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ABSTRACT 
 

The interactions between main group elements and d- and f-block metals are important in 

many chemical applications.  Calculated bond dissociation energies (BDE) and heats of 

formation of the Group 3 metal halide dimers (MX, where M = Sc, Y, La and X = F, Cl, Br, I) 

for the X1Σ+ and a3Δ state were used to explain the  chemiluminescent reactions of the Group 3 

metals Sc and Y with F2, Cl2, Br2, ClF, ICl (Sc), IBr (Y) and SF6 and La with F2, SF6, Cl2, and 

ClF and show that the observed spectra are due to metal monohalide emission. The BDE 

calculations were performed using the Feller-Peterson-Dixon (FPD) approach including 

molecular spin-orbit (SO) corrections.  The initial steps in the selective catalytic reduction (SCR) 

of NO by TiO2 supported vanadium oxides and surface adsorbed NH3 were predicted at the 

density functional theory (DFT) level with the B3LYP functional benchmarked at the coupled 

cluster CCSD(T) level.  Different proton transfer pathways which depend on the initial neutral or 

protonated sites coupled with addition of NO lead to formation of a NH2NO surface species and 

reduction of a vanadium and spin transfer to the metal oxide surface.  NH2NO subsequently 

desorbs and decomposes in the gas phase following a series of intramolecular rearrangements 

with barriers comparable to its generation on the surface.  Spectroscopic observation of surface 

adsorbed NH3 and NH4+ in the SCR reaction is supported by vibrational frequency calculations. 

However vanadium bound NH2 is not predicted to be present in significant amounts, consistent 

with experiment.  NO2 may also be present in combustion gas streams with the NO so the 

interactions of NO2 with cluster models of vanadium oxides and supported vanadium oxides 

were studied at the CCSD(T)//B3LYP level.  A qualitative covalent vs, ionic bonding model is
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further developed, and the key factors in the favorability of nitrate formation on vanandium 

oxides are proposed.  Calculations predict that saturating the vanadia with V-O bonds 

strengthens the V=O bond, raises the excitation energy, and precludes NO2 chemisorption so that 

only weak physisorption will occur.  A series of organic ligands is investigated for metal 

selectivity in the separation of actinides (An) from lanthanides (Ln) at the DFT level couples 

with self-consistent reaction field calculations using the COSMO parameters to predict free 

energies in aqueous and organic solvents.  A novel ligand to metal charge transfer in Eu 

complexes is predicted. 
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CHAPTER 1 

INTRODUCTION 

1.1  Background 

 Transition metals are important in many chemical reactions and physical processes that 

occur from life to the solar system and for our use in technological applications and catalysis.  

The availability of the d-orbitals in bonding facilitates electron transfer and redox processes that 

are often key steps in chemical reactions in addition to the conductive behavior of metals in the 

solid state.  Theoretical investigations involving the transition metals can be challenging, 

particularly in consideration of ligand field effects which require a description of electron 

correlation to model accurately.  This work includes the determination of chemically accurate 

heats of formation (within 1 kcal/mol of experiment) of transition metal halides as a benchmark 

of the accuracy that can be attained computationally in these systems. 

 Supported vanadium oxides (SVO’s) have been widely used as catalysts for over 100 

years and can facilitate a variety of reactions, including the oxidation of SO2 to SO3 in sulfuric 

acid synthesis, production of phthalic anhydride from naphthalene and o-xylene, methanol 

oxidation, synthetic vitamin B production, and the reduction of NOx gases.1,2  SVO’s are two-

dimensional (single layer) vanadium oxides deposited on the surface of a solid substrate, 

typically below monolayer coverage.  At monolayer coverage there is a reduction in catalytic 

activity as crystalline V2O5 begins to dominate at the surface.  Materials used as supports in these 

systems have primarily been Al2O3, SiO2, ZrO2, and TiO2.  TiO2 SVO’s are of particular
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importance and comprise the focus of much of this work.  Recently 51V NMR in combination 

with computational work has determined the structures of the surface vanadium oxide species 

present in TiO2 SVO’s, allowing further computational investigation into reactions involving 

these systems.3,4 

One of the most technologically important uses of TiO2 SVO’s is in the selective catalytic 

reduction (SCR) of NO, used since its development in the 1970’s to remove 95-100% of NOx 

present from the combustion of coal and other fossil fuels in power plant emission streams.  NOx 

gases in the atmosphere have been implicated in the formation of smog in urban centers, acid 

rain, and atmospheric hydroxyl radicals that are known to be important contributors to the 

depletion of the ozone layer.5  They have also been shown to facilitate the conversion of SO2 into 

SO42-, a principal component of acid rain.6  The SCR reaction given in reaction (1.1) 

 4NH3 + 4NO + O2 → 4N2 + 6H2O       (1.1) 

has been suggested to occur through multiple steps that include the depletion of the catalyst and 

subsequent regeneration by molecular oxygen, however despite its widespread industrial use the 

exact mechanism remains contentious.  This reaction is activated at temperatures above 250℃, 

so while it is undeniably useful in industrial systems, understanding the mechanism is important 

for expansion of the applications of this catalyst beyond their current scope. 

Computational chemistry is particularly useful in the study of properties that are difficult 

to determine and systems that are difficult to study experimentally.  Predicting the properties of 

transition states and complex reaction pathways is just one example of applications of this 

technology.  Another example featured in this dissertation is the study of the lanthanides (Ln) 

and their radioactive counterparts, the actinides (An).  These heavy elements are distinguished by 

the partial occupation of f-orbitals.  The f-orbitals are deeper within the atom than a typical 
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valence electron and do not often directly participate in bonding and chemical reactivity.  This 

causes the Ln’s and An’s to behave nearly identically in chemical systems, making them very 

difficult to separate from each other.  The fission processes involved in power generation in 

traditional nuclear reactors creates a mixture of products that includes both Ln’s and An’s 

(nuclear waste).  Fast neutron reactors have been developed that can use select components of 

this nuclear waste in the generation of additional energy, but the reactions are inhibited by other 

elements in the mixture.  Separation of Ln’s and An’s has thus become a particularly relevant 

problem to the field of nuclear power, however, it is understandably difficult to study as it 

involves dangerous and protected materials.  Ligands for use in liquid-liquid extraction and 

separation of Ln’s and An’s have been studied computationally in this work as a way of 

identifying those with the highest selectivity before attempting an extraction in a physical 

system.   

1.2  Computational Chemistry 

 The focus of the current work is on predicting the electronic structure of molecules using 

quantum mechanics (QM) where the nuclear and electronic motions are separated based on the 

Born-Oppenheimer approximation due to the difference in masses. QM electronic structure 

calculations enable the study of processes such as bond cleavage, accurate energies of electronic 

states of molecules and electronic excitation. 

 1.2.1  Molecular Orbital theory 

QM electronic structure methods are primarily concerned with solutions to the time 

independent, non-relativistic Schrödinger equation (1.2),7 

 ĤΨ = EΨ          (1.2) 
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in which the energy of the state (E) is obtained as the eigenvalue of the operation of the 

molecular Hamiltonian (Ĥ, equation (1.3)) on the molecular wavefunction Ψ. 

 Ĥ = − ħ
2
�∑ 1

𝑀𝑀𝑖𝑖

𝑁𝑁
i=1 ∇R𝑖𝑖

2 + ∑ 1
𝑚𝑚𝑖𝑖

𝑛𝑛
i=1 ∇r𝑖𝑖

2 � + ∑ ∑ 𝑍𝑍i𝑍𝑍j𝑒𝑒2

�𝑅𝑅i−𝑅𝑅j�
𝑁𝑁
j=1

𝑁𝑁
i=1 −  ∑ ∑ 𝑍𝑍𝑗𝑗

�𝑅𝑅𝑗𝑗−𝑟𝑟i�
 +𝑁𝑁

j=1
𝑛𝑛
i=1

 ∑ ∑ 1
�𝑟𝑟i−𝑟𝑟j�

 n
j>1

n
i=1           (1.3) 

In equation (1.3) Mi, Ri, Zi, and N represent the mass, position, charge and number of nuclei 

respectively, ri and n represent the position and number of electrons, ħ is Planck’s constant 

divided by 2π, or 1.0546×10-34 J‧s, and ∇2 is the Laplace operator; as Ĥ is in atomic units, the 

resulting energy is as well.  The solution to (1.2) using Ĥ as given in (1.3) is in principle exact, 

but the resulting set of coupled integral-differential equations is very difficult to solve exactly 

except for the simplest systems, for example the H atom, He atom, H2 and H2+.8,9  In order to 

approach problems of chemical relevance, equation (1.2) is simplified by the Born-Oppenheimer 

approximation,10 in which the atomic nuclei of the system are assumed to be stationary.  This 

approximation is reasonable because of the relative masses and thus speed of motion of the 

nuclei relative to the electrons.  In the Born-Oppenheimer approximation the ∑ 1
𝑀𝑀𝑖𝑖

𝑁𝑁
i=1 ∇R𝑖𝑖

2  term of 

equation (1.2) is set to 0, and the nuclear repulsion energy (NRE) term ∑ ∑ 𝑍𝑍i𝑍𝑍j𝑒𝑒2

�𝑅𝑅i−𝑅𝑅j�
𝑁𝑁
j=1

𝑁𝑁
i=1  can be 

separated from Ĥ such that the electronic Hamiltonian (Ĥe) is obtained (1.3). 

 Ĥe = −∑ 1
2

𝑛𝑛
i=1 ∇i2 −  ∑ ∑ 𝑍𝑍j

�𝑅𝑅j−𝑟𝑟i�
 +  ∑ ∑ 1

�𝑟𝑟i−𝑟𝑟j�
 n

j>1
n
i=1

N
j=1

𝑛𝑛
i=1    (1.4) 

The NRE is then added as a constant determined by the static nuclear positions (Ri) to the overall 

energy.   
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1.2.2  Hartree-Fock Theory 

The first approach to solving (1.2) is the Hartree-Fock (HF) method.11 It is assumed that 

the wavefunction can be expanded as a set of molecular orbitals. The electrons in these spin-

spatial orbitals must satisfy the Pauli principle, which states that the total wavefunction must 

change sign under the exchange of any two fermions (particles with ½ integer spin, including 

protons, neutrons, and electrons). The Pauli principle is satisfied through the construction of the 

molecular wavefunction (Ψ0) as a Slater determinant made up of one electron spin-orbitals ϕi(j) 

as shown in equation (1.5), 

Ψ0 = 1
𝑁𝑁!
�
𝜙𝜙1(1) … 𝜙𝜙𝑁𝑁(1)
⋮ ⋱ ⋮

𝜙𝜙1(𝑁𝑁) … 𝜙𝜙𝑁𝑁(𝑁𝑁)
�       (1.5) 

where N is the number of electrons in the system.  HF theory then calculates the energy of (1.2) 

using H from (1.4) and ψ from (1.5). The solutions are the molecular orbitals which describe the 

interactions of each electron with the others through an average density or mean-field 

approximation. In the HF approach, a set of coefficients is guessed and then (1.2) is solved and 

an improved set of orbitals is generated. The coefficients are updated until they do not change (a 

self-consistent field (SCF) is reached).  The variational principle states that the resulting solution 

from the optimization (or variation through iteration) of a function toward a global or local 

minimum must be greater than or equal to the exact solution.  This is foundational to HF theory 

and implies that the predicted energy is higher than the true energy of the system. 

 1.2.3  Basis sets 

Molecular orbitals in computational chemistry are generally approximated as linear 

combinations of atomic orbitals (LCAO) as shown in equation (1.6),12  

 ϕi = Σucı̇uχu          (1.6) 
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where the contribution of each atomic orbital (χu) to molecular orbital ϕi is given by the 

coefficient ciu.  The collection of atomic orbital functions χu for the atoms in a system are termed 

a basis set.  There are two principal types of basis sets in use today, Slater13 and Gaussian14 type 

orbitals (STOs and GTOs).  STOs incorporate the spherical harmonic functions Ylm(θ,ϕ) and 

have the general form in spherical and cartesian coordinates shown in equations (1.7) and (1.8) 

respectively, 

 𝜒𝜒𝑛𝑛,𝑙𝑙,𝑚𝑚(𝜁𝜁𝑟𝑟) = 𝑁𝑁𝑟𝑟𝑛𝑛−1𝑒𝑒−𝜁𝜁𝑟𝑟𝑌𝑌𝑙𝑙,𝑚𝑚(𝜃𝜃,𝜙𝜙)       (1.7) 

 𝜒𝜒𝑎𝑎,𝑏𝑏,𝑐𝑐 = 𝑁𝑁𝑥𝑥𝑎𝑎𝑦𝑦𝑏𝑏𝑧𝑧𝑐𝑐𝑒𝑒−𝜁𝜁𝑟𝑟        (1.8) 

where N is the normalization factor, r is the radius from the nucleus, and n, l, m are the quantum 

numbers in spherical coordinates.  The quantum numbers and spherical harmonics are replaced 

in Cartesian coordinates by the exponents a,b, and c.  ζ is the orbital exponent constant that 

controls the size of the orbital.  STOs are able to correctly describe the behavior of electrons at 

large distances as a result of the e-ζr term, however, the calculation of two electron integrals must 

be done numerically and is computationally expensive. STOs are really only used by the 

Amsterdam Density Functional suite of programs.15 GTOs have become the dominant basis sets 

today, and have the form given in equation (1.9), 

 𝜒𝜒𝑎𝑎,𝑏𝑏,𝑐𝑐 = 𝑁𝑁𝑥𝑥𝑎𝑎𝑦𝑦𝑏𝑏𝑧𝑧𝑐𝑐𝑒𝑒−𝜁𝜁𝑟𝑟2        (1.9) 

such that the primary difference is the radial term in the exponent, which takes the form of a 

Gaussian function.  This results in a derivative of zero at the nucleus thereby not satisfying the 

cusp condition, and a faster decay as r → ∞ which causes an underestimate of long range 

behavior.  The deficiencies of GTOs can be easily overcome through the extension of the basis 

set beyond the “minimal basis set,” or the minimum number of atomic orbitals needed to 

describe a given element, by the inclusion of additional gaussian functions as well as by 
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combining many GTOs to describe a single atomic orbital.  GTOs are highly extensible, owing 

partially to the fast and easy calculation of their integrals, both of which are major advantages of 

their use in computation. 

Many extensions of GTO basis sets have been developed to improve descriptions of 

electronic behavior related to properties of chemical interest.  Computationally, the iterative 

solutions to the Schrödinger equation scale exponentially with the number of basis functions, so 

a balance between accuracy and computational cost must be weighed in selection of an 

appropriate basis.  Split-valence basis sets are the most common extension and approach this 

balance through the inclusion of additional basis functions for only the valence orbitals, 

improving descriptions of molecular bonding.  These basis sets are commonly referred to by the 

number of functions for each valence orbital, termed double ζ, triple ζ, etc. in reference to the 

exponential term in equation (1.9).  The next most common extension is the inclusion of 

polarization functions, or basis functions with higher angular momentum that provide additional 

flexibility in the prediction of molecular orbitals, necessary to describe phenomena such as back 

bonding.  Diffuse basis functions, or those with a small ζ exponent are also commonly used, 

particularly in the description of anions, weak interactions, and transition states. 

 Much of the work in this dissertation uses the correlation consistent family of polarized 

split-valence basis sets, denoted cc-pVnZ, where n = D, T, Q, 5,… in reference to the number of 

valence functions.  These were developed initially by Dunning and coworkers16 but have since 

been extended to nearly the entire periodic table.17,18,19,20,21,22,23,24,25,26,27,28,29,30,31  The popularity 

of these basis sets is partially a result of wide availability across the periodic table, and also 

because of their many extensions.  Diffuse functions can be generated for all available basis sets 

by a geometric extension if needed and are denoted aug-cc-pVnZ.  Additional basis functions 
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with ζ values intermediate to those describing core and valence orbitals are also available and are 

required for the calculation of core-valence correlation effects.  Basis sets including this 

extension are denoted cc-pwCVnZ.   

 Elements beyond Kr require additional considerations in the selection of appropriate 

basis sets due to the increasing influence of relativistic effects.  Systems including these elements 

must be solved either using the relativistic one electron Douglas-Kroll-Hess (DKH) 

Hamiltonian32,33,34 along with basis sets that have been recontracted for use with this 

Hamiltonian,35 denoted cc-pVnZ-DK, or through the replacement of inner core electrons and 

orbitals in the basis with an effective core potential (ECP) designed to describe relativistic 

contraction of these core orbitals, denoted cc-pVnZ-PP.  The use of ECPs also reduces the 

computational cost associated with the inclusion of these elements due to the removal of the core 

electrons from the molecular orbital calculation. 

 An exact solution of the Schrödinger equation would require, among other considerations 

discussed in the following section, an expansion of the wavefunction in an infinite basis.  We can 

thus consider this theoretical infinite basis set to be the complete basis set (CBS) limit, and 

understand that there is an inherent error associated with the truncation of the basis set below the 

CBS limit.  Through successive calculations using basis sets of increasing size that smoothly 

converge to the CBS limit, it is possible to extrapolate an approximation of the energy at this 

limit.  A variety of extrapolation formulas have been developed for this purpose.  This technique 

is used often in our group and is one of the reasons that the correlation consistent family of basis 

sets is often used.  Formulas used in this dissertation for 3-point36 and 2-point37 extrapolations 

are given in equations (1.10) and (1.11), 

𝐸𝐸𝑛𝑛 = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐴𝐴𝑒𝑒−(𝑛𝑛−1) + 𝐵𝐵𝑒𝑒−(𝑛𝑛−1)2       (1.10) 
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  𝐸𝐸𝑛𝑛 = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐵𝐵/(𝑛𝑛 + 1
2
)4        (1.11) 

in which ECBS is the energy at the complete basis set limit, n is the level of the basis set where  

n = D, T, Q, etc, En is the energy at that basis set level, and A and B are constants. 

 1.2.4  Post HF methods 

A challenge in the accurate prediction of a many particle wavefunction is the description 

of electron correlation.  HF methods do not capture this and only incorporate a mean-field 

approximation, described above, in which each electron is calculated to sit in an average 

electrostatic field of the other electrons.  HF methods calculate the energetically best single 

determinant wavefunction and typically capture about 99% of the total energy, however the 

remaining 1% is often vital for a quantitative description of chemically interesting systems.  The 

calculation of static and dynamic correlation of electrons in a system requires the calculation of 

additional Slater determinants (Ψi), which can then be used to construct the total wavefunction 

(ΨT) as a linear combination of Slater determinants as shown in equation (1.12),12 

Ψ𝑇𝑇 = 𝑎𝑎0Ψ0 + ∑𝑎𝑎𝑖𝑖Ψ𝑖𝑖          (1.12) 

where Ψ0 represent the HF wavefunction.  There are three main multideterminant methods used 

in the calculation of electron correlation.  These are configuration interaction (CI), many body 

perturbation theory (MBPT)38,39, and coupled cluster methods40,41,42,43.  For the purpose of this 

dissertation, we will focus on coupled cluster methods, however a short overview of MBPT is 

relevant to this topic.  MBPT incorporates a modified Hamiltonian with the general form given 

in equation (1.13) 

 Ĥ = Ĥ0 + λV          (1.13) 

where Ĥ0 is the unperturbed Hamiltonian, V is the perturbation term, and λ is a coupling 

parameter which describes the overall strength of the perturbation, such that λ = 0 yields the 
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unperturbed wavefunction.  Increasing the perturbation to a finite value causes a change in the 

wavefunction and energy, which can be represented in a Taylor expansion in powers of λ. 

In coupled cluster methods, the total wavefunction is calculated as an expansion of the 

reference Slater determinant Ψ0, typically the result of an HF calculation, as shown in equation 

(1.14), 

 Ѱ𝑇𝑇 = 𝑒𝑒𝑇𝑇�Ѱ0          (1.14) 

where 𝑇𝑇�  is an excitation operator related to the one used in CI calculations and has the form 

(1.15), 

 𝑇𝑇� = 𝑇𝑇�1 + 𝑇𝑇�2 + 𝑇𝑇�3 … 𝑇𝑇�𝑛𝑛        (1.15) 

in which 𝑇𝑇�𝑛𝑛 represents the excitation of n electrons into unoccupied molecular orbitals.  Note, the 

number of unoccupied orbitals increases with basis set size because a linear combination of N 

basis functions will produce N molecular spin orbitals, while the number of electrons in the 

system of interest remains the same.  The exponential form of this operator can then be expanded 

in a Taylor series as shown in equation (1.16).   

 𝑒𝑒𝑇𝑇� = 1 +  𝑇𝑇� + 1
2
𝑇𝑇�2 + 1

6
𝑇𝑇�3 + ⋯ =  ∑ 1

𝑘𝑘!
𝑇𝑇�𝑘𝑘∞

𝑘𝑘=0      (1.16) 

Coupled cluster methods are described by the level of excitations included in the calculation, 

such that CCSD includes single and double excitations, CCSDT also includes triple excitations, 

etc.  These methods quickly become prohibitively expensive, with CCSD and CCSDT scaling 

iteratively as N6 and N8 respectively, where N is the number of basis functions.  CCSD(T) is one 

of the most commonly used methods in our group as it provides a balance of accuracy and cost 

through the inclusion of a non-iterative N7 scaling perturbative triples correction step calculated 

by means of a MBPT derived fourth order Møller-Plesset (MP4)44 calculation of the triple 

excitation component, using CCSD amplitudes. 
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1.2.5  Composite methods 

Calculations with high order post-HF methods and large basis sets are so computationally 

expensive that they are impossible for all but the smallest molecules.  This restriction led to the 

development of composite methods such as the Gaussian-n (Gn) methods,45 and the Feller-

Peterson-Dixon (FPD) approach46,47,48,49.  The general idea of composite methods is to perform a 

series of, while not inexpensive, less expensive calculations that each capture some of the energy 

lost in the truncation of the problem in terms of the one-particle space (basis set) and n-particle 

space (correlation treatment).  In the FPD methodology, chemically accurate heats of formation 

are predicted by the calculation of total atomization energy at 0K (TAE or ΣD0,0K), or the energy 

required to break a molecule into individual atoms.  The atomization energy of a molecule is 

calculated at a number of different levels of theory and basis set size and incorporated as 

corrections to the TAE calculated at the CBS limit (ΔECBS).  In the general form given in 

equation (1.17), 

ΣD0,0K = ΔECBS + ΔEZPE + ΔECV + ΔESR + ΔESO     (1.17) 

ΔEZPE represents the zero point energy and is obtained from the calculated vibrational 

frequencies.  ΔECV or the core-valence correction is calculated as the difference in TAE at the 

CCSD(T)/cc-pwCVTZ level when only valence electrons are included in the electron correlation 

treatment vs. when outer core electrons are included in the treatment as well.  ΔESR is the scalar 

relativistic correction and is typically obtained as the difference between the TAE calculated at 

the non-relativistic CCSD(T)/cc-pVTZ level and using the relativistic DKH Hamiltonian at the 

CCSD(T)/cc-pVTZ-DK level.  Finally, ΔESO or the spin-orbit correction is the difference in the 

sum of atomic and the molecular spin-orbit corrections.  In closed shell (S = 0) systems, the 

molecular spin-orbit correction is neglected and ΔESO is taken as the atomic component, where 
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atomic spin orbit corrections are typically taken from experimentally known values where 

available.50,51,52  Once ΣD0,0K is determined, molecular heats of formation can be calculated at 0 

and 298K using the procedure of Curtiss and workers.53 

 1.2.6  Density functional theory 

Density functional theory (DFT)54,55,56 provides an inexpensive alternative to post HF 

methods for the incorporation of electron correlation in the calculation of molecular energies.  

DFT is based on the proof by Hohenberg and Kohn57 that the electron probability density (ρ0) 

commutes with the total energy of the system thereby allowing the energy to be determined from 

the electron density alone, which avoids having to solve for the 3n spatial coordinates and n spin 

coordinates for an n electron system such that the computational cost doesn’t inherently scale 

with the number of electrons in the system.  Although the initial proof did not lay out a method 

for the calculation of the energy of the system using only ρ0, it led to the development of the 

Kohn-Sham formalism,58 where the components of the DFT energy (EDFT) are shown in equation 

(1.18), 

 EDFT[ρ0] = Ts[ρ0] + Vne[ρ0] + J[ρ0] + Exc[ρ0]      (1.18) 

where Ts is the kinetic energy, Vne is the nuclear-electronic attraction, J is the electron-electron 

repulsion and Exc is the exchange-correlation energy.  The variety of available DFT functionals 

differ primarily in the treatment of Exc, the exact form of which is unknown.  Exc is generally 

defined by equation (1.19), 

 𝐸𝐸xc[𝜌𝜌] = (𝑇𝑇[𝜌𝜌] − 𝑇𝑇𝑠𝑠[𝜌𝜌]) + (𝑉𝑉𝑒𝑒𝑒𝑒[𝜌𝜌] − 𝐽𝐽[𝜌𝜌])      (1.19) 

in which T[ρ] and Vee[ρ] represent the kinetic and electron-electron repulsion energies of an 

interacting system requiring the construction of orbitals, similarly to HF methods.  Exc in practice 

is further broken down into exchange (Ex) and correlation (Ec) components.  In the local density 
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approximation (LDA), Exc is only dependent on the electron density of electrons in non-

interacting orbitals.  The density is assumed to be uniform in this approximation, which often 

results in an underestimation of Ex and an overestimation of Ec.  This can be improved upon by 

taking the gradient of the energy into account in the generalize gradient approximation (GGA).  

Several of the commonly used GGA functionals are used in this dissertation, including the PW91 

exchange and correlation functionals,59,60 B (or B88) exchange61 and LYP correlation. 62 

 A further improvement in the accuracy of DFT methods came from the inclusion of the 

MO based HF exchange energy which led to the development of hybrid functionals.  The most 

commonly used hybrid functional, considered by many the workhorse of DFT methods, is 

B3LYP, 63,64 for which Exc is given in equation (1.20). 

𝐸𝐸𝑥𝑥𝑐𝑐𝐶𝐶3𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑎𝑎𝐸𝐸𝑥𝑥𝐻𝐻𝐻𝐻 + (1 − 𝑎𝑎)𝐸𝐸𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑏𝑏∆𝐸𝐸𝑥𝑥𝐶𝐶88 + 𝑐𝑐𝐸𝐸𝑐𝑐𝐿𝐿𝐿𝐿𝐿𝐿 + (1 − 𝑐𝑐)𝐸𝐸𝑐𝑐𝑉𝑉𝑉𝑉𝑁𝑁  (1.14) 

The B3LYP exchange-correlation functional has several components derived from HF MO 

theory, LDA, and GGA.  The exchange term is composed of HF exchange, B88 (GGA)61 and an 

additional LDA correction.  The correlation term is composed of LYP (GGA)62 and VWN 

(LDA).65  The components are fit to 3 parameters derived from known ionization potentials, 

atomization energies, absolute atomic energies and proton affinities.66,67 

1.4  Chapter descriptions 

 Chapter 2 provides a benchmarking study of the accuracy of the computational methods 

used in this work.  It was completed in collaboration with an experimental group interested in the 

development of chemical lasers involving Group 3 transition metal halides.  Molecular heats of 

formation and bond dissociation energies (BDEs) of the ground state and 3Δ state of MX (M=Sc, 

Y, La; X=F, Cl, Br, I) were calculated using the FPD methodology at the CCSD(T) level 

including molecular spin orbit corrections calculated at the CASPT2/CBS level.  BDEs are used 
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in support of explaining the observation of selectively populated excited states of the formed 

within this system. 

 Chapters 3 through 5 focus on the SCR of NO by TiO2 SVO’s and interactions relevant to 

this system.  In chapter 3, the energetics, reaction pathways, and transition states of the initial 

steps of the SCR reaction are predicted at the B3LYP/DZVP2 level, benchmarked by correlated 

molecular orbital theory CCSD(T) calculations.  The SVO surface is predicted to prepare 

NH2NO from surface NH3 and NO which reacts from the gas phase in a Langmuir-Hinshelwood 

type mechanism, leading to partial reduction of the catalyst surface.  Surface prepared NH2NO 

then desorbs and decomposes into N2 and H2O in the gas phase.  The possibility of protonated 

surface vanadium oxide species due to the presence of water is addressed and their available 

reaction pathways are predicted.  Proton affinities of the surface vanadium oxide species are 

reported. 

 Chapter 4 focuses on the comparison of predicted vibrational modes of surface species 

proposed in the SCR reaction with experimentally observed spectra.  Harmonic frequencies are 

predicted based on calculations at the B3LYP/DZVP2 level with appropriate scaling factors.  A 

high intensity N-H stretch is predicted in protonated vanadium oxide systems resulting from 

partial proton transfer between the oxide and NH4+ formed in the adsorption of NH3 which may 

have implications for the relative populations of the observed species.  The presence of surface 

adsorbed NH3 and NH4+ is supported by calculated vibrations.  (V-)NH2 is not predicted to be 

present in significant amounts during the SCR reaction. 

 NO2 is often present in addition to NO in flue gas streams as well as being a side product 

of the SCR reaction.  Chapter 5 investigates the interactions of NO2 and NO with vanadium 

oxide clusters as well as TiO2 SVO’s at the DFT level with benchmark calculations at the 
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CCSD(T) level.  Average M=O/M-O BDE’s were calculated using the total atomization energies 

of VO2 and V2O5.  Qualitative models have been developed to provide a description of the 

driving factors in NO2/NO chemisorption.  Ionization energies (IE), electron affinities (EA) and 

vertical excitation energies (VEE) were calculated in development of the qualitative models. 

 Chapter 6 investigates potential organic ligands for selectivity in separating specific Ln’s 

and An’s (Eu, Gd, Am, Cm) for use in liquid-liquid extraction systems.  Gas phase optimized 

geometries were calculated at the B3LYP/Stuttgart’97ECP/DZVP2 level.  Complexation 

energies of each ligand and metal were predicted in water and butanol by incorporation of 

implicit solvation corrections using a self-consistent reaction (SCRF) approach with the 

conductor-like screening model (COSMO) parameters.  Metal replacement equilibrium constants 

were predicted using ΔΔGsolv values, where ΔΔGsolv is calculated as the difference in ΔGsolv of 

complex formation between any two metals.  A novel ligand to metal charge transfer process for 

Eu was found that provides insights into how to improve the separation of these metals. 
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CHAPTER 2 

OBSERVATION OF SELECTIVELY POPULATED MONOHALIDE EXCITED STATES 
FROM THE REACTIONS OF GROUP 3 METAL (SC,Y, LA) MONOMERS AND DIMERS 

WITH HALOGEN CONTAINING MOLECULES 

Introduction 

The transition metal halides have been of continuing interest in high temperature 

chemistry.1,2,3 The Group 3 halides are relevant to lamp technologies4,5 and as model systems for 

understanding chemical bonding. In addition, the chemiluminescence which has previously been 

observed6,7 in the reactions between Sc and Y atoms and halogen molecules, in several instances 

appears to indicate selective halide excited electronic state formation. However, controversy7,8 

exists as to whether this chemiluminescence is due to electronically excited metal mono or 

dihalide molecules.  

Chemical laser transitions involving electronically excited product states have been 

proposed,8,9,10 especially in view of the proliferation of powerful and efficient chemical lasers 

operating in the infrared and deriving their energy from vibrational excitation in molecular 

products. The development of a visible chemical laser depends upon an understanding of those 

phenomena which produce visible chemiluminescence. The search for a visible chemical laser 

presents a difficult problem as in order to achieve laser action, net gain in the form of a 

population inversion must be stored in the laser cavity. The shorter the lifetime of an excited 

molecular state, the more difficult it is to accumulate the required population inversion density. 

The spontaneous lifetime of a state is proportional to fν-3 where f is the oscillator strength of the 

transition and ν is the mean emission frequency. Because the frequency of visible transitions is at
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least ten times that of infrared, the spontaneous lifetime of the excited species can be at least a 

factor of 103 shorter. One cannot compensate for this by searching for transitions with 

exceedingly small oscillator strengths. The strength of coupling to the laser cavity is proportional 

to f, and the weaker the coupling, the longer the excited states must be held in the cavity to 

extract their energy. Since there is no simple proportionality between lifetime and inversion 

density, one seeks chemical reactions which achieve a middle ground. Selective excited state 

formation of a long-lived Group 3-halide molecule might represent a first step in this process 

relying on the simplest excited molecular product formation. Research in visible 

chemiluminescence for such an application must focus on the search for chemical reactions 

which lead to selective population of excited electronic states in a simple bimolecular process. 

