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ABSTRACT 

Molecular structures of various molecules were examined. First, a systematic 
investigation of the As2Fn / As2Fn̄  systems was carried out using Density Functional 
Theory. From the first four studied species (As2Fn, n = 1-4), all neutral molecules and 
their anions are shown to be stable with respect to As-As bond breaking. The global 
minima of the neutral As2Fn species, n = 5-8, are weakly bound complexes, held together 
by dipole-dipole interactions. All such structures have the AsFm-AsFn form, where (m,n) 
is (2,3) for As2F5, (3,3) for As2F6, (4,3) for As2F7 and (5,3) for As2F8. The anions As2Fn̄ , 
n = 5-8, are shown to be stable with respect to the As-As bond breaking, and we predict 
that all of them have fluorine-bridged or fluorine-linked structures.  

Next, in support of mass-selected infrared photodissociation (IRPD) spectroscopy 
experiments, coupled cluster methods have been used to study the V+(H2O) and 
ArV+(H2O) complexes. Four lowest-lying quintet states (5A1, 5A2, 5B1 and 5B2), all of 
which appear within a 6 kcal mol-1 energy range, were examined.  Our computations 
show an opening of 2°-3º in the equilibrium bond angle of H2O due to its interaction with 
the metal ion. Zero-point vibrational averaging increases the effective bond angle further 
by 2.0°-2.5º, mostly due to 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 near 9º deduced from IRPD experiments.  

Last, the equilibrium molecular structures of the two lowest-energy conformers of 
glycine, Gly-Ip and Gly-IIn, have been characterized by high-level ab initio electronic 
structure computations.  Based on experimentally measured vibrationally averaged 
effective rotational constant sets of several isotopologues and our ab initio data for 
structural constraints and zero-point vibrational shifts, least-squares structural 
refinements were performed to determine improved Born–Oppenheimer equilibrium 
structures of Gly-Ip and Gly-IIn.  The barrier to planarity separating Gly-IIp and Gly-
IIn has been determined to be 20.5 cm−1.  The equilibrium torsional angle τ(NCCO) of 
Gly-IIn, characterizing the deviation of its heavy-atom framework from planarity, is 11º. 
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CHAPTER 1 

 

INTRODUCTION AND BACKGROUND MATERIAL 



2 

1.1  INTRODUCTION 

Everything on the Earth consists of molecules and everything is surrounded by 

molecules.  To understand processes that are happening around us, it is important to 

know the properties these individual molecules.  The properties are determined by atomic 

arrangements in molecules, and therefore knowing the molecular structure of various 

molecules is one of the focuses of current chemistry research.  

One of the biggest advantages of computational chemistry is determining 

molecular structures with high degree of accuracy.  Computational chemistry, as opposed 

to experimental chemistry, is not restricted by the ability to synthesize and purify 

molecular samples, and both well known molecules and “new” molecular species can be 

studied.  

   

1.2 STRUCTURES OF NOT YET STUDIED MOLECULES 

Predicting the arrangement of atoms in molecules that were not studied previously 

is a difficult task.  Many molecular structures have to be considered and therefore a 

significant number of calculations has to be performed.  For this reason, computational 

methods that are not very time consuming are the best option for such studies.  Because 

of a very large quality of computations to computer time ratio, density functional theory 

is a good choice when predicting molecular structures of not yet experimentally known 

molecules.   

The basis for density functional theory (DFT) is the proof presented in 1964 by 

Hohenberg and Kohn1 which states that the ground-state electronic energy is determined 

completely by the electron density ρ. The advantage of using electron density rather than 
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a standers wave function is the following: while a wave function for an N-electron system 

contains 3N coordinates, three for each atom, the electron density only depends on three 

coordinates regardless of the number of electrons in the studied molecule.  This reduces 

computational cost significantly.  However, there is a “small” problem associated with 

the use of density functional theory. It was proven that each different density yields 

different ground state energy, as the functional connecting these two quantities is not 

known. Therefore the objective of various DFT methods it to design a functional 

connecting electron density with energy.  

Energy functional can be divided in three parts: the kinetic energy under the 

assumption of non-interacting electrons TS[ρ], the nucleus-electron attraction Ene[ρ], and 

the electron correlation that includes the Coulomb term (J[ρ]) and the exchange-

correlation term (K[ρ]). The major problem in DFT is the lack of analytic expression for 

the exchange-correlation term K[ρ]. Various empirically fit expressions have been 

evaluated for the K[ρ] term. Even though the expressions for the K[ρ] term are not 

mathematically rigorously derived, DFT methods perform very well when predicting 

molecular structures to a certain degree of precision. Due to the small computational cost, 

that is similar to the cost of Hartree-Fock computations, DFT methods are the methods of 

choice for structure prediction, especially for large molecules for which high level ab 

initio methods can not be used.  

 

1.3 MOLECULAR STRUCTURES FROM AB INITIO METHODS 

Theoretical determination of atomic arrangements in molecules can be very 

helpful for explaining experimental data.  In such cases, density functional theory 
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methods may not be sufficient, and high level ab initio computations, often in 

conjunction with anharmonic force field computations, are necessary to obtain high 

accuracy re and r0 structures.   

Exact electronic wave function  0Ψ  for and N electron system can be written as:  

∑∑
<<

+Φ+Φ+Φ=Ψ
baji

ab
ij

ab
ij

ai

a
i

a
i cc

,,
00 ... ,                             (1.1) 

where 0Φ  is the ground state wave function and a
iΦ represents Slater determinant 

where electron is excited from an occupied orbital a into a virtual orbital r with respect to 

the ground state determinant.  

For the simplest ab initio method, the Hartree-Fock (HF) method,2,3 the series in 

1.1 is truncated immediately after the first term, so 0Ψ = 0Φ . The HF method 

describes behavior of each electron in an average electric field of all the other electrons. 

It does not contain electron correlation effects and therefore is not very accurate. There 

are three main methods for calculating electron correlation: configuration interaction, 

coupled cluster, and many body perturbation theory.  

In case of configuration interaction (CI) method,4,5 the coefficients for excited 

Slated determinants are of a linear form. For actual computations, the series 1.1 has to be 

truncated at a certain point for systems containing many electrons. If for example the 

series is truncated so that only single (S) and double (D) excitations are allowed, we get 

the CISD method.  

For coupled cluster methods (CC),6-8 a more complicated exponential form of 

coefficients in 1.1 is chosen. The truncation of series leads to CCSD,9 CCSDT,10-12 and 

higher excitation methods. The CC methods containing triple and higher excitations 
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explicitly are very time and computer power consuming, and often can not be performed 

for large systems. To improve the performance of CCSD, various approaches for 

estimating triple contributions have been developed, using perturbative [CCSD(T)13,14] or 

iterative [CCSDT-3,15 CC316] approaches. 

Other type of electronic structure method is based on a perturbative treatment of 

molecules, where the true molecular electronic Hamiltonian is separated into two parts: 

the unperturbed part Ĥ0, that can be solved easily, and a perturbation Ĥ'. In case of the 

Møller-Plesset (MP) perturbation theory,17 the unperturbed Hamiltonian is taken as the 

sum of the one-electron Fock operators. The most commonly used are the second- and 

fourth-order MP perturbation theories, MP2 and MP4, respectively. 

 

1.4 REFINEMENT OF MOLECULAR STRUCTURES 

  Other possibility for determining highly accurate equilibrium structures of 

molecules is combining experimental and theoretical data. In such studies high level ab 

initio equilibrium structures (re) are employed in conjunction with experimental 

rotational constants (A0, B0, C0) in a least square fit. High level ab initio structures are 

obtained for a given molecule at the highest level of theory allowed by current 

computational power, and either second order Møller-Plesset perturbation theory (MP2) 

or coupled-cluster theory with single, double, and perturbative triple excitations 

[CCSD(T)] with at least triple-zeta quality basis set are usually used at this time. 

Vibrational effects on rotational constants (Ae – A0, Be – B0, Ce – C0,) are evaluated at 

highest possible level of theory, and are used to correct experimentally obtained 

rotational constants A0, B0, and C0. The “new” equilibrium rotational constants Ae, Be, and 
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Ce for various isotopologs and are used in a least square structural refinement fit with the 

equilibrium structure from theory, and a very accurate refined equilibrium structure  for 

the studied molecule is obtained. For a structural refinement, highly flexible Mathematica 

program MolStruct18 developed recently in our group is used. 

Such method, where high level ab initio results are combined with precise 

experimental data, is a very powerful tool for molecular structure refinement. Gas phase 

microwave spectra provide information about rotational constants with high accuracy. 

This given, equilibrium structures of larger molecules, which can not currently be studied 

with extremely accurate theoretical methods and large basis sets, can be determined with 

high precision. Also, if no experimental rotational constants are available, or in cases 

where such rotational constants need to be re-examined, molecular refinement performed 

in MolStruct can be used to predict vibrationally averaged r0 structures, rather than the 

equilibrium re structures. In such cases, the theoretically obtained re structure and 

theoretically obtained vibrationaly averaged rotational constants A0, B0, and C0 rotational 

constants are used for molecular refinement. 

 

1.5 PROSPECTUS 

In this work, three ways for obtaining molecular structures are employed.  

First, DFT methods are used to predict structures and properties of the di-arsenic 

fluorides (As2Fn) and their anions. Many of these molecules were not studied previously, 

and DFT methods are a good choice for such pioneer studies. 

Second, equilibrium structures of the V+(H2O) and ArV+(H2O) complexes are 

examined. Because these molecules serve in our work as model systems for probing 
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metal cation hydration, high-level ab initio methods and large basis sets are used to 

determine all bond lengths and bond angles with high precision. Vibrational 

anharmonicity effects on the molecular structure of V+(H2O) and ArV+(H2O) are 

explored, and vibrationally averaged structures for both molecules are obtained. 

Finally, two minima (Gly-Ip and Gly-IIn) and one transition state (Gly-IIp) of 

the most simple aminoacid glycine are studied with high level ab initio methods. 

Experimental microwave data are used to refine the structures of all three conformers and 

to explain discrepancy between theory and experiment encountered previously due to low 

barrier to planarity of the Gly-IIn conformer. 
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CHAPTER 2 

 

STRUCTURES AND ELECTRON AFFINITIES  

OF THE DI-ARSENIC FLUORIDES AS2FN / AS2FN̄   (N=1-8)* 

                                                 
* V. Kasalová and H. F. Schaefer III. 2005. Journal of Computational Chemistry, 26: 411-435. 

Reprinted here with permission of publisher. 
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2.1 ABSTRACT 

Developments in the preparation of new materials for microelectronics are 

focusing new attention on molecular systems incorporating several arsenic atoms. A 

systematic investigation of the As2Fn / As2Fn̄  systems was carried out using Density 

Functional Theory methods and a DZP++ quality basis set. Global and low-lying local 

geometric minima and relative energies are discussed and compared. The three types of 

neutral-anion separations reported in this work are: the adiabatic electron affinity (EAad), 

the vertical electron affinity (EAvert) and the vertical detachment energy (VDE). 

Harmonic vibrational frequencies pertaining to the global minimum for each compound 

are reported. From the first four studied species (As2Fn, n = 1-4), all neutral molecules 

and their anions are shown to be stable with respect to As-As bond breaking. The neutral 

As2F molecule and its anion are predicted to have Cs symmetry. We find the trans F-As-

As-F isomer of C2h symmetry and a pyramidalized vinylidene-like As-As-F2̄  isomer of Cs 

symmetry to be the global minima for the As2F2 and As2F2̄  species, respectively. The 

lowest lying minima of As2F3 and As2F3̄  are vinyl radical-like structures F-As-As-F2 of 

Cs symmetry. The neutral As2F4 global minimum is a trans-bent (like Si2H4) F2-As-As-F2 

isomer of C2 symmetry, while its anion is predicted to have an unusual fluorine-bridged 

(C1) structure. The global minima of the neutral As2Fn species, n = 5-8, are weakly bound 

complexes, held together by dipole-dipole interactions. All such structures have the 

AsFm-AsFn form, where (m,n) is (2,3) for As2F5, (3,3) for As2F6, (4,3) for As2F7 and (5,3) 

for As2F8. For As2F8 the beautiful pentavalent F4As-AsF4 structure (analogous to the 

stable AsF5 molecule) lies about 30 kcal/mol above the AsF3···AsF5 complex. The 

stability of AsF5 depends crucially on the strong As-F bonds, and replacing one of these 
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with an As-As bond (in F4As-AsF4) has a very negative impact on the molecule’s 

stability. The anions As2Fn̄ , n = 5-8, are shown to be stable with respect to the As-As 

bond breaking, and we predict that all of them have fluorine-bridged or fluorine-linked 

structures. The zero-point vibrational energy corrected adiabatic electron affinities are 

predicted to be 2.28 eV (As2F), 1.95 eV (As2F2 ), 2.39 eV (As2F3 ), 1.71 eV (As2F4 ), 

2.72 eV (As2F5 ), 1.79 eV (As2F6 ), 5.26 eV (As2F7 ) and 3.40 eV (As2F8 ) from the 

BHLYP method. Vertical detachment energies are rather large, especially for species 

with fluorine-bridged global minima, having values up to 6.45 eV (As2F7, BHLYP). 

 

2.2 INTRODUCTION  

Molecular systems exhibiting extreme characteristics, specifically systems with 

very large electron affinity (EA) values, are of special interest to experimental and 

theoretical chemists. The As2F11̄   anion is well known due to its extraordinarily high 

vertical detachment energy of 11.4 eV.1 The existence of this molecule was first 

suggested in 1969 on the basis of low-temperature IR2 and NMR3 observations. The 

As2F11̄   anion has the structure of a bi-octahedron with a common apex and it has been 

extensively studied since 1969.4-11 Also some of the di-arsenic bromides, chlorides, and 

iodides, as well as the di-antimony fluorides, were observed previously, in particular 

As2Br8
2  ̄ ,12 As2Br6,13 As2Cl6,13 As2I4,14-17  and As2I6.18 However, the di-arsenic fluorides 

(As2Fn) and their anions with number of fluorines, n, smaller than 11 have been studied 

relatively little. Based on an NMR study in 1970 Davies and Moss stated that it is likely 

the As2F5
+
  ion was formed in solution in their research (in addition to Sb2F11̄  ).19 In 1980 

Doiron and McMahon observed the presence of the As2F5
+
  ion using ion cyclotron 
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resonance spectrometry. They suggested the ion to have either a fluorine-bridged 

structure, or an intermediate between two possible tautomeric forms of As-As bonded 

As2F5
+
 .20 In 1991 the heat of formation of As2F was measured by gas-phase charge-

transfer reactions with an upper limit established to be 205 kcal mol-1.21  

SiFn (n =1-5), GeFn (n =1-5), AsFn (n =1-6) and also Si2Fn and Ge2Fn (n =1-6) play 

an important role in semiconductor materials chemistry, and several experimental and 

theoretical studies have been performed on these molecules.22-36 Comparing with the SiFn 

- Si2Fn and GeFn - Ge2Fn systems implies that As2Fn molecules may also play a role in 

chemical vapor deposition.  

In the present study the geometric structures (global and low-lying local minima) 

and thermochemical properties, including the electron affinities, of the As2Fn / As2Fn̄      

(n =1-8) molecules have been investigated. This study has been limited to species with 

eight or less fluorines due to the fact that the number of minima on the potential energy 

surface increases rapidly with successive addition of atoms to the molecule. There are 

many theoretical approaches for determining molecular structures and energies. With the 

large number of modest size molecules the inexpensive gradient corrected density 

functional methods (DFT) were considered adequate. DFT has been shown to be 

effective for predicting molecular structures for many related inorganic species, such as 

AsFn,22,23,29,31,34,35 BrFn,37 SFn,38 PFn,39 ClFn,40 GeFn,27 SeFn,41 SiFn,25,30,32,33 SiHn,42 

C2Fn,43 Si2Fn
26

 and Ge2Fn.24,28,36 Several different DFT methods are compared in the 

present study.  
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2.3 THEORETICAL METHODS 

Five different density functional methods and hybrid Hartree - Fock/density 

functionals were used in this study: 

(a) Becke's 1988 exchange functional (B)44 with Lee, Yang, and Parr's correlation 

functional (LYP)45, BLYP; 

(b) Becke's three-parameter exchange functional (B3)46 with the LYP correlation 

functional, B3LYP; 

(c) Becke's half - and - half exchange functional (BH)47 with the LYP correlation 

functional, BHLYP. This method has proven quite effective in describing the structures 

and electron affinities of related simple systems, such as SiF4, PF5, and SF6. 

(d) The B exchange functional with Perdew's correlation functional (P86),48,49 

BP86; 

(e) The B3 exchange functional with the P86 correlation functional, B3P86. 

Restricted methods were used for closed shell systems and unrestricted methods 

for open shell system. All computations have been evaluated using the Gaussian 94 suite 

of programs.50 The default numerical integration grid (75, 302) was used for As2Fn    

(n=1-6) and larger integration grid (99,590) for As2F7 and As2F8. 

 A standard double zeta plus polarization (DZP) basis set with the addition of s- 

and p- diffuse functions (denoted as DZP++) was used in this study. The DZ portion of 

the basis set was constructed from the Huzinaga – Dunning51,52 set of contracted 

Gaussian functions for fluorine and from the Schäfer - Horn – Ahlrichs53 set of contracted 

Gaussian functions for arsenic. To construct the DZP basis set, five pure d-type 

polarization functions have been added on each atom.51-53 The diffuse function orbital 
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exponents were determined in even tempered sense as a mathematical extension of the 

primitive set, according to the formula of Lee and Schaefer:54 αs(F)=0.1409, 

αp(F)=0.0826, αs(As)=0.031455, αp(As)=0.031639. The final contraction scheme is 

(10s5p1d/5s3p1d) for fluorine and (14s11p6d/8s6p3d) for arsenic. 

All geometries were found to be minima after determining the harmonic 

vibrational frequencies at the corresponding stationary points for each functional. Zero-

point vibrational energies evaluated at each level of theory (listed in Tables 2.20 and 2.21 

for all global minima) were used to correct the adiabatic electron affinities. 

The electron affinities are evaluated as the differences of total energies in the 

following manner:  the adiabatic electron affinity 

 EAad = E (optimized neutral) – E (optimized anion)        (2.1) 

the vertical electron affinity 

 EAvert = E (optimized neutral) – E (anion at optimized neutral geometry)     (2.2) 

and the vertical detachment energy 

 VDE = E (neutral at optimized anion geometry) – E (optimized anion).     (2.3) 

The reliability of the present prediction is best judge from comparisons between 

theory and experiment for the simpler AsFn systems. For diatomic AsF, the predicted 

dissociation energies are 4.22 eV (B3LYP), 4.52 eV (BP86), and 4.50 eV (BLYP), 

compared to the experimental value 4.2 ± 0.2 eV. For AsF3 → AsF2 + F, the theoretical 

results are 4.76 eV (B3LYP), 5.03 eV (BP86), and 4.92 eV (BLYP), all in reasonable 

agreement with the experimental value 5.03 eV. Thus the thermodynamic predictions 

with these three methods should be reliable.  
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For electron affinities, the experimental results for the mono-arsenic systems are 

limited but supportive of the theoretical methods used here. For the As atom, the EA is 

known rather precisely to be 0.81 ± 0.01 eV. This is why for the present As2Fn¯ systems, 

dissociation to As¯ is never favored. The methods used here predict EA(As) = 0.74 eV 

(BHLYP), 0.96 eV (B3LYP), 1.04 eV (BP86), and 0.90 eV (BLYP). The electron 

affinities of AsF and AsF2 are known from experiment to within a few tenths of an eV, 

and all four DFT methods give acceptable agreement. Thus we expect the theoretical 

predictions of the electron affinities of the larger As2Fn systems to be reasonable. 

 

2.4 GEOMETRIES AND ENERGIES 

2.4.1 AS2F / AS2F¯ 

Four types of geometrical structures have been investigated for the neutral As2F 

molecule - the bent structure with Cs symmetry, the fluorine-bridged structure with C2v 

symmetry, and a linear structure with C∞v symmetry. All three optimized geometric 

neutral minima of the As2F are shown in Figure 2.1, structures 1na – 1nc, and the 

corresponding relative energies are reported in Table 2.1. Two of the minima have 

doublet electronic states, 2A΄ with Cs symmetry (1na) and 2A2 with C2v symmetry (1nc), 

and one is predicted to be a 4A΄ with Cs symmetry (1nb). The linear As-As-F structure is 

also shown to be a stationary point with a doublet electronic state, having a degenerate 

imaginary vibrational frequency (170i cm-1 with B3LYP) leading to the bent 1na 

structure. The linear As-F-As isomer is a second order stationary point with highest 

imaginary frequency (60i cm-1 for doublet and quartet with B3LYP) leading to structure 

1nc for the doublet electronic state and structure 1nb for the quartet. Energetic 
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comparisons show that the bent 2A΄ structure (1na) is the global minimum for all five 

functionals. The structures 1nb (4A΄, Cs) and 1nc (2A2 , C2v) lie 22 kcal mol-1 and 38 kcal 

mol-1 (BHLYP), respectively, above the 1na minimum. All three minima on the potential 

energy surface are stable with respect to As-As bond breaking (Table 2.1). 

The predicted BHLYP bond lengths and bond angle for the global minimum 

(1na) are 2.241 Å (As-As), 1.764 Å (As-F) and 101.2º (As-As-F). All functionals that 

contain Hartree-Fock exchange (B3P86, B3LYP, BHLYP) predicted bond distances 

within 0.017 Å of each other. The BLYP distances are the longest and they are at least 

0.03 Å longer than the bond lengths obtained using BHLYP functional. A similar trend 

can be seen in the angle comparison, where the As-As-F angle for BHLYP functional is 

much smaller (by at least one degree) than for the other functionals.  

The same geometrical structures have been investigated for the As2F¯ anion. All 

three optimized geometries of the As2F¯ anion are shown in Figure 2.2, structures 1aa-

1ac, and their relative energies are presented in Table 2.2. The global minimum is, for all 

five functionals, the bent (Cs) structure with its closed shell 1A΄ electronic state (1aa), 

which lies 19 kcal mol-1 and 67 kcal mol-1 (BHLYP) below the bent 3A˝ structure (1ab) 

and the bridged 1A1 (C2v) structure (1ac), respectively. The As-As-F linear structure with 

singlet electronic state has a degenerate imaginary frequency, 145i cm-1 (B3LYP), 

leading to the bent (Cs) structure. The linear As-As-F 3Π structure has one imaginary 

(174i cm-1) and one low real (69 cm-1) vibrational frequency, suggesting it is a Renner-

Teller stationary point, type C.55  

The As-As bond distance for the As2F¯ global minimum is shorter than the 

corresponding bond length for the neutral As2F global minimum by 0.08 Å (BHLYP). 
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The As-F distance is, however, longer for the anion than for the neutral molecule. This 

can be explained by looking at the HOMOs of structure 1aa (Figure 2.17), which is 

bonding along the As-As axis but antibonding with respect to the As-F axis. The bonding 

character of the HOMO also causes an increase of the As-As-F angle. 

 

2.4.2 AS2F2 / AS2F2̄ 

The optimized geometries for five geometric minima of As2F2 are shown in 

Figure 2.3 and their relative energies are presented in Table 2.3. Three geometrical 

minima have been located for the As2F2 singlet electronic state species: two F-As-As-F 

isomers (with C2h and C2v symmetry) and an fluorine-bridged isomer with C1 symmetry, 

and two isomers were found for the triplet electronic state species (the As-As-F2 structure 

of Cs symmetry and the F-As-As-F structure of C2 symmetry). The electronic ground 

state is an F-As-As-F isomer of C2h symmetry and 1Ag electronic state (structure 2na). 

The isomer of C2v symmetry (1A1, structure 2nb) is slightly higher in energy (by 3.0 kcal 

mol-1 for the BHLYP). Energetically highest is the fluorine-bridged 1A isomer (2ne) 

which is 35 kcal mol-1 (BHLYP) higher in energy than 2na and is not a minimum for the 

BP86 and BLYP functionals. 

Two dibridged transition states have been found while looking for the geometrical 

minima. The non-planar dibridged singlet electronic state isomer (C2v, 1A1) has one 

imaginary vibrational frequency (330i cm-1 with B3LYP) which leads to the ground state 

C2h isomer (2na) when followed. The analogous triplet electronic state isomer (3B2) has 

one imaginary frequency (933i cm-1 with B3LYP) which leads to structure 2nd.  
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The BHLYP As-As distance for the geometry minimum (2na) is 2.248 Å. The 

As-As bonds are longer for the As2F2 ground state species than for the As2F species by 

0.007-0.047 Å. The BHLYP As-F distance for the As2F2 global minimum is 1.763 Å, 

which is comparable to the corresponding distance in As2F (1.764 Å). Addition of the 

second fluorine to the fluorine-bridged 2A2 structure of As2F (1nc) resulted in a longer 

As-As bond distance (2.349 Å) and a larger angle between the two arsenics and the 

bridging fluorine (104º). 

All seven distinct geometric minima found for As2F2̄  are presented in Figure 2.4 

(structures 2aa-2ag) and their relative energies are listed in Table 2.4. None of the 

minima are bridged and the dibridged structures with D2h and C2v symmetries are 

predicted to be second order stationary points. Among the stable geometric minima, the 

lowest in energy for the BHLYP, B3P86 and B3LYP functionals is the As-As-F2 isomer 

with Cs symmetry and a 2A΄ electronic state (2aa). The F-As-As-F isomer (2ab) with C2 

symmetry and 2A electronic state is the minimum with the BP86 and BLYP functionals. 

The previous DFT studies of C2F2, Si2F2 and Ge2F2 have shown that methods with pure 

DFT exchange (BLYP and BP86) have a tendency to favor structures with F atoms 

distributed among the C, Si  or Ge atoms.4-12,25,30,32,33 Our results for As2F2 show the same 

trend, since structure 2na, which has an As-As-F2 form, is favored by functionals that 

include Hartree-Fock exchange (BHLYP, B3P86 and B3LYP), while the F-As-As-F 

structure is preferred by the BP86 and BLYP functionals. The As-As and the As-F bond 

distances for the ground state 2aa are 2.305 Å and 1.802 Å, respectively, and the As-As-

F and F-As-F angles are 106.6º and 88.3º, respectively (BHLYP).  
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Structure 2ac (C2, 2B) is a trans F-As-As-F isomer that lies above 2aa for all 

functionals except BLYP, where 2ac was computed to be 0.8 kcal mol-1 below 2aa. The 

BP86 functional predicts that 2ac lies only 0.2 kcal mol-1 above 2aa. Structure 2nc can be 

obtained from 2ab by rotation about the As-As bond by approximately 80º, and the 

energy difference between 2ab and 2ac is less than 1.7 kcal mol-1 for all functionals. 

