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Structure and Energetics of lonized Water Clusters: (HO),", n = 2-5
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Energetics and geometrical structures of neutradQ0& and ionized, (HO),*, water clusters, witln = 2—5,

are investigated using local-spin-density functional electronic structure calculations with exchange-correlation
gradient corrections. While the ground-state structures of the neutral clusters are hydrogen-bonded cyclic
ones, those of the molecular ions are noncyclic. The lowest energy isomers of the ioni@ggt (Husters

contain a hydrazine-like fragment, {8l0H;)*, hydrogen-bonded to the extra water molecules. Higher energy
isomers of the cluster ions are based on hydrogen bonding to a disproportionated fragr@)tOHH

1. Introduction cluster ions, (HO),*, have been observed (farup to 8) using

The properties of water clusters have been the subject of@ Special supersonic ion beam sotiraad by photoionization
increasing research activities in recent years due to the ubiquityOf neutral Ar(Hz0), clusters (for n up to 10). However, no
of H,O as one of the most important polar solvents, as well as €vidence pertaining to the structures of unprotonated ionized
the importance of water clusters in atmospheric science. TheseWater clusters has been given in these experimental studies.
studies include investigations of neutral water clustgk0)n, The difficulty of observing unprotonated water cluster ions
electron attachment and localization modes (surface and interioris attributed??to the large configurational differences between
states) in water clustet8? (H,O),~ (see also investigations of ~ the parent neutrals and the ionized clusters, which result in small

(H,0),2 in ref 3), ionized cluster$;® ie., (H0),", and Franck-Condon factors between the minima of the hypersur-
fragmentation processes Occurring upon |0n|za?]‘d.ﬁas well faces of the two. Consequently, the Vertica”y ionized cluster
as studies of ion and neutral hydration Systéﬁ'ﬁsl,‘l i.e., is formed in a h|gh|y V|brat|0na”y excited State, Ieadlng to
X(H;0), and X(H:0).*, where X is a solvated species (atom dissociation. From theoretical studies of the ionization ofI}d
or mo|ecu|e), inc|uding protonated C|usté,|3§,(H20)nH+_ Such it was conclude¥ that the 2A" Vertica"y ionized cation

studies provide insights into the nature of the hydrogen bonding [(H20)2] * (in the following square brackets surrounding the
and the rearrangement dynamics of hydrogen-bond networks,molecule denote a vertically ionized state) can undergo a fast
proton-transfer mechanisms, solvation phenomena, charging(Simulated” to be about 50 fs) barrierless “autoprotonation”
processes, and fundamental mechanisms underlying ion chem¥rocess induced by the charge imbalance due to the localized
istry of the upper atmosphete. ionizatio_n hole on t_he proton dor_10r, involving a sig_nificant
Mass spectra of water clusters are usually dominated by contraction of the interoxygen distance, and resulting in a
protonated cluster ions ¢@@),H*, which are produced by fast  disproportionated ion (dpi), OH@®"), wheredoo = 2.502 A,
intracluster reactions during the ionization process. Indeed, compared to 2.957 A in (30), (see Figure 1 and Table 1).
protonated cluster ions have been observed as the majorEXCess energy in the ionized cluster may lead to dissociation
constituent in a weakly ionized gas containing at least trace Of the dpi state into OHt H3O", with a calculated endother-
amounts of watet'® as well as in flowing afterglow®} in micity of ~1 eV. (We note hefé that the energy of the
flames2 and in Earth’s upper atmosphéfe (The protonated ~ Vertically ionized state, [(kD)2]", exceeds that of the OH-
dimer ion (HO),H* plays an important role in the ion chemistry H3O* dissociation limit by 0.08 eV.) Generallz_at|on of the
of the upper atmosphere, dominating the ion composition in above sequence to larger clustdemds to the following scheme:
the D region in the ionosphef®. Furthermore, charged water .
species (such as the oxonium ion@H, and HO,™) occur often éHZO)n P, [(HZO)n]+ gpi, (Hzo)n—2H30+' _OH>
as solvated charge carriers in aqueous solutions, condense .
phases (ices), and clusters (such as the celebratei)4H* (H,0),-,(H;0)" + OH
cluster?? which may be described as {Bl)2'H30™, i.e., an
oxonium hydrated in a cage of 20 water molecules). Conse- where vIP, dpi, and D denote the vertical ionization, dispro-
guently, such species have been investigated extensively portional, and dissociation processes, respectively. Therefore,
experimentally and theoretical{?3 observation of the unprotonated ionized clustei@)* requires
In contrast, experimental observatiéns and theoretical that its energy be reduced sufficiently to prevent dissociation,
investigation&324 of unprotonated (kD),t cluster ions are  such as via the evaporation of argon atoms in the experiments
scarce. Early photoionization studies (H,0), have detected  involving photoionization of Ax(H20), clusters® Similarly the
a low signal of (HO),* near threshold and have determined an gas-phase association reaction,@h + H.0" — (H,0),"
upper bound of the dimer adiabatic ionization potential alP- requires effective energy transfer to the cold expanding gas, as
[(H20);] < 11.21+ 0.09 eV (a lower value of 10.8110.90 in the experiments involving injected .B" ions into a
eV has been recently suggesiedLater He | photoelectron  supersonic water expansién.
measurement&determined the vertical ionization potential vIP While the dpi, (HO)*OH, state of the ionized water dimer
{(H20);] = 12.14+ 0.1 eV. Trimer ions, (KHO)s™, have been was invoked in the above discussion, recent investigation of
observed (with an intensity of 1% of the gD*(H.O) signal) pathways and dynamics of dissociation of ionized@j have
in low-energy electron impact (15 eV) measurements, and largerrevealed? that it is not the lowest ground-state configuration
of the water dimer cation. Rather, these local-spin-density
€ Abstract published ildvance ACS Abstractfecember 15, 1996.  functional (LSD) calculations (including generalized exchange-
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(H,0), (H,0)F “anti Dissociation of the water dimer may occur via alternative

