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The spectral properties of protonated water clusters, especially the difference between B@enahtl

Zundel (HO,") conformers and the difference between their unhydrated and dominant hydrated forms are
investigated with the first principles molecular dynamics simulations as well as with the high level ab initio
calculations. The vibrational modes of the excess protonsiDHare sensitive to the hydration, while those

in HsO,™ are sensitive to the messenger atom such as Ar (which was assumed to be weakly bound to the
water cluster during acquisitions of experimental spectra). The spectral feature ar@#ad cnr?®
(experimental value: 2665 cr) for the Eigen moiety appears whes®t is hydrated. This feature corresponds

to the hydrating water interacting withs8*, so it cannot appear in the Eigen core. ThugQHalone would

be somewhat different from the Eigen forms in water. For the Zundel form (in particui@g, " there have

been some differences in spectral features among different experiments as well as between experiments and
theory. When an Ar messenger atom is introduced at a specific temperature corresponding to the experimental
condition, the calculated vibrational spectra fa4"-Ar are in good agreement with the experimental infrared
spectra showing the characteristic Zundel frequeneylat70 cmt. Thus, the effect of hydration, messenger

atom Ar, and temperature are crucial to elucidating the nature of vibrational spectra of Eigen and Zundel
forms and to assigning the vibrational modes of small protonated water clusters.

I. Introduction information about the structural and dynamical interpretation

Understanding the nature of the excess proton in water is Of Protonated water species.
essential for elucidating the large mobility of the proton in water, I this regard, we have carried out both high level ab initio
the acid-base chemistry in solution, and the proton transport Calculations and first principles CPMD simulations for thgor
in membrane channel<Consequently, the nature of the excess [ H*(H20)], HsO2" [H*(H20)z], HsOz"+Ar [H*(H20)-Ar],
proton has been extensively investigated in both condensedHsO"(Hz0)s [H™(H20)], and HO2"(H20)4 [HT(H20)g] clus-
phase and molecular clusters during the past few decades. ters. By simulating two limiting forms, 0" and HO,", and
Unlike the O-H stretching of free water molecules, it has been their dominant hydrated formsg8*(H20)s and HO2*(H20)s,
challenging experimentally to detect the vibration modes We identify the characteristic bands of Eigen or Zundel forms
associated with the proton, because they occur in the low-energyand the hydration effects on the infrared (IR) spectra. Besides,
region where it is hard to access in the earlier experimental Py performing simulations at different temperatures (50/100/
technique$® Despite recent observations of the vibrational 150 K) we investigate the thermal and dynamic effects on the
spectra involved with the proton motion, the origin of such Vibrational spectra. We also compare®4*-Ar with HsO," and
spectra is not clear because the corresponding theoreticaXplain the effect of the Ar messenger atom matrix on spectral
calculations have not properly reproduced the experimental datafeatures. We indeed find that the vibrational spectrum of Ar-
due to the extremely anharmonic potential surfaces of the tagged conformer shows a much better agreement with the Ar
systems. Although ab initio calculations have been useful for Predissociation IR spectrum of the small protonated water
spectral analysis of clustet&jt has shown serious limitations ~ clusters recently reported by Headrick e dlhus, the present
to the study of the excess proton in water clusters even with Paper analyzes the structures and spectra of the small protonated
perturbational anharmonic corrections, because the accuratévater clusters, discusses the effects of hydration, messenger
description of highly anharmonic potential surfaces is practically atom Ar, and temperature, and elucidates the characteristic
not feasible. Hence, for such proton-mediated highly anharmonic features of the Eigen and Zundel forms and these differences.
potentials, first principles CarParrinello molecular dynamics
(CPMD) simulation&! have been considered to be very useful 1l. Computational Methods

to study proton motions such as fluctuation between two limiting . . L
forms HO* (Eigen)2 and HO-+-H*++:H,0 (Zundel):3 From We have carried out a series of geometry optimization,

the previous study of magic HH.O),, and antimagic H- frequency analysis, and CPMD simulations on small protonated
(H,0),, clusters with “on the fly” CPMD simulatior&ye have water clusters. Geometry optimization and harmonic/anharmonic
found that the results realistically match the experimental Normal mode calculations were carried out using density

observatior?. Such a simulation method provides important functional theory (DFT) with the Beckelee—Yang—Parr
(BLYP) functionald* and the corresponding Becke three
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Figure 1. Ab initio optimized geometries of 0", HsO,", HsO,"+Ar, H30"(H,0)s, and HO,"(H,0), at the CCSD(T)/aVDZ (MP2/avDZ) levels

of theory.

tion theory (MP2) with the aug-cc-pvVDZ and aug-cc-pVTZ

basis sets (which will be abbreviated as aVDZ and aVTZ,
respectively) using the Gaussian 03 suite of progréims.

Anharmonic calculations were carried out using the correlation-
corrected vibrational self-consistent field (E@SCF) method®

Calculations of the coupled cluster theory with singles, doubles,

and perturbative triple excitations (CCSD(T)) using the avDZ
basis set were performed with the MOLPRO 2002 pacRéage.

is, however, more convenient to compute the autocorrelation
function of the time derivative of the dipole moment

i) =1L fote™ < a0y(0) >

as discussed by Voth and co-workét§ Therefore, this method
is employed in our calculations. Because FT-DACF provides

The molecular structures were drawn with the POhang SCiTeChthe information about d|po|e moment Change resulted from

Molecular Modeling (POSMOL) prograns.
We also carried out the first principles CPMD simulations

vibrational motions of the molecule, FT-DACF is considered
to be similar to the experimental IR spectrum. As another

for 10 ps at 50, 100, and 150 K, using the CPMD code (version ohservable related to the IR spectra, FT-VACF is often used
3.9.2)1 These simulations were carried out using the BLYP for the frequency analysis with intensities representing the
functionals. Poisson solver using the Tuckerman method on thergyibrational density of states. This FT-VACF can be used for

reciprocal space was appli€tiThe core-valence interaction
was described by a norm-conserving Trouitldfartins pseudo-
potential?® Valence wave functions were expanded in a plane
wave basis set with an energy cutoff value of 90 Ry, which is

greater than the normally used value of 70 Ry for the excess

proton? A fictitious electron mass of 600 au and an integration
step ofAt = 4.135 au (0.1 fs) were used in all of the simulations.
A Nose-Hoover thermostat was attached to every degree of

freedom to ensure proper thermalization over the CPMD

mode analysis with the motion of a few atoms involving a
specific stretching/bending mode.