Thus, the formation of the Group 3 metal monohalides is more desirable than metal dihalide 

formation. Furthermore, it is necessary to search for high photon yield reactions in which the 

activation barrier to excited state product molecule formation is equal to or less than that for 

formation in the ground electronic state.  

In the current work, we consider what appear to be highly selective excited state emission 

features formed with negligible activation energy in Sc, Y, and La atom and dimer reactions with 

halogen molecules (F2, Cl2, Br2 (Y), ClF, ICl (Sc), and IBr (Y)) as well as possible metal dimer 

reactions with Cl and Br atoms. We suggest that the observed “selective” population of excited 

states results from direct reaction sequences (reactions (2.1a) to (2.2)) forming the monohalide 

excited states, subsequently followed by the possibility of efficient collisional stabilization of an 

electronically excited diffuse group of high temperature excited state product molecules.   

M (Sc, Y, La) + X2, → MX*+ X       (2.1a) 

M (Sc, Y, La) + XY → MX*+ Y or MY* + X     (2.1b) 
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M2 (Sc2 , Y2) + X2 (X= Cl, Br)→ 2 MX*       (2.2) 

These reactions are potentially followed by MX* + Q(X2, He) collisional stabilization. As part of 

this work, we provide diatomic bond dissociation energies (BDEs) calculated using the Feller-

Peterson-Dixon (FPD)11,12,13,14 approach, in this case based on coupled cluster CCSD(T) 

energies. 

 

Experimental and Computational methods 

Experimental Methods The apparatus used in these studies, a double chambered (oven and 

reaction chamber) system, has been described elsewhere.15 Both oven and reaction chambers can 

be independently monitored. Additional features for quantum yield determinations have been 

added and are discussed in more detail in the following paper.16  

For the reactions of the three metals studied, the following crucibles were used: La and Y 

(tungsten crucible), Sc (Sc2O3 + thorium in a baffled tantalum crucible or the pure metal in a 

tungsten crucible for the temperature dependent studies). The metal being vaporized effuses from 

an orifice which ranges in size up to 1/8ʺ diameter, 1/2ʺ from the top of a capped crucible. The 

crucible is surrounded by a 1ʺ diameter tantalum radiator which is 6 or 7ʺ in length (typical wall 

thickness ̴ 20 mils) and is resistively heated to the desired temperatures, typically 1500 to 2300 K 

for the current studies. The crucible, which is 3 to 3 1/4ʺ in length, is centrally located through 

use of an adjustable support rod. The radiator and crucible are surrounded by extensive heat 

shielding. Because of the high cost of Sc metal, Sc(g) for several of the spectroscopic studies was 

formed by from reaction (2.3) 

2Sc2O3(s) + 3Th(s) → 3ThO2 (s) + 4 Sc(g)      (2.3)  
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which proceeds readily at the typical oven operating conditions outlined above. Optimum 

preparation of the scandium oxide-thorium mixture has been discussed previously.15 We have 

demonstrated that Sc is the only species effusing from the oven and producing the observed 

chemiluminescence. Y (˃ 99.5% purity) and La (˃ 99.8% purity) metal were obtained from Alfa 

Inorganics. 

Using available data,17  the crucible vapor pressures of Sc and Y range from 10-4 to one 

Torr and 10-5 to one Torr respectively over the temperature range of the current experiments and 

the vapor pressure of La ranges from 10-5 to 0.5 Torr. The spectroscopic analysis described in the 

following sections was typically performed at the high temperature limit of the present 

experimental studies; however, several lower pressure runs were made at lower temperatures. 

Typical operating temperatures corresponded to metal beam fluxes on the order of 1013 to 1015 

atoms/cm2-sec. 

The method of temperature measurement has been described previously;15 we note a few 

important features not described in the prior work. Five measurements of the temperature of the 

resistively heated crucible were made. They included a measurement of the temperature at both 

the bottom and top of the crucible and at the front and back of the crucible at a point directly in 

line with the crucible orifice. In addition, we measured the temperature of the crucible at a point 

approximately half of its length (corresponding to a central position in the tantalum radiator). 

These measurements indicated a temperature gradient of no more than 20 K over the region of 

the crucible. During a given run, temperatures were measured at the position of the orifice with a 

calibrated tungsten 5% rhenium – tungsten 26% rhenium thermocouple. In addition, temperature 

measurements were made with a calibrated optical pyrometer at a position directly opposite to 

the crucible orifice. 
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The temperature dependence studies are carried out over a metal vapor pressure range 

such that the mean free path of metallic species in the crucible is at least an order of magnitude 

greater than the dimensions of the crucible from which they escape. Sufficient time is allowed 

for equilibrium to be established. Considering the vaporization surface area and the coefficient of 

vaporization of the material, equilibrium is established in less than ten minutes. After the radiator 

and crucible have equilibrated, measurements are delayed for a period of at least 10 minutes. If 

we consider the area of the inner cross section of our crucible, the area of the crucible orifice for 

a set of typical temperature dependence measurements, and the use of a Clausing factor18 for the 

finite wall thickness of the crucible, the ratio of the equilibrium pressure in the crucible to the 

measured effusion pressure is 1.002. The heats of vaporization for the metals and their 

determination from beam-gas chemiluminescence are described below.  

Fluorine (Air Products Specialty Gases 98% purity), ClF (K and K Laboratories 98%), 

Cl2 (Matheson 99.5%), and SF6 (Matheson 99.99% ) were used. The four oxidant gases were 

allowed to bleed into the reaction chamber through a double micrometer needle valve system. In 

order to ensure that the ClF was not contaminated, we purified this gas by placing an initial 

sample in a glass ballast trap. This trap was placed in liquid nitrogen and evacuated to remove 

possible fluorine contaminants. During an experimental run, the glass ballast was placed in an n-

amyl alcohol slush, to prevent Cl2 contamination.  

For studies involving IBr or Br2 (Matheson ˃ 99.9%) the gas handling system was 

modified so that substances that are liquids or solids at room temperature are introduced as gases 

into the reaction chamber. Samples of the liquid or solid halogens were placed in a stainless steel 

container which was subsequently attached to a needle valve assembly. A succession of pump-

freeze cycles was used to remove volatile impurities. The vapor pressure of Br2 is sufficiently 
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high to permit the production of a gas beam at room temperature. The same would appear to be 

true for IBr, however, it was necessary to heat the sample and needle valve assembly to 325 K to 

increase the vaporization rate.  

No provisions were made to collimate the oxidant as it mapped the metal beam flow. The 

permanent gases were first transferred to a ballast tank which provided gas pressure stability 

during the experiment. Pressures in the reaction chamber were monitored with both a capacitance 

manometer and an ionization gauge approximately 3 cm from and perpendicular to the reaction 

zone. Pressures in the reaction zone ranged from ~ 10-6 to 10-4 Torr. The pressure dependence 

plots were obtained by monitoring the light emission from the reaction zone. Corrections were 

made to include the slight pressure gradient across the reaction chamber.6 The metal beam source 

was situated 6.5 cm from the reaction chamber viewing zone as the vaporized metal beams 

passed through a 0.6 cm diameter orifice separating the oven and reaction chambers. A Varian 

VHS-6 diffusion pump was used to evacuate the reaction chamber and an NHS-6 diffusion pump 

evacuated the oven chamber. This was done, in part, to minimize gas flow into the oven 

chamber. At various times, a transparent flange was installed to view the oven chamber and 

verify negligible oxidant gas flow into this chamber. 

The chemiluminescence was detected with a one meter Spex scanning monochromator 

operated in first order with a Bausch and Lomb 1200 groove/mm grating blazed at 500 nm. 

Either an RCA 1P28 or cooled Centronic S-25 photomultiplier were attached to the exit slits of 

the monochromator. The photomultiplier signal was detected by a Keithley 417 fast picoammeter 

and subsequently recorded. The spectra presented are uncorrected for phototube response. The 

spectra were calibrated for wavelength with a mercury arc lamp. Calibrations were carried out 

simultaneously with several of the experimental runs.   
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Computational Methods Equilibrium bond lengths were optimized using a 7-point polynomial 

with energies calculated at the CCSD(T)19,20,21,22 level in MOLPRO 2020.1.23,24,25  The ωe and 

ωeχe values were obtained from the curves generated by the 7-point fit.26 Starting bond lengths 

were taken from experimental data where available, or from density functional theory (DFT)27 

calculations performed at the B3LYP level,28,29,30 using the aug-cc-pVTZ-PP basis set for Br and 

I including a 10 and 28 electron core effective core potential (ECP), respectively,31 the cc-

pVTZ32 basis set for Sc, the cc-pVTZ-PP33 basis set for Y including a 28 electron core ECP, and 

the Stuttgart RSC Segmented + 28 electron core ECP34,35 for La. The DFT calculations were 

done with Gaussian16.36 The CCSD(T) optimizations of the Sc and La halides were performed 

using the second order Douglas-Kroll-Hess Hamiltonian37,38,39 with aug-cc-pwCVnZ-DK (n= D, 

T, Q, 5) on Sc, F, Cl, and Br,32,40,41,42,43,44,45,46 and cc-pwCVnZ-DK3 (n=D,T,Q) on La.47  ScI 

and LaI were only calculated at the n = T, Q levels as these are the only such basis sets available 

for I.31,44,48  The calculations for the La monohalides were performed at the DK2 and DK3 levels 

and the bond dissociation energies and geometry parameters are identical consistent with prior 

work showing no differences in the methods for these properties.49 Due to the lack of DK basis 

sets for Y,  optimizations of the Y halides were performed using an ECP on Y with the aug-cc-

pwCVnZ-PP50 (n=D, T, Q, 5) basis sets for Y and Br, the aug-cc-pwCVnZ (n = D, T, Q, 5) basis 

sets for F and Cl and the aug-cc-pwCVnZ (n = D, T, Q) basis sets for I.   

Core valence correlation effects were included in all optimization calculations.  The 

frozen orbitals in the DK calculations were: Cl 1s, Sc/Br 1s2s2p, and La/I 1s2s2p3s3p3d.  No 

orbitals were frozen on atoms with pseudopotentials.  Optimized CCSD(T) energies were 

extrapolated to the complete basis set (CBS) limit using a mixed Gaussian/exponential equation 

(equation (2.4))51  
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𝐸𝐸𝑛𝑛 = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐴𝐴 exp[−(𝑛𝑛 − 1)] + 𝐵𝐵 exp [−(𝑛𝑛 − 1)2]     (2.4) 

in the case of 3 point extrapolations (n = D, T, Q), or in the case of 2 point extrapolations (n = Q, 

5 or n = T, Q) by means of equation (2.5).52 

𝐸𝐸𝑛𝑛 = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐵𝐵/(𝑛𝑛 + 1
2
)4         (2.5) 

Bond dissociation energies (BDEs) and heats of formation at 0 and 298K were obtained 

following the Feller-Peterson-Dixon approach.11,12,13,14,53  BDEs were calculated using equation 

(2.6). 

𝐷𝐷0 = Δ𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + Δ𝐸𝐸𝐶𝐶𝑆𝑆 + Δ𝐸𝐸𝐶𝐶𝑆𝑆 + Δ𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍      (2.6) 

The contribution ΔECBS, or the BDE at the CBS limit, accounts for correlation of the valence and 

outer core electrons, and for ScX and LaX (X = F, Cl, Br, I) accounts as well for scalar 

relativistic corrections (ΔESR).  The ΔESR contribution in YX molecules was obtained by single 

point CCSD(T)/aug-cc-pwCVTZ-DK calculations at the CBS extrapolated equilibrium bond 

length.  Zero-point energies (ΔEZPE) were calculated as 0.5ωe – 0.25ωeχe, where ωe was taken 

from the CBS extrapolated values and ωeχe was calculated at the CCSD(T) level with the 

appropriate quadruple-ζ basis set.   

Spin orbit coupling corrections (ΔESO) for the atoms were taken from experiment.54,55,56 

Molecular spin orbit corrections were obtained as follows. State-averaged complete active space 

self-consistent field (CASSCF)57,58 calculations were performed to represent the lowest spin-

free, ΛS, states, using the third-order Douglas-Kroll-Hess Hamiltonian with aug-cc-pVnZ-DK 

basis sets40,41 for the halides and the cc-pVnZ-DK basis sets for the metals for n = D, T, Q. These 

basis sets are noted as an-DK. These calculations were carried out in the highest Abelian point 

group available, C2v, for the MX. The expectation values of Lz2, which ensure that both 

degenerate components of each Λ state were correctly accounted for, were calculated.  
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The relevant spin-free states (denoted ΛS) that might contribute to the final relativistic 

|Ω| states of interest must be determined. To predict the relevant low-lying states, one can start 

with the lowest atomic asymptotes and investigate the molecular states that arise from coupling 

these. For the MX, an ionic model was initially adopted; the X- anion is treated as closed shell in 

these couplings, so that M+ determine the resulting molecular states leading to singlets and 

triplets. Thus, the CASSCF calculations were done with 2 electrons in 9 orbitals (metal valence 

s, p, d).59  

Post-CASSCF calculations using the same active spaces as the preceding CASSCF 

calculations were carried out via second-order perturbation theory (CASPT2).60,61 Multiple states 

are calculated using a Fock operator constructed from a state averaged density matrix and the 

zeroth-order Hamiltonians for all states. The frozen-core definition in the CASPT2 included all 

but the s and d outermost orbitals of M and the valence orbitals of X. The smallest possible IPEA 

shift62 was used, a value of 0.28 for all states. 

The state interacting method for the treatment of SO coupling,63 implemented in 

MOLPRO, SO-CASPT2, was used to calculate the molecular Ω states. The spin–orbit 

eigenstates are obtained by diagonalizing Hel + HSO based on Hel eigenstates. For the Sc and Y 

monohalides, 46 eigenstates were included and for the La monohalides, 47 eigenstates were 

included. The matrix elements of HSO were constructed using the Breit-Pauli spin-orbit operator. 

Here, the spin–orbit matrix elements have been calculated throughout at the CASSCF level of 

the theory, whereas the diagonal terms of Hel + HSO have been replaced with CASPT2 energies. 

The latter energies for the 2 components of each molecular state with Λ ≠ 0 were manually 

averaged when needed to ensure exact degeneracies.  After diagonalization of Hel + HSO, the 

values of Ω for each molecule were assigned by converting from a Cartesian eigenfunction basis 
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to a spherical basis, and then adding the projection of the spin angular momentum S on the 

diatomic axis, Σ, to Λ to obtain Ω. These calculations were performed using the an-DK basis set 

at the corresponding optimized awn-DK bond distances, for n = D, T, Q. The excited singlet and 

triplet states of the monohalides were calculated using this approach as well.  

Heats of formation at 0K were calculated from the D0 values obtained as described above 

and the heats of formation of the atoms.  Thermal corrections to 298K were calculated by the 

normal statistical mechanical expression,64 and heats of formation at 298K were calculated 

following the procedures of Curtiss et al.65 

All calculations were carried out on local computers at The University of Alabama. 

 

Results and Discussion 

Computational Results 

The calculated geometry parameters, vibrational frequencies and bond dissociation 

energies are given in Table 2.1 with the components for calculating the BDEs in Supporting 

Information. The calculated bond distances and harmonic vibrational frequencies are in good 

agreement with the available experimental data66,67,68,69,70,71,72,73,74 and prior computational 

studies.5975,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92 Our calculated bond lengths are within < 1 pm 

of the experimental values, and the calculated ωe values are within 5 cm-1 of 

experiment.66,70,68,69,96 Additional high level CCSD(T) and multireference configuration 

interaction (MRCI) calculations of the ωe for ScCl,84 ScBr,86 and LaCl89 are consistent with our 

results.  

X 1Ʃ+  ̶  a 3∆ separation The ground state of the Group 3 MX molecules is the 1Σ+ and the 3Δ lies 

higher in energy. The 1Σ+-3Δ splitting is given in Table 2.2. The calculations are at the FPD 



26 
 

CCSD(T)CBS level, the CASPT2 level, and at the FPD+SO level where the SO correction is 

taken from the CASPT2-SO calculations. Except for ScI, the FPD calculations predict that the 

ground state is the 1Σ+. For ScI, the 3Δ state is predicted to lie lower than the 1Σ+ state by only 36 

cm-1 at the FPD CCSD(T) level without spin orbit. At the CASPT2-SO level, the 1Σ+ state is 

predicted to be the ground state by 210 cm-1 so the CASPT2 method places the singlet lower than 

the triplet in contrast to the CCSD(T) calculation. Note that the energy differences between the 

two methods is 0.5 kcal/mol. The application of spin-orbit corrections to the FPD singlet-triplet 

splitting increases the stability of the 3Δ state to 97 cm-1. The singlet-triplet splittings for the ScX 

are known from experiment74,93,94, 95 and ScI has been shown to have a 1Σ+ ground state. The 

calculated singlet-triplet splittings are within 500 cm-1 (<1.5 kcal/mol) of the available 

experimental values and are predicted to be lower than the experimental values. This suggests 

that the calculated singlet-triplet splittings are good to better than 500 cm-1 and that all of the 

monohalides have singlet ground states. The singlet-triplet splittings decrease with the atomic 

number of X and have an interesting dependence on M. They are large for YX, >5000 cm-1, and 

are smaller and of similar size for Sc and La. The spin-orbit correction to the triplet state is 

largest for M = La and smallest for M = Sc. The ESO values are all small for the singlet molecules 

and will not affect the BDE. Thus, we use the BDEs for the singlet states in the following 

discussion. 

Bond Dissociation Energies (BDEs) In general, the calculated BDEs are within the error limits 

of the values from Luo’s compilation96 except for ScCl where the quoted experimental value is 

clearly too low, and ScBr where the quoted value is too high. Good agreement is found with the 

determined mass spectrometric BDEs for ScF,67,71 YF, 67 and LaF, 67 No error bars were assigned 
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for the experimental values for LaX except for X = F.96,97,98 Only the value for LaI does not 

agree with the calculated value.  

Langhoff et al.75 performed coupled pair functional (CPF) calculations with triple-ζ basis 

sets on the halogens and Sc and a triple-ζ-ECP basis set for Y to predict D0 for ScX and YX with 

X = F, Cl, Br.  Their calculated values are consistent with our FPD values considering the size of 

the basis set used in their calculations. Similar CCSD(T) calculations to ours on ScF predicted a 

De within 1 kcal/mol of our value.88 They showed that CCSDT calculations with a cc-pwCVnZ-

DK on Sc and the aug-cc-pVnZ-DK on F changed the De by only 0.2 kcal/mol.88 These authors 

assigned a value of 142.0 kcal/mol for the CCSDT/CBS De but did not explain how they arrived 

at this value. 

 In order to evaluate the chemiluminescent emissions observed for the Group 3 – halogen 

reactions which we have studied, reaction energetics must be accurately obtained from 

independent sources. The known oxidant bond dissociation energies (BDEs) are given in the 

Supporting Information.96,99,100,101,102,103 Calculated metal reactant + halogen containing 

molecule reaction energies are given in Table 2.3. and the maximum energetically accessible 

excitation wavelength, λmax, for each possible process are given in the Supporting Information.  

The metal beam source is dominated by metal atoms but also contains metal dimers. The 

M2  BDEs have been established at various levels of accuracy. The BDE for La2 is reasonably 

well-established at 59 kcal/mol,96,104,105 in part due to the fact that the 6s25d1 → 6s15d2 transition, 

enables better overlap of the La 6s orbital with the ligand and stronger bonding, is on the order of 

2700 cm-1. 106  However, the BDEs for Y2 and Sc2 are not as well-established with much larger 

atomic separations (~ 11,000 cm-1) corresponding to the analogs of the above transition for La.  

For Y2, the mass spectroscopic BDE is 37.3 ± 5 kcal/mol. A CASSCF multi-reference 
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configuration interaction study predicts a value of 60.0 kcal/mol for the 5Σu- state relative to the 

Y(5s24d1) plus Y(5s14d2) asymptote. 107,108 Use of the atomic splitting106 of 10,937 cm-1 for the 

difference in the ground and excited state of Y gives a BDE for Y2 of 31.3 kcal/mol, which is 

consistent with the experimental mass spectrometric value. Fang et al., using Ar matrix 

spectroscopy, estimate a value of 81 ± 12 kcal/mol to the Y(5s24d1) + Y(5s14d2) asymptote 

which when corrected by the atomic splitting gives 50 ± 12 kcal/mol; however, this value is 

clearly too high.109 For Sc2, the mass spectrometric value is 25.9 ± 5 kcal/mol. It has been 

suggested that this value could be as high as 38.0 ± 2.3 kcal/mol;66,110 however, this value seems  

too high and the same as the BDE value for Y2. A number of computational studies of  Sc2 

suggest a smaller BDE of order 15 kcal/mol with respect to ground state atoms at the multi-

reference configuration CASSCF level with single and double replacements.110 This updates an 

earlier such study by Walsh and Bauschlicher who found a similar value.111 Matxain et al. using 

the quantum diffusion Monte Carlo approach, predict that the ground state is 3Σu with the 5Σu 

excited state, less than 0.2 eV higher in energy, and possibly the ground state112,113. They predict 

a BDE of 1.1 eV (25 kcal/mol for the 3Σu state and 0.93 eV (21.4 kcal/mol) for the 5Σu excited 

state; both values are consistent with the original mass spectrometric value of 25.9 kcal/mol, but 

these authors do not cite the atomic asymptotes for their De calculation. As the mass 

spectrometric values serve as an internally consistent set and there are computations which serve 

as lower bounds for both Sc2 and La2, we use the mass spectrometric values for the dissociation 

energies of the metal dimers. The metal dimer + halogen atom reaction energies and the 

associated maximum λ, halogen molecule reaction energies and their associated maximum λ, and 

the metal monomer and dimer + SF6 reaction energies and their associated maximum λ are given 
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in the SI. Note that there is an error bar of at least ± 5 kcal/mol for the reactions involving the 

metal dimers. 

 

Chemiluminescent and Laser Induced Fluorescent Spectra  

We consider the chemiluminescent emission characterizing sixteen reactions of the 

Group 3 metals Sc, Y, and La and their dimers with F2, ClF, and Cl2 as well as SF6; Sc with Br2 

and ICl; Y with Br2 and IBr; and Sc2 and Y2 with Cl and Br atoms. The available spectroscopic 

data from experiment66,68,72,74,93,94,95,114,115,116,117,118,119,120,121,122,123,124,125, 126,127,128,129,130, 

131,132,133,134,135, 136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155,156 and 

calculations75,77,78,79,80,59,82,83, 84,85,86,87,89,90,91,92,157,158,159,160,161 are given in Tables 2.4 to 2.6. 

Sc + F2, Sc2 + ClF, SF6 Figure 2.1 displays ‘selective’ excited state emission resulting from Sc 

atom reactions with F2 and Sc2 reactions with SF6. Figure 2.2 displays ‘selective’ excited state 

emission resulting from Sc2 dimer reactions with ClF. It is apparent that the emission intensity in 

the region 340 to 380 nm considerably exceeds that from other accessible spectral regions. There 

are several known excited electronic states of ScF lying lower in energy than the ~ 345 nm 

system.150,153,162 The ‘selective’ emission feature does not originate in an excited state that was 

previously observed even though such a state was energetically accessible in previous 

experiments with a range of excitations (arc, spark, high pressure flame techniques, and laser 

induced fluorescence)74,151,153,162 applied to the ScF system as excited electronic states at energies 

considerably in excess of the ‘selective’ emission feature have been observed. The ‘selective’ 

emission feature for the Sc + F2 and Sc2 + SF6 reactions must emanate from an excited state of 

ScF. This is the only possible metal halide which can be formed from these reactants under the 

conditions of the experiments. The ~ 345 nm system, as it is accessed by a chemical reaction, has 
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not been accessed using previous excitation techniques. The emission features observed for ScF 

in the present study are found to be first order in oxidant under our experimental conditions 

counter to that surmised by Brayman et al.7   

The differences in the oxidant BDEs between the three fluorinating agents are substantial 

ranging from BDE(F2) = 37 kcal/mol to 60 kcal/mol for BDE(ClF) and 105 kcal/mol for SF6.96, 

The SF6 reaction, which is discussed in more detail below, is ~ 67 kcal/mole less exothermic 

than the F2 reaction. Combining the oxidant BDEs with the calculated ScF BDE of 143 kcal/mol, 

we conclude that, for Sc + F2 and, possibly for Sc + ClF → ScF* + Cl,66 the selectively formed 

excited state emits primarily to the 1Σ+ electronic ground state of ScF. The Sc + F2 reaction is 

energetically capable of exciting states whose electronic excitation is as much as 4.6 eV (267 

nm) above the ground state. However, we find that this reaction produces relatively weak 

emission at wavelengths shorter than 300 nm (Figure 2.3), suggesting that formation of ScF 

molecules in the excited state corresponding to the 345 nm system is selectively favored if it is 

energetically accessible as demonstrated in Figure 2.3. 

It is clear that the reaction of Sc atom with SF6 cannot produce the emitting feature at 345 

nm given the strong S-F bonds in SF6. Using the best computational102 and experimental103 

BDEs for SF6, we predict respective reaction energies of -37.9 (754 nm) and -43.4 (658 nm) 

kcal/mol for Sc + SF6. The emission from the reaction with SF6 is much weaker than that from 

the reaction with F2 (factor of 28) which suggests an alternative explanation. Scandium dimer, 

Sc2, can be present in the Sc beam. The reaction of Sc2 with SF6 (reaction (2.7)) is exothermic by 

-155 kcal/mol, so it is the only possible reaction that can yield ScF emission near 350 nm. 

Sc2 + SF6 → ScF* + ScF + SF4       (2.7) 
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The exothermicity of reaction (2.7) is sufficient to excite one of the ScF product molecules (and 

possibly the second ScF molecule). This reaction is substantially more exothermic than the 

reaction of Sc with F2. 

A more expanded view of the ‘selective’ features at higher resolution (0.015 nm) is 

displayed in Figure 2.4. It is apparent that the chemiluminescence from the Sc + F2 system and 

the much weaker signal from the Sc2 + SF6 system are similar. Closer inspection reveals that the 

Sc + F2 and Sc2 + SF6 distributions are shifted from each other although not to the extent of the 

La + F2 and SF6 systems discussed below. The observed chemiluminescence from the Sc + ClF 

reaction is notably weaker than that for Sc + F2 and the product intensity distribution which 

results differs strikingly as it shows a shift to longer wavelength. This may be a result of the 

difference in the ClF  and F2 reaction exothermicities. However, excited state ScCl cannot be 

produced from the reaction Sc + ClF → ScCl* + F with only 44 kcal/mol of available energy 

(λmax= 650 nm). The energy balance and the observed oxidant pressure dependence as a function 

of wavelength suggest that the emission results in part from ScF at wavelengths shorter than 355 

nm and a dominant contribution from ScCl at longer wavelengths, peaking at 362 nm. 

A possible source of the emission from ScCl is the four-center process, reaction (2.8), for 

the mixed halogen (XZ) counterpart of reaction (2.2) where X is the more electronegative 

halogen atom. Such a process has been observed for alkali dimer reactions163  

M2 + XZ→ MX + MZ*        (2.8) 

where the more electronegative halogen forms the ground state metal halide, and the remaining 

halogen atom combines with the alkali atom to result in chemiluminescence from the excited 

state. For the ClF reaction, reaction (2.8a) is exothermic by -160 kcal/mol which is sufficient to 

excite either ScF or ScCl and nearly sufficient to potentially excite both.      
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Sc2 + ClF → ScF + ScCl*        (2.8a) 

The chemiluminescence spectra for the Sc + F2 and Sc + SF6 reactions (Figures 2.1 and 

2.4) demonstrate emission spectra which must correspond to ScF (Figure 2.4) and display a 

double peaking for both the Sc + F2 and Sc + SF6 reactions (see also YCl emission features in the 

subsequent discussion). This structure can be correlated with the 735.6 cm-1 vibrational 

frequency66 for the ScF ground X 1Σ+ state.66 In the observed spectra, we can   assign “(0,0)” and 

(0,1) sequence regions. Transitions terminating in the a3∆1 state located at 1953.8(8) cm-1 or the 

a3∆2 state at 2011.7(4) cm-1 are not apparent.74 Previous high level SO-CCSDT/CBS 

calculations88 and our current results are consistent with these energies.  

The potential energy curves for the singlet and triplet excited states for MF and MCl for 

M = Sc, Y, and La at the SO-CASPT2/aug-cc-pwCVQZ-DK level are given in the Supporting 

Information. For ScF, there are three excited singlets states each with a significant transition 

dipole moment in the range of 348 to 367 nm which are consistent with the observed selective 

emission. Two of these states have the two electrons in the 3d and 4p orbitals and the highest 

energy state has the electrons in the 4s and 3d. These transitions involve the excited 1Π1 and 1Σ+0 

emitting to the 1Σ+0 ground state which for ScF and ScCl has a 4s2 occupancy with a small 

amount of 3d character. The ground state of Sc+ is the 3d14s1 state with the 4s2 state 11,736 cm-1 

higher in energy so the ground states of ScF and ScCl do not directly correlate with the ground 

state of the atom.106 

Sc + Cl2, ICl, Br2 In Figures 2.5 and 2.6, we display spectra for the scandium-chlorine and 

scandium-ICl systems. These spectra demonstrate several important characteristics of the Group 

3 halide systems. The Sc + Cl2 reaction is not sufficiently exothermic to populate the observed 

355 nm system. Again, we note that the reacting Sc beam, while dominated by Sc atoms, also 
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contains small concentrations of Sc2. Furthermore, halogen atoms are produced in the dominant 

metal atom reactions. The reactions of Sc2 with halogen molecules and atoms can contribute to 

and even dominate the observed chemiluminescence especially when the metal atom-halogen 

molecule reactions are not sufficiently exothermic to produce the observed excited state 

emission. We suggest that the Sc2 + Cl2 → 2 ScCl  reaction contributes significantly to the 

observed ‘selective’ emission feature extending from 330 to 380 nm (Figure 2.5). A four center 

reaction can account for the enhanced ScCl emission at wavelengths shorter than 365 nm. The 

observed 330-380 nm emission might be ascribed to the known E1Ʃ+ - X1Ʃ+ transition. This 

assignment, however, requires the skewing of sequential emission features to high v′ levels. 

Alternatively, in analogy the ScF emission features (Fig. 2.4), it is possible that the observed 

emission feature for ScCl* corresponds to a higher lying electronic state which has not preciously 

been observed. 

In Figure 2.5, we illustrate not only the low pressure chemiluminescence spectrum but 

also the observed spectrum when the system pressure is raised from the 10-5 Torr range to a 

pressure of order 5 x 10-3 Torr. The virtually continuous features in the low-pressure spectrum 

begin to show sequential structure which likely results from the onset of rotational relaxation. 

We find that the ‘selective’ emission feature is quenched but shows considerably more structure. 

In addition, we observe a new excited state emission feature extending from 380 to 430 nm 

which corresponds to a transition involving more closely matched excited state-ground state 

vibrational frequencies than that of the ‘selective’ emission feature and a tighter sequence 

structure consistent with the ScCl E-X transition. This emission appears to result from collision 

induced transfer among the excited electronic states of ScCl, suggesting a highly efficient 

electronic to electronic (E→E) energy transfer process. We suggest that the efficiency of this 
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process is due to the diffuse electron density characteristic of the excited states of high 

temperature molecules.164,165 Their nature not only facilitates efficient collision induced 

relaxation among excited state manifolds but also rapid E→E transfer among excited states as 

well as rapid ground state-excited state vibrational to electronic (V→E) energy transfer. The 

efficiency of these energy transfers has been demonstrated to be well in excess of gas 

kinetic.166,167 Collision induced interaction of these systems corresponds to the result of a mild 

perturbation of high cross sections. 

In Figure 2.6, we show the chemiluminescent emission for the reaction of Sc with ICl. 

We have observed that the emission from the scandium + I2 system corresponds to a broad 

virtually continuous feature extending from 526 nm to 357 nm consistent with the progression of 

similar emission features resulting from the scandium plus Cl2 and Br2 systems and, to a much 

lesser extent, to that for the Sc + ClF system. By stark contrast, the Sc + ICl system demonstrates 

a dominant emission extending from ~ 400 nm to 385 nm centered at 392.1 nm, and a notably 

weaker feature (~ 411.5 nm) at longer wavelength. These features might be associated with the 

formation of ScCl and ScI excited states with a strong dominance of ScCl over ScI.  However, 

the Sc + ICl reaction is not sufficiently exothermic to populate the observed excited states of 

ScCl or ScI.  The emission is most likely due to the four center Sc2 + ICl reaction.  

