symmetric Zundel configuration correspondsdte= 0. In this
a near-neighbor to three H. The distribution shown in Figure 6 presentation, the distribution for the solution covers a similar
pertains to the longest of the corresponding three OH distancesrange as that for the trihydrate, with some excess at the high

It is seen that the latter distribution for the proton in the end corresponding to “semi-hydronium” configurations. The
aqueous solution peaks at 1.1 A, only slightly above the peak high tails of the two distributions extending toward the
of the hexahydrate at1.08 A. Recall that the equilibrium  “hydronium” overlap with each other. The hexahydrate distribu-
structure of the hexahydrate correspond&(tdeO4")(H2O)(Cl™Y) tion peaks at this tail. In this presentation, the distribution for
and, thus, includes Eigen units. (Hexahydrate is used for thethe solution cannot be represented, even qualitatively, as a linear
comparison with solution rather than the monohydrate since, combination of hexahydrate-like and trihydrate-like contribu-
in the hexahydrate, the hydronium is solvated by water, as in tions.
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Figure 16. Distribution of the negative of the instantaneous rescaled 11 12
asymmetry variablé = [(0.5r(O+++O) — r(O-+-H™")]/r(O-+-O) from a r(OH)

7 ps simulation of a solution of 1 HCI in 63 water molecules at an Figure 17. (A—D) Contour plots for OH distances in 4@*” for the
average temperature of 301 K. Definition of distances: The triangle dihydrate, the trihydrate, the hexahydrate, and a solution of a single
represents the distance between O and the central proton of theHCI dissolved in 63 water molecules. All distances are in angstroms.
H20:++H*++-OH, unit in the trihydrate. The shorter of the two distances In each system, the proton was assigned to the instantaneously near-
was used. The square and diamond correspond to the longest OHneighbor water. The horizontal axis corresponds to the longest OH
distance of the ED* unit in the hexahydrate and the aqueous solution, distance in the resulting “40*” unit; the vertical axis corresponds to
respectively. In water, the proton was assigned to the instantaneouslythe average of the two shorter OH distances. (E) Contour plot of the
near-neighbor KD molecule; see text for further explanation. instantaneous values of the longest OH distance g0 against the
asymmetric solvation coordinatgs, for the same HCI solution. The
solvation coordinate is defined analogously to the hydrates as

In further search of some kind of bimodality, which would sy = (fo~o@ + ro--o@) ~ (fo-o@) + lo--ow) (€€ inset to Figure 3;
replace chlorine ions by O atoms of the solvating water molecules).

yield a clear criterion for separation into two distinct proton Contour range, spacing: (A) 0.0028.0265, 0.004; (B) 0.0025

forms in solution, we attempted also two-dimensional plots of o305, 0.004: (C) 0.010.07, 0.015: (D) 0.00250.02, 0.0025: (E)
protonated water properties. An example is shown in Figure 0.002-0.01, 0.002.

17. To generate contour plots D), instantaneous D™ units

in the dihydrate, trihydrate, hexahydrate and water were

identified by (a) finding the nearest-neighbor O for each X. Summary

hydrogen and (b) locating O atoms which have three H atoms  The study presented ab initio MD studies of vibrational
assigned to them. The horizontal axis of the contour plots dynamics and spectra of HCI hydrates and of the aqueous
corresponds to the largest OH bond length in the instantaneousHCl solution. Dipole derivatives with respect to the OH and
H3O™" units, while the vertical axis corresponds to the average O---H* stretch modes (which dominate the spectra of our
of the two shorter ones. Interestingly, two distinct (but not very interest) were also investigated in the pertinent systems.

well separated) maxima were found for the trihydrate (panel  First, the question was addressed why hydrogen bonding
B), peaking at 1.175 and 1.02 A (“Zundel-like” configuration) ~dramatically increases the OH stretch intensity and why the
and at 1.14 and 1.02 A (“semi-hydronium” configuration). For O---H* stretch band of the $O---HT-+-OH, unit in the gas

the dihydrate (panel A), a single maximum was observed at phase and in the condensed phases is unusually intense. The
1.14 and 1.02 A at the “semi-hydronium” configuration. For effect of H bonding on the OH stretch dipole derivatives was
the hexahydrate, a peak appeared at 1.07 and 1.06 A, consisterdnalyzed with the help of the Wannier centers. For the purpose
with the hydronium form of protonated water in the equilibrium  of the calculation of the system dipole, the Wannier centers
configuration; the extent of proton delocalization is much more represent the “average locations” of the system electron pairs
modest than that in the case of the di- and trihydrate. For the and thus are a convenient means for qualitative anai§4%n