Structure 2ad is predicted to be the lowest lying quartet state (C2v, 4B2) for the 

As2F2̄  anion and it lies 32 kcal mol-1 higher than 2aa (BHLYP). The local minima 2ae 

(C2h, 4Ag), 2af (Cs, 4A΄) and 2ag (Cs, 4A˝) are all predicted to lie at least 38 kcal mol-1 

above 2aa. For each functional the relative energies of 2ae-2ag are within 4 kcal mol-1 

and the relative ordering depends upon the functional. We note that for loosely bound 

complexes such as 2ag, the theoretical dissociation energies will not be quantitatively 

reliable. 

 

2.4.3 AS2F3 / AS2F3̄ 

Four geometrical minima were found for the doublet electronic state of As2F3 and 

are presented in Figure 2.5 (3na-3nd), with the relative energies listed in Table 2.5. The 

global minimum is predicted to be the vinyl radical-like F2-As-As-F isomer with Cs 

symmetry and 2A˝ electronic state (3na). Energetically closest to 3na is the 3nb isomer 

(2A˝, Cs), which differs from the global minimum only by rotation about the As-As axis 

by 180 º and is less than 3.4 kcal mol-1 higher in energy. Energetically very close to 2nb 

is the F2-As-As-F isomer of C1 symmetry and 2A electronic state (3nc), which can be 

obtained from 2na or 2nb by rotation about the As-As bond by approximately 85º and  

95º, respectively. Highest in energy is the F3-As-As isomer of Cs symmetry and 2A˝ 
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electronic state (3nd), which is 26 kcal mol-1 above the 3na global minimum (BHLYP). 

The tribridged isomer of C3v symmetry (not shown in Figure 2.5) is a fourth order 

stationary point. A tribridged isomer of C2v symmetry was predicted to have two 

imaginary frequencies, the highest of which leads to a dibridged transition state of Cs 

symmetry. Following the imaginary frequency of the dibridged transition state leads to 

structure 3nc. 

With the addition of an extra fluorine atom to the As2F2 ground state minimum 

(2na) the As-As bond length increases by 0.235 Å (BHLYP). However, the As-As bond 

length increases by only 0.021 Å when an extra fluorine is added structure 2nc (As-As-

F2). Further comparison of 3na (As2F3, Figure 2.6) and 2nc (As2F2, Figure 2.4) shows 

that the As-F bond increases by 0.002 Å and the As-As-F angle decreases by 0.1º 

(BHLYP). 

Figure 2.6 (3aa-3af) includes the structures for all six distinct geometric minima 

that have been found for the As2F3̄  anion and Table 2.6 presents their relative energies.  

The lowest in energy is the vinyl radical-like F2-As-As-F isomer with Cs symmetry and 

1A΄ electronic state (3aa). The global minimum 3aa lies 53 kcal mol-1 (BHLYP) below 

the dissociation limit As + AsF3̄ , showing the higher stability of As2F3̄  compared to the 

As2F3 neutral molecule 3na, for which the dissociation energy into As + AsF3 was only 

16 kcal mol-1 (BHLYP). Energetically closest to structure 3aa is the cis F2-As-As-F 

isomer 3ab (Cs , 1A΄) which is 1.5 kcal mol-1 higher in energy (BHLYP) than 3aa and 

may be obtained from 3aa by rotation about the As-As bond by 180º. The As-As-F bond 

angles in 3ab are larger than in 3aa (by about 5º-15º) due to electrostatic repulsion of the 

partially negatively charged fluorine atoms. The As-As-F3 isomer 3ac (C3v, 1A1) lies 13.1 
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kcal mol-1 (BHLYP) above the global minimum 3aa. The three triplet electronic state 

species 3ad (Cs , 3A˝), 3ae (Cs , 3A˝) and 3af (C1 , 3A) are predicted to be 16 kcal mol-1, 

24 kcal mol-1 and 31 kcal mol-1 higher in energy than 3aa, respectively. The relative 

energy of 3af (F2As-AsF) is lower than the relative energy of 3ae (F3As-As) for the BP86 

(by 2.6 kcal mol-1) and BLYP (by 3.0 kcal mol-1) functionals, supporting the idea that the 

BP86 and BLYP functionals  have a tendency to favor structures with fluorine atoms 

more evenly distributed on the two As atoms. 

The predicted As-As bond distance for 3aa is 2.345 Å, which is shorter than the 

corresponding distance in the neutral As2F3 global minimum (3na) by 0.183 Å. The 

reason for this unusual neutral-anion bond shortening is that the “last” electron was added 

to an orbital which has bonding character along the As-As bond (Figure 2.17). The As-F 

bond distances of the anion 3aa are longer than those of 3na by at least 0.053 Å due to 

the HOMO of the As2F3̄  having some antibonding character along the As-F bonds. 

  

2.4.4 AS2F4 / AS2F4̄ 

Figure 2.7 (structures 4na-4ne) shows the geometric minima found for the neutral 

As2F4 species, and Table 2.7 lists their relative energies. We predict the global minimum 

to be an F2-As-As-F2 isomer with C2h symmetry and 1Ag electronic state (4na).This trans 

bent structure is qualitatively similar to that for Si2H4.56 The As-As bond length for the 

global minimum is 2.503 Å and the As-F bond distances are 1.741 Å (BHLYP). With the 

default integration grid (75, 302), structure 4na has a small imaginary vibrational 

frequency (49i cm-1 with BHLYP), which is related to the internal rotation about the As-

As bond. This structure falls into a minimum with C2 symmetry when the imaginary 
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frequency is followed. Reoptimizing the structure with the larger integration grid (99, 

590) yields only positive imaginary frequencies. Therefore, we consider structure 4na to 

be a real geometrical minimum.  

A skewed F2-As-As-F2 isomer (4nb) with C2 symmetry and 1A electronic state 

lies only 2.1-2.8 kcal mol-1 above 4na (BLYP-BHLYP), and it can be obtained from 4na 

by rotation about the As-As bond by approximately 80º. The next geometric minimum, 

the F3-As-As-F isomer 4nc (Cs, 1A΄), is 40 kcal mol-1 above 4na. The lowest lying triplet 

state is predicted to be a pentavalent F4-As-As isomer of C2v symmetry (4nd) and is 

computed to lie 43 kcal mol-1 above the global minimum (4na). The dibridged structure 

(4ne) lies 81 kcal mol-1 (BHLYP) higher then the global minimum, indicating the low 

stability of 4ne.  

Figure 2.8 depicts five low lying As2F4̄  geometric minima and Table 2.8 lists their 

relative energies. The global minimum is shown to be an interesting C1 symmetry 

fluorine-bridged F-As-F-As-F2 structure with 2A electronic state (4aa). This is the first 

bridged structure predicted to be a global minimum in the present study. The As-F 

distance for the bridging fluorine and the As-As distance are predicted to be 2.491 Å and 

2.444 Å, respectively (BHLYP). Dissociation into As + AsF4̄  requires 20 kcal mol-1, 

indicating that the global minimum (4aa) is stable with respect to As-As bond breaking, 

or As-F bond breaking, for that matter.  

There are four states above 4aa that are close in energy, namely the trans F3-As-

As-F isomer 4ab (Cs, 2A˝), the cis F2-As-As-F2 isomer 4ac (C2, 2B), the cis F3-As-As-F 

isomer 4ad (Cs, 2A˝) and the pentavalent F4-As-As isomer 4ae (C2v, 2B1). Different 

functionals give somewhat different energy orderings of structures 4ab-4ae, showing that 
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the BP86 and BLYP functionals favor structures with distributed F atoms (F2-As-As-F2 

isomer 4ac). In this case we cannot conclude that functionals that include Hartree-Fock 

exchange (BHLYP, B3P86 and B3LYP) favor structures of F3-As-As-F or F4-As-As 

form, since the energy difference between 4ab (F3-As-As-F) and 4ac (F2-As-As-F2) is 

less than 0.7 kcal mol-1 for B3P86 and B3LYP. The energy difference between 4ac (F2-

As-As-F2) and 4ad (F3-As-As-F) indicates that the F2-As-As-F2 isomer (4ac) is preferred 

by the B3P86 and B3LYP functionals. Structure 4ae (F4-As-As) is predicted to lie 

slightly below 4ab with the BHLYP functional (by 0.1 kcal mol-1), while B3LYP, BP86 

and BLYP predict 4ea to be above 4ab, 4ac and 4ad. 

The lowest lying quartet electronic state of As2F4̄  is an F4-As-As isomer of Cs 

symmetry (4af) with a very long As-As separation (3.80 Å with BHLYP), lying             

19 kcal mol-1 (BHLYP) to 31 kcal mol-1 (BP86) above the global minimum. This 

structure is best described as a loose complex between AsF4̄  and As. As anticipated from 

the stability of the valence isoelectronic SF4 molecule, AsF4̄  is found to be favored 

energetically throughout this work. 

 

2.4.5 AS2F5 / AS2F5̄ 

Three geometric minima located for As2F5 are presented in Figure 2.9, structures 

5na - 5nc, and their relative energies are listed in Table 2.9. The global minimum 5na 

(C1, 2A) is predicted to be a weakly bound complex of AsF3 and AsF2. This complex, 

bound by dipole – dipole interactions, lies only 2.1 – 4.2 kcal mol-1 (BP86 and BHLYP) 

lower than separated AsF3 and AsF2 molecules. The pentavalent F4-As-As-F isomers of 

Cs symmetry and 2A˝ electronic state (5nb and 5nc) are shown to be more than              
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30 kcal mol-1 above the global minimum. The conformer highest in energy (5nc) can be 

obtained from conformer 5nb  by rotation about the As-As bond by approximately 90º.  

The predicted energy difference between 5nb and 5nc is 4 kcal mol-1 (BHLYP).  

Eight low-lying minima of As2F5̄  are presented in Figure 2.10, and their relative 

energies are listed in Table 2.10. Again, as for As2F4̄ , the global minimum (5aa; C2, 1A) 

is predicted to be fluorine-bridged for all five functionals. Since the geometrical minima 

for the neutral and anion global minima are so disparate, a direct comparison of energies 

is not very meaningful; instead a comparison of dissociation energies is needed to 

determine relative stabilities. Unlike neutral As2F5, the anion is shown to be very stable 

with respect to As-As bond breaking, since the energy necessary for dissociation into AsF 

and AsF4̄  is greater than 30 kcal mol-1. The fluorine-bridged isomer 5ab (Cs, 1A΄) lies   

4.3 kcal mol-1 above structure 5aa. With the default integration grid (75, 302), structure 

5ab has a small imaginary vibrational frequency with BHLYP (60i cm-1) and B3LYP   

(9i cm-1) functionals. Reoptimizing the structure with the larger integration grid (99, 590) 

yields a still negative but lower imaginary frequency (43i cm-1) with BHLYP and a 

positive vibrational frequency with B3LYP (43 cm-1). Therefore, we consider structure 

5ab to be a genuine geometrical minimum. Two F2-As-As-F3 isomers of Cs symmetry 

and 1A΄ electronic state, 5ac and 5ad, differ from each other only by rotation about the 

As-As bond and are 7 kcal mol-1 and 14 kcal mol-1 higher in energy than structure 5aa, 

respectively (BHLYP). An F4-As-As-F isomer of Cs symmetry and 1A΄ electronic state 

(5ae) is predicted to lie 16 kcal mol-1 above structure 5aa. There is another fluorine-

bridged isomer, 5nf (Cs, 3A˝), that lies 18 kcal mol-1 above the global minimum 5aa 

(BHLYP). A high symmetry structure 5ag (C4v, 3A1) derived from the stable AsF6 anion 
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is 27 kcal mol-1 above 5aa (BHLYP). A third triplet electronic state (3A˝) isomer 5ah is 

computed to be of Cs symmetry and predicted to lie 37 kcal mol-1 above the ground state 

(5aa).    

The As-As distance of the global minimum 5aa (2.438 Å by BHLYP) is shorter 

than the corresponding distance of the As2F4̄  global minimum 4aa with the BHLYP and 

B3P86 functionals and longer for B3LYP, BP86 and BLYP. The As-F bond lengths are 

1.765 Å and 1.810 Å for non-bridging fluorines and 2.195 Å for the bridging fluorine 

(BHLYP).  

 

2.4.6 AS2F6 / AS2F6̄ 

Figure 2.11 shows the structures for the global (6na) and low lying local minima 

(6nb-6nd) of As2F6, while Table 2.11 lists their relative energies. The global minimum 

(6na) is shown to be an F3-As-As-F3 structure with Ci symmetry and 1Ag electronic state. 

The global minimum has an AsF3 ···· AsF3 form, where the two AsF3 molecules may be 

described as loosely held by dipole-dipole interactions, and 6na lies only 2.3-4.7         

kcal mol-1 (BP86 and BHLYP, respectively) below the energy of two separated AsF3 

molecules. Because of the weak interaction between AsF3 molecules, the As-As distance 

is predicted to be very long (3.98 Å for BHLYP). Structure 6nb is also of AsF3 - AsF3 

form but with higher symmetry (C3v), and it lies only about 2 kcal mol-1 above 6na. We 

predict the eclipsed D3h structure to be a sixth order stationary point with the highest 

imaginary frequency (350i cm-1) leading to structure 6nb. The staggered isomer of D3d 

symmetry is not a stationary point, since it dissociates into two AsF3 molecules when an 

attempt to optimize the geometry is made. The F4-As-As-F2 isomer 6nc (C1, 
1A) and the 
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F3-As-As-F3 isomer 6nd (C2, 3B) are predicted to lie 45 kcal mol-1 and 111 kcal mol-1 

(BHLYP) above 6na, respectively. We predict structure 6nd to be the lowest triplet 

electronic state of As2F6. 

The three geometric minima found for As2F6̄  are presented in Figure 2.12 and the 

corresponding relative energies are listed in Table 2.12. We expect the fluorine-linked 

isomer 6aa (Cs, 2A˝) to be the global minimum for this system. We sometimes refer to the 

6aa structure as “fluorine-linked” instead of “fluorine-bridged” for the following reason: 

there is not a direct bond between the two arsenic atoms; the linking fluorine is necessary 

to hold the system together. If the structure were F-bridged, there would be an obvious 

separate As-As bond, similar to the ones in structures 4aa and 5aa.  

The structure of the global minimum 6aa can be obtained by putting two AsF3 

molecules together and adding an extra electron to the system. Each of the AsF3 

molecules has a dipole moment due to electron density being gathered around the more 

electronegative fluorine atoms. The two AsF3 are oriented so that their dipole moments 

are parallel and in opposite directions to each other. The extra electron increases the 

dipole-dipole interaction within As2F6̄  anion.   

The As-F bond distances for the bridging fluorine are 2.204 Å and 2.079Å, while 

for 4aa and 5aa the corresponding bridging distances are reported to be 2.297 Å and 

2.194 Å, respectively (B3P86). We can see that the As-F bond distance for the 

bridging/linking fluorine does not change much as the size of the system increases from 

As2F4̄  to As2F6̄ . Unlike the As2F6 neutral molecule, 6aa is a minimum with respect to As-

As bond breaking, lower in energy by 19 kcal mol-1 (BHLYP) with respect to 

dissociation to AsF2 plus AsF4̄ .  
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The energetically closest As2F6̄  structure is the F3-As-As-F3 isomer 6ab (C2h, 2Ag) 

which is predicted to be 14 kcal mol-1 (BHLYP) higher in energy than the global 

minimum 6aa. The lowest lying quartet electronic state structure (4A΄) is computed to be 

a planar AsF4̄   ···· AsF2 structure of Cs symmetry (6ac). 

 

2.4.7 AS2F7 / AS2F7̄ 

We found four minima on the potential energy surface of As2F7 (Figure 2.13); 

their relative energies are presented in Table 2.13. There is a low imaginary vibrational 

frequency (lower than 50i cm-1) present for all reported structures. Despite the imaginary 

frequencies, we expect each reported structure to be a minimum or very close to a 

minimum on the potential energy surface. In order to get more reliable geometries and 

energies for these species, we used the larger integration grid (99, 590) instead of the 

default (75, 302) integration grid for all As2F7 structures. All reported structures are very 

weakly bound by dipole – dipole interactions. The energetically lowest structure 7na (Cs, 

2A΄) lies only 2-4 kcal mol-1 lower than the energy of the separated AsF3+AsF4 system. 

Structures 7nb (Cs, 2A΄) and 7nc (Cs, 2A΄) are very close in energy to the global 

minimum 7na, with relative energies smaller than 2.2 kcal mol-1 for 7nb and                 

2.7 kcal mol-1 for 7nc. The lowest lying quartet electronic state (7nd; Cs, 4A΄) is predicted 

to be 88 kcal mol-1 higher in energy than the global minimum 7na. 

For the As2F7̄  anion, the larger integration grid was used as well, due to low 

imaginary vibrational frequencies present for all reported structures. The optimized 

geometrical minima of the As2F7̄  anion are presented in Figure 2.14, and the 

corresponding relative energies are listed in Table 2.14. Unlike the neutral As2F7, the 
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anion is predicted to be very stable with respect to As-As bond breaking. The trans global 

minimum 7aa (C2h, 1Ag) is a fluorine-linked Cs structure and it lies lower by                   

22 kcal mol-1 (B3P86) than dissociation to AsF3 plus AsF4̄ . The As-F bond length for the 

bridging fluorine in 7aa, 2.118 Å, is slightly shorter than the corresponding distance in 

4aa (2.297 Å), 5aa (2.194 Å) and 6aa (2.204 Å).  

The cis fluorine-linked structure 7ab (C2v, 1A1) is computed to be less than           

2 kcal mol-1 above the trans 7aa global minimum, and it differs from 7aa by rotation 

about the As-As bond by 180º. Structure 7ac (Cs, 1A΄) consists of two molecules (AsF3 

and AsF4̄ ) loosely held by dipole-dipole interactions, and it is predicted to lie                 

12 kcal mol-1 above structure 7aa (BHLYP). The two lowest lying structures with            

a triplet electronic state, 7ad (C4v, 3A1) and 7ae (Cs, 3A΄), lie 44.4 and 95 kcal mol-1 

higher than the global minimum 7aa (BHLYP), respectively. 

 

2.4.8 AS2F8 / AS2F8̄  

For the neutral As2F8 molecule, five minima or near-minima were located on the 

potential energy surface (Figure 2.15), with relative energies listed in Table 2.15. Except 

for 8ab, all of these structures have low imaginary vibrational frequencies (less than 50i    

cm-1). Hence the larger integration grid (99, 590) was used to obtain the most reliable 

geometries and energies. As with As2F7, we expect each reported structure to be a 

minimum or very close to a minimum on the potential energy surface, despite the low 

imaginary frequencies.  

The energy difference between the two energetically lowest structures, 8na (Cs, 

1A΄) and 8nb (Cs, 1A΄), is zero or very small (0.0 kcal mol-1 for BP86 and BLYP and    
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0.1 kcal mol-1 for BHLYP, B3P86 and B3LYP). Therefore it is not possible to determine, 

at this level of theory, which of these two conformers represents the global minimum. 

Also, both are bound very weakly, by dipole – dipole interactions, since only                 

0.5 kcal mol-1 to 2.1 kcal mol-1 is needed for dissociation into the stable closed-shell 

molecules AsF3 + AsF5 (BP86 and BHLYP, respectively).  

We predict the F4-As-As-F4 structures with D2d (8nc; 1A1) and D2h (8nd; 1Ag) 

symmetries to be 36 kcal mol-1 (BHLYP) and 44 kcal mol-1 (BHLYP) higher in energy 

than structure 8na, respectively. Although energetically above the global minimum, these 

structures are of particular interest, since both arsenic atoms are pentavalent, analogous to 

the stable AsF5 molecule. The two F5As-AsF5 structures are quite stable with respect to 

As-F bond breakage (Table 2.15). The problem ties with the weaker As-As bond. The 

lowest lying triplet electronic state of the As2F8 molecule, 8ae (C2h, 3Bu), is predicted to 

lie 64 kcal mol-1 above the global minimum 8na. 

Figure 2.16 (structures 8aa-8ad) displays the geometrical minima found for the 

As2F8̄  anion, and Table 2.16 lists their relative energies. Due to low imaginary 

frequencies present for all structures of As2F8̄ , the larger integration grid (99, 590) was 

used to obtain the most reliable geometries and energies. From the four minima located 

on the potential energy surface for As2F8̄ , the lowest in energy is expected to be the 

fluorine-linked isomer of Cs symmetry 8aa (Cs, 2A΄). The energy for dissociating 8aa into 

AsF2 and AsF6̄  varies for different functionals, being between 4 kcal mol-1 (BHLYP) and 

22 kcal mol-1 (BLYP). However, dissociation to AsF2 + AsF6̄  requires significant 

rearrangement of As-F bonds and is probably accompanied by a barrier. Since this 

dissociation energy is positive for all functionals, we conclude that structure 8aa is stable 
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with respect to As-As bond breaking. The endothermicities for dissociation into AsF3 + 

AsF5̄  and into AsF4 + AsF4̄  are predicted to be 15 kcal mol-1 and 41 kcal mol-1, 

respectively (BHLYP). Due to the high energy needed for As-As bond breaking of As2F8̄ , 

we conclude that the As2F8̄  anion is more energetically more favorable than the As2F8 

neutral molecule. The As-F bond distances for the linking fluorine are predicted to be 

1.897 Å and 2.421Å (B3P86), showing lengthening of one As-F bond (by about 0.2 Å) 

and shortening of the other As-F bond (by about 0.3 Å) compared to structures 4aa, 5aa, 

6aa and 7aa.    

Energetically closest to the global minimum (8aa) is an isomer of D2d symmetry 

(8ab, 2B2), which lies 20 kcal mol-1 (BHLYP) above 8aa. The structure of D2h symmetry, 

(8nc, 2B3u), has a low imaginary vibrational frequency which increases in magnitude with 

an increase in the integration grid. The imaginary frequency leads to structure 8ab when 

followed. However, the frequency is still lower than 60i cm-1, so it was decided to report 

8ac as a plausible minimum. It is possible, though, that the D2d isomer (8ac) is                 

a transition state on the potential energy surface. Imaginary frequencies of the other 

structures are lower than 50i and decrease in magnitude with increase in the size of the 

integration grid. Thus structures 8aa, 8ab and 8ad are expected to be true minima on the 

potential energy surface, or they are very close to the real minima. Structure 8ad (C2h, 

4Bu), predicted to be the lowest lying quartet electronic state, lies more than                  

100  kcal mol-1 above the global minimum (8aa). 
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2.5 ELECTRON AFFINITIES 

Table 2.17 includes all three types of electron affinities for the global minima of 

the As2Fn (n = 1-8) molecules for all five density functionals. Zero-point vibrational 

energies (ZPVE) listed in Table 2.18 were used to compute the ZPVE corrected adiabatic 

electron affinities. There are neither theoretical nor experimental values on the electron 

affinities of the As2Fn species with which to compare the values predicted by DFT. 

Note that all values for the adiabatic electron affinity, vertical electron affinity 

and vertical detachment energy are positive except of the adiabatic electron affinity for 

As2F6 where the BHLYP value is slightly negative (-0.18 eV). This suggests that the 

process of adding an electron to the neutral molecules is thermodynamically favorable for 

all the species studied in this work. With few exceptions, the general trend in the electron 

affinities is that the EAad and EAvert values predicted by the BHLYP functional are the 

smallest, and the B3P86 values are the largest.  

As noticed before, the two lowest lying minima for the As2F2 are very close to 

each other and the energy ordering depends on the functional used. We suggest the 

pyramidalized vinylidene-like F2-As-As isomer (2aa) to be the minimum for As2F2¯. 

Considering the possibility that the F-As-As-F isomer (2ab) is the global minimum, the 

vertical detachment energies (in parentheses are the adiabatic EAs) have the following 

values: 2.67 eV (1.80 eV), 3.24 eV (2.40 eV), 2.70 eV (1.87 eV), 2.74 eV (1.91 eV),  

2.54 eV (1.71 eV) (BHLYP, B3P86, B3LYP, BP86, BLYP).  

 The EAad, EAvert and VDE values for As2F and As2F3 are rather similar due to the 

small difference in geometry between the anion and the neutral. For As2F4, As2F5, As2F6, 

As2F7 and As2F8 the adiabatic electron affinities, the vertical EA and the vertical 
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detachment energies differ notably, due to the large geometry difference between anion 

and neutral.  

The vertical detachment values for As2Fn,(n=4-8) are rather large with values  of 

4.51 eV (As2F4), 4.90 eV (As2F5), 4.94 eV (As2F6), 6.45 eV (As2F7) and 5.60 eV (As2F8) 

for the BHLYP functional.  This fact supports the thesis that the larger anions are more 

favorable than the neutrals, a conclusion reached earlier when looking at the relative 

energies of the individual species with respect to As-As bond breaking. 

  

2.6 CONCLUSIONS 

Our systematic DFT study of the arsenic hydrides As2Fn / As2Fn̄  (n=1-8) shows 

that all of these species are likely to be at least marginally stable with respect to As-As 

bond dissociation. The stabilization energies for As2Fn / As2Fn̄  (n=1-4) global minima are 

between 20 kcal mol-1 and 80 kcal mol-1; the As-As bond distance increases for these 

species with an addition of each fluorine. The As2Fn̄  (n=5, 6, 7) molecules resist 

dissociation by at least 19 kcal mol-1 and all of them are F-bridged or F-linked. The 

dissociation energy of the F-linked global minimum of As2F8 is very dependant upon the 

functional used and ranges from 4 kcal mol-1 (BHLYP) to 22 kcal mol-1 (BLYP), still 

suggesting a favorable structure. Because of the bridging or linking fluorine atoms, the 

As-As bond distances for As2Fn̄  (n=5-8) are large, having values between 2.5 Å and     

4.5 Å. The global minima of the neutral As2F5, As2F6, As2F7 and As2F8 species are 

expected to be bound only weakly (1-4 kcal mol-1) and are likely to have AsFn-3 – AsF3 

form. Electron density is preferentially located around the more electronegative atoms 

(fluorines), causing the arsenics to be partially positively charged. Each of the two 
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arsenics present in As2Fn (n=5-8) is surrounded by several fluorines and gives rise to a 

significant dipole moment (Table 2.19). The two dipole moments interact with each other 

providing the final structure of the global minima of As2Fn (n=5-8) presented in Figures 

2.9, 2.11, 2.13 and 2.15. As-As distances are very long in this case, having values about  

4 Å – 4.5 Å.  