Ill. Results

A. Structural Properties. The optimized geometries of
H30+, H502+, H502+-Ar, and H30+(H20)3 at the CCSD(T)/
aVDZ level and of HO,*(H,0), at the MP2/aVDZ level are
shown in Figure 1. The radial distribution functions (RDF) of

trajectory. During the simulations, we kept the molecules at the ©—H, O—0O, Ar—H, and Ar—O distances (g, goo, gam, and

center of an isolated cubic box of side lendgth= 10 A for
H30", L = 16 A for HsO,", HsO,™+Ar, andL = 18 A for H;O*-
(H20); and H0,"(H20)4. On the basis of the CPMD simula-

garo) and the distance fluctuation of the CPMD simulations are
in Figure 2. The RDF analysis was done using data from the
last 8 ps trajectory.

tions at various temperatures, we evaluated the time correlation HO", HsO2", and HO;"-Ar. As in Figures 1 and 2, the-eH

function from which we investigated the spectra of the clusters
in the equilibrium state. The Fourier transform of dipole-
moment/velocity autocorrelation functions (FT-DACF/FT-
VACEF) is carried out.

The IR absorption spectrum can be computed from FT-DACF
as

() =22 02 fote™ < (o)t >

Here, the symbols are used to denote intengityfiequency
(w), Plank constanti(= h/2), inverse of Boltzmann constant
multiplied by temperaturef( = 1/kT), time ¢), and dipole
moment f¢). For computational and interpretative purposes, it

distances at the CCSD(T)/aVDZ level and the CPMD simulation
are 0.98 and 1.00 A in $#D*, respectively, and 0.97 and 0.98
in HsO2*, respectively. These ©H distances are slightly
longer than the free water-€H distance of 0.96 &2 The O-O
distance of HO," is 2.40 A at CCSD(T)/avDZ, while the
entropy-driven temperature effect at CPMD/BLYP increases the
distance by 0.03 A at 50/100/150 K with respect to the value at
0 K (Figure 2a). These distances are much shorter than-t@ O
distance of the free water dimer (2.92 A at CCSD(T)/avDZ
and~2.98 A in experiment? due to the excess charge pulling
the two water molecules closer. During the 150 K simulation,
the shared proton moves around widely between the two O
atoms (with the H-O distance of 1.£1.35 A), which can be
noted from the second peak ahig(Figure 2e). In the case of
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Figure 2. Radial distribution functions [gp, don, darr, and gyo] of the HsO", HsO,t, HsO,t+Ar, H3O™(H20)s, and HO,*(H,0), at 50, 100, and
150 K, and the fluctuation of the interatomic distances for the @2, Ar—H*, Ar—01, H"—02, and H—01 of the HO,"-Ar at 100 K. (black,
50 K; red, 100 K; blue, 150 K).
Hs0,"-Ar, the O—0 distance is 2.43 A at CCSD(T)/avDZ, 0.03 that of HO,". The O-0O distance of the Zundel core is 2.41 A
A longer than in HO,*, and that for the most probable value at MP2/aVDZ (increased by only 0.01 A compared with that
in goois 2.45 A at 150 K (Figure 2b), as ins8,". In contrast in HsO,™) and 2.44 A at CPMD/150 K (no increase (within
to the central proton in kD.*, Figure 1c shows that the central  0.01 A) as compared to that ins8,"). Thus, the water
proton in KO, -Ar shifts slightly toward the oxygen atom O1  molecules in the first hydration shell do not pull out the oxygen
to which the Ar atom is attached (HO1, 1.11 A H-02,1.32 atoms in the central Zundel core. The-@ distance in the
A). Thus, although the Ar atom seems to be attached to the Zundel core is 1.13 and 1.29 A at MP2/aVDZ, showing that
Zundel core H atom, it can also be considered to be attached tothe proton is not on the center of the two O atoms, in contrast
the Eigen core. This tendency is also found from two clearly to the case of bare 4@,". On the other hand, in the CPMD
separated peaks of the second band &f below 100 K in simulation, owing to the temperature effect, thg;ghows the
Figure 2f. The distance between Ar and H is 2.31 A at CCSD- broad peak that is near the center of the two Zundel O atoms
(T)/avDZ. The Ar atom shows slow motion, while the hydrogen (at the O-H distance of~1.2 A), while the G-H distance
atom shows fast oscillation due to their mass difference. By fluctuates between 1.1 and 1.35 A (Figure 2g,1).
inspecting the fluctuation of interatomic distance between the For HsO*(H,0)s, the O-0 distance at CCSD(T)/aVDZ and
Ar atom and the proton, the coupled motion is noted in Figure that at CPMD (for the most probable value ipdy are about
2. 2.58 and~2.60 A, respectively. For ¢D,t(H20)s, (When the
H30™"(H,0)3 and HsO,™(H20)4. As in Figures 1d and 2c,g O—O distance in the central Zundel core is excluded), the0O
for H3O™(H,0)s, the O-H distance in the central Eigen core is distance between a Zundel O atom and its nearest hydrating
1.01 A at the CCSD(T) level and-1.03 A in the CPMD water O atoms at MP2/aVDZ and that for the corresponding
simulation (from the second peak ofg while the first peak most probable value inq at CPMD are 2.652.70 and
of gor appears at 0.98 A due to the OH distances in three water 2.68~2.71 A, respectively, which are0.1 A longer than the
molecules hydrating the Eigen core). This-8 distance in the O—0 distances in BO"(H,0)s. The OH frequency related to
central Eigen core is 0.03 A longer than that igQH. Such the O-0 distance (2.652.70 A) in HO,*(H,0), corresponds
elongation results from the O atoms of the hydrating water to the IR frequency of~3200 cnt! while that related to the
molecules pulling out the H atoms of the central Eigen core. In O—0 distance (2.58 A) in kD" (H,0); corresponds to that of
Figures le, and 2d,h for the central Zundel core gdF(H,0)s, ~2700 cntl, which will be discussed in the next section. In
the O-H distances between the O atoms and the noncentral Hthe case of 50,7 (H,0)4, because the proton is in between two
atoms are 0.991.00 A, which is also~0.03 A longer than O atoms, the &0 distance of the Zundel core is shorter and
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Figure 3. Geometries and interaction energies ofQH(H,0)s]H.0 where an extra water molecule is along thairection (perpendicular to the
molecular cluster plane of trihydrated Eigen core) at the MP2/aVDZ level.