It is possible to correlate the spectra presented in Figures 2.5 and 2.6. The collisionally 

modified spectrum for the Sc2 + Cl2 correlates precisely with the dominant feature resulting from 

the Sc2 + ICl system. This provides strong support for the assignment of the dominant emission 

from the Sc2 + ICl reaction to ScCl*. 

The emission features characterizing the scandium-bromine system are similar to those 

for the Sc2 + Cl2 system. However, the calculated BDE for the ScBr bond dissociation energy is 
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88 kcal/mole (3.82 eV.). Neither the Sc + Br2 nor the Sc2 + Br reactions are sufficiently 

exothermic to populate a dominant 360 nm system which extends from 340 to 395 nm. However, 

the four-center process, reaction (2.8b), is of order 4.27 eV exothermic which is sufficiently 

energetic to 

Sc2 + Br2 → 2ScBr         (2.8b) 

produce the observed emission. Some evidence for a collision induced transfer similar to that in 

ScCl (Figure 2.5) is observed at notably lower oxidant pressures. It is suggested that this results 

from the increased density of states in ScBr vs. ScCl, which promotes a more efficient ‘faster 

than first order’ pressure dependence as outlined in the following discussion.  

The observations in both the scandium-chlorine and scandium-bromine systems highlight 

the propensity of the Group 3 + halogen reactions to target product formation in the 340 to 370 

nm region selectively as long as this region is energetically accessible.16 The potential energy 

curves for ScCl in the Supporting Information show that there are three excited singlet 1Π1 and 

1Σ+0 states with significant transition dipole moments in the spectral region of interest from of 

354 to 359 nm with electron occupancies with two electrons in the 3d and 4p orbitals or two 

electrons in the 3d orbitals.  

Y + F2, SF6, Cl2, ClF, Br2 We again observe selectivity in the emission which results from the Y 

+ F2 reaction. The observed spectrum depicted in Figure 2.7 differs significantly from that 

obtained previously,7 while also displaying a dominant feature peaking at 380 nm. By 

comparison, the Y + SF6 system shows only a weak spectrum centered at 380 nm. Not 

surprisingly, the spectrum for the Y + F2 reaction is complex as the Sc and Y monohalides 

possess a plethora of excited electronic states lying below 30,000 cm-1 (~333 nm). The 

monohalides, in particular YF, appear to be well represented by ligand field models. In fact, 
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Kaledin et al.152 have carried out a study of the ground state and several excited singlet and 

triplet states of Y+F-, suggesting that the YF transitions follow Hund’s case (c). The Sc (6.56149 

± 0.00006 eV) and Y (6.21726 ± 0.00010 eV) ionization energies (compared, for example, to the 

Group IIA metals (Ca (6.11315547 ± 0.00000025 eV) to Ba (5.2116646 ± 0.0000012 eV)) and 

the significant electron affinities of the halogen molecules (F2 (3.005 ± 0.071)168, Cl2 

(2.33004),169 Br2 (2.42002),169 and I2 (2.5240 ± 0.0050)170) suggest that the M+ X2 reactions to 

form the monohalides follow an electron jump mechanism. For Sc + F2, the electron jump occurs 

at ~ 4.1 Å and for Y + F2, the electron jump occurs at ~ 4.5 Å.  

Initial rotationally analyzed electronic transitions of YF by Shenyavskaya and coworkers 

(B1П-X1Σ+, C1Σ+-X1Σ+, D1П-X1Σ+, E1П-X1Σ+, F1Σ-X1Σ+, and G1П-X1Σ+ transitions)72,73,74 and 

the data from Kaledin et al.152  (their Table 2.4) suggests a possible assignment for the observed 

YF “selective” chemiluminescence emission feature (Figure 2.7). A case can be made to 

associate the observed emission with the F 1Σ+ 4d5p state (27980 cm-1) of YF.  Based on the 

spectroscopic constants given by Kaledin et al.,152 emission to the ground X 1Σ+ state is 

consistent with strongly overlapping sequence structure ((v´ ≈ 0 ̶ 5) → (v´´ ≈ 0 ̶ 5)) with (v′- v″ ) 

= (-2,-3,-4) dominating. However, the Y + F2 reaction is the most exothermic reaction we have 

studied. The emission is, therefore, difficult to resolve due to the contribution from several 

excited vibrational levels. The assignment of the emission to the F1Ʃ+ - X1Ʃ+ transition requires 

the skewing of the sequential short wavelength emission to high v′ levels. However, in analogy 

to ScF, it is possible that the observed emission feature corresponds to a higher lying electronic 

state which has not preciously been observed. The situation is distinctly different for the much 

less exothermic Y + Cl2 system. 
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The potential energy curves for YF in the Supporting Information show that there is an excited 

1Π1 and a 1Σ+0 state with significant transition dipole moments in the spectral region of interest. 

The 1Π1 state involves a 5s and a 4d electron and the 1Σ+0 state involves two 4d electrons. The 

ground state for YF and YCl are predominantly 5s2 with some 4d so that the Y does correlate 

with the 5s2 ground state of Y+.106 

The Y beam + Cl2 (Figures 2.8 and 2.9), Y beam + Br2 (Figure 2.10), and Y beam + IBr 

reactions appear to be slightly more selective than Y + F2; however, this apparent increase in 

selectivity may be due in large part to the difference in reaction exoergicities. Brayman et al.7 

argued from limited bond energy data and their calculations, that the Y + Cl2 and Y + Br2 

reactions were not sufficiently exothermic to populate the excited states corresponding to the 

selective emission features. The YCl and YBr bond energies calculated in the current work can 

be used to provide insight into the processes producing these halides. Based on the calculated 

BDEs, the Y + Cl2 → YCl + Cl and Y + Br2 → YBr + Br reactions fall slightly short of the 

energy necessary to populate the states which lead to the observed selective emission in Figures 

2.8 to 2.10. The inclusion of the available energy in the system due mostly to translation and 

atomic excitation (See Supporting Information) shows  that the λmax values for Y + Cl2 and Y + 

Br2 are 408 and 423 nm when this additional available energy is included. These values for λmax 

are still slightly to the red of the observed emissions. The four center reactions Y2 + Cl2 and Y2 + 

Br2 are substantially more exothermic and would be expected to be dominant processes. The Y2 

+ Cl and Y2 + Br reactions are also sufficiently exothermic (the latter with inclusion of the 

additional translational energy) to populate the selectively emitting states in YCl and YBr, but 

the concentration of reactants will be low. The lack of emission from higher lying states even 

though they are accessible from the Y2 + X2 reactions again suggests the selective population of 
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the state associated with the observed emission in Figures 2.8 and 2.9. that the λmax values for Y 

+ Cl2 and Y + Br2 are 408 and 423 nm when this additional available energy is included. These 

values for λmax are still slightly to the red of the observed emissions. The four center reactions Y2 

+ Cl2 and Y2 + Br2 are substantially more exothermic and would be expected to be dominant 

processes. The Y2 + Cl and Y2 + Br reactions are also sufficiently exothermic (the latter with 

inclusion of the additional translational energy) to populate the selectively emitting states in YCl 

and YBr, but the concentration of reactants will be low. The lack of emission from higher lying 

states even though they are accessible from the Y2 + X2 reactions again suggests the selective 

population of the state associated with the observed emission in Figures 2.8 and 2.9.   

Brayman et al.7 measured radiative lifetimes for the selective emission features observed 

in the yttrium + Cl2 (450 ns), Br2 (160 ns), and I2 (260 ns) reaction systems. These radiative 

lifetimes are of order 10 times that of several Sc and Y monohalide excited states measured by 

the same group.151 Further, the Y + F2 reaction system could not be measured suggesting a 

lifetime well in excess of 450 ns measured7 for the feature they assigned to ‘YCl2’. In addition, 

Fischell et al.151 obtained laser induced fluorescence (LIF) spectra which demonstrate a YCl 

ground state frequency of order 380 cm-1 and excited state frequencies of order 330 to 345 cm-1. 

Similar excited state frequency separations are apparent in the LIF spectrum given by Brayman 

et al.7  as these authors appeared to generate dominant features in their spectra , which can be 

correlated with the (v´,v´´) = (0,0) and (1,0) band regions for an excited state frequency of order 

340 cm-1. Features can be tentatively assigned to band regions as follows:  ~ 387.0 nm (25840 

cm-1) to (1,0); ~ 392.2 nm (25497 cm-1) to (0,0); ~ 398.1 nm (25117 cm-1) to (0,1); and ~ 392.8 

nm (25459 cm-1) to (1,1). However, there is little if any evidence for a (2,0) feature. In concert, 

Figure 2.9 displays expanded views of the ‘selective’ emission feature at higher resolution (0.015 
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nm) and oxidant pressures of order 4x10-4 and 5x10-3 Torr, the latter of which displays three  

features separated by ~ 380cm-1 which correspond to emission from the v′ = 0 level of the 

selectively formed YCl excited state to ground state vibrational levels v″ = 0, 1, and 2. The 

breadth of the dominant v′ =0 feature obtained at 5x10-3 Torr also suggests emission associated 

with v′ =1 ((v ,′v″) = (1, 1)). These identifications, clearly suggest the spectrum for the ‘selective’ 

emission feature (Figure 2.9) should be correlated with YCl as opposed to the dihalide YCl2 and 

that only the v´ = 0 and 1 levels of the excited state have been accessed in the LIF and 

chemiluminescent spectra. The ‘selective’ emission feature, with T00 at ~25497cm-1, as it is 

accessed by a chemical reaction has not been accessed using previous excitation techniques. 

A further intriguing result observed in these studies is the emission spectrum resulting 

from the Y + ClF reaction (Figure 2.8). Here, we find the spectrum is dominated by YCl with a 

much smaller contribution from YF. While the selectively formed excited states of YF (~ 380 

nm) and YCl (~392 nm) are both produced with negligible activation energy (Table 2.7), the YCl 

feature dominates. Further, oxidant pressure dependence studies on distinct regions of Figure 2.8 

demonstrate that the fluoride contribution to the spectrum is first order whereas the chloride 

contribution is “faster than first order”. Finally, we note that the locations of the selective 

emission features in YF (~ 380 nm), YCl (~392 nm), and YBr (~404.4 nm) separated by ~ 800 

cm-1 are quite consistent with expectations. The YCl excited state would be expected to fall at 

slightly lower energy than the corresponding state in YF, as it does, and the apparent population 

of only the v´ = 0 and 1 levels is consistent with the reaction energetics. The potential energy 

curves for YCl in the Supporting Information show that there is an excited 1Π1 and a 1Σ+0 state 

with significant transition dipole moments in the spectral region of interest. The two states 

involve 5p and 4d electrons. 
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La + F2, SF6,, ClF, Cl2 In contrast to the Sc and Y systems, the reactions of a lanthanum beam 

with F2 and SF6 (Figure 2.11), Cl2  and ClF (Figure 2.12) show moderate selectivity. The 

dominant feature in the emission resulting from the La + F2 → LaF + F and La2 + SF6 → 2LaF + 

SF4 reactions corresponds to a previously observed 1П  ̶  1Σ+  band system of the LaF 

molecule.66,92,171 We label the regions of the (2,0) through (0,3) sequences in Figure 2.11. These 

sequence labels correspond to a series of closely overlapping (v´, v´´) transitions. We assign the 

dominant feature in the emission spectrum resulting from the La + Cl2 reaction through analogy 

with the corresponding 1П - 1Σ+ transition in LaF. By comparing the emission from the La + F2 

and La2 + Cl2 reactions, we find that the emission from the La + ClF reaction is dominated by 

LaCl. Therefore, it seems that the dominant emission feature observed for the Sc2 + ClF, Y2 + 

ClF, and La2 + ClF reactions is the Group 3 metal chloride. 

The emission from LaF and LaCl are clearly red-shifted from the corresponding Sc and Y 

diatomics. The potential energy curves for LaF and LaCl are in the Supporting Information. For 

LaF, there is an excited 1Π1 state with 6p and 5d electrons predicted near 475 nm with a 

significant transition dipole moment and a 1Σ+0 state near 520 nm with 5d2 occupancy. For LaCl, 

there are two 1Π1 states with 5d and 6p occupancies and one 1Σ+0 state with 5d2 occupancy 

predcited between 456 and 485 nm with reasonable transition dipole moments. The ground state 

for LaF and LaCl are predominantly 6s2 with some 5d so that the La does not correlate with the 

5d2 ground state of La+.106 Note that the 6s2 state is 7,395 cm-1 higher in the La+ ion. 

Dependence of Chemiluminescent Intensity on Oxidant Pressure The focus of the oxidant 

pressure dependent studies is primarily the ‘selective’ emission feature observed in many of the 

Group 3 metal + halogen molecule reactions. Additional selected spectral regions were also 

studied as an aid for elucidating mechanisms. The oxidant pressure dependence behavior for the 
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reactions of a Sc beam with F2, SF6, ClF, Cl2, and Br2, the reactions of a Y beam with F2, SF6, 

ClF, and Cl2, and the reactions of a La beam with F2, SF6, ClF, and Cl2 were obtained. Figures 

2.13 and 2.14 correspond to the oxidant pressure dependence behavior observed for the 

chemiluminescence features characterizing the Sc beam reactions. The chemiluminescence 

intensity is plotted in arbitrary units normalized in the figures. First or second order processes 

display a pressure (p) dependent intensity of the form pe-αp or pβe-αp (β>1) where e-αp is the beam 

attenuation parameter proportional to the total phenomenological cross section for reactive, 

inelastic, and elastic scattering of the beam.172 The three reactions which produce the metal 

fluoride are monitored at 350 nm. The pressure dependence is characterized by a linear onset and 

hence a pe-αp behavior. 

The pressure dependence of the chemiluminescence which results from the Sc2 + Cl2 

reaction (Figure 2.5), is shown for two wavelengths, 354 nm and 450 nm, corresponding to the 

‘selective’ emission feature and the continuous feature extending from 400 to 600 nm. In 

contrast to the emissions associated with ScF, the pressure dependencies associated with the 

ScCl chemiluminescence are not characterized by a linear onset. Rather, one finds a dependence 

of the form pβe-αp with β > 1. This corresponds to a ‘faster than first order’ but not second order 

process. Figure 2.14 demonstrates that the Sc2 + Br2 system is also characterized by a ‘selective’ 

(~ 350 nm) feature displaying a faster than first order pressure dependence.  

The Group 3 halides have predominantly ionic ground electronic states. However, their 

corresponding excited states are characterized by a considerably more diffuse electron density. 

This has been shown to facilitate not only efficient collision induced relaxation among excited 

state manifolds, but also rapid electronic to electronic transfer among excited states as well as 
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rapid ground state-excited state vibrational to electronic energy transfer. The efficiency of these 

energy transfers has been demonstrated to be well in excess of gas kinetic.165  

Figures 2.15 and 2.16 correspond to the oxidant pressure dependence behavior observed 

for the chemiluminescence features characterizing Y beam reactions. The reactions resulting in 

YF* emission are characterized by linear onsets (Y + F2, Y2 + SF6 at 380 nm and Y + ClF → 

YF* + Cl at 378 nm). In contrast, the reactions resulting in YCl emission (Y2 + ClF → YCl* + 

YF and Y2 + Cl2 → YCl* + YCl at 390 nm) are characterized by a faster than first order β > 1 

pressure dependence. Note also that the emission at 494 nm for the Y + ClF→ YF*+ Cl reaction 

is first order, showing a linear dependence on pressure. As previously noted, the ScF emission 

resulting from the Sc2 + SF6 reaction likely results from reaction (2.8). Likewise, the YF 

“selective” emission feature resulting from the Y2 + SF6 reaction (Figure 2.17) is notably weaker 

(factor of ~ 10) than that observed for the Y + F2 reaction, consistent with emission from reaction 

(2.9) 

 Y2 + SF6 →2YF + SF4        (2.9) 

Note also the monitored blackbody radiation peaking at ~ 580 nm and extending to 450 nm and 

the subsequent cooling by SF6 in the reaction zone. The effects of SF6 cooling may be the cause 

of the inflections in the Y+ SF6 pressure dependence plot in Figure 2.15. 

Figure 2.18 corresponds to the oxidant pressure dependence for the chemiluminescence 

characterizing the lanthanum reactions. The reactions resulting in LaF* emission monitored at 

several wavelengths are all characterized by linear onsets whereas the La beam + Cl2 reaction is 

characterized by a faster than first order dependence on oxidant pressure. The LaF emission from 

the La2 + SF6 reaction is again notably weaker than that from La + F2 and is assigned to reaction 

(2.10) based on the calculated energies. 
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La2 + SF6 →2LaF + SF4        (2.10) 

The chosen monitoring wavelengths are indicated in Figure 2.18, and the chemiluminescence for 

the La + F2 and La2 + SF6, Cl2, and ClF reactions are given in Figures 2.11 and 2.12. The La2 + 

ClF reaction is very similar to the Y2 + ClF reaction as the chemiluminescent emission, at 473 

nm is primarily from LaCl with weaker emission from LaF contributing at shorter wavelengths.  

Dependence of Chemiluminescent Intensity on Metal Flux - Product State Activation 

Energies, Upper Bounds for Heats of Vaporization (Sc, Y, La) In order to establish whether 

metal atom or dimer components of the reacting Group 3 metal beam give rise to the observed 

chemiluminescence, we focus on the representative reactions Sc + F2, Y + F2, La + F2, Sc2 + Cl2, 

Y2 + ClF, and Y2 + IBr. In order to study the temperature dependence, we use a formulation 

which relates the dependence of the chemiluminescent intensity to the parameters of the beam-

gas experiment.173,174 The appropriate relationships are equations (2.11) and (2.12) 

-Rd(lnI)/d(1/TB) = ∆Hvap + [d(1/Teff)/d(1/T(M))] [Eexp]  - RT(M)   (2.11) 

Eexp = -d[Rln (ITB)  +  ∆Hvap (T(M)mean)/TB] d(1/Teff)    (2.12) 

where I is the chemiluminescent intensity, T(M) is the metal beam temperature, Eexp is the 

activation energy for formation of a given excited electronic state, Teff is given by equation 

(2.13)  

Teff = [T(M)m(X2) + T(X2)m(M)]/(m(X2) + m(M))     (2.13) 

with m(M) the mass of the Group 3 atom and m(X2) the mass of a halogen molecule, T(X2) is the 

oxidant gas temperature (300 K), and T(M)mean the mean temperature over the experimental 

temperature range. ∆Hvap is evaluated at the mean temperature for an individual experiment. 

The results of the above analysis for six representative reactions are summarized in Table 

2.7. We find that those excited state emitters corresponding to the “selective” emission feature 
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are formed in a process which proceeds with negligible activation energy. The results, in concert 

with pressure dependence studies and the evaluated energetics, also indicate that the reactions of 

F2 and ClF with Sc or Y atoms to form the fluoride proceed with one of the ground state metal 

atom components (2D3/2 or 2D5/2) whereas reactions with Cl2 and ClF to form the chloride and 

reactions with IBr occur with Sc or Y dimer. 

Equation (2.12) may take into account the effect of low-lying electronic states but 

generally considers the reaction of ground state metal atoms. This will depend on which states of 

the metal react to produce the observed chemiluminescence and is more complicated for La. At 

2220 K (upper limit of the temperature dependence study), 69.1% of the La beam is in the 

ground 2D state, 29.8% is in the 4F state, and 1.1% is in the 2F state.106 The low-pressure reaction 

(equation (2.14)) gives rise to the observed chemiluminescence  

La + F2 (1Σg+) → LaF (1П)  + F( 2Pu )       (2.14) 

and it is reasonable to treat the system within the weak spin-orbit coupling approximation. Even 

if this approximation is only marginally applicable, only doublet states of La can react to form 

LaF in in the 1П (Ω = 1) state. The 2D and 2F states are the only doublet states having non-

negligible population and one must determine which reacts to produce the observed 

chemiluminescence. 

We expect Eexp to be positive for reactions yielding chemiluminescence,15 from equation 

(2.15)  

  ̶̶ Rd(lnI)/d(1/TB) ˃ ∆Hvap  ̶̶   RTB       (2.15) 

We can apply this inequality separately to the 2D and 2F states of La with appropriate correction 

factors. A linear least squares analysis of the data points for intensity vs. reciprocal 

temperature174 yields a value of 97.5 kcal/mole for -Rd(lnI)/d(1/TB) for La + F2. This value 
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should not be substituted into equation (2.12) or inequality (2.15) because the observed value 

must be multiplied by a correction factor which accounts for the change in relative population 

with temperature for the La atomic state under consideration. For the 2D state, the correction 

factor will raise the effective value of   -Rd(lnI)/d(1/TB), whereas the effective value will be 

lowered for the 2F state. 

The average TB over the range of the temperature dependence was 2120 K. At this 

temperature, ∆Hvap for the equilibrium La vapor is 99.7 kcal/mole.175 For the 470 nm 1П - 1Σ+ 

feature, this is 2 kcal/mol more than the observed value of   ̶̶ Rd(lnI)/d(1/TB), whereas the slope 

for the 410 nm feature exceeds ∆Hvap by 4.2 kcal/mole. Accordingly, ∆Hvap for forming a vapor 

composed solely of ground state atoms would be somewhat less (~ 3 kcal/mol) and ∆Hvap for 

forming 2F atoms is considerably higher (16 kcal/mole). Inequality (2.15) holds for ground state 

atoms but not for 2F atoms. Therefore, the observed chemiluminescence is due to reaction of 

ground state 2D La atoms.  

We now consider the Y + F2 and La + F2 reactions and the activation energies determined 

for the ‘selective’ and ‘non-selective’ spectral features.  Here, we define ‘non-selective’ features 

as features which do not dominate the spectrum (Figures 2.7 and 2.10). It is apparent that the 500 

nm emission for the Y + F2 reaction is characterized by a metathesis proceeding with a 

substantial activation energy. The activation energy for the process yielding the ~412 nm LaF 

feature (La + F2) is notably smaller than that for the corresponding Y reaction. We hypothesize 

that this can be associated with a dynamic process which involves formation in the ground 

electronic state and rearrangement into vibrational-rotational levels of the excited state from 

which emission is observed. As the activation energy for the process forming ground state 

product is negligible, the rearrangement process requires that an activation barrier be overcome. 
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The difference between the Y + F2 and La + F2 activation energies may be due, in large part, to 

the differing density of states for the product molecules as the greater state density facilitates 

rearrangement. The negligible activation energy for those processes producing the “selective” 

emission feature indicates that we are observing a direct process for the formation of these 

excited states.  

Comparison to Previous Experimental Studies In a previous preliminary study, Gole et. al.6 

assigned the majority of the observed chemiluminescent emission, in particular the ‘selective’ 

emission feature observed for the Sc and Y metal beam + halogen molecule reactions to the 

metal monohalides. Brayman et al.7 disagreed with this initial work and assigned the observed 

features to the Group 3 dihalides. Brayman et al. determined radiative lifetimes for the ‘selective’ 

emission feature which were found to be of order more than 10 times longer than those which 

have been observed for several excited states of the Sc and Y metal monohalides.151 In fact, the 

measured lifetime for the observed ‘selective’ YCl emission feature is 450 ns (vs. alternate states 

of ScX and YX (~20 to 30 ns)151 and that for the fluoride, which could not be measured, well 

exceeds this value. Therefore, the observed spectra reflect a profound and unexpected intensity 

for the ‘selective’ emission feature observed to characterize the Group 3-halogen molecule 

reactions.  

In the present study, the observed Group 3 fluoride chemiluminescence is first order in 

pressure whereas that of the chlorides and bromides and combinations thereof is faster than first 

order in pressure. For all reactions studied, there appears to be a dependence on the reaction 

products (metal fluorides vs. chlorides and bromides) which might be related to their density of 

states. As an example, the chemiluminescence for the Y + ClF system (Figure 2.8) is quite 

revealing as it shows not only a dominant chloride emission feature with a faster than first order 
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pressure dependence but also, in the same spectrum (Figure 2.8), a first order fluoride emission 

(378.0 nm and 494.0 nm) which contributes to the overall spectrum. Brayman et al.7 have 

reasoned that all of the Group 3 reactions studied are second order and due to the dihalide based 

only on Y + Cl2 chemiluminescence modeling (as opposed to the evaluation of direct pressure 

dependences for all the observed reactions) and on their observations from mixed Y + Cl2/Y + 

Br2 chemiluminescence. The clear first order pressure dependence as well as the observation of a 

significant selective emission feature associated with the fluorine-based reactions, especially 

those of Sc and Y, would seem, in combination, to rule out a two-step second order process7 as 

the source of the observed chemiluminescence. In addition, the chemiluminescence from the Sc 

beam + ICl system (Figure 2.6) displays only two emission features which might correspond to 

ScCl dominating ScI but more likely result only from ScCl. This observation is inconsistent with 

a two- step second order model as proposed by Brayman et al.7 It is also of note that similar 

results are observed in studies of the Group IIA + halogen molecule reactions164,165 where Ca, Sr, 

and Ba react with the heavier halogens Cl2, Br2, and I2 and mixed halogen combinations thereof 

to produce the metal di-halide in a collisionally stabilized two-body radiative association process 

whereas reactions with molecular fluorine produce only emission from the metal monofluoride in 

a first order process. It has been suggested164,165 that this process results due to the weak F2 bond 

(36.9 kcal/mol) and even weaker F2- bond (28.0 kcal/mol) formed in an M + F2 → M+ + F2− 

electron jump process.  

The observations in the current work are not in disagreement with the observations of 

Brayman et al.7 but they do not support the model applied only to the Y + Cl2 reaction sequence 

and subsequently inferred for the remaining Group 3 metal + halogen reactions. In addition, a 

comparison of the emission resulting from the Sc2 + ICl (Figure 2.6) and the Sc2 + Cl2 (Figure 
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2.5) systems cast strong doubt on the formation of the Sc dihalides as well as a two-step second 

order process. Ready collisional stabilization processes will also demonstrate phenomenological 

observations similar to those observed by Brayman et al.7 and attributed to a monohalide 

emission dominance at lower pressures and a dihalide dominance at higher pressures.151 Further, 

it is surprising that Brayman et al.7 dismissed the overlap of the Y + Br2 and Y + Cl2  (Y2 + Cl or 

Br and Y2  + Cl2, Y2 + Br2 ) chemiluminescence features and the potential formation and reaction 

of BrCl in their mixed halogen reaction viewing region, both of which can contribute to the 

formation of the central peak observed in their experiments (see Figure 9 in reference 7 and the 

additional discussion in the current SI). The BrCl bond is weaker than the Cl2 bond and stronger 

than the Br2 bond. Thus, formation of YCl in reactions of BrCl will result in increased 

exothermicity and higher vibrational excitations in YCl* as compared to the reaction with Cl2. 

This can increase the intensity to both shorter and longer wavelengths in the selective emission 

feature.  The increased vibrational excitation in the excited state of YCl will lead to sequential 

emission to higher vibrational levels of the ground state. In the spectrum observed by Brayman et 

al.,7 increased intensity to higher ground state vibrational levels facilitates the observation of YCl 

(v′= 0, v″=1) sequence structure and serves to indicate the ~ 380 cm-1 vibrational frequency 

associated with the ground state of YCl.  This structure is also clearly indicated in the present 

study of the Y-Cl2 reaction at higher pressures (Fig. 2.9).  Mixed Br2/Cl2 reaction studies164,165 

have been conducted with Group IIA metals at much higher He dilutions (0.8 to 1.2 Torr) to 

eliminate BrCl formation. In addition, the experimental Y atom source configuration described 

by Brayman et al.7 strongly suggests a limiting Y concentration in their reaction zone further 

emphasizing the importance of considering BrCl formation (see Supporting Information). 
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Whereas the fluorine molecule-based reactive process can differ from those of chlorine 

and bromine, in the present case, the demonstration of the ‘selective’ emission feature associated 

with the Sc and Y fluoride producing reactions signals a clear periodicity associated with Sc, Y, 

and possibly La. Further, the M + F2 reactions are substantially more exothermic than the ClF or 

Cl2 reactions. Thus, the two-step process suggested by Brayman et al.,7 when first involving 

reaction with F2 to form the metal monohalide should result in a much higher metal fluoride 

vibrational excitation, thus facilitating the formation of higher lying electronic states of the metal 

fluorides then are observed.  

The probability that the observed ‘selective’ emission features which characterize the Sc 

beam and Y beam + halogen molecule (F2, Cl2, and Br2) reactions result from a metal 

monohalide rather than the metal dihalide suggested by Braymon et al.7 is also clearly supported 

by the observation of emission features associated with  ground state of YCl and their correlation 

with  features in the LIF spectra for the yttrium-chlorine system as they can be ascribed to YCl.  

Significantly, the chemiluminescence from the Sc + F2, Sc2 + SF6, Y + Cl2, and Y2 + Br2 systems 

suggests the potential identification of features that can be correlated with metal monohalide 

products.  

Conclusions 

The reactions of Group 3 metal atoms and dimers for Sc, Y, and La with molecules 

containing halogen atoms (F, Cl, Br, I) have been studied in a beam-gas configuration using 

chemiluminescence as the detection method. Reactant gas pressures from 6 x 10-6 torr (near 

single collision regime) to 10-3 torr (multiple collision regime) were examined. In order to 

understand the energetics controlling the chemiluminescence, the BDEs for the Group 3 metal 

(Sc, Y, and La) monohalides (F, Cl, Br, and I) were calculated at the FPD level including spin 
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orbit effects. The current calculated BDEs agree with previous calculated values as well with 

much of the available experimental data. The current work represents the most complete reliable 

set of BDEs for these Group 3 metal-monohalides. The ground state of the MX products is 

predicted to be the 1Σ+ state and the 3Δ state is predicted to be the first excited state. The 1Σ+ → 

3Δ adiabatic excitation energies are smallest for ScI, LaBr, and LaI and largest for the YX. The 

spin orbit corrections for the 1Σ+ state are small, less than 25 cm-1. The spin orbit corrections for 

the 3Δ state are approximately constant for a given metal, are not strongly halogen dependent, 

and for the 3Δ state, increase with increasing metal atomic number.  

The predicted reaction energetics indicate that, in some cases, metal atom reactions are 

not sufficiently energetic to excite the observed mono-halide chemiluminescent emission and 

that reactions with the metal dimer need to be invoked. Thus, the origin of the 

chemiluminescence from the Group 3 + halogen molecule reactions is a complex problem, but 

the calculated BDEs provide limits as to which reactions are important.  The current results 

provide a consistent interpretation of these reactions in contrast to previous reports.7 The 

observed selective branching associated with some of these reactions suggests intriguing 

possibilities. The Y + F2 reaction (Figure 2.7) is sufficiently exothermic to populate the YF G1П 

5s5p state (31205.8 cm-1), but the emission from this state is much weaker than that from the 

lower-lying “selectively” formed excited state which may be associated with the F 1Σ+ 4d5p 

configuration (or slightly higher excited state) even though the 1П 5s5p state should have a 

considerably shorter radiative lifetime.  The dominant channeling into a select excited state is 

apparent in the observed spectra.  A similar selectivity is also apparent in the ScF excited state 

produced from the Sc + F2 (Figs. 2.1, 2.3) reaction. Figure 2.4 demonstrates spectral features 

which can be correlated with the ground electronic 1Ʃ+ state of ScF and that the observed 
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emission likely results from a singlet-singlet transition. It appears that the excited state associated 

with this transition has not been excited using previous experimental techniques. In particular, 

the excited state has not been excited in absorption,153 whereas several higher lying excited states 

have been accessed. This may not be surprising since Brayman et al.7 were not able to obtain an 

LIF spectrum for the selectively emitting YF molecule whose radiative lifetime must exceed that 

for the corresponding state in YCl (450 ns). We have noted that the LIF spectrum for the yttrium 

plus chlorine system previously excited by Brayman et al.7 and attributed to YCl2 should be 

correlated with a YCl emitter. The radiative lifetime for the corresponding transition in ScF 

should be notably longer than that for YF, corresponding to a significantly lower oscillator 

strength. Thus, the lack of a ScF absorption spectrum might be expected, implying that the 

degree of selectivity observed compared to the emission intensity of other accessible much 

shorter-lived Group 3 excited states151 likely indicates a lower bound for the population of the 

selectively emitting state (see following paper).    