HCI solution (panel D), the maximum appeared close to that of the water monomer, the dipole derivative with respect to OH
the hexahydrate, corresponding to the hydronium configuration stretch is reduced significantly with respect to the value obtained
(1.10 and 1.05 A); however, a long tail of the distribution was from bare proton displacement by concurrent electron cloud
observed, including the range covered by the di- and trihydrate. displacement; that is, the electron cloud follows the displaced
Still, within the numerical noise, there is no clear evidence for proton and thus cancels much of the change in the system dipole.
a secondary maximum at a “Zundel-like” configuration for the For the H-bonded OH of the water dimer, the dipole derivative
solution. Only a trace of evidence for a secondary feature in increases dramatically with respect to the monomer due to
the Zundel region (neagsy= 0) is observed in panel E, which  reduced electron following; that is, the electron pair localized
shows a contour plot of the asymmetric solvation coordinate at the OH bond is repulsed by the acceptor lone pair and
versus the longest OH distance of the instantaneq@@s" kinit therefore does not follow the proton displacement as effectively
for the solution. The correlation between the longg€t:--H) as in the isolated molecule. Moreover, the acceptor electron
distance and the asymmetric solvation coordinate appears tocloud is displaced toward the proton due to Coulombic
persist in the liquid phase, similarly to the hydrates (Figures 7 attraction, enhancing the net dipole change. The effect is
and 11). No clear separation into two states could be likewise amplified in extended H-bonded systems in which the ability
inferred from the contour plot of the longegiOH) distance of the donor electronic cloud to follow the proton is further
versus the correspondingO---O) (not shown). reduced by additional hydrogen bonding.
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In the case of the Zundel ionB---H*---OHj,, the dipole concluded that there is no unique objective criterion for
derivative with respect to central proton displacement is larger separating the configurations into the two groups. This is
than the value which would be obtained solely from H because distributions of configurational properties related to the
displacement. As the proton is shifted toward one of the water hydrated proton appear to be continuous and unimodal, covering
molecules and away from another, the displacement of electronthe range bracketed by the two limiting forms. The ideal Zundel
clouds on both water molecules occurs in the opposite direction and Eigen forms themselves are not commonly accessed in the
(due to the respective strengthening and weakening of the twoliquid phase because of the asymmetry of the solvating
O---H* bonds), amplifying the dipole by a factor ef2. An environment.
even larger dipole derivative with respect to proton displacement
was obtained for the #D-+-H*+-OH, unit in the dihydrate and Acknowledgment. V.B. and J.P.D. acknowledge the Bina-
in the acid solution since the electronic cloud displacements, tional Science Foundation for the support.
which are coupled to the proton displacement, now extend to
the surrounding solvation shell.

BLYP/DZVP calculations of the HCI hydrate spectra did a (1) Wicke, E.; Eigen, M.; Ackermann, . Phys. Che.954 1, 340
reasonably goqd job Qf reproducing the main mea_tsured spectral ) (@) Eig'en',' M%ndew'.' Cherml963 75, '489%' (b) Eig-en, M Ar’]gew'.
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Fhe dlhydrate, the entire band.complex from 1000 to 1800'cm . ésg (;) Agmon, le.Chem. Phyg. Let1005 244, 456. (b) Agmon, N.
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at the low-frequency end of the proton band. In the asymmetric  (11) (a) Vuilleumier, R.; Borgis, DJ. Mol. Struct 1997, 437, 555. (b)
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. ’ (15) Marx, D.; Tuckerman, M. E.; Hutter, J.; Parrinello, Niature1999
the trihydrate spectra. 397 601.
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~ 1. H ; H sSmis, K. R.; Fivonka, N. L.; santambrogio, G.; crummer, W.;
ban_d from~1800 to _3000 cm=; again, the I_arge W_Idth IS Kaposta, C.; Neumark, D. M.; Woste, Bcience2003 299, 1375.
attributable to fluctuations of the crystal solvation environment,  (18) Fridgen, T. D.; McMahon, T. B.; MacAleese, L.; Lemaire, J.;
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. Niedner-Schatteburg, G.; Chang, H.ZLAm. Chen. So00Q 122 1398.
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the range of the intense continuum IR absorption contributed  (25) Lundgren, J. O.; Olovsson, Acta Crystallogr.1967, 23, 971.
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i ; Verdal, N.Physica B200§ 385, 212.
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