additional water molecules whose oxygen atom is headed to
@ OCPO ® &_0 the Eigen core can be additionally coordinated to th@©H
'n 2 (H20)3, and the coordination number ob@[H30"(H,0)3]H0O
3)_ _ could be roughly considered as many as 8.43 in the optimal
Z(%(j 33 "Q"Od condition. Of course, in the gas phase, the pentacoordinated
: cp, C% Eigen structure spontaneously changes to a more stable trico-
Odo ordinated Eigen structure with two additional water molecules

attached to each first-hydrated water molecule, as shown in
Figure 4b.

the non-Zundel @O distance is longer than the-@D distance B. Vibrational Properties. We investigated the spectral
of HsO*(H.0). features of HO™, HsO,", HsO2"+Ar, H30%(H20)s, and HO,"-
Although it is clear that KO* can be easily coordinated by ~ (H20)s (Tables 1-5) with the harmonic and anharmonic
three water molecules by formings&™(H,0)s, one can wonder ~ ViPrational analyses of ab initio calculations and with both FT-
whether HO™ can be able to have the coordination number up PACF and FT-VACF of molecular dipole and atomic velocities
to four or five in solution or in other situations (i.e., the data respectively of CPMD simulations at 50, 100, and 150 K

coordination number could befd). Thus, we investigated how ~ (Figure 5). The harmonic frequencies at BLYP/avDZ, BLYP/
many additional water molecules could be coordinated to the aVvTZ, B3LYP/avDZ, B3LYP/aVTZ, MP2/avDZ, MP2/aVTZ,
central Eigen core in $0*(H-0)s and which atom of such water and CCSD(T)/aVDZ levels of theory were scaled by .1.001,
molecules is headed to the Eigen oxygen atom. To this end, wel-000, 0.963, 0.963, 0.957, 0.954, and 0.964, respectively, to
scanned single point MP2/avVDZ energy calculations for two match th(_e average value of asymmetric and symmetric stretching
different conformers such that either a hydrogen or an oxygen frequencies of kD (3704 55, 3706+ 51, 3851+ 55, 3849
atom of the additional water molecule is headed to the Eigen = 51, 3873+ 67, 3885+ 63, and 3845+ 59 cmit,

core, which were obtained by moving the additional water respectively) with the corresponding experimental value (3706
molecule up or down along the normal direction to the plane + 50 cnm)2 The effects of the messenger atom Ar and the
made by three oxygen atoms of the dangling water molecules. hydration on_the V|l_:>rat|onal spectra are part_lcular_ly studied. In
In Figure 3, which shows the interaction energies depending the CPMD simulations, as the BLYP functional is known to
on the distancer] between two oxygen atoms, we find the ~Systematically underestimate the experimental frequencies we
favorable Qp and Quun geometries. Namely, the oxygen atom Multiplied the vibrational frequencies with scale factors. These
of the additional water molecule above and below the plane Scalé factors depend on frequencies and can be changed in
made by three dangling water molecules around the Eigen coredifferent systems? In this study, we used the scale factor of
is headed to the Eigen core due to the attraction between thel.025 for HO™ and HO," and the scale factor of 1.04 for
excess positive charge of the Eigen core and the dipole momenthydrated/solvated Eigen and Zundel coreg@bt-Ar, HzO*-

with the partial negative charge of the oxygen atom in the (H20)s, and HO;"(Hz20)s]. Two different scale factors are
additional water molecule. The interaction energies between thebecause the former is related to the'® covalent bonds in the
additional water molecule andsB"(H;0); for the Q, and protonated species, while the latter involves the noncovalent

Odowngeometries are-4.1 and—7.0 kcal/mol at the MP2/avDz ~ hydrogen bonds (close to the typical H-bonds) related to the
level, respectively; those are 16 and 27% of the interaction interaction between the H atoms of Eigen/Zundel core and the

Figure 4. MP2/aVDZ optimized geometries of,B[H;0"(H,0)s]H0.

energy (-25.9 kcal/mol) per each hydrogen bond of thgH- hydrating water oxygen atoms. For the Zundel system solvated
(H,O)s. We also carried out the MP2/aVDZ geometry optimiza- PY Ar, we also used the. scale fac_tor of 1.04, pecausg the Zundel
tion with two additional water molecules added to thgOH- core behaves partly like an Eigen core interacting with a

(H,0); above and below the cluster plane. Both water molecules hydrating water molecule due to the presence of the Ar atom,
are 3.28(;) and 3.08 (2) A apart from the Eigen oxygen atom  Which shows a partial hydrogen-bonding feature in a protonated
as shown in Figure 4a. The interaction energies between thesystem. In this way, the simulated spectra agree very well with
two additional water molecules and the®t(H,0); in H-O- the experimental data.