The current work provides strong evidence for the ‘selective’ production of a monohalide 

excited electronic state for chemical reactions generating ScF, ScCl, YF, YCl, and YBr 

independent of the molecular source of the halogen atom in the reactions studied and 

independent of whether the reactant is M or M2 where M = Sc or Y. The temperature dependence 

of six reactions has been obtained, showing that the ‘selective’ excited state formation of the 

metal monohalides proceeds via a direct mechanism with negligible activation energy. The 

results show that one can selectively excite a specific state in ScF, ScCl, YF, YCl, and YBr with 

different sets of reactants, independent of the reaction exothermicity, if there is sufficient energy 

to populate the selectively emitting state. The excited states for the metal fluorides an chlorides 

were predicted at the CASPT2-SO level and there are one to three 1Π1  and 1Σ+0 excited states 
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with large transition dipole moments which could serve as the emitting state. These states are 

usually combinations of d,p occupancies on the metal although d2 and s,d occupancies can also 

be present. The ground states of the metal halide diatomics are predominantly s2 with some d on 

the metal and only for Y do these occupancies correlate with the atomic ion configuration. 

Considering the plethora of known and potential excited states in the scandium and yttrium 

halides the observed selectivity observed in these studies is remarkable.
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Tables 

Table 2.1. Bond Distances (re = equilibrium bond distance in Å), Harmonic Vibrational Frequencies (ωe in cm-1), and Bond 
Dissociation Energies (De = dissociation energy from the bottom of the well, D00 = dissociation energy including the zero point energy 
at 0 K, both in kcal/mol). Current Work in Italics. 
 
Species re Calc re Expt ωe calc ωe Expt. De calc De Expt. D00 calc D00 Exp. 
 Å Å cm-1 cm-1 kcal/mol kcal/mol kcal/mol kcal/mol 
ScF 1.786 

1.805a 
1.790b1.787c 

1.787s 740.2 
727a 
730b 
737c 

735.6s 
735w 

143.7 
140.8b 
143.0c 

 142.7 
138.8a  
 

143.2 ±3.2w, x 

140.8 ±3.2 y 

ScCl 2.228 
2.266a 
2.227d 
2.250e 

2.229s 451.8 
434a  
437d 

453e 

447.4s 104.7 
107.0d 

 104.0 
104.9a 

79.1x 

ScBr 2.378 
2.428a 
2.399f 
2.399g 

2.381t 343.5 
326a 
344f 
342g 

339t 88.7  88.2 
89.9a 

115±20x 

ScI 2.602 
2.613h 

2.608u 281.7 
273h 

277.0u 68.6  68.2  

YF 1.928 
1.965a  
2.00i  
1.928j 
1.973k 
1.923l 

1.9257s 637.8 
612a 
644j 
612k  
640l 

[631.3]s 
635w 

162.3 
158.1i 
151.5k 

 161.4 
155.0a 
159.4l 

163.8 ±3.2w 

YCl 2.387 
2.433a  
2.52i 
2.416k 
2.377l 

(2.406)s 378.7 
363a 
358k  
376l 

380.7s 123.2 
124.3i 
113.2k 

 122.7 
123.6a 
120.4l 

125±20x 

111z 
88 z 
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YBr 2.537 
2.604a 
2.568k 
2.557m 

 271.1 
259a 
261k 

272l 

286m 

 107.5 
101.7k 

 107.1 
109.3a 
106.5 l 

115±20 x 

YI 2.765 
2.803k 
2.758l 

2.802n 

 216.6 
207k  
215l 

219 n 

 87.1 
84.9k 

 86.6 
89.7l 

 

LaF 2.022 
2.067o 

[2.026]s 
2.023v 

580.9 
599o 

[570]w 
575v 

157.4 111.8v 156.6 157.5 ±4.1w 
158±3 
153.9x 

LaCl 2.495 
2.514p 

2.498v 346.1 
338p 

341v 120.2 83.2v 119.7 124.7x 

LaBr 2.647 
2.67q 

2.652v 239.7 
233q 

236v 105.0 75.0v 104.6 106.7x 

LaI 2.873 
2.949r 

2.879v 188.5 
180r 

190v 86.0 68.4v 85.7 98.4x 

 

 

 

a Ref. 75 (theory, CISD/CPF) 
b Ref. 59 (theory, MRCI+outer core+1stOrderDK) 
c Ref. 88 (theory, CCSDT/CBS) 
d Ref. 84 (theory, MRCI/RCCSD(T)) 
e Ref. 90 (theory, CASSCF/MRCI)  
f Ref. 83 (theory, CASSCF/MRCI) 
g Ref. 86 (theory, CASSCF/MRCI) 
h Ref. 85 (theory, CASSCF/MRCI) 
i Ref. 76  (theory, MCPF) 
j Ref. 80 (theory, CAS-SCF/MRCI) 
k Ref. 81 (theory, DFT) 
l Ref. 87 (theory, DFT) 
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m Ref. 82(theory, CASSCF/MRCI) 
n Ref. 79 (theory, CAS-SCF/MRCI) 
o Ref. 77 (theory, CASSCF/MRCI) 
p Ref. 89 (theory, CASSCF/MRCI) 
q Ref. 91 (theory, CASSCF/MRCI)  
r Ref. 78 (theory, CASSCF/MRCI) 
s Ref. 66 (experimental compilation) 
t Ref. 70 (Near IR Fluor) 
u Ref. 68. (Fluor exc IR),  
v Ref 69. (Microwave Spectra, Estimate De = ωe2/4ωeχe), 
w Ref. 67 (mass spectrometry, M + BaF = MF + Ba, M + MF2 = 2MF),  
x Ref. 96 (experimental compilation) 
y Ref. 71 (mass spectrometry at 298K) 
z Ref. 7 (estimated values) 
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Table 2.2.  1Σ+ → 3Δ adiabatic excitation energy of MX (M = Sc, Y, La; X = F, Cl, Br, I)  
in cm-1.a 

MX CBS 
CCSD(T) 

ESO 
singlet 

ESO 
triplet 

CCSD(T)+SO ΔE CASPT2-
SO 

expt 

ScF 1911 -0.05 -67 1844 2330 1953.8±0.874 

ScCl 709 -0.72 -70 640 1118 97593 
ScBr 385 -1.69 -69 318 710 67093 
ScI -36 -5.78 -67 -97 210 359.6693 
YF 7895 -0.39 -213 7682 8985 7807.59±0.0494 
YCl 6332 -0.01 -229 6103 7723  
YBr 5953 -0.06 -234 5719 7219  
YI 5357 -1.21 -242 5116 6475  
LaF 1873 -0.01 -481 1392 1169 1865.6706±0.000595 
LaCl 1166 -3.71 -511 659 473  
LaBr 983 -7.88 -517 474 191  
LaI 742 -21.43 -515 248 76  

a re values for the singlet and triplet from the CCSD(T) calculations. 
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Table 2.3.  Metal (monomer, dimer) + halogen molecule reaction energies (kcal/mol)  
 

Reaction -ΔH0K  Reaction -ΔH0K  Reaction -ΔH0K  
Metal Atom Reactions 
Sc + F2 → ScF + F 105.8 Y + F2 → YF + F 124.5 La + F2 → LaF + F 119.7 
Sc + Cl2 → ScCl + Cl 46.8 Y + Cl2 → YCl + Cl 65.4 La + Cl2 → LaCl + Cl 62.5 
Sc + Br2 → ScBr + Br 42.8 Y + Br2 → YBr + Br 61.7 La + Br2 → LaBr + Br 59.2 
Sc + I2 → ScI + I 32.6 Y + I2 → YI + I 51.2 La + I2 → LaI + I 50.1 
Sc + ClF → ScF + Cl 82.4 Y + ClF → YF + Cl 101.1 La + ClF → LaF + Cl 96.3 
Sc + ClF → ScCl + F 43.7 Y + ClF → YCl + F 62.3 La + ClF → LaCl + F 59.4 
Sc + BrCl → ScCl + Br 52.5 Y + BrCl → YCl + Br 71.1 La + BrCl → LaCl + Br 68.2 
Sc + BrCl → ScBr + Cl 36.7 Y + BrCl → YBr + Cl 55.6 La + BrCl → LaBr + Cl 53.1 
Sc + ICl → ScCl + I 54.4 Y + ICl → YCl + I 73.0 La + ICl → LaCl + I 70.1 
Sc + ICl → ScI + Cl 18.6 Y + ICl → YI + Cl 37.2 La + ICl → LaI + Cl 36.1 
Sc + IBr → ScBr + I 46.3 Y + IBr → YBr + I 65.2 La + IBr → LaBr + I 62.7 
Sc + IBr → ScBr + I 26.3 Y + IBr → YI + Br 44.9 La + IBr → LaI + Br 43.8 
Sc + SF6 → ScF + SF5 37.9 Y + SF6 → YF + SF5 56.6 La + SF6 → LaF + SF5 51.8 
Metal Dimer Reactions 
Sc2 + F2 → 2ScF 222.6 Y2 + F2 → 2YF  248.6 La2 + F2 → 2LaF + F 218.7 
Sc2 + Cl2 → 2ScCl  124.9 Y2 + Cl2 → 2YCl  150.7 La2 + Cl2 → 2LaCl  124.6 
Sc2 + Br2 → 2ScBr 105.1 Y2 + Br2 → 2YBr  131.5 La2 + Br2 → 2LaBr  106.2 
Sc2 + I2 → 2ScI  74.9 Y2 + I2 → 2YI  100.7 La2 + I2 → 2LaI  78.2 
Sc2 + ClF → ScF + ScCl 160.5 Y2 + ClF → YF + YCl 186.4 La2 + ClF → LaF + LaCl 158.4 
Sc2 + BrCl → ScCl + ScBr 114.8 Y2 + BrCl → YCl + YBr 140.9 La2 + BrCl → LaCl + LaBr 115.2 
Sc2 + ICl → ScCl + ScI 96.7 Y2 + ICl → YCl + YI 122.5 La2 + ICl → LaCl + LaI 98.2 
Sc2 + IBr → ScBr + ScI 88.6 Y2 + IBr → YBr + YI 114.7 La2 + IBr → LaBr + LaI 90.8 
Sc2 + SF6 → 2ScF + SF4 154.7 Y2 + SF6 → 2YF + SF4 180.7 La2 + SF6 → 2LaF + SF4 150.8 
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Table 2.4.  Excitation Energies Te for ScX, X = F, Cl, Br, I in cm-1. 
 
State ScF  ScCl  ScBr  ScI  
 Calca Exp Calcb Exp Calcc Exp Calcd Exp 
a 3Δ 2362 

273559 

211387 

1953.8±0.874 

1969.0130 

195493 

936 

891a 

115090 
1405157 

892160 

882128,e 
97593 
 

721 

729a 

41486 
626160 

67093 410 

 
314.368 
359.6693 
346.39131,e 

A 1Δ 4482 4586.0±0.374 

4857.153122 

4542.235±0.005126,e 

4586.6193 

3127 
360890 

4162157 

3500160 

3500132,e 

3555.741135 

356093  

3017 

268686 
3260160 

 

321093 2448 

 
2868.4968 

2855.04131,e 

2868.9393 

b 3Π 6434 6240±274 

6285.003±0.001130 
631293 

 

3155 

358890 
4140157 

3734160 

3430.0128,e 
3429.05135,e 

351093 

2794 

2507160 

268686 

282093 2289 2023.9068 
2108.76131,e 

2124.993 

c 3Σ+ 9246 9384.594123 

9413.276±0.001127,e 

9457.0193 

5071 

524290 
5391160 

5388.233±0.009133 
5385.0493 
 

4288 

428486 

3567160 

446093 3310 3524.4168 

352593 

B 1Π 9578 10735.566 
9555.678122 

9441.702±0.002127,e 

9555.6893 

10661.3150 

10700153 

6049 

639290 
6857157 

6016160 

6020.3129 

5987.744±0.001132,e 

6016.0943±0.0002133 

6020.5493  

4843 

486686 

4826160 

 4305 

 
4409.5768 

4392.86131,e 

4409.708136 

4410.0893 

C 1Σ+ 16769 16164.766 
16164.593 
16092.0150 

16100153 

13890 

1252790 
12392.542±0.001132,e 

12427.456135 

12431.293 

12113 

1212986 
1170093 

11692.105±0.001147 
12483 

 
11000.693 

12176.9148,e 

d 3Φ 18364 15300153 
17227.466 

17247.149±0.001130 

12588 

1515890 
1356093 13840 

1350286 
 12833  
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17328.693  
e 3Π 19900 18300153 

1913993 
15122 

1591790 
1408593 14272 

1404186 
 13115  

f 3Σ-   15253 

1649790 
 14544 

1445386 
 13391  

D 1Π 21150 20383.566 

20383.78122 

20383.493 
20326.8150,f 

18579 

1956590 
17576.6132,e 

17611.693 

21521.1151,h 

18150 

1810486 
 17580 15630.060146 

g 3Δ 20449 1906766 

21900153 
1523390  13614 

1343886 
 12471  

h 3Π 21520 21690.0126 18296  18875 

1874886 
 18331  

E 1Δ 23791 22178.79122 

22178.893 
19161 

1956790 
 17870 

1726886 
 17083  

F 1Φ 24026 22959.7126 

22961.993 
2260090  20956 

2057486 
 20789  

G 1Δ 26089  2255290  20933    
1Π  26800153       
3Φ  27200153       
H 1Σ+ 27446  2318790 27033.366,g 20834  20088  
I 1Π 27755  2295690  20987  20151  
  34900153       

a Ref. 75 (theory, CISD/CPF) 
b Ref. 84 (theory, MRCI/RCCSD(T)) 
c Ref. 83 (theory, CASSCF/MRCI) 
d Ref. 85 (theory, CASSCF/MRCI) 
e T0 
f labeled E1Π in reference 
g labeled E1Σ+ in reference 
h possibly mislabelled 
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Table 2.5.  Excitation Energies Te for YX, X = F, Cl, Br, I in cm-1. 
 
State YF  YCl  YBr  YI  
 Calca Exp Calcb Exp Calcc Exp Calcd Exp 
a 3Δ 7111e 

8383b 

485187 

7808159,e 

7807.59±0.0494 
7807.61±0.01152,e 

6673 
346387 

 5293 
6254b 
314287  

 4342 
255987 

 

A 1Δ 10023e  9557 10063.8±0.5142 8492  6922  
b 3Π 10417e 

11270159,e 
11270.26±0.0194 
11270.25±0.01152,e 

8788  8460  6287  

c 3Σ+ 13435e 

14430159,e 
14430.6±0.194 

14445.491±0.003152,e 
10255  9863  7145  

B 1Π 15200e 

1162087 

15886159,e 

15936.3125 

15885.8150 

15885.809±0.005152,e 

12284 
859987 
 

12127.567±0.001117 

12102.829139 
11046 
789687 

11111.583±0.003141 8554 
668087 
 

9917.254137 

C 1Σ+ 18698e 

19190159,e 
19242.264±0.001116 

19245.6125 
19190.3150 

19190.343152,e 

15161 14877.671±0.002118 

14879.5120 

14907.6151 

13928 13914.633±0.001138 11534 12401.506143 

d 3Φ 20981e 22432.21±0.02152,e 19305  18223  15171  
e 3Π 21972e 22928.62±0.0194 20001  19334  15886  
f 3Σ- 22956e 24951.5152,e   18741  16072  
g3Δ 23240e  20459  18822  15118  
h3Π 23626e  21018  22532  19191  
D 1Π 24330e 25324.88±0.01152,e 22765 22790.3114 

22773.0120 
22787±2151 

22829 22028±1149 20001 20688.42137 

20689.6±0.2149 

E 1Δ 26539e 25464.41±0.01152,f 23792 24341.0114 

24322.0120 
22099  19168  

F 1Σ+ 27823e 27980.686(6)152,e,g 

27980.81±0.0172 

28028.3125 

25460 26537.8114 

27102.8120 
22671    
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G 1Π  31205.8(13) 25425 26611.9114 23421    
H 1Φ   26023  25570    
I 1Δ   27722 27048.921145     
J 1Π   27747 27124.5±0.2121 28502 25855.293145   
K 1Π      28857.062145   

a Ref. 80 (theory, CAS-SCF/MRCI) 
b Ref. 75 (CISD/CPF) 
c Ref. 82 (theory, CASSCF/MRCI) 
d Ref. 79 (theory, CAS-SCF/MRCI) 
e T0 
f labeled E1Π in reference. 
g labeled F1Σ+ in reference. 
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Table 2.6.  Excitation Energies Te for LaX, X = F, Cl, Br, I in cm-1. 
 
State LaF  LaCl  LaBr  LaI  
 Calca Exp Calcb Exp Calcc Exp Calcd Exp 
a 3Δ 1436 

1733.892 
1432±3115 

1432.5124 
1450.99195 

959.97 
1094158 

1010161 1548  1408  

A 1Δ 5317 

6588.592 
5478±6115 

5475.0124 

5494.011161 

5639.53 
4672158 

3823161 5867  4597  

b 3Π 6724 

7846.592 
6964.7730±0.0007140 

6545154 

6593.42161 

4631.43 
4344158 

4588161 5530  3852  

B 1Π 8899 

10080.392 
8455.40154 

8492.3720±0.0001155 
6040.29 
5851158 

5957.838±0.001144 6325  4636  

c 3Φ 10942 

13177.092 
10875154 

10927.192±0.00195 
8139.63 
7961158 

7067.255161 8810  7343  

d 3Σ+ 11820 

11757.792 
 8935.96 

8035158 
 9063  6448  

         
C 1Σ+ 11926 

11306.192 
11949.0041±0.0005155 9554.47 

8951158 
9556.807±0.002144 9702  7696  

D 1Γ    12737.33  12487    
e 3Π 13118  10126.80 

10019158 
 9766  8518  

f 3Σ-   8580.42 
9093158 

 9116  8130  

g 3Δ  15062.9±0.5134,f 11637.87 
11071158 

 11070  9363  

E 1Π  16637.957±0.001115,g 

16184.522±0.001119,e,g 
16221.41±0.06134,g 

14105.34  14514    

h 3Σ-   14126.08      
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F 1Δ   14968.63  14137    
G 1Φ   15414.98  14820    
3Φ  19728124 

20016.925±0.002156 
      

i 3Π   17133.39  16605    
H 1Δ   18535.06  17496    
I 1Σ+   16169.96  15383    
J 1Π   20668.78  20007    

a Ref. 77 (theory, CASSCF/MRCI) 
b Ref. 89 (theory, CASSCF/MRCI) 
c Ref. 91 (theory, CASSCF/MRCI) 
d Ref. 78 (theory, CASSCF/MRCI) 
e T0 
f labeled c13Δ1 in reference 
g assigned originally as B1Π  
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Table 2.7. Latent Heats of Vaporization ΔHvap and Activation Energies for Formation of MX 
Product Molecules in kcal/mol. 
 
Reaction λ nm ΔHvap calc 

kcal/mol a 
ΔHvap  lit 
kcal/molb 

Ea 
kcal/mol 

T range K 

Sc + F2 → ScF*(1Ʃ+) + F 346c 82.2 ± 10.0 81.4 0 ± 1.8 1804-1881 
Sc+ Cl2 → ScCl*(1Ʃ+) + Cl 350 c 84.8 ± 2.8 82.4 1.2 ± 1.5 1809-1932 
Y + F2 → YF*(1Ʃ+) + F 380 c 96.3 ± 15.5 92.6 2.0 ± 8.1 2050-2248 
Y+F2 → YF* + F 500 d 117 ± 13.6 92.6 12.8 ± 7 2050-2248 
Y + ClF →YF*(1Ʃ+) + Cl 380 c 90.5 ± 1.2 

89.5 ± 5.2                 
92.7              0 ± 3.1 

0 ± 6.8 
2016-2173 
2034-2173 

Y+ ClF → YCl*(1Ʃ+) + F 390 c 99.2 ± 9.0 
93.0 ± 4.9 

92.7 
92.7 

3.9 ± 5.1 
0 ± 2.7 

2016-2173 
2034-2173 

Y + IBr → YBr*(1Ʃ+) + I 404 106.8 ± 3.3 93.0 2.4 ± 1.6 1936-2202 
La + F2 → LaF*(1Π) + F 472.9e 101.7 ±3.1 99.7 0.8 ± 1.6 1861-2222 
La + F2 → LaF* + F 411.9 e 107.9 ± 4.1 99.7 4.0 ± 2.1 1861-2222 

a -Rd(lnI)/d(1/TB) + RTB. This quantity represents a definite upper bound for ΔHvap. 
b The value of ΔHvap(TBmean) from the literature. TBmean is the mean temperature of the 
experiment. 
c Selective feature 
d Figure 2.7. Broad continuum 
e From current La reaction data. 
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Figures 

 

 

Figure 2.1. Chemiluminescent emission from the reactions Sc + F2 → ScF* + F (red) and Sc2 + SF6 → ScF* + ScF + SF4 (black). 
Regions of previously observed absorption features are identified. The band from 296 to 280 nm is also observed in a hollow cathode 
discharge.   

1Π–X1Σ+

386-365

E1Σ+–X1Σ+

530-460
1Π–X1Σ+

296-280

C1Σ+–X1Σ+
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Figure 2.2. Chemiluminescent emission from the reaction Sc2 + ClF → ScCl* + ScF which is much greater than the emission from 
ScF* + ScCl 
 

Sc2 + ClF → ScCl* + ScF > ScF* + ScCl

ScCl

ScF
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Figure 2.3.  Comparison of the relative chemiluminescent emission from the 264 nm system of 
ScF observed for the Sc + F2 reaction versus that of the “selective” emission feature.   
 

Selective 
Feature

Off-
scale

ScF
1Π–X1Σ+

Sc + F2 → ScF* + F
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Figure 2.4. Slower scan of the region corresponding to the emission from ScF* produced by the Sc + F2 → ScF + F and Sc2 + SF6 → 
2 ScF + SF4 reactions and from ScCl* produced in the Sc2 + ClF → ScCl* + ScF reaction where the emission from the reaction to 
produce ScCl* is much greater than that from ScF*.  

(0,1)
sequence

(0,0)
sequence

“(1,0)”
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Figure 2.5. Chemiluminescent emission at two different pressures from the reaction Sc2 + Cl2 → ScCl* + ScCl.  

  

1Π → X1Σ+

1Π → X1Σ+

1Σ+ → X1Σ+

1Π → X1Σ+

Sc2 + Cl2 → ScCl* + ScCl
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Figure 2.6. Chemiluminescent emission from the reaction Sc2 + ICl → ScCl* + ScI.  

 

Sc2 + ICl → ScCl* + ScI

ScCl
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Figure 2.7.   Chemiluminescent emission from the reaction Y + F2 → YF* + F. Several select previously identified YF transition 
regions have been identified as discussed in the text. There are several excited states accessible to the Y + F2 reaction which display 
much weaker fluorescence than the selectively populated excited state. 
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Figure 2.8.   Chemiluminescent emission from the reactions Y2 + Cl2 → YCl* + YCl and Y2 + ClF → YCl* + YF. The emission from 
the reaction Y2 + ClF → YF* + YCl is much weaker and is apparent in the high energy tail of the spectrum. The profile of the Y2 + 
ClF spectrum is slightly shifted for comparison.  
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Figure 2.9. Chemiluminescent emission from the reaction Y2 + Cl2 → YCl*  + YCl. The spectra 
taken at 4 x 10-4 (lower) and 5 x 10-3 (upper) Torr correspond to the (0,0), (0,1), and (0,2) 
sequences associated with transitions to the ground X1Ʃ+ state of YCl with a vibrational 
frequency of 380 cm-1. 
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Figure 2.10. Chemiluminescent emission from the reaction Y2 + Br2 → YBr* + YBr.  

Y2 + Br2 → YBr* + YBr
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Figure 2.11. Chemiluminescent emission from the reactions La + F2 → LaF* + F and La2 + SF6 → LaF* + LaF + SF4. Selected 
regions for previously observed features are identified.  
  

Tentative 1Π region
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Figure 2.12.  Chemiluminescent emission from the reactions La2 + Cl2 → LaCl* + LaCl and La2 + ClF→ LaCl* + LaF. The emission 
from the reaction La2 + ClF→ LaF* + LaCl is much less intense. Select previously observed regions are identified. 

Tentative 1Σ+ head region (I) (0,0) band
Tentative 1Σ+ head region (II) (0,0) band
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Figure 2.13.  Pressure dependence plots for the Sc + F2, Sc2 + SF6, and Sc2 + ClF reactions at 
345 nm which show a first order dependence on oxidant and the Sc2 + Cl2 reaction at 354 and 
450 nm which show a “faster than first order” dependence. The oxidant pressure is denoted on 
the abscissa and the chemiluminescent intensity, normalized to the figure, on the ordinate.   
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Figure 2.14.   Pressure dependent plot for the emission feature resulting from the Sc2 + Br2 

reaction at 350 nm. 
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Figure 2.15.  Pressure dependence plots for the Y + F2 and Y2 + SF6 reactions at 380 nm and the 
Y2 + ClF → YF* + Cl reaction at 378 nm which show a first order dependence on oxidant and 
the Y2 + Cl2 → YCl* + YCl, at 392 nm which shows a “faster than first order” dependence. The 
oxidant pressure is denoted on the abscissa and the chemiluminescent intensity, normalized to 
the figure, on the ordinate.  
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Figure 2.16.  Pressure dependent plots for the Y2 + ClF → YCl* + YF reaction at 392 nm which 
shows a ‘faster than first order’ dependence and the Y2 + ClF → YF* + YCl reaction at 494 nm 
which shows a first order dependence on oxidant. See also Figure 2.14.
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Figure 2.17.  Chemiluminescent emission from the reaction Y2 + SF6 → YF* + YF + SF4. The spectrum is most likely dominated by 
YF* emission which may emanate from the “selectively” populated F1Σ state. 
 

(blackbody)

Y2 + SF6 → YF* + YF + SF4
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Figure 2.18.  Pressure dependence plots for the La + F2 (473 nm), La2 + SF6 ( 472 nm), and La2 
+ ClF (493 nm) reactions which show first order dependencies on the oxidant and the La2 + Cl2 

(473 nm)`reaction which shows a “faster than first order” dependence. The oxidant pressure is 
denoted on the abscissa and the chemiluminescent intensity, normalized to the figure, on the 
ordinate.
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Appendix A2: Observation of Selectively Populated Monohalide Excited States from the 
Reactions of Group 3 Metal (Sc, Y, La) Monomers and Dimers with Halogen Containing 

Molecules 

Comparison to Brayman et al. 

Brayman et al.1 studied the Group 3-halogen reactions and the formation of the selective 

excited state emission from these systems, modeling the Y + Cl2 reaction. These authors 

assertion that the reactions of Y with Cl2, and Br2 are not sufficiently exothermic to produce the 

observed selective excited state emission features has been clarified by the current calculated 

bond dissociation energies. Although the new bond energies are at best sufficient to populate the 

YCl* and YBr* emitters, our work also suggests that the Y2 + Cl2 and Y2 + Br2 reactions can 

produce these emitters. The reactions of the low-lying metastable states of Sc and Y are unlikely 

in these systems as these states lie at ~ 10,000cm-1 or higher energies and will not be populated 

under the experimental conditions.2 As noted in the text, the reactions of the Group 3 dimers 

which are also present in these systems must be considered in the formation of YCl* and YBr* 

selective excited state emitters as Y, Y2, Cl2, Cl, Br2, and Br are present in the reaction/viewing 

zone of these systems. 

Brayman et al.1 (see their Figure 9) show three spectra which they indicate were obtained 

for the interaction of varying relative halogen concentrations of Cl2/Br2 mixtures with Y atoms. 

Each of these spectra show a triplicate of features which were purported to result from the 

formation of the metal di-halides via a second order process (reaction (A2.1)). 

M(Sc, Y) + X2 →MX*+X         (A2.1)
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followed by reaction (A2.2).  

MX* + X2, Y2 → MX2* or MXY di-halide formation     (A2.2) 

We assume, although this is not stated, that the observed spectra are all taken at constant gas 

pressure. “For these experiments, separate flows of Br2 and helium + Cl2 (Cl2 ~ 10-4/He~ 10-1) 

were introduced to the reaction chamber”, the triplicate of peaks observed in each of the three 

spectra is purported to unequivocally demonstrate metal dihalide formation via a double electron 

jump mechanism. Brayman et al. 1 also measured the radiative lifetimes for what the authors refer 

to as “YCl2” (450ns), “YBr2” (160ns), and “YBrCl” (240ns). Their assignment is difficult to 

rationalize if one accounts for the measured radiative lifetimes when assessing the relative peak 

intensities associated with each of the three spectra. This is especially true for their Figure 9(a).1 

In addition, under the conditions given for all three subfigures, the central “YBrCl” peak 

appears to be single peaked vs. the double peak which would be expected for the considered 

double electron jump process to form the metal dihalide by the sequences A2.3 and A2.4. 

YBr* + Cl2→YBrCl          (A2.3) 

YCl* + Br2→YClBr         (A2.4) 

Although this might be attributed to insufficient resolution, the lack of attention to the 

determined lifetimes and corrections for phototube response is a concern.  

In the experiments of Brayman et al., 1 BrCl formation can play a contributing role which 

bears consideration. Brayman et al. 1 employed separate flows of Br2 and of a helium + Cl2 

mixture (“1:30 Cl2 to He” at a Cl2 pressure of ~ 10−4 Torr) introduced to their reaction chamber.  

They state that “since the flows were introduced separately, there was no opportunity for the 

formation of BrCl molecules before the reaction of Y with Cl2 or Br2”. Unfortunately, this does 

not rule out the formation of BrCl via the exothermic reaction of Cl atoms with Br2 in either the 
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direct flame region or throughout their entire reaction chamber over which the blue 

chemiluminescence from Y reaction extends and is viewed and monitored. In fact, the interaction 

of Br atoms with Cl2, although ~ 5.6 kcal endothermic might occur, to some extent, in this 

nonequilibrium environment, due to the elevated temperatures in the reaction zone and the 

reaction of vibrationally excited Cl2 molecules. Mixed halogen molecule-metal atom reaction 

studies have been carried out3,4 but at much higher dilutions, of the order one Torr, He, to ensure 

minimal halogen molecule interaction (note also that Cl2 + Br2→2BrCl is a near thermoneutral 

process and can readily proceed).5 Halogen product atom-halogen molecule interactions are 

certainly more pronounced.  The effect of the BrCl bond energy (52.4 kcal/mole) which is 

precisely intermediate to that of Cl2 (57.98 kcal/mole) and Br2 (46.3 kcal/mole) must be 

considered. The reaction of BrCl with Y is more exothermic than that for reaction with Cl2 but 

less exothermic for reaction with Br2. Importantly, this can lead to enhanced excited state 

vibrational excitation if YCl is formed. This excitation will lead to a subsequent enhancement of 

emission to higher vibrational levels in the YCl ground electronic state, thus extending the (v′, 

v″) sequential emission profile to longer wavelengths. The cumulative effect is a broadening of 

the YCl emission feature which we observe when comparing the current results with those of 

Brayman et al.1 (See Figure 2.8 main text and A2.1 below). In contrast, YBr formation from BrCl 

interaction is not enhanced. 

Brayman et al.1 also state that “the spectral profiles of the Y/Br2 and Y/Cl2 reaction 

systems do not overlap strongly”. This statement bears consideration. Figure A2.1 represents a 

plot of the observed chemiluminescent emission for the selective YCl and YBr 

chemiluminescence features. It should be clear that these spectra demonstrate a substantial 

overlap. Pressure dependent studies, which demonstrate the first order reaction of Sc, Y, and La 
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to form the Group 3 fluorides and ‘faster than first order’ pressure dependences to form the 

chlorides and bromides, suggest that the triplicate of peaks observed could easily correspond to 

processes distinct from those suggested by Brayman et al.1  

We suggest that the cumulative effects outlined above support a reinterpretation of the Brayman 

et al. 1 experimental data. Considering the spectrum associated with a low bromine and high 

chlorine excitation (their Figure 9(a)), we note that the features assigned to ‘YCl2’ and ‘YClBr’ 

are separated by approximately 380 cm-1, the ground state frequency of YCl and assign these 

features to (0,0) and (0,1) sequence structure. Features associated with higher bromine and lower 

chlorine concentrations can also be readily assigned taking into account the combination of 

spectral overlap (Figure A2.13) and emission intensity associated with increased bromine 

concentration. 