channels? (i) the “oxonium channel” (O), (D), + hv —

H3;O* + OH + €7, and (i) the “water channel” (W), (D), +

hv — H, Ot + H,O + e. The calculated energies required
&‘ o2 o for dissociative ionization through these channelsE(©) =

J b,

1

H21 H22

O‘ H11

H‘2 Hh 11.67 eV (compared to 11.73 eV determined from the photoion
yield curve), andE4(W) = 12.75 eV (compared to the experi-
(OH)(H,0)" (H 0); "gauche” mentally estimate®} value of 12.86 eV). We also note (see
Hzo Figure 2 in ref 12) that while the vertically ionized state,

) J*Hm an) J’ [(H20);]*, may dissociate spontaneously into the O channel,

its dissociation into the W channel requires an energy of 1.01
H H# ev.
H12 12 21 . . . . )
If the vertically ionized dimer relaxes into the ground state

Figure 1. Optimized configurations (calculated at the GGC level) of L : S
9 P g ( ) of the OH(HO)* dpi isomer, dissociation into the O channel

the ground-state neutral water dimer @, the hydrazine-like ground

state of the dimer cation @®),*(a) (marked “anti”) and of the (}D),*- requires an energy of 1.02 eV (compared to an experimentally
(g) (marked “gauche”), and disproportionated ion, (OHJg), isomers. estimated lower bound of 0.6 eV), and dissociation into the W
Large and small spheres denote oxygen and hydrogen atoms, respecchannel requires 2.11 eV (compared to an experimental lower
tively. Geometrical parameters are given in Table 1. bound of 1.6-1.7 eV). On the other hand, the vertically
i i i i —+
TABLE 1: Geometrical Parameters (Distances in Angstroms ionized leer may relgx into the ¢9); (a_)_, ground state, or
and Angles in Degrees) of the Optimal Structures the (HO)."(g) isomer, in a process entailing a large configu-
(Calculated with a Plane-Wave Cutoff Energy of 158 Ry) for rational change and involving a barrier, or conversion between
the Neutral Dimer, (H20), the Singly Charged Dimer the dpi and the a or g isomers may occur, involving a barrier of
Cation in tt‘re Disproportionate lon Configuration, ~0.2 eV (the barrier for the reverse transformation~ig.42
(OH)(H.0)*, the (a) Ground-State Hydrazine-like = . .
Configuration, and the (g) Isomer eV); indeed Bora-Oppenheimer (BO)-LSD-molecular dynamics
O (MD) simulations of the (OH)BO™ isomer thermalized at 150,
(H0). 300, and 600 K have showhthat at the higher temperature,
(H20),  (OH)(H:O)* (@) (@) following several back-and-forth proton-transfer events, a vi-
Distances (A) brationally excited (HO),*(a) state was formed. Dissociation
H110; 0.976 1.409 0.981 0.980 of the (a) state into the W and O channels requires dissociation
Hi1,0 0.962 0.987 0981 0977 energies of 2.34 and 1.25 eV, respectively. From the above
H210, 0.965 0.971 0.981 0.980 : :
we conclude that the O channel is energetically favorable and
H220, 0.965 0.971 0.981 0.977 il domi f Id di dl hreshold
0,0, 2957 2502 2176 2182 will dominate for cold parent dimers and low (near threshold)
H.:0, 1.982 1.095 ionization energies. However, dissociation into the W channel
Angles (deg) may occur for higher excitation _ener_gies. _
O(H1101H12) 104.2 117.3 104.5 107.9 In light of the above we focus in this paper on the energetics
0(B1010y) 125.7 119.7 97.3 105.5 and structures of neutral ¢B), and unprotonated ionized
¢ 0.0 0.0 90.0 79.8 (H20),* clusters, witn < 5. The main findings of our studies
O(H2102H27) 104.7 112.5 104.5 107.9 are that while neutral (}0), clusters, withn = 3, 4, and 5,
0(B20204) 124.0 144.1 97.3 105.5 f d ol i | | ith
