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In a recent ingenious experiment Diken et al. (Diken, E. G.; Robertson, W. H.; Johnson, J.Phys.

Chem. A2004 108 64) obtained the vibrational spectrum in the OH stretch region of the neuts@l){H
precursor to the (bD)s~ ion. Comparison of the measured spectrum with the calculated harmonic vibrational
spectra of various low-energy isomers of,(3s led these authors to conclude that the observed spectrum is
due to the book isomer, although agreement between theory and experiment is only qualitative. In the present
study a hybrid MP2/QCISD method is used to overcome a shortcoming of earlier theoretical calculations of
the harmonic spectra of low-energy B)s isomers, and the coupling of the fundamentals with overtones and
combination states is accounted for by means of a cubic force-field approximation. The results of these
calculations provide further support for the assignment of the book form g)tas the precursor of the
dominant observed (}D)s~ isomer.

Introduction density functional methods, e.g., Becke3L%¥P?that have been
used in earlier theoretical studies of,(®s, tend to overestimate

the elongation of OH bonds engaged in H-bonding, causing too
large a red shift in the associated vibrational frequentiés3!

The remedy to this problem is well-understood, namely, to
optimize the geometries and to calculate the vibrational frequen-
cies using a method such as coupled-cluster theory that recovers
high-order correlation effec.However, such calculations with

Negatively charged water clusters were first observed by
Haberland and co-workers in 198&ince that time there have
been numerous experimeritaP and theoretical studiés 26 of
these fascinating species. B)s~, in particular, has attracted
considerable attention, in part because it is the smallest water
cluster displaying a well-defined vibrational spectrum in the OH
stretch regiort: 13v1578everal different structure§ have been suitably flexible basis sets would be computationally prohibitive
proposed for (HO)s.111520 To date, comparison of the for a cluster of the size of (30)s.
vibrationa_l spectra calculatt_ed for various,(®)s~— isomers wi_th In the present study, we use a hybrid MP2/QCi&approach
the. ?*pe”m?”ta”y determmed spectrum has not permitted 8to calculate the harmonic vibrational spectra of the lowest energy
definitive assignment of the isomer responsible for the spectrum. fing, cage, prism, and book isomers of,®Je. These isomers,

What is clear from _the the_oretical studies is that the anion has which are depicted in Figure 1, are known from prior theoretical
a geometry appreciably different from that of any of the low- studied®-% to be close in energy. The hybrid MP2/QCISD

energy forms of the neu.tral Clug@f&.ﬂ Thus, either t_he approach is used to overcome the problems associated with the
electron-capture process IS accompanied py'a substanthl r€ariise of MP2 or DFT geometries for calculating frequencies. In
rangement of the H-bonding network or it involves a high- addition, the effects of vibrational anharmonicity, specifically
energy isomer of the neutral cluster. . the coupling of the fundamentals with overtones and combina-
Recently, Johnson and co-workers have carried out a novelijo, states, are calculated using a cubic force field. Comparison
experiment allowing them to obtain the vibrational spectrum ¢ the calculated and measufédpectra allows us to conclude
of the neutral (HO)s cluster that is responsible for the observed unambiguously that the book isomer ofAB)s is the precursor
(H20)s~ spectrunt’ This was accomplished by monitoring the ¢ the dominant form of (KD)s~. We conclude by discussing

formation of (HO)s~ upon IR absorption by (bD)eArio-12 the implications of these results for the formation obQHs .
followed by electron capture. Comparison of the calculated

harmonic spectra for various low-energy isomers of the neutral Methodology

(H20)s cluster with the measured spectrum revealed that the

best agreement was with the spectrum calculated for the book In the present approach the QCISD proceddérehich is
form of (H,O)s. However, there are significant differences closely related to the coupled-cluster singles-plus-doubles
between the calculated and measured spectra, even after scalincCSD) method, was used to optimize the geometries of the
the calculated harmonic frequencies to account approximately lowest energy ring, cage, book, and prism isomers ek

for anharmonicity effects. There are two major sources of error The resulting geometries were then used to calculate the
in calculations of the vibrational frequencies of various isomers harmonic vibrational frequencies using the MP2 method.
of (H.0)s carried out to date, namely, the use of the normal- Hereafter, this will be referred to as the MP2/QCISD method.
mode approximation and the neglect of high-order electron A detailed study of the (kD),, n = 2—4, clusters has shown

correlation effects. With regards to the latter, both the MP2 and that this approach gives vibrational frequencies and intensities
for the OH stretch vibrations very close to those obtained from

