J. Phys. Chem. R007,111,7599-7610 7599

Model Systems for Probing Metal Cation Hydration: The V*(H,O) and ArV *(H,0)
Complexes

Veronika Kasalova, Wesley D. Allen,* and Henry F. Schaefer Ill
Center for Computational Chemistry, Umeirsity of Georgia, Athens, Georgia 30602-2525

E. Dinesh Pillai and Michael A. Duncan
Department of Chemistry, Usrsity of Georgia, Athens, Georgia 30602-2556

Receied: February 12, 2007; In Final Form: March 23, 2007

In support of mass-selected infrared photodissociation (IRPD) spectroscopy experiments, coupled-cluster
methods including all single and double excitations (CCSD) and a perturbative contribution from connected
triple excitations [CCSD(T)] have been used to study tH¢H40) and ArVF(H,O) complexes. Equilibrium
geometries, harmonic vibrational frequencies, and dissociation energies were computed for the four lowest-
lying quintet states®f, °A,, °B;, and®By,), all of which appear withi a 6 kcal mol! energy range. Moreover,
anharmonic vibrational analyses with complete quartic force fields were executed féAstlstates of
V*(H0) and ArV*(H,0). Two different basis sets were used: a Wacht&kg8s6p4d1f] basis with triple:

plus polarization (TZP) for O, H, and Ar; and an Ahlrichs QZVPP V[11s6p5d3f2g] and Ar[9s6p4d2flg]
basis with aug-cc-pVQZ for O and H. The ground state is predicted taJffer V*(H,0), but argon tagging
changes the lowest-lying state B, for ArV*(H,0). Our computations show an opening 6f3° in the
equilibrium bond angle of kD due to its interaction with the metal ion. Zero-point vibrational averaging
increases theffectve bond angle further by 296-2.5°, mostly because of off-axis motion of the heavy
vanadium atom rather than changes in the water bending potential. The total theoretical shift in the bond
angle of about+-4° is significantly less than the widening neat @educed from IRPD experiments. The
binding energiesy,) for the successive addition of,8 and Ar to the vanadium cation are 36.2 and 9.4 kcal
mol™1, respectively.

. Introduction Lisy et al1l®-16 were the first to apply infrared photodisso-

Central to understanding the bulk solvation of metal ions is €iation spectroscopy (IRPD) to metal-ion/ligand systems, in-
the interaction of the individual ions and solvent molecules. cluding alkali-cation/water complexes. Beginning in 2002, more
Metal-cation/water complexes are of the most fundamental extensive mass-selected IRPD studies were executed within the
interest. However, the details of metal-solvation processes arePUncan group on a variety of main group transition-metal/ligand

difficult to determine experimentally, and gas-phase spectro- cOmplexes produced by laser vaporization Sourtes In some
scopic structures of water molecules in contact with a metal Of the most recent work, these IRPD studies were extended to

cation are rare in the literature. various M"(H,O), complexes (M= V, Fe, Ni)21:25-27 |n 2004,

Photodissociation spectroscopy has been used previously forNishi and co-worker$-*reported similar studies on M@H,0)
many metat-ligand complexes to obtain vibrationally resolved and Al*(Hz0).
spectra for electronic states, as well as rotationally resolved A stronger metatligand bond in complexes with a transition
spectra that have provided some of the first direct structural metal, as compared with alkali metdfs3” makes these systems
determinations for these molecules. Beginning in the early and challenging candidates for spectroscopy. The bond energy of
mid-1990s, several research groups investigated the electronidransition-metal-cation/water complexes is too high for single-
spectra of metal-cation/water complete®! using size selection  photon infrared photodissociation; therefore, multiphoton dis-
with various forms of mass spectrometry and laser photodis- sociation or “argon tagging” is necessary. The principle behind
sociation spectroscopy. In one of the first of these studies, Brucat“argon tagging” is that clusters with rare gas atoms loosely
and co-workers measured a vibrationally resolved electronic attached have dissociation channels that are accessible at lower
spectrum for V¥ (H,0).! Electronic spectra of the alkaline earth  photon energies, thus allowing mass spectrometric detection of
cations Mg and Cd in complexes with water were studied by infrared absorption across wider frequency ranges. It is generally
Duncan et at~* and Fuke et at.7 More recently, these studies assumed that the argon in such mixed complexes acts as a
have been extended to other metalad have included doubly — spectator and does not induce significant structural changes in
charged ion8-1* Duncan and co-workers described the ZEKE the clusters or shift the vibrations by substantial amounts.
photoelectron spectroscopy of AH,0) with partial rotational Recently, the Duncan group applied mass-selected IRPD
resolution'? spectroscopy to the vanadium-cation/water compteXhis

 Part of the “Roger E. Miller Memorial Issue”. stu_dy provided the first gas-p_hase IR dataon a transition_—metal-

* Corresponding author. E-mail: wdallen@ccqc.uga.edu. Phone: (706) Cation/water system. Vanadium was chosen because it has a
542-7729. single isotope, thus simplifying the mass analysis. Additionally,
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the binding energies of Vto H,O or to Ar have been measured TABLE 1: Dissociation Energies for the 5A; State of
previously31:32.34.3839+(H,0), V+(H,0)Ar,, V*+(D;0), and V*(H;0) in kcal mol~*

V+H(D,0)Ar, were produced by laser vaporization of a metal De Do

target ro_d and entrainment in an Ar expansion gas. The present work

observation of widely spaced rotational structure indicates that RoHF/Wf(TZP) 375 358

the argon atom attaches to the vanadium cation on the opposite CCSD/Wf(TZP) 38.1 36.4

side of the water molecule. After mass selecting the target ggﬁ%(('g)zﬂclggzp) ?égfé 333-2

species, the ©H and O-D stretches in the water moiety were : :
b ' Y CCSD/QzVPP 376 358

vibrationally excited, and fragment-ion versus energy photo-

. - CCSD(T)/QZVPP 380 36.2
dissociation spectra were recorded. orevious theory

The IRPD spectrum of ArV(H,0) contains peaks at 3605 MCPE/Wachtersf TZP2 364 347
and 3690 cm'.2! These bands are50 cntt and~70 cntt to MP2/6-31 H+G**b 200
the red of the symmetric (3657 crt) and antisymmetric (3756 CCSD(T)/6-31¥#+G**/IMP2/6-311++G**>  43.4
cm 1) stretches in free water, respectively. Scaled vibrational B3LYP/TZVP+G(3df,2p) 38.5 36.62
frequencies of ArV'(H,0) derived from the B3LYP/6-31G*  CCSD(T)/TZVP+G(3df,2p)/ 36.7 3242
level of theory (3642 and 3700 cY agree qualitatively with B3LYP/TZVP+G(3dff'2p)
h hif he th icall g B3LYP/B3//B3LYP/BZ: 38.7
the measured red shifts. For the t eoretlcay prediéid MPW1PW91/6-31%G(d) 354
ground state, the DFT-computedHd—H angle is 107.% experimert

The rotati_onql constants of .Ar'\(HZO), corresp_onding to the collision-induced dissociation 36.24 3
Ar—V—0 principal axis, surmised from the profile of the IRPD  collision-induced dissociatién 3514+ 4
spectrum of the LD antisymmetric stretch we = 7.96 cnt?! photodissociation spectrifm <45.4
andA" = 12.52 cn?, for the upper (y= 1) and lower (¢ = collision-induced dissociatién 358+ 1.2
0) vibrational levels, respectivel} The A" value would indicate ~ compiled in ref 38 P12
an H—-0O—H angle (113.8) much more expanded upon com- aReferences 40 and 42.0btained from the supplementary material

plexation than predicted by B3LYP/6-31G* density functional of ref 43. The text of the paper reporé°,e; = 38.5 and 41.8 kcal
theory. The large difference betweshandA” would pointto Mol from the MP2 and CCSD(T) computations, respectivetiRef-
a prodigious vibrationally averaged geometry distortion in the Erence 38.¢ Reference 44:B2: 6-311+G* basis for V, 6-31G* basis

lex for the O-H anti tricstretchina fund tal for O and H; B3: B2 with diffuses and p functions added to O.
complex for the anusymmetric stretching tundamental ¢ geference 45.9 Reference 46." Experimental values generally

level. correspond to bond enthalpies at 298 KReference 31 Reference
Prior to the IRPD experiment performed by Duncan’s grfup,  32. kReference 1.' Reference 34.