The fact that anions are more likely to be stable with respect to As-As bond 

dissociation is supported by electron affinity values, which are expected to be positive for 

all studied species. The EAad values of As2Fn increase in a zigzag pattern as n increases 

from 1 to 8. The larger EAs correspond to closed shell anionic species As2F ̄ , As2F3̄ , 

As2F5̄  and As2F7̄ . Figure 2.18 shows this zigzag pattern of EAs and demonstrates a 

remarkable parallelism in the predictions made by the five methods DFT methods (the 

B3P86 EAs are too large and not discussed elsewhere in this paper). The vertical 

detachment energies are rather large, especially for molecules with larger number of 

fluorines (4-8), having values about 4 – 6.7 eV.  

It is clear that neutral As2Fn molecules will dissociate preferentially into AsF3 +  

AsFn-3 for all As2Fn, n > 2, and into As + AsFn for As2F and As2F2. For the anions, 

dissociation into AsF4̄  + AsFn-4 is favored for species with n > 3, and dissociation into As 

+ AsFn̄  is preferred for molecules with n ≤ 3. 

The neutral As2Fn species with smaller numbers of fluorines and all anions As2Fn̄ 

seem ikely to be made and observed. We hope that the present theoretical study will 

provide strong motivation for future experimental studies. 
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Table 2.1: Relative energies for As2F in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
As+AsF   48.9 58.2 65.2 63.6 
As2+F   58.1 64.8 70.5 68.8 
As2F Cs 1na 0.0 0.0 0.0 0.0 
 Cs 1nb 22.1 27.1 29.9 30.1 
 C2v 1nc 38.4 36.8 22.1 21.1 

         aZPVE corrections not included. 
 

Table 2.2: Relative energies for As2F¯ in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
As2+F¯   42.8 40.9 43.9 39.5 
As+AsF¯  79.6 89.7 98.3 95.0 
As¯+AsF  84.4 93.8 101.4 98.3 
As2F¯ Cs 1aa 0.0 0.0 0.0 0.0 
 Cs 1ab 19.3 23.8 26.6 26.6 
 C2v 1ac 66.9 69.1 71.8 70.3 

        aZPVE corrections not included. 
 

Table 2.3: Relative energies for As2F2 in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
As+AsF2   39.9 50.0 56.7 55.5 
AsF+AsF   46.6 55.3 61.9 59.4 
As2F+F   83.5 94.4 100.9 99.6 
As2F2 C2h 2na 0.0 0.0 0.0 0.0 
 C2v 2nb 3.0 2.7 2.3 2.4 
 Cs 2nc 7.3 13.8 16.5 17.6 
 C2 2nd 14.8 19.3 21.1 21.3 
 C1 2ne 35.0 36.0 2.3 2.4 

         aZPVE corrections not included. 
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Table 2.4: Relative energies for As2F2̄  in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
As2F+F¯   60.5 56.3 57.4 52.8 
As+AsF2̄   57.7 62.6 69.2 65.2 
As¯+AsF2   67.7 71.4 76.0 72.7 
AsF¯+AsF   69.6 72.7 78.1 73.3 
As2F2̄ Cs 2aa 0.0 0.0 0.0 0.0 
 C2 2ab 3.4 0.5 -0.8 -1.5 
 C2 2ac 4.1 1.2 0.2 -0.8 
 C2v 2ad 32.0 32.2 32.9 31.5 
 C2h 2ae 43.4 40.9 39.5 37.9 
 Cs 2af 44.7 43.0 41.9 40.6 
 Cs 2ag 42.3 43.5 43.7 41.2 

       aZPVE corrections not included. 
 

Table 2.5: Relative energies for As2F3 in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
As+AsF3   16.4 22.6 26.9 26.5 
AsF+AsF2   32.1 35.2 38.8 36.1 
As2F2+F   78.1 82.4 86.3 84.5 
As2F3 Cs 3na 0.0 0.0 0.0 0.0 
 Cs 3nb 3.4 3.2 2.9 3.0 
 C1 3nc 3.9 3.5 3.1 3.2 
 Cs 3nd 26.0 28.6 27.3 30.7 

        aZPVE corrections not included. 
 

Table 2.6: Relative energies for As2F3̄  in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
As+AsF3̄   52.7 57.6 62.6 59.5 
As¯+AsF3   54.3 59.7 63.6 62.3 
AsF+AsF2̄   60.0 63.5 68.7 64.5 
As2F2+F¯   65.1 60.1 60.1 56.3 
AsF¯+AsF2   65.2 68.2 72.4 68.7 
As2F3̄ Cs 3aa 0.0 0.0 0.0 0.0 
 Cs 3ab 1.5 1.4 1.0 1.4 
 C3v 3ac 13.1 14.4 12.1 15.8 
 Cs 3ad 16.0 18.5 19.4 19.5 
 Cs 3ae 24.4 27.4 28.3 28.7 
 C1 3af 30.6 28.3 25.7 25.7 

      aZPVE corrections not included. 
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Table 2.7: Relative energies for As2F4 in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
AsF+AsF3   23.2 27.2 30.8 28.8 
AsF2+AsF2   32.2 34.4 37.5 34.5 
As+AsF4   83.9 90.6 92.4 93.5 
As2F3+F   92.6 101.8 108.0 106.1 
As2F4 C2h 4na 0.0 0.0 0.0 0.0 
 C2 4nb 2.8 2.4 2.1 2.1 
 Cs 4nc 39.7 40.4 38.2 40.6 
 C2v 4nd 43.3 50.5 51.1 55.2 
 C2v 4ne 80.9 79.5 - - 

       aZPVE corrections not included. 
 

Table 2.8: Relative energies for As2F4̄  in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
As+AsF4̄   20.4 27.7 34.6 32.9 
AsF¯+AsF3   40.0 43.6 48.5 46.2 
AsF+AsF3̄   43.2 45.6 50.5 46.6 
AsF2̄ +AsF2   43.8 46.2 51.5 47.7 
As2F3+F¯   63.3 62.9 66.0 62.8 
As¯+AsF4   105.4 111.2 113.2 114.1 
As2F4̄ C1 4aa 0.0 0.0 0.0 0.0 
 Cs 4ab 9.0 10.4 12.4 12.0 
 C2 4ac 12.5 10.8 9.7 10.4 
 Cs 4ad 12.2 13.4 15.0 14.8 
 C2v 4ae 8.9 15.9 18.1 22.1 
 Cs 4af 19.3 26.0 30.5 30.4 
 C2

 4ag 43.9 42.6 42.5 41.6 
            aZPVE corrections not included. 
 

Table 2.9: Relative energies for As2F5 in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
AsF2+AsF3   4.2 3.2 2.1 2.5 
AsF+AsF4   71.6 72.1 69.0 71.0 
As+AsF5   67.9 77.9 78.4 85.6 
As2F4+F   73.6 78.7 80.7 81.4 
As2F5 C1 5na 0.0 0.0 0.0 0.0 
 Cs 5nb 31.9 32.6 27.6 33.6 
 Cs 5nc 36.2 36.8 32.2 37.6 

     aZPVE corrections not included. 
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Table 2.10: Relative energies for As2F5̄  in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
AsF+AsF4̄   31.6 36.3 41.8 38.7 
AsF2̄ +AsF3   39.3 42.2 46.8 44.0 
AsF2+AsF3̄   47.7 48.9 52.5 48.5 
As2F4+F¯   67.7 66.9 69.4 66.3 
As+AsF5̄   65.5 75.5 80.6 80.9 
AsF¯+AsF4   111.8 115.7 117.3 116.7 
As¯+AsF5   112.9 125.7 129.8 134.5 
As2F5̄ C2 5aa 0.0 0.0 0.0 0.0 
 Cs 5ab 4.3 4.1 3.8 3.8 
 Cs 5ac 7.3 8.4 10.0 9.5 
 Cs 5ad 14.4 15.2 16.4 15.7 
 Cs 5ae 16.3 20.6 25.1 22.4 
 Cs

 5af 17.5 22.7 23.6 27.0 
 C4v 5ag 26.7 38.7 42.2 47.4 
 C1 5ah 37.1 37.1 37.2 36.6 

                 aZPVE corrections not included. 
 

Table 2.11: Relative energies for As2F6 in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
AsF3+AsF3   4.7 3.5 2.3 2.7 
AsF2+AsF4   81.0 79.6 75.9 76.9 
AsF+AsF5   84.0 90.8 90.5 95.4 
As2F5+F   102.0 110.1 116.3 113.6 
As2F6 Ci 6na 0.0 0.0 0.0 0.0 
 C3v 6nb 3.1 2.3 1.7 1.7 
 C1 6nc 45.1 44.2 38.5 43.4 
 C2 6nd 110.8 104.3 93.3 97.1 

      aZPVE corrections not included. 
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Table 2.12: Relative energies for As2F6̄  in kcal mol-1.a 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
AsF2+AsF4̄   19.0 19.1 19.4 19.1 
AsF3+AsF3̄   26.1 24.4 23.4 23.2 
As+AsF6̄   33.8 50.6 56.3 63.7 
AsF+AsF5̄   59.6 63.6 63.4 65.2 
As2F5+F¯   74.1 73.6 75.6 73.0 
AsF2̄ +AsF4   94.0 93.8 91.2 92.9 
AsF¯+AsF5   102.1 109.7 109.5 115.5 
As2F6̄ Cs 6aa 0.0 0.0 0.0 0.0 
 C2h 6ab 13.9 11.7 8.2 10.6 
 Cs 6ac 71.0 69.7 66.7 67.4 

                 aZPVE corrections not included. 
 

Table 2.13: Relative energies for As2F7 in kcal mol-1.a,b 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
AsF3+AsF4   4.0 2.8 1.8 1.9 
AsF2+AsF5   15.9 21.1 22.9 26.0 
As2F6+F   24.5 33.0 41.9 38.3 
As2F7 Cs 7na 0.0 0.0 0.0 0.0 
 Cs 7nb 2.2 1.6 1.1 0.9 
 Cs 7nc 2.7 2.0 1.5 1.4 
 Cs 7nd 87.7 85.9 82.6 82.8 

     aZPVE corrections not included. 
     bAll energies were obtained using the larger integration grid (99,590). 

 
 

Table 2.14: Relative energies for As2F7̄  in kcal mol-1.a,b 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
AsF3+AsF4̄   22.4 21.7 21.2 21.0 
AsF+AsF6̄   53.2 66.1 70.3 75.7 
AsF2+AsF5̄   72.1 73.4 71.8 72.7 
As2F6+F¯   77.1 75.8 77.1 74.7 
AsF3̄ +AsF4   106.0 103.1 98.8 99.4 
AsF2̄ +AsF5   109.4 114.7 114.1 118.8 
As2F7̄ C2h 7aa 0.0 0.0 0.0 0.0 
 C2v 7ab 2.0 1.8 1.6 1.7 
 Cs 7ac 11.8 8.1 11.0 7.8 
 C4v 7ad 44.4 57.5 62.1 67.4 
 Cs 7ae 95.0 91.4 84.4 87.5 

                 aZPVE corrections not included. 
                bAll energies were obtained using the larger integration grid (99,590). 
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Table 2.15: Relative energies for As2F8 in kcal mol-1.a,b 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
AsF3+AsF5   2.1 1.3 0.5 0.8 
AsF4+AsF4   66.4 58.6 52.5 50.6 
As2F7+F   87.6 89.7 93.4 88.0 
As2F8 Cs 8na 0.0 0.0 0.0 0.0 
 Cs 8nb 0.1 0.1 0.0 0.0 
 D2d 8nc 36.5 34.6 28.2 33.0 
 C2h 8nd 44.1 42.0 35.3 39.7 
 C2h 8ne 63.6 57.0 52.0 49.8 

      aZPVE corrections not included. 
      bAll energies were obtained using the larger integration grid (99,590). 

 
 

Table 2.16: Relative energies for As2F8̄  in kcal mol-1.a,b 

Molecule Point Group Structure BHLYP B3LYP BP86 BLYP 
AsF2+AsF6̄   4.3 13.5 18.4 21.7 
AsF3+AsF5̄   14.6 14.1 13.8 13.7 
AsF4̄ +AsF4   41.0 38.1 36.3 35.8 
AsF3̄ +AsF5   60.3 62.1 61.9 64.4 
As2F7+F¯   96.5 93.1 93.0 90.5 
As2F8̄ Cs 8aa 0.0 0.0 0.0 0.0 
 D2d 8ab 19.7 14.5 9.8 11.2 
 D2h 8ac 23.1 17.9 13.2 14.2 
 C2h 8ad 115.1 108.8 100.4 102.9 

                 aZPVE corrections not included. 
                 bAll energies were obtained using the larger integration grid (99,590). 
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Table 2.17: Adiabatic electron affinities (EAad), zero-point corrected EAad 
(EAad

ZPVE), vertical electron affinities (EAvert) and vertical detachment 
energies (VDE) for As2Fn (n = 1-8) in eV. 

  EAad EAad
ZPVE  EAvert VDE 

As2F BHLYP 2.28 2.28 2.09 2.49 
 B3LYP 2.51 2.52 2.33 2.73 
 BP86 2.61 2.62 2.43 2.83 
 BLYP 2.40 2.42 2.22 2.64 
      

As2F2 BHLYP 1.94 1.95 1.49 2.91 
 B3LYP 1.89 1.91 1.50 4.34 
 BP86 1.88 1.89 1.45 3.70 
 BLYP 1.65 1.66 1.28 3.48 
      

As2F3 BHLYP 2.38 2.39 2.03 2.77 
 B3LYP 2.57 2.59 2.22 2.96 
 BP86 2.63 2.65 2.28 3.01 
 BLYP 2.45 2.47 2.11 2.83 
      

As2F4 BHLYP 1.67 1.71 0.58 4.51 
 B3LYP 1.85 1.89 0.83 4.35 
 BP86 1.94 1.98 0.92 4.12 
 BLYP 1.79 1.83 0.79 3.94 
      

As2F5 BHLYP 2.69 2.72 1.24 4.90 
 B3LYP 3.04 3.07 1.47 4.83 
 BP86 3.27 3.30 1.53 4.60 
 BLYP 3.02 3.05 1.42 4.48 
      

As2F6 BHLYP 1.73 1.79 -0.18 4.94 
 B3LYP 1.96 2.02 0.24 4.73 
 BP86 2.00 2.05 0.51 4.45 
 BLYP 1.91 1.97 0.43 4.32 
      

As2F7 BHLYP 5.22 5.26 3.32 6.45 
 B3LYP 5.40 5.43 3.68 6.21 
 BP86 5.29 5.32 3.68 5.84 
 BLYP 5.25 5.27 3.70 5.76 
      

As2F8 BHLYP 3.33 3.40 0.66 5.60 
 B3LYP 3.69 3.77 1.61 5.61 
 BP86 3.75 3.82 2.00 5.37 
 BLYP 3.78 3.86 2.11 5.35 
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Table 2.18: Zero – point vibrational energies within the harmonic 
approximation for the global minima of As2Fn / As2Fn̄  (n=1-8) in eV. 

 B3LYP BLYP BP86 BHLYP 
As2F 0.07 0.07 0.07 0.07 
As2F¯ 0.06 0.05 0.06 0.06 
As2F2 0.13 0.12 0.12 0.14 
As2F2̄ 0.11 0.10 0.11 0.13 
As2F3 0.18 0.17 0.17 0.19 
As2F3̄ 0.17 0.15 0.16 0.18 
As2F4 0.24 0.22 0.23 0.26 
As2F4̄ 0.20 0.19 0.20 0.22 
As2F5 0.30 0.28 0.29 0.32 
As2F5̄ 0.27 0.25 0.26 0.29 
As2F6 0.37 0.35 0.36 0.40 
As2F6̄ 0.32 0.30 0.31 0.34 
As2F7 0.42 0.38 0.40 0.46 
As2F7̄ 0.39 0.36 0.37 0.42 
As2F8 0.53 0.49 0.50 0.58 
As2F8̄ 0.46 0.42 0.43 0.51 

 
 

Table 2.19: Dipole moments of AsFn (n=1, 2, 3) in Debyes. 

 BHLYP B3LYP BP86 BLYP 
AsF 2.05 1.99 1.81 1.94 
AsF2 2.62 2.56 2.34 2.51 
AsF3 2.89 2.88 2.69 2.87 
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Table 2.20: Harmonic vibrational frequencies (in cm-1) for As2Fn (n=1-8). Given in 
parentheses are the IR intensities in km/mole. 

         sym BHLYP B3LYP BP86 BLYP  sym BHLYP B3LYP BP86 BLYP 
            

As2F   A΄ 652(137) 609(123) 590(109) 569(109)  Au 751(179) 702(154) 675(133) 659(132) 
            A΄ 312(2) 342(3) 335(3) 324(3)  Au 715(284) 668(263) 644(243) 627(245) 
            A΄ 177(6) 169(5) 161(4) 158(4)  Au 679(367) 635(340) 610(320) 595(317) 
As2F2 Ag 667(0) 636(0) 621(0) 597(0)  Au 352(56) 324(44) 305(36) 297(35) 
 Ag 392(0) 362(0) 345(0) 331(0)  Au 274(26) 254(18) 240(14) 235(14) 
 Ag 217(0) 201(0) 190(0) 184(0)  Au 271(10) 250(10) 235(9) 229(9) 
            Au 140(9) 125(8) 116(6) 111(7)  Au 70(6) 77(6) 76(6) 71(6) 
            Bu 669(251) 638(219) 625(193) 600(195)  Au 58(18) 56(11) 55(7) 53(7) 
            Bu 118(8) 102(8) 84(7) 81(7)  Au 44(0) 39(6) 22(10) 19(10) 
As2F3   A΄ 692(114) 653(95) 630(70) 611(55) As2F7

 a A΄ 772(77) 710(72) 672(61) 653(61) 
            A΄ 675(128) 639(118) 624(118) 605(136)  A΄ 743(95) 693(80) 664(75) 649(71) 
 A΄ 318(6) 299(5) 289(4) 280(4)  A΄ 704(181) 656(176) 631(173) 615(172) 
   A΄ 264(10) 240(9) 227(8) 221(8)  A΄ 618(153) 563(117) 546(114) 518(97) 
            A΄ 176(0) 161(0) 153(0) 147(0)  A΄ 566(60) 516(67) 493(62) 473(71) 
            A΄ 128(15) 120(14) 114(12) 113(12)              A΄ 347(25) 316(18) 297(14) 290(14) 
            A˝ 671(119) 635(109) 612(100) 591(102)  A΄ 339(16) 301(10) 279(7) 266(6) 
            A˝ 134(1) 120(1) 110(0) 109(0)  A΄ 326(41) 291(29) 268(21) 258(18) 
            A˝ 37(6) 52(6) 59(5) 59(6)  A΄ 276(26) 253(21) 238(20) 232(17) 
As2F4   Ag 700(0) 662(0) 642(0) 624(0)             A΄ 195(6) 173(7) 159(8) 150(8) 
 Ag 345(0) 319(0) 305(0) 295(0)              A΄ 91(1) 79(1) 76(2) 70(2) 
 Ag 263(0) 239(0) 225(0) 220(0)              A΄ 53(5) 44(4) 41(4) 37(4) 
 Ag 157(0) 140(0) 131(0) 126(0)              A΄ 31(5) 24(5) 24(4) 17(4) 
            Au 688(241) 653(222) 634(205) 614(207)              A˝ 778(138) 713(131) 677(125) 655(126) 
            Au 73(0) 61(0) 49(0) 51(0)              A˝ 689(113) 642(102) 616(88) 602(91) 
            Au 49i(5) 51i(5) 50i(4) 49i(4)              A˝ 285(0) 253(1) 236(1) 228(3) 
             [40(5)] a [38(5)] a [35(4)] a [34(5)] a              A˝ 269(5) 246(4) 231(2) 223(1) 
            Bg 668(0) 635(0) 617(0) 597(0)  A˝ 189(15) 165(12) 152(10) 144(10) 
            Bg 186(0) 169(0) 158(0) 155(0)  A˝ 81(0) 69(0) 66(0) 59(0) 
            Bu 691(237) 654(208) 635(182) 616(187)  A˝ 27(3) 21(3) 19(2) 16(2) 
            Bu 263(20) 241()17 227(14) 222(14)  A˝ 19i(0) 21i(0) 24i(0) 24i(0) 
            Bu 106(20) 88(18) 73(15) 75(17) As2F8

 a A΄ 844(136) 776(126) 734(121) 715(119) 
As2F5   A 744(104) 695(89) 668(77) 651(75)  A΄ 795(216) 737(191) 703(168) 683(163) 
            A 721(115) 679(94) 658(79) 639(81)  A΄ 754(7) 695(71) 668(74) 651(74) 
            A 703(127) 657(122) 634(114) 616(116)  A΄ 746(70) 689(2) 650(1) 630(1) 
            A 698(167) 653(152) 629(141) 611(142)  A΄ 706(187) 658(169) 635(150) 617(152) 
            A 662(166) 624(152) 605(139) 587(136)  A΄ 653(12) 611(12) 585(9) 570(10) 
            A 347(29) 320(23) 302(18) 295(18)  A΄ 404(79) 380(68) 363(58) 356(58) 
            A 280(10) 260(8) 247(6) 242(6)  A΄ 386(4) 362(1) 345(0) 339(0) 
            A 274(8) 252(6) 238(5) 233(5)  A΄ 370(62) 345(48) 329(38) 323(38) 
            A 272(8) 249(6) 236(6) 231(6)     A΄ 345(23) 315(21) 295(20) 288(19) 
            A 133(10) 125(10) 124(9) 122(10)                A΄ 267(14) 245(9) 231(6) 226(6) 
            A 79(3) 79(7) 77(6) 73(6)                A΄ 133(0) 120(0) 110(0) 108(0) 
            A 71(5) 70(4) 70(4) 68(5)                A΄ 58(3) 41(4) 30(3) 32(3) 
            A 63(7) 60(3) 57(1) 56(2)                A΄ 48(3) 35(1) 23(1) 27(0) 
            A 44(3) 43(1) 41(1) 41(1)                A΄ 21(1) 14(1) 11(1) 11(1) 
            A 37(1) 35(0) 32(0) 34(0)                A˝ 836(139) 771(129) 731(122) 711(121) 
As2F6 Ag 744(0) 696(0) 671(0) 654(0)                A˝ 707(133) 659(124) 636(117) 618(117) 
 Ag 712(0) 665(0) 641(0) 624(0)                A˝ 387(0) 362(0) 345(0) 339(0) 
 Ag 674(0) 630(0) 604(0) 591(0)                A˝ 368(50) 345(42) 329(36) 323(35) 
 Ag 351(0) 324(0) 305(0) 297(0)                A˝ 268(7) 245(5) 230(4) 226(5) 
 Ag 290(0) 265(0) 249(0) 242(0)                A˝ 132(0) 119(0) 110(0) 108(0) 
 Ag 269(0) 250(0) 236(0) 231(0)                A˝ 56(1) 40(1) 28(1) 29(1) 
 Ag 121(0) 107(0) 94(0) 89(0)                A˝ 27(2) 21(1) 13(0) 14(1) 
 Ag 73(0) 69(0) 67(0) 62(0)                A˝ 12i(0) 8(1) 2(1) 3i(1) 
 Ag 44(0) 38(0) 33(0) 31(0)       
            

a Frequencies were obtained using the larger integration grid (99,590). 
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Table 2.21: Harmonic vibrational frequencies (in cm-1) for As2Fn̄  (n=1-8). Given in 
parentheses are the IR intensities in km/mole. 