* Originally submitted for the “Fritz Schaefer Festschrift’ published as Calculations in which the QCISD method is used for both the
the April 15, 2004, issue of. Phys. Chem. AVol. 106, No. 15). geometry optimizations and the vibrational frequency calcula-
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VI [Af] - VLA Figyre 2. Vibration_al spectra of the (}D)s cluster in the OH stretch
region. The experimental spectrum (a) results fromQJgdArio-12

: : clusters that are precursors of(®s~ (reproduced from ref 27). The
this study. Structure$—IV correspond, respectively, to the’ lowest  iheoretical spectra for the book (b), ring (c), cage (d), and prism (e)
energy ring, prism, cage, and book forms of neutraldq. IV and isomers were obtained in the harmonic approximation from MP2
V=VIIl are local minima of the anion. The arrows indicate a possible ¢5|cyations using QCISD geometries. The calculated frequencies have
pathway for proceeding from the neutral book to the most stable forms ey scaled by 0.942. F and S denote, respectively, transitions
of the anion VIl ‘andVlIl ). V can rearrange tlil either by direct associated, with free and donor OH groups of single-donor water

means or via intermediatd . IV differs fromIV only with respectto  yjecyles, and D denotes transitions associated with double-donor water
the flip of one of the free OH groups. This flip is accompanied by an  y51ecules.

increase in the dipole moment and, hence, by increased electron binding.

Figure 1. Low-energy isomers of ($D)s and (HO)s~ considered in

: . 6-311++G**(sp) basis set, formed by adding on the O atoms
tions3! The 6-31-G[2d,pF7-8 basis set was used for the . . ) .
majority of the calculations on the neutral clusters. To establish extra diffuse sp Gaussian functidhto the 6-313+G** basis

46,47
that this basis set is suitable for calculating the structures andSet
the harmonic vibrational spectra, in the case of the cage isomer

the calculations were also carried out with the more flexible Results
aug-cc-pVD2%40 basis set. The Gaussian“®®rogram suite Rotational constants have been determined experimentally for
was used for the calculations. the cage isomer of (}D)s,*®4° making this a valuable system

To account for “near-degeneracy” mixing of the OH stretch for judging the reliability of various theoretical methods for
with combination and overtone bands, the cubic force constantspredicting the geometries of H-bonded clusters. Our QCISD/
were calculated at the Becke3LYP level. (Studies of smaller 6-31+G[2d,p] and QCISD/aug-cc-pVDZ calculations for this
water clusters have shown that there is fairly good agreementisomer give rotational constants of 2183, 1139, and 1065 MHz,
between the cubic couplings calculated in the Becke3LYP and and 2186, 1123, and 1077 MHz, respectively. These two sets
MP2 approximationg!) The Hamiltonian allowing for cubic  of rotational constants are in close agreement with one another
couplings was constructed by combining the MP2/QCISD and with experiment (2162, 1129, and 1067 MHz), thereby
fundamental frequencies and Becke3LYP cubic force constants,establishing the suitability of the 6-315[2d,p] basis set for
with the former being scaled to allow for “diagonal” anharmo- calculating the geometries of the clusters. In contrast, the
nicities and the latter to compensate for the tendency of the rotational constants associated with the MP2/aug-cc-pVDZ-
cubic-force field method to overestimate the couplitigé? The optimized geometry, 2240, 1151, and 1104 MHz, are in much
vibrational spectra were calculated variationally using this poorer agreement with experiméfit.