the V*(H,O) complex was probed by various experimental
methods, including collision induced dissociation (CAD§2:34 ) ) )
resonant one-photon dissociation spectrosdopyd charge  tron correlation was then included by the coupled-cluster singles
stripping mass spectromet#. The vanadium-cation/water ~and doubles method (CCSB),** as well as CCSD with a
complex showed characteristics of an electrostatically bound Perturbative contribution from connected triple excitations
species, with a dissociation enerfy = 35 + 4 kcal mol™ [CCSD(T)]>*58 All open-shell coupled-cluster energies were
(see Table 1) and a-VO stretching frequency’ = 420+ 75 determined from a spin-orbital formulation into which ROHF
e . . .

cm-L. V*Ar was studied with electronic spectroscopy by Brucat orbltal§ were substitute®. The 1s, 2s, and 2p core orbitals of
and Lessen, which provided a binding energy for this system Va@nadium and argon, as well as the 1s core orbital of oxygen,
of 8.76 kcal mott.39 were fro_zen in the correlation treatments. When investigating

Various computational methods have been applied to the multlreference character OWZO)} state-averaggd (SA)
V+(H,0), including the modified coupled pair functional complete active space self-consistent f|elq (CASSEZSsingle-
(MCPF) approach?4! Mgller—Plesset perturbation theof343 point computations were _performed with a 12 electron/13
configuration interactiod2 density functional theor§44-46 and molecular orbital (MO) active space. _
limited coupled-cluster method&#3-4°> These theoretical studies Two basis sets were utilized in this study. The smaller basis
focused on structures and dissociation energies for the groundSet denoted WH(TZP), was constructed from the Wachiteet
state A;) and the lowest-lying®@,,5B,,°B,) states. Also, it was with _supglee?wental diffuse p, diffuse d, and f-polarization
confirmed that the HVOH intermediate, hypothesized by experi- functlon§ c for_ vanadium, from_ the_ valence _tnp@bass set
mentalists$’! is a well-defined minimum on the potential energy of Dunning® with added pﬁ)lanzatmn fu_nct|ons (TzP) for
surface, lying 53.8 kcal mot above \(H,0).44 To our knowl- oxygen__and hydrogerub(H) o 0'75’0%(30) . 0.85], a_md from
edge, no theoretical data is available for the Af,0) complex. Lho?afitz:gfi{i)rﬁ R%%%Brg“?o ﬁ:r'ggzsghze fir?:;s\ll?lf?tz\lév)ltlgoarl\?gid

Motivated by the IRPD experiments, the™{H,0) and X y i
ANV H(H:0) Co%plexes Sre stuiod here as mogHef sg/stems {or fion schemes are V/(14s11p6d3f/8s6p4d1f), O(11s6p1d/5s3pld),
metal cation hydration. Accurate structures are obtained for theH(SSlp/ 3s1p), and Ar(14s9pld/5sdpld). A larger basis set of

. druple¢ quality, denoted collectively as QZVPP here,
lowest-lying states of the Y H20) and ArV*(H,0) complexes, quadi ) ; :
and the effects of vibrational averaging on the structures (in consisted of the QZVPP basis published by Weigend, Furche,

particular the H-O—H angle expansion) are analyzed. Definitive gnd Ahlr!chs n 200t3 ;or the Iv?nadlum gr;d a;rgoln gtézmdl
dissociation and adiabatic excitation energies are determined unning's augmented correla |on_-cons;§ ent polanized-valence
as well. quadruple¢ (aug-cc-pVQZ) basis s&° for oxygen and

hydrogen. The final contraction schemes for the QZVPP basis
set are V(24s18p9d3f2g/11s6p5d3f2g), Ar(20s14p4d2flg/
9s6p4d2flg), O(13s7p4d3f2g/6s5p4d3f2g), and H(7s4p3d2f/

To ensure against spin contamination, reference electronic5s4p3d2f). The QZVPP basis functions for vanadium are
wave functions were determined by the single-configuration designed to have sufficient flexibility in the outer core region
restricted open-shell Hartreé&cock (ROHF) method!~%0 Elec- to correlate the 3s and 3p electrons.

Il. Theoretical Methods
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TABLE 2: Adiabatic Excitation Energies Te (To) in kcal
mol~1 within the Lowest-Lying Electronic Manifold 2 of
V*(H,0) and ArV *(H,0)

z
T V+(H,0) SA SA, 5B, 5B,

Z

present work
ROHF/Wf(TZP) 0 0.02(0.03) 430 6.44
—_ CCSD/Wf(TZP) 0 0.19(0.20) 075 4.99
—_— y CCSD(T)/Wf(TZP) 0 0.14(0.16) 0.67 5.45
I y ROHF/QzZVPP 0 0.02 (0.02) 4.27 6.40
CCSD/QZVPP 0 025(0.27) 047 457
ar - N\ I CCSD(T)/QzZVPP 0 0.15(0.16) 037 5.09
: previous theory
@\ MCPF/Wachter$f TZP> 0 0.09 6.0 1.5
Hy Hy MP2/6-31H+G**¢ 0 0.07
CCSD(T)/6-311+G**// 0 0.21
(a) (b) MP2/6-31H-+4G**+¢
Figure 1. C,, structures of the (a) YH0) and (b) ArV"(HO) B3LYP/B3//B3LYP/B2 0 (0.5) ©02) 47
complexes. ANV *+(H,0) 5A 5 5By 5By
Tightly optimized geometrical structures (with all gradient present work
components<10 ¢ au) were obtained at each level of theory.  ROHF/ Wf(TZP) 0 0.02 4.35 6.52
The harmonic vibrational frequencies for the geometric minima  CCSD/ Wf(TZP) 0 0.15 0.01 4.10
of V*+(H,0) and ArV+(H,0) were computed for both basis sets ggagg)é\olggz(m y %40 %‘%‘3 91 ” “('3-2552
H P min . . .
with the ROHF, CCSD, and CCSD(T) methods. To determine ROHF/QZVPP (min 2) 0 0.04 437 719

fundamental frequencies and zero-point vibrational (ZPV) effects  ccspozvpp 0.10 0.27 0 3.08
on rotational constants, quartic force fields for"(¥4.0), CCSD(T)/QZVPP 0.49 0.62 0 4.17

+
ArV*(H0), and HO were computed at the WT(TZP) CCSD a A second, higher-lyin§A; state arising from the five-fold degener-
and CCSD(T) I(_avels_ of theory and_employed in concert with ate V*(°D) atomic state was not examined in detail here. See text.
second-order vibrational perturbation theory (VPF2) to b References 40 and 41Reference 43! Reference 452 See footnote
determine anharmonic constants. Adopting the atomic labeling e of Table 1 for basis explanation.

of Figure 1, the following symmetry-adapted internal coordinates
were utilized for V*(H20) and ArV*(H20): Si(as) =r12(V—0 first excited state i8F (3cB4s). The®Dy — 5F; excitation energy

stretch);Sy(a;) = 27%(rz3 + r24) (H20 symmetric stretchs(ay) between the lowest-lying spirorbit sublevels in these manifolds
= 0324 (H20 scissor);Sy(by) = y1234 (H20 wag); S(bz) = is 2604.82 cm.9 Applying our single-reference electronic
2712(rp3 — r24) (H20 antisymmetric stretchBs(bz) = 2720123 structure methods (without spiorbit coupling) inCy, sym-

— 6124) (H20 rock); Sr(ar) = ris (Ar—V stretch); S(b1) = metry to atomic V*(°D), we find a four-fold degeneracy for

27200915 + 019 (Ar—V =0 linear bend inxz plane); and  the lowest energy solution, with the fifth component;(3d;,
So(b2) = 27YHagyy5 + 0yp1d) (Ar—V—O linear bend inyz 3d;3d, ;) very slightly higher in energy. The degeneracy
plane), where; denotes the bond distance between atoms i and splitting is 0.17 kcal moi® for ROHF/W(TZP), but an utterly

j» Oi is the i-j-k bond angleyix is the out-of-plane angle of the  negligible 0.00055 kcal mot for CCSD(T)/Wf(TZP). We

ij bond with respect to the j-k-I plane, amq“jkI and ai‘]fm are conclude that artifactual degeneracy splitting within th&3D)
linear bend® of the jkl chain perpendicular taxf) or within manifold is not a concern here and that the CCSD(T) method
(o) the ijk plane. The full quartic (quadratic) force fields for is sufficient to effectively restore the five-fold degeneracy that
V*(H20) and ArV"(H,0) were computed via 183 (17) and 568 must be present in the full Cl limit.