The reactions of Sc and Y offer distinct reaction sequences. For example, consider 

reaction A2.5 

Sc (2D)5 + F2 (1∑+) → Sc+ + F- (electron jump) → ScF    (A2.5) 

Note that the Sc+ ground state is 3D and the low lying 1S “a” state is at 11736 cm- 1.6 We now 

consider reaction A2.6 

Y (2D) + F2 → Y+ + F- (e-jump) →YF.       (A2.6) 

Here by contrast the Y+ ground state is 1S with a low-lying 3D “a” state (840-1450 cm-1).6 Sc+ 

and Y+ and the scandium and yttrium monohalides possess a plethora of excited electronic states 

lying below 30,000 cm-1. We also note that the monohalides, in particular YF, appear to be well 

represented by ligand field models.7  

In referring to the selective Group 3 halide emission feature for the Y-Cl2 system in the 

range 383-400 nm, Brayman et al.1 state that “the smooth shape of the narrow featureless system 
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(their Figure 4) is remarkable. Such a profile cannot be simulated from any known band systems 

of YCl. It seemed likely, contrary to the assertions of Gole et al.,8,9 that this chemiluminescence 

does not arise from electronically excited YCl.” The profile displayed in Figure 6 of the 

Brayman et al.1 work demonstrates their LIF spectrum for this region. Further, information on 

the known states of YCl is still limited. However, Kaledin et al.7 have demonstrated a broad 

range of both singlet and triplet electronic states in YF as well as transitions between these states. 

These authors establish that the YF molecule follows Hund’s case (c) so that forbidden triplet-

singlet selection rules are not strong. This will be even more pronounced for transitions 

involving the heavier YCl or YBr molecules. The plethora of excited states is substantially 

greater than that surmised1 and LIF spectra for the Y-Cl2 reaction10 demonstrate a YCl ground 

state frequency of order 380 cm-1 and an excited state frequency of order 330-345 cm-1. The LIF 

spectrum given by Brayman et al.1 appears to demonstrate dominant features which can be 

correlated with the (v,v”) = (0,0) and (1,0) band regions associated with an excited state 

frequency of order 340 cm-1. Further, rotationally relaxed chemiluminescent spectra at higher 

pressures (Figure 2.9 main text) demonstrate, clearly, emission features associated with (v′, v″) = 

(0,0), (0,1), and (0,2) transition regions associated with the YCl ground electronic state with 

vibrational frequency ~ 380cm-1. 

The possibility that the observed “selective” emission features which characterize the 

scandium and yttrium – halogen (F2, Cl2, and Br2) reactions result from a metal monohalide 

rather than the metal dihalide suggested by Brayman et al.1 is supported by the tentative 

identifications made for features in the LIF spectra for the Y-Cl2 reaction producing YCl.10 

Further, the chemiluminescence from the Y-Br2, Sc-F2, and Sc2-SF6 interactions suggest the 

potential identification of features that can be correlated with metal monohalide products. It 
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should also be noted that the observed apparent selectivity observed in these systems (e.g., YCl, 

YBr) may be associated, at least in part, with low excited state vibrational excitation. 

Brayman et al.1 stated, “Gole et al.11 have proposed that a second order dependence on 

Cl2 concentration could be caused by collisionally induced emission from a long-lived metastable 

state. Such a mechanism would imply a pressure dependence for the apparent radiative lifetime 

associated with the chemiluminescence. We have found, however, that the radiative lifetime is 

pressure independent and too short to support the “collision induced emission” hypothesis.”  

These authors did not consider the diffuse electron density characteristic of high temperature 

molecules. This not only facilitates efficient collision induced relaxation among excited state 

manifolds but also rapid E-E transfer among excited states as well as rapid ground state-excited 

state V-E energy transfer. The efficiency of these energy transfers has been demonstrated to be 

well in excess of gas kinetic11 supporting the likelihood of collisional processes at pressures well 

below those assessed for gas kinetic interactions. The observed collisional processes in the 

Group 3 ̶ halogen molecule reactions may signal an important dependence on the product metal 

halide density of states manifest in the transition from the fluorides to the chlorides and 

bromides. 

Bounds for the Dissociation Energies for Group 3 Metal Monohalides We consider the gas 

phase bimolecular reaction of ground state metal atoms, M = Sc (2D), Y (2D), and La (2D) with 

halogen molecules as given by reaction (A2.7). 

M (2D) + [X2 (1Σg+) or XY(1Σ+)] + EiT → MX (v')  +  X (2P) + EfT    (A2.7) 

The Sc, Y, and La atoms (M) thermally distributed throughout the fine structure components of 

the 2D state, and halogen molecules in their ground state collide with relative translational 
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energy, EiT, (measured in the center of mass frame), to form excited MX molecules and ground 

state X (2P) atoms with relative final translational energy EfT. 

Conservation of energy requires that the energy on the right-hand side of equation A2.7 

balance the energy on the left-hand side. We choose the reference energies for M + X2 → MX + 

X as: M(2D, J= 3/2), X2 (X 1Σg+, v´ = 0), X(2P, J= 3/2), and MX (X 1Σg, v´ = 0). Then we can 

write equation (A2.8) 

   ̶̶ Dₒ(X2) + Eint(X2) + Eint(M) + EiT =  ̶̶ Dₒ(MX) + Eint(MX) + Eint(X) + EfT  (A2.8) 

where Eint (M), Eint (X2), Eint(X), and Eint(MX)  are the average internal energies (electronic, 

vibrational, rotational) of M atoms, X2 molecules, X atoms, and MX molecules respectively, 

measured with respect to the lowest energy level of each species. The energy sum Eint(X) + EfT is 

unknown and cannot be obtained from the chemiluminescent spectrum. Therefore, we obtain the 

inequality equation (A2.9) 

Dₒ (MX) ≥ Dₒ (X2) + Eint(MX)  ̶̶   [ Eint (X2)  + EiT  + Eint (M) ]    (A2.9) 

On the basis of equation (A2.9), we obtain a lower bound for Eint (MX) by converting the short 

wavelength limit of an observed spectrum to an energy increment. If the short wavelength 

feature we observe in the spectrum corresponds to emission from the highest excited state 

quantum level populated in reaction and the emission terminates in the lowest (vʺ= 0, Jʺ = 0) 

vibrational-rotational level of the ground electronic state, Eint (MX) provides a good estimate of 

the heat of reaction.12 This calculation of Eint (MX) represents a definite lower bound.  

The internal energy of the halogen molecules can be calculated from their fundamental 

frequencies (equation (A2.10).  

Eint (X2)  =  RT + Σi gihνi / (exp ( hνi/kT) -1)                (A2.10) 
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We use the formulation of Dagdigian et al.13 (equation (A2.11)) to estimate the relative initial 

translational energy, 

Eitrans = (3/2) kTeff                   (A2.11) 

where Teff is given by equation (A2.12). The translational energy of the ‘system’ is used rather 

than that of the individual species, analogous to a crossed molecular beam experiment. Each 

translational energy term is weighted by M(species i)/[M(species i) + M (species j)] to give  a 

(beam type) center of mass translational energy. This is distinguished from enthalpic corrections 

for individual separated atoms. As an example, for Y + F2, Teff is given by equation (A2.12) 

Teff = T(Y)M(Y)/[M(Y) + M(F2) + T(F2)M(F2)/(M(Y) + M(F2) )]             (A2.12)  

which reduces the translational contribution by both Y/ (Y + F2) and F2/ (Y + F2). The internal 

energy of the metal beam is determined by the average thermal distribution of the fine structure 

levels in the 2D ground state at the temperature of the experiment. We substitute into equation 

(A2.13)  

Eint = [Σi εigi exp( ̶ εi /kT)]/[Σi gi exp ( ̶  εi /kT)]               (A2.13) 

where the εi are the fine structure energies and the gi are the degeneracies of these components. 

The two fine structure components6 are the ground state (E(Sc, Y, La 2D3/2))  and and the first 

excited state 168.34 cm-1, 530.35 cm-1, and 1053.16 cm-1 for Sc, Y and La respectively (E(Sc, Y, 

La 2D5/2)). The various calculated values for Eint (M), Eint (MX), EiT, and Eint (X2) are given in 

Table A2.10.  

The minimum BDE bounds for the halides of the Group 3 metals are given in Table 2.1. 

For ScF, the experimental bounds are consistent with the current calculated value as well as with 

prior computational and experimental BDEs. For YF, the lower experimental bound given here is 

consistent with the current calculated value as well as with prior computational and experimental 
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BDEs. For YCl, the lower bound is slightly larger than the current calculated value of 122.7 

kcal/mol. The lower bound for YBr is in good agreement with the current calculated value of 

107.1 kcal/mol, considering the likely error bars on the bounds of ± 3 kcal/mol. The bounds for 

the BDEs of LaF and LaCl are in reasonable agreement with the current calculated values. 
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Table A2.1. ΔErxn for reaction MX → M + X calculated at increasing basis set size.a 

Species D T Q 5 CBS 
(DTQ) 

CBS 
(Q5) 

CBS 
(TQ) 

CBS 
(TQ5) 

awT-
PP 

awT-
DK ΔESR ΔESO ΔEZPE T.C. 

ScF 141.1 142.9 143.8 144.1 144.4 144.3  144.2    -0.66 1.05 2.13 
ScCl 100.5 103.0 104.7 105.3 105.8 105.7  105.6    -1.11 0.65 2.24 
ScBr 88.4 90.0 91.5 233.2 92.5 253.1  92.3    -3.78 0.50 2.30 
ScIb 

   

 73.8 75.3    76.1     -7.51 0.41 2.35 
YF 159.8 161.9 163.2 163.6 164.0 163.5  163.8 161.9 161.6 -0.37 -1.30 0.92 2.16 
YCl 119.9 122.4 124.2 124.8 125.2 124.6  125.2 122.3 121.9 -0.40 -1.75 0.55 2.28 
YBr 107.2 108.8 110.7 111.3 111.9 111.1  111.7 108.8 108.9 0.07 -4.42 0.39 2.36 
YI 91.0 92.5 94.2  95.2    92.5 92.5 -0.02 -8.15 0.31 2.41 
LaF 154.5 156.9 158.6  159.6       -2.20 0.84 2.18 
LaCl 115.4 118.6 121.2  122.8       -2.65 0.50 2.30 
LaBr 103.0 106.4 108.8  110.3       -5.32 0.35 2.39 
LaIb  91.0 93.5    95.0     -9.05 0.27 2.44 

a Basis sets by atom:  
Sc: aug-cc-pwCVNZ-DK (N=D,T,Q) 
Y: aug-cc-pwCVNZ-PP (N=D,T,Q,5) 
La: cc-pwCVNZ-DK3 (N=D,T,Q) 
F/Cl/Br:  with Sc/La: aug-cc-pwCVNZ-DK (N=D,T,Q) 
F/Cl/Br:  with Y: aug-cc-pwCVNZ (N=D,T,Q,5) 
I: with Sc/La: aug-cc-pwCVnZ-DK (n=T,Q) 
I: with Y: aug-cc-pwCVnZ-PP (n=D,T,Q) 
b TQ only for Iodine DK calculations
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Table A2.2.  Additional FPD components and formation enthalpies at 0 and 298K. 

Species ωexe (cm-1) SO ZPE T.C. (298K) ΔHf,0K 
DTQa 

∆Hf,298K 
DTQa 

ScF 3.52 -0.66 1.05 2.13 -34.3 -34.7 
ScCl 1.66 -1.11 0.65 2.24 14.4 14.1 
ScBr 1.00 -3.78 0.50 2.30 29.9 27.8 
ScI 0.70 -7.51 0.41 2.35 47.3 46.6 
YF 2.59 -1.30 0.92 2.16 -42.4 -42.7 
YCl 1.11 -1.75 0.55 2.28 6.4 6.2 
YBr 0.60 -4.42 0.39 2.36 21.6 19.6 
YI 0.41 -8.15 0.31 2.41 39.3 38.7 
LaF 2.09 -2.20 0.84 2.18 -35.0 -35.5 
LaCl 0.94 -2.65 0.50 2.30 12.0 11.6 
LaBr 0.47 -5.32 0.35 2.39 26.7 24.5 
LaI 0.30 -9.05 0.27 2.44 43.0 42.3 

a TQ only for ScI and LaI 
 
 
Table A2.3.  1Σ+ → 3Δ adiabatic excitation energy of MX (M=Sc,Y,La; X=F,Cl,Br,I) by 
CCSD(T)/(aug-)cc-pwCVnZ(-PP/-DK/-DK3) in kcal/mol. 
 

Species D  T  Q  CBS  
 kcal/mol cm-1 kcal/mol cm-1 kcal/mol cm-1 kcal/mol cm-1 

ScF 9.36 3273 7.53 2634 6.26 2190 5.47 1911 
ScCl 4.80 1677 3.62 1265 2.64 925 2.03 709 
ScBr 3.88 1358 2.67 933 1.71 597 1.10 385 
ScI --- --- 1.33 465 0.42 147 -0.10 -36 
YF 26.15 9145 24.32 8505 23.24 8128 22.58 7895 
YCl 21.45 7502 19.75 6907 18.73 6552 18.11 6332 
YBr 20.46 7154 18.67 6531 17.65 6173 17.02 5953 
YI 18.72 6545 16.96 5930 15.94 5575 15.32 5357 
LaF 7.31 2558 6.34 2216 5.73 2004 5.36 1873 
LaCl 5.03 1758 4.18 1462 3.66 1279 3.33 1166 
LaBr 4.48 1566 3.64 1274 3.13 1095 2.81 983 
LaI --- --- 2.90 1013 2.41 841 2.12 742 
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Table A2.4.  Absolute energies in hartrees of atoms used in BDE calculations at the CCSD(T) 
level, by basis set. 
 

Element Basis Energy 
F aug-cc-pwCVDZ-DK -99.676064 
 aug-cc-pwCVTZ-DK -99.776957 
 aug-cc-pwCVQZ-DK -99.805256 
 aug-cc-pwCV5Z-DK -99.814396 
 CBS (DTQ-DK) -99.820890 
 aug-cc-pwCVDZ -99.589275 
 aug-cc-pwCVTZ -99.689677 
 aug-cc-pwCVQZ -99.717680 
 aug-cc-pwCV5Z -99.726711 
 CBS (DTQ) -99.733131 
Cl aug-cc-pwCVDZ-DK -461.175486 
 aug-cc-pwCVTZ-DK -461.365344 
 aug-cc-pwCVQZ-DK -461.433179 
 aug-cc-pwCV5Z-DK -461.458267 
 CBS (DTQ-DK) -461.472467 
 aug-cc-pwCVDZ -459.766499 
 aug-cc-pwCVTZ -459.954561 
 aug-cc-pwCVQZ -460.021548 
 aug-cc-pwCV5Z -460.046373 
 CBS (DTQ) -460.060325 
Br aug-cc-pwCVDZ-DK -2604.712458 
 aug-cc-pwCVTZ-DK -2605.198586 
 aug-cc-pwCVQZ-DK -2605.371067 
 aug-cc-pwCV5Z-DK -2605.443969 
 CBS (DTQ-DK) -2605.470845 
 aug-cc-pwCVDZ-PP -415.991162 
 aug-cc-pwCVTZ-PP -415.991162 
 aug-cc-pwCVQZ-PP -415.991162 
 aug-cc-pwCV5Z-PP -415.991162 
 CBS (DTQ-PP) -416.680940 
I aug-cc-pwCVTZ-DK -7111.712836 
 aug-cc-pwCVQZ-DK -7111.864813 
 CBS (TQ-DK) -7111.952529 
 aug-cc-pwCVDZ-PP -295.167700 
 aug-cc-pwCVTZ-PP -295.167700 
 aug-cc-pwCVQZ-PP -295.167700 
 CBS (DTQ-PP) -295.836071 
Sc aug-cc-pwCVDZ-DK -763.598317 
 aug-cc-pwCVTZ-DK -763.661323 
 aug-cc-pwCVQZ-DK -763.674256 
 aug-cc-pwCV5Z-DK -763.680784 
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 CBS (DTQ-DK) -763.680812 
Y aug-cc-pwCVDZ-PP -38.003912 
 aug-cc-pwCVTZ-PP -38.056914 
 aug-cc-pwCVQZ-PP -38.071573 
 aug-cc-pwCV5Z-PP -38.077888 
 CBS (DTQ-PP) -38.079645 
 aug-cc-pwCVTZ-DK -3382.933944 
La cc-pwCVDZ-DK3 -8487.425828 
 cc-pwCVTZ-DK3 -8487.703552 
 cc-pwCVQZ-DK3 -8487.798966 
 CBS (DTQ-DK) -8487.853854 
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Table A2.5.  Absolute energies in hartrees of MX (M=Sc,Y,La; X=F,Cl,Br,I) in the X1Σ+ and 
a3Δ state at the CCSD(T) level by basis. 
 

Species Basis X1Σ+ a3Δ 
ScF aug-cc-pwCVDZ-DK -863.4992345 -863.5122231 
ScF aug-cc-pwCVTZ-DK -863.6660333 -863.8120213 
ScF aug-cc-pwCVQZ-DK -863.7087302 -863.8852205 
ScF aug-cc-pwCV5Z-DK -863.7247972 --- 
ScF CBS (DTQ-DK) -863.7318098 -863.9243054 
ScCl aug-cc-pwCVDZ-DK -1224.9339898 -1224.926346 
ScCl aug-cc-pwCVTZ-DK -1225.1907893 -1225.1850251 
ScCl aug-cc-pwCVQZ-DK -1225.2743162 -1225.2701015 
ScCl aug-cc-pwCV5Z-DK -1225.3068102 --- 
ScCl CBS (DTQ-DK) -1225.32189 -1225.3186580 
ScBr aug-cc-pwCVDZ-DK -3368.4515967 -3368.445406 
ScBr aug-cc-pwCVTZ-DK -3369.0033163 -3368.999064 
ScBr aug-cc-pwCVQZ-DK -3369.1911647 -3369.188442 
ScBr aug-cc-pwCV5Z-DK -3369.2714314 --- 
ScBr CBS (DTQ-DK) -3369.2990552 -3369.297300 
ScI aug-cc-pwCVTZ-DK -7875.4917464 -7875.4896274 
ScI aug-cc-pwCVQZ-DK -7875.6589947 -7875.6583233 
ScI CBS (TQ) -7875.7555243 -7875.7556884 
YF aug-cc-pwCVDZ-PP -137.8477671 -137.8060922 
YF aug-cc-pwCVTZ-PP -138.0046745 -137.9659163 
YF aug-cc-pwCVQZ-PP -138.04934 -138.0123007 
YF aug-cc-pwCV5Z-PP -138.0652559 --- 
YF CBS (DTQ-PP) -138.0740967 -138.0381190 
YF aug-cc-pwCVTZ-DK -3482.9683962 -3482.9305464 
YCl aug-cc-pwCVDZ-PP -497.9613878 -497.9271994 
YCl aug-cc-pwCVTZ-PP -498.2063745 -498.1748999 
YCl aug-cc-pwCVQZ-PP -498.2909884 -498.2611325 
YCl aug-cc-pwCV5Z-PP -498.3231872 --- 
YCl CBS (DTQ-PP) -498.3397093 -498.3108543 
YCl aug-cc-pwCVTZ-DK -3844.4935535 -3844.4628320 
YBr aug-cc-pwCVDZ-PP -454.1658295 -454.1332285 
YBr aug-cc-pwCVTZ-PP -454.6353404 -454.6055808 
YBr aug-cc-pwCVQZ-PP -454.8261039 -454.7979722 
YBr aug-cc-pwCV5Z-PP -454.9068010 --- 
YBr CBS (DTQ-PP) -454.9388336 -454.9117045 
YBr aug-cc-pwCVTZ-DK -5988.3060796 -5988.2771383 
YI aug-cc-pwCVDZ-PP -333.3165512 -333.2867261 
YI aug-cc-pwCVTZ-PP -333.7577867 -333.7307644 
YI aug-cc-pwCVQZ-PP -333.9516715 -333.9262654 
YI CBS (DTQ-PP) -334.0674995 -334.0430894 
YI aug-cc-pwCVTZ-DK -10494.7941160 -10494.7678604 
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LaF cc-pwCVDZ-DK3/ 
aug-cc-pwCVDZ-DK 

-8587.348054 -8587.336398 

LaF cc-pwCVTZ-DK3/ 
aug-cc-pwCVTZ-DK 

-8587.73058 -8587.720484 

LaF cc-pwCVQZ-DK3/ 
aug-cc-pwCVQZ-DK 

-8587.856963 -8587.84783 

LaF CBS (DTQ-DK) -8587.929155 -8587.920619 
LaCl cc-pwCVDZ-DK3/ 

aug-cc-pwCVDZ-DK 
-8948.785176 -8948.777165 

LaCl cc-pwCVTZ-DK3/ 
aug-cc-pwCVTZ-DK 

-8949.257912 -8949.251251 

LaCl cc-pwCVQZ-DK3/ 
aug-cc-pwCVQZ-DK 

-8949.425298 -8949.41947 

LaCl CBS (DTQ-DK) -8949.522094 -8949.516783 
LaBr cc-pwCVDZ-DK3/ 

aug-cc-pwCVDZ-DK 
-11092.30244 -11092.2953 

LaBr cc-pwCVTZ-DK3/ 
aug-cc-pwCVTZ-DK 

-11093.07163 -11093.06582 

LaBr cc-pwCVQZ-DK3/ 
aug-cc-pwCVQZ-DK 

-11093.34336 -11093.33837 

LaBr CBS (DTQ-DK) -11093.50044 -11093.49596 
LaI cc-pwCVTZ-DK3/ 

aug-cc-pwCVTZ-DK 
-15599.56145 -15599.55683 

LaI cc-pwCVQZ-DK3/ 
aug-cc-pwCVQZ-DK 

-15599.81285 -15599.80902 

LaI CBS (DTQ-DK) -15599.95795 -15599.95457 
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Table A2.6. Atom + halogen molecule reaction energies (kcal/mol) and associated  
maximum λ (nm) 
 

Reaction -ΔH0K kcal/mol Max λ nm 
Sc + F2 → ScF + F 105.8 270.2 
Sc + Cl2 → ScCl + Cl 46.8 610.2 
Sc + Br2 → ScBr + Br 42.8 668.2 
Sc + I2 → ScI + I 32.6 875.6 
Sc + ClF → ScF + Cl 82.4 347.0 
Sc + ClF → ScCl + F 43.7 654.6 
Sc + BrCl → ScCl + Br 52.5 544.6 
Sc + BrCl → ScBr + Cl 36.7 779.4 
Sc + ICl → ScCl + I 54.4 525.7 
Sc + ICl → ScI + Cl 18.6 1540.2 
Sc + IBr → ScBr + I 46.3 617.2 
Sc + IBr → ScBr + I 26.3 1086.8 
Y + F2 → YF + F 124.5 229.6 
Y + Cl2 → YCl + Cl 65.4 436.7 
Y + Br2 → YBr + Br 61.7 463.4 
Y + I2 → YI + I 51.2 557.7 
Y + ClF → YF + Cl 101.1 282.7 
Y + ClF → YCl + F 62.3 459.0 
Y + BrCl → YCl + Br 71.1 402.1 
Y + BrCl → YBr + Cl 55.6 514.2 
Y + ICl → YCl + I 73.0 391.7 
Y + ICl → YI + Cl 37.2 769.1 
Y + IBr → YBr + I 65.2 438.3 
Y + IBr → YI + Br 44.9 636.5 
La + F2 → LaF + F 119.7 238.8 
La + Cl2 → LaCl + Cl 62.5 457.0 
La + Br2 → LaBr + Br 59.2 483.0 
La + I2 → LaI + I 50.1 569.9 
La + ClF → LaF + Cl 96.3 296.8 
La + ClF → LaCl + F 59.4 481.4 
La + BrCl → LaCl + Br 68.2 419.2 
La + BrCl → LaBr + Cl 53.1 538.5 
La + ICl → LaCl + I 70.1 407.9 
La + ICl → LaI + Cl 36.1 792.6 
La + IBr → LaBr + I 62.7 455.8 
La + IBr → LaI + Br 43.8 652.5 
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Table A2.7. Metal dimer + halogen atom reaction energies (kcal/mol) and associated  
maximum λ (nm). 

Reaction -ΔH0K kcal/mol Max λ nm 
Sc2 + F → ScF + Sc 116.8 244.6 
Sc2 + Cl → ScCl + Sc 78.1 365.8 
Sc2 + Br → ScBr + Sc 62.3 458.6 
Sc2 + I → ScI + Sc 42.3 675.4 
Y2 + F → YF + Y 124.1 230.2 
Y2 + Cl → YCl + Y 85.3 335.0 
Y2 + Br → YBr + Y 69.8 409.3 
Y2 + I → YI + Y 49.5 577.2 
La2 + F → LaF + La 99.0 288.6 
La2 + Cl → LaCl + La 62.1 460.1 
La2 + Br → LaBr + La 47.0 607.9 
La2 + I → LaI + La 28.1 1016.8 

 
Table A2.8. Metal dimer + diatomic halogen molecule reaction energies (kcal/mol) and 
associated maximum λ (nm). 

Reaction -ΔH0K kcal/mol Max λ nm 
Sc2 + F2 → 2ScF 222.6 128.4 
Sc2 + Cl2 → 2ScCl  124.9 228.7 
Sc2 + Br2 → 2ScBr 105.1 272.0 
Sc2 + I2 → 2ScI  74.9 381.3 
Sc2 + ClF → ScF + ScCl 160.5 178.1 
Sc2 + BrCl → ScCl + ScBr 114.8 249.0 
Sc2 + ICl → ScCl + ScI 96.7 295.6 
Sc2 + IBr → ScBr + ScI 88.6 322.5 
Y2 + F2 → 2YF  248.6 114.9 
Y2 + Cl2 → 2YCl  150.7 189.6 
Y2 + Br2 → 2YBr  131.5 217.3 
Y2 + I2 → 2YI  100.7 283.6 
Y2 + ClF → YF + YCl 186.4 153.3 
Y2 + BrCl → YCl + YBr 140.9 202.8 
Y2 + ICl → YCl + YI 122.5 233.3 
Y2 + IBr → YBr + YI 114.7 249.1 
La2 + F2 → 2LaF + F 218.7 130.7 
La2 + Cl2 → 2LaCl  124.6 229.3 
La2 + Br2 → 2LaBr  106.2 269.1 
La2 + I2 → 2LaI  78.2 365.2 
La2 + ClF → LaF + LaCl 158.4 180.4 
La2 + BrCl → LaCl + LaBr 115.2 248.1 
La2 + ICl → LaCl + LaI 98.2 291.1 
La2 + IBr → LaBr + LaI 90.8 314.7 
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Table A2.9. Metal atom and dimer + SF6 reaction energies (kcal/mol) and associated maximum 
λ. 

Reaction -ΔH0K kcal/mol Max λ nm 
Sc + SF6 → ScF + SF5 37.9 753.9 
Y + SF6 → YF + SF5 56.6 504.8 
La + SF6 → LaF + SF5 51.8 551.6 
Sc2 + SF6 → 2ScF + SF4 154.7 184.7 
Y2 + SF6 → 2YF + SF4 180.7 158.1 
La2 + SF6 → 2LaF + SF4 150.8 189.5 
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Table A2.10. Experimental Bounds to Dissociation Energies for Group IIIB Monohalides 

Reaction Product 𝜆𝜆𝑠𝑠
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 �𝑁𝑁𝐾𝐾� 𝜆𝜆𝑠𝑠

𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 �𝑁𝑁𝐾𝐾� TB Teff Eint(M) Eint(RX) 𝐸𝐸𝑇𝑇𝑖𝑖  𝐷𝐷𝑜𝑜𝑜𝑜(𝑀𝑀𝑀𝑀) 
Bound 

  Å cm-1 K K cm-1 cm-1 cm-1 eV 
Sc + F2 ScF 3152 31726 2100 1124 96 221 1172 5.36 
Sc + F2 ScF 2650 37736 2100 1124 96 221 1172 6.10 
Sc + ClF ScF- 3150 31746 2100 1287 96 226 1342 6.34 
Y + F2 YF 2597 38506 2100 834 271 221 870 6.21 
Y + ClF YF 3310 30212 2000 941 268 227 981 6.18 
Y + SF6 YF 3500 28571 2000 1352 268 914 1409 6.69 
Y + Cl2 YCl 3921.5 25500 2000 1050 268 249 1094 8.44 
Y + IBr YBr 4044 24728 2050 1524 268 390 1589 4.70 
La +F2 LaF 3111 32144 2200 708 448 221 738 5.42 
La + ClF LaF 3387 29525 2150 821 453 227 856 6.08 
La +SF6 LaF 3405 29369 2200 1373 453 914 1328 6.78 
La + Cl2 LaCl 3405 29369 2200 942 453 249 983 5.92 
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Table A2.11. Lower bounds for BDEs from current experiments in kcal/mol. 
 