b 900 90.0 90.0 798 orm ground-state quasi-planar cyclic (polygonal) structures wit
0(020:H11) 945 91.1 each monomer acting as both a single donor and single acceptor,
0(O20:H12) 94.5 107.1 the ground-state structures of the ionized clusters are noncyclic,
0(01H1O2) 177.0 176.0 with chainlike structures containing a hydrazine-like fragment,
Dihedral Angles (deg) (H,0—0OHy)™, being the energetically optimal ones. Molecular
B101B> 180.0 180.0 180.0 104.5 ion isomers containing an oxonium fragmentzQH4)OH, are
H110:0:H2 180.0  100.9 higher in energy{0.1 eV), and the cyclic (bD)," structures

aPoints B (or B,) are on they; (or b) vector defined as the vector ~ are energetically unfavorable by a larger amou?.6—0.6 eV
in the corresponding HOH plane, whose origin is on the oxygen (O higher in energy than the chainlike structures). Following a brief
or O,), and bisecting the correspondiffHOH) angle (see Figure 1).  description in section 2 of the computational method, we present

¢1 (Or ¢2) is the angle (see Figure 1) required in order to rotate the qr results in section 3 and summarize them in section 4.
corresponding water molecule (1 or 2) about litsvector (defined

above), so that the HOH plane of the molecule coincides with the
corresponding B@D, plane. 2. Method

In calculations of the total energies, structural optimization,
correlation gradient corrections, GGC) predicted that an ionized and molecular dynamics simulatiofaye have used our Born
dimer with a hydrazine-like configurati8his lower than the =~ Oppenheimer (BO) local-spin-density functional (LSD) molec-
dpi state by 0.22 eV (see (B),"(a) in Figure 1). In this state  ular dynamics (MD) methdd (BO-LSD-MD). In electronic
the dipoles of the KD molecules are oriented antiparallel to structure calculations we have used nonlocal norm-conserving
each other, the oxygens are bonded directly with a bond length pseudopotentiat&for the valence electrons of the oxygen atoms
doo = 2.176 A (compared to 2.502 A in the dpi isomer), and (s- and p-components, with s-nonlocality) and a local pseudo-
the ionization hole is delocalized, unlike the case of@H)- potential for the hydrogens. Exchange-correlation gradient
OH, where it is localized on the oxonium part. In addition to corrections (GGC; with the exchange gradient correction of
the (HO),*(a) ground state, a slightly higher in energy (0.02 Becké®and the correlation gradient of Perd&wvere included
eV) isomer was found with the two water molecules of the dimer self-consistently.
cation in a “gauche” relative orientation (denoted as@hi*- As discussed in detail elsewhére,in our method no
(9); see Figure 1). lItis likely that the transformation from the supercells (i.e., periodic replicas of the ionic system) are used,
neutral dimer configuration to that of {@),"(a) involves a thus allowing studies of charged and multipolar clusters in an
barrier due to the significant rearrangement of the nuclei. accurate and straightforward manner. In dynamical simulations
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Figure 2. Optimized configurations of the ground state of neutrald@H (a) and of the chainlike (#D);™(a) (b) and the (KHO)s*(dpi) isomers.
Large and small spheres denote oxygen and hydrogen atoms. Geometrical parameters are given in Table 2a.
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Figure 3. Same as Figure 2 but for the neutral and singly charged water tetramer. Geometrical parameters are given in Table 2b.