(30) energies points, respectively. The step size for displacements Complexation with water genuinely splits the five degenerate
was 0.01 A and 0.02 rad for bond lengths and angles, respec-components of the ¥ground state and i6,, symmetry (Figure
tively. Great effort was made to ensure continuity of both 1) gives rise to tw&A, states, as well &#,, 5B;, and®B; states.
Hartree-Fock and coupled-cluster solutions by slow incremental The V* atomic configurations to which these states asymptoti-
variations from equilibrium when the species were distorted from cally correlate are 5,6\1(3@L ngi z3d§2)1 5/.\1(3(11 §Cﬁz

Cz, symmetry. The program INTDIF200578 was employed 3di2_y2), 5Ax(3dt; _y23q} 3 Z3d§d}531(3(§ 3d —y23di ﬁdyz ;ﬁ and

to determine the required displacements as well as compute the;Bz(Sdiﬁdiz, 23(ﬁy3d:zL2)v assuming the axis convention in Fig-
force constants in internal coordinates. The transformation of the .o 1 Becaﬂse the open-shell vanadium d orbitals retain their
force constants from internal to normal coordinates and the 5iomic character in the electrostati¢ W,0) and ArV+(H,0)
computation of spectroscopic constants were performed using the;omplexes, there is little mixing of the two low-lyirfd, states.
programs INTDER2005%2 and ANHARM #2283 respectively. | particular, (12 &/13 MO) state-specific CASSCF computa-

All electro?ic structure cosrnpgtations were performed using tions on VF(H,0) with the W(TZP) basis set gave leading Cl
the ACES IP*and MOLPRG® suites of programs. Most of the  ¢efficients in the natural orbital basis of (0.97860.0769)

computations were nonrelativistic; however, final energetic 5,4 (0.0769, 0.9780) for the tweA; states, with no other
predictions for the V(H;0) ground state were scrutinized by  qefficients larger than 0.06. In this work, only the low@4t
including the one-electron masselocity and Darwin scalar  giate will be fully examined, because we are mostly interested
relativistic term8< via the first-order perturbation scheme jj the ground state for this system and because standard coupled-
implemented in ACES 1. cluster methods are susceptible to variational collapse if applied
to the uppePA; state.

Relative energies, optimum geometries, dissociation energies,

A. V*(H,0) Complex. For the vanadium cation, the lowest- and vibrational frequencies for the four lowest-lying states of
lying quintet statéD arises from the 3tconfiguration and the VT (H,O) are presented in Tables-4. All four states are within

Ill. Results and Discussion
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TABLE 3: Optimum Geometric Parameters (A, degree) for
the Lowest-Lying %A, °A,, °B;, and °B, States of V(H,0)
and for Free Water

r(v—0) r(O—H) 6(H—-O—-H)
A1 ROHF/Wf(TZP) 2.1481 0.9513 107.41
CCSD/Wf(TZP) 2.0878 0.9699 106.93
CCSD(T)/Wf(TZP) 2.0774 0.9720 106.93
ROHF/QzZVPP 2.1427 0.9465 107.46
CCSD/QzVPP 2.0626  0.9601 106.73
CCSD(T)/QzVPP 2.0492 0.9629 106.76
MCPF/Wachtersf TZP?2 2.091
MP2/6-31H+G**b 2.069 0.965 106.9
B3LYP/DZVF* 2.109 0.971 107.4
B3LYP/B3//B3LYP/B2 2.086
B3LYP TZVP+G(3df,2pf 2.10 0.966 107.8
5A;  ROHF/Wf(TZP) 2.1484 0.9513 107.40
CCSD/Wf(TZP) 2.0876  0.9699 106.81
CCSD(T)/Wf(TZP) 2.0783 0.9719 106.83
ROHF/QZVPP 2.1430 0.9465 107.45
CCSD/QzVPP 2.0611 0.9602 106.58
CCSD(T)/QzVPP 2.0509 0.9628 106.63
MCPF/Wachtersf TZP?2 2.093
B3LYP/B3//B3LYP/BZ 2.084
Bi  ROHF/Wf(TZP) 2.1810 0.9520 107.23
CCSD/Wf(TZP) 2.0670 0.9707 107.01
CCSD(T)/Wf(TZP) 2.0430 0.9729 107.23
ROHF/QZzVPP 21725 0.9472 107.30
CCSD/QzVPP 2.0449 0.9609 106.75
CCSD(T)/QzVPP 2.0193 0.9637 107.05
MCPF/ Wachtersf TZP2  2.051
B3LYP/B3//B3LYP/BZ 2.056
5B, ROHF/Wf(TZP) 2.2425 0.9516 106.77
CCSD/WF(TZP) 2.1276 0.9697 106.28
CCSD(T)/WF(TZP) 2.0965 0.9719 106.49
ROHF/QZVPP 2.2320 0.9469 106.86
CCSD/QzZVPP 2.1005 0.9601 106.03
CCSD(T)/QzZVPP 2.0672 0.9627 106.31
MCPF/ Wachtersf TZP2  2.117
B3LYP/B3//B3LYP/BZ 2.124
H.O RHF/TZP 0.9441 106.41
CCSD/TZP 0.9652 104.27
CCSD(T)/TzP 0.9673 104.02
RHF/aug-cc-pvQZ 0.9398 106.33
CCsSD/aug-cc-pvVQZ 0.9561 104.62
CCSD(T)/aug-cc-pvVQZ 0.9590 104.37
Exact, empirical 0.9578 104.48

2 References 40 and 41 Reference 43¢ Reference 449 Reference
45, ¢ Reference 38.TZP and aug-cc-pVQZ basis sets for freeCH
respectively correspond to the Wf(TZP) and QZVPP basis sets for
V*(H0). 9 References 9496.

6 kcal mol! of one another. The ground state is fifg state
for all applied levels of theory. The electronic configuration
for the singly occupied orbitals of the ground stateGp,
symmetry is 1gdb,4b9a, which agrees with previous re-
sults#0-41.43A]| of these molecular orbitals correspond to atomic
orbitals on vanadium: %&o 3dy, 4k to 3d,, 4b, to 3d,,, and
9g to a mixture of the 3d and 4s orbitals, as mentioned by
Rosi and Bauschlichéf:* The fascinating hybrid character of
the 9a orbital is illustrated in Figure 2.

The V-0 distance, G-H distance, and HO—H angle for
the ground state of ¥(H,0) are 2.049 A, 0.963 A, and 106,8
respectively, at the CCSD(T)/QZVPP level of theory (Table 3).
The H—-O—H angle computed at the same level of theory for
free water is 1044 which is 2.4 less than that of the
V*(H,O) complex. The HO—H angle expansion resulting
from the addition of the vanadium cation is much smaller than
the aforementioned IRPD spectroscopic result®}%8 Duncan
et al?! The complexation effect on the-HD—H angle is not
particularly sensitive to the level of theory; indeed, among the

Kasalovaet al.

3), the angle widening lies in the range +2.9°. The predicted
H—O—H angle for VF(H,0) is even less sensitive to the compu-
tational method than for the corresponding angle in free water.
For V*(H,0), the change in the HO—H angle due to basis
set and electron correlation improvements [ROHF/Wf(TZP) to
CCSD(T)/QZVPP] only approaches 0.8&r the 5A; and °A;
states of ¥ (H,0) and is only 0.2 for the®B; state of /' (H,0).

By comparison, the angle for free water computed with
CCSD(T)/QZVPP (1049 is 2.0 smaller than that computed
with ROHF/Wf(TZP) (106.4).

Moving an electron in V(H0) from the 1a (3dy) to the
10a (3de-y2) orbital results in a®A, state that is almost
degenerate with the ground state, as the energy difference is
only 0.15 kcal mot? for the CCSD(T)/QZVPP level of theory
(Table 2). TheT(°A,) excitation energy is not very sensitive to
electron correlation or basis set, varying by only-0012 kcal
mol~tin Table 2. OuPA, — %A; separation of 0.15 kcal mol
generally validates the relative energies of 0.09 kcal ol
obtained by Rosi and BauschlicH€ri® and 0.07 kcal mol*
obtained by Trachtman et &l The geometry difference between
the 5A; state and théA; ground state is also very small. The
V—0 bond distance for théA, state is only 0.002 A longer
than the corresponding distance for g state [CCSD(T)/
QZzVPP]. The H-O—H angle for the’A; state differs from the
5A; ground state value by less than O[CCSD(T)/QZVPP].