[H3O™(H20)3]H20 is —11.1 kcal/mol at the MP2/aVDZ level, H3O™, HsO,", and HO,™Ar. The experimental asymmetric
which is 43% of the average interaction energy for each stretching ¢3), symmetric stretchingvf), and bending frequen-
hydrogen bond in BDT(H,0)s. Therefore, we note that two  cies () of the water monomer are 3756, 3657, and 1595%m
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TABLE 1: Ab initio Calculated Fundamental Harmonic ( @) and Anharmonic (@) Vibrational Frequencies (in cm™1), Spectral
Band Peak Positions from CPMD Simulations, and Experimental Infrared Spectra of HO*2

BLYP B3LYP MP2 CCSD(T) CPMD expt
mode wh wh wh wa wh w: 150 K [50 K] w
v° 3574, — ]
352043523)  3514/(3510)  351443515)  3475(3506) 3537 3538544,] 3530°
3494,[3498,] 3514, 3496f
V2 3425(3440) 341(3426) 3399(3411) 3368(3415) 3426 34243428, 3390
Ve 1608,(1640) 1581(1611)  1599(1612) 1620(1628) 1620 1628667, 1639
1581,[1616,] 1626
va 810,1(838) 767(791) 8714861) 746(736) 889 768770 9541526

@The harmonic frequenciesf) at the BLYP/avVDZ (BLYP/aVTZ), B3LYP/aVDZ (B3LYP/aVTZ), MP2/aVDZ (MP2/aVTZ), and CCSD(T)/
aVDZ levels of theory were scaled by 1.001 (1.000), 0.963 (0.963), 0.957 (0.954), and 0.964, respectively, to match the average value of asymmetric
and symmetric stretch frequencies oftH[3704+ 55 (3706+ 51), 3851+ 55 (3849+ 51), 3873+ 67 (3885+ 63), and 3845t 59, respectively]
with the corresponding experimental value (3706 &nref 22a). The anharmonic frequencies) are unscaled values. Values based on the avVTZ
basis set are in parentheses. IR intensities are denoted as subscripts in 10 km/mol. Band positions of MD simulation are obtained from the FT-
DACF/FT-VACF at 150 K [50 K] (frequencies are scaled by 1.025). The subscripts “s’, “m”, “w”, and “vw” beside frequencies in CPMD and expt
(in other tables) denote strong, medium, weak, and very weak (or difficult to resolve), respeétiy@y-H asym str) y,(O—H sym str),vs(H—
O—H bend),v4(H—0—H bend).These frequencies are practically doubly degenerate for ab initio calculations but are split in CPMD simulations
at finite temperaturesRef 25a.6Ref 25b."Ref 8d.9Ref 25¢."Two frequency modes due to the tunneling splitting: ref 25d.

TABLE 2: Ab initio Calculated Fundamental Harmonic ( @n) and Anharmonic (@) Vibrational Frequencies (in cm™1), Spectral
Band Peak Positions from CPMD Simulations, and Experimental Infrared Spectra of HO,™2

BLYP

B3LYP MP2 CCSD(T) CPMD expt
mode Wh Wh Wh Wa Wh w: 150 K [50 K] w
v 3684(3674) 3673:(3664) 3669,(3661) 3641(3663) 3683 3748677 3695¢ 3693¢ 3684
3662¢ 3660
V2 3594,43596)  3585¢3587)  35634(3569)  3552(3583) 35923585 — [3599,] 36179 3615¢ 3609
3587¢(3588) 357%(3579) 35604(3562) 3544(3575) 3538547 35289 3520
Vs 16930(1702)  1668,,(1678)  1672:(1680)  1829(1849) 1690 1720702] 17561 1741
162%(1647) 1599(1619) 161941627)  1576(1409) 1643
v 1448(1478) 143Qy(1455) 1461,(1478) 1345(1406) 1484
—[1407-1444)] 133711317
Vs 13935(1408) 13814(1397) 1403¢(1405) 1309(1348) 1420
Ve 1014,,[989u] 116311043
97451(983) 87471(891) 77494(868) 545(873) 722 97®40,] 990/ 9219
887,4[8924] 788

a See footnote of Table 1.v;(O—H asym str),y,(O—H sym str),v3(H—O—H bend),v4(O—H*—0Oy bend),vs(O—H-Ox bend),v¢(O—H™—0
asym str). In most cases, the CPMD mode analysis was not needed because the DFT and ab initio modes are already available. When the BLYP/0
K and CPMD/150 K frequencies are significantly different, we used the DACF and VACF analyses, for example, fettheOGstretching and
bending modes. The OHO bending modes&ndvs) are coupled in CPMD simulations. The OHO asymmetric stretghassignment has been
made using the VACF analysis for the three atoms involving théd6 O stretching modes, ©H—0 bending modes, and the stretchifigending
combined G-H—O modes. The three frequencies split around 1000'@re found to be mainly asymmetric {f0—H—O(H,) stretching modes,
while the splitting would be due partly to the constructive, destructive, and insignificant interferences te the@asymmetric stretching mode
by the H atoms of the water moleculéRef 5 for HO,*-Ar. 9Ref 8c for HO,*-H,. *Ref 8b.'Ref 7.9Ref 6.

TABLE 3: Ab Initio Calculated Fundamental Harmonic ( @n) and Anharmonic (w,) Vibrational Frequencies (in cmt), Spectral
Band Peak Positions from CPMD Simulations, and Experimental Infrared Spectra of HO,"-Ar2

BLYP B3LYP MP2 CCSD(T) CPMD cPMDA expe
mode Wh Wh wh Wa Wh w: 150 K[50 K] w: 150 K[50 K] w
" 37045(3692) 36305(3686) 36924(3683) 3636(3663) 3711 3642658 3695{3712] 3695
3637%6(3632) 3582,(3622) 3615/3613) 3635(3645) 3628 3641 — ] 3664 — ] 3660,
V2 3608(3608) 3543,(3602) 35844(3585) 3597(3579) 3614 3560 — | 3612w — ] 3615,
3448,(3441) 34764(3458) 34844(3467) 3535(3527) 3505 3433419 3487{3469] 3520,
v 17135(1717)  1726:41703)  17184(1714)  1583(1663) 1761 1737721] 1752[1746] 1768,
1626, 5(1648) 16705(1619) 1623 ¢(1630) 1538(1637) 1645
Va 1488,(1516)  1539,(1504)  151651521)  1453(1407) 1550 — [15194] — [1541,]
Vs 1344,(1361) 13655(1335) 13264(1345) 1242(1111) 1327 — [1350,] —[137Q]
Ve 115%:41161) 10945/1154) 1207s/(1195) — (181) 1300 10941126] 1107[1142] 1089