MX D00 calc BDE lower bound 
ScF 142.7 124, 141, 139, 135 
YF 161.4 143, 142, 154 
YCl 122.7 125 
YBr 107.1 108 
LaF 156.6 125, 140, 156 
LaCl 119.7 124 
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Table A2.12. ScF excited states from CASPT2-SO/aug-cc-pwcVQZ-DK 
 

State Omega Energy / cm-1 Configurationa μ (TDM) / Db 
D 1Π1  1 20420 3d2 3.05 
f  3Σ-0  0 20482   
f 3Σ-1  1 20489   
3Σ-0  0 21042   
3Σ-1  1 21045   
1Γ4  4 22040 3d2  
F 1Φ3  3 22264   
G 1∆2  2 22696 4s, 3d  
h 3Π0  0 22726   
h 3Π0  0 22728   
h 3Π1  1 22764   
h 3Π2  2 22821   
G 1∆2  2 25005 3d2  
H 1Σ+0 0 27236 (367nm) 4px + 3d 2.31 
I 1Π1  1 27428 (365 nm) 3d, 4px + 3d 2.48 
1Σ+0  0 28766 (348 nm) 4s, 3d 1.01 
1Σ-0  0 28859 3d2  
3∆1  1 29825   
3∆2  2 29901   
3∆3  3 29978   
1Π1  1 32719 3d, 4px + 3d 0.19 
1Π1  1 34954 3d, 4px 3.17 

a Assignment of transition in terms of metal valence orbitals. Bold values are for the transitions 
with large transition dipole moment in the region of the observed spectra. 
b Transition dipole moment in Debye 
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Table A2.13. ScCl excited states from CASPT2-SO/aug-cc-pwcVQZ-DK 
 

State Omega Energy / cm-1 Configurationa μ (TDM) / Db 
F 1Φ3 3 20371   
G 1∆2 2 20655   
1Π1 1 21451 3d2 2.18 
1Σ+0 0 22175 3d2 2.14 
1Σ+0 0 22659  0.36 
1Σ-0 0 25156   
3Π0 0 26096   
3Π0 0 26099   
3Π1 1 26125   
3Π2 2 26173   
3∆1 1 26302   
3∆2 2 26386   
3∆3 3 26462   
3Σ+1 1 27446   
3Σ+0 0 27452   
1Σ+0 0 27850 (359 nm) 3d2 0.76 
1Π1 1 28089 (356 nm) 3d, 4p 0.73 
1Φ3 3 28221   
1Π1 1 28273 (354 nm) 3d, 4p 3.53 

a Assignment of transition in terms of metal valence orbitals. Bold values are for the transitions 
with large transition dipole moment in the region of the observed spectra. 
b Transition dipole moment in Debye 
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Table A2.14. YF excited states from CASPT2-SO/aug-cc-pwcVQZ-DK 
 

State Omega Energy / cm-1 Configurationa μ (TDM) / Db 
3Σ-0  0 25080   
3Σ-1  1 25125   
g 3∆1  1 25534   
g 3∆2  2 25689   
h 3Π0  0 25805   
h 3Π0  0 25874   
h 3Π1  1 25993   
g 3∆3  3 26061   
h 3Π2  2 26083   
D 1Π1  1 26313 (380 nm) 5s, 4d 4.49 
1Γ4  4 26897   
E 1∆2  2 28285   
3Σ-0  0 29116   
3Σ-1  1 29181   
F 1Σ+0  0 29384 (340 nm) 4d2 1.15 
H 1Φ3  3 29636   
G 1Π1  1 33471 4d + 5pz, 4d + 5px 2.64 
I 1∆2  2 33878   
3Π0  0 34691   
3Π0  0 34701   
3Π1  1 34839   

a Assignment of transition in terms of metal valence orbitals. Bold values are for the transitions 
with large transition dipole moment in the region of the observed spectra. 
b Transition dipole moment in Debye 
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Table A2.15. YCl excited states from CASPT2-SO/aug-cc-pwcVQZ-DK 
 

State Omega Energy / cm-1 Configurationa μ (TDM) / Db 
h 3Π2 2 21287   
D 1Π1 1 23454 4d +5px, 4d 4.44 
1Γ4 4 23484   
E 1∆2 2 23699   
3Σ-0 0 24112   
3Σ-1 1 24143   
H 1Φ3 3 25717   
1Σ+0 0 26185 (382 nm) 4d, 5pz 1.48 
G 1Π1 1 27810 (360 nm) 4d + 5pz, 4d + 5px 2.06 
 I 1∆2 2 28217   
3Π0 0 28647   
3Π0 0 28651   

a Assignment of transition in terms of metal valence orbitals. Bold values are for the transitions 
with large transition dipole moment in the region of the observed spectra. 
b Transition dipole moment in Debye 
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Table A2.16. LaF excited states from CASPT2-SO/aug-cc-pwcVQZ-DK 
 

State Omega Energy / cm-1 Configurationa μ (TDM) / Db 
1Σ+0  0 19206 (521 nm) 5d2 3.26 
f 3Σ-1  1 19903   
f 3Σ-0  0 19923   
3Φ4  4 20620   
J 1Π1  1 21048 (475 nm) 5d, 6p 3.43 
3Φ3  3 21238   
3Φ2  2 21917   
F 1∆2  2 24060   
1Σ-0  0 25770   
1Φ3  3 25920   
1Σ+0  0 26216 5d, 6p, 0.28 
3∆1  1 26536   
3∆2  2 27138   
3∆3  3 27717   
3Σ+1  1 27819   
3Σ+0  0 27968   
1Π1  1 28373 5d, 6p 3.93 
1Π1  1 30575 6p + 5d, 5d 1.90 

a Assignment of transition in terms of metal valence orbitals. Bold values are for the transitions 
with large transition dipole moment in the region of the observed spectra. 
b Transition dipole moment in Debye 
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Table A2.17. LaCl excited states from CASPT2-SO/aug-cc-pwcVQZ-DK 
 

State Omega Energy / cm-1 Configurationa μ (TDM) / Db 
 J 1Π1  1 20601 (485 nm) 5d, 6pz + 5d 5.06 
3Φ3 3 21234   
1Σ+0 0 21543 (464 nm) 5d2 0.72 
1Π1 1 21912 (456 nm) 5d, 6pz + 5d 1.18 
3Φ2 2 22039   
1Σ-0 0 24160   
3∆1 1 24872   
1Φ3 3 25258   
3∆2 2 25527   
3∆3 3 26251   
3Σ+1 1 26465   
3Σ+0 0 26631   
1∆2 2 27894   

a Assignment of transition in terms of metal valence orbitals. Bold values are for the transitions 
with large transition dipole moment in the region of the observed spectra. 
b Transition dipole moment in Debye 
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Figure A2.1. Potential energy curves for the low-lying Ω states with major contribution of 
singlet states of ScF.  
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Figure A2.2. Potential energy curves for the low-lying Ω states with major contribution of 
triplet states of ScF.  
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Figure A2.3. Potential energy curves for the low-lying Ω states with major contribution of 
singlet states of ScCl. 
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Figure A2.4. Potential energy curves for the low-lying Ω states with major contribution of triplet 
states of ScCl.  
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Figure A2.5. Potential energy curves for the low-lying Ω states with major contribution of 
singlet states of YF.  
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Figure A2.6. Potential energy curves for the low-lying Ω states with major contribution of triplet 
states of YF. 
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Figure A2.7. Potential energy curves for the low-lying Ω states with major contribution of 
singlet states of YCl.  
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Figure A2.8. Potential energy curves for the low-lying Ω states with major contribution of triplet 
states of YCl.  
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Figure A2.9. Potential energy curves for the low-lying Ω states with major contribution of 
singlet states of LaF. 
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Figure A2.10. Potential energy curves for the low-lying Ω states with major contribution of 
triplet states of LaF. 
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Figure A2.11. Potential energy curves for the low-lying Ω states with major contribution of 
singlet states of LaCl.  
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Figure A2.12. Potential energy curves for the low-lying Ω states with major contribution of 
triplet states of LaCl. 
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Figure A2.13. Comparison of Y + Br2 and Y + Cl2 spectra.  
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CHAPTER 3 

INITIAL STEPS IN THE SELECTIVE CATALYTIC REDUCTION OF NO WITH NH3 BY 
TIO2-SUPPORTED VANADIUM OXIDES 

Introduction 

 The selective catalytic reduction (SCR) of NOx with NH3 in reaction (3.1) has been 

industrially  

4NH3 + 4NO + O2 → 4N2 + 6H2O       (3.1) 

used  to reduce NOx emissions by 95-100% since its development in 1970.1,2  Many metal oxides 

can catalyze this reaction, including those of V, Cr, Mo, W, Mn, Cu, and Ce.3 Vanadium (V) 

oxides4 supported on TiO2 (typically in the anatase phase) are important catalysts, in part due to 

this system’s resistance to deactivation by sulfur compounds that are also present in flue gases 

from power plants and diesel engines.  In spite of the large body of research on this important 

SCR reaction, there are still fundamental issues to be resolved about the surface reaction 

intermediates, reaction mechanism(s), and kinetic models.  

 The reactions present during the catalytic process on supported vanadium oxides have 

been studied extensively by a broad range of experimental approaches including infrared (IR) 

and Raman spectroscopy, temperature programmed desorption (TPD) and temperature 

programmed surface reaction (TPSR) spectroscopy. The nature of the catalytic active surface 

VOx sites on the TiO2 support have recently been determined by in situ solid-state 51V magic 

angle spinning (MAS) NMR measurements.5,6  The dominant surface V+5 sites are present as 

isolated mono-oxo vanadates (distorted VO4 with a nearby OH, oxygen vacant VO4, disordered
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VO4, and distorted VO5) and oligomeric surface VxOy sites (dimers linked with one and two 

bridging oxygens as well as larger oligomers). Increasing the surface vanadia coverage or the 

addition of surface WOx sites leads to further oligomerization of the surface vanadia sites on the 

TiO2 support.  Both surface NH3 species on Lewis acid sites and surface NH4+ species on 

Brønsted acid sites are generally present on the catalyst during the SCR reaction.1  The surface 

NH3 adsorbs strongly to both the surface vanadia sites and the TiO2 support, either by Lewis 

addition to catalyst metal centers, or by a hydrogen bonding interaction with surface M—OH 

groups.  Experimental studies have yielded an enthalpy of adsorption for NH3 of 16 to 28 

kcal/mol.7,8 As the reaction temperature is increased, the concentration of the surface NH4+ 

species, formed by adsorption of ammonia on Brønsted acid sites, is generally less thermally 

stable than the surface NH3 species.  Furthermore, the surface NH3 species can convert to surface 

NH4+ species in the presence of moisture above 250oC.1  In situ time-resolved transient IR 

showed that surface NH3 species immediately decreased after initiation of the SCR reaction, 

while NH4+ decreased more slowly, leading to the conclusion that surface NH3 is the active 

species, rather than NH4+.9  Another study found that the concentration of surface NH4+ species 

coincides with the formation of N2, leading to the proposal that surface NH4+ is the active 

species.10  Thus, the roles of the critical surface species in the SCR reaction mechanism have still 

not been resolved. Experimentally, this is hampered by the rapid reaction and short lifetime of 

the critical surface species since the adsorption of NO is a much slower event. 

 The kinetics of the NOx SCR reaction have been extensively examined.  Empirical 

reaction orders have been determined for the reactants.1  The partial pressure dependence of NO 

has a reaction order of 0.5 to 1 suggesting that NO is weakly adsorbed or reacts from the gas 

phase (Langmuir-Hinshelwood mechanism).1  The partial pressure dependence of NH3 has a 
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reaction order of 0 to 0.2, indicating that ammonia is strongly adsorbed and reacts from the 

surface.  The partial pressure dependence of O2 does not affect the reaction rate above 1% O2, 

reflecting that the catalyst surface is sufficiently oxidized under the SCR reaction conditions.  

The H2O product inhibits the reaction below partial pressures of 5% H2O and does not have a 

significant impact on the reaction rate at higher concentrations, indicating that moisture readily 

adsorbs on the catalyst surface and competes with the other reactants during the SCR reaction.  A 

study with NH3/ND3 revealed a kinetic isotope effect indicating that the rate-determining step 

involves the breaking of an N—H bond.11 Studies with gas phase 18O2 showed that 16O from the 

surface VOx sites was the oxygen participating in the SCR reaction (Mars-van Krevelen 

mechanism).11 

Several SCR reaction mechanisms have been proposed based on the detection of surface 

NH3 and NH4+ species by IR spectroscopy.  Busca et al.12 proposed the formation of 

chemisorbed NH2 on an isolated surface VOx site, due to the observation of an IR NH2 scissoring 

mode at 1535 cm-1, but the measurement was performed under vacuum where the vanadia was 

later found to become reduced.13 Surface NH2 intermediates, however, are only readily detected 

on reduced VOx sites. Busca et al.12 summarize the results favoring an ‘amide-nitrosoamide’ 

mechanism: (1) The mechanism should include Lewis acid sites on the vanadia. (2)  NO most 

likely reacts without adsorbing. (3) The amide -NH2 functionality has been observed 

spectroscopically. (3) The NH2NO molecule has been observed by MS, after passing NO and 

NH3 over vanadium oxide catalysts in the temperature range of 300 – 400 ° C with a lifetime of 

at least 100 μsec.14 Tøpsoe et al.15 proposed a mechanism initiated by formation of surface NH4+ 

species by Brønsted acid surface V—OH hydroxyls and an adjacent surface V=O from their 

observation of these functionalities with IR spectroscopy after exposing the catalyst to the 
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reactants.  This mechanism was proposed to pass through a surface NH4NO+ intermediate. In 

summaries of these mechanisms,1 it is noted that a reduced V4+ site is generated at some point on 

the reaction path. These types of SCR reaction mechanisms have been supported by a range of 

computational studies.16,17,18,19,20,21,22     

 Herein, we report a computational study of the SCR reaction on a neutral and protonated 

cationic monomeric or dimeric cluster model of surface vanadium oxide (VxOy) sites supported 

on a model TiO2 surface.  

Computational Methods 

A variety of computational approaches were used for the current work. Interactions 

between gas phase reactants and cluster models of the VxOy/TiO2 surface leading to the 

formation of nitrosamine were modeled using density functional theory (DFT).23  The geometry 

optimization and vibrational frequency (including transition states) calculations were done with 

the hybrid B3LYP24,25,26functional and the DFT optimized DZVP227 basis set, using Gaussian 

16.28  The three most important vanadium oxide structures present on TiO2, shown in Figure 3.1, 

were taken from a combined experimental 51V MAS NMR and computational study.5  Structures 

1-0 and 1-0 L consist of isolated, mono-oxo O=V(-O-Ti)3 sites. Structures 2-0 and 2-0 L contain 

dimeric V2O7 sites that are bridged by one V-O-V bond, and each VO4 unit has mono-oxo 

coordination and two bridging V-O-Ti bonds. Structures 1-0 L and 2-0 L are functionally 

identical to 1-0 and 2-0 in terms of the VxOy groups except that a larger titanium cluster is used 

to examine the effect of extending the cluster model of the TiO2 surface. Structure 3-0 also 

consists of dimeric V2O7 units, but has two bridging V-O-V bonds. Dangling oxygens on the 

titania clusters are capped by H atoms for a cluster with zero charge. 



142 
 

More accurate calculations of portions of the lowest energy pathway for nitrosamine 

(NH2NO) formation on 1-0 and 2-0 were calculated at the coupled cluster CCSD(T) 29,30,31,32 

with the cc-pVDZ-PP (Ti and V)/aug-cc-pVDZ (H, N and O) basis sets. 33,34,,35,36  A 10 electron, 

small core pseudopotential (-PP) was used for Ti and V. Diffuse functions were not added to the 

formally positively Ti and V. For these CCSD(T) calculations, we used the Kohn-Sham 

PW9137,38,39  orbitals as the starting orbitals for the calculations40,41,42 as the PW91 orbitals tend 

to result in smaller values of the T1 diagnostic than do the use of Hartree-Fock orbitals.43 

After formation of NH2NO on the cluster model of the surface and its subsequent release, 

optimized equilibrium and transition state geometries and vibrational frequencies for the gas 

phase decomposition of NH2NO were obtained using second order Møller Plesset perturbation 

theory (MP2)44,45 with the augmented correlation-consistent aug-cc-pVTZ, basis set abbreviated 

as aT. Single point electronic energies were calculated at the CCSD(T) level with the aug-cc-

pVnZ  (n = D, T and Q) correlation-consistent basis sets. The CCSD(T) energies were 

extrapolated to the complete basis set (CBS) limit using equation (3.2):46 

En = ECBS + A exp[-n(n-1)] + B exp[-(n-1)2]     (3.2) 

with n = D through Q (n = 2, 3, and 4). The CCSD(T) calculations were performed using 

MOLPRO 2018.47,48 

Results and Discussion 

 As described below, the first step in the SCR in our model of the mechanism is the 

preparation of the NH2NO intermediate from the reaction of NH3 + NO on the supported 

vanadium oxide. On the basis of prior experimental and computational work discussed above, 

the following surface mechanism (3.3a to 3.3d) was studied for the neutral closed shell surface 

catalysts (the example given is for the monomer): 
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V5+O4 + NH3 ⇋ V5+O4∙NH3        (3.3a) 

V5+O4∙NH3 ⇋ V5+O3(OH)(NH2)       (3.3b) 

V5+O3(OH)(NH2) + 2NO → 2[V4+O3(OH)∙NH2NO]     (3.3c) 

2[V4+O3(OH)∙NH2NO] → 2[V4+O3(OH)] + NH2NO     (3.3d) 

For the reaction on the protonated surface, the following mechanism (3.4) was studied based in 

part on the work of Topsoe et al.15 as previously summarized1 (the example given is for the 

dimer): 

[V5+OH∙∙∙O=V5+]+ + NH3 ⇋ [V5+O-∙[NH4+]∙O=V5+]+    (3.4a) 

[V5+O-∙[NH4+]∙O=V5+]+ + 2NO → 2[V5+O-∙[NH4+NO]∙O=V5+]+   (3.4b) 

2[V5+O-∙[NH4+NO]∙O=V5+]+ → 2[V5+OH∙∙∙H+OV4+]+ + NH2NO   (3.4c) 

NH2NO formation on the isolated VO4 site Monomeric VO4 is the dominant surface species at 

low coverage according to solid-state 51V MAS NMR characterization of supported VOx/TiO2 

catalysts.5  The SCR of NOx reaction can occur at low surface vanadia coverage implicating such 

sites playing a role during SCR.6 The reaction coordinate (ΔG298K) in Figure 3.2 (energy 

summary in Table 3.1 and reaction coordinate for ΔH298K is shown in the Supporting 

Information) shows NH2NO formation from NH3 and NO on the reaction coordinate starting 

from 1-0.  First, NH3 adsorbs to the V through a Lewis acid-base interaction (1-1) (a 

physisorption process) with a binding energy (ΔHads,298K) ca. -9 kcal/mol. The free energy of 

binding (ΔGads,298K) is ~ 2 kcal/mol due to loss of entropy from a free gas phase NH3 on 

physisorption.  Proton transfer from the Lewis acid bound NH3 to a V-O-Ti bridging oxygen has 

an energy barrier of ~10 kcal/mol. One of the equivalent V-O-Ti bridge bond breaks to from a 

Ti-OH with the NH2 bonded to the V resulting in a structure partially stabilized by a Ti-

O(H)∙∙∙H2N-V hydrogen bond. This new chemisorbed species is 2 kcal/mol less stable (ΔH) than 
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the initial physisorbed NH3 although ΔG is about same, 2 kcal/mol.  Note that there is a formal -1 

charge on the NH2 so that the V remains in the +5 oxidation state and no redox has occurred. 

This initial step is similar to the reactions of alcohols and water molecules on Group IV and 

Group VI transition metal oxide (TMO) clusters, Lewis acid-base addition followed by hydrogen 

transfer to an oxygen.49,50,51,52 

In the second stage of the reaction, NO reacts with the chemisorbed NH2* leading to a 

NO complex (1-4) with a long N-N bond.  The introduction of the reactant NO radical with an 

unpaired electron makes the system have an unpaired spin thus it becomes a doublet. It is 

important to note, in agreement with prior experimental and computational work, that NO is 

predicted to only weakly bind to the cluster if at all so there is no stable pre-complex for the NO 

on the cluster.   

The transition state (1-5(TS)) has an increased N—V bond distance. The two hydrogens 

on the NH2 bend away from the NO, maintaining the hydrogen bond to the titanium bound 

hydroxide, (for both 1-4 and 1-5(TS)).  The formation of the NH2NO complex has a barrier 

height of ~ 17 kcal/mol. At this point in the reaction, the V is nominally in the +4 oxidation state 

and it is now the radical center so there has been a redox at the V site. Multiple isomeric NH2NO 

complexes can form with the lowest energy one shown as 1-6. The free energy barrier height to 

transfer the proton from the Ti-OH to the terminal V=O reforming the Ti-O-V bridge and a 

reduced V4+-OH site while NH2NO is still complexed is ~20 kcal/mol; thus, NH2NO will 

desorbed to 1-7 before undergoing a proton transfer. The NH2NO desorbs with an input of 

energy of ~11 kcal/mol leaving a reduced V4+ site 1-7 which has an unpaired spin (see the spin 

density plot in the Supporting Information (SI)). Note that this second barrier height on the free 

energy reaction coordinate at 298 K is 23 kcal/mol, predominantly due to the loss of the degrees 
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of freedom of two gas phase molecules, so much of the barrier free energy height is entropic in 

nature. The remaining reaction coordinate, after NH2NO desorbs (1-7) maintains the proton on 

the titanium part of the cluster as Ti-OH. The free energy barrier height to transfer the proton 

from the Ti-OH to the terminal V=O reforming the Ti-O-V bridge and a reduced V4+-OH site (1-

9) is 28 kcal/mol with an overall barrier height from the starting reactants of 39 kcal/mol.  

The CCSD(T) and B3LYP calculations are in semi-quantitative agreement. The 

CCSD(T) calculations show that B3LYP underestimates the initial binding of the NH3 to the 

cluster as seen in calculations of the Lewis acid base addition of alcohols to M3O9 clusters with 

M = Mo or W.49,50  The first barrier height for proton transfer  at the B3LYP level is smaller than 

the CCSD(T) barrier by 1 kcal/mol. The chemisorbed structure 1-3 is predicted to be 3 kcal/mol 

more stable by B3LYP as compared to CCSD(T). A larger difference between B3LYP and 

CCSD(T) is found for 1-6 - 1-8 but good agreement for 1-9 is found. 

Comparison of the calculations (Table 3.1) using the larger titanium structure, 1-0 L, 

indicate that the energies do not significantly change from those for the small cluster showing 

that the role of the support is highly localized to the region of the vanadium oxide and its direct 

bonding to the TiO2 support.  

NH2NO formation on single bridged V2O7 linear dimer The solid-state 51V MAS NMR study 

also demonstrated the presence of linear VxOy polymers.5,6 For the isolated, mono-oxo VO4 site, 

NH2NO leads to reduction of the vanadium and transfer of a hydrogen to the V=O terminal 

oxygen.  We next modeled NH2NO formation on a dimeric supported V2O7 site (Figure 3.3 and 

SI) with each VO4 unit containing one terminal V=O bond (mono-oxo).  The reaction starts in 

the same manner as for the monomeric VO4 site with formation of a Lewis acid-base adduct of 

the NH3 to a V5+. The initial binding energy is slightly more negative with ΔH298K of ca. -10 
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kcal/mol than for the VO4 site and with a free energy of binding (ΔGads,298K) of ~ 1 kcal/mol. The 

same type of proton transfer occurs to form the NH2 group at a V5+ while converting the Ti-O-V 

bridging O to a Ti-OH group. The energy barrier is substantially increased to 27 kcal/mol. The 

chemisorption energy is now endothermic by ΔG = 6 kcal/mol as compared to physisorption 

which accounts for the some of the change in the barrier height. The VO4 site has more 

conformational flexibility than the more rigid V2O7 dimer site leading to the increase in the 

barrier height and the endothermicity of the process.  A NO complex could not be optimized for 

the V2O7 dimer and the addition of NO occurs with a barrier of ΔG = 20 kcal/mol; again, the 

reaction coordinate is now a doublet. A NH2NO complexes is formed (2-5). The loss of NH2NO 

requires ΔG =13 kcal/mol, again leaving a reduced V4+ site (2-6) (see the spin density plot in the 

SI showing that the spin resides on the V with the OH group). The free energy barrier height to 

transfer the proton from the Ti-OH to the V=O reforming the Ti-O-V bridge with a V-OH 

instead of a V=O (2-8) is 26 kcal/mol from 2-6 and 39 kcal/mol from the reactants. Increasing 

the size of the model of the supported cluster does not substantially change the results as the final 

protonated products for both initial VO4 and dimeric V2O7 cluster, 1-9 and 2-8, respectively, 

have almost identical energies within 0.2 kcal/mol. 

The CCSD(T) calculations show that B3LYP underestimates the initial binding of the 

NH3 to the cluster (SI). The first barrier for proton transfer height at the B3LYP level is 

comparable to the CCSD(T) value. The difference between the chemisorption and physisorption 

energies at the CCSD(T) level of ~17 kcal/mol (ΔH) is double that at the B3LYP level. This is 

because the physisorbed species, 2-1, is more bound by 4 kcal/mol at the CCSD(T) level and the 

chemisorbed species, 2-3, is ~ 4 kcal/mol less bound at the CCSD(T) level, both in comparison 

to the B3LYP results. 
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NH2NO formation on dibridged V2O6 dimer Dimer, 3-0, contains a constrained double oxygen 

bridge such that each bridging oxygen is bound to both vanadium atoms.  As a result, there is 

only one attachment to the titanium oxide cluster model at each vanadium.  These geometric 

properties play a role on the energetics of NH2NO formation as shown in Figure 3.4 and SI.  The 

position of the bridging oxygen atoms reduces steric crowding around the vanadium in addition 

to presenting hydrogen bonding acceptors such that NH3 is further stabilized on the cluster.  

Because there is only one attachment to the titanium substructure, chemisorption does not 

proceed through protonation of a V—O(Ti) bond. One of the bridging V—O—V bonds can be 

cleaved without breaking the dimer (3-3) and the barrier for proton transfer is low; the OH group 

and the NH2 group are on separate V atoms with no redox at the metal. Chemisorption leaves 

NH2 in a more accessible position for NO to approach, lowering the barrier as well for the 

formation of NH2NO.  The results suggest that V2O6 is the most reactive species in the formation 

of NH2NO. In the mid to high-mid coverage range, surface V2O6 population experiences an 

exponential growth, before polymerization and V2O5 crystallization become dominant as VOx 

deposition approaches a monolayer.5  It is feasible that this unique species is responsible for this 

shift in activity. We note that the ΔH298K for NH3 adsorption on 3-0 (SI) is in good agreement 

with the lower end of the TPD measurements, with values of 18-26 kcal/mol7 and 22-28 

kcal/mol.8 The ΔH298K for NH3 absorption on 1-0 and 2-0 is significantly lower than the TPD 

values. 

NH2NO formation on protonated VOx monomer There is strong spectroscopic evidence for the 

presence of oxygen protonated V-O-Ti sites generated by adding vanadium oxides to a 

hydroxylated TiO2 support. We, thus, investigated the generation of NH2NO on a protonated 

VO4 monomer and a protonated V2O7 dimer (next section). The reaction coordinate for the 
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cationic protonated VO4 monomer reaction is shown in Figure 3.5 and Supporting Information, 

and it is significantly more complex than the ones in Figures 3.2 to 3.4. The initial protonated 

substrate can be either with the proton on the bridge V-O-Ti oxygen or on the V=O oxygen (SI). 

The latter structure is more stable than the bridge protonated site by 7 kcal/mol. Addition of NH3 

to either structure leads to a common ‘NH4+’ intermediate. The well depth of this intermediate is 

larger than that for the neutral structures due to the presence of the positive charge. NO can form 

a weak complex with a hydrogen on the ‘NH4+’ (4-2a) or directly insert into an N-H bond. The 

latter leads to four different intermediates within 5 kcal/mol, ‘NH3N(O)H+’ (4-2b and 4-2d) and 

‘NH3NOH+’ (4-2c and 4-2e) which are complexed by two hydrogen bonds to the VO4 (SI). We 

followed 2 pathways from the lowest energy ‘NH3N(O)H+’ (4-2b) and ‘NH3NOH+’ (4-2c). The 

higher energy (black lines in Figure 3.5) 4-2c can transfer a proton to the V=O oxygen (4-5a) or 

to the V-O-Ti oxygen (4-5c) with transfer to 4-5a more exothermic. The ‘NH2NOH’ (4-5a) now 

can transfer a proton to the bridge V-O-Ti oxygen 4-6a in a thermoneutral process. The newly 

formed ‘NH2NO’ (4-6a) can reorient to 4-7a and then dissociate with a ΔG of 10 kcal/mol. If a 

barrier is present, the largest value is 4-1 to 4-2c with an energy barrier of ΔG of 38 kcal/mol. A 

second process in which the protons are transferred in a different order, 4-2c → 4-5c → 4-6b 

proceeds through higher energy but still bound intermediates, and directly leads to trans 

HN=NOH.  

The more stable intermediate 4-2b also has two pathways (blue lines in Figure 3.5). The 

lower energy pathway has a small barrier of < 1kcal/mol to transfer a proton to the bridge O, 4-

3(TS)a. Proton transfers to an intermediate 4-5b, the V=O bridging oxygen then leads to 

‘NH2NO’ complex (4-56b) which can dissociate leading to the NH2NO product with a barrier of 

ΔG of 5 kcal/mol. There is a high energy pathway via TS 4-3(TS)b for direct proton transfer 
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from the NH3 to the NO oxygen leading to 4-4a. Subsequent proton transfers lead to formation 

of cis HN=NOH complexes 4-6c and 4-7c, but the high barrier will preclude formation of cis 

HN=NOH. 

NH2NO formation on protonated V2O7 linear dimer Possible reaction coordinates for this process 

are shown in Figure 3.6 and SI, starting from the most stable protonated structure where the 

proton is on a terminal V=O. The other two starting species, which are a bridge protonated 

oxygen, V-OH-Ti, and the oxygen bridge between both V protonated, are about 8 kcal/mol 

higher in energy (SI). Addition of NH3 to these structures can form two different very close in 

energy ‘NH4+’ intermediates 5-1a and 5-1b. The same basic processes as for the protonated 

monomer VO4 site occur except that there are many more possible NH3/NO addition sites. The 

NO insertion results in 8 different intermediate sites (5-2b to 5-2i) that are within 7 kcal/mol of 

each other depending on what side of the ‘NH4+’ the NO is inserted and on how the NO is 

inserted, whether the O or N in NO are participating in the hydrogen bonding (SI). We followed 

two pathways involving the V-O-Ti bridge 5-1b to compare to the monomeric protonated VOx 

pathway and one pathway involving the proton on the V-O-V site 5-1a as during the NO addition 

5-2b is the lowest energy NH3/NO intermediate. The lowest energy structure obtained from 5-1b 

is 5-2c and is similar to previous monomeric 4-2b with the N of the NO group participates in the 

hydrogen bonding (blue line in Figure 3.6).  

Starting from 5-2c, there are two possible pathways. Thus, the lowest energy path 

through 5-4a and 5-7b leads to NH2NO and a higher energy pathway through 5-6a leads to a 

trans HN=NOH where proton transfer from the NH to the O forms the final N2 and H2O. 

Starting from 5-2c the second path with a high barrier process through 5-6c leads to cis 

HN=NOH. Starting from 5-2d, a series of proton transfers yields trans HN=NOH through 5-6b 
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or NH2NO through 5-7a. Overall, the barrier on this path is ΔG = 36 kcal/mol. The reactions 

from 5-1a have a comparable of ΔG = 35 kcal/mol to yield NH2NO. Thus, 5-2b yields NH2NO 

through 5-6d and 5-7c and the product 5-8 C has protonated bridged V-OH-V (Figure 3.6). The 

initial ΔH298K binding energies of NH3 on the cations (reported in the SI) are significantly larger 

than on the neutrals as would be expected and are consistent with the high end of the 

experimental values from TPD measurements.7,8  

Decomposition of free NH2NO. As discussed previously, NH2NO can form on the supported 

vanadium oxide. The reaction coordinate for the decomposition of free NH2NO is shown in 

Figure 3.7 (see Table 3.2 also). This is a highly exothermic reaction due to the formation of N2. 

The corresponding heats of formation are given in the Supporting Information and are in good 

agreement with other computational studies and the available experimental data. 

The reaction involves two hydrogen transfers and the N-N bond is converted from a 

single bond to a triple bond. The first step is hydrogen transfer from the NH2 group to the O to 

generate HNNOH in a cis(O)-trans(N) configuration. The N-N single bond has been changed 

into a N=N double bond and the N=O double bond has become a N-O single bond. The barrier 

height for this step of 31 kcal/mol is similar to that on the reaction coordinate for V2O7 to 

transfer an N-H to an O to generate an OH. The second step is a low energy barrier of 9 kcal/mol 

for torsion about the OH bond to generate a trans(O)-trans(N) structure. The third step, 6-5(TS), 

is the highest energy step, about 6 kcal/mol higher than the first step and is rotation about the 

N=N bond or equivalently inversion at the N with a hydrogen bonded to it. The resulting 

structure is the trans(O)-cis(N) and is now set up for the final hydrogen transfer from N to O. 

The fourth step has a lower energy barrier of 22 kcal/mol and is transfer of the final N-H to 
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generate H2O and N2 in a highly exothermic step. There has been a substantial number of 

changes in the electron distributions in this unimolecular decomposition process. 

The gas phase decomposition for NH2NO thus has a rate determining barrier of 36 

kcal/mol. This barrier height is consistent with the temperature range of the reaction. The free 

energy barriers for formation of NH2NO on the supported vanadium oxides are ΔG = 25 

kcal/mol for a monomer VO4 site (1-1 → 1-5(TS)), ΔG = 29 kcal/mol for the V2O7 dimer site (2-

1 → 2-2(TS)), and ΔG = 22 kcal/mol for the V2O6 dimer site (3-1 → 3-4(TS)). If the lowest 

energy hydrogenated site is formed, the free energy barriers starting with 1-0 and 2-0 are even 

higher, 39 kcal/mol. For the protonated catalysts, the free energy barrier for 4-1 → 4-2b is ΔG = 

34 kcal/mol using the higher energy protonated bridged species and for 5-1b → 5-2c is ΔG = 34 

kcal/mol. Thus, the free energy barriers for formation of NH2NO on the neutral sites except for 

V2O6 are lower than or comparable to the barrier for NH2NO in the gas phase for generating the 

higher energy hydrogenated catalyst. However, the free energy barrier for the protonated 

structures and to generate the lowest energy hydrogenated catalyst are comparable to the gas 

phase value. Only the V2O6 site barrier will be significantly lower than for the gas phase barrier. 

There are a number of previous reports for this gas phase process, most starting from the 

reaction of NH2 + NO.53,54,55,56,57,58 The prior results (Table 3.2) are consistent with our high 

level CCSD(T)/CBS results within a few kcal/mol. The highest level prior calculations were 

done at the ANL0 level,59 which is very similar to the FPD results reported here. The only 

significant difference between the FPD and ANL0 results is for 6-6 and the ANL0 results are not 

consistent with any of the other results as well as the FPD results.  

It is clear that the first step in this SCR mechanism is not catalytic. The surface is a 

participant in the reaction and a second NH3 has to be added to the surface to generate an 
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additional H on the surface. The subsequent addition of O2 will lead to the formation of H2O 

which can be removed from the surface. In fact, the overall reaction stoichiometry dictates that 

two more NH3 molecules have to adsorb to form NH2 and OH on the surface in order for the O2 

molecule to form two H2O molecules. At this point the surface is regenerated. This model of the 

process is consistent with the fact that an oxygen lean system will degrade until the surface 

hydrogen can be removed by adding more oxygen. 