Hamiltonian and bases consisting of the OH stretch fundamen- The calculated harmonic spectra in the OH stretch region for
tals and all combination and overtones states that fall within the book, ring, cage, and prism isomers 0@ are reproduced
600 cn1?! of the OH stretch fundamentals3 The intensities in Figure 2 together with the experimental spectrum measured
of the various transitions were assumed to derive from the OH by Diken et ak’” The calculated OH stretch frequencies have
stretch normal modes, and the dipole moments were assumedeen reduced by a factor of 0.942 to correct in an approximate
to vary linearly with the OH stretch coordinates. All calculated manner for vibrational anharmonicity. Overall, the calculated
vibrational lines were given Gaussian line shapes with 7lcm  harmonic spectrum for the book isomer is in the best agreement

half-widths to facilitate comparison with experiment. with the measured spectrum, as was concluded previously by
In addition to presenting new theoretical results for the Diken et al?” Moreover, the agreement between theory and
vibrational spectra of various isomers of the neutrajd@hd experiment is significantly better than when using the harmonic

cluster, we also examine pathways for rearrangement of the spectrum calculated using the MP2 method (in which the same
neutral book isomer to the most stable form of the anion. These approach is used to optimize the geometry and to calculate the
calculations were carried out at the Becke3LYP level using the frequencies).
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the coupling€2-44 However, it should be noted that this scaling
does not significantly alter the appearance of the calculated
spectra.

\ By far the best agreement between the calculated spectra
b) book ‘ ' reported in Figure 3 and the experimental spectrum is for the
book isomer. The four intense transitions observed between 3420
and 3720 cm! are closely reproduced by the calculations.
Moreover, the calculated spectrum of the book isomer displays
considerable structure due to overtones and combination bands
in the 3176-3330 cni! region, in agreement with experiment.
Given the sensitivity of the spectral features in this region to
the energy spacings between the unmixed fundamentals and the
overtones and combination states, the agreement between theory
(book isomer) and experiment is quite satisfying. In light of
these results, we conclude that the book form of@}d is the
precursor for the dominant experimentally observed isomer of
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e)p.rism (H20)6, i.e., that which has a vertical detachment energy of
0.42 e\*% and for which the vibrational spectrum in the OH
stretch region was measured by Ayotte et®al.
2800 3000 3200 3400 3600 3800 Implications for Anion Formation
-1
Energy (cm’) Two recent theoretical studies have identifiéd , depicted
Figure 3. Vibrational spectra of the (#D)s cluster in the OH stretch in Figure 1, as the most stable form of B)s~.1°21 One of
region. The experimental spectrum (a) results from@sAro-12 — these, by Kim et al? proposed thatVil is the isomer

clusters that serve as the precursor tod)d~ (reproduced from ref ; . . -
27). The simulated spectra for the book (b). ring (c), cage (d), and responsible for the vibrational spectrum of,(B)s— measured

15 i ini
prism (e) isomers were calculated by allowing for near-degeneracy by Ayotte e'_( al;> although, in our opln_lon,_the agreement
mixing of the OH stretch fundamentals with various overtones and Petween their calculated (Becke3LYP) vibrational spectrum of