2 See footnotea of Table 1. Two very weak shoulder peaks at 925 €fwhich might be obtained from the barg®") and 1872 cm! (with
unclear origin) are not considered because of their ambigitfO—H asym str),y,(O—H sym str),v3(H—O—H bend),v4(O—H*—Oy bend),
v5(O—H*—0x bend),vs(O—H"-O asym str)Frequencies are scaled by 1.026requencies are scaled by 1.04. This scale factor shows better
agreement with experiment$Ref 5.

respectively?® These results are reasonably well reproduced discussion, for the frequency modes of protonated water clusters,
from ab initio calculations by using scaled harmonic frequencies we assign the highest frequency modevasand the lower
or unscaled anharmonic frequencies. Here, to facilitate our frequenciesy, in the descending order. Forz@8", a few
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TABLE 4: Ab Initio Calculated Fundamental Harmonic ( @n) and Anharmonic (w,) Vibrational Frequencies (in cm™1), Spectral
Band Peak Positions from CPMD Simulations, and Experimental Infrared Spectra of HO*(H,0)3?

BLYP B3LYP MP2 CCSD(T) CPMD expt

mode wh wh wh Wa wh w: 150 K [50 K] w

e 37444(3734) 37365(3726) 373% 3716 3742 37263729 3730,%¢ 3710

Vo 3645(3646) 3639(3639) 3619 3608 3642 36343634 3644,,%°3620

Vs 28254(2832) 2863:(2869) 2880, 2710 2943 282§2803,]

Ve 270Q,072686) 275804(2743) 2811go 2686 2864 27742783) 26654

Vs® 1633(1662) 1603(1634) 1636 1611 1658 1734 -1 1900,, 176Q,¢

V6 1591¢(1607) 1567(1580) 1568, 1600 1592 1601627, 16208

Vo 1565(1588) 1547%(1567) 1554 1580 1578

vg 1127,(1164) 1083,(1120) 1153, 987 1161 —[1108,] 1045,¢

Vot 9704(956) 949(934) 93% 892 928 896,[961,]

aSee footnotea of Table 1. Frequencies from CPMD simulations are scaled by 2040—H asym str of the dangling water molecules),
v,(O—H sym str of the dangling water moleculesy(O—H sym str of the Eigen moiety)(O—H asym str of the Eigen moietyys(H—O—H bend
of the Eigen moiety (major component) and the dangling water molecules (minor compormghit)©O—H bend of the dangling water molecules),
v7(H—O—H bend of the dangling water molecules and the Eigen moiety, which are almost in equivalent contriltidn)—H sym bend in
Eigen),vo(H—O—H asym bend in EigenyThese fundamental frequencies are practically doubly degenerate in ab initio calculations (withih 1 cm
due to the nea€; symmetry: E irreducible representatiofiRef 5. °Ref 8b.'Ref 8d.

TABLE 5. Ab Initio Calculated Fundamental Harmonic ( w,) and Anharmonic (w,) Vibrational Frequencies (in cm™1), Spectral
Band Peak Positions from CPMD Simulations, and Experimental Infrared Spectrum of HO,™(H,0)42

BLYP B3LYP MP2 CPMD expt
mode wh wh wh : 150 K [50 K] w
e 3750/(3742) 3743(3736) 3742, 3723:[3728,] 3740,
Ve 3650(3652) 3646(3648) 3626 3631,[36364) 3650y
V3 3184,(3189) 3235(3224) 332647 3282[3263] 325Qu,
3167%543163) 3187643205) 315190
va 31704¢(3165) 3227%3¢3208) 32805 3189 — ]
31465(3153) 3174,(3189) 3135 3145[3201 3160,
vs 1692(1707) 1671,(1683) 170%; 1773[1738] 1770,
1652 5(1676) 16285(1653) 1659,
ve© 1584(1601) 1563(1576) 1560 — [1623,] 1620,
vy 1511,(1546) 1509(1533) 1539,
vg 13924(1410) 13714(1385) 1360,
vg 9854¢(994) 94309(947) 115310 10559674 1055

a2 See footnote of Table 1. Frequencies from CPMD simulations are scaled by hQ@—H asym str in dangling watery,(O—H sym str in
dangling water)p3(O—H asym str in Zundel)y,(O—H sym str in Zundel)ys(H—O—H bend in Zundel)p¢(H—O—H bend in dangling water),
v7(0—H"-Oy bend),vg(O—H*—0x bend),vo(O—H"—0 asym str)°These fundamental frequencies are practically quadruply degenerate in ab initio
calculations 9Ref 5.