The®B; and®B; states of V(H,0) are 0.4 and 5.1 kcal niol
[CCSD(T)/QZVPP], respectively, above the ground state.
Electron correlation lowers both states substantially, by almost
4 kcal mol for the®B; state, making®@y, °A,, °B;) isoenergetic
within 0.5 kcal mot®. The trend with increasing basis set is a
further lowering of the’B; and®B; excited states. The B3LYP
results of Klippenstein and Yafigalso give a (A, %Az, °By)
cluster of states within 0.5 kcal md} but the £A,, 5B,) ordering
is switched with respect to our high-level CCSD(T)/QZVPP
predictions. The ordering §8; and®B; states reported by Rosi
and Bauschlichéf#1 (T, = 6.0 kcal mot™ for °B; and 1.5 kcal
mol~1 for °B,) is reversed compared to our best results. This
disparity might merely be a labeling issue for tBg irreducible
representations, although their axis conventions appear to be
the same as ours. The CCSD(T)/QZVPP method yields optimum
H—0O—H angles for théB; and®B; states that are respectively
0.29 above and 0.45below the corresponding ground state
value of 106.76. Finally, the 5B, state exhibits the shortest
equilibrium V—0 bond distance [2.019 A, CCSD(T)/QZVPP]
among the four lowest-lying electronic states. The sequence of
V—0 bond distances (but not relative energies) for these states
can be simplistically rationalized by hypothesizing that single
occupation of the vanadium 3d orbitals hinders charge donation
to the metal-cation center in the rough orderingdy, < d—?
< dx,d2, in accord with the symmetries and density profiles of
the oxygen lone pair orbitals.

Correlation of the 3s3p shell on vanadium is important for
the evaluation of the excitation energies. The QZVPP basis was
explicitly constructed to allow polarization of the 3s3p shell,
and it has been recommended that this shell be included in
correlation treatments with this basis set of the 3d series of
transition metal§® We performed CCSD(T)/QZVPP single-
point energy computations with V(3s) and V(3p) frozen to see
what changes in excitation energies would be engendered. The
corresponding small-core optimum geometries were employed.
The resulting excitation energies were 0.15 kcal ThoD.88
kcal mol, and 4.95 kcal mot! for the>A,, °B;, and>B, states,
respectively. Thus, the ordering of the states df(N,0) is

six sets of optimum geometries we computed in this study (Table preserved if the frozen core is expanded, but the excitation



V*(H,0) and ArVf(H,O) Complexes J. Phys. Chem. A, Vol. 111, No. 31, 2007603

TABLE 4: Harmonic Vibrational Frequencies (in cm ~1) for the Four Lowest-Lying States of V*(H,0) and for Free Water

w1(ay) w2(a) w3(an) 4(1n) ws(bz) we(b2)
O—H sym stretch HO scissor \+-O stretch HO wag O-H asym stretch bD rock

SAL ROHF/WIf(TZP) 4036 1794 364 385 4116 568
CCSD/Wf(TZP) 3795 1679 407 266 3879 553
CCSD(T)/Wf(TZP) 3763 1666 419 232 3849 554
ROHF/QZVPP 4041 1792 368 370 4117 561
CCSD/QzVPP 3836 1692 428 330 3916 524
CCSD(T)/QzVPP 3794 1675 449 304 3876 527

5A; ROHF/WIf(TZP) 4037 1795 364 386 4116 568
CCSD/Wf(TZP) 3795 1682 408 265 3878 557
CCSD(T)/WF(TZP) 3764 1669 417 235 3849 557
ROHF/QZVPP 4041 1793 367 371 4117 562
CCSD/QzZVPP 3836 1696 432 328 3915 532
CCSD(T)/QzVPP 3795 1679 443 306 3877 531

5By ROHF/WIf(TZP) 4026 1789 312 a a a
CCSD/Wf(TZP) 3784 1675 396 a a a
CCSD(T)/Wf(TZP) 3750 1660 426 a a a
ROHF/QZzZVPP 4030 1786 316 a a a
CCSD/QzVPP 3826 1689 416 a a a
CCSD(T)/QzVPP 3782 1671 451 a a a

B, ROHF/WIf(TZP) 4033 1789 291 a a a
CCSD/WF(TZP) 3801 1677 365 a a a
CCSD(T)/Wf(TZP) 3768 1663 402 a a a
ROHF/QZVPP 4036 1786 295 a a a
CCSD/QzVPP 3841 1690 387 a a a
CCSD(T)/QzVPP 3800 1673 432 a a a

H0O RHF/TZP 4122 1736 4230
CCSD/TZP 3832 1639 3943
CCSD(T)/TzP 3800 1629 3913
RHF/aug-cc-pvVQZ 4128 1747 4229
CCSD/aug-cc-pvVQZ 3874 1663 3981
CCSD(T)/aug-cc-pvVQZ 3831 1649 3940
experimerftd 3832.2 1648.5 3942.5

aUpon distortion alondy; or b, normal modes?B; and®B, are no longer the lowest quintet states of the irrejdsof A"') in Cs symmetry to
which they correlate. Therefore, variational collapse of the excited-#Batand °B, solutions is a concern for the electronic structure methods
applied here, all based on a Hartrdeock reference wave function. Accordingky,—ws for the 5B; and °B; states are suspect and were not
computed®” TZP and aug-cc-pVQZ basis sets for fregdHespectively correspond to the Wf(TZP) and QZVPP basis sets'fi)XD) © References
94—96. 9 CVRQD potential energy surface of refs 99 and 100 provides the best ab initio harmonic vibrational frequencies of watertp-date:
3833.0 cmt, w, = 1648.8 cmt, andws = 3944.1 cm*. Adjusted for the small deviations of the CVRQD fundamental frequencies from experiment,
one obtaingy; = 3833.7 cm?, w, = 1648.5 cm?, andws = 3945.1 cm* as perhaps the best current values for the harmonic frequencies of water.

than previous theoretical values but are probably still upper
bounds on the exact equilibrium distance.

The lowest-lying triplet electronic statéBp) of VT (H.0)
reported by Rosi and Bauchslich&t!lies 22 kcal mot? higher
in energy than the quintet ground state (MCPF/Wachtérs
TZP). Irigoras et af* found the lowest triplet state to &,
lying 18.1 kcal mof?! above the?A; state [BSLYP/TZVP-G-
(3df,2p)]. We performed CCSD(T)/Wf(TZP) single-point energy
computations for various triplet electronic states at tH¢H40)
5A; CCSD(T)/Wf(TZP) geometry. We found the lowest triplet
state of V(H,0) to be3B, with a vertical excitation energy of
19.6 kcal mot?. In summary, the triplet states of'{H,0) are
sufficiently higher in energy than the low-lying quintet manifold
to be excluded from further consideration in this work.

The ZPVE corrected dissociation ener@g) of the VF(HO)
ground state, corresponding to dissociation intg®®@) + H,0,
is computed to be 36.2 kcal mdlat our best level of theory
[CCSD(T)/QZVPP]. The basis set and electron correlation trends
In our optimum geometric structures, the- distance  in Table 1 suggest that oy value is converged to within 1
decreases substantially with improvements in both the basis sekcal mol2. Indeed, our (nonrelativistic) dissociation energy of
and the electron correlation treatment. However, this occurrence36.2+ 1.0 kcal mot™ is within the error bars of all experimental
is typical of electrostatically bound complexes between polariz- studies (Table 1) and provides the most accurate dissociation
able species. Note that, for tRB; and®B; states of V/(H;0), energy of the V¥(H,O) complex to date. Among the theoretical
the contraction of the VO distance from ROHF/Wf(TZP) to  studies orDe(V"—H;0), the 6-31#+G** CCSD(T) dissocia-
CCSD(T)/QZVPP approaches 0.2 A. Our best [CCSD(T)/ tion energy reported in ref 43 is unusually largeH.s =
QZVPP] predictions for(V—0) are as much as 0.05 A shorter 41.8 kcal mol* for the bond enthalpy an®. = 43.4 kcal

Figure 2. HOMO of the V*(H,O) 5A; ground state. The two different
shades indicate the sign of the orbital lobes.

energies change for t#8; and®B; states by+0.51 kcal mot?
and —0.14 kcal mot?, respectively (cf. Table 2).
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mol~1). We performed single-point CCSD(T)/6-313G**
energy computations at the CCSD(T)/QZVPP optimized ge-
ometry and found that the dissociation eneigyfor production

of V*(®D) is 34.0 kcal mot?, while dissociation into V(5F)
requires 41.3 kcal mot of energy. For this reason, we conclude
that the CCSD(T) dissociation energy reported in ref 43 likely
corresponds to an incorrect dissociation asymptote.