Formation of NH2NO on reduced surface V2O7 dimers As noted above, the production of the first 

NH2NO species and its subsequent decomposition into the resulting H2O and N2 leads to the 

formation of a vanadium oxide dimer site with a reduced V4+ with an attached OH, either as a 

bridge OH or as a terminal OH. These clusters with a V4+ have an unpaired spin so the overall 

system is a doublet. For the terminal OH (7-0), the reaction starts on a doublet reaction 

coordinate (Figure 3.8 and SI). The reaction of NH3 with this site leads to the formation of a 

‘NH4’ species that is bridged between the two V=O oxygens. The formation of this adduct is 

exothermic by -14 kcal/mol for ΔH and -2 kcal/mol for ΔG. We note that this is not a Lewis acid 

base adduct as described above for the addition of the first NH3. There is now no need for a 

proton transfer step to prepare the NH2 group as it is already activated as a ‘NH4’ group. The NO 

inserts into a N-H bond leading to the formation of NH2NO with a barrier of 36 kcal/mol. As the 

NO inserts, spin is already beginning to be transferred to the V+5 center as shown in the SI. 

The addition of NO with an unpaired electron coupled with the unpaired electron on the 

V4+ site leads to two unpaired electrons (a triplet) and 7-2(TS), 7-3, and 7-4 have triplet ground 

states. This barrier is comparable to the first proton transfer step described above for NH3 adding 

to the dimer site. The resulting structure generates a second OH group on the vanadium that did 

not have an OH previously. This new OH group is involved as a hydrogen bond donor to the O 
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on the NH2NO and the OH group on the other vanadium is a hydrogen bond acceptor from the 

NH2 on the NH2NO. The structure with the NH2NO hydrogen bonded to the cluster is 2 kcal/mol 

(ΔH) higher in energy than the ‘NH4’ cluster + NO. Release of the NH2NO if favorable. Note 

that in this process, a second reduced V4+ with an acidic OH group is generated, and the 

vanadium oxide cluster has two available OH groups and two reduced V4+ in a triplet electronic 

state. 

 It is also possible that the reduced species has the OH group in a bridging position (8-0) 

as shown in Figure 3.9 and SI. In this reaction sequence, the NH3 initially adds to the V opposite 

to the V with the V- (OH)-Ti bridge (8-1). The reaction proceeds as usual with a hydrogen 

transfer to a V-O-Ti bridge O atom. The resulting NH2 species, 8-3, is stabilized by a N-H∙∙∙O(H) 

hydrogen bond. The NO now can add to the V4+ with the bridge OH group on the other V atom 

(8-4). This site exhibits the strongest V-NO bond. The NO then migrates to the NH2 group to 

prepare the NH2NO for leaving. With the departure of the NO, the ‘V2O7’ cluster is left with two 

V-(OH)-Ti bridging OH groups and two V4+ sites as an overall triplet ground state. The bridge 

OH groups then have significant barriers to overcome to generate the more stable terminal OH 

groups. The overall free energy barrier for 8-1 to 8-10 is ΔG = 37 kcal/mol. 

Additional mechanistic data As the major product of adsorption, transition states from Lewis 

bound adsorbates leading directly to the formation of NH2NO would provide a straightforward 

mechanism for this reaction, but we were unable to find such a transition state.  Co-adsorption 

calculations of NH3 and NO without proton transfer from the NH3 to an oxygen (Table 3.3, 

Figure 3.10) indicate that even in the presence of NH3, NO still does not interact with the 

surface, and is predicted to react directly from the gas phase. 
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Some possibilities for NH2NO formation to occur directly from Lewis adsorbed NH3 and 

NO are: (1) NO forms a neutral adduct with NH3, removing it from the vanadium, followed by a 

hydrogen transfer to the surface VOx species. The formation of an adduct between NO and NH3 

in the gas phase has a ΔHgas,298K of -1.1 kcal/mol and a ΔGgas,298K of 3.9 kcal/mol, and is not 

predicted to form from Lewis bound NH3.  A concerted mechanism involving hydrogen transfer 

and NH2NO formation was explored but no reasonable low energy pathway was found.  (2) NO 

binds NH3 in a concerted mechanism with loss of hydrogen. The direct reaction of NO with NH3 

to remove a H (reaction (3.5)) has ΔHgas,298K = 57.2 kcal/mol and ΔGgas,298K = 58.6 kcal/mol. This 

is consistent with  

NH3 + NO → NH2NO + H•        (3.5) 

the result that NH2NO does not form directly from Lewis adsorbed NH3. If H transfer to the 

surface did occur, then the reaction would follow the types of reaction coordinates already 

described above. (3) NH3 transfers an electron directly to vanadium and forms NH3NO+. The 

energy of reaction (3.6) is ΔHgas,298K = 184.8 (8.01 eV), ΔGgas,298K = 193.2 kcal/mol so this 

process is also unlikely. 

NH3 + NO → NH3NO+ + e-         (3.6) 

The ease of hydrogen (proton) transfer could be related to the basicity of the various 

oxygen sites. The proton affinities of various oxygen sites (A + H+ → AH+) calculated at the 

B3LYP/DZVP2 level using the appropriately optimized structures are given in Table 3.4. In 

general, the proton affinities of the V-O-Ti or V-O-V bridging oxygens are slightly less than that 

of NH3 and those for the terminal V=O oxo groups are larger than for NH3. This is consistent 

with the types of barriers that are present as there is no strong driving force to go in either 
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direction. In addition, the higher proton affinities at the terminal V=O is consistent with these 

species being of lower energy than the species with OH bridges. 

An additional possibility is that the NH2 produced on the surface could be directly 

released into the gas phase where it could directly react with NO to from NH2NO. As shown in 

Table 3.5, the only low energy process is with 1-0 with a ΔG of 38 kcal/mol. This is still 

substantially higher than formation of NH2NO on the surface but is comparable to the barrier to 

form the lowest energy hydrogenated isomer. The other surfaces have significantly higher free 

energies to remove NH2 from the surface. Thus, it is unlikely that NH2 is released directly from 

the surface.  

Water is known to inhibit the reaction.1 As shown in the Supporting Information, NH3 

binds to the Lewis acid sites more strongly than does H2O in the physisorption because NH3 is a 

stronger base than H2O (PA(NH3) = 204.0 kcal/mol and PA(H2O) = 165.2 kcal/mol).60 However, 

H2O more strongly binds in the chemisorption process (after proton transfer). Thus, H2O can 

compete for the Lewis base sites with NH3 and can generate additional protonated sites without 

reduction. In addition, there have been in situ IR studies on the nature of the surface acid sites 

during the SCR reaction because the surface acid sites are naturally titrated by the NH3 reactant. 

Under SCR reaction conditions, both surface NH3* species on Lewis acid sites and surface 

NH4+* species on Bronsted acid sites are present.61,62 The conclusions range from the surface 

NH3* species dominating the SCR reaction,62,63  to the surface NH4+* species dominating the 

SCR reaction,61,64and to the conclusion that both surface NH4+* and NH3* participate in the SCR 

reaction.17,61,65 Under SCR reaction conditions, however, H2O is present in the gas phase and can 

readily convert surface NH3* species to surface NH4+* species, which complicates determining 

the amount of participation of each of these two species in the SCR reaction.61,65 The conclusion 
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from experiment is that both surface NH3* and NH4+* species participate in the SCR reaction 

since they readily interconvert under reaction conditions.  

Rate constants for the highest activation free energy for each catalyst site were calculated 

using the free energy formulation of transition state theory (equation (3.7))66 

k = (kBT/h)exp(-∆G†/RT)        (3.7) 

where k is the rate constant, T is the temperature, ∆G† is the calculated free energy at the 

appropriate transition state, and kB, h, and R are the usual constants. The values for k are given in 

the Supporting Information at T = 200, 250, 300, and 350 ºC as these temperatures are applicable 

to real world situations. A full kinetic analysis is beyond the scope of the current work because 

of the need to couple the gas phase and surface reactions leading to very complex kinetics. The 

rate constant results do provide additional insights into the catalytic processes if we use a rate 

determining step model based on the slowest rate constant for a given catalyst site. As discussed 

in the manuscript, there are many possible reaction sites depending on the exact nature of the 

vanadium oxide catalyst, and the progress of the reaction as the nature of the vanadium oxide 

sites is changing as hydrogen is left on the surface. At all temperatures, the gas phase rate 

constant (see Supporting Information) is orders of magnitude larger than that on the surface 

vanadium oxide sites represented as ‘VO4’ (Figure 3.2), ‘V2O7’ (Figure 3.3), ‘VO4H+’ (Figure 

3.5), and  ‘reduced V2O7H’ (Figure 3.7) sites so that the rate determining step will be dominated 

by reactions at these surface sites. For the ‘V2O7H+’ (Figure 3.6) and ‘reduced V2O7 with an OH 

bridge’ (Figure 3.9) sites, the surface rates and the gas phase rate constants are within about a 

factor of 2 of each other. This is certainly within the error limits of the calculations so both 

surface and gas phase reactions will be involved in determining the overall rate. Only for the 

‘V2O6’ site (Figure 3.4) is the gas phase rate constant significantly smaller (about a factor of 15 
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at  350 ºC ) than the surface process so the gas phase process will be the rate determining step 

and dominate the control of product formation for the  ‘V2O6’ site. This further emphasizes the 

point that the SCR mechanism is complicated by the presence of different surface sites with 

varying reactivities and that these reactive sites will change as a function of NO conversion by 

NH3.  

Comparison to other computational work There have been a number of computational studies of 

the SCR mechanism. An early study18 used a small hydrogenated vanadium oxide cluster model 

with a V=O and a V-OH site. At the DFT level using GGA functionals, they propose an initial 

addition of NH3 to the Brønsted acid site leading to a ‘NH4+’ type species that reacts with NO to 

generate NH2NO. The highest barrier here is ~ 38 kcal/mol and is due to rearrangements of the 

NH2NO, just like in our gas phase system with the surface having little impact on these 

processes.  

Another group20 used DFT/B3LYP to study a V2O9H8 cluster model and predicted NH3 

addition to an OH group forming a ‘NH4+’ species. An electronic energy barrier of 44 kcal/mol 

for formation of NH3NHO was the rate determining step. These authors then used the 

constrained structure to show that the rearrangement of NH2NO to cis-HNNOH was a low 

energy process on the surface. The constrained model allowed the V-O-V angle to be below the 

V-V axis and a V=O and a V-OH group to be reasonably close to each other. Both V sites were 

in the +5 oxidation state with the V with 4 OH groups having an approximate square pyramidal 

structure. We were unable to achieve the reported square pyramidal structure as full relaxation of 

all atoms in a system containing 5 V-O single bonds resulted in a high energy trigonal 

bipyramidal structure on the TiO2 surface. NH2NO bound to our V2O7/TiO2 cluster model cannot 

interact with two V=O and V-OH sites due to the orientation of the bridging oxygen, which 
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moves the oxygens farther apart. The NH2NO group only reaches the bridging oxygen (see SI) 

for which protonation is unfavorable. The inability of the NH2NO to bridge the two vanadium 

sites precludes the possibility of surface-enhanced decomposition of NH2NO by the previously 

reported pathway.20 In addition, the barrier to reach the structure with a V-OH group is 39 

kcal/mol so the reaction is unlikely to be competitive with the gas phase decomposition of 

NH2NO. 

A DFT/B3LYP study21 of SCR on a V6O20H10 cluster predicted a barrier of 51 kcal/mol 

for the Lewis acid-initiated pathway. The same group studied SCR on a V6O20H11 cluster to 

examine the formation of ‘NH4+’. They found a ΔH298K barrier from their initial complex of 34 

kcal/mol to form NH2NO. When there are 4 V=O sites, they find a mechanism with lower energy 

barriers. 

A number of periodic DFT studies have been performed. A plane wave study17 using the 

GGA BEEF-vdW functional of a VO3H/TiO2(001) catalyst again predicts formation of ‘NH4+’ 

where the proton is transferred to an adjacent oxygen before the NH3 reacts with NO with an 

additional hydrogen transfer. The free energy barrier at 500 K is 32 kcal/mol, and again, NO 

binds only weakly. Selloni and co-workers19 studied the SCR on a monomeric V(O)OH(O-)2 site 

and on a dimer V2O7 site on TiO2 (anatase) using plane wave DFT with the PBE functional. The 

reaction barrier from the Lewis acid base adduct to the transition state for hydrogen transfer from 

the NH3 to an adjacent O is 30 kcal/mol. They found no evidence for the ‘NH4+’ species. A 

periodic DFT/PW91 study22 of SCR on bulk V2O5 showed a high barrier of 53 kcal/mol to 

produce the first reduced VOH site from the first intermediate generated by addition of NH3. A 

DFT study16 of monomeric and dimeric V5+O4 on a TiO2 surface at the PBE-D2/PAW level led 

to the proposal of a mechanism in which NH3 binds directly to the TiO2 surface as a Lewis basic 
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adduct, followed by NO binding and subsequent H∙ transfer to a vanadium bound oxo O.  No 

‘NH4+’ formation is predicted in this mechanism. Thus, these prior studies are in reasonable 

agreement with our results in terms of the mechanism for generating NH2NO with similar 

energetics. We note that the actual chemistry for the reaction NH2NO → N2 + H2O is often not 

considered, even though this rearrangement and decomposition may involve the rate-determining 

step. 

Conclusions 

The mechanism of the selective catalytic reduction of nitric oxide by ammonia bound to a 

titanium (IV) oxide supported vanadium (V) oxide surface has been predicted using electronic 

structure calculations on a neutral and protonated monomer or dimer cluster model of vanadium 

oxide (VxOy) on a model TiO2 cluster. The reaction is predicted to proceed by Lewis acid-base 

addition of NH3 to a surface vanadium oxide site for the neutral monomer and dimer clusters. 

Proton transfer from the NH3 to an adjacent O atom, either as V=O, Vi-O-Ti or to V-O-V, occurs 

for the neutral base surface vanadium oxide site. If the surface ‘NH2’ intermediate is formed, the 

NO can add directly to it and form a surface ‘NH2NO’ intermediate that can also desorb form the 

surface. When a proton is present either from the surface preparation or from the initial reaction 

of NH3, then a surface ‘NH4+’ species can form. If a surface ‘NH4+’ species is present, then the 

NO inserts into an N-H bond forming a surface ‘NH3NO’ intermediate with proton transfer to an 

adjacent O or by forming a surface ‘NH2NO’ intermediate with proton transfers. In these latter 

cases, hydrogen bonds are formed and a variety of hydrogen transfers can occur leading to 

surface ‘NH2NO’ or cis and trans ‘HN=NOH’ intermediates. In no case, for either monomer or 

dimer clusters, was a low barrier found for formation of cis HN=NOH product. As the highest 

gas phase barrier is for rotation about the N=N bond from the trans HN=NOH to form the cis 
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HN=NOH, the reaction on the model of the surface does not produce the cis isomer which would 

lead to a lower barrier to produce N2 and H2O in the gas phase.  

We then propose that the formed NH2NO is released from the surface to the gas phase 

(Figure 3.7, Table 3.2) where the gas phase molecule can undergo a series of proton transfers and 

rotation about the N=N bond (equivalent to an inversion at an N) leading to cis HN=NOH where 

proton transfer from the NH to the O forms the final N2 and H2O. The barrier to rotation about 

the N=N bond is low compared to that of C=C bond, but it is surprising to find such a barrier for 

such an exothermic reaction. In many previous reported results, the mechanism of the NH2NO → 

N2 + H2O reaction on the surface or in the gas phase is often not considered, even though this 

rearrangement and decomposition may be the rate-determining step. Clearly, the rate will be 

dominated by the interaction of the NO with a surface NH2 group, so we expect a larger 

dependence of the reaction rate for NO than for NH3, which will adsorb without a barrier; this is 

consistent with the experimental rate equation of rate ~ [NO]0.5-1[NH3]0-0.2[O2]0.1 We cannot 

provide insights from this study on the O2 dependence, as we focused only on the initial steps, 

but the mechanism under study clearly follows a Mars-van Krevelen mechanism. Prior 

computational and experimental studies are in reasonable agreement with our reported results in 

terms of the mechanism for generating surface and gas phase NH2NO with similar energetics. 

We summarize the various highest energetics in Table 3.6. The highest energy point on 

the gas phase free energy surface is 36 kcal/mol for the N=N rotation (inversion at N). The gas 

phase value is comparable to many of the values for the surface reaction steps taking place on the 

cluster models. Clearly, the catalyst is essentially an additional reactant in the initial steps. If the 

catalyst is not taken to its lowest energy form, then the initial steps to produce the surface 

NH2NO intermediate are lower in energy than the gas phase value, especially for surface VO4 
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and V2O6 sites. If the catalyst forms its lowest energy structure for the surface VO4 site, then the 

values are comparable to that for the gas phase. We note the presence of a proton on the surface 

increases the barrier energy so that the gas phase value is now comparable to the surface process. 

The reduced structure generated after the first NH3 molecule is reacted can have a comparable 

barrier or a lower one depending on where the final hydrogen is located. We note that for all the 

cases on the surface, the interaction of NH3 with the surface leads to either a Lewis acid-base 

interaction forming surface NH3 species or a bridging surface ‘NH4+’ species. If a Lewis acid is 

formed, then a surface ‘NH2’ intermediate is activated by a proton transfer just like the reactions 

of H2O and alcohols on other transition metal oxide clusters. The NO then interacts with the 

surface ‘NH2’ intermediate to form the ‘NH2NO’ intermediate on the surface which is then 

subsequently released into the gas phase. If a surface ‘NH4+’ species is formed, then the NO 

inserts into an N-H bond forming a range of hydrogen bonded structures. The actual pathways 

followed depend then on moving two hydrogen atoms from the surface ‘NH3NO’ intermediate to 

various oxygen sites leaving a hydrogen bonded surface ‘NH2NO’ intermediate that then can 

desorb from the surface. This suggests that the actual mechanism for reaction (3.1) is quite 

complicated with many types of possible steps depending on what surface species and 

intermediates are actually present on the surface and how many NH3/NO molecules have been 

reacted. We also note that it is necessary to have generated at least two N2 molecules before a 

H2O molecule can leave the surface, formed from the reaction of residual surface H atoms and an 

O atom from the catalyst surface provided by the surface VOx site (Mars-van Krevelen 

mechanism). We note that this is separate from the H2O from the decomposition of the gaseous 

NH2NO. Our results support the presence of catalytic conversion starting from NH3 addition to 

the surface with no protons (mechanism (3.3)) and NH3 addition to form the protonated surface 
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(mechanism (3.4)). The calculations suggest that the initial reaction steps will proceed faster via 

mechanism (3.3) rather than mechanism (3.4), but as H atoms are transferred to the surface, the 

reaction rates could become very similar in subsequent steps. We further note that the presence 

of so many H atom transfers could give interesting isotope effects and, thus, it is not surprising 

that an experimental kinetic isotope effect is indeed observed. The fact that the surface can 

prepare a molecule that can then further decompose in the gas phase presents an interesting 

model for the catalyst combining molecular preparation of the surface and a moderately low 

energy rearrangement/decomposition in the gas phase. 
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Tables 

Table 3.1. Stationary Points on the Reaction Coordinate for Supported VO4 at 298 K in 
kcal/mol. L = larger surface cluster model. 
 

Species B3LYP 
ΔH 

CCSD(T) 
ΔH 

B3LYP 
ΔH L 

B3LYP 
ΔG 

CCSD(T) 
ΔG 

B3LYP 
ΔG L 

1-1 -8.8 -12.5 -8.0 1.9 -1.8 2.4 
1-2(TS) 1.0 2.0 b 11.6 12.6 b 
1-3 -6.8 -3.4 -6.8 2.0 5.4 -2.9 
1-4 -7.5 a b 6.6 a b 
1-5(TS) 4.2 a b 23.1 a b 
1-6 -13.5 -20.5 b 7.7 1.1 b 
1-7 2.8 -5.1 2.4 10.8 3.0 5.0 
1-8(TS) 30.1 36.2 35.5 38.8 44.9 40.5 
1-9 -3.5 -4.8 -4.7 4.7 3.2 -1.2 

a Not calculated at the CCSD(T) level. b Not calculated at the DFT level. 
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Table 3.2. Comparison of Computational Relative Energies for the Decomposition of NH2NO in 
kcal/mol at 298 K. 
 

species B3LYP/DZVP2 CCSD(T)/aD CCSD(T)/CBS Literature ΔH ΔG ΔH ΔG ΔH ΔG 
6-0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6-1(TS) 31.3 32.4 30.2 31.4 30.6 31.7 33.5,a 34.0,b 32.4,c 33.7,d 

34.6.e 29.6,f 28.1,g 33.4,h 30.6i 
6-2 2.1 3.1 -1.4 -0.3 -0.6 0.4 -0.8a, 0.2b, -1.4c, -1.9d, -1.9e, -

1.7f, 0.5g, 1.6h, -2.6,j 0.0 i 
6-3(TS) 11.7 12.8 6.8 7.9 8.2 9.4 4.6a, 10.3b, 10.1c, 8.8d, 8.8e, 

13.6,h 
6-4 3.7 4.6 -0.7 0.3 0.2 1.2 0.6a, 2.1b, 1.1c, -1.3d, -1.0e, -

0.5f, 2.5g, 3.9h, -1.7,j 0.8 i 
6-5(TS) 35.7 36.2 35.9 36.1 36.2 36.4 42.6a, 40.5b, 39.9c, 39.4d, 

39.3e, 36.6f, 41.1g, 45.6,h 35.3i 
6-6 1.8 2.7 -1.4 -0.5 -0.2 0.7 0.8a, 0.6b, 0.4c, -0.9d, -1.1e, -

1.5f, 0.8g, 2.3h, -3.0,j 6.3i 
6-7(TS) 25.7 25.9 18.9 19.3 22.1 22.4 27.9a, 27.2b, 29.3c, 25.3d, 

27.5e, 22.0f, 23.2g, 29.7,h 21.5i 
6-8 -62.3 -70.7 -78.3 -86.7 -76.8 -85.1 -90.4a, -72.7b, -72.8c, -77.0d, -

80.9e, -85.9f, -74.2g, -72.6h, -
93.2j 

a ΔH0K at CASSCF(12e,11o)/cc-pVDZ level, Ref. 53.  b ΔH0K at MP4SDQ/6-31G* level, Ref. 
54.  c ΔH0K at CI/cc-pVDZ level, Ref. 53.  d ΔH0K at CI/aug-cc-pVDZ level, Ref. 53.  e ΔH0K at 
CI/cc-pVTZ level, Ref. 53.  f ΔH0K at ICCI+Q+ZPE level, Ref. 55.  g ΔH298K at BAC-MP4 level, 
Ref. 56. h ΔEelec at MP2/6-31G* level, Ref. 54. i ΔH298K at ANL0. Ref. 58.  j ΔH298K at GVB-CI 
level, Ref. 57. 
 

Table 3.3. Coadsorption of NH3 and NO on Surface Vanadia (Vcat + NH3 + NO → Vcat∙NH3∙NO) 
at 298 K in kcal/mol. 
 

Product ΔH ΔH L ΔG ΔG L 
1-1..NO -2.5 -2.0 5.7 4.5 
2-1..NO -2.1 -1.9 3.8 4.2 
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Table 3.4. Proton Affinities (298K) at Oxygen Sites in kcal/mol at the B3LYP/DZVP2 level. 
 

Species ΔH ΔG 
NH3 204.4 196.1 
1-0-V oxo 206.4 198.5 
1-0-V-O-Ti bridge  199.7 193.4 
2-0-V-O-V bridge 200.9 192.9 
2-0-V oxo 208.7 201.9 
2-0-V-O-Ti bridge 201.3 192.9 
3-0-V-O-V bridge 202.6 197.3 
3-0-V oxo 212.6 204.8 
3-0-V-O-Ti bridge 201.5 193.2 

 

Table 3.5. Energies (298 K) for NH2 loss from the catalyst in kcal/mol at the B3LYP/DZVP2 
level. 
 

initial Producta ΔH ΔG 
1-3 1-7 58.2 47.7 
2-3 2-6 54.7 44.9 
3-3 3-6 58.5 48.1 
4-1 4-8 71.6 61.0 
5-1b 5-9.A 72.8 61.8 
6-0 NO + NH2 48.6 38.8 
7-1 7-4 59.8 46.1 
8-3 8-6 57.1 46.9 

acatalyst without NH2NO byproduct 
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Table 3.6. Highest Free Energy (∆G298K) Barriers for Formation of NH2NO in kcal/mol. 

Site Site source ∆G298 
(kcal/mol) 

Comments 

1-0 VO4 Observed by NMR 
Low coverage 

23 Barrier for NH2NO loss  
Catalyst rearrangement: 39 

2-0 V2O7 Observed by NMR 28 Barrier for H+ transfer 
Catalyst rearrangement: 39  
Barrier for NH2NO loss: 27  

3-0 V2O6 Observed by NMR 22 Barrier is NH2NO loss 
4-0 VO4H+ Present from H on surface 

or generated after initial 
reaction 

38 NO insertion into N-H of ‘NH4+’ 

5-0 V2O7 H+ Present from H on surface 
or generated after initial 
reaction 

35, 36 NO insertion into N-H of ‘NH4+’ 

7-0 reduced V2O7 
terminal H  

Generated by initial 
reaction 

36 NO insertion into N-H of ‘NH4+’ 

8-0 reduced V2O7 

bridge H  
Generated by initial 
reaction 

25 NO insertion into N-H of ‘NH4+’ 
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Figures 

 

Figure 3.1. Cluster models with geometries optimized at the B3LYP/DZVP2 level. Vanadium in 
gray, Titanium in light blue, Oxygen in red and Hydrogen white.   
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Figure 3.2. Reaction coordinate in kcal/mol (ΔG298K) at the B3LYP/DZVP2 level for the 
formation of NH2NO from NH3 + NO at a single supported VO4 site. Vanadium in gray, 
Titanium in light blue, Oxygen in red, Nitrogen in blue and Hydrogen in white. 
 

 

Figure 3.3. Reaction coordinate in kcal/mol (ΔG298K) at the B3LYP/DZVP2 level for the 
formation of NH2NO from NH3 + NO at a single supported linear V2O7 dimer site. See Figure 
3.2 caption for colors. 
 



169 
 

 

Figure 3.4. Reaction coordinate in kcal/mol (ΔG298K) at the B3LYP/DZVP2 level for the 
formation of NH2NO from NH3 + NO at a single supported V2O6 dimer site. See Figure 3.2 
caption for colors. 
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Figure 3.5. Reaction coordinate in kcal/mol (ΔG298K) at the B3LYP/DZVP2 level for the formation of NH2NO from NH3 + NO at a 
single supported protonated VO4 monomer site.  See Figure 3.2 caption for colors. 
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Figure 3.6. Reaction coordinate in kcal/mol (ΔG298K) at the B3LYP/DZVP2 level for the formation of NH2NO from NH3 + NO at a 
single supported protonated V2O7 dimer site.  See Figure 3.2 caption for colors.
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Figure 3.7. Reaction coordinate in kcal/mol at the CCSD(T)/CBS level for the decomposition of 
NH2NO into N2 and H2O.  Energies (298 K) in black are ΔH and in red are ΔG.  See Figure 3.2 
caption for colors. 
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Figure 3.8. Reaction coordinate in kcal/mol (ΔG298K) at the B3LYP/DZVP2 level for the 
formation of NH2NO from NH3 + NO at a single supported reduced V2O7 dimer site with a 
terminal OH. See Figure 3.2 caption for colors. 
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Figure 3.9. Reaction coordinate in kcal/mol (ΔG298K) at the B3LYP/DZVP2 level for the 
formation of NH2NO from NH3 + NO at a single supported reduced V2O7 dimer site with a V-
(OH)-Ti bridge site. See Figure 3.2 caption for colors. 
 

 

Figure 3.10. Coadsorption of NH3 and NO on surface vanadia.  Geometries optimized at the 
B3LYP/DZVP2 level.  See Figure 3.2 caption for colors. 
 

 

1-1..NO 2-1..NO
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Appendix A3: Initial Steps in the Selective Catalytic Reduction of NO with NH3 by TiO2-
Supported Vanadium Oxides 

Table A3.1. Components for Total Atomization Energies [∑D0 (0 K)] for the heats of formation 
of NH2NO decomposition.  Values are reported in kcal/mol. 
 

Species CBS ΔEZPE ΔECV ΔESR ΔESO ∑D0 (0 K) 
N2H4 437.31 -33.80 1.06 -0.50 0.00 404.1 
NH3 297.45 -21.70 0.59 -0.25 0.00 276.1 

NH2NO (6-0) 385.29 -20.27 1.08 -0.56 -0.22 365.3 
HN=NOH TS1 (6-1) 351.68 -17.72 0.92 -0.48 -0.22 334.2 

HN=NOH (6-2) 386.09 -20.86 0.88 -0.50 -0.22 365.4 
HN=NOH TS2 (6-3) 376.03 -19.76 0.82 -0.48 -0.22 356.4 

HN=NOH (6-4) 385.30 -20.90 0.88 -0.50 -0.22 364.6 
HN=NOH TS3 (6-5) 346.46 -17.58 1.00 -0.49 -0.22 329.2 

HN=NOH (6-6) 385.28 -20.37 0.83 -0.47 -0.22 365.1 
HN=NOH TS4 (6-7) 359.37 -16.55 0.74 -0.35 -0.22 343.0 

2HNNO (cis) 287.81 -14.02 1.28 -0.51 -0.22 274.3 
2HNNO (trans) 293.62 -14.56 1.30 -0.51 -0.22 279.6 

H3NNO+ 268.79 -27.11 0.68 -0.33 -0.22 241.8 
NH4+ 195.53 -31.16 0.72 -0.28 0.00 164.6 
H2O 232.97 -13.43 0.34 -0.26 -0.22 219.4 
N2 226.77 -3.13 0.59 -0.14 0.00 224.1 
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Table A3.2.  Heats of Formation calculated using the Feller-Petersen-Dixon method.  Values are 
given in kcal/mol.   
 

 FPD Calculateda Literatureb, c Experimentd 
Species ΔHf (0 K) ΔHf (298 K) ΔHf (298 K) ΔHf (298 K) 
N2H4 27.5 24.0 22.79c 23.35 ± 0.12 
NH3 -8.7 -10.3 -10.97c -10.89 ± 0.01 

NH2NO (6-0) 22.0 19.9 17.8b, 35.4c - 
HN=NOH TS1 (6-1) 53.1 50.5 45.9b - 

HN=NOH (6-2) 21.9 19.4 18.3b, 32.8c - 
HN=NOH TS2 (6-3) 30.9 28.3 - - 

HN=NOH (6-4) 22.7 20.3 20.3b,33.7c - 
HN=NOH TS3 (6-5) 58.1 56.1 58.9b - 

HN=NOH (6-6) 22.2 19.8 18.6b,32.4c - 
HN=NOH TS4 (6-7) 44.3 42.1 41.0b - 

2HNNO (cis) 61.3 59.7 57.0b - 
2HNNO (trans) 56.0 54.4 59.8b - 

H3NNO+ 197.1 194.6 - - 
NH4+ 154.4 151.7 - 150.99 ± 0.05 
H2O -57.2 -57.8 -57.8b -57.80 ± 0.01 
N2 0.97 1.0 1.4b 0.00 

a Calculated using MP2/aT optimized geometries and thermodynamic corrections.  b BAC-MP4 
calculated values from Melius, C. F.; Binkley, J. S.  Energetics of the Reaction Pathways for 
NH2 + NO → Products and NH + NO → Products. Twentieth Symposium (International) on 
Combustion (The Combustion Institute, Pittsburgh, PA, 1984).  c GVB-CI calculated values from 
Casewit, C. J.; Goddard III, W. A. Energetics and Mechanisms for Reactions Involving 
Nitrosamide, Hydroxydiazines, and Diimide N-Oxides.  J. Am. Chem. Soc. 1982, 104, 3280 – 
3287.  d Experimental values from Active Themmochemical Tables: 
https://atct.anl.gov/Thermochemical%20Data/version%201.122/index.php. accessed April 5, 
2020.   
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Table A3.3. Absolute energies (Hartrees) for all NH2NO decomposition complexes in this work at the B3LYP/DZVP2, MP2/aT, 
CCSD(T)/aD//MP2/aT, CCSD(T)/aT//MP2/aT, CCSD(T)/aQ//MP2/aT, and CCSD(T)/CBS//MP2/aT levels. 
 