the Hellmanr-Feynman forces on the ions are evaluated between superior to that obtained by previous high-level quantum

each MD step, involving iterative solution of the LS Kohn

chemistry ab initio calculations (see comparisons and citations

Sham equations, thus ensuring that the ionic trajectories arein refs 1a, 3+34) and overall in somewhat better agreement

followed on the BO potential energy surface. In the calculations
for neutral and charged @), clusters a plane-wave cutoff of
96 Ry was used (fan = 2 we quote also results from our earlier
calculations2where a larger value, i.e., 158 Ry, has been used).
A typical time stepAt = 0.3 fs was used in integration of the
ionic equations of motion.

3. Energetics and Structures of (HO), and (H,O),*, for
n<5

(@) Neutral (H2O)n, n = 2—5 Clusters. The optimal
structures for neutral (#D), clusters and for their cations
(H20)," with n < 5 are shown in Figure 1 (fon = 2) and
Figures 2-4 (for n > 2), and their corresponding geometrical
parameters are given in Table 1 (for= 2) and Table 2 (fon
> 2). The energetics of these clusters are given in Table 3.

In the neutral (HO), clusters (Figures 1, 2a, 3a, and 4a) the

molecules are hydrogen-bonded and for the trimer, tetramer,

with experiments than recent gradient-corrected density func-
tional calculations (see ref 35, whedgo = 2.926, 2.789, and
2.683 A is given fom = 2, 3, and 4). The shortening of the
O—0 distances is associated (for= 4 and 5) with a decrease

in the distances between the (donor) hydrogeng énd the
acceptor (@ oxygen atoms hydrogen bondsy-€Hg:--O, (with
average values of 1.825 and 1.795 A fo= 4 and 5 compared

to 1.982 A in the dimer; in the trimer two of these distances
are relatively short, i.e., 1.947 and 1.961 A and one in longer,
2.085 A, see Table 2a). At the same timg-®l4 bonds in the
donor molecules in these clusters tend to eloriga@mpared

to that in the dimer (0.976 A), with average values of 0.982
and 0.984 A form = 4 and 5. Additionally, these structures
exhibit a larger degree of nonlinearity of the hydrogen bonds
(i.e., the anglé1(O4—Hg--Og)) compared to that in the dimer
(177), having average values of 1327C, and 176 for n =

3, 4, and 5, respectively, and showing a trend of decreased

and heptamer their ground-state structures are cyclic, close tohydrogen-bond nonlinearity for larger clusters (with> 2).

planar, polygon¥ (for (H,0O), the oxygen marked £n Figure

3a is located 0.090 A above the;©0,—0O; plane, and for
(H20)s the oxygens marked {and Q in Figure 4a are located

in 1.0 and 0.8 A, respectively, above the-@D;—0s plane). In
the tetrahamer all the 4® molecules are equivalent to each
other and the directions of their dipoles (being approximately
along the bisector of the intermoleculari®—H angle) alternate
above and below the plane of the cluster, while for the odd

The shortening of the ©0 distances is also correlated with
the monotonic increase withof the binding energy (seg, in
Table 3,E, = E((H20),) — nE(H,0)) and consequently an
increase of the hydrogen-bond energy (Egein Table 3;Es

= Ep/nys, Wherenyg is the number of hydrogen bonds in the
cluster). The pattern of increaseig indicates nonadditivity
effects suggesting that simple pair-potentials cannot provide
accurate descriptions of the geometries of such small water

. . 5
numbered clusters not all molecules are equivalent since suchclusters?

cyclic alternation around the polygon cannot be completed.