 sym BHLYP B3LYP BP86 BLYP  sym BHLYP B3LYP BP86 BLYP 
            

As2F¯ A΄ 460(185) 411(155) 394(150) 369(82)  A΄ 150(21) 142(11) 138(5) 131(5) 
 A΄ 394(34) 372(50) 366(40) 353(105)  A΄ 98(8) 95(2) 94(0) 88(0) 
 A΄ 177(8) 158(8) 148(7) 144(7)  A΄ 43(2) 51(1) 52(1) 46(2) 
As2F2̄ A΄ 589(241) 521(232) 488(223) 467(223)  A˝ 664(147) 615(139) 589(130) 569(132) 
 A΄ 303(31) 286(28) 281(21) 268(23)  A˝ 297(1) 266(2) 248(2) 239(2) 
 A΄ 278(14) 251(9) 234(6) 226(6)  A˝ 193(11) 167(11) 150(9) 144(11) 
 A΄ 180(12) 161(11) 158(8) 156(8)  A˝ 106(5) 105(5) 103(4) 103(4) 
 A˝ 544(119) 473(113) 440(109) 417(110)  A˝ 46(4) 51(3) 55(2) 55(2) 
 A˝ 145(0) 130(1) 132(1) 129(1)  A˝ 36(0) 33(0) 26(0) 23(0) 
As2F3̄ A΄ 604(190) 544(128) 519(15) 499(13) As2F7̄  a Ag 702(0) 651(0) 623(0) 606(0) 
 A΄ 560(143) 526(184) 508(276) 488(279)  Ag 571(0) 534(0) 515(0) 498(0) 
 A΄ 332(15) 315(13) 309(12) 299(12)  Ag 350(0) 318(0) 297(0) 288(0) 
 A΄ 287(30) 267(24) 257(20) 249(20)  Ag 294(0) 268(0) 252(0) 245(0) 
 A΄ 200(2) 185(2) 177(1) 172(1)  Ag 153(0) 142(0) 136(0) 131(0) 
 A΄ 140(9) 129(7) 122(6) 120(6)  Ag 97(0) 89(0) 85(0) 81(0) 
 A˝ 559(103) 495(94) 461(87) 441(87)  Bg 665(0) 614(0) 587(0) 568(0) 
 A˝ 158(0) 144(0) 136(0) 135(0)  Bg 285(0) 257(0) 240(0) 232(0) 
 A˝ 56(6) 58(6) 60(6) 53(7)  Bg 123(0) 109(0) 101(0) 96(0) 
As2F4̄ A 639(128) 585(124) 553(117) 534(120)  Au 673(291) 621(274) 594(257) 575(261) 
 A 600(240) 531(274) 505(267) 489(266)  Au 297(4) 266(3) 248(3) 239(3) 
 A 503(128) 482(84) 465(74) 453(73)  Au 204(14) 178(12) 162(10) 155(11) 
 A 379(150) 351(115) 350(92) 333(96)  Au 14(4) 14(3) 12(2) 12(1) 
 A 324(21) 302(14) 292(9) 282(10)  Au 23(0) 20(1) 16(1) 16(3) 
 A 303(5) 256(5) 235(5) 228(5)  Bu 708(220) 655(193) 625(169) 608(170) 
 A 223(21) 204(39) 198(39) 192(35)  Bu 556(362) 517(357) 498(360) 481(355) 
 A 202(25) 171(9) 156(5) 150(4)  Bu 355(37) 319(34) 299(78) 287(33) 
 A 139(2) 130(6) 124(6) 120(6)  Bu 314(23) 280(54) 271(652) 262(612) 
 A 134(3) 115(2) 109(8) 101(3)  Bu 257(767) 260(724) 257(48) 247(132) 
 A 91(10) 82(8) 98(3) 91(12)  Bu 172(57) 155(30) 142(16) 137(19) 
 A 82(2) 77(7) 70(1) 66(1)  Bu 18(2) 14(2) 9i(2) 10i(2) 
As2F5̄ A 651(7) 602(12) 574(19) 555(26) As2F8̄  a A΄ 726(134) 671(112) 640(99) 623(98) 
 A 582(325) 537(296) 519(268) 502(259)  A΄ 710(69) 652(82) 619(83) 599(91) 
 A 381(79) 359(94) 354(90) 340(90)  A΄ 633(125) 585(133) 556(120) 542(132) 
 A 350(54) 330(21) 318(5) 306(8)  A΄ 592(290) 540(245) 518(246) 496(216) 
 A 288(1) 260(0) 245(1) 238(0)  A΄ 547(27) 499(24) 476(17) 456(21) 
 A 193(0) 174(0) 164(0) 157(0)  A΄ 454(231) 403(243) 372(231) 358(233) 
 A 118(1) 112(1) 106(1) 101(1)  A΄ 355(7) 316(10) 294(52) 286(54) 
 A 68(1) 72(0) 75(0) 77(0)  A΄ 346(74) 313(55) 289(7) 276(2) 
 B 650(262) 601(241) 572(221) 552(225)  A΄ 334(74) 285(55) 257(54) 242(50) 
 B 544(57) 501(66) 486(71) 470(73)  A΄ 272(17) 249(11) 233(6) 226(3) 
 B 293(6) 265(4) 251(3) 244(3)  A΄ 231(3) 211(5) 201(7) 195(6) 
 B 222(53) 209(53) 200(49) 192(50)  A΄ 181(14) 160(17) 153(20) 143(19) 
 B 195(20) 171(12) 162(9) 154(9)  A΄ 116(11) 105(8) 99(5) 93(5) 
 B 113(3) 102(2) 95(3) 93(2)  A΄ 69(6) 64(7) 66(6) 60(6) 
 B 54i(25) 30(22) 73(17) 59(18)  A΄ 36(2) 31(1) 28(1) 26(1) 
As2F6̄ A΄ 698(144) 649(119) 620(100) 603(98)  A˝ 687(170) 634(154) 607(142) 590(141) 
 A΄ 673(88) 624(84) 599(79) 580(81)  A˝ 593(272) 531(247) 506(224) 478(222) 
 A΄ 565(66) 527(23) 510(2) 493(2)  A˝ 355(12) 315(6) 291(4) 278(2) 
 A΄ 539(282) 508(315) 493(337) 476(329)  A˝ 306(0) 278(0) 262(0) 254(0) 
 A΄ 353(17) 320(14) 301(49) 288(9)  A˝ 274(6) 249(5) 234(4) 228(4) 
 A΄ 315(24) 285(390) 284(621) 272(666)  A˝ 230(2) 209(1) 196(1) 191(1) 
 A΄ 306(155) 280(10) 261(17) 251(1)  A˝ 81(2) 75(2) 75(2) 70(2) 
 A΄ 270(595) 261(377) 253(75) 244(86)  A˝ 21(1) 22(1) 23(1) 23(1) 
 A΄ 184(23) 170(17) 161(11) 153(12)  A˝ 14i(1) 11i(1) 10i(1) 6i(1) 

a Frequencies were obtained using the larger integration grid (99,590). 
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Figure 2.1: Geometries of the low-lying 
minima of As2F (bond lengths in Å). 

 

Figure 2.2: Geometries of the low-lying 
minima of As2F¯ (bond lengths in Å). 
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Figure 2.3: Geometries of the low-lying minima of As2F2 (bond lengths in Å). 
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Figure 2.4: Geometries of the low-lying minima of As2F2̄  (bond lengths in Å). 
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Figure 2.4 (Continued) 
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Figure 2.5: Geometries of the low-lying minima of As2F3 (bond lengths in Å). 
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Figure 2.6: Geometries of the low-lying minima of As2F3̄  (bond lengths in Å). 
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Figure 2.7: Geometries of the low-lying minima of As2F4 (bond lengths in Å). 
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Figure 2.8: Geometries of the low-lying minima of As2F4̄  (bond lengths in Å). 
 



 56

 

F1

F4

As2As1

F3

F2

2.316
2.340
2.334
2.370

1.797
1.832
1.850
1.869

1.727
1.764
1.786
1.800

129.7°
130.1°
130.5°
130.5°

95.4°
94.9°
94.4°
94.3°

 
 

4ae (C2v, 2B1) 
 

F4

As2
As1

F1

F3

F2

3.804
3.582
3.108
3.483

1.749
1.782
1.810
1.818

1.876
1.907
1.915
1.938

95.4°
93.8°
92.0°
92.3°

140.0°
140.1°
167.9°
140.9°

86.4°
87.5°
88.2°
88.4°

 
 

4af (Cs, 4A˝) 
 

F2

F4As2As1F3

F1

F1-As1-As2-F4

2.997
3.034
2.983
3.074

1.781
1.811
1.829
1.842

1.866
1.902
1.921
1.941 85.3°

85.9°
86.2°
86.6°

86.0°
86.8°
87.6°
87.7°

-138.9°
-143.5°
-148.8°
-151.8°  

4ag (C2, 4B) 
 

Figure 2.8 (Continued) 
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Figure 2.9: Geometries of the low-lying minima of As2F5 (bond lengths in Å). 
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Figure 2.10: Geometries of the low-lying minima of As2F5̄  (bond lengths in Å). 
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Figure 2.12: Geometries of the low-lying minima of As2F6̄  (bond lengths in 

Å). 
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Figure 2.14: Geometries of the low-lying minima of As2F7̄  (bond lengths in Å). 
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Figure 2.14 (Continued) 
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Figure 2.15: Geometries of the low-lying minima of As2F8 (bond lengths in Å). 
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Figure 2.17: The highest occupied molecular orbitals (HOMO) of (a) As2F¯ and (b) As2F3̄. 
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CHAPTER 3 

 

MODEL SYSTEMS FOR PROBING METAL CATION HYDRATION:  

THE V+(H2O) AND ARV+(H2O) COMPLEXES* 

                                                 
* V. Kasalová, W. D. Allen, E. D. Pillai, M. A. Duncan, H. F. Schaefer III. Submitted to The Journal of 
Chemical Physics, 12/21/2005 
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3.1 ABSTRACT 

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 the V+(H2O) and ArV+(H2O) complexes. Equilibrium geometries, harmonic 

vibrational frequencies, and dissociation energies were computed for the four lowest-

lying quintet states (5A1, 5A2, 5B1 and 5B2), all of which appear within                        

a 6 kcal mol-1 energy range. Moreover, anharmonic vibrational analyses with complete 

quartic force fields were executed for the 5A1 states of V+(H2O) and ArV+(H2O). Two 

different basis sets were used: a Wachters+f V[8s6p4d1f] basis with triple-zeta plus 

polarization (TZP) for O, H and Ar; and an Ahlrichs QZVPP V[11s6p5d3f2g] and 

Ar[9s6p4d2f1g] basis with aug-cc-pVQZ for O and H. The ground state is predicted to be 

5A1 for V+(H2O), but argon tagging changes the lowest-lying state to 5B1 for ArV+(H2O). 

Our computations show an opening of 2°-3º in the equilibrium bond angle of H2O due to 

its interaction with the metal ion. Zero-point vibrational averaging increases the effective 

bond angle further by 2.0°-2.5º, mostly due to 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 near 9º deduced from 

IRPD experiments. The binding energies (D0) for successive addition of H2O and Ar to 

the vanadium cation are 36.2 and 9.4 kcal mol-1, respectively. 
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3.2 INTRODUCTION 

Fundamental to understanding the bulk solvation of metal ions is the interaction 

of the individual ions and solvent molecules. Metal-cation/water complexes are of the 

most fundamental interest. However, the details of metal-solvation processes are difficult 

to determine experimentally, and gas-phase spectroscopic structures of water molecules 

in contact with a metal cation are rare in the literature.  

Photodissociation spectroscopy has been used previously for many metal-ligand 

complexes to obtain vibrationally resolved spectra for electronic states, as well as 

rotationally resolved spectra that have provided some of the first direct structural 

determinations for these molecules.  In the early and mid-1990s Duncan and                 

co-workers1-3 were the first to perform electronic laser photodissociation spectroscopy 

with detection by time-of-flight mass spectrometry.  Lisy et al.4-7 subsequently applied 

infrared photodissociation spectroscopy (IRPD) to metal-ion/ligand systems, including 

alkali-cation/water complexes.  Beginning in 2002, more extensive mass-selected IRPD 

studies were executed within the Duncan group,8-16 on a variety of main group transition-

metal/ligand complexes produced by laser vaporization sources.  In 2004 Nishi and 

co-workers17,18 reported IR photodissociation studies on Mg+(H2O) and Al+(H2O).  

Finally, the most recent 2005 work in the Duncan laboratory has applied mass-selected 

IRPD to investigate progressively argon-solvated Mg+(H2O)Arn clusters19 and solvation 

dynamics of Ni+(H2O)n complexes.20 

A stronger metal-ligand bond in complexes with a transition metal, as compared 

to alkali metals,21-28 makes these systems challenging candidates for spectroscopy. The 

bond energy of transition-metal-cation/water complexes is too high for single-photon 
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infrared photodissociation; therefore, multiphoton dissociation or “argon tagging” is 

necessary. The principle behind “argon tagging” is that clusters with rare gas atoms 

loosely attached have dissociation channels that are accessible at lower photon energies, 

thus allowing mass spectrometric detection of infrared absorption across wider frequency 

ranges. It is generally assumed that the argon in such mixed complexes acts as a spectator 

and does not induce significant structural changes in the clusters or shift the vibrations by 

substantial amounts.  

Recently, the Duncan group applied mass-selected IRPD spectroscopy to the 

vanadium-cation/water complex.12 This study provided the first gas-phase IR data on a 

transition-metal-cation/water system. Vanadium was chosen because it has a single 

isotope, thus simplifying the mass analysis. V+(H2O), V+(H2O)Arn, V+(D2O) and 

V+(D2O)Arn were produced by laser vaporization of a metal target rod and entrainment in 

an Ar steam gas. The argon atom is attached to the vanadium cation on the opposite side 

of the water molecule. After mass selecting the target species, the O-H and O-D stretches 

in the water moiety were vibrationally excited, and fragment-ion versus energy 

photodissociation spectra were recorded.  

The IRPD spectrum of ArV+(H2O) contains peaks at 3605 and 3690 cm-1.12 These 

bands are ~50 cm-1 and ~70 cm-1 to the red of the symmetric (3657 cm-1) and 

antisymmetric (3756 cm-1) stretches in free water. Vibrational frequencies of ArV+(H2O) 

evaluated at the B3LYP/6-31G* level of theory (3630 and 3689 cm-1) agree qualitatively 

with the measured red shifts. For the theoretically predicted 5B1 ground state, the DFT 

computed H-O-H angle is 107.5˚. 
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The rotational constants of ArV+(H2O), corresponding to the Ar-V-O principal 

axis, surmised from the profile of the IRPD spectrum of the H2O antisymmetric stretch 

were A' = 7.96  cm-1 and A" = 12.52 cm-1.12 The A" value would indicate an H-O-H angle 

(113.8˚) much more greatly expanded upon complexation than predicted by        

B3LYP/6-31G* density functional theory. The large difference between A' and A" would 

point to a prodigious vibrationally-averaged geometry distortion in the complex for the 

O-H antisymmetric stretching fundamental level.  

Prior to the IRPD experiment performed by Duncan’s group,12 the V+(H2O) 

complex was probed by various experimental methods, including collision induced 

dissociation (CID),22,23,25 resonant one-photon dissociation spectroscopy,29 and charge 

stripping mass spectrometry.30 The vanadium-cation/water complex showed 

characteristics of an electrostatically bound species, with a dissociation energy               

D0 = 35±4 kcal mol-1 (see Table 3.1) and a V-O stretching frequency eω ′′  = 420±75 cm-1.  

Various computational methods have been applied to V+(H2O), including the 

modified coupled pair functional (MCPF) approach,31,32 Møller-Plesset perturbation 

theory,33,34 configuration interaction,33 density functional theory35-37,30 and limited 

coupled cluster methods.34-36,30 These theoretical studies focused on structures and 

dissociation energies for the ground state (5A1) and the lowest-lying (5A2, 5B1, and 5B2) 

states. Also it was confirmed that the HV+OH intermediate, hypothesized by 

experimentalists,22 is a well-defined minimum on the potential energy surface, lying   

53.8 kcal mol-1 above V+(H2O).35 To our best knowledge, no theoretical data is available 

for the ArV+(H2O) complex.  
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Motivated by the IRPD experiments, the V+(H2O) and ArV+(H2O) complexes are 

studied here as model systems for metal cation hydration. Accurate structures are 

obtained for the lowest-lying states of the V+(H2O) and ArV+(H2O) complexes, and the 

effects of vibrational averaging on the structures (in particular the H-O-H angle 

expansion) are analyzed. Definitive dissociation energy and adiabatic excitation energies 

are determined as well. 

 

3.3 THEORETICAL METHODS 

To ensure against spin contamination, reference electronic wave functions were 

determined by the single-configuration restricted open-shell Hartree-Fock (ROHF) 

method.38-41 Electron correlation was then included by the coupled cluster singles and 

doubles method (CCSD),42 as well as CCSD with a perturbative contribution from 

connected triple excitations [CCSD(T)].42,43 All open-shell coupled-cluster energies were 

determined from a spin-orbital formulation into which ROHF orbitals were substituted.42 

The 1s, 2s and 2p core orbitals of vanadium and argon, as well as the 1s core orbital of 

oxygen, were frozen in the correlation treatments. When investigating the multireference 

character of V+(H2O), state-averaged (SA) complete active space self-consistent field 

(CASSCF)44,45 single point computations were performed with a 12 electron/13 MO 

active space.  

Two basis sets were utilized in this study. The smaller basis set, denoted 

Wf(TZP), was constructed from the Wachters46 set with supplemental diffuse p, diffuse 

d, and f-polarization functions47-49 for vanadium, the valence triple-zeta basis set of 

Dunning50 with added polarization functions (TZP) for oxygen and hydrogen [αp(H) = 
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0.75, αd(O) = 0.85], and the Schäfer, Huber and Ahlrichs TZV51 basis set with added 

polarization functions52 for argon. The final Wf(TZP) contraction schemes are 

V(14s11p6d3f/8s6p4d1f), O(11s6p1d/5s3p1d), H(5s1p/3s1p), and Ar(14s9p1d/5s4p1d). 

A larger basis set of quadruple-zeta quality, denoted collectively as QZVPP here, 

consisted of the QZVPP53 basis, published by Weigend, Furche, and Ahlrichs in 2003 for 

the vanadium and argon atoms, and Dunning’s augmented correlation-consistent 

polarized-valence quadruple-zeta (aug-cc-pVQZ) basis set54,55 for oxygen and hydrogen. 

The final contraction schemes for the QZVPP basis set are 

V(24s18p9d3f2g/11s6p5d3f2g), Ar(20s14p4d2f1g/9s6p4d2f1g), O(13s7p4d3f2g/6s5p4d3f 

2g) and H(7s4p3d2f/5s4p3d2f). The QZVPP basis functions for vanadium are designed to 

have sufficient flexibility in the outer core region to correlate the 3s and 3p electrons. 

Tightly optimized geometrical structures (with all gradient components                

< 10-6 a.u.) were obtained at each level of theory. The harmonic vibrational frequencies 

for the geometric minima of V+(H2O) and ArV+(H2O) were computed for both basis sets 

with the ROHF, CCSD, and CCSD(T) methods. To determine fundamental frequencies 

and zero-point vibrational (ZPV) effects on rotational constants, quartic force fields for 

V+(H2O), ArV+(H2O), and H2O were computed at the Wf(TZP) CCSD and CCSD(T) 

levels of theory and employed in concert with second-order vibrational perturbation 

theory (VPT2)56-60 to determine anharmonic constants. Adopting the atomic labeling of 

Figure 3.1, the following symmetry-adapted internal coordinates were utilized for 

V+(H2O) and ArV+(H2O):  

1211 )( raS =   (V-O stretch) 

( )242312 2
1)( rraS +=  (H2O symmetric stretch) 
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32413 )( θ=aS  (H2O scissor) 

123414 )( γ=bS  (H2O wag) 

( )242325 2
1)( rrbS −=  (H2O antisymmetric stretch) 

( )12412326 2
1)( θθ −=bS  (H2O rock) 

5117 )( raS =  (Ar-V stretch) 

( )xxbS 4215321518 2
1)( αα +=  (Ar-V-O linear bend in xz plane) 

( )yybS 3215321529 2
1)( αα +=  (Ar-V-O linear bend in yz plane) 

where rij denotes the bond distance between atoms i and j, θijk is the i-j-k bond angle, γijkl 

is the out-of-plane angle of the ij bond with respect to the j-k-l plane, and αx
ijkl and αy

ijkl 

are linear bends of the jkl chain perpendicular to (αx) or within (αy) the ijk plane. The full 

quartic (quadratic) force fields for V+(H2O) and ArV+(H2O) were computed via 183 (17) 

and 568 (30) energies points, respectively. The step size for displacements was 0.01 Å 

and 0.02 rad for bond lengths and angles, respectively. Great effort was made to ensure 

continuity of both Hartree-Fock and coupled cluster solutions by slow incremental 

variations from equilibrium when the species were distorted from C2v symmetry. The 

program INTDIF200461,62 was employed to determine the required displacements as well 

as compute the force constants in internal coordinates. The transformation of the force 

constants from internal to normal coordinates and the computation of spectroscopic 

constants were performed using the programs INTDER200063-65 and ANHARM,66,67 

respectively.   
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All electronic structure computations were performed using the ACES II68 and 

MOLPRO69 suites of programs. Most of the computations were nonrelativistic; however, 

final energetic predictions for the V+(H2O) ground state were scrutinized by including the 

one-electron mass-velocity and Darwin scalar relativistic terms70-74 via the first-order 

perturbation scheme implemented in ACESII. 

 

3.4 RESULTS AND DISCUSSION: THE V+(H2O) COMPLEX 

For vanadium cation, the lowest-lying quintet state 5D arises from the 3d4 

configuration, and the first excited state is 5F (3d3 4s). The 5D0 → 5F1 excitation energy 

between the lowest-lying spin-orbit sublevels in these manifolds is 2604.82 cm-1.75 

Applying our single-reference electronic structure methods (without spin-orbit coupling) 

in C2v symmetry to atomic V+(5D), we find a four-fold degeneracy for the lowest energy 

solution, with the fifth component ( 3dxy
1 3dyz

1 3dxz
1 3dx2 − y2

1 ) very slightly higher in energy. 

The degeneracy splitting is 0.17 kcal mol-1 for ROHF/Wf(TZP), but an utterly negligible 

0.00055 kcal mol-1 for CCSD(T)/Wf(TZP). We conclude that artifactual degeneracy 

splitting within the V+(5D) manifold is not a concern here and that the CCSD(T) method 

is sufficient to effectively restore the five-fold degeneracy that must be present in the full 

CI limit.  

Complexation with water genuinely splits the five degenerate components of the 

V+ ground state and in C2v symmetry (Figure 3.1) gives rise to two 5A1 states, as well as 

5A2, 5B1, and 5B2 states.  The V+ atomic configurations to which these states 

asymptotically correlate are 5A1( 3dxy
1 3dyz

1 3dxz
1 3dz2

1 ), 5A1( 3dxy
1 3dyz

1 3dxz
1 3dx2 − y2

1 ), 

5A2( 3dx2 − y2
1 3dyz

1 3dxz
1 3dz2

1 ), 5B1( 3dyz
1 3dx2 − y2

1 3dxy
1 3dz2

1 ), and 5B2( 3dxz
1 3dx2 − y2

1 3dxy
1 3dz2

1 ), 
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assuming the axis convention in Fig. 3.1. Because the open-shell vanadium d orbitals 

retain their atomic character in the electrostatic V+(H2O) and ArV+(H2O) complexes, 

there is little mixing of the two low-lying 5A1 states. In particular, (12 e–/13 MO) state-

specific CASSCF computations on V+(H2O) with the Wf(TZP) basis set gave leading CI 

coefficients in the natural orbital basis of (0.9780, –0.0769) and (0.0769, 0.9780) for the 

two 5A1 states, with no other coefficients larger than 0.06. In this work, only the lowest 

5A1 state will be fully examined, because we are mostly interested in the ground state for 

this system.  

Relative energies, optimum geometries, dissociation energies, and vibrational 

frequencies for the four lowest-lying states of V+(H2O) are presented in Tables 3.1-3.4. 

All four states are within 6 kcal mol-1 of one another. The ground state is the 5A1 state for 

all applied levels of theory. The electronic configuration for the singly occupied orbitals 

of the ground state in C2v symmetry is 1a24b24b19a1, which agrees with previous 

results.31,32,34 All of these molecular orbitals correspond to atomic orbitals on vanadium: 

1a2 to xyd3 , 4b2 to yzd3 , 4b1 to xzd3 , and 9a1 to a mixture of the 3dz2 and 4s orbitals, as 

mentioned by Rosi and Bauschlicher.31,32 The fascinating hybrid character of the 9a1 

orbital is illustrated in Fig 3.2. 

The V-O distance, O-H distance and H-O-H angle for the ground state of 

V+(H2O) are 2.049 Å, 0.963 Å and 106.8˚, respectively, at the CCSD(T)/ QZVPP level of 

theory (Table 3.3). The H-O-H angle computed at the same level of theory for free water 

is 104.4˚, which is 2.4˚ less than that of the V+(H2O) complex. The H-O-H angle 

expansion resulting from addition of the vanadium cation is much smaller than the 

aforementioned IRPD spectroscopic result (9.3°) of Duncan et al.12 The complexation 
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effect on the H-O-H angle is not particularly sensitive to level of theory; indeed among 

the six sets of optimum geometries we computed in this study (Table 3.3), the angle 

widening lies in the range 1.0°-2.9°. The predicted H-O-H angle for V+(H2O) is even less 

sensitive to the computational method than for the corresponding angle in free water. For 

V+(H2O), the change in the H-O-H angle due to basis set and electron correlation 

improvements [ROHF/Wf(TZP) to CCSD(T)/QZVPP] only approaches 0.8° for the 5A1 

and 5A2 states of V+(H2O), and is only 0.2° for the 5B1 state of V+(H2O). For comparison, 

the angle for free water computed with CCSD(T)/QZVPP (104.4°) is 2.0° smaller than 

that computed with ROHF/Wf(TZP) (106.4°).  

Moving an electron in V+(H2O) from the 1a2 ( xyd3 ) to the 10a1 ( 3dx2 − y2 ) orbital 

results in a 5A2 state that is almost degenerate with the ground state, as the energy 

difference is only 0.15 kcal mol-1 for the CCSD(T)/ QZVPP level of theory (Table 3.2). 

The Te(5A2) excitation energy is not very sensitive to electron correlation or basis set, 

varying by only 0.1-0.2 kcal mol-1 in Table 3.2. Our 5A2 − 5A1 separation of                 

0.15 kcal mol-1 generally validates the relative energies of 0.09 kcal mol-1 obtained by 

Rosi and Bauschlicher,31,32 and 0.07 kcal mol-1 obtained by Trachtman et al.34 The 

geometry difference between the 5A2 state and the 5A1 ground state is also very small. The 

V-O bond distance for the 5A2 state is only 0.002 Å longer than the corresponding 

distance for the 5A1 state [CCSD(T)/QZVPP]. The H-O-H angle for the 5A2 state differs 

from the 5A1 ground state value by less than 0.1˚ [CCSD(T)/QZVPP].  

The 5B1 and 5B2 states of V+(H2O) are 0.4 and 5.1 kcal mol-1 [CCSD(T)/QZVPP], 

respectively, above the ground state. Electron correlation lowers both states substantially, 

by almost 4 kcal mol-1 for the 5B1 state, making (5A1, 5A2, 5B1) isoenergetic within         
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0.5 kcal mol-1. The trend with increasing basis set is further lowering of the 5B1 and 5B2 

excited states. The B3LYP results of Klippenstein and Yang36 also give a (5A1, 5A2, 5B1) 

cluster of states within 0.5 kcal mol-1, but the (5A2, 5B1) ordering is switched with respect 

to our high-level CCSD(T)/QZVPP predictions. The ordering of 5B1 and 5B2 states 

reported by Rosi and Bauschlicher31,32 (Te = 6.0 kcal mol-1 for 5B1 and 1.5 kcal mol-1 for 

5B2) is reversed compared to our best results. This disparity might merely be a labeling 

issue for the C2v irreducible representations, although their axis conventions appear to be 

the same as ours. The CCSD(T)/QZVPP method yields optimum H-O-H angles for the 

5B1 and 5B2 states that are respectively 0.29° above and 0.45° below the corresponding 

ground state value of 106.76°. Finally, the 5B1 state exhibits the shortest equilibrium V-O 

bond distance [2.0193 Å, CCSD(T)/QZVPP] among the four lowest-lying electronic 

states. 