experiment®25observed a few different regions, reporting the oscillation mode around 1000 cth Regarding the protonated
asymmetric stretching frequenciag)(around 3530 and 3514/ water dime5—8 Asmis et alf observed 921, 1043, 1317, and
3490 cnt?, the symmetric stretching frequencies)(at 3390 1741 cn?; Fridgen et af. assigned the bands centered at 990,
cm~1, the bending frequenciessj at 1639 and 1626 cm, and 1163, 1337, and 1756 crhto the O-H™—O stretching mode
another bending frequencies) at 954 and 526 crt. Ab initio and H-O—H bending mode; Headrick et alobserved 1089
calculations show two degenerate peaksagand vs, while cmtand 1768 cm! for HsO,+Ar at a low temperature. These
CPMD simulations show two (or a few) split frequencies for experiments show a broad band (with a few peaks) around
v1 and two split frequencies for due to anharmonic couplings.  ~1000 cnt! and a unique Zundel peak arourd 750 cntl,
For v1, the experimental two split peaks (3530 and 3514/3490 A number of theoretical studies ofsB," have been carried
cmb) are in good agreement with the CPMD two split out2® However, the clear assignment of the Zundel form still
frequencies (3544 and 3498 chat 50 K; 3534 and 3494 cmh needs to be made, as experimental values vary depending on
at 150 K; the very weak frequency 3574 chat 150 K does the experimental condition. As shown in the of®4" spectra
not need to be considered) and also with the degenerate ab initicof Table 2, the G-H asymmetric stretch mode) appears at
frequencies £3500 cntl). The experimental, (3390 cnT?) ~3690 and~3660 cnT! in experiments, 3719/3677 crhat
is in good agreement with the CPMI) (3424/3428 cm! at 150/50 K simulations, and-3680 cnt! for ab initio calcula-
150/50 K) and with the ab initiov, (~3400 cntl). The tions. The O-H symmetric stretch mode’{) appears at-3615
experimental two splitvs (1639 and 1626 cmi) are in and~3525 cntl in experiments, 3599/3538 crhin 50/150 K
reasonable agreement with the CPMD two split frequencies simulations, and~3590 and~3580 cnt? in ab initio calcula-
(1628/1667 and 1581/1616 chat 150/50 K) and with the ab  tions. The H-O—H bending modei) appears at1750 cnt?!
initio degenerate frequencies 1600 cn?). For vy, the experi- in experiments, 1720/1702 crhin 150/50 K simulations, and
ment shows two frequencies due to the tunneling splitting (954 ~1690 cn1? (strong intensity) in ab initio calculations, while
and 526 cm?),” while the CPMD and ab initio calculations another H-O—H bending mode ;) around~1640 cnt? in
(~800 cnr1) did not consider such splitting. ab initio calculations shows almost zero intensity. The two
For the clusters having the Zundel moiety, there has been aO—H"—0O bending modesvf and vs) with weak intensity
long argument about the assignment of the bridging proton appear around-1450 and~1400 cnt? for 50 K simulations
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Figure 5. FT-DACF (left) and FT-VACF (right) of HO*, HsO,", HsO2"+Ar, H3O*(H,0)s, and HO,"(H.0), at 50, 100, and 150 K (with first/red,
second/blue, and third/black lines from below, respectively).
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Figure 6. Potential energy curves and vibrational energy levels of ),Hand (b) HO;*-Ar

and ab initio calculations. However, above 100 K, the two peaks method is not reliable to describe the proton-oscillating mode
almost disappear. For the-®"—0O asymmetric stretching  for HsO," and HO,™Ar. In this regard, to correctly understand
mode ¢), ab initio calculations predict a peak around 700  the Ar messenger effect in ab initio calculations, we must obtain
1000 cnt?! (depending on the level of theory), and the 150 K accurate frequencies for the proton-oscillating asymmetric
simulation shows a peak arouned80 cnt?, while the 50 K stretching modeg) for both HO,™ and HO,™Ar. Thus, we
simulation gives a medium peak aroun®40, a weak peak  studied the potential energy surfaces of bogdyt and HO, ™
around~890, and a very weak peak aroun@90 cnt?l. The Ar, as shown in Figure 6. The CCSD(T)/aVTZ single point
experimental peaks aroundl000 cnt! were observed at 788,  energy calculations were carried out at several geometries that
921, 1043, and 1317 cm by Asmis et al. and at 990, 1163, were obtained by moving the proton in the Zundel ion along
and 1337 cm?! by Fridgen et al. It is not clear to us whether the normal mode direction at the MP2/aVTZ optimized geom-
the frequency of 1317/1337 crh would correspond to the  etries. The potential energy curves were fitted in Taylor series,

O—H*—0 bending modes/ andvs) around~1400 cnt™. All and the one-dimensional Sc¢kiinger equation was numerically
calculations show that a broad band (with a few peaks) is aroundsolved?” The calculated eigenvalues corresponding to the three
~950 cnt! and a unique Zundel peak is arourd 750 cnt?, lowest vibrational modes of thes®, areEy = 470 andE; =

which agrees with experiments. The broad frequency band (with 1421 cnt?!. Thus, the fundamental vibrational frequency of the
a few peaks) around-950 cnt! is somewhat off the experi- v mode is 951 cmt, similar to the simulated frequencies (979/
mental frequency 1089 crh observed for HO;"-Ar by 940 cnt! 150/50 K) for HO.,*. On the other hand, the

Headrick et al. Thus, the effect of an Ar messenger atom on eigenvalues of kD,"-Ar corresponding to the three lowest

the HsO,™ spectra needs to be investigated. vibrational modes ar&y, = 471 andE; = 1593 cn1?, so that
In the case of KO, +Ar, the O—H asymmetric stretch mode  the lowest vibrational frequency modg is 1122 cntl.
(v1) appears with two split peaks at 3695 and 3660 tin From the CPMD simulations of the Ar-tagged conformer as