The relative stability of the water tetramer cluster, which as

The angles formed between the oxygens in these structuresaforementioned is characterized by a cyclic alternation of the

are close to the ideal polygonal ones (i.e..{2) 18C/n), and

molecular dipole directions, is portrayed by the relatively large

the distances between neighboring oxygens are shorter than invalue of the HO removal energy calculated for it (sA€H,0)

the dimer moleculedpo = 2.957 A), with their average values
being 2.890, 2.798, and 2.778 A fior= 3, 4, and 5, respectively,
in good agreement with experimentally determined vahigs*
(2.976, 2.90, 2.78, and 2.76 A for = 2—5, respectively),

in Table 3;A(H0) = E((H20)n) — E((H20)n-1 — E(H20)) and

the relative ease of # removal from the pentamer cluster.
The relatively high value oA(H,0) for the trimer is related to
the fact that upon removal of a water molecule from this cluster
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Figure 4. Same as Figure 2 but for the neutral and singly charged water petamer. The nex@jglgeébmetry is shown in part a, the geometries
of two “hydrazine-based” isomers, §8)s*(al) and (HO)s*(all), are shown in parts b and c, and the geometries of two “disproportionated ion-
based” isomers, (¥D)s*(dpil) and (HO)*(dpill), are shown in parts d and e. Geometrical parameters are given in Table 2c.

to form the dimer, the number of hydrogen bonds is reduced show a relatively smalEg ~ 0.1 eV); relaxations of the mo-
from three to one. lecular cations into cyclic structures result in higher energy
(b) lonized (H20),*, n = 2—5, Clusters. As noted already isomers than the noncyclic ones, with corresponding larger alP
in the Introduction, we have found recently that a hydrazine- values (for example, the alP of §8); to form a cyclic molec-
like structure ((HO);™(a) in Figure 1) is a stable ground state ular ion is 10.48 eV, and that for @), is 10.28 eV, the latter
of the ionized dimer with an energy 0.2 eV lower than the value calculated at the PLSD level, that is, including exchange-
disproportionated ion, (#0)"(OH) isomer. The main result of  correlation gradient corrections, but using the wave functions
the present study is that the lowest energy isomers of the largerand geometry obtained from LSD calculations). For all cases
molecular water cations @®),", 2 < n < 5, whose neutral studied here the molecular ion clusters based on a hydrazine-
parents form cyclic ringlike structures, are noncyclic with the like component (denoted as {8),"(a)) are more stable (i.e.,
lowest energy corresponding to chainlike ones containing a lower alP values) than the ones containing a disproportionated
hydrazine-like component (see Figures 2b, 3b, and 4b,c). Forion (dpi), with an energy difference 0f0.1 eV.
the pentamer cluster ions we show two isomers for the (a) and In the ionized clusters the distances between hydrogen-bonded
(dpi) motifs; in descending order of stability these are denoted oxygens are smaller than in the corresponding neutral ones (i.e.,
as: (al) corresponding to @@)x(H,OOH,)"(H,0), where the 2.472 and 2.426 A in the (a) and (dpi) states ob@hs™,
two H,O molecules on the left are hydrogen-bonded directly to compared to 2.890 A in the neutral; 2.570 and 2.493 A in the
one of the HO molecules of the hydrazine fragment; (all) (a) and (dpi) states of @®),t, compared to 2.798 A in the
corresponding to (bD)(H,0)(HO0H,")(H20), where only one neutral; and the values in the range -o2.5-2.65 A in the
H,O molecule is hydrogen-bonded directly to each of the (H.O)s" isomers compared to an average distance of 2.778 A
molecules of the hydrazine fragment; (dpil) corresponding to in the neutral). Additionally, in general the hydrogen bonds in
(H20)2(H30)*"(H.0)OH, where the oxonium fragment is 3-fold  the ionized clusters are closer to linear than in the neutral
hydrogen-bonded to water molecules; (dpill) corresponding to parents. These results correlate with increased values for the
(H20)2(H30)*(OH)(H,0O), where the oxonium fragment is water removal energies from the cluster ionst(H.0) =
hydrogen-bonded directly to only two water molecules. E(H20)nt — E(H20)-1t — E(H20)), compared to those for
The vertical ionization potentials (vIP in Table 3) of the the corresponding neutrals (compaxéH,0) andA*(H20) in
(H20), clusters show a monotonic decreasing trend with Table 3).
increasing, and the reorganization energi&g & vIP(H20)y)
— alP((H:0)n)) upon structural relaxation of the ionized clusters
are rather significant (compare values in Table 3 to the single In this paper the energetics and structures of neutraD}l
water molecule, where both measurements and calculationsand singly charged (#D),*, water clusters, witm < 5 were