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 metals.53 We performed 

CCSD(T)/QZVPP single-point energy computations with V(3s) and V(3p) included in 

the core 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 mol-1, 0.88 kcal mol-1, and 4.95 kcal mol-1 for the 5A2, 5B1, and 

5B2 states, respectively. The ordering of the states of V+(H2O) is preserved for these large 

core computations, but the excitation energies change for the 5B1 and 5B2 states by       

+0.51 kcal mol-1 and −0.14 kcal mol-1, respectively (cf. Table 3.2). 
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In our optimum geometric structures, the V-O distance decreases substantially 

with improvements in both the basis set and electron correlation treatment. However, this 

occurrence is typical of electrostatically bound complexes between polarizable species. 

Note that for the 5B1 and 5B2 states of V+(H2O), the contraction of the V-O distance from 

ROHF/Wf(TZP) to CCSD(T)/QZVPP approaches 0.2 Å. Our best [CCSD(T)/QZVPP] 

predictions for r(V-O) are as much as 0.05 Å shorter than previous theoretical values but 

are probably still upper bounds on the exact equilibrium distances. 

The lowest-lying triplet electronic state of V+(H2O) reported by Rosi and 

Bauchslicher,31,32 3B2, lies 22 kcal mol-1 higher in energy than the quintet ground state 

(MCPF/Wachters+f TZP). Irigoras et al.35 found the lowest triplet state to be 3A1, lying 

18.1 kcal mol-1 above the 5A1 state [B3LYP/TZVP+G(3df,2p)]. We performed 

CCSD(T)/Wf(TZP) single-point energy computations for various triplet electronic states 

at the V+(H2O) 5A1 CCSD(T)/Wf(TZP) geometry. We found the lowest triplet state of 

V+(H2O) to be 3B2 with a vertical excitation energy of 19.6 kcal mol-1. In summary, the 

triplet states of V+(H2O) are sufficiently higher in energy than the low-lying quintet 

manifold to be excluded from further consideration in this work.  

The ZPVE corrected dissociation energy (D0) of the V+(H2O) ground state, 

corresponding to dissociation into V+(5D) + H2O, is computed to be 36.2 kcal mol-1 at our 

best level of theory [CCSD(T)/QZVPP]. The basis set and electron correlation trends in 

Table 3.1 suggest that our D0 value is converged to within 1 kcal mol-1. Indeed, our 

(nonrelativistic) dissociation energy of 36.2 ± 1.0 kcal mol-1 is within the error bars of all 

experimental studies (Table 3.1) and provides the most accurate dissociation energy of 

the V+(H2O) complex to date. Among the theoretical studies on D0(V+-H2O), the 
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6-311++G** CCSD(T) dissociation energy reported in Ref. 34 is unusually large       

(∆H0
298 = –41.8 kcal mol-1). We performed single-point CCSD(T)/6-311++G** energy 

computations at the CCSD(T)/QZVPP optimized geometry and found that the 

dissociation energy De for production of V+(5D) is 34.0 kcal mol-1, while dissociation into 

V+(5F) requires 41.3 kcal mol-1 of energy. For this reason, we conclude that the CCSD(T) 

dissociation energy reported in Ref. 34 likely corresponds to an incorrect dissociation 

asymptote.  

The effects of core correlation and special relativity on the binding energy of 

V+(H2O) warrant consideration. If the 3s and 3p outer-core orbitals on vanadium are not 

correlated, against the recommendation of Weigend, Furche, and Ahlrichs,53 the V+-H2O  

dissociation energy decreases by almost 5 kcal mol-1 at our best level of theory 

[CCSD(T)/QZVPP]. When ZPVE is added, the dissociation energy becomes           

D0~31.4 kcal mol-1, an anomalously small value compared to experimental 

measurements. Clearly, large-core correlation treatments 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 V+(H2O) 5A1 

ground state by +0.48 kcal mol-1 at the CCSD(T)/QZVPP level, i.e., well within our 

stated error bars. To further pinpoint the various auxiliary effects on D0(V+-H2O) would 

require multicomponent relativistic treatments and an accounting of shifts in the atomic 

V+ spin-orbit splittings engendered by H2O complexation. 

The harmonic vibrational frequencies of the four lowest-lying states of V+(H2O) 

are listed with associated results for free water in Table 3.4. At the highest level of theory 

[CCSD(T)/QZVPP], analogous frequencies of the four electronic states of V+(H2O) never 
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differ by more than 20 cm-1, and for the 5A1 and 5A2 states the ωi values are almost 

identical. It is thus sufficient to focus our discussion on the ground-state 5A1 frequencies. 

First note in Table 3.4 that CCSD(T) theory with the aug-cc-pVQZ basis 

reproduces the empirical harmonic frequencies of H2O to exceptional accuracy (within    

2 cm-1 in every case). Because the QZVPP set for V+(H2O) contains the aug-cc-pVQZ 

basis on the H2O moiety, we expect the frequencies of the H2O modes to be very 

accurately predicted with the CCSD(T)/QZVPP method. The O-H symmetric and 

antisymmetric harmonic stretching frequencies of 5A1 V+(H2O) are ω1 = 3794 cm-1 and  

ω5 = 3876 cm-1 [CCSD(T)/QZVPP], representing red shifts of 37 cm-1 and 64 cm-1, 

respectively, from free water. Among the correlated electronic structure methods in Table 

3.4, there is striking agreement (within 1 cm-1) on the magnitude of these red shifts, 

enhancing the credence of the predictions.  As shown below (Table 3.8), vibrational 

anharmonicity increases the red shifts of the symmetric and antisymmetric O-H stretches 

to 43 cm-1 and 72 cm-1, respectively. These theoretical results nicely substantiate the red 

shifts of ~50 cm-1 and ~70 cm-1 observed by Duncan’s group.12 This general agreement is 

maintained when the effects of argon tagging are considered in the next section (3.5), 

despite some subtle changes brought on by the Ar “spectator”. 

The H2O harmonic scissoring frequency of 5A1 V+(H2O) is ω2 = 1675 cm-1 

[CCSD(T)/QZVPP], constituting a blue shift of 26 cm-1 relative to free water. Vibrational 

anharmonicity has no discernable effect on this complexation shift (Table 3.8). It is 

remarkable that a blue shift occurs in the scissoring frequency simultaneously with 

H-O-H angle widening (2°-3º) and O-H bond elongation (~0.004 Å).  
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The harmonic frequencies for the interfragment modes of V+(H2O) occur in the 

300-550 cm-1 range. Perhaps the most noteworthy trend for these modes is the increase in 

the V-O stretching frequency with improvements in both the basis set and electron 

correlation treatment, in accord with the bond length contractions observed in Table 3.3. 

Our best prediction [CCSD(T)/QZVPP] for the V-O stretching frequency of 5A1 V+(H2O) 

is ω3 = 449 cm-1, or ν3 = 438 cm-1 if vibrational anharmonicity is included (Table 3.8). 

Consistent with this theoretical result, Lessen and co-workers29 report a V-O stretch of 

′′ω e = 420±75 cm-1 from a resonant one-photon fragmentation spectrum of V+(H2O). 

 

3.5 RESULTS AND DISCUSSION: THE ARV+(H2O) COMPLEX 

Similarly to V+(H2O), the four lowest-lying quintet electronic states were 

investigated for the ArV+(H2O) complex. Relative energies, geometries, dissociation 

energies, and harmonic vibrational frequencies for the 5A1, 5A2, 5B1 and 5B2 states are 

listed in Tables 3.2 and 3.5-3.7.  Fundamental vibrational frequencies and 

anharmonicities of ArV+(H2O), V+(H2O), and free H2O are compared in Table 3.8. 

As in the V+(H2O) 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 ArV+(H2O) at the 5A1 

CCSD(T)/Wf(TZP) optimized geometry gave two 3B2 and two 3B1 states in a range  of 

29.0 to 33.3 kcal mol-1. Therefore, triplet electronic states of ArV+(H2O) were not 

considered further.  

The dissociation energy profile with respect to Ar-V distance of ArV+(H2O) for 

various levels of theory is presented in Figure 3.3. The striking feature of Figure 3.3 is 
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that electron correlation is required to gain any significant binding of Ar to V+(H2O), 

even though the basic nature of the attraction is “electrostatic”. While Figure 3.3 

explicitly shows only the 5A1 potential curves, the curves for the other states are nearly 

identical. At the ROHF/Wf(TZP) level, the equilibrium Ar-V bond is extremely large    

(> 4 Å) for all four states. With ROHF/QZVPP there is a double minimum for all four 

studied states of ArV+(H2O). Geometrical structures are reported for both minima in 

Table 3.5, and the one with shorter Ar-V distance is consistently designated min 1. In 

Tables 3.2 and 3.6 relative energies and dissociation energies are reported for the lower-

energy minimum only (min 1 for 5B1; min 2 for 5A1, 5A2, and 5B2). Minima designated as 

min 2 are no longer present when correlation is introduced at the CCSD level.   

When argon is added to the V+(H2O) complex, the ordering of the lowest-lying 

states changes, even though Ar would generally be considered a spectator atom. At the 

ROHF level of theory, no reordering of states is seen due to the large Ar-V distance; the 

5A1 state is the lowest energetically (Table 3.2). However, the 5B1 state is predicted to be 

the ground electronic state of ArV+(H2O) for correlated methods, except in the 

CCSD/Wf(TZP) case, where 5A1 is a mere 0.01 kcal mol-1 below 5B1. Our best level of 

theory [CCSD(T)/QZVPP] gives a 5A1 − 5B1 separation of Te = 0.49 kcal mol-1, and the 

5A2 state is predicted to be only slightly higher (Te = 0.62 kcal mol-1).  

The CCSD(T)/QZVPP argon-vanadium distance for the 5B1 ground state       

(2.538 Å) differs by less than 0.008 Å from the corresponding distances for the other 

three states (Table 3.5). In general, the Ar-V distance for all four states gets smaller as 

correlation is added to the system. The CCSD(T)/QZVPP vanadium-oxygen distance 

varies from 2.039 Å (5B1) to 2.096 Å (5B2), the O-H distance is predicted to be 0.963 Å 
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for the ground state and 0.962 Å for the 5A1, 5A2 and 5B2 states, and the H-O-H angle 

ranges from 105.99º (5B2) to 106.62º (5B1). The r(V-O) contraction in ArV+(H2O) with 

improvements in both the basis set and treatment of electron correlation is not as large as 

in the untagged ion. The contraction of the V-O distance from ROHF/Wf(TZP) to 

CCSD(T)/QZVPP is between ~0.08 Å (5A1, 5A2) and ~0.14 Å (5B1, 5B2). Our best 

CCSD(T)/QZVPP prediction for r(V-O) of the 5B1 ground state is 2.039 Å. 

Comparison of data in Tables 3.3 and 3.5 reveals the effect of argon tagging in the 

geometric structure of V+(H2O). Forming the Ar adduct while maintaining the electronic 

state as 5A1 shifts r(V-O), r(O-H), and θ(H-O-H) by +0.0206 Å, –0.0007 Å, and –0.39º, 

respectively, at the CCSD(T)/QZVPP level. However, argon addition changes the ground 

electronic state to 5B1, and if this state switching is considered, the tagging effect 

[CCSD(T)/QZVPP] on r(V-O), r(O-H), and θ(H-O-H) is –0.0105 Å, +0.0003 Å, and       

–0.14º, respectively, or roughly half as much. In brief, intricacies are encountered upon 

argon tagging, but the overall structural shifts can certainly be categorized as small 

perturbations. 

Argon binding energies for various levels of theory for both the 5B1 and 5A1 states 

of ArV+(H2O) are contained in Table 3.6. The dissociation energy (De) of the ArV+(H2O) 

5B1 ground state, corresponding to fragmentation into Ar (1S) and the 5A1 ground state of 

V+(H2O), is computed to be 9.9 kcal mol-1 at the CCSD(T)/ QZVPP level of theory. 

While with correlated methods the 5A1 – 5B1 separation for ArV+(H2O) is smaller than  

0.5 kcal mol-1, at the ROHF level of theory it is larger than 4 kcal mol-1 in favor of the 

5A1 state due to the very weak Ar-V bond (Ar-V equilibrium bond length > 4 Å). This 

explains the negative ROHF energies for the process 5B1 ArV+(H2O) → Ar(1S) + 5A1 
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V+(H2O). The argon binding energy of each of the states of ArV+(H2O) gets larger as the 

basis set is enlarged and the electron correlation treatment improved, which is consonant 

with the shrinking Ar-V distance. It is striking that without correlation the binding energy 

is less than 1 kcal mol-1, whereas the final De (9.9 kcal mol-1) is quite large for an ion-

quadrupole complex.  

The ArV+(H2O) complex is further characterized by the harmonic vibrational 

frequencies in Table 3.7. The new modes formed by addition of the Ar atom all have 

frequencies (ω4, ω6, ω9) substantially less than 200 cm-1. The CCSD/Wf(TZP) 

frequencies allow quantification of argon tagging shifts when the 5A1 electronic state is 

retained. The O-H bond stretches in the H2O moiety are both shifted +10 cm-1 in going 

from 5A1 V+(H2O) to 5A1 ArV+(H2O), with an attendant reduction in the H2O scissoring 

frequency by less than 2 cm-1. The interfragment V-O stretch, H2O wag, and H2O rock 

are all reduced in frequency by about 10 cm-1. Vibrational anharmonicity (Table 3.8) 

does not appreciably affect any of the argon tagging shifts, provided the 5A1 state is 

maintained.  

The change in the ground state to 5B1 upon argon complexation has some 

significant consequences, as shown in the CCSD(T)/QZVPP frequencies of V+(H2O) and 

ArV+(H2O). First, the H2O modes are now all shifted by about –5 cm-1 (opposite 

direction) due to the presence of argon. The interfragment V-O stretch and H2O rock now 

exhibit larger tagging effects of –16 cm-1 and +79 cm-1, respectively. Finally, the H2O 

wag appears to be strongly influenced by vibronic interactions with the nearby quintic 

electronic states, as promoted by Ar addition. In fact, we were only able to determine b1 

vibrational frequencies for 5B1 ArV+(H2O) at the CCSD(T)/Wf(TZP) level, because 
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insuperable convergence difficulties were encountered in searching for 5B1 electronic 

solutions along these modes with the QZVPP basis. This issue is addressed in more detail 

in the following section (III.C). 

 

3.6 VIBRATIONAL ANHARMONICITY EFFECTS 

The computation of the non-totally-symmetric vibrational frequencies of V+(H2O) 

and ArV+(H2O) requires extreme care due to the intricate vibronic interactions within the 

lowest-lying manifold of quintet states precipitated when the equilibrium C2v symmetry is 

lowered. Nonetheless, complete vibrational analyses of the 5A1 ground state of V+(H2O) 

and its 5A1 counterpart in ArV+(H2O) were executed here without severe difficulties. The 

principal problem we encountered involved the b1 vibrational modes of the 5B1 state of 

ArV+(H2O). The 5B1 state is the ground state of ArV+(H2O) at the CCSD(T)/Wf(TZP), 

CCSD/QZVPP, and CCSD(T)/QZVPP levels of theory; however, the 5A1 state is lower in 

energy for the ROHF reference wave function. Because the 5B1 and 5A1 states retain their 

V+ atomic character in ArV+(H2O), we were able (with much care) to continuously 

follow the 5B1 ROHF solutions into Cs and C1 regions where the (5B1, 5A1) pair is of the 

same spatial symmetry. Accordingly, a complete and mathematically correct numerical 

differentiation of the potential energy surface of the 5B1 state of ArV+(H2O) was achieved 

through quartic terms, despite loss of the variational principle for the b1 modes. The 

resulting CCSD(T)/Wf(TZP) anharmonic force field for 5B1 ArV+(H2O) is given as 

Supplementary Material (Table 3.S1). A number of intriguing cubic and quartic constants 

are exhibited that are anomalously large in magnitude, all involving the b1 modes (S4 and 

S8). Many of these anomalous force constants also involve the a1 V-O stretching 
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coordinate, which appears to exacerbate the problem. The probable origin of this 

phenomenon is seen in Figures 3.4 and 3.5, where the potential curves vs. r(V-O) for the 

lowest-lying quintet states of ArV+(H2O) exhibit crossings very near the equilibrium 

distance. In the full geometric configuration space, conical intersections of the quintet 

potential energy surfaces are thus present in the vicinity of the equilibrium structures, 

giving rise to near singularities in the 5B1 force field expansion for ArV+(H2O).  

In Tables 3.9 and 3.10, the Wf(TZP) CCSD and CCSD(T) quartic force fields are 

given for the 5A1 ground state of V+(H2O), along with the CCSD/Wf(TZP) force field for 

the analogous 5A1 state of ArV+(H2O). For comparison, the Wf(TZP) CCSD and 

CCSD(T) quartic force fields of free H2O are given in Table 3.11. As shown in Tables 

3.9 and 3.10, no anomalous force constants occur for ArV+(H2O) in the 5A1 state, in 

contrast to its close-lying 5B1 counterpart. Therefore, our analysis of vibrational 

anharmonicity in the V+(H2O) and ArV+(H2O) species centers on the 5A1 electronic state 

throughout. The issues of concern here can be addressed via a VPT2 treatment based on 

quartic force fields, although it must be recognized that a rigorous analysis would entail a 

detailed variational treatment of nonadiabatic vibrational phenomena.  In essence, we 

focus here on inherent (adiabatic) anharmonic vibrational effects unspoiled by vibronic 

coupling within the manifold of low-lying quintet electronic states. 

As previously introduced, the VPT2 anharmonicities and rovibration interaction 

constants of ArV+(H2O), V+(H2O), and free H2O are compared in Table 3.8, at a common 

level of theory [CCSD/Wf(TZP)].  Corresponding results for five sets of isotopic 

derivatives of these species are given in Supplementary Tables 3.S2-3.S5.  Finally, 

CCSD(T)/Wf(TZP) anharmonicities for V+(H2O) and H2O are provided in 
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Supplementary Table 3.S6.  We investigated the influence of a number of potential 

anharmonic resonances on the fundamental frequencies of the isotopologs.  The exclusion 

of resonance interactions based on a 20 cm-1 cutoff for zeroth-order state separations 

changed the computed VPT2 anharmonicities by more than 1 cm-1 in only one case: the 

2ω5(H2O wag) – ω3(V-O stretch) Fermi resonance in 40Ar51V+(D2O).  Thus, in our 

tabulated results no anharmonic resonances were removed, except for the 2ω5–ω3 

interaction in 40Ar51V+(D2O) (Table 3.S2).  The ω6[Ar-V-O lin. bend (b1)] – ω9[Ar-V-O 

lin. bend (b2)] Coriolis resonance has a strong influence on the α6
A and α9

A constants for 

all ArV+(H2O) isotopologs.  Exclusion of this interaction from the VPT2 treatment was 

necessary to obtain valid rovibration interaction constants in all cases, but the overall 

ZPV shift on the rotational constants is completely invariant to the removal of such 

Coriolis resonances. 

In Table 3.8 the theoretical fundamental frequencies of H2O lie within a few cm–1 

of the observed band origins, ν1 = 3657.1, ν2 = 1594.7, and ν3 = 3755.9 cm–1.76,77 Thus, 

the CCSD/Wf(TZP) method is providing a particularly advantageous cancellation of 

errors in the electronic structure treatment.  The CCSD/Wf(TZP) O-H stretching 

anharmonicities  are equally well  matched with experiment (∆1 = –173 cm–1,                   

∆3 = –185 cm–1),78-80 whereas the computed anharmonicity for the H2O scissor is about 

12 cm–1 smaller in magnitude than the empirically derived value (∆2 = –55 cm–1).78-80 

Formation of the V+(H2O) complex increases the magnitude of the O-H stretching 

anharmonicities by 5-8 cm–1, while leaving the scissoring anharmonicity unaffected.  The 

interfragment V-O stretching and H2O rocking modes of V+(H2O) have small 

anharmonicities of –11 cm–1 and –3 cm–1, respectively.  In contrast, the H2O wag has an 
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enormous anharmonicity in the positive direction (∆4 = +120 cm–1), displaying strong 

characteristics of a quartic oscillator. 

Argon tagging (without electronic state switching) has remarkably little effect 

(1.3 cm–1 on average) on the vibrational anharmonicities of V+(H2O), including the large 

positive value for the H2O wag.  The anharmonicity of the newly formed Ar-V stretching 

mode is only –7.5 cm–1.  On the other hand, the Ar-V-O linear bends ν6(b1) and ν9(b2) 

have proportionately large anharmonicities of +21.7 and +10.0 cm–1, respectively.  These 

sizable, positive values can be directly traced to the large rotational Ae constant of the 

ArV+(H2O) adduct and the associated Coriolis contributions [ Ae ζrs
a( )2

ω r / ω s + ω s / ω r( )] 

to the off-diagonal χrs anharmonicity constants. 

The rovibration interaction constants (αi) are of particular interest here, because 

they allow a determination of zero-point vibrational effects on the geometric structures of 

V+(H2O) and ArV+(H2O).  As shown in Table 3.8, the binding of vanadium cation to 

water has dramatic effects on the αi constants of the H2O vibrational modes.  In contrast, 

further argon tagging of V+(H2O) has no significant effect, particularly for the all-

important α i
A  constants. For the α i

B  and α i
C parameters, argon complexation merely 

reduces the magnitude of these already-small rovibration interaction constants. 

A key question is whether some of the disparity between the water bond angle 

widening in V+(H2O) theoretically predicted here (2°-3°) and that surmised from the 

IRPD experiments in the Duncan laboratory12 (9.3°) can be attributed to zero-point 

vibrational effects on the effective geometric structure.  In the equilibrium structures of 

V+(H2O) and ArV+(H2O), only the light hydrogen atoms contribute to the A rotational 

constants; however, vibrational motion along the b1 and b2 modes displaces the massive 



 93

vanadium and/or argon atoms off the a principal axis, potentially increasing the effective 

IA moment of inertia by a substantial amount.  To investigate this effect, we used our 

CCSD/Wf(TZP) αi constants to synthesize (A0, B0, C0) rotational constants for several 

isotopologs of V+(H2O) and ArV+(H2O) and then to extract vibrationally averaged r0 

structures by least-squares fits.  The molecular structure refinements were performed 

using a robust computer program MolStruct recently developed by one of us.81 The 

following V+(H2O) isotopologs were employed in the least-squares refinment: (51V, 16O, 

H, H), (51V, 18O, H, H), (51V, 16O, D, D), and (50V, 16O, H, H).  For ArV+(H2O), the same 

isotopologs were used with 40Ar included, and one more isotopolog was added: (36Ar, 

51V, O, H, H).   All the necessary rovibration interaction constants appear in Table 3.8 

and Supplementary Tables 3.S2-3.S5.  Our best CCSD(T)/QZVPP equilibrium 

geometries were employed as reference structures for the determination of re – r0 shifts.  

We found that the standard errors of the r0 fits were significantly reduced by excluding 

the A0 rotational constants from the refinements, so unless otherwise stated, only the 

much smaller (B0, C0) values were included in the MolStruct data set.  

Our vibrationally-averaged structural parameters for the 5A1 state of V+(H2O) 

differ from the equilibrium structural parameters by the following amounts: θ0(H-O-H) − 

θe(H-O-H) = +2.35°, r0(O-H) − re(O-H) = +0.0025 Å, and r0(V-O) − re(V-O) =      

+0.0066 Å.  If the A0 rotational constants are included in the refinement, then θ0(H-O-H) 

− θe(H-O-H) = +1.82°, r0(O-H) − re(O-H) = −0.0018 Å, and r0(V-O) − re(V-O) =      

+0.0066 Å, still showing a substantial angle expansion.  If the interfragment modes of 

V+(H2O) are excluded from the vibrational averaging by omitting all α3, α4, and α6 

constants, then θ0(H-O-H) − θe(H-O-H) = +0.40°, and r0(O-H) − re(O-H) = +0.0146 Å.  
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Császár and co-workers82 have very recently published effective rotational constants (A0, 

B0, C0) of water isotopologs arising from variational vibrational computations on the near 

spectroscopic quality, empirically adjusted CVRQD potential energy surface.83 Applying 

our MolStruct procedure to these (A0, B0, C0) rotational constants yields the following 

shifts for free H2O from the highly accurate CVRQD water surface:  r0(O-H) − re(O-H) = 

+0.0025 Å and θ0(H-O-H) − θe(H-O-H) = +0.69°.  An analogous refinement using our 

Wf(TZP) CCSD αi constants for free water instead of the CVRQD vibrational corrections 

of Ref. 82 gives r0(O-H) − re(O-H) = +0.0029 Å and θ0(H-O-H) − θe(H-O-H) = +0.64°.   

Finally, for the 5A1 state of ArV+(H2O) we find θ0(H-O-H) − θe(H-O-H) = 2.08°, r0(O-H) 

− re(O-H) = −0.007 Å, r0(V-O) − re(V-O) = +0.005 Å, and r0(Ar-V) − re(Ar-V) =   

+0.011 Å . 