experiments. These are well reproduced in the 150 K CPMD compared to EO,", the v; mode is significantly blue-shifted
simulation, which shows two split peaks at 3695 and 3664'¢cm  from 979 to 1091/1107 cmi at 150 K and from 940 to 1126/
while ab initio calculations show a degenerate peak around 1142 cnt! at 50 K at the FT-DACF spectra, in agreement with
~3700 cnt®. The O-H symmetric stretch mode’{) appears experiments (from 921/990 to 1089 cthas well as the CCSD-
at 3615 and 3520 cm in experiments, 3612 and 3487 chin (T)/aVTZI/IMP2/aVTZ frequency analysis of the mode (from
the 150 K simulation, and-3600 and~3500 cnt! in ab initio 951 to 1122 cmb). From these spectral analyses, we note that
calculations. The HO—H bending mode 13) with strong the messenger atom Ar shows a significant shift in the frequency
intensity appears at 1768 cin experiments, 1752 cnd in of the v¢ mode. This is actually expected because the central
the 150 K simulation, ang-1700 cnttin ab initio calculations, proton in HO,™Ar is not near the center of the two O atoms;
while another weak HO—H bending modes) shows almost thus, although the Ar atom seems to be attached to the Zundel
zero intensity, as can be noted from the ab initio frequency core H atom, it can also be partly considered to be attached to
around~1640 cnt! as well as the disappearance of such a peak the Eigen core, which is contrasted to the pure Zundel form of
in the 150 K simulation. The two ©H"—0O bending modes  HsO,". Thevs mode is slightly blue-shifted from 1720 to 1727/
(v4 andvs) with weak intensity appear arourdl540 and~1370 1752 cm! at 150 K and from 1702 to 1721/1746 ciat 50
cm~* for the 50 K simulations but disappear above 100 K. These K due to the Ar tagging, consistent with the experiments (from
modes appear at 1500 and 1300 énwith weak intensity in 1741/1756 to 1768 cn). Thus, the Ar-tagging effect explains
ab initio calculations. The ©H"™—0O asymmetric stretching  some differences in frequencies among different experimental
mode §) appears at 1089 cmin experiments, 1107 cm in conditions.
the 150 K simulation, and-1200 cntt in ab initio calculations. H30™(H,0);3 and H02"(H20), . In the case of HOT(H0)s,
Although anharmonic frequencies involving coupling between the hydration shell makes the-® asymmetric and symmetric
modes are properly taken into account in CPMD simulations, modes and HO—H bending modes blue-shifted as compared
the scaling method in ab initio calculations is not physically with the bare HO*. In addition, more complicated bending
sound, and the low-order anharmonic perturbation correction modes appear, and the characteristieHDstretching modes of
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the Eigen core appear. The-® asymmetric and symmetric
stretch modesig andv,) appear at (3730/3710 and 3644/3620
cm™1) in experiments, (3726/3729 and 3632/3634 &nat 150/
50 K simulations, and~3740 and~3640 cnT?) in ab initio
calculations. The ©H symmetric stretch frequency4) around
~2820 cn1? (difficult to be resolved from the strong peak at
~2771 cntl) was not observed in experiments. On the other
hand, the characteristic strong—® asymmetric stretch fre-
quency {4) at 2771/2783 cmt in 150/50 K simulations and at
~2800 cnTtin ab initio calculations was observed at 2665 ¢m
in experiments. The weak-HO—H bending modesig andve)
appear (1760 and 1620 ch) in experiments, (1737 and 1607/
1627 cmrl) in 150/50 K simulations, and~1650 and~1590
cm™1) in ab initio calculations. A weak HO—H symmetric-
bending frequencyig) appears at 1045 crhin experiments,
1108 cntt in 50 K simulations, and~1150 cnT? in ab initio
calculations. Other very weak-HO—H bending modesif at
~1580 cnt! and vg at ~900 cntl) were not observed in
experiments.

In the case of BO™(H,0)s, the origin of the frequencies at
1760 and 1900 cmt is not clear. It is known that the band
near 1760 cm! indicates Zundel moieties, which is evidenced
from such a peak at the experimental IR spectra ¢d#i and

Hs0,*(H20)4 conformers. This peak is observed near 1722 and

1744 cm® in the MD simulations of BO,*-Ar and HO,"-
(H20)4, respectively, which will be discussed later. Thus, the
experimental peak near 1760 chrould indicate the probabi-

listic appearance of Zundel moiety resulted from the fluctuation
of the hydrogen atoms in the Eigen core arisen from some of
nonequilibrated hot clusters. Meanwhile, the experimental

vibrational peak near 1900 crhis unclear to us because they

are not observed from ab initio-calculated and CPMD-simulated
spectra. We do not exclude a possibility that such peaks could
arise from a low-lying energy isomer that could be stable at

somewhat high temperatures.
Like H3O"(H20)s, in the case of KD, (H20)4 the hydration
shell makes the ©H asymmetric and symmetric modes and

Park et al.

the new G-H stretching modes of the water molecules in the
central Zundel ion. At the CPMD/150 K simulations, although
the intensities of the broae (3282 cnr?t) andv, (3145 cn1?)
bands are strong the intensities of both-I® asymmetric-
stretchingvy (3723 cnm?) and symmetria; (3631 cnT!) modes

of the free water molecules in the first hydration shell are weak
(Figure 5). On the basis of our assessment of the predicted
temperature-dependent spectra in terms of the overall agreements
with the experimental data, we estimate the experimental
temperature to be 166150 K (for example, the ©H sym-
metry-stretching frequency at 150 K (3145 cinis close to

the experimental value (3160 ci®)).

As discussed above, we have observed realistic frequencies
based on the CPMD simulations, which are in good agreement
with experiments. Although the energy barrier of the CPMD
potential tends to be lower than the more accurate ab initio
results, the underestimation of the CPMD potential barriers is
likely to partially reflect the quantum-tunneling driven effective
barriers for the accurate potential surface and would give more
realistic simulation results, as noted in our previous simulation
study of the magic- and antimagic-protonated water clusters.

IV. Concluding Remarks

We have investigated the spectral features of small protonated
water clusters, Eigen core §8), Zundel core (HO,"), Zundel
core solvated by Ar (kD2"-Ar), hydrated Eigen core [$O*-
(H20)3], and hydrated Zundel core §@,*(H20)4]. Our special
attention has been focused on the proton motions based on ab
initio calculations and CPMD simulations. By comparing the
bare Eigen and Zundel cores with their dominant hydrated/
solvated conformers, we investigated the hydration/solvation
effect on the characteristic vibrational peaks of Eigen or Zundel
forms. The characteristic Eigen frequency<8—H bending
between the OH of hydrating water molecules and the H atom
in Eigen core) is~2700 cnt?, which arises from the interaction
between the Eigen core and the hydrating water molecules. Thus,
this unique feature cannot be seen for the Eigen core alone.

H—O—H-bending modes blue-shifted as compared with the bare one can easily note that the coordination number of the Eigen

HsO,t. The O-H asymmetric and symmetric stretch modes (
andv,) appear at (3740 and 3650 cHin experiments, (3723/
3728 and 3631/3636 cm) at 150/50 K simulations, and-@740
and ~3640 cnt?) in ab initio calculations. These outershell

core has clearly three in the gas phase, but it could be increased
up to ~3.4 when it is fully hydrated, because the O atoms of
the additional hydrating water molecules above and below the
molecular cluster plane of trihydrated Eigen core are likely to

water molecular frequencies are almost the same with those ofpe headed to the positively charged Eigen core.