combination states. The frequencies of the fundamentals were scaledhis isomer and that measured is not close enough for an
as discussed in the text. The cubic force constants were reduced byunambiguous assignment. The inability to account for the
15%. spectrum in a quantitative manner at the Becke3LYP level is
not surprising, since this approach (at least when used with a
Comparison of the calculated and experimental spectra allowsflexible basis set) considerably overbinds the excess eléétron
us to conclude that the line observed near 3720dsdue to and also suffers from the problem (mentioned above) of
the five free OH stretch vibrations, those near 3450 and 3470 exaggerating red shifts associated with the OH stretch vibration
cm ! are due to the OH stretch vibrations of the double-donor of the H-bonded OH groups. We have calculated the vibrational
water, and the two lines near 3410 chare due to single-donor  spectrum ofVIl using the MP2 approximation, which shares
OH stretch vibrations. Nonetheless, there remains the problemyith the B3LYP method the tendency to overestimate the bond
that the experimental spectrum has five peaks between 3170engths of OH groups engaged in H-bonding but, in contrast to
and 3330 cm?, whereas the calculated harmonic spectrum has the B3LYP method, considerably underestimates the binding
only three single-donor OH stretch transitions in this range. This of the excess electron. The resulting spectrum is in poorer
is not an unexpected result, since clusters containing wateragreement with the experimental spectrum for the anion than
molecules often display extra structure in this region as a resultis that calculated using the Becke3LYP method. It is well-
of mixing of H-O—H bend overtones with the OH stretch established that high-level electronic structure methods such as
fundamental§?>2 CCSD(T) are required to accurately describe the binding of an
Figure 3 displays the vibrational spectra for the book, ring, excess electron to clusters such as@}4>*>¢ As a result, we
cage, and prism isomers of {8)s calculated by allowing for ~ believe that a definitive identification of the observed anionic
mixing of the OH stretch fundamentals with overtones and isomer based on comparison of calculated and observed
combination states. The experimental spectrum is reproducedvibrational spectra would require optimizing the geometries and
for comparison. In calculating these spectra, the frequencies ofcalculating the vibrational spectra of the various low-energy
the OH stretch fundamentals were reduced by 0.942, with this isomers of the anion at the CCSD(T) level, a computationally
scale factor being determined by comparing the average of thedaunting task, particularly given the large basis set required.
OH stretch frequencies calculated in the harmonic and anhar- In the absence of a definitive assignment of the structure of
monic approximations and using the Becke3LYP level of the (HO)s~ anion based on comparison of calculated and
theory3! For the other classes of vibrations #—H bend, measured vibrational spectra, it is useful to consider whether
OH wag, intermolecular stretch) the MP2/QCISD harmonic there is an energetically accessible pathway leading from the
frequencies were scaled by the factors needed to bring theirbook form of the neutral clustet\() to the most stableMll )
average into agreement with the average of the anharmonicisomer of the anion. Pathways for interconversion of several of
frequencies from the Becke3LYP calculations. The anharmonic the relevant low-energy minima of ¢8)s~ have been mapped
frequencies used for determining the scaling factors were out at the Becke3LYP/6-3#1+G**(sp) level of theory by Kim
obtained using the second-order perturbative appPéaciple- et al#® For our current purpose, the most important finding of
mented in Gaussian ®Band will be reported in ref 31. In  ref 45 is that the overall barrier for interconversion of the anion
generating the theoretical spectrum reported in Figure 3, thefrom IV’ (Bd in ref 45) toVIl (Af in ref 45) lies only about
cubic force constants were reduced by 15% to compensate for3.2 kcal/mol abové/Il and proceeds through the intermediate
the tendency of the unscaled force constants to overestimateV (Bf' in ref 45). In this discussion all energies have been
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corrected for vibrational zero-point energy. Thé' anion is electron-transfer experiments) The main structural change
formed from the book isomer of the neutral cluster by a flip of associated with this process is a donacceptor exchange of
one of the free OH groups and electron capture. The free OH two adjacent water monomers analogous to that of the isolated
flip is accompanied by an increase in the dipole moment and, water dimer (see Figure 1). Although this rearrangement is
hence, also by an enhanced binding of the excess electron. Ouenergetically uphill for the book form of the neutral cluster, it
calculations indicate that this occurs without a barrier. Moreover, is accompanied by a large increase in the dipole moment and,
VIl is calculated to lie energetically 5.3 kcal/mol below the as a result, is energetically favorable for the anion.
neutral book isomerlY), which implies that the barriers for
rearrangement of the anion lie energetically below the neutral ~Acknowledgment. This research was carried out with the
cluster plus a free electron. Although the relative energies from support of a grant from the Department of Energy. We
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to hold up in higher level calculations such as CCSD(T). group and E. Sibert for the use of his code for carrying out the
It is also interesting to note that there are two isomers of the Vibrational CI calculations. The calculations were performed
anion closely related t@ll , and only slightly less stable. These 0n computers at the University’s Center for Molecular and
areVIIl (Af'in ref 45) andVl, located in our calculationd/| Materials Simulations and at the Pittsburgh Supercomputing
andVIIl are calculated to lie respectively only 0.15 and 0.21 Center.
kcal/mol aboveVll , and the barriers for rearrangement\df
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