4. Summary
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TABLE 2: Geometrical Parameters (Distances in Angstroms and Angles in Degrees) of the Optimal Structures of Neutral and

Singly Charged Isomers of Water Clusters

a
(H20)s (H20)"(a) (H:0)s"(dpi) (H0)s (H20)"(a) (H:0)s"(dpi)
Distances (A)
H1101 0.974 1.055 1.075 s @) 1.961
H1,01 0.958 0.971 1.070 HO3 1.425
H1301 0.963 H:03 1.361
H110, 1.947 1.562 (69 2.848 2.153 2.570
H2102 0.973 0.973 0.979 D3 2.842
H3103 0.971 0.961 0.961 [0} 2.981 2.472 2.426
Angles (deg)
0(0:H1:05) 153 O(H210:H22) 106.6 105.3
0(0O2H2105) 149 O(H3103H32) 105.9 108.7 109.7
[0(OsH2:01) 153 [(H110:Ha1) 116.4
0(OsH1:01) 109.7 (010,05 63.2
0(0:H1:0) 170.3 (0,050, 58.5
0(H1101H12) 105.9 106.4 1115 0(050:02) 58.3 107.6 102.7
b
(H20) (H20)4"(a) (H:0)4"(dpi) (H0)s (H20)4"(a) (H:0)4"(dpi)
Distances (A)
H1101 0.982 1.022 1.00 v @2 1.473
H1,01 0.960 0.970 1.026 HO, 1.472
H1301 1.026 QO 2.798 2.214 2.614
H110, 1.825 1.614 @03 2.570 2.493
H3103 0.960 0.963 0.960 O, 2.493
H1103 1.565
Angles (deg)
0(0:H1:05) 170.5 178.4 0(H1:01H13) 109.9
0(01H1:0) 166.3 (010,03 89.9
0(04H1,0) 172.6 [1(0,0,05) 111.8 120.6
O(H1O1Hi2) 104.4 106.7 115.9 0(050:04) 103.2
[(H3:05Ha») 104.4 106.9 108.2
c
(H20)5*-  (Hz0)5"- (H20)5*-  (H0)s"-
(H:0)s (H20)"(al) (H0)"(all)  (dpil)  (dpill) (H20)s (H20)"(al) (HO)s*(all)  (dpil)  (dpill)
Distances (A)
H1101 0.986 1.006 1.058 1.028 1.011 195 1.661
H1,01 0.959 1.006 0.968 1.028 1.011 35 1.688
H130: 1.007 1.010 HOs 1.783 1.557
H2101 1.772 H105 1.661
H210, 0.985 1.006 1.011 0.975 1.011 @ 2.756 2.182 2.219 2.634
H1,0, 1.630 QO3 2.723 2.481 2.617 2.626
H310, 1.804 QO, 2.617 2.651
H3103 0.984 0.959 0.990 0.959 105 2.767 2.665 2.584
H103 1.812 Q0s 2.786
H1103 1.726 1.441 Q0, 2.714 2.648
H1,03 1.631 QOs 2.845 2.655
H4104 0.982 0.959 0.962 0.959 0.959 ;@ 2.794
H2104 1.721 1.647 @05 2.664
H1304 1.616 1.647 @05 2.789
Hs105 0.984 0.960
Angles (deg)
0(OH20) 1767 [0(0sHs:05) 179.9
D(OlHlloZ) 1676 D(O3H4104) 1769
0(01H1:0) 1717 171.9 O(OsHa:0) 168.1
0(01H1103) 170.6 166.0 0(O4Hs5105)  176.5
[0(01H1:0s) 1717 1717 0(0.0,0;) 110.6
0(OiH110s)  175.8 176.9 0(0:0:0s) 104.1
0(O1H1205) 171.9 [0O(0s040s) 107.7
0(0Hz0s) 1755 0(0,00,)  106.2
0(0-H2:0s) 168.3 169.5 0(0s0:0,) 104.8
[0(OsH2:05) 166.9