H3O™(H,0)s. The O-H asymmetric stretch frequencieg) are
very weak at~3250 cntl in experiments, 3282/3263 in 150/
50 K simulations, and~3200 cnt?! in ab initio calculations.
The O-H symmetric stretch frequency4) appears strongly at
3160 cnt! in experiments, 3145/3201 crhin 150/50 K
simulations, and~3150 cnt! in ab initio calculations. The
strong H-O—H bending modes of the Zundel cong)appears
at 1770 cm?® in experiments, 1733/1738 crhin 150/50 K
simulations, and~1700 cnt? in ab initio calculations, while
the very weak peak aroung1650 cnt! is not observed in
experiments and CPMD simulations. The-B—H bending
mode §) appears 1620 cm in experiments, 1623 cm in 50

K simulations, and~1570 cnTtin ab initio calculations. Very
weak O-H*—0-bending frequencies{ andvg) at~1510 and
~1370 cnttin ab initio calculations are not observed in both
experiments and CPMD simulations. The-B*—0O asymmetric
stretching frequencyvg) appears at 1055 cmhin experiments,
1055/967 cm? in 150/50 K simulations, ang-1000 cnt? in
ab initio calculations.

On the basis of the MD simulation fors@,"(H,0)4, most
vibrational modes of kD, are slightly blue-shifted except for

From the study of BO," and HO,"-Ar clusters, we find
the significant effect of the messenger atom Ar on the proton
position/motion and the relevant vibrational frequency. In the
Zundel core solvated by the messenger atom Ar, the central
proton shifts its position toward to the O atom to which the Ar
atom is attached, resulting in breaking the quassymmetry
of the bare HO," structure. Thus, both ab initio-calculated and
CPMD-simulated vibrational spectra of the Ar-tagged conformer
HsO,"-Ar are significantly different from those of the bare
HsO,". For the CPMD simulations of the Ar-tagged conformer,
the O-H*—0 asymmetric stretch mode is significantly blue-
shifted from 979 to 1091/1107 crh at 150 K, which is in
agreement with experiments (from 921/990 to 1089 YnTThis
shift can be also understood from the anharmonicity-driven
vibrational frequency change (951 to 1122 djbased on the
CCSD(T)/aVTZ/IMP2/aVTZ potential energy surface. The
unigue Zundel frequency (HO—H bending mode) is~1750
cml. By Ar-tagging, this frequency is slightly blue-shifted
(from 1720 to 1727/1752 cm at the CPMD/150 K simulation),
which is consistent with experiments (from 1741/1756 to 1768
cmY). Thus, the significant effect of an Ar messenger atom on



Eigen and Zundel Forms of Small Protonated Water Clusters J. Phys. Chem. A, Vol. 111, No. 42, 2000701

the HO,* spectra around~1000 and~1750 cnt! is due to
the structural change from the pure Zundel form @bt to (b) Yeh, L. I.; Okumura, M. J.; Myers, J. D.; Price, J. M.; Lee, Y.JT.
the Zundel-Eigen hybrid form of HO,™-Ar by the symmetry Chem. Phys1989 91, 7319. (c) Okumura, M. J.; Yeh, L. I.; Myers, J. D.;
breaking of the structure in the presence of an Ar atom. As the Lee, Y. T.J. Chem. Phys199Q 94, 3416. (d) Schwartz, H. AJ. Chem.
potential surface with respect to the proton motion is highly Phys 1977 67, 1977. o
anharmonic, the temperature effect is also not small on the , 4(?)1§2) ("f');ygﬁ?nk"JM\}\;/'_:ﬂg nfﬁ;efbﬁtﬁ' _Tsixﬁag"'c;“_sjcémgfnooﬁ A
Spectl’a A" these effects eXp|a|n the d|fferences |n Spectra Wai[ers’ R S' Jaeéer’l T’D, Dunca’n’ MA’ Chn’sne, RY A’ Jorda’n, K D’
among different experimental conditions. The spectrum of Science2004 304, 1140. (c) Wu, C.-C.; Lin, C.-K.; Chang, H.-C.; Jiang,

(8) (a) Jiang, J.-C.; Wang, Y.-S.; Chang, H.-C.; Lin, S. H.; Lee, Y. T.;
Niedner-Schatteburg, G.; Chang, H.CAm. Chem. So200Q 122, 1398.

HsO,* without Ar matches well with the experimental results

of Asmis et al. and Fridgen et al. while that with a tagged Ar

matches well with the experimental results of Headrick &tal.
The O-H stretching vibrational modes of the Eigen and

Zundel cores are generally blue-shifted in their hydrated clusters

due to the interaction with the hydrating water molecules. As

J.-C.; Kuo, J.-L.; Klein, M. L.J. Chem. Phys2005 122, 074315.

(10) (a) Brutschy, BChem. Re. 200Q 100 3891. (b) Buck, U.; Huisken,
F.Chem. Re. 2000 100, 3863. (c) Kim, K. S.; Tarakeshwar, P.; Lee, J. Y.
Chem. Re. 200Q 100, 4145. (d) Kim, J.; Kim, K. SJ. Chem. Phys1998
109 5886. (e) Lee, H. M.; Suh, S. B.; Lee, J. Y.; Tarakeshwar, P.; Kim, K.
S.J. Chem. Phy=200Q 112, 9759 (f) Hammer, N. I.; Shin, J. W.; Headrick,
J. M.; Diken, E. G.; Roscioli, J. R.; Weddle, G. H.; Johnson, MS&ience
2004 306, 675. (g) Patwari, G. N.; Lisy, J. Ml. Chem. Phys2003 118

the temperature increases, some peaks are either broadened &b55.

disappeared. To sum up, by taking into account the effects of

hydration, messenger Ar atom, and temperature, we were abl
to realistically reproduce the experimental IR spectra and

elucidate the nature of the characteristic features of Eigen and

Zundel forms except for very few unclearly resolved experi-
mental frequencies.
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