The effects of core correlation and special relativity on the
binding energy of V(H,0) warrant consideration. If the 3s and
3p outer-core orbitals on vanadium are not correlated, against
the recommendation of Weigend et&lthe VV*—H,0 dissocia-
tion energy decreases by almost 5 kcal Malt our best level
of theory [CCSD(T)/QZVPP]. When ZPVE is added, the
dissociation energy become®, ~ 31.4 kcal mof?, an
anomalously small value compared to experimental measure-
ments. Clearly, correlation treatments with large frozen cores
are not advisable for this system, at least with the QZVPP basis.
With regard to relativistic corrections, the one-electron mass
velocity and Darwin terms shift the dissociation energy of the
VT(H,O) %A; ground state by+0.48 kcal mot! at the
CCSD(T)/QZVPP level, that is, well within our stated error bars.
To further pinpoint the various auxiliary effects @n(V+t—

H,0) would require multicomponent relativistic treatments and
an accounting of shifts in the atomic™\&pin—orbit splittings
engendered by ¥ complexation.

The harmonic vibrational frequencies of the four lowest-lying
states of V¥ (H,0) are listed with associated results for free water
in Table 4. At the highest level of theory [CCSD(T)/QZVPP],
analogous frequencies of the four electronic statesgfyO)
never differ by more than 20 cm, and for the®A; and °A;
states, thev; values are almost identical. It is thus sufficient to
focus our discussion on the ground-st2#e frequencies.

First note in Table 4 that CCSD(T) theory with the aug-cc-
pVQZ basis reproduces the empirical harmonic frequencies of
H,O to exceptional accuracy (within 2 cthin every case).
Because the QZVPP set for'{H,0) contains the aug-cc-pVQZ
basis on the KD moiety, we expect the frequencies of thgCH
modes to be very accurately predicted with the CCSD(T)/
QZVPP method. The ©H symmetric and antisymmetric
harmonic stretching frequencies®f; V*(H,0) arew; = 3794
cm~! andws = 3876 cnt! [CCSD(T)/QZVPP], representing
red shifts of 37 cm® and 64 cm?, respectively, from free water.
Among the correlated electronic structure methods in Table 4,
there is striking agreement (within 1 c®) on the magnitude
of these red shifts, enhancing the credence of the predictions.
As shown in Table 8, vibrational anharmonicity increases the
red shifts of the symmetric and antisymmetrie-B stretches
to 43 cnr! and 72 cm?, respectively. These theoretical results
nicely substantiate the red shifts 60 cnt! and~70 cnr?
observed by Duncan’s grodp.This general agreement is
maintained when the effects of argon tagging are considered in
the next section (I1IB), despite some subtle changes brought
on by the Ar “spectator”.

The HO harmonic scissoring frequency @& V*(H,0) is
wy = 1675 cnT! [CCSD(T)/QZVPP], constituting a blue shift
of 26 cnT? relative to free water. Vibrational anharmonicity
has no discernible effect on this complexation shift (Table 8).
It is remarkable that a blue shift occurs in the scissoring
frequency simultaneously with HO—H angle widening
(2—3°) and O-H bond elongation £0.004 A). A simple
explanation of thew, blue shift is that the inherent barrier to
linearity of water is increased by the presence of the vanadium
cation, because the bent, equilibrium structure gOHas a
large dipole momenty( ~ 1.85 D) to enhance electrostatic
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binding, whereas the linear structure ofH (with x4 = 0) is
devoid of this strong, first-order interaction. Accordingly, the
bent structure of D would lie in a deeper well of the bending
potential and thus exhibit a larger quadratic scissoring force
constant upon complexation, as seen by comparing data in
Tables S2 and S4 of Supporting Information.

The harmonic frequencies for the interfragment modes of
V*+(H,0) occur in the 306550 cnt! range. Perhaps the most
noteworthy trend for these modes is the increase in th®©V
stretching frequency with improvements in both the basis set
and the electron correlation treatment, in accord with the bond
length contractions observed in Table 3. Our best prediction
[CCSD(T)/QZVPP] for the V-0 stretching frequency otA;
VT(H,0) is w3 = 449 cm! or vz = 438 cnt! if vibrational
anharmonicity is included (Table 8). Consistent with this
theoretical result, Lessen and co-workeeport a \\-0 stretch
of wy = 420+ 75 cn'! from a resonant one-photon fragmen-
tation spectrum of V(H,0).

B. ArV *(H,0) Complex. Similarly to V*(H,0), the four
lowest-lying quintet electronic states were investigated for the
ArV*(H,0) complex. Relative energies, geometries, dissociation
energies, and harmonic vibrational frequencies foPhe5A,,
5B1, and®B; states are listed in Tables 2 and’ 5. Fundamental
vibrational frequencies and anharmonicities of A(W,0),
V*(H0), and free HO are compared in Table 8.

As in the V"(H,O) case, the triplet electronic states are
sufficiently high in energy to be excluded from detailed
consideration here. Specifically, CCSD(T)/Wf(TZP) single-point
energy computations on the triplet electronic states of &ligO)
at the®A; CCSD(T)/Wf(TZP) optimized geometry gave tig,
and two 3B; states in a range of 29.0 to 33.3 kcal miol
Therefore, triplet electronic states of Ar{H,O) were not
considered further.

The dissociation energy profile with respect to the-Af
distance of Ar\(H,0) for various levels of theory is presented
in Figure 3. The striking feature of Figure 3 is that significant
binding of Ar to VV*(H,0) is obtained only with correlated wave
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TABLE 5: Optimum Geometric Parameters (A, degree) for
the Lowest-Lying %Ay, °A,, °B;, and °B, States of ArV*(H,0)2
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TABLE 6: Argon Binding Energies? [Dg(Do) in kcal mol—]
for the A; and °B; States of ArV*(H,0)

r(Ar=V) r(V—=0) r(O—H) 6(H—O—H) SA1 By

5A; ROHF/Wf(TZP) 44685 2.1477 0.9513 107.43 ROHF/WIf(TZP) 0.21(0.17) —4.14
CCSD/WF(TzZP) 2.5666 2.1056 0.9691 106.71 CCSD/Wf(TZP) 6.89(6.46) 6.87
CCSD(T)/Wf(TZP) 2.5503 2.1004 0.9712 106.64 CCSD(T)/Wf(TZP) 7.91 8.31
ROHF/QZVPP (min1) 3.0198 2.1378 0.9457 107.61 ROHF/QZVPP 0.25 —-3.97
ROHF/QZVPP (min2) 4.1857 2.1421 0.9464 107.49 CCSD/QZVPP 8.01 8.12
CCSD/QzVPP 25553 2.0762 0.9595 106.44 CCSD(T)/QZVPP 9.42 9.91 (9.36)
CCSD(T)/IQzVPP 2.5298 2.0698 0.9622 106.37

5A, ROHF/Wf(TZP) 4.4740 2.1481 0.9512 107.41 a All values are referenced to the ground-staée V*(H20) + Ar
CCSD/Wf(TZP) 25641 2.1065 0.9691 106.60 fragments? Computation of the ZPV effect on the argon binding energy
CCSD(T)/Wf(TZP) 25486 2.1014 0.9711 106.55 is complicated by difficulties in determining the CCSD(T)/QZVBP
ROHF/QZVPP (min1) 3.0298 2.1382 0.9457 107.58 vibrational frequencies oB; ArV*(H.0). Here, we assumed that the
ROHF/QZVPP (min2) 4.1968 2.1424 0.9464 107.48 H.O wagging frequency does not change with Ar tagging and the
CCSDIQZVPP 2.5520 2.0768 0.9595 106.32 Ar—V—0 out-of-plane linear bend has the same frequency (84cm

. CCSD(T)/QZVPP 25279  2.0707 0.9622  106.27 as the corresponding in-plane linear bend. This approach provides a

B Egggl\/\%;gég 325633 %(1)57322 g-g%g igg-gg reasonable accounting of ZPVE within ca. 0.1 kcal Thdh the

) ) ) ) oo i : X - sn 5

CCSD(T)/Wi(TZP) 2.5492 2.0654 0.9722 106.87 ﬁ:gﬁﬁg%e of intricate vibronic coupling within theA{, 5B, 5A;)
ROHF/QZVPP (min1) 2.7897 2.1325 0.9453 107.60 ‘
ROHF/QZVPP (min2) 4.6273 2.1708 0.9472 107.34
CCSD/QZVPP 2.5594 2.0482 0.9604 106.62 not as large as in the untagged ion. The contraction of th@V
CCSD(T)/QZvVPP 25376 2.0387 09632  106.62 distance from ROHF/Wf(TZP) to CCSD(T)/QZVPP is between