a Results for the trimer, tetramer, and pentamer cluster are given in parts a, b, and c, respectively. For the pentamer cluster, results are given for
two isomers of the “hydrazine-based” (al and all) and “disproportionated ion-based” (dpil and dpill) cations (see Figure 4). Identification of the
atoms is as given in Figures-2.

investigated using LSD calculations with self-consist inclusion perimentsta3+34 The calculated shortening of the-@ bond
of exchange-correlation gradient corrections. The main results distances for increasing water cluster sizes, which has also been
of our study may be summarized as follows. observed experimentall, is found to be correlated with a

(i) Neutral (H:O),, n < 5, clusters form ground-state quasi- decrease in the distances between the (donor) hydrogens (H
planar cyclic (polygonal) structures, in agreement with ex- and the acceptor (§poxygen atoms involved in hydrogen bonds,



Structure and Energetics of lonized Water Clusters

TABLE 3: Energetics (in eV) of Neutral and Singly
Charged Water Clusters (for Identification of the Various
Species See Figures-14)2

(H20) (H0), (H20)s  (H20)s (H20)s
Ep 0.163 0.561 1.053 1.344
[0.163P
Ens 0.163 0.187 0.263 0.269
A(H20) 0.163 0.397 0.492 0.291
vIP 12.75 11.80 11.03 10.38 9.90
[12.69P [11.74P
alP 12.66 (a)[10.42] (a)9.86 (2)9.54  (al)9.23
[12.59P (dpi)[10.64} (dpi)9.97 (dpi)9.63 (all)9.29
(dpil)9.34
(dpill)9.35
A*(H20) (2)2.34 (2)0.958 (a)0.816 (al)0.604
(dp2.11  (dpi)1.069 (dpi)0.835 (all)0.544
(dpill)0.571

aThe binding energy of (kD). is defined as the total energy
differenceE, = E((H20),) — nE(H20); Eng = Ey/nus, wherenyg is
the number of hydrogen bonds in the clustéx(H,O) and A*(H.0)
are the water-molecule removal energies for the neutral and ionize

clusters, respectively. vIP and alP are the vertical and adiabatic

ionization potentials of the (D), clusters; for the alP ionization results
are given for various final-state charged isomers; for a given cluster

size an isomer with a lower alP value is more stable and the difference

between the alPs of two isomers of a given cluster is the difference
between their total energies; for example(hh(a) is more stable
than (HO),"(dpi) by 0.22 eV. Results for the water monomer and
dimer marked by a superscriptcorrespond to calculatiofswith a
plane-wave cutoff energy of 158 RyCalculated withEq,s = 158 Ry.

Og4—Hgy+++O, accompanied by elongation of thg-6€Hy bondg2

in the donor molecules (far = 4 and 5). The hydrogen bonds
for the trimer are highly nonlinear (i.e., averdgéOy—Hg:--O5)
value of 152), implying a high degree of strain, and they tend
toward linearity for the tetramer and heptamer. The shortening
of the O—O bonds with increasing cluster size is portrayed in

a monotonic increase of the hydrogen bond energy in these

clusters. The vertical and adiabatic ionoization potentials for
clusters withn > 2 are significantly smaller than those of the

J. Phys. Chem. A, Vol. 101, No. 2, 199769

neutral dimer). Therefore, measurement/(O) may serve
to identify and distinguish between these ionized dimer isomers.
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