The primary conclusions to be derived from our r0 structural data are: (1) the 

results for free H2O indicate the validity of performing MolStruct r0 fits based on 

Wf(TZP) CCSD rovibration interaction constants; (2) zero-point vibrational averaging in 

V+(H2O) widens the H-O-H bond angle by 2.4°, and argon tagging reduces this shift by 

about +0.3°; (3) most of the ZPV effect on the H-O-H angle is due to off-axis motions of 

the massive V atom, rather than flattening of the potential energy curve for H2O bending 

due to complexation with the vanadium cation; (4) adding the computed effects of 

vibrational averaging to our best equilibrium structures [CCSD(T)/QZVPP] for the 

ground states of V+(H2O) and ArV+(H2O) gives θ0(H-O-H) angles of 109.1° and 108.7°, 

respectively. The H2O bond angle value derived from the IRPD experiments (113.8°)12  is 

still about 5° higher than predicted by our high-level theoretical analysis; however, 

consideration of zero-point vibrational effects has lowered this disparity by 2°-3°.  The 
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remaining discrepancy is evident by directly comparing our best purely theoretical A0 

rotational constants for the 5A1 states of V+(H2O) and ArV+(H2O) (13.70 cm-1 and      

13.65 cm-1, respectively) with the significantly smaller IRPD value (12.52 cm-1).12 

 

3.7 CONCLUSIONS 

The model systems V+(H2O) and ArV+(H2O), exemplary of mass-selected 

infrared photodissociation (IRPD) spectroscopy on hydrated metal cations, have been 

thoroughly investigated by high-level electronic structure theory.  Our best predictions 

are based on restricted open-shell CCSD(T) theory implemented with a massive 

V[11s6p5d3f2g], Ar[9s6p4d2f1g], O[6s5p4d3f2g], and H[5s4p3d2f] (QZVPP) basis set, 

and with the outer-core V(3s,3p) electrons correlated.  The microsolvation of V+ with one 

water molecule gives an equilibrium V-O distance of 2.049 Å and a binding energy (D0) 

of 36.2 kcal mol-1.  Formation of the V+(H2O) complex shifts the H2O fundamentals 

(ν1, ν2, ν3) by (–43, +26, –72) cm-1.  Our computed red shifts for the O-H stretching 

modes (ν1, ν3) are in excellent agreement with the IRPD results (~50, ~70) cm-1 from the 

Duncan laboratory.12  When H2O binds to V+, the H-O-H equilibrium bond angle widens 

by +2.4°, with a concomitant increase in the O-H distance of  +0.004 Å.  The H2O 

molecule splits the degenerate ground-state manifold of V+(5D), yielding electronic states 

in C2v symmetry with the following relative energies: Te(5A1,5A2,5B1,5B2) = (0, 0.15, 0.37, 

5.09) kcal mol–1. A second 5A1 state of V+(H2O) appears somewhat higher in energy, and 

the lowest-lying triplet state is more than 15 kcal mol–1 above the ground 5A1 state. 

Argon tagging of V+(H2O) places the Ar atom 2.538 Å from the V+ center and 

180° removed from the H2O ligand, in accord with simple expectation for an electrostatic 
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complex.  The argon binding energy is D0 [Ar - V+(H2O)] = 9.4 kcal mol–1.  Surprisingly, 

virtually all of this binding energy is attributable to electron correlation effects, in that 

Hartree-Fock theory yields only a 0.25 kcal mol-1 stabilization even with the large 

QZVPP basis set.  Argon tagging engenders only small perturbations in the V+(H2O) 

structure: δre(V-O) = –0.0105 Å, δre(O-H) = +0.0003 Å, and δθe(H-O-H) = –0.14°.  

However, the Ar “spectator” is responsible for a number of subtle effects, such as 

switching the electronic ground state.  For ArV+(H2O) our best theory predicts a 5B1 

ground state and excitation energies Te(5A1,5A2,5B2) = (0.49, 0.62, 4.17) kcal mol–1.  

Argon tagging shifts the vibrational frequencies of V+(H2O) by no more than 10 cm–1, but 

the direction of the shift is in most cases dependent on whether the final electronic state 

in question is 5A1 or  5B1. 

An analysis of vibrational anharmonicity effects in V+(H2O) and ArV+(H2O) has 

been executed by computing complete quartic force fields and then applying second-

order vibrational perturbation theory (VPT2) to determine anharmonic constants and 

rovibration interaction constants.  This approach probes inherent anharmonic vibrational 

properties of single electronic states in these species.  Rigorous variational computations 

of the vibronic coupling in these systems is not currently practical.  For free H2O our 

quartic force fields reproduce the observed O-H stretching fundamentals to within 5 cm–1, 

bolstering confidence in our analogous results for V+(H2O) and ArV+(H2O).  Our 

rovibration interaction constants allow quantification of the influence of zero-point 

vibrational (ZPV) averaging on the molecular structures of V+(H2O) and ArV+(H2O).  A 

peculiar phenomenon is observed for the effective bond angle θ0(H-O-H), specifically, a 

ZPV increase of 2°-3° as a consequence of off-axis motion of the heavy vanadium atom, 
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as opposed to flattening and/or skewing of the water bending potential.  Nonetheless, the 

total complexation effect on the water bond angle computed here (about +4°) is 

substantially less than the 9° widening surmised from the IRPD experiments.12 Thermal 

averaging over excited vibrational states in the V+(H2O) and ArV+(H2O) complexes 

might increase the effective H-O-H angle more and further reduce the disparity between 

theory and experiment.  However, it is clear that the interpretation of geometric 

parameters extracted from IRPD profiles is complicated by numerous effects, and thus 

care must be taken in equating effective bond angle widening with changes in electronic 

structure upon complexation. 

A number of issues of theoretical interest were encountered in our study of 

V+(H2O) and ArV+(H2O):  (1) The V+(H2O) binding energy appears to be very sensitive 

to vanadium (3s,3p) core electron correlation. (2) There is large quartic anharmonicity in 

the H2O wagging mode in V+(H2O) and ArV+(H2O). (3) Curve crossings within the 

lowest-lying quintet manifold of ArV+(H2O) occur near the equilibrium geometry, giving 

rise to anomalous force constants in the local representations of the potential energy 

surfaces of some of the electronic states.  These crossings arise along the Ar-V stretching 

mode, and thus are precipitated by the presence of the argon “spectator” atom.  (4) 

Finally, the intricate vibronic coupling within the (5A1,5A2,5B1,5B2) manifold of V+(H2O) 

and ArV+(H2O) remains unexplored.  All of these issues would be worthy targets of 

future investigations. 
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Figure 3.1: The C2v structures of the (a) V+(H2O) and (b) ArV+(H2O) complexes. 
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Figure 3.2: The HOMO of the V+(H2O) 5A1 ground state. 
 
 

 
Figure 3.3: Theoretical argon dissociation curves for the 5A1 state of ArV+(H2O). In this 
plot V+(H2O) is fixed at its optimum structure for the corresponding level of theory; only 
the Ar-V distance was changed. Note the nonuniform scale on the energy axis, which is 
necessary to reveal the shallow ROHF minima. 
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Figure 3.4: Energy versus the V-O distance of four low-lying states of ArV+(H2O), 
relative to dissociation into H2O plus the 5A1 state of ArV+, computed at the CCSD / 
Wf(TZP) level of theory. Constrained optimizations were performed for each plotted V-O 
distance. 
 

 
Figure 3.5: Energy versus the V-O distance of four low-lying states of ArV+(H2O), 
relative to dissociation into H2O plus the 5A1 state of ArV+, computed at the CCSD(T) / 
Wf(TZP) level of theory. Constrained optimizations were performed for each plotted V-O 
distance. 
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Table 3.1. Dissociation energies for 5A1 state of V+(H2O) in kcal mol-1. 

Present work De D0
 

ROHF/Wf(TZP) 37.5 35.8 

CCSD/Wf(TZP) 38.1 36.4 

CCSD(T)/Wf(TZP) 38.5 36.8 

ROHF/QZVPP 35.8 34.2 

CCSD/QZVPP 37.6 35.8 

CCSD(T)/QZVPP 38.0 36.2 

Previous theory   

MCPF/Wachters+f TZPa 36.4 34.7 

MP2/6-311++G**b  38.5m 

CCSD(T)/6-311++G**//MP2/6-311++G**b   43.4m  

B3LYP/TZVP+G(3df,2p)c  38.5 36.62 

CCSD(T)/TZVP+G(3df,2p)//B3LYP/TZVP+G(3df,2p)c, d  36.7 32.42 

B3LYP/B3//B3LYP/B2e  38.7 

MPW1PW91/6-311+G(d)f   35.4 

Experiment   

Collision-induced dissociationg   36.2±3 

Collision-induced dissociationh  35.1±4 

Photo dissociation spectrumi  < 45.4 

Collision-induced dissociationj  35.8±1.2 

mass spectrometryk  35.1±1.2 
 

a References 31, 32. b Reference 34. c References 35, 30. d B2: 6-31+G* basis for V,       
6-31G* basis for O and H; B3: B2 with diffuse s and p functions added to O. e Reference 
36. f Reference 37. g Reference 22. h Reference 23. i Reference 29. j Reference 25.            
k Reference 30. m Obtained from attendant supplementary material of Ref. 34; The text of 
the paper reports ∆H298 = 41.8 kcal mol-1. 
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Table 3.2. Adiabatic excitation energies Te (T0) in kcal mol-1 within the lowest-lying 
electronic manifold of V+(H2O) and ArV+(H2O). 

V+(H2O) 5A1 5A2 5B1 5B2 

Present work     

ROHF/Wf(TZP) 0 0.02 (0.03) 4.30 6.44 

CCSD/Wf(TZP) 0 0.19 (0.20) 0.75 4.99 

CCSD(T)/Wf(TZP) 0 0.14 (0.16) 0.67 5.45 

ROHF/QZVPP  0 0.02 (0.02) 4.27 6.40 

CCSD/QZVPP  0 0.25 (0.27) 0.47 4.57 

CCSD(T)/QZVPP  0 0.15 (0.16) 0.37 5.09 

Previous theory     

MCPF/Wachters+f TZPa 0 0.09 6.0 1.5 

MP2/6-311++G**b 0 0.07 - - 

CCSD(T) 6-311++G**//MP2/6-311++G**b 0 0.21 - - 

B3LYP/B3//B3LYP/B2c,d 0 (0.5) (0.2) (4.7) 

ArV+(H2O)     

Present work     

ROHF/ Wf(TZP) 0 0.02 4.35 6.52 

CCSD/ Wf(TZP) 0 0.15 0.01 4.10 

CCSD(T)/Wf(TZP) 0.40 0.53 0 4.25 

ROHF/QZVPP (min 1) 0 0.02  4.22 6.52 

ROHF/QZVPP (min 2) 0 0.04 4.37 7.19 

CCSD/QZVPP 0.10 0.27 0 3.98 

CCSD(T)/QZVPP 0.49 0.62 0 4.17 
a References 31, 32. 
b Reference 34. 
c Reference 36. 
d See footnote d for Table 3.1 for basis explanation. 
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Table 3.3. Optimum geometric parameters (Å, deg) for the lowest-lying  5A1, 5A2, 5B1 and 
5B2 states of V+(H2O) and for free water.  

  r(V-O) r(O-H) θ(H-O-H) 
5A1 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/QZVPP 2.1427 0.9465 107.46 
 CCSD/QZVPP 2.0626 0.9601 106.73 
 CCSD(T)/QZVPP 2.0492 0.9629 106.76 
 MCPF/Wachters+f TZPa 2.091 - - 
 MP2/6-311++G**b 2.069 0.965 106.9 
 B3LYP/DZVPc 2.109 0.971 107.4 
 B3LYP/B3//B3LYP/B2d 2.086 - - 
 B3LYP TZVP+G(3df,2p)e  2.10 0.966 107.8 
5A2 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/Wachters+f TZPa 2.093 - - 
 B3LYP/B3//B3LYP/B2d 2.084 - - 
5B1 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/QZVPP 2.1725 0.9472 107.30 
 CCSD/QZVPP 2.0449 0.9609 106.75 
 CCSD(T)/QZVPP 2.0193 0.9637 107.05 
 MCPF/ Wachters+f TZPa 2.051 - - 
 B3LYP/B3//B3LYP/B2d 2.056 - - 
5B2 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/QZVPP 2.1005 0.9601 106.03 
 CCSD(T)/QZVPP 2.0672 0.9627 106.31 
 MCPF/ Wachters+f TZPa 2.117 - - 
 B3LYP/B3//B3LYP/B2d 2.124 - - 

H2O RHF/TZPf - 0.9441 106.41 
 CCSD/TZP - 0.9652 104.27 
 CCSD(T)/TZP - 0.9673 104.02 
 RHF/aug-cc-pVQZf - 0.9398 106.33 
 CCSD/aug-cc-pVQZ - 0.9561 104.62 
 CCSD(T)/aug-cc-pVQZ - 0.9590 104.37 
 Exact, empiricalg - 0.9578 104.48 

a References 31, 32.  b Reference 34.  c Reference 35.  d Reference 36.  e Reference 30. f The TZP and     
aug-cc-pVQZ basis sets for free H2O respectively correspond to the Wf(TZP) and QZVPP basis sets for 
V+(H2O). g Reference 78-80.
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Table 3.4. Harmonic vibrational frequencies (in cm-1) for the four lowest-lying states of 
V+(H2O) and for free water. 

  ω1(a1) ω2(a1) ω3(a1) ω4(b1) ω5(b2) ω6(b2)
  O-H sym 

stretch 
H2O 

scissor 
V-O 

stretch 
H2O 
wag 

O-H asym 
stretch 

H2O 
rock 

5A1 ROHF/Wf(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 

5A2 ROHF/Wf(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/QZVPP 3836 1696 432 328 3915 532 
 CCSD(T)/QZVPP 3795 1679 443 306 3877 531 

5B1 ROHF/Wf(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/QZVPP 4030 1786 316 a a a 
 CCSD/QZVPP 3826 1689 416 a a a 
 CCSD(T)/QZVPP 3782 1671 451 a a a 

5B2 ROHF/Wf(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 
        

H2O RHF/TZPb 4122 1736   4230  
 CCSD/TZP 3832 1639   3943  
 CCSD(T)/TZP 3800 1629   3913  
 RHF/aug-cc-pVQZb 4128 1747   4229  
 CCSD/aug-cc-pVQZ 3874 1663   3981  
 CCSD(T)/aug-cc-pVQZ 3831 1649   3940  
 Experimentc 3832.2 1648.5      3942.5  

a Upon distortion along b1 or b2 normal modes, 5B1 and 5B2 are no longer the lowest quintet states of the 
irreps (A' or A") in Cs symmetry to which they correlate. Therefore, variational collapse of the excited-state 
5B1 and 5B2 solutions is a concern for the electronic structure methods applied here, all based on a Hartree-
Fock reference wavefunction. Accordingly, ω4-ω6 for the 5B1 and 5B2 states are suspect and were not 
computed. b The TZP and aug-cc-pVQZ basis sets for free H2O respectively correspond to the Wf(TZP) 
and QZVPP basis sets for V+(H2O). c Ref. 78-80.  
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Table 3.5: Optimum geometric parameters (Å, deg) for the lowest-lying 5A1, 5A2, 5B1 and 
5B2 states of ArV+(H2O).   

  r(Ar-V) r(V-O) r(O-H) θ(H-O-
H) 

5A1 ROHF/Wf(TZP) 4.4685 2.1477 0.9513 107.43 
 CCSD/Wf(TZP) 2.5666 2.1056 0.9691 106.71 
 CCSD(T)/Wf(TZP) 2.5503 2.1004 0.9712 106.64 
 ROHF/QZVPP (min 1) 3.0198 2.1378 0.9457 107.61 
 ROHF/QZVPP (min 2) 4.1857 2.1421 0.9464 107.49 
 CCSD/QZVPP 2.5553 2.0762 0.9595 106.44 
 CCSD(T)/QZVPP 2.5298 2.0698 0.9622 106.37 
      
5A2 ROHF/Wf(TZP) 4.4740 2.1481 0.9512 107.41 
 CCSD/Wf(TZP) 2.5641 2.1065 0.9691 106.60 
 CCSD(T)/Wf(TZP) 2.5486 2.1014 0.9711 106.55 
 ROHF/QZVPP (min 1) 3.0298 2.1382 0.9457 107.58 
 ROHF/QZVPP (min 2) 4.1968 2.1424 0.9464 107.48 
 CCSD/QZVPP 2.5520 2.0768 0.9595 106.32 
 CCSD(T)/QZVPP 2.5279 2.0707 0.9622 106.27 
       
5B1 ROHF/Wf(TZP) 4.7529 2.1800 0.9520 107.25 
 CCSD/Wf(TZP) 2.5627 2.0736 0.9701 106.89 
 CCSD(T)/Wf(TZP) 2.5492 2.0654 0.9722 106.87 
 ROHF/QZVPP (min 1) 2.7897 2.1325 0.9453 107.60 
 ROHF/QZVPP (min 2) 4.6273 2.1708 0.9472 107.34 
 CCSD/QZVPP 2.5594 2.0482 0.9604 106.62 
 CCSD(T)/QZVPP 2.5376 2.0387 0.9632 106.62 
      
5B2 ROHF/Wf(TZP) 4.8743 2.2423 0.9516 106.78 
 CCSD/Wf(TZP) 2.5606 2.1358 0.9692 106.26 
 CCSD(T)/Wf(TZP) 2.5472 2.1283 0.9713 106.24 
 ROHF/QZVPP (min 1) 2.7748 2.1902 0.9449 106.94 
 ROHF/QZVPP (min 2) 4.7948 2.2316 0.9468 106.87 
 CCSD/QZVPP 2.5564 2.1041 0.9597 106.00 
 CCSD(T)/QZVPP 2.5345 2.0956 0.9624 105.99 

 



 112

Table 3.6: Argon binding energiesa [De(D0) in kcal mol-1] for the 5A1 
and 5B1 states of ArV+(H2O). 

 
 5A1 5B1 

ROHF/Wf(TZP) 0.21(0.17) −4.14 

CCSD/Wf(TZP) 6.89(6.46) 6.87 

CCSD(T)/Wf(TZP) 7.91 8.31 

ROHF/QZVPP  0.25 −3.97 

CCSD/QZVPP  8.01 8.12 

CCSD(T)/QZVPP  9.42 9.91 (9.36)b 
a All values are referenced to the ground-state 5A1 V+(H2O) + Ar 
fragments.  
b Computation of the ZPV effect on the argon binding energy is 
complicated by difficulties in determining the CCSD(T)/QZVPP b1 
vibrational frequencies of 5B1 ArV+(H2O). Here we assumed that the 
H2O wagging frequency does not change with Ar tagging and the 
Ar-V-O out-of-plane linear bend has the same frequency (84 cm-1) as 
the corresponding in-plane linear bend. This approach provides a 
reasonable accounting of ZPVE within ca. 0.1 kcal mol-1 in the 
presence of intricate vibronic coupling within the (5A1, 5B1, 5A2) 
manifold. 

Table 3.7: Harmonic vibrational frequencies (in cm-1) of the ArV+(H2O) complex.a 

  ω1 
(a1) 

ω2 
(a1) 

ω3 
(a1) 

ω4 
(a1) 

ω5 
(b1) 

ω6 
(b1) 

ω7 
(b2) 

ω8 
(b2) 

ω9 
(b2) 

5A1 ROHF/Wf(TZP) 4037 1794 364 14 383 8 4117 567 8 
5A1 CCSD/Wf(TZP) 3804 1678 395 163 255 67 3888 542 88 
5B1 CCSD(T)/Wf(TZP) 3759 1662 408 168 655b 113b 3845 536 84 
5A1 ROHF/QZVPP 4052 1789 371 34 345 54 4130 548 58 
5B1 CCSD/QZVPP 3833 1688 424 160 - - 3911 506 83 
5B1 CCSD(T)/QZVPP 3790 1671 433 168 - - 3870 606 84 
a Results are tabulated for the lowest electronic state at each level of theory. ω1 = O-H 
symmetric stretch, ω2 = H2O scissor, ω3 = V-O stretch, ω4 = Ar-V stretch, ω5 = H2O wag, 
ω6 = Ar-V-O out-of-plane linear bend, ω7 = O-H antisymmetric stretch, ω8 = H2O rock, 
ω9 = Ar-V-O in-plane linear bend. 
b The 5B1 state is the lowest one at the CCSD(T) level, but not at the Hartree-Fock level. 
For b1 displacements from C2v symmetry, the 5B1 solution for the Hartree-Fock reference 
wavefunction can be continuously followed due to the atomic character of the open-shell 
manifold, but there is no guarantee against variational collapse. 
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Table 3.8: Summary of CCSD/Wf(TZP) VPT2 anharmonic vibrational analysis of the 5A1 
states of ArV+(H2O) and V+(H2O).a 

 i ωi ∆i νi αi
A αi

B αi
C 

ArV+(H2O)   
O-H sym. stretch 1 3804.3 –183.0 3621.3 0.23876 0.0000059 0.0000094
H2O scissor 2 1678.1 –44.0 1634.1 –0.17072 –0.0000060 0.0000086
V-O stretch 3 395.2 –12.8 382.4 –0.00600 0.0002637 0.0002651
Ar-V stretch 4 162.5 –7.5 155.1 0.00181 0.0005642 0.0005542
H2O wag 5 255.4 124.6 379.9 1.83244 –0.0000202 –0.0000464
Ar-V-O bend (b1) 6 66.7 21.7 88.4 0.27989 –0.0000579 –0.0001646
O-H asym. stretch 7 3888.3 –198.0 3690.3 0.13627 0.0000034 0.0000041
H2O rock 8 542.2 –3.2 539.0 –1.49487 –0.0000101 0.0000116
Ar-V-O bend (b2) 9 87.5 10.0 97.5 0.07836 –0.0000484 0.0000502
        
V+(H2O)   
O-H sym. stretch 1 3794.3 –182.0 3612.3 0.24162 –0.0000878 0.0000031
H2O scissor 2 1679.3 –43.6 1635.7 –0.17069 –0.0002382 0.0001265
V-O stretch 3 407.3 –11.1 396.2 –0.00674 0.0030815 0.0030579
H2O wag 4 265.3 120.5 385.8 1.86054 –0.0001442 –0.0007827
O-H asym. stretch 5 3878.5 –197.3 3681.2 0.14051 –0.0000800 –0.0000583
H2O rock 6 552.7 –3.3 549.4 –1.46988 –0.0001857 0.0003552
   
H2O   
O-H sym. stretch 1 3831.7 –176.7 3655.0 0.63733 0.2230477 0.1724306
H2O scissor 2 1639.3 –43.3 1596.0 –2.56400 –0.1529430 0.1405468
O-H asym. stretch 3 3942.6 –189.8 3752.9 1.12194 0.0948105 0.1396034
a Harmonic frequencies (ωi), total anharmonicities (∆i), fundamental frequencies (νi), and 
rovibration interaction constants (αi

A, αi
B, αi

C) for 5A1 state of 40Ar51V+(H2
16O), 

51V+(H2
16O), and H2

16O in cm-1.  No strong anharmonic resonances required exclusion.  
The ω6 – ω9 Coriolis resonance was removed in computing the αi constants of 
ArV+(H2O). 
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Table 3.9: Wf(TZP) coupled-cluster quartic force fields (sector I) of the 5A1 state of 
V+(H2O) and ArV+(H2O).a,b  

  V+(H2O) 
CCSD(T) 

V+(H2O) 
  CCSD 

 ArV+(H2O) 
     CCSD 

  V+(H2O) 
CCSD(T) 

V+(H2O) 
  CCSD 

ArV+(H2O) 
    CCSD 

F11 1.38257 1.30439 1.21753  F3221 0.040 0.043 0.024
F21 0.10250 0.09950 0.08476  F3222 1.036 1.019 1.017
F22 8.07729 8.21424 8.25502  F3311 –0.022 –0.019 –0.020
F31 –0.00836 –0.00616 –0.00560  F3321 0.111 0.104 0.109
F32 0.23855 0.24176 0.25244  F3322 0.437 0.418 0.443
F33 0.72534 0.73371 0.73232  F3331 –0.070 –0.084 –0.071
F44 0.01772 0.02307 0.02266  F3332 1.080 1.058 1.080
F55 8.14121 8.26656 8.31063  F3333 –0.219 –0.259 –0.261
F65 0.04116 0.03946 0.03826  F4411 0.151 0.139 0.076
F66 0.15109 0.14983 0.14242  F4421 0.116 0.113 0.102
    F4422 –0.175 –0.172 –0.152
F111 –7.234 –7.029 –6.537  F4431 –0.019 –0.033 –0.002
F211 –0.286 –0.245 –0.236  F4432 0.068 0.067 0.043
F221 –0.013 –0.023 –0.027  F4433 –0.097 –0.089 –0.081
F222 –39.329 –39.819 –40.022  F4444 0.488 0.462 0.387
F311 0.148 0.148 0.142  F5511 –0.418 –0.389 –0.412
F321 0.107 0.107 0.100  F5521 –0.048 –0.095 –0.093
F322 –0.608 –0.608 –0.606  F5522 169.795 172.201 172.956
F331 –0.050 –0.053 –0.047  F5531 –0.036 –0.010 –0.032
F332 –0.451 –0.443 –0.443  F5532 –0.797 –0.792 –0.798
F333 –0.579 –0.585 –0.594  F5533 –0.990 –1.003 –0.989
F441 –0.067 –0.059 –0.058  F5544 0.072 0.043 0.036
F442 –0.120 –0.112 –0.102  F5555 171.199 173.628 174.406
F443 0.106 0.101 0.089  F6511 0.157 0.145 0.155
F551 0.130 0.119 0.118  F6521 –0.058 0.035 0.044
F552 –39.357 –39.865 –40.061  F6522 –0.091 –0.111 –0.105
F553 0.331 0.334 0.343  F6531 –0.038 –0.080 –0.064
F651 –0.078 –0.078 –0.075  F6532 0.075 0.044 0.027
F652 0.063 0.060 0.060  F6533 0.011 0.002 0.003
F653 –0.030 –0.030 –0.031  F6544 0.029 0.014 0.016
F661 –0.077 –0.085 –0.077  F6555 –0.187 –0.171 –0.166
F662 –0.047 –0.043 –0.040  F6611 –0.059 –0.083 –0.066
F663 0.105 0.106 0.100  F6621 0.082 0.081 0.075
    F6622 –0.153 –0.157 –0.139
F1111 31.355 29.896 28.050  F6631 –0.007 –0.018 –0.010
F2111 1.061 1.033 1.023  F6632 0.003 0.011 0.012
F2211 –0.279 –0.286 –0.297  F6633 –0.059 –0.051 –0.056
F2221 –0.266 –0.238 –0.214  F6644 0.224 0.219 0.213
F2222 168.111 170.453 171.244  F6655 –0.063 –0.073 –0.059
F3111 –0.372 –0.352 –0.372  F6665 0.023 0.021 0.021
F3211 –0.145 –0.133 –0.133  F6666 –0.120 –0.111 –0.119
a Sector I comprises only the symmetry-adapted internal coordinates S1-S6 of the text, i.e., those 
coordinates common to both the untagged V+(H2O) and tagged ArV+(H2O) ions. 
b Units consistent with energy in aJ, distances in Å, and angles in rad. 
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Table 3.10: CCSD/Wf(TZP) quartic force field (sector II) of the 5A1 state of ArV+(H2O).a,b 