5B ROHF/\/\%;(TZP) 4.8743 2.2423 0.9516 106.78 ~0.08 A 6A1, 5A;) and ~0.14 A 6B, 5B). Our best
CCSD TZP 2.5606 2.1358 0.9692 106.26 ' . ) ! )
CCSD(T)/SNf(T)ZP) 2.5472 2.1283 0.9713 106.24 QCSD(T)/QZVPP prediction far(V—0) of the®B; ground state
ROHF/QZVPP (min1) 2.7748 2.1902 0.9449  106.94 is 2.039 A.
Egggﬁgéﬁﬁ (min 2) g-;ggﬁ g-fgdlf g-gggg igg.gg Comparison of data in Tables 3 and 5 reveals the effect of
CCSD(T)/OZVPP 534 20056 09624 10599 argon tagging in the geometric structure of(¥1,0). Forming

a2 A second, higher-lyingA; state arising from the five-fold degener-
ate V"(°D) atomic state was not examined in detail here. See text.

the Ar adduct while maintaining the electronic stat&Asshifts
r(Vv—0), r(0—H), and §(H—O—H) by +0.0206 A,—0.0007

A, and —0.39, respectively, at the CCSD(T)/QZVPP level.
However, argon addition changes the ground electronic state

functions, even though the basic nature of the attraction is to58,, and if this state switching is considered, the tagging effect

“electrostatic”. While Figure 3 explicitly shows only tHé,

[CCSD(T)/QZVPP] onr(V—0), r(O—H), and9(H—O—H) is

potential curves, the curves for the other states are nearly —0.0105 A,+0.0003 A, and-0.14, respectively, or roughly

identical. At the ROHF/Wf(TZP) level, the equilibrium AN
bond is extremely large>(4 A) for all four states. With ROHF/

half as much. Note that the expected increase in théO¥,
separation upon argon binding is overcome byr{ve-0) bond

QZVPP there is a double minimum for all four studied states |ength contraction arising from the change of d occupancies
of ArV*(H,0). Geometrical structures are reported for both \when the ground state goes®, (see section llIA). In brief,

minima in Table 5, and the one with the shorterAf distance

intricacies are encountered upon argon tagging, but the overall

is consistently designated min 1. In Tables 2 and 6, relative stryctural shifts can certainly be categorized as small perturba-
energies and dissociation energies are reported for the lower-jgns.

energy minimum only (min 1 foPB;; min 2 for %A, 5A,, and

Argon binding energies for various levels of theory for both

5B,). Minima designated as min 2 are no longer present when the5B, and the’A; states of Ar\f(H,0) are contained in Table

correlation is introduced at the CCSD or CCSD(T) level.
When argon is added to the"{H,O) complex, the ordering

6. The dissociation energy{) of the Arv+(H,0) 5B; ground
state, corresponding to fragmentation into A$)(and the®A;

of the lowest-lying states changes, even though Ar would ground state of V(H0), is computed to be 9.9 kcal mdlat
generally be considered a spectator atom. At the ROHF level the CCSD(T)/ QZVPP level of theory. While with correlated

of theory, no reordering of states is seen due to the largevAr
distance; the’A; state is the lowest energetically (Table 2).
However, the®B; state is predicted to be the ground electronic
state of ArV(H,O) for correlated methods, except in the CCSD/
WHf(TZP) case, whereéA; is a mere 0.01 kcal mot below®B;.
Our best level of theory [CCSD(T)/QZVPP] givesSAy — 5B,
separation of, = 0.49 kcal mot?, and the?A; state is predicted
to be only slightly higherTe = 0.62 kcal mot?).

The CCSD(T)/QZVPP argervanadium distance for tH@;
ground state (2.538 A) differs by less than 0.01 A from the

methods the’A; — 5B; separation for ArV/(H,0) is smaller
than 0.5 kcal moi!, at the ROHF level of theory, it is larger
than 4 kcal mot! in favor of the®A; state, because of the very
weak Ar-V bond (Ar—V equilibrium bond length> 4 A). This
explains the negative ROHF energies for the procts
ArVT(H0) — Ar(!§ + 5A; V*(H,0). The argon binding
energy of each of the states of Ar{H,0) gets larger as the
basis set is enlarged and the electron correlation treatment
improved, which is consonant with the shrinking-Ar distance.

It is striking that with the HartreeFock method the binding

corresponding distances for the other three states (Table 5). Inenergy is less than 1 kcal md| whereas the finaDe from

general, the ArV distance for all four states gets smaller as

CCSD(T)/QZVPP theory (9.9 kcal o) is quite large. The

correlation is added to the system. The CCSD(T)/QZVPP binding energy of Ar to the Y(H,O) species is comparable to

vanadium-oxygen distance varies from 2.039 () to 2.096

A (5B,); the O—H distance is predicted to be 0.963 A for the
ground state and 0.962 A for théy, A, and®B; states; and
the H-O—H angle ranges from 105.99°B;) to 106.62 (°By).
Ther(V—0) contraction in ArVf(H,0) with improvements in

the binding energy measured in the’Af diatomic complex

(8.76 kcal mot?).3°
The ArV*(H,O) complex is further characterized by the
harmonic vibrational frequencies in Table 7. The new modes

formed by addition of the Ar atom all have frequencies,(

both the basis set and the treatment of electron correlation iswg, wg) substantially less than 200 ci The CCSD/Wf(TZP)
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TABLE 7: Harmonic Vibrational Frequencies (in cm ~1) of the ArV (H,O) Complex

w1 (al) w2 (a]_) w3 (al) [on (3.1) w5 (b]_) We (bl) w7 (bz) wg (bZ) W9 (bz)
5A ROHF/WIf(TZP) 4037 1794 364 14 383 8 4117 567 8
5A CCSD/Wf(TZP) 3804 1678 395 163 255 67 3888 542 88
B1 CCSD(T)/WF(TZP) 3759 1662 408 168 655 112 3845 536 84
5A1 ROHF/QzVPP 4052 1789 371 34 345 54 4130 548 58
5By CCSD/QzVPP 3833 1688 424 160 3911 506 83
5B CCSD(T)/QzVPP 3790 1671 433 168 3870 606 84

aResults are tabulated for the lowest electronic state at each level of theory.O—H symmetric stretchw, = H,O scissor,ws = V—0
stretch,ws = Ar—V stretch,ws = H,O wag,ws = Ar—V—0 out-of-plane linear bendy; = O—H antisymmetric stretchyps = H,0 rock, wg =
Ar—V—0 in-plane linear bend The °B; state is the lowest one at the CCSD(T) level, but not at the Harffeek level. Forb; displacements
from C,, symmetry, théB; solution for the Hartree Fock reference wave function can be continuously followed due to the atomic character of the
open-shell manifold, but there is no guarantee against variational collapse.

_25 -27.5
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£ =
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Figure 4. Energy versus the ¥O distance of four low-lying states of Ar\{H;O), relative to dissociation into 4 plus the®A; state of Ar\Vt,
computed at the CCSD and CCSD(T)/Wf(TZP) levels of theory. Constrained optimizations were performed for each piGitdibteince.

frequencies allow quantification of argon tagging shifts when symmetry is lowered. Nonetheless, complete vibrational
the5A; electronic state is retained. The-® bond stretches in  analyses of the’A; ground state of V(H,O) and its 5A;
the HO moiety are both shifted-9 cnr! in going from5A; counterpart in ArV(H,O) were executed here without severe
V*(H,0) to °A; ArV T(H,0), with an attendant reduction in the  difficulties. The principal problem we encountered involved the
H,O scissoring frequency by less than 2dnThe interfragment b; vibrational modes of théB; state of ArV"(H,0). The®B;
V-0 stretch, HO wag, and HO rock are all reduced in  state is the ground state of AFYH,O) at the CCSD(T)/
frequency by about 10 cm. Vibrational anharmonicity (Table ~ Wf(TZP), CCSD/QZVPP, and CCSD(T)/QZVPP levels of
8) does not appreciably affect any of the argon tagging shifts, theory; however, théA; state is lower in energy for the ROHF
provided the®A; state is maintained. reference wave function. Because fiilg and®A; states retain
The change in the ground state>®, upon argon complex-  their V* atomic character in ArV¥(H,O), we were able (with
ation has some significant consequences, as shown in themuch care) to continuously follow theéB; ROHF solutions
CCSD(T)/QzVPP frequencies of Y{H,O) and ArV"(H0). into Cs and C; regions where the®By, 5A;) pair is of the
First, the HO modes are now all shifted by about cnrt same spatial symmetry. Accordingly, a complete and math-
(opposite direction) due to the presence of argon. The inter- ematically correct numerical differentiation of the potential
fragment \\-O stretch and kD rock now exhibit larger tagging  energy surface of théB; state of Arv"(H,O) was achieved
effects of—16 cnt! and+79 cnt?, respectively. Finally, the  through quartic terms, despite loss of the variational principle
H,O wag appears to be strongly influenced by vibronic for the b; modes.
interactions with the nearby quintic electronic states, as pro- The resulting CCSD(T)/Wf(TZP) anharmonic force field
moted by Ar addition. In fact, we were only able to determine for 5B; ArV *(H,0) is given in Supporting Information (Table
by vibrational frequencies fdiB; ArV *(H,0) at the CCSD(T)/ S1). A number of intriguing cubic and quartic constants are
WIf(TZP) level, because insuperable convergence difficulties exhibited that are anomalously large in magnitude, all involving
were encountered in searching ¥&; electronic solutions along  the b; modes & and &). Many of these anomalous force
these modes with the QZVPP basis. This issue is addressed irconstants also involve tre V—O stretching coordinate, which

more detail in the following section (IlIC). appears to exacerbate the problem. The probable origin of this
C. Vibrational Anharmonicity Effects. The computation of phenomenon is seen in Figure 4, where the potential curves
the nontotally symmetric vibrational frequencies of (¥,0) versus (V—0) for the lowest-lying quintet states of AryH,0)

and ArV*(H,0) requires extreme care due to the intricate exhibit crossings very near the equilibrium distance. In the full
vibronic interactions within the lowest-lying manifold of geometric configuration space, conical intersections of the
quintet states precipitated when the equilibriu@,, quintet potential energy surfaces are thus present in the vicinity
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TABLE 8: Summary of CCSD/Wf(TZP) VPT2 Anharmonic Vibrational Analysis of the ®A; States of ArvV*(H,O) and V*(H,0)?2

I i Ai Vi of of af
ArV+(H;0)
O—H sym. stretch 1 3804.3 —183.0 3621.3 0.23876 0.0000059 0.0000094
H-O scissor 2 1678.1 —44.0 1634.1 —0.17072 —0.0000060 0.0000086
V-0 stretch 3 395.2 -12.8 382.4 —0.00600 0.0002637 0.0002651
Ar—V stretch 4 162.5 -75 155.1 0.00181 0.0005642 0.0005542
H.O wag 5 255.4 +124.6 379.9 1.83244 —0.0000202 —0.0000464
Ar—=V—0 lin. bend by) 6 66.7 +21.7 88.4 0.27989 —0.0000579 —0.0001646
O—H antisym. stretch 7 3888.3 —198.0 3690.3 0.13627 0.0000034 0.0000041
H-0 rock 8 542.2 -3.2 539.0 —1.49487 —0.0000101 0.0000116
Ar—V—0lin. bend b,) 9 87.5 +10.0 97.5 0.07836 —0.0000484 0.0000502
V*(H,0)
O—H sym. stretch 1 3794.3 —182.0 3612.3 0.24162 —0.0000878 0.0000031
H,O scissor 2 1679.3 —43.6 1635.7 —0.17069 —0.0002382 0.0001265
V-0 stretch 3 407.3 -11.1 396.2 —0.00674 0.0030815 0.0030579
H.0O wag 4 265.3 +120.5 385.8 1.86054 —0.0001442 —0.0007827
O—H antisym. stretch 5 3878.5 -197.3 3681.2 0.14051 —0.0000800 —0.0000583
H-0 rock 6 552.7 -3.3 549.4 —1.46988 —0.0001857 0.0003552
H-0
O—H sym. stretch 1 3831.7 -176.7 3655.0 0.63733 0.2230477 0.1724306
H-0O scissor 2 1639.3 —43.3 1596.0 —2.56400 —0.1529430 0.1405468
O—H antisym. stretch 3 3942.6 —189.8 3752.9 1.12194 0.0948105 0.1396034

aHarmonic frequenciesu(), total anharmonicities/;), fundamental frequencies;), and vibration-rotation interaction constantsct, o2, of)
for 5A; state of“CAr5V*(H,1%0), 5V *(H,'%0), and H'®O in cnT. No strong anharmonic resonances required exclusion.akheng Coriolis
resonance was removed in computing theonstants of ArV(H;O).

of the equilibrium structures, giving rise to near singularities overall ZPV shift on the rotational constants is completely

in the 5B, force field expansion for ArV(H,0). invariant to the removal of such Coriolis resonances.
In Tables S2 and S3 of Supporting Information, the WH(TZP)  The theoretical fundamental frequencies of0H(Table 8)
CCSD and CCSD(T) quartic force fields are given for the lie within a few inverse centimeters of the observed band origins

ground state of V(H0), along with the CCSD/Wf(TZP) force  for the parent isotopolog;; = 3657.1,v, = 1594.7, andrs =

field for the analogou$A, state of ArV"(H;0). For comparison,  3755.9 cmt.9293Thus, the CCSD/WH(TZP) method is providing

the Wf(TZP) CCSD and CCSD(T) quartic force fields of free 3 particularly advantageous balance of errors in the electronic

H20 are given in Table S4. No anomalous force constants occurstrycture treatment. The CCSD/Wf(TZP)-® stretching an-

for Arv*(Hz0) in the °A; state, in contrast to its close-lying  harmonicities are equally well matched with experimexi €

°By counterpart. Therefore, our analysis of vibrational anhar- —173 cnrl, A3 = —185 cn?) 949 whereas the computed

monicity in the V"(H;0) and Arv"(H,0) species centers on  anharmonicity for the LD scissor is about 12 crh smaller in

the °A, electronic state throughout. The issues of concern here magnitude than the empirically derived valud,(= —55

can be addressed via a VPT2 treatment based on quartic forcey-1y 94-9

fields, although it must be recognized that a rigorous analysis Formation of the V(H,0) complex increases the magnitude

would entail a detailed variational treatment of nonadiabatic of the O-H stretching anharmonicities by8 cnr%, while

V|br_at|or!al phenomer]a. _In essence, we focus here on !nher.emieaving the scissoring anharmonicity unaffected. The interfrag-

(adiabatic) anharmonic vibrational effects unspoiled by vibronic ment V-0 stretching and bO rocking modes of ¥(H,0) have

coupling within the manifold of low-lying quintet electronic small anharmonicities of 11 cntt and—3 cn1?, respectively

states. ’ S
The VPT2 anharmonicitiesA{) and vibratior-rotation mec%ggﬁf\}é tgi?e}cz:(t?o\r,]\lzg iaiigoezr?g;oﬁ?sgg rﬁ:?%ﬂg% n

interaction constantsx() of ArV*(H,0), V*(H;0), and free HO characteristics of a quaitic oscillator '

are compared in Table 8, at a common level of theory [CCSD/ ) ) X o

WI(TZP)]. Corresponding results for five sets of isotopic ~ Argon tagging (without electronic state switching) has

derivatives of these species are given in Supporting Information "eémarkably little effect (1.3 ct on average) on the vibrational

Tables S5-S8. Finally, CCSD(T)/Wf(TZP) anharmonicities for anharmonicities of V(H,0), |ncI_U(_j|ng the large positive value

V+(H,0) and HO are provided in Supporting Information Table ~ for the HO wag. The anharmonllcny of the newly formed-Av

S9. We investigated the influence of a number of potential Strétching mode is only-7.5 cn~. On the other hand, the Ar

anharmonic resonances on the fundamental frequencies of the/—O Ilnea_r _b_end%(bl) andvg(by) havelproporthnately large

isotopologs. The exclusion of resonance interactions based or@nharmonicities of-21.7 andt10.0 cm™, respectively. These

a 20 cnr! cutoff for zeroth-order state separations changed the Sizable, positive values can be directly traced to the large

computed VPT2 anharmonicities by more than 1-¢in only ~ rotational A. constant of the ArV(H;0) adduct and the

one case: the @(H.O wag) — w3(V—O stretch) Fermi  associated Coriolis contributionddZ)X(w/ws + wdw)] to

resonance if°Ar52V(D,0). Thus, in our tabulated results, no  the off-diagonal;s anharmonicity constants.

anharmonic resonances were removed, except fordke @3 The vibration-rotation interaction constantsoj are of
interaction in4°Ar5%V+(D,0) (Table S5). Thewg[Ar—V—0 particular interest here, because they allow a determination of
linear bend ;)] — wdgAr—V—0 linear bend l§;)] Coriolis zero-point vibrational effects on the geometric structures of

resonance has a strong influence on diﬁeand a’g constants V*(H,0) and ArVf(H,0). As shown in Table 8, the binding
for all ArV*(H,0) isotopologs. Exclusion of this interaction of the vanadium cation to water has dramatic effects orothe
from the VPT2 treatment was necessary to obtain valid constants of the O vibrational modes. In contrast, further
vibration—rotation interaction constants in all cases, but the argon tagging of V(H>O) has no significant effect, particularly
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for the all-importanto* constants. For the’ and o param- angle by 2.4, and argon tagging reduces this shift by about
eters, argon complexation merely reduces the magnitude of theset-0.3’; (3) most of the ZPV effect on the-HO—H angle is due
already-small vibrationrotation interaction constants. to off-axis motions of the massive V atom rather than to