F71 0.03660  F991 –0.062  F8411 10.508  F9622 –0.002
F72 –0.00579  F992 0.003  F8421 0.378  F9631 0.002
F73 –0.00605  F993 0.009  F8422 –0.064  F9632 –0.002
F77 0.39828  F997 –0.085  F8431 0.036  F9633 –0.011
F84 0.01342    F8432 –0.030  F9644 0.027
F88 0.04995  F7111 0.243  F8433 –0.017  F9655 0.001
F95 0.00877  F7211 –0.028  F8444 0.005  F9665 0.002
F96 0.00994  F7221 –0.013  F8554 –0.070  F9666 –0.021
F99 0.07914  F7222 0.040  F8654 –0.008  F9751 0.059
   F7311 –0.015  F8664 0.017  F9752 0.058
F711 –0.088  F7321 –0.024  F8741 0.004  F9753 –0.023
F721 0.012  F7322 0.003  F8742 0.120  F9761 0.009
F722 0.007  F7331 –0.004  F8743 0.013  F9762 0.013
F731 0.010  F7332 –0.009  F8774 –0.014  F9763 –0.012
F732 –0.008  F7333 0.004  F8811 –0.001  F9775 –0.007
F733 0.000  F7441 0.005  F8821 –0.922  F9776 –0.002
F744 –0.004  F7442 –0.015  F8822 0.209  F9854 0.029
F755 –0.001  F7443 0.015  F8831 –0.072  F9864 –0.013
F765 0.000  F7551 –0.012  F8832 0.074  F9885 0.010
F766 0.005  F7552 –0.019  F8833 –0.014  F9886 –0.050
F771 –0.059  F7553 0.010  F8844 –0.013  F9911 –0.048
F772 –0.001  F7651 0.042  F8855 0.144  F9921 –0.011
F773 0.008  F7652 0.071  F8865 –0.020  F9922 –0.022
F777 –2.494  F7661 –0.024  F8866 –0.009  F9931 0.010
F841 –0.042  F7662 –0.007  F8871 –0.036  F9932 0.013
F842 0.023  F7663 –0.005  F8872 –0.235  F9933 –0.007
F843 –0.008  F7711 0.003  F8873 0.019  F9944 0.072
F874 –0.015  F7721 0.162  F8877 –0.129  F9955 –0.018
F881 0.019  F7722 –0.017  F8884 –0.011  F9965 –0.009
F882 –0.028  F7731 –0.036  F8888 –0.155  F9966 –0.009
F883 –0.004  F7732 –0.019  F9511 0.002  F9971 0.127
F887 –0.028  F7733 0.010  F9521 0.050  F9972 0.008
F951 –0.011  F7744 0.005  F9522 –0.003  F9973 –0.014
F952 0.010  F7755 0.001  F9531 –0.019  F9977 –0.020
F953 –0.002  F7765 –0.046  F9532 –0.039  F9984 0.066
F961 –0.001  F7766 –0.009  F9533 0.005  F9988 –0.242
F962 –0.002  F7771 –0.002  F9544 –0.006  F9995 –0.011
F963 0.007  F7772 0.195  F9555 0.004  F9996 –0.031
F975 –0.010  F7773 0.017  F9611 0.013  F9999 0.066
F976 –0.011  F7777 –0.020  F9621 0.012   
a Sector II includes diagonal and off-diagonal blocks involving the symmetry-adapted internal 
coordinates S7-S9 of the text, i.e., the additional modes resulting from argon tagging. 
 b Units consistent with energy in aJ, distances in Å, and angles in rad. 
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Table 3.11: Wf(TZP) coupled cluster quartic force fieldsa of free H2O. 

         CCSD   CCSD(T)  CCSD CCSD(T) 
F11         8.3500     8.2095 F1111 175.9 173.4 
F21         0.3603     0.3618 F2111     0.505     0.499 
F22         0.7048     0.6998 F2211     0.644     0.670 
F33         8.5580     8.4313 F2221     1.664     1.739 
   F2222     0.025     0.112 
F111     –41.31 –40.83 F3311 176.9 174.4 
F211       –0.720   –0.730 F3321   –1.154   –1.173 
F221       –0.430   –0.449 F3322   –0.910   –0.908 
F222       –0.724   –0.717 F3333 178.40 175.81 
F331     –41.13 –40.61  
F332         0.3963     0.3893  
a Units consistent with energy in aJ, distances in Å, and angles in rad. In 
symmetry-adapted internal coordinates S1 = 2−1/2 rOH + ′rOH( ), HOHS θ=2 , 
and S3 = 2−1/2 rOH − ′rOH( ).  
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CHAPTER 4 

 

MOLECULAR STRUCTURES OF THE TWO 

MOST STABLE CONFORMERS OF FREE GLYCINE* 

 

                                                           
* V. Kasalová, W. D. Allen, E. Czinki, A. G. Császár, H. F. Schaefer III. In preparation. 
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4.1 ABSTRACT 

The equilibrium molecular structures of the two lowest-energy conformers of 

glycine, Gly-Ip and Gly-IIn, have been characterized by high-level ab initio electronic 

structure computations, including all-electron cc-pVTZ CCSD(T) geometry optimizations 

and 6-31G* MP2 quartic force fields, the latter to account for anharmonic zero-point 

vibrational effects to isotopologic rotational constants.  Based on experimentally measured 

vibrationally averaged effective rotational constant sets of several isotopologues and our ab 

initio data for structural constraints and zero-point vibrational shifts, least-squares structural 

refinements were performed to determine improved Born–Oppenheimer equilibrium 

structures of Gly-Ip and Gly-IIn.  Without the ab initio constraints even the extensive set of 

empirical rotational constants available for five and ten isotopologues of Gly-Ip and Gly-

IIn, respectively, cannot satisfactorily fix their molecular structure.  Excellent agreement 

between theory and experiment is found for the rotational constants of both conformers, the 

rms residual of the final fits being 7.8 and 51.6 kHz for Gly-Ip and Gly-IIn, respectively.  

The barrier to planarity separating Gly-IIp and Gly-IIn has been determined to be           

20.5 cm−1.  The equilibrium torsional angle τ(NCCO) of Gly-IIn, characterizing the 

deviation of its heavy-atom framework from planarity, is 11º. 

 

4.2 INTRODUCTION 

Glycine (Gly) is the simplest naturally occuring amino acid, and thus one of the 

most fundamental molecules of biological interest.  Gly is considered by many a 

prototypical amino acid in structural studies of peptides and proteins.  Detection of glycine 

in interstellar space,1 which most likely will involve its lowest-energy conformer Gly-Ip 
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(Figure 4.1), is relevant to theories about the origin of molecules vital to life on Earth.  

Therefore, the molecular structures of the conformers of Gly, a neutral species in the gas 

phase, have been the focus of extensive experimental2-6 and computational7-14 studies. For a 

more complete list of work prior to 1992, see Ref. 7.   

There is consensus in the qualitative structural features of the two most stable 

conformers of glycine (Figure 4.1), I and II.  The notation employed in Figure 4.1 and 

throughout this paper follows that introduced in Ref. 7, whereby p stands for a conformer 

(or conformation) having Cs point-group symmetry, n stands for a conformer having C1 

point-group symmetry, and in general Roman numerals, from I through VIII, indicate the 

relative stabilities of the conformers.  Consequently, the two most stable conformers of Gly 

are Ip and IIn,7 having substantially different atomic arrangements.  

Early on, around 1978, there was some confusion about the relative energies of the 

most stable conformers of glycine.2,6,14  Theory, even at the low levels applicable in those 

days,14 proved to be vital in the correct interpretation of the experimental microwave (MW) 

results and in proving that Gly-Ip is the global minimum on the potential energy surface 

(PES) of neutral glycine.  For Gly-II it remained unclear whether its equilibrium structure 

was planar or not.  The determination of an extensive set of rotational constants of several 

isotopologues of Gly-IIn5 was aided by the substantial dipole moments of this conformer.  

The empirical rotational constants of Gly-II indicated that the effective structure is planar, 

because the amino hydrogens were indistinguishable in the monodeuterated [OH, NDH] 

and [OD, NDH] spectra obtained.  Electronic structure theory at most levels suggested7 that 

the true equilibrium structure is non-planar, though the energy difference between Gly-IIp 

and Gly-IIn was predicted to be only on the order of 20 cm–1.  Despite the extensive 
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experimental and theoretical data, the question of the (non-)planarity of Gly-II was not 

definitely settled.  Our current study proves, using extensive ab initio computations, that the 

equilibrium structure of Gly-II is indeed non-planar.  

None of the studies performed up to now were able to obtain satisfactory Born–

Oppenheimer equilibrium structures, BO
er , of Gly-Ip and Gly-IIn, quantities allowing direct 

comparison among disparate molecules.  Furthermore, neither the gas electron diffraction 

(GED),4 as detailed before,5,8 nor the MW5 and millimeterwave (MMW)6 experimental 

studies yielded an accurate vibrationally averaged molecular structure of Gly-Ip.  

Application of the computational strategy of equilibrium structure determination of this 

study, outlined below, offers no difficulties for Gly-Ip, and the resulting BO
er  structure 

should be highly reliable.  For Gly-IIn both the substitution (rs) and the least-squares 

structures have been determined based on effective ground-state rotational constants of 12 

isotopologues.5  The rs structure seemed to be suspect5 due to “the small b-axis coordinates 

associated with both the nitrogen and carbonyl carbon atoms.”  The least-squares structural 

fit indicated5 that in the ground vibrational state Gly-IIn has Cs point-group symmetry.  

Nevertheless, no attempt was made in Ref. 5 to derive the equilibrium structure of Gly-IIn, 

for which all dependable ab initio computations, including those of the present study, 

indicate a non-planar atomic arrangement.  Therefore, based on our recently successful 

determination of the BO
er  structure for the considerably larger and even less rigid amino 

acid, L-proline,15 here we report results of a similar study on two conformers of neutral 

glycine.   
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4.3 THEORETICAL METHODS 

The computational strategy employed in this work, and recommended for similar 

studies to obtain highly reliable equilibrium structures, can be summarized as follows.  

First, accurate values of BO
er  are determined at advanced levels of electronic structure 

theory, in the present case at the all-electron cc-pVTZ CCSD(T) level (see below).  For 

small molecules where the accuracy of the computations can be checked more or less 

readily, this level of theory, due in small part to fortuitious error cancellation, is known16 to 

yield equilibrium structures with expected errors in bond lengths and bond angles not 

exceeding 0.005 Å and 0.5°, respectively.  Second, vibrational corrections between 

equilibrium and ground-state rotational constants are determined, in the present case at the 

all-electron 6-31G* MP2 level, through computation of a full cubic force field and the use 

of vibrational second-order perturbation theory (VPT2).17-21  A weakness of this simple 

approach is that no special consideration is given to large-amplitude motion(s).  Third, the 

experimental ground-state rotational constants of all the isotopologues3,5 are corrected to 

yield empirically-based equilibrium rotational.  Fourth, guided weighted least-squares 

refinements are performed with various ab initio structural constraints to determine the BO
er  

parameters in best agreement with the available corrected experimental equilibrium 

rotational constants.  In particular, for Gly-IIn we decided to check carefully whether the 

experimental rotational constants can support an BO
er  of C1 point-group symmetry.  
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4.3.1 ELECTRONIC STRUCTURE COMPUTATIONS 

Several correlated levels of electronic structure theory have been used previously 

in order to determine equilibrium structures of certain conformers of glycine.  In Ref. 7 

geometry optimizations for all conformers of Gly were performed at the 6-311++G** 

MP2 level, known to yield reasonably accurate equilibrium Born–Oppenheimer 

structures and rotational constants.  In Ref. 10 the highest-level optimizations were 

performed at the DZP CCSD level.  The Born–Oppenheimer equilibrium structures of 

Gly-Ip, Gly-IIp, and Gly-IIn have been reoptimized in this study using the cc-pVTZ22 

basis set at the all-electron (AE) CCSD(T) level,23-25 where CCSD(T) stands for coupled-

cluster theory with all single and double excitations and a perturbative estimate of 

connected triple excitations.  The geometry optimizations were performed with the 

program packages MOLPRO26 and ACESII.27 

The barrier to planarity of Gly-IIn was reported to be about 20 cm–1 in previous 

work.7  With such a minuscule barrier, we deemed it important to compute a definitive 

value for the IIn → IIp barrier, indeed, to prove conclusively that this conformation is 

non-planar.  A focal-point analysis28-32 of this quantity was executed, with a detailed 

layout of the related focal-point increments presented in Table 4.1.  For the extrapolation 

of the Hartree−Fock energies, an exponential formula,33,34  

bX
X aeEE −

∞ += HFHF         (4.1) 

was used, while for the extrapolation of the MP2 and CCSD electron correlation 

energies (ε), a two-parameter polynomial formula35  

3CCCC −
∞ += bXX εε         (4.2) 
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was employed.  The aug-cc-pVXZ (X = D, T, Q, 5) basis sets22,36-40 were used in the 

extrapolations.  Core correlation was determined at the cc-pCVTZ22,40 CCSD(T) level of 

theory. 

In order to account for zero-point vibrational effects in the experimental rotational 

constants, anharmonic force field expansions of the vibrational potentials were computed 

for Gly-Ip and Gly-IIn at the all-electron 6-31G* MP2 level in normal coordinates, 

employing the code ACESII27,41-43  The anharmonic force fields include all force 

constants of type Fij, Fijk, and Fijkk for all degrees of freedom.  The force fields were 

computed at the respective equilibrium structures in order to avoid the non-zero force 

dilemma.44  In determining the total vibrational contributions to ground-state rotational 

constants, Coriolis resonances need not be considered because all resonance 

denominators cancel in the summation over normal modes.  For the Gly-IIp transition 

state, in-house programs were used to compute anharmonic force constants.  The program 

INTDIF200445,46 was employed to determine the required displacements as well as 

compute the force constants in internal coordinates. The transformation of the force 

constants from internal to normal coordinates and the computation of spectroscopic 

constants were performed using the programs INTDER200047-49 and ANHARM,50,51 

respectively.   

 

4.3.2 STRUCTURAL REFINEMENTS 

With the aid of our fully optimized all-electron cc-pVTZ CCSD(T) structures, we 

undertook a weighted least-squares refinement (LSR) to determine improved equilibrium 
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structural parameters for Gly-Ip and Gly-IIn.  We exclusively employed a Mathematica 

program MolStruct15,52 during this study for LSR. 

Upon constraining diverse sets of internal coordinates to their cc-pVTZ CCSD(T) 

equilibrium values and then performing LSR on the rest, we were always able to achieve 

facile convergence in the fit for Gly-Ip.  The situation was more difficult for the Gly-IIn 

LSR, but after careful selection of structural constraints we were able to achieve a 

convergence with a root-mean-square (rms) error of only 51.6 kHz even for this conformer.  

For the planar conformation Gly-IIp, we were not able to achieve a small rms error.  More 

detailed description of the weighted least-squares refinement procedures and results for 

Gly-Ip, Gly-IIp, and Gly-IIn are given in section 4.4. 

 

4.4 RESULTS AND DISCUSSION 

Due to sizable vibrational averaging effects, the directly computed ab initio 

equilibrium Born–Oppenheimer rotational constants (Ae, Be, and Ce) may deviate 

substantially from the experimentally measured ground-state ones (A0, B0, and C0).  To wit, 

the all-electron 6-31G* MP2 and cc-pVTZ CCSD(T) equilibrium rotational constants of 

Gly-Ip and Gly-IIn (Table 4.2) display differences as large as 113 MHz from the 

experimental rotational constants.  The corrections for vibrational averaging computed from 

the all-electron 6-31G* MP2 anharmonic force field, amounting to 0.7–1.1 % of the 

equilibrium rotational constants for the parent isotopologue, reduce the deviations from 

experiment by an order of magnitude, in accord with the usually observed,15,17,18,53-55 good 

accuracy of theoretical rotation-vibration interaction (αi) constants. 
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The computed differences between the vibrationally-averaged rotational constants 

of the parent isotopologue and those of the substituted ones of Gly-Ip, as reported in Table 

4.3, reproduce remarkably well the experimentally measured differences.  The situation is 

not so clear for Gly-IIn (Table 4.4).  McGlone et al.5 reported 12 sets of effective rotational 

constants for Gly-IIn.  For ten of these the agreement is about as good for Gly-II as for 

Gly-Ip.  However, for the substitutions [OH,NDH] and [OD,NDH] relatively large 

discrepancies are observed between the computed and measured rotational constant shifts.  

These disparities are a consequence of the inability to measure the rotational constants 

corresponding to the individual isotopomers NDH/NHD.  The effective, average rotational 

constants determined by McGlone et al.5 correspond to neither isotopomer of this C1-

symmetry conformer but to an average.  Consequently, the ‘observed’ rotational constants 

of [OH,NDH] and [OD,NDH] were not employed in the final structural fits here.  When the 

inclusion of these rotational constants data in the set experimental observables was 

attempted,unacceptably large fitting errors resulted.   

 

4.4.1 LEAST-SQUARES REFINEMENT FOR GLY-IP 

Although the isotopologic rotational constant data for Gly-Ip are extensive, they 

are clearly insufficient to give a well-defined a structure without the imposition of 

constraints.  There are 15 structural degrees of freedom for planar Gly-Ip, and 15 

empirical rotational constants in the data set.  

Having all-electron cc-pVTZ CCSD(T) optimum structural parameters, we are in 

a position to impose realistic and reliable constraints on the structural refinement of Gly-

Ip.  With all parameters fixed, the variables that are best determined from the input 
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rotational constants are identified on the basis of the least-squares Hessian.  Candidates 

for constraint release are relaxed one by one, and new determinants of the least-squares 

Hessian are evaluated.  Using this automatic procedure to predict the parameters to be 

optimized, we found that it is best to start the fitting procedure with the four heavy-atom 

distances relaxed while keeping the rest of the internal coordinates fixed at their cc-pVTZ 

CCSD(T) optimum values.  Somewhat to our surprise, the corrected empirical rotational 

constants can be fit quite well this way, the weighted rms error is 0.2157 MHz and no 

residual is over 2 MHz.  The corresponding results are listed under Fit 1 in Table 4.6.  

The structure of Gly-Ip can be improved by performing additional fits with 

further relaxation of constraints. More variables are selected and released using the 

procedure outlined above.  In the end, only four structural constraints are required, as 

given in Table 4.5.  Of these constraints, r(OH) and θ(COH) are not well defined by the 

data, which is not surprising since no O–D substitution information is available for the 

hydroxyl group.  Similarly, no rotational constants are available for the NHD and ND2 

substitutions; therefore θ(NH2 scissor) and θ(NH2 wag) are not defined well by the data 

and need to be constrained as well.  The r(NH) bond length was released because it led to 

a small decrease in the rms error.  

Results from the final structural refinement for Gly-Ip are presented in Table 4.6 

as Fit 2.  Deviations between the fitted semitheoretical and the all-electron cc-pVTZ 

CCSD(T) BO
er  structures of Gly-Ip are comfortably small.  For bond lengths, the largest 

difference is 0.006 Å for the N–H bond, which is due to the limited data available to fit 

this variable, as noted above.  The value of θ(C–C–O) in Fit 2 differs form the cc-pVTZ 

CCSD(T) value by 0.5º, while deviations for the other angles are considerably smaller.  
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This verifies the generally accepted predictive power of structure optimizations at high 

levels of electronic structure theory. 

There are significant discrepancies between the 0
αr  parameters derived from gas-

phase electron diffraction (GED) data4 and our fitted parameters (Table 4.6).  

Considerable problems with this GED investigation have been addressed previously by 

Császár7,8 and are not elaborated here further. 

 

4.4.2 BARRIER TO PLANARITY OF GLY-IIN 

Prior to the structural refinement of the second lowest-lying conformer of glycine, 

Gly-IIn, we determined the energy difference between Gly-IIp and Gly-IIn using the 

technique of focal-point analysis (FPA).28-32  The FPA valence-only increments are listed in 

Table 4.1.  Because the basis set extrapolations are converged well (within 2 cm-1), the error 

bars for the barrier to planarity are determined from the less converged extrapolation of the 

correlation effects (5.0 cm-1).  The results of Table 4.1 show definitively that at equilibrium 

Gly-II is non-planar.  After including core-correlation effects (–2.07 cm-1), our best 

estimate for the barrier to planarity is 20.5 ± 5.0 cm−1.  This small barrier readily supports 

the observed planar ground-state structure of Gly-II.  

 

4.4.3 LEAST-SQUARES REFINEMENT FOR GLY-IIN 

As a starting point, we attempted to reproduce the structural parameters from a 

least-squares fit reported by McGlone and co-workers,5  by performing an unconstrained 

LSR of a planar structure with no vibrational corrections to the rotational constants 

included.  All 12 isotopologues were used in the fit, and the fit is designated as Fit A in 
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Table 4.7.  The parameters r0(C–N), r0(C=O), r0(C–O), r0(O–H), r0(C–H av), θ0(C–O–H), 

and θ0(C–C–O) are identical to the number of digits reported in Ref. 5.  Among the other 

structural parameters, the largest differences are 0.04 Å and 1.2º for the r0(C–C) bond 

length and the θ0(CH2 scissor) angle, respectively. These deviations are still well within the 

uncertainities of the two sets of data, and small differencies are due to different fitting 

procedures.  It must be emphasized that the rms error for Fit A is substantial, 0.724 MHz. 

The uncertainties for the structural parameters for Fit A are significant as well, being up to 

0.03 Å for bond lengths and up to 3.3º for most angles, with the uncertainty of the γ(NH2 

wag) of 33º.  When isotopologues for the [OH,NDH] and [OD,NDH] substitutions are 

excluded from the fit, which results in Fit B of Table 4.7, the rms error decreases to 0.438 

MHz.  This involves a significant decrease in the uncertainities of the individual structural 

parameters, with standard errors in Fit B less than half of those of Fit A.  Due to the 

significant error reduction, the [OH,NDH] and [OD,NDH] isotopologues were excluded in 

all least-squares refinements to follow. 

For all subsequent fits, we used the all-electron 6-31G* MP2 vibrational corrections 

with the empirical rotational constants to obtain the equilibrium BO
er  structure of Gly-II.  It 

is important to note the significant difference in the zero-point vibrational (ZPV) 

corrections for Gly-IIp and Gly-IIn (Tables 4.9 and 4.10).  The ZPV corrections differ by 

16-43 MHz, 8-16 MHz, and 7-15 MHz for the rotational constants A, B, and C,  

respectively.  If the [OH,NDH] and [OD,NDH] isotopologues are excluded from the 

comparision, the range for the discrepances decreases, but the differences remain large (20-

32 MHz for A, 9-11 MHz for B and C).   
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Because the experimental rotational constants correspond to a vibrationally 

averaged planar structure,3,5 we attempted to perform a LSR on planar Gly-IIp.  Gly-IIp cc-

pVTZ CCSD(T) equilibrium geometry and Gly-IIp 6-31G* MP2 vibrational corrections 

were employed in conjunction with the set of the empirical rotational constants available 

for Gly-II. This LSR proved to be very difficult, and no reasonable fits could be obtained.  

Gly-IIn has C1 point-group symmetry and thus considerably more structural 

parameters than Gly-Ip, 24 vs. 15.  To determine candidates for constraint release, the same 

procedure based on determinants of the least-squares Hessian was used as for Gly-Ip.  

Releasing variables one by one, we obtained the preliminary fit designated as Fit 1 in Table 

4.7.  The standard errors for the parameters in Fit 1 are reduced compared those in Fit A 

and Fit B, and the rms error decreased to 0.303 MHz.  The variables for Fit 1 differ from 

the all-electron cc-pVTZ CCSD(T) structural parameters by at most 0.004 Å for bond 

lengths and 1.7º for angles, with the exception of r(O–H), where the difference is a 

substantial 0.019 Å.  

The uncertainities and rms deviations can be further reduced by releasing two more 

parameters, γ(NH2 wag) and ∆θ(NH2 rock).  The release of γ(NH2 wag) and ∆θ(NH2 rock) 

yields a fit designated as Fit 2 in Table 4.7.  The uncertainities of Fit 2 are less than 0.002 Å 

for bond lengths and 1º for bond angles.  The uncertainities are larger for the torsional and 

out-of-plane angles, but still less than 1.5º.  This represents a huge improvement in the 

uncertainities for the out-of-plane NH2 wag, which were 33º and 13º in Fits A and B, 

respectively.  Fit 2 provides the smallest uncertainities from all LSR procedures of Gly-IIn, 

and the rms error (52.9 kHz) is drastically smaller than those of Fits A, B, and 1. 
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Next, we released the γ(COOH oop).  The resulting fit is designated as Fit 3 in 

Table 4.7.  The rms error of Fit 3 is 51.6 kHz and the uncertainities increased slightly for Fit 

3 as compared to Fit 2.  Fit 3 provides the value of γ(COOH oop), 0.12º ± 2.86º.  No other 

parameters are determined well enough by the experimental data in order to be released, 

and Fit 3 is our final fit for Gly-IIn.  The all-electron cc-pVTZ CCSD(T) constraints 

involved in Fit 3 are listed in Table 4.5.  Because the experimental data do not distinguish 

between the NHD and CHD monodeuterated substitutions, the differences ∆r(NH) = 

r(N3H9) – r(N3H10) and ∆r(CH) = r(C2H7) – r(C2H8) could not be determined from the 

experimental data and therefore have been constrained. 

As can be seen from the results in Table 4.7, deviations between the fitted 

semitheoretical bond lengths of Fit 3 and the all-electron cc-pVTZ CCSD(T) BO
er  bond 

lengths are smaller than (or equal to) 0.005 Å, except for r(O–H), where the deviation is 

0.015 Å.  For the angles, the situation is somewhat more complicated.  The deviations for 

bond angles are all smaller than 0.8º, except for ∆θ(CH2 wag) and ∆θ(NH2 rock), where 

the deviations are substantially larger, 2.4º and 7.6º, respectively.  The torsional and out-

of-plane angles deviate by at most 1.6º and 4º, respectively.  