A key question is whether some of the disparity between the flattening of the potential energy curve for,® bending
water bond ang]e Widening |nMH20) theoretica”y predicted resulting from complexation with the vanadium Cation; and (4)
here (2-3°) and that surmised from the IRPD experiments in adding the computed effects of vibrational averaging to our best
the Duncan laboratofy (9.3°) can be attributed to zero-point  equilibrium structures [CCSD(T)/QZVPP] for the ground states
vibrational effects on the effective geometric structure. In the of V*(HO) and ArV"(H;0) gives Oo(H—O—H) angles of
equilibrium structures of ¥(H,0) and ArVf(H;0), only the 109.T and 108.7, respectively. The pO bond angle value
light hydrogen atoms contribute to ti#erotational constants;  derived from the IRPD experiments (1133 is still about 3
however, vibrational motion along tie andb, modes displaces  higher than that predicted by our high-level theoretical analysis;
the massive vanadium and/or argon atoms offah@incipal however, consideration of zero-point vibrational effects has
axis, potentially increasing the effectivg moment of inertia lowered this disparity by 23°. The remaining discrepancy is
by a substantial amount. To investigate this effect, we used ourevident by directly comparing our best purely theoretidal
CCSD/WI(TZP)q; constants to synthesizad By, Co) rotational rotational constants for th& states of V(H,0O) and ArV+(H,0)
constants for several isotopologs of #4,0) and ArV+(H,0) (13.70 cm and 13.65 cmt, respectively) with the significantly
and then to extract vibrationally averagedtructures by least-  smaller IRPD value (12.52 cm).2!
squares fits. The molecular structure refinements were performed
using a robust computer program MolStruct recently developed ;
by one of u®’ The following V*(H,0) isotopologs were V. Conclusions

employed in the least-squares refinmertV( 1°0, H, H), 1V, The model systems Y(H,0) and ArV+(H,0), exemplary of

180, H, H), CV, 0, D, D), and %, °O, H, H). For = mass-selected infrared photodissociation (IRPD) spectroscopy
ArV*(H;0), the same isotopologs were used viftr included, on hydrated metal cations, have been thoroughly investigated
and one more isotopolog was adde@A(, >V, O, H, H). Al by high-level electronic structure theory. Our best predictions

the necessary vibratiefrotation interaction constants appear are based on restricted open-shell CCSD(T) theory implemented
in Table 8 and Supporting Information Tables-S88. Our best  jith a massive V[11s6p5d3f2g], Af[9s6p4d2flg], O[6s5p4d3f2g],
CCSD(T)/QZVPP equilibrium geometries were employed as and H[5s4p3d2f] (QZVPP) basis set and with the outer-core
reference structures for the determinationof- rg shifts. We V(3s,3p) electrons correlated. The microsolvation df With
found that the standard errors of thefits were significantly — gne water molecule gives an equilibrium-® distance of 2.049
reduced by excluding théy rotational constants from the & and a binding energy) of 36.2 kcal motL, Formation of
refinements, so unless otherwise stated, only the much smallefihe \/+(H,0) complex shifts the O fundamentalsig, v, v3)
(Bo, Cop) values were included in the MolStruct data set. by (—43, +26, —72) cnt. Our computed red shifts for the
Our vibrationally averaged structural parameters forie  O—H stretching modesy, v3) are in excellent agreement with
state of VF(H,0) differ from the equilibrium structural param-  the |IRPD results {50, ~70) cnt? from the Duncan labora-
eters by the following amountsio(H—O—H) — 64(H—-0O—H) tory21 When HO binds to \*, the H-O—H equilibrium bond
= +2.35, 1o(0—H) — rg(O—H) = +0.0025 A, and'o(V—O) angle widens byt-2.4°, with a concomitant increase in the-®
— 1(V—0) = +0.0066 A. If theA rotational constants are  gistance of+-0.004 A. The HO molecule splits the degenerate
included in the refinement, thefiy(H—O—H) — O(H—0—H) ground-state manifold of ¥(°D), yielding electronic states in
= +1.82, 1o(0O—H) ~ rg(O—H) = ~0.0018 A, and(V—-0) Cz, symmetry with the following relative energieF(°A1, %Ay,
— rg(V—0) = +0.0066 A, still showing a substantial angle 5By, 5B,) = (0, 0.15, 0.37, 5.09) kcal mol. A seconcPA; state
fexpanis]ion.. tI)f the intierfragmgnt rEodes 'Ofngii are excl(l;ded of V*(H,0) appears somewhat higher in energy, and the lowest-
rom the vibrational averaging by omitting ails, a4, andas L :
C(instan)ts, thelo(H-O—H) — GEEH_O_H) 04T an@gl Lﬁ?gtgig_et state is more than 15 kcal mdlabove the ground
ro(O—H) — rg(O—H) = +0.0146 A. C$aza and co-worke .
have very recently published effective rotational constafys ( th Ai/ngon taigglngdois\gHZO) piiai:es trti? Ar ai.o m 3'5.38 A fro(;n
Bo, Co) of water isotopologs arising from variational vibrational 'eh .Celil erand Lot erfnove irom e D ligan ’ n a(i?icor
computations on the near spectroscopic quality, empirically W/th Simple expectation oran electrostatic complex. The argon
adjusted CVRQD potential energy surf&€eApplying our binding energy iDd[Ar—V(Hz0)] = 9.4 kcal mof™. Virtually
MolStruct procedure to thesé, Bo, Co) rotational constants ~ "one of this binding energy is obtained with Hartréeck
yields the following shifts for free bO from the highly accurate  theory, which yields only a 0.25 kcal mdistabilization even
CVRQD water surfacero(O—H) — re(O—H) = +0.0025 A with the large Q_ZVPI? basis set. Argon tagging engenders only
and o(H—O—H) — O(H—O—H) = 4+0.6%. An analogous small perturbations in the YH,O) structure: drg(V—0) =
refinement using our Wf(TZP) CCS& constants for free water —0.0105 A, or¢(O—H) = +0.0003 A, anddfy(H—O—H) =
instead of the CVRQD vibrational corrections of ref 98 gives —0.14. However, the Ar “spectator” is responsible for a number

ro(O—H) — rgO—H) = +0.0029 A andfy(H—O—H) — of subtle effects, such as switching the electronic ground state.

0(H—O—H) = +0.64. Finally, for the®A; state of ArV(H,0), For ArV*(H;0), our best theory predicts°8; ground state and

we find g(H—O—H) — O(H—O—H) = 2.08, ro(O—H) — excitation energieJ(°A;, °A;, 5B,) = (0.49, 0.62, 4.17) kcall

re(O—H) = —0.007 A,ro(V—0) — rg(V—0) = +0.005 A, and mol~1. Argon tagging shifts the vibrational frequencies of

ro(Ar—V) — re(Ar—V) = +0.011 A. VT(H,0) by no more than 10 cm, but the direction of the
The primary conclusions to be derived from oystructural shift is in most cases dependent on whether the final electronic

data are the following: (1) the results for free®indicate the ~ State in question i84; or °B,.

validity of performing MolStructr, fits based on Wf(TZP) An analysis of vibrational anharmonicity effects i {4,0)

CCSD vibration-rotation interaction constants; (2) zero-point and ArVt(H,0) has been executed by computing complete
vibrational averaging in V(H,O) widens the H-O—H bond quartic force fields and then applying second-order vibrational
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perturbation theory (VPT2) to determine anharmonic constants  (9) Thompson, C. J.; Husband, J.; Aguirre, F.; Metz, RJBPhys.

. . . . . ; Chem. A200Q 104, 8155.
and V'b'_'aﬂon_mtat'%n interaction C_OnSt?‘nts' This ap]E)I’O_aCfII (10) Faherty, K. P.; Thompson, C. J.; Aguirre, F.; Michne, J.; Metz, R.
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tions of the vibronic coupling in these systems are not currently Chem. A200Q 104 9901.

: - } (12) Agreiter, J. K.; Knight, A. M.; Duncan, M. AChem. Phys. Lett.
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ArV+(H,0). A peculiar phenomenon is observed for the 4628.

: A e : (17) Gregoire, G.; Duncan, M. Al. Chem. Phys2002 117, 2120.
effectve bond angledo(H—O—H), specifically, a ZPV increase (18) van Heijnsbergen, D.; von Helden, G.; Meijer, G.; Maitre, P.;
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; ; i 120, 10037.
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. . . M. A. J. Phys. Chem. 2005 109, 7057.
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