 

4.5 CONCLUSIONS 

It has been established that while the lowest-energy conformer of neutral glycine, 

Gly-Ip, has a planar equilibrium structure, the second lowest-energy conformer, Gly-IIn, 

has a non-planar equilibrium structure.  A definitive estimate, 20.5 ± 5.0 cm−1, has been 

obtained through the focal-point approach for the barrier to planarity of Gly-IIn.  
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Ulitimate representations of the equilibrium structures of the two lowest-energy 

conformers of free glycine have been obtained.  They are based on all-electron cc-pVTZ 

CCSD(T) structure optimizations, all-electron 6-31G* MP2 vibration-rotation interaction 

constants to correct the experimentally observed rotational constants, and a weighted 

constrained least-squares refinement procedure adjusting selected structural parameters.  

The final fits resulted in rms errors of only 7.8 and 51.6 kHz for Gly-Ip and Gly-IIn, 

respectively.  Clearly, the experimentally observed rotational constants corresponding to a 

planar ground-state structure are compatible with a non-planar equilibrium structure for 

Gly-IIn. 
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Table 4.1. Layout of the focal-point increments of valence energy differences (cm-1) 
between Gly-IIn and Gly-IIp.a,b,c 

Basis E(RHF) δ[MP2] δ[CCSD] δ[CCSD(T)] ∆Ee[CCSD(T)] 

aug-cc-pVDZ  64.12 −55.06 16.29 −9.84 15.51 

aug-cc-pVTZ 61.22 −41.31 14.19 −8.62 25.47 

aug-cc-pVQZ 61.99 −42.42 14.37 [−8.62] [25.32] 

aug-cc-pV5Z 61.84 −44.04 14.78 [−8.62] [23.97] 

CBSc [61.68] [−45.74] [15.22] [−8.62] [22.54] 
a The fixed reference structures employed for all the focal-point computations have 
been optimized at the all-electron cc-pVTZ CCSD(T) level.   
b The symbol δ denotes the increment in the relative energy (∆Ee) with respect to the 
preceding level of theory, as given by the competing higher-order correlation series 
[HF→MP2→CCSD→CCSD(T)]. The higher-order correlation increments listed in 
brackets are taken for the purpose of extrapolation from corresponding entries for 
smaller basis sets, thus yielding the net ∆Ee values also appearing in the brackets. 
c CBS = complete basis set limit. Based on X=(3, 4, 5) aug-cc-pVXZ HF and  X=(4, 
5) aug-cc-pVXZ MP2 and CCSD energy points. See text for extrapolation formulas. 
Additivity was assumed for the CCSD(T) energy increments.  
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Table 4.2. Equilibrium, Be, and effective, B0, rotational constants in MHz for the 
parent isotopologues of Gly-Ip, Gly-IIp, and Gly-IIn. 
Gly-Ip Ae[A0] Be[B0] Ce[C0] 

6-311++G** MP2a 10279.0 3877.0 2908.1 

6-31G* MP2 (AE) 10228.1 
[10149.4] 

3893.5 
[3862.2] 

2912.8 
[2890.5] 

cc-pVTZ CCSD(T)(AE)b 10407.5 
[10328.8]c 

3914.0 
[3882.7]c 

2937.5 
[2915.2]c 

Expt.d [10341.521(89)] [3876.1785(12)] [2912.3509(10)]

Gly-IIp    

6-311++G** MP2a 10175.1 4076.3 3010.9 

6-31G* MP2 (AE) 10119.5 
[10023.7] 

4071.9 
[4049.4] 

3003.7 
[2982.6] 

cc-pVTZ CCSD(T) (AE)b 10255.0 
[10159.2]c 

4097.0 
[4074.5]c 

3028.0 
[3006.9]c 

Gly-IIn    

6-311++G** MP2a 10127.5 4085.3 3024.8 

6-31G* MP2 (AE) 10022.9 
[9957.2] 

4093.3 
[4059.4] 

3031.3 
[2998.9] 

cc-pVTZ  CCSD(T) (AE)b 10182.8 
[10117.1]c 

4112.6 
[4078.7]c 

3045.3 
[3012.9]c 

Expt.d [10129.86(34)] [4071.497(11)] [3007.485(11)] 
a Ref. 7. 
b Zero-point vibrational contributions to the rotational constants were determined  
from 6-31G* MP2(AE) vibration-rotation interaction constants. 
c The cc-pVTZ CCSD(T) A0, B0, and C0 values were determined using cc-pVTZ 
CCSD(T) equilibrium Ae, Be, and Ce rotational constants and the 6-31G* MP2 
vibrational corrections. 
 d Effective ground-state values, Ref. 3. 
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Table 4.3. Theoretical and experimental isotopic shifts of the vibrationally averaged 
rotational constants of isotopologues of Gly-Ip.a 

 Parent 13C(3) 13C(1) C(1)-d2 15N εb 

A0/MHz 10149.4 
[10341.5] 

–0.6 
[–0.6] 

–112.8 
[–114.4] 

–999.2 
[–1023.1] 

–0.1 
[–0.1] 

6.4 

B0/MHz 3862.2 
[3876.2] 

–7.1 
[–7.0] 

–17.0 
[–17.1] 

–77.5 
[–76.9] 

–113.5 
[–113.7] 

0.3 

C0/MHz 2890.5 
[2912.4] 

–4.0 
[–4.0] 

–18.8 
[–18.6] 

–80.2 
[–80.0] 

–64.0 
[–64.7] 

0.3 

a Values obtained at the 6-31G* MP2 (AE) level of theory.  Shifts in the rotational 
constants of the isotopologues are given relative to the absolute values listed for the 
parent.  Measured effective quantities from Ref. 3 are given, for the ease of 
visualization, in brackets.  All theoretical rotational constants include 6-31G* MP2 
(AE) zero-point vibrational corrections (see Table 4.2).  See Figure 4.1 for 
numbering of the atoms.  Points of significant disparity between theory and 
experiment are printed in bold face.  
b Mean absolute difference between theoretical and experimental isotopic shifts. 
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Table 4.5. Structural constraints employed in the final structural fits for Gly-Ip and Gly-
IIn. Units for distances (r) are Å. 

            Gly-Ip Gly-IIn 
1.  r(O–H) = 0.9660 1.  ∆r(CH) =  –0.000189   5.  γ(COOHoop)a = –0.0221° 

2.  θ(COH) = 106.04°       2.  ∆r(NH) = –0.00170   6.  τ(HNCC av)a = 5.43° 

3.  θ(NH2 scissor) = 104.98°    3.  ∆θ(CH2 rock )a = 0.116°   7.   ∆θ(NH2 rock) = 0.00635° 

4.  θ(NH2 wag) = 57.67°     4.   ∆θ(CH2 twist)a = 0.0642°   8.  γ(NH2 wag) = 0.917° 
a ∆θ(CH2 rock) = θ(7,2,3) + θ(7,2,1) – θ(8,2,3) – θ(8,2,1); ∆θ(CH2 twist) = θ(7,2,3) –θ(7,2,1) – 
θ(8,2,3) + θ(8,2,1); γ(COOHoop) = γ(2,1,4,5); τ(HNCC av) = τ(9,3,2,1) + τ(10,3,2,1).  See 
Figure 4.1 for atom numbering.  
 

Table 4.6. Structural parameters of Gly-Ip.a 
 Expt.b cc-pVTZ re(Fit 1)c re(Fit 2)d 
  CCSD(T)  Final 

r(C–N) 1.466 1.446 1.448(4) 1.441(1) 

r(C–C) 1.529 1.511 1.514(2) 1.511(1) 

r(C=O) 1.204 1.204 1.203(1) 1.207(2) 

r(C–O) 1.354 1.349 1.347(4) 1.353(1) 

r(C–H) 1.081 1.088 – 1.091 

r(N–H) 1.001 1.012 – 1.006 

θ(C–C–O) 111.5 111.4 – 111.9(1) 

θ(O–C–O) 123.5 123.1 – 123.2(1) 

θ(C–C–N) 113.0 115.2 – 115.4(1) 

θ(CH2 scissor) – 105.9 – 105.9 

θ(CH2 wag) – 5.1 – 5.4(1) 

rms resid./MHz   0.2157 0.0078 
a Units are Å for distances (r) and degrees for bond angles 
(θ). Standard errors of the weighted least-squares fit are 
given in parentheses. The weights in the fits to the 
experimental rotational constants are set to the reciprocal 
uncertainties.      b Ref. 4. For uncertainties of the 

0
αr parameters determined see the original publication.  

c  Fit 1 releases r(C–N), r(C–C), r(C=O), and r(C–O) only. 
d  Fit 2 imposes all constraints listed in Table 4.5.  
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CHAPTER 5 

 

CONCLUSIONS 
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It was shown how various theoretical methods can be used to study molecular 

structures. The methods include density functional theory and coupled-cluster theory.  

In Chapter 1, density functional theory was used to predict molecular structures of 

the di-arsenic fluorides As2Fn (n=1-8) and their anions. Due to large number of electrons 

and many degrees of freedom for n>2, these systems are inaccessible to highly correlated 

methods such as coupled cluster. The structures obtained for As2Fn (n=1-8) provide a 

very good starting point for possible future experimental studies.  These experimental 

studies are encouraged due to the large electron affinity exhibited by the As2Fn with large 

number of fluorines (n). 

In Chapter 2, the V+(H2O) and ArV+(H2O) complexes were studied with high 

level ab initio methods. Because of the discrepancy between the experimental 

vibrationally averaged (r0) structure and the theoretically predicted equlibrium structure 

(re), coupled cluster methods were necessary to compute highly precise structures. 

Quartic force fields were used to obtain vibrational correction to equilibrium rotational 

constants and, consequently, to evaluate the theoretical vibrationally averaged (r0) 

structure. The theoretically computed θe(H-O-H) angle of 106.8º and 106.4º for  V+(H2O) 

and ArV+(H2O), respectively, increases by 2-3º when vibrational effects are included, 

explaninig partially the previous discrepancy between experiment and theory.  

In Chapter 3, the three lowest lying conformers of glycine were studied. The goal 

was to obtain the most precise re structures possible using high level ab initio data in 

conjunction with experimental rotational constants for various isotopologs. Structural 

refinement fits were performed and extremely precise equilibrium structures were 

obtained for the global minimum Gly-I and the second lowest lying conformer Gly-IIn. 
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At the end I would like to say that it is very important to know beforehand what 

the goal of a theoretical study is and choose the method accordingly. If molecular 

structures are needed with, for example, a few degree accuracy for the bond angles, 

density functional theory is a good choice. If higher precision is needed, coupled-cluster 

methods are appropriate. For cases where a final and definite structure is desired, high-

level ab initio data needs to be combined with highly accurate experimental data to 

achieve the goal. 
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APPENDIX 

SUPPLEMENTARY MATERIAL FOR CHAPTER 3 
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Table S1: CCSD(T)/Wf(TZP) quartic force field of the 5B1 state of ArV+(H2O).a,b 
Sector I c Sector I  Sector II d 

F11 1.28148 F3221 –0.006  F71 0.00790
F21 0.12514 F3222 1.074  F72 –0.00271
F22 8.06499 F3311 –0.077  F73 –0.00093
F31 0.00160 F3321 0.151  F77 0.43263
F32 0.24355 F3322 0.452  F84 –0.16689
F33 0.72155 F3331 –0.038  F88 0.41023
F44 0.11056 F3332 1.075  F95 0.01092
F55 8.12412 F3333 –0.238  F96 0.00820
F65 0.04063 F4411 50.521  F99 0.06988
F66 0.13971 F4421 –9.211   
  F4422 1.952  F711 –0.118
F111 –6.862 F4431 –1.815  F721 0.009
F211 –0.376 F4432 0.372  F722 0.003
F221 –0.013 F4433 –0.067  F731 0.015
F222 –39.283 F4444 3.160  F732 –0.002
F311 0.109 F5511 –0.558  F733 –0.002
F321 0.104 F5521 0.031  F744 0.290
F322 –0.589 F5522 169.412  F755 –0.001
F331 –0.034 F5531 –0.085  F765 –0.004
F332 –0.459 F5532 –0.774  F766 0.007
F333 –0.589 F5533 –0.986  F771 –0.051
F441 1.244 F5544 0.197  F772 0.005
F442 –0.294 F5555 170.859  F773 0.007
F443 –0.009 F6511 0.179  F777 –2.569
F551 0.153 F6521 –0.010  F841 –3.573
F552 –39.316 F6522 –0.098  F842 0.506
F553 0.345 F6531 –0.041  F843 0.196
F651 -0.076 F6532 0.043  F874 –0.454
F652 0.052 F6533 0.021  F881 9.496
F653 –0.025 F6544 –0.039  F882 –1.209
F661 –0.070 F6555 –0.194  F883 –0.525
F662 –0.041 F6611 –0.020  F887 0.506
F663 0.093 F6621 0.097  F951 –0.021
   F6622 –0.146  F952 0.016
F1111 29.938 F6631 –0.004  F953 –0.003
F2111 1.461 F6632 0.000  F961 –0.015
F2211 –0.384 F6633 –0.069  F962 0.004
F2221 –0.224 F6644 0.109  F963 0.008
F2222 167.785 F6655 –0.043  F975 –0.013
F3111 –0.269 F6665 0.038  F976 0.002
F3211 –0.134 F6666 –0.134  F991 –0.083
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Table S1 cont.: CCSD(T)/Wf(TZP) quartic force field of the 5B1 state of ArV+(H2O) 
Sector II Sector II Sector II 

F992 0.010 F8411 –123.942 F9621 –0.003
F993 0.013 F8421 18.461 F9622 –0.013
F997 –0.043 F8422 –4.263 F9631 –0.010
  F8431 6.932 F9632 0.011
F7111 0.386 F8432 –0.950 F9633 –0.007
F7211 –0.044 F8433 –0.060 F9644 –0.423
F7221 –0.007 F8444 –3.460 F9655 0.007
F7222 0.016 F8554 –0.174 F9665 0.005
F7311 –0.044 F8654 0.157 F9666 –0.020
F7321 0.016  F8664 0.318 F9751 –0.012
F7322 0.006  F8741 –24.862 F9752 –0.057
F7331 0.003  F8742 2.308 F9753 0.015
F7332 –0.009  F8743 0.565 F9761 0.118
F7333 0.002  F8774 –2.980 F9762 –0.025
F7441 10.297  F8811 347.116 F9763 –0.009
F7442 –1.469  F8821 –56.194 F9775 0.009
F7443 –0.349  F8822 10.248 F9776 –0.048
F7551 0.009  F8831 –15.360 F9854 –0.095
F7552 0.000  F8832 2.825 F9864 0.510
F7553 –0.002  F8833 0.289 F9885 –0.029
F7651 –0.028  F8844 –1.643 F9886 –0.128
F7652 0.012  F8855 0.266 F9911 0.229
F7661 0.059  F8865 –0.567 F9921 –0.025
F7662 –0.021  F8866 –0.932 F9922 –0.015
F7663 0.005  F8871 38.268 F9931 –0.014
F7711 0.069  F8872 –5.072 F9932 0.017
F7721 0.015  F8873 –0.276 F9933 0.000
F7722 0.008  F8877 5.260 F9944 –0.918
F7731 0.003  F8884 30.092 F9955 –0.011
F7732 0.009  F8888 –150.410 F9965 –0.010
F7733 0.001  F9511 0.057 F9966 –0.026
F7744 2.116  F9521 –0.093 F9971 0.258
F7755 0.018  F9522 0.046 F9972 –0.026
F7765 0.000  F9531 0.028 F9973 –0.040
F7766 –0.013  F9532 0.005 F9977 –0.179
F7771 0.245  F9533 0.008 F9984 1.330
F7772 0.047  F9544 0.080 F9988 –0.642
F7773 –0.021  F9555 –0.005 F9995 –0.011
F7777 10.616  F9611 0.181 F9996 –0.083
    F9999 –0.057

a Sector I comprises only the symmetry-adapted internal coordinates S1-S6 of the text, i.e., 
those coordinates common to both the untagged V+(H2O) and tagged ArV+(H2O) ions. 
b Sector II includes diagonal and off-diagonal blocks involving the symmetry-adapted 
internal coordinates S7-S9 of the text, i.e., the additional modes resulting from argon tagging. 
c Units consistent with energy in aJ, distances in Å, and angles in rad. 
d Anomalous force constants, i.e. force constants differing from the corresponding 
CCSD/Wf(TZP) ArV+(H2O) force constants of the 5A1 electronic state by more than one 
order of magnitude, are italicized.  
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Table S2: Summary of CCSD/Wf(TZP) VPT2 anharmonic vibrational analysis of the 5A1 
states of 40Ar51V+(D2O), 51V+(D2O), and D2O.a 

 i ωi ∆i νi αi
A αi

B αi
C 

40Ar51V+(D2O)        
O-H sym. stretch 1 2743.0 –94.7 2648.3 0.09864 0.0000150 0.0000205 
H2O scissor 2 1232.5 –24.3 1208.3 –0.06801 –0.0000119 0.0000050 
V-O stretch 3 379.4 –11.2 368.2 –0.00295 0.0002513 0.0002737 
Ar-V stretch 4 161.4 –7.4 154.1 0.00088 0.0005051 0.0004928 
H2O wag 5 192.1 76.5 268.6 0.57691 –0.0000843 –0.0001134 
Ar-V-O lin. bend (b1) 6 65.4 10.8 76.2 0.10149 –0.0000543 –0.0001490 
O-H antisym. stretch 7 2851.1 –108.2 2742.9 0.04502 0.0000205 0.0000204 
H2O rock 8 405.6 –3.7 401.9 –0.49165 –0.0000207 –0.0000162 
Ar-V-O lin. bend (b2) 9 83.4 3.2 86.6 0.00999 –0.0000524 0.0000385 
        
51V+(D2O)        
O-H sym. stretch 1 2735.7 –93.7 2642.0 0.09954 0.0000874 0.0002018 
H2O scissor 2 1233.8 –24.0 1209.7 –0.06793 –0.0002624 0.0001039 
V-O stretch 3 390.3 –9.9 380.5 –0.00336 0.0025134 0.0023893 
H2O wag 4 203.2 68.4 271.6 0.60264 –0.0007833 –0.0013685 
O-H antisym. stretch 5 2844.2 –107.6 2736.6 0.04670 0.0002098 0.0002032 
H2O rock 6 411.3 –3.4 407.9 –0.49020 –0.0004444 0.0001828 
        
D2O        
O-H sym. stretch 1 2762.5 –91.8 2670.7 0.20234 0.0942451 0.0666358 
H2O scissor 2 1199.6 –22.9 1176.7 –1.02067 –0.0619885 0.0533747 
O-H antisym. stretch 3 2888.5 –102.8 2785.7 0.49633 0.0286014 0.0500181 

a All values in cm–1.  See footnote a of Table 8 for definitions.
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Table S3: Summary of CCSD/Wf(TZP) VPT2 anharmonic vibrational analysis of the 5A1 
states of 40Ar51V+(H2

18O), 51V+(H2
18O), and H2

18O.a 

 i ωi ∆i νi αi
A αi

B αi
C 

40Ar51V+(H2
18O)        

O-H sym. stretch 1 3796.2 –182.3 3613.9 0.23423 0.0000032 0.0000063 
H2O scissor 2 1670.7 –43.5 1627.2 –0.16830 –0.0000044 0.0000091 
V-O stretch 3 381.0 –11.8 369.2 –0.00569 0.0002593 0.0002601 
Ar-V stretch 4 161.4 –7.4 154.1 0.00177 0.0005232 0.0005143 
H2O wag 5 253.5 121.6 375.1 1.85193 –0.0000081 –0.0000323 
Ar-V-O lin. bend (b1) 6 65.4 21.7 87.1 0.27902 –0.0000591 –0.0001586 
O-H antisym. stretch 7 3872.1 –196.0 3676.1 0.13737 –0.0000001 0.0000005 
H2O rock 8 538.7 –2.8 535.9 –1.50864 –0.0000067 0.0000137 
Ar-V-O lin. bend (b2) 9 86.1 10.1 96.2 0.08878 –0.0000476 0.0000438 
        
51V+(H2

18O)        
O-H sym. Stretch 1 3786.3 –181.4 3604.9 0.23713 –0.0001096 –0.0000313 
H2O scissor 2 1671.9 –43.2 1628.7 –0.16830 –0.0001962 0.0001230 
V-O stretch 3 392.1 –10.3 381.8 –0.00646 0.0027728 0.0027496 
H2O wag 4 262.8 118.7 381.6 1.88025 –0.0000045 –0.0005705 
O-H antisym. stretch 5 3862.3 –195.4 3667.0 0.14156 –0.0001183 –0.0000973 
H2O rock 6 549.4 –3.0 546.4 –1.48095 –0.0001232 0.0003553 
        
H2

18O        
O-H sym. Stretch 1 3823.6 –176.0 3647.6 0.64255 0.2181194 0.1720821 
H2O scissor 2 1632.5 –43.0 1589.5 –2.52778 –0.1504092 0.1390226 
O-H antisym. stretch 3 3926.6 –188.0 3738.6 1.09217 0.0964880 0.1381235 

a All values in cm–1.  See footnote a of Table 8 for definitions. 
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Table S4: Summary of CCSD/Wf(TZP) VPT2 anharmonic vibrational analysis of the 5A1 
states of 40Ar50V+(H2O) and 50V+(H2O).a  

 i ωi ∆i νi αi
A αi

B αi
C 

40Ar50V+(H2O)        
O-H sym. stretch 1 3804.3 –183.0 3621.3 0.23876 0.0000059 0.0000094 
H2O scissor 2 1678.1 –44.0 1634.1 –0.17072 –0.0000061 0.0000086 
V-O stretch 3 396.3 –12.9 383.5 –0.00601 0.0002669 0.0002684 
Ar-V stretch 4 162.9 –7.5 155.4 0.00181 0.0005650 0.0005551 
H2O wag 5 255.4 124.6 380.0 1.83120 –0.0000203 –0.0000465 
Ar-V-O lin. bend (b1) 6 67.0 21.7 88.7 0.28011 –0.0000595 –0.0001659 
O-H antisym. stretch 7 3888.3 –198.0 3690.3 0.13627 0.0000034 0.0000041 
H2O rock 8 542.3 –3.2 539.1 –1.49479 –0.0000100 0.0000118 
Ar-V-O lin. bend (b2) 9 87.9 9.9 97.9 0.07836 –0.0000489 0.0000495 
        
50V+(H2O)        
O-H sym. Stretch 1 3794.3 –182.0 3612.3 0.24162 –0.0000880 0.0000039 
H2O scissor 2 1679.3 –43.6 1635.7 –0.17069 –0.0002407 0.0001278 
V-O stretch 3 408.4 –11.2 397.2 –0.00676 0.0031054 0.0030819 
H2O wag 4 265.3 120.5 385.8 1.86047 –0.0001442 –0.0007892 
O-H antisym. stretch 5 3878.5 –197.3 3681.2 0.14051 –0.0000800 –0.0000581 
H2O rock 6 552.8 –3.3 549.4 –1.46990 –0.0001895 0.0003562 

 
a All values in cm–1.  See footnote a of Table 8 for definitions. 

 

 

Table S5: Summary of CCSD/Wf(TZP) VPT2 anharmonic vibrational analysis of the 5A1 
states of 36Ar51V+(H2O).a 

 i ωi ∆i νi αi
A αi

B αi
C 

36Ar51V+(H2O)        
O-H sym. stretch 1 3804.3 –183.0 3621.3 0.23876 0.0000060 0.0000099 
H2O scissor 2 1678.1 –44.0 1634.1 –0.17072 –0.0000070 0.0000093 
V-O stretch 3 395.2 –12.7 382.5 –0.00600 0.0002842 0.0002857 
Ar-V stretch 4 168.1 –8.0 160.1 0.00187 0.0006067 0.0005958 
H2O wag 5 255.4 124.3 379.7 1.83079 –0.0000217 –0.0000507 
Ar-V-O lin. bend (b1) 6 67.2 21.7 88.9 0.27806 –0.0000598 –0.0001776 
O-H antisym. stretch 7 3888.3 –198.0 3690.3 0.13627 0.0000034 0.0000042 
H2O rock 8 542.2 –3.2 539.0 –1.49486 –0.0000110 0.0000132 
Ar-V-O lin. bend (b2) 9 88.2 9.9 98.1 0.08048 –0.0000537 0.0000549 

a All values in cm–1.  See footnote a of Table 8 for definitions. 
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Table S6: Summary of CCSD(T)/Wf(TZP) VPT2 anharmonic vibrational analysis of the 
5A1 state of V+(H2O) and water.a 

 i ωi ∆i νi αi
A αi

B αi
C 

V+(H2O)        
O-H sym. stretch 1 3762.4 –186.7 3575.7 0.24454 –0.0000901 0.0000043 
H2O scissor 2 1666.2 –45.1 1621.1 –0.16997 –0.0002618 0.0001123 
V-O stretch 3 419.3 –10.6 408.8 –0.00589 0.0029125 0.0028973 
H2O wag 4 232.1 165.3 397.5 1.91563 –0.0001111 –0.0008405 
O-H antisym. stretch 5 3848.9 –201.5 3647.4 0.14289 –0.0000756 –0.0000527 
H2O rock 6 554.1 –0.7 553.3 –1.37430 –0.0002871 0.0002614 
        
H2O        
O-H sym. stretch 1 3799.8 –180.0 3619.9 0.64543 0.2256051 0.1749056 
H2O scissor 2 1629.2 –42.9 1586.3 –2.51660 –0.1549302 0.1416081 
O-H antisym. stretch 3 3912.9 –192.8 3720.1 1.12561 0.0951280 0.1413769 

a Harmonic frequencies (ωi), total anharmonicities (∆i), fundamental frequencies (νi), and 
rovibration interaction constants (αi

A, αi
B, αi

C) for 5A1 state of 51V+(H2
16O) and H2

16O in 
cm-1.  No strong anharmonic resonances required exclusion.   
 