Species B3LYP/DZVP2 MP2/aT CCSD(T)/aD// 
MP2/aT 

CCSD(T)/aT// 
MP2/aT 

CCSD(T)/aQ// 
MP2/aT 

CCSD(T)/CBS// 
MP2/aT 

N2H4 -111.907904 -111.672187 -111.604955 -111.707405 -111.736410 -111.752468 
NH3 -56.580956 -56.460541 -56.425219 -56.480543 -56.495730 -56.504078 

NH2NO (6-0) -185.903580 -185.568329 -185.447930 -185.603378 -185.651382 -185.678449 
HN=NOH TS1 (6-1) -185.848858 -185.517272 -185.394934 -185.550278 -185.598002 -185.624882 

HN=NOH (6-2) -185.900795 -185.568417 -185.450368 -185.605295 -185.652904 -185.679722 
HN=NOH TS2 (6-3) -185.883692 -185.551838 -185.435473 -185.590030 -185.637177 -185.663695 

HN=NOH (6-4) -185.898400 -185.567050 -185.449430 -185.604249 -185.651728 -185.678461 
HN=NOH TS3 (6-5) -185.843342 -185.509612 -185.386507 -185.543117 -185.590182 -185.616573 

HN=NOH (6-6) -185.900697 -185.566610 -185.449780 -185.604338 -185.651744 -185.678438 
HN=NOH TS4 (6-7) -185.856762 -185.529346 -185.411643 -185.564204 -185.610879 -185.637147 

2HNNO (cis) -185.254846 -184.907567 -184.795100 -184.949016 -184.996397 -185.023096 
2HNNO (trans) -185.263907 -184.926833 -184.804125 -184.958151 -185.005608 -185.032355 

H3NNO+ -186.210901 -185.888278 -185.767488 -185.920934 -185.966981 -185.992794 
NH4+ -56.919675 -56.796152 -56.761922 -56.818009 -56.833285 -56.841667 
H2O -109.542865 -109.364800 -109.295202 -109.380586 -109.406773 -109.421518 
N2 -76.456993 -76.328992 -76.273855 -76.342326 -76.363576 -76.375570 

2NO -129.920986 -129.702488 -129.623491 -129.725633 -129.757836 -129.776069 
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Table A3.4. Absolute energies (Hartrees) for all VxOy•TiO2 (+ NH3 (+ NO)) complexes in the 
surface formation of NH2NO in this work at the B3LYP/DZVP2 and CCSD(T)/D-
PP/aD//B3YLP/DZVP2 levels. 
 
Figure Label E (B3LYP) E (CCSD(T)) E(CCSD(T)/PW91) E (B3LYP) L 
1-0 -4247.099395 -997.361169 -997.356432 -7476.75331 
1-1 -4303.697976 -1053.809473 -1053.804453 -7533.350428 
1-2(TS) -4303.675852 -1053.781145 -1053.774754  
1-3 -4303.691864 -1053.793541 -1053.786951 -7533.34507 
1-4 -4433.59615    
1-5(TS) -4433.626852    
1-6 -4433.628122 

 
 -1183.442136 

 
 

1-7 -4247.695631 -997.949962 -997.968959 -7477.349133 
1-8(TS) -4247.646327 -997.950875 -997.969293 -7477.292164 
1-9 -4247.704754 -997.878305 -997.898239 -7477.359945 
2-0 -6417.61994 -1502.57046 -1502.565009 -10723.85071 
2-1 -6474.220915 -1559.022261 -1559.016454 -10780.44956 
2-2(TS) -6474.172882 -1558.972315 -1558.966591  
2-3 -6474.203921 -1558.992813 -1558.985531 -10780.43474 
2-4(TS) -6604.110042    
2-5 -6604.013037 

 
   

2-6 -6418.213221    
2-7(TS) -6418.16756    
2-8 / 7-0 -6418.225533   -10724.43306 
3-0 -8494.24757    
3-1 -8550.864944    
3-2(TS) -8550.838995    
3-3 -8550.854384    
3-4(TS) -8680.757061    
3-5 -8680.785575    
3-6 -8494.856637    
4-0a -4247.435653    
4-0b -4247.426020    
4-1 -4304.066129    
4-2a -4433.994341    
4-2b -4433.952234    
4-2c -4433.950045 

 
   

4-2d -4433.944867    
4-2e -4433.944172 

 
   

4-3a(TS) -4433.946574    
4-3b(TS) -4433.902352    
4-4a -4433.954046    
4-5a -4433.975308    
4-5b -4433.954266    
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4-5c -4433.950597    
4-6a -4433.975795    
4-6b -4433.969249    
4-6c -4433.966069    
4-7a -4433.982503    
4-7b -4433.971257 

 
   

4-7c -4433.970247    
4-8 -4248.043678    
5-0a -6417.960921    
5-0b -6417.949242    
5-0c -6417.949180    
5-1a -6474.591747    
5-1b -6474.588197    
5-2a -6604.516306    
5-2b -6604.476749 

 
 

   
5-2c -6604.475822 

 
   

5-2d -6604.474368    
5-2e -6604.472222    
5-2f -6604.470712 

 
   

5-2g -6604.467918 
 

   
5-2h -6604.466549    
5-2i -6604.467004    
5-3(TS) -6604.424112    
5-4a -6604.497311    
5-4b -6604.479148    
5-4c -6604.473047    
5-5(TS) -6604.434150    
5-6a -6604.489587    
5-6b -6604.489094    
5-6c -6604.486476    
5-6d -6604.478073 

 
   

5-7a -6604.501455 
 

   
5-7b -6604.490709    
5-7c -6604.479403 

 
   

5-8 -6418.563805    
5-9 -6418.574989    
7-1 -6474.832816    
7-2(TS) -6604.707843    
7-3 -6604.748774    
7-4 -6418.829614    
8-0 -6418.213221    
8-1 -6474.811612    
8-2(TS) -6474.767086    
8-3 -6474.796990    
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8-4 -6604.732009    
8-5(TS) -6604.699199    
8-6 -6418.802575    
8-7(TS) -6418.761137    
8-8 -6418.817993    
8-9(TS) -6418.771937    
8-10 -6418.829614    

 

Table A3.5. Stationary Points on the Reaction Coordinate for Supported V2O7 at 298 K in 
kcal/mol. L = larger surface model. 
 

Species B3LYP 
ΔH298K 

CCSD(T) 
ΔH298K 

B3LYP 
ΔH298K L 

B3LYP 
ΔG298K 

CCSD(T) 
ΔG298K 

B3LYP 
ΔG298K L 

2-1 -10.3 -14.6 -9.0 0.9 -3.4 1.0 
2-2(TS) 15.9 12.6  28.0 24.8 

 

2-3 -1.6 2.8 -1.7 6.8 11.2 6.2 
2-4(TS) 8.2   27.0   

2-5 -16.9   5.9   
2-6 4.5   12.9   

2-7(TS) 29.7   38.8   
2-8 -3.8  9.3 4.5  2.2 

 

 

Table A3.6. Comparison of water and ammonia physisorption and chemisorption on 
VxOyH•TiO2 model surfaces calculated at the B3LYP/DZVP2 level in kcal/mol 
 

Species ΔH298K 

H2O 
ΔG298K 

H2O 
ΔH298K 

NH3 
ΔG298K 

NH3 
1-1 -1.1 8.4 -8.8 1.9 
1-3 -14.5 -5.1 -6.8 2.0 
2-1 -2.6 6.8 -10.3 0.9 
2-3 -8.7 0.8 -1.6 6.8 
3-1 -13.0 -0.3 -20.3 -7.8 
3-3 -20.5 -11.9 -8.4 3.0 
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Table A3.7. Rate constants for the rate determining step for reactive sites on the surface and for 
the gas phase unimolecular reaction at P = 1.0 atm with ∆G‡ in kcal/mol, k in s-1, and T in K 
 

T 473 473 523 523 573 573 623 623 
Reaction ∆G‡ k ∆G‡ k ∆G‡ k ∆G‡ k 

1-7(TS) – 1-0 43.9 5.0 x 10-8 45.5 1.1 x 10-6 46.9 1.6 x 10-5 48.4 1.3 x 10-4 
2-6(TS) – 2-0 44.2 3.7 x 10-8 45.9 7.5 x 10-7 47.3 1.1 x 10-5 49.0 8.8 x 10-5 
3-4(TS) – 3-3 28.1 1.0 x 100 29.8 3.8 x 100 31.5 1.1 x 101 33.2 2.9 x 101 
4-3(TS) – 4-1 41.1 1.0 x 10-6 43.0 1.2 x 10-5 44.9 9.0 x 10-5 46.8 5.0 x 10-4 
5-5(TS) – 5-4 35.8 2.9 x 10-4 35.7 1.3 x 10-2 35.6 3.1 x 10-1 35.6 4.3 x 100 
7-2(TS) – 7-1 41.3 7.9 x 10-7 42.9 1.3 x 10-5 44.5 1.3 x 10-4 46.1 8.8 x 10-4 
8-7(TS) – 8-1 36.1 2.1 x 10-4 35.9 1.1 x 10-2 35.7 2.8 x 10-1 35.6 4.3 x 100 
6-5(TS) – 6-0a 36.4 1.5 x 10-4 36.4 6.6 x 10-3 36.4 1.3 x 10-1 36.4 1.9 x 100 

a Gas phase reaction 
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Figure A3.1. Reaction coordinate in kcal/mol (ΔH298K) at the B3LYP/DZVP2 level for the 
formation of NH2NO from NH3 + NO at a single supported VO4 site. 
 

 
Figure A3.2 Reaction coordinate in kcal/mol (ΔH298K) at the B3LYP/DZVP2 level for the 
formation of NH2NO from NH3 + NO at a single supported linear V2O7 dimer site. 
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Figure A3.3. Reaction coordinate in kcal/mol (ΔH298K) at the B3LYP/DZVP2 level for the 
formation of NH2NO from NH3 + NO at a single supported V2O6 dimer site. 
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Figure A3.4. Reaction coordinate in kcal/mol (ΔH298K/ΔG298K) at the B3LYP/DZVP2 level for the formation of NH2NO from NH3 + 
NO at a single supported protonated VO4 monomer site. 
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Figure A3.5a. Reaction coordinate in kcal/mol (ΔH298K) at the B3LYP/DZVP2 level for the formation of NH2NO from NH3 + NO at a 
single supported protonated V2O7 dimer site.
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Figure A3.5b. 5-2 isomers in kcal/mol (ΔH298K/ΔG298K) at the B3LYP/DZVP2 level. 
 
 
 

 
Figure A3.6. Reaction coordinate in kcal/mol (ΔH298K) at the B3LYP/DZVP2 level for the 
formation of NH2NO from NH3 + NO at a single supported reduced V2O7 dimer site with a 
terminal OH. 
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Figure A3.7. Reaction coordinate in kcal/mol (ΔH298K) at the B3LYP/DZVP2 level for the 
formation of NH2NO from NH3 + NO at a single supported reduced V2O7 dimer site with a V-
(OH)-Ti bridge site. 
 

 
Figure A3.8. Images of VO4•TiO2 clusters with extended TiO2 structure in the surface formation 
of NH2NO.  Optimized at the B3LYP/DZVP2 level. 
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Figure A3.9. Images of V2O7•TiO2 clusters with extended TiO2 structure in the surface 
formation of NH2NO.  Optimized at the B3LYP/DZVP2 level. 
 
 

 
 
Figure A3.10. Figure 2-7 with physisorbed NH2NO, optimized at the B3LYP/DZVP2 level. 
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Figure A3.11. Spin density plots of open-shell clusters from NH2NO formation on VO4•TiO2 
surface.  Calculated by B3LYP/DZVP2.  Isovalues: MO=0.02, Density=0.01 

 

 
Figure A3.12. Spin density plots of open-shell clusters from NH2NO formation on V2O7•TiO2 
surface.  Calculated by B3LYP/DZVP2.  Isovalues: MO=0.02, Density=0.01 
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Figure A3.13. Spin density plots of open-shell clusters from NH2NO formation on V2O6•TiO2 
surface.  Calculated by B3LYP/DZVP2.  Isovalues: MO=0.02, Density=0.01 

 

 

Figure A3.14. Spin density plots of clusters from NH2NO formation on V2O7H•TiO2 surface.  
Calculated by B3LYP/DZVP2.  Isovalues: MO=0.02, Density=0.01. 
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Figure A3.15. Images for the for the physisorption and chemisorption of H2O on VxOyH•TiO2 
model surfaces.  Calculated at the B3LYP/DZVP2 level. 
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CHAPTER 4 

PREDICTION OF SURFACE SPECIES IN THE SELECTIVE CATALYTIC REDUCTION 
(SCR) OF NO BY NH3 ON SUPPORTED VANADIUM OXIDE CATALYSTS BASED ON 

COMPUTED IR/RAMAN SPECTRA 

Introduction 

  Numerous FT-IR and Raman vibrational spectroscopic studies have been reported for the 

surface adsorbed species present in the Selective Catalytic Reduction of NO with NH3 on TiO2 

supported vanadium oxide since the introduction of this process in the late 1970s.1  These studies 

have led to several consistent conclusions.  The catalyst possesses both Brønsted acidic (VOH) 

and Lewis acidic (V5+) sites for NH3 bonding, with Brønsted sites increasing as surface VOx 

coverage increases.2,3,4,5  NH3 can chemisorb as NH4+ at Brønsted acid sites and through Lewis 

donation of the lone pair on N as NH3 on Lewis acid sites.  Infrared spectroscopy measurements 

of NH3 and NH4+ vibrations have been used to quantify the relative abundance of Lewis and 

Brønsted acidic sites.6  Dissociation of NH3 into chemisorbed NH2 and a surface hydroxide has 

also been proposed as an important intermediate in this reaction.2,7  Catalysts prepared with pre-

adsorbed NH3 under continuous flow NO and O2 show an initial increase in the NH4+ signal 

coincident with the appearance of H2O product.5   

 Until recently, spectroscopic investigations of this system have been limited to 

experimental observations of steady state conditions and temperature programmed desorption 

studies. 2,3,4,5,7,8,9,10,11  As such, although the above conclusions have been consistent, their 

interpretation with respect to the necessary and sufficient active surface species in the SCR
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 reaction is not complete, and the sensitivity of the catalyst to reaction conditions such as 

pressure and humidity have led to differing conclusions about the reaction mechanism.  Several 

time-resolved studies have now been reported, but these lead to different conclusions as well, 

due in part to the presence of different catalysts.6,12,13  Time-resolved pulsed gas flow DRIFTS 

measurements led to the conclusion that NH3 molecules adsorbed on Lewis acid sites are the 

primary reactant while NH4+ serves as a reservoir that is transformed before reacting.12  Time-

resolved in situ IR showed that, while NH3 is the more reactive species, both species participate 

in the SCR reaction.6 Recent studies have also demonstrated that catalysts with exclusively 

surface Lewis or Brønsted acid sites are able to perform the SCR reaction.14 

 Previous computational studies have focused on the energetics of the SCR 

reaction15,16,17,18,19,20,21,22,23 and the decomposition of NH2NO,14,18,20,24 however, none to date 

have reported IR/Raman vibrational data pertaining to this system.  We have previously reported 

on the structures of the surface vanadium oxide species25 and available reaction pathways in the 

SCR of NO.26  Here we compare vibrational data calculated for these structures with 

experimental IR and Raman spectra as an aid to determining the dominant active surface 

ammonia species and their binding modes.   

Electronic structure calculations  

The VOx structures were previously reported26 and are shown in Figure 4.1 with 

Cartesian coordinates in the Supporting Information.  Experimental evidence suggests the 

presence of surface protonation of adsorbed ammonia,27 which we predicted changes the nature 

of NH3 binding.26  Protonation of the monomeric VO4 sites and the linear dimer V2O7 are 

modeled; the protonated forms are denoted as VO4H+ and V2O7H+.  Geometry optimizations and 

frequency calculations were performed at the density functional theory level28,29 with the B3LYP 
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exchange-correlation functional30,31, and DZVP2 basis set32 in Gaussian16.33  Harmonic 

frequencies were compared to the experimental vibrational modes34,35 of H2O,34 CH3NH2,34 

NH3,34 and NH4+ 36,37,38,39,40 for the determination of appropriate scaling factors. For the IR silent 

A1 and E modes of NH4+, we use the values obtained at the AE-CCSD(T)-F12a/ccpCVTZ-F12 

level from an extensive potential energy surface fit for the scaling.41 Note that the computed 

values at this level41 are within 2 cm-1 of the experimental frequencies for the T2 modes. These 

values for NH4+ are consistent with prior CCSD(T) values using large correlation-consistent 

basis sets.42 

Results and Discussion 

Our prior computational work26 on the SCR reaction suggests that this reaction proceeds 

via a complex mechanism involving several different local structures of VxOy on the TiO2 

surface that depend on the number of NH3 and NO molecules that are converted to N2 and H2O.  

Physisorbed NH3, chemisorbed NH2 from transfer of H to the surface from NH3, and NH4+ have 

all been predicted to form depending on the surface vanadium oxide structure as well as the step 

in the mechanism.  (TiO-H stretches from the catalyst models are included in the SI.)  

Experimental work supports the possible presence of all three species on the catalyst 

surface.2,3,4,5,7,9,10,11,12,6 

Scale Factors for Molecular Vibrations Gas phase NH3, NH4+, H2O and CH3NH2 vibrational 

modes calculated at the B3LYP/DZVP2 were compared to known values for the determination 

of scaling factors.  Scaling factors and scaled harmonic frequencies are given in Table 4.1.  For 

NH3, NH4+ and CH3NH2, N-H stretches have an average scaling factor of 0.95 and the HNH 

bends have an average scaling factor of 0.975.  The inversion mode in free NH3 does not exist on 

binding to the surface so it is not scaled.  H2O is used to determine scaling of O-H stretches 
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giving an average scaling factor of 0.952.  Only scaled values will be discussed below unless 

noted. The different scaling factors are in part due to the varying amounts of anharmonicity in 

the vibrations. 

The calculated values are also compared to the known IR intensities in Table 4.1. 

Absolute IR intensities are difficult to measure so there is some variation in the experimental 

values. Experimental IR intensities for NH3,43,44 NH4+,45 and H2O46,47,4849,50,51,52 are available. 

For NH3, agreement within a factor of 2 for the IR frequencies is obtained for all frequencies 

except for the symmetric N-H stretch which is small and the calculated value is too small. For 

the remaining bands for NH3, the calculated intensity is too large. For NH4+, the calculated 

intensity is again about a factor of 2 too large for the asymmetric N-H stretch. For H2O, the 

calculated intensities are again in qualitative agreement with experiment. 

Calculated NH3 vibrations on initial reaction surface models Physisorbed NH3 is predicted to 

form a Lewis acid-base adduct between the lone pair on N to V on neutral, unprotonated catalyst 

species.  Table 4.2 shows the unscaled and scaled vibrations of physisorbed NH3. The degenerate 

modes in NH3 split on binding due to the asymmetric environment.  The NH3 inversion is shifted 

about 200 cm-1 higher in energy relative to the free molecule as it is constrained by binding to the 

surface, which prevents inversion in both directions, and introduces steric repulsion, driving the 

frequency upwards.  The IR intensities do not change much on binding to the surface model. 

Calculated NH2 vibrations on initial reaction surface models NH3 chemisorption on neutral, 

unprotonated VO4 and V2O7 catalysts leads to formation of NH2 bonded to V and a hydrogen 

bonded to a Ti support bridging O which breaks the V-O bond. NH3 chemisorption on V2O6 

leads to a V-NH2 group with the hydrogen transferring to a V-O-V bridging oxygen. The 

vibrational data for chemisorbed NH3 is given in Table 4.3.  Nakamoto53, has reported values for 
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the vibrational bands of surface NH2 species on Fe54 as well as NH2- bound to Group 2 metals.55  

The N-H stretches for the two species are similar, but the bend decreases from 1610 cm-1 for the 

surface bound NH2 to 1556 cm-1 for the Group 2 NH2 complex. The values predicted for the NH2 

bend on the vanadium surface are closer to the latter.  The NH2 bend is predicted to have a 

relatively low intensity in the IR and almost no intensity in the Raman.  The bend is at a slightly 

higher energy  

in V2O6 than in the other 2 structures by about 20 cm-1.  The N-H stretches are predicted to have 

larger intensity IR and Raman signals for the chemisorbed NH2 as compared to the physisorbed 

NH3.  In VO4 and V2O7, the N-H stretches change so that only one H is the dominant moving 

atom, shown in Figure 4.2a with V2O7.  The most intense IR intensity occurs in the lower energy 

stretch, in which a hydrogen bonding (N)H---O(H)Ti interaction, increases the change in the 

dipole moment of the hydrogen bonded N-H.  The higher Raman intensity is associated with the 

other N-H stretch, which predominantly displaces the H without a hydrogen bond, except in 

V2O6 in which the symmetric stretch has a relatively high Raman intensity of 242 Å4/amu.  As 

mentioned above, H is transferred to a V-O-V bridging oxygen in V2O6, creating a VOH group 

rather than a TiOH group (Figure 4.2b).  There is no hydrogen bonding interaction in this system 

between NH2 and (V)OH.  This is supported by the N-H bond lengths and hydrogen bond 

distance in the three structures.  The N-H bond of the hydrogen bonding proton is slightly 

lengthened to 1.025 and 1.026 Å in VO4 and V2O7, with H---O(Ti) distances of 2.145 and 2.062 

Å respectively. Note that a small change in the N-H distance corresponds to a much larger 

change in the hydrogen bond distance. The other N-H bond distance for these species is 1.015 Å.  

In V2O6, the bond lengths are 1.017 and 1.015 Å and there is no potential for hydrogen bonding 

partner within 5 Å.  Because of this, the N-H stretches in V2O6 are similar to CH3NH2 at 3377 
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and 3494 cm-1, whereas the lower frequency stretch is about 100 cm-1 lower in VO4 and V2O7 at 

3276 and 3245 cm-1. 

Calculated NH4+ vibrations on initial reaction surface models Our prior computational work 

predicted that the V=O oxygen of either species is the preferred protonation site.26  Experimental 

evidence has suggested that the protonation site in active catalysts is the V-O-Ti bridging 

oxygen.1  We examined NH4+ formation starting from different starting geometries and 

optimization led to the same structures.26 The initial geometries of NH3 binding to the proton of 

the bridge protonated oxygen can be found in the SI.  These structures correspond to the addition 

of the N lone pair to the proton so that the nascent ‘NH4+’ has only one hydrogen interacting with 

a bridging oxygen. After optimization, the NH3 abstracts the proton from the bridging oxygen 

and forms strong hydrogen bonds to both the to the original Ti bridging oxygen and to V-oxo 

oxygen as shown in Figure 4.3.  The calculated proton affinity (PA) of NH3 at the 

B3LYP/DZVP2 level is 204.4 kcal/mol, which is in excellent agreement with the experimental 

value of 204.0 kcal/mol.56  The calculated PAs of VO4 and V2O7, 205.8 and 208.7 kcal/mol, 

respectively are comparable to that of NH3 so that partial proton transfer to the NH3 is expected.  

The additional hydrogen bonding interactions enable the proton to be partially transferred to the 

NH3. The calculated vibrational data described below supports this prediction of partial transfer 

of the surface proton to NH3.  In VO4H+, the N-H bond lengths of the hydrogen bonding protons 

increase to 1.042 and 1.045 Å from 1.027 Å for free NH4+ with hydrogen bond distances of 

1.869 and 1.860 Å; in addition, and the HNH angle decreases from 109.5° to 104.1°.  In 

discussing bond lengths, the bonds associated with the vanadyl oxo group are discussed first.  In 

V2O7H+ there are two different metal bridging oxygen atoms, a V-O-Ti linking vanadium to the 

TiO2 support and V-O-V linking the two vanadia, so there are two NH4+ binding modes 
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(V2O7H+-A and V2O7H+-B).  The N-H bond lengths of the hydrogen bonding protons are 1.051 

and 1.037 Å in V2O7H+-A and 1.035 and 1.052 Å in V2O7H+-B, with corresponding hydrogen 

bond distances of 1.745 and 1.986 Å in A and 2.003 and 1.752 Å in B.  The HNH angles are 

reduced in both isomers to 103.8° and 104.4°.  

NH3 adsorption on protonated catalysts by Brønsted acidic donation of a proton in the 

formation of NH4+ is supported by the present vibrational data, shown in Table 4.4. The free 

NH4+ has Td symmetry that lowers on binding to the surface. The doubly degenerate E symmetry 

bend at 1698 cm-1 in the gas phase slightly splits on the surface by ~7 to 10 cm-1 that are slightly 

red  

shifted from gas phase values.  The E bend is IR forbidden in the gas phase and is predicted to 

have a weak Raman intensity. Lowering of the symmetry by binding to the surface leads to an 

allowed IR transition with an intensity of over 100 km/mol in the lower energy band (Figure 

4.4).  In the lower energy bend the protons extend toward the H bonding oxygen atoms, 

increasing the change in dipole moment, whereas the higher energy bend corresponds to these 

protons moving side to side parallel to the surface.  This parallel motion leads to a low intensity 

of the bend like in the gas phase.   

Lowering of the symmetry splits the asymmetric bend at 1447 cm-1 of gas phase NH4+, 

with one bend effectively unchanged from the gas phase value in the range of 1453-1459 cm-1 

and the other two modes changing, one to a lower frequency in the range of 1345-1354 cm-1 and 

one to a higher frequency in the range of 1509-1511 cm-1.  In the gas phase, this bending mode 

has an intensity of 477 km/mol.  On binding to the surface, the intensities of the three bends 

change with respect to the gas phase intensity divided by 3, the intensity of ‘one’ mode.  The 

lowest and highest frequency bends are predicted to be lower in intensity with an average 
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intensity of 121 and 70 km/mol respectively, whereas the intensity of the unchanged frequency 

bend increases to 393, 314 and 441 km/mol in VO4H+, V2O7H+-A and V2O7H+-B, respectively.  

Note that there is a 127 km/mol difference in predicted intensity between V2O7H+-A and 

V2O7H+-B, indicating that the orientation of atomic displacements for this mode relative to the 

placement of NH4+ on the surface has a large influence on the derivative of the dipole moment.  

Both isomers may be present as they are only separated by 1.4 kcal/mol, favoring B.26 All three 

modes are predicted to have very small Raman intensities of 0 to 5 Å4/amu.   

The 3237 cm-1 symmetric N-H stretch undergoes a significant change due to hydrogen 

bonding interactions with the vanadyl surface.  Calculations predict that this frequency is 

lowered from the gas phase value by 235 cm-1 to 2998 cm-1 on VO4H+, and by almost 400 cm-1 

to 2867 and 2892 cm-1 on V2O7H+-A and V2O7H+-B.  The symmetric stretch is forbidden in the 

IR in the gas phase but binding to the surface lowers the symmetry leading to a large IR intensity 

of 1136 km/mol in this mode on V2O7H+-A.  This is caused by a partial proton transfer of the 

hydrogen between the nitrogen and oxo oxygen leading to a much larger dipole derivative.  

There is a slight increase in the intensity of this allowed gas phase band in the Raman spectrum 

of the surface species.  We have previously observed this kind of spectral enhancement, in 

systems where an unusually basic metal oxide surface competes with protonated amines, 

partially transferring the proton back to the surface.57  This effect is even more pronounced in the 

reduced structure V2O7H-B, discussed in the next section.   

Lowering of the symmetry on binding to the surface splits the triply degenerate T2 

asymmetric N-H stretches, with one frequency remaining about the same as the gas phase value 

in the range of 3346-3350 cm-1. The higher energy vibrations are predicted to increase by 62-64 

cm-1 to an average of 3406 cm-1.  The lower energy vibration is significantly changed by over 
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200 cm-1, predicted at 3058, 3170 and 3129 cm-1 for VO4H+, V2O7H+-A and V2O7H+-B, 

respectively.  In the gas phase, this vibration has a calculated IR intensity of 570 km/mol and a 

Raman intensity of 72 Å4/amu.  The intensities of the three vibrations are changed with respect 

to the total gas phase intensity divided by 3 to estimate a value for ‘one’ mode.  The lowest 

frequency mode increases in IR intensity in VO4H+ and V2O7H+-B to 621 and 403 km/mol, but 

remains the same in V2O7H+-A.  The large IR intensity difference between V2O7H+-A and 

V2O7H+-B is again due to the relationship between the direction of the atomic displacements and 

the derivative of the dipole.  Raman intensities for this mode are also greatly increased by 

binding to the surface showing that the polarizability derivative is much larger on the surface.  

The unchanged frequency is predicted to increase moderately in intensity in both the IR and the 

Raman, for both species and both binding modes in V2O7H+.  The highest frequency vibration is 

predicted to have a further decrease in the IR intensity and little change in the Raman intensity.  

Calculated vibrations on reduced reaction surface models NH3 adsorption on a hydrogenated 

linear dimer represents a second step in the SCR reaction on the partially reduced catalyst 

surface that was generated in the first step.  Formation of NH2NO leaves behind a hydrogen on 

the surface.  The hydrogen is transferred to a support bridging oxygen where an approximately 

30 kcal/mol H-transfer barrier must be crossed to move the H to the preferred oxo oxygen.  We 

therefore modeled NH3 adsorption both before and after this transfer, labelled as V2O7H-A and 

V2O7H-B, respectively.  The reduced vanadia and subsequent NH3 binding modes are shown in 

Figure 4.5 and the vibrational data are given in Table 4.5.  When the hydrogen is bound to a 

support bridging oxygen, NH3 adsorption is similar to adsorption on the neutral, unprotonated 

catalyst, where a Lewis acid-base adduct is formed on physisorption of NH3, followed by 

dissociation and chemisorption of NH2, transferring another proton to the surface.  When the 
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hydrogen is bound to the oxo oxygen, then NH3 adsorption is similar to that on the protonated 

catalyst structures as a Brønsted acid adduct in the formation of NH4+.   

Physisorbed NH3 on the reduced model (V2O7H-A-1) vibrations are predicted to be 

similar in frequency and intensity to those calculated on initial reaction surface models, as are the 

NH2 vibrations after NH3 dissociation on the vanadium oxide surface.  The formation of NH4+ on 

the reduced surface model is different than on the protonated structures discussed in the previous 

section.  In V2O7H-B, NH4+ bridges between the two oxo groups (see Figure 4.5), with N-H 

bonds to the hydrogens bonded to the surface increased from 1.027 Å to 1.074 and 1.061 Å; 

there is a slight increase in the HNH bond angle 110.8°.  The hydrogen bond distances are much 

shorter than in the protonated structures as well at 1.592 and 1.671 Å.  Unlike in V2O7H+, the 

NH4+ symmetric bending modes are predicted to split by < 3 cm-1, remaining nearly degenerate, 

and leaving the predicted intensities near 0 km/mol.  The asymmetric bend splits on surface 

binding and no large increase in intensity is predicted for the unchanged frequency. The 

symmetric stretching mode undergoes a larger change than in V2O7H+ and is lowered by more 

than 700 cm-1 to 2468 cm-1.   

Partial proton transfer enhancement of the intensity of the symmetric stretch, as discussed 

above,57 raises the intensity of this mode in the IR to 1145 km/mol; the Raman intensity is also 

predicted to have a large increase to 231 Å4/amu.  The asymmetric stretches are predicted to split 

into three separate vibrations, but the lowest energy asymmetric stretch is predicted to decrease 

significantly more than in V2O7H+, by over 600 cm-1 to 2703 cm-1, with a very large intensity 

increase in the IR to 1667 km/mol in IR and 263 Å4/amu in the Raman. The IR increase is again 

caused by partial proton transfer to the catalyst surface, supported by the elongation of the N-H 

bonds and the shorter hydrogen bond distances in the reduced structure versus the cationic 
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structure.  This places the lowest frequency asymmetric stretch on V2O7H-B near in frequency to 

the symmetric stretch of V2O7H+.  This is important for the comparison to experiment, discussed 

in the next section.  The remaining two modes are like those in V2O7H+, one remaining close to 

the gas phase value at 3355 cm-1 and one frequency raised to 3424 cm-1.  IR intensities are lower 

on the reduced structure by a factor of 2, however, Raman intensities are higher for these modes 

in V2O7H-B than in V2O7H+.  

Comparison to experiment Experimentally observed vibrations are given below in Table 4.6 

together with their predicted assignments.  We discuss the vibrations from low to high frequency. 

The experimental vibration at 1230 cm-1 for NH3 bound to the catalyst surface corresponds to the 

inversion of NH3.  For the discussion of this mode, unscaled harmonic values are used and are in 

good agreement with the experimental frequencies. The geometries show that this frequency 

corresponds to the inversion in one direction of NH3 bonded to a vanadium atom by a Lewis 

acid-base interaction for the unprotonated surface species VO4, V2O7, and V2O6 and on reduced 

V2O7H(-A-1).  The range of calculated frequencies for this mode is 1210 to 1255 cm-1. 

Calculations predict a moderate intensity in the IR of this band ranging from 118 km/mol in 

V2O6 to 152 km/mol in V2O7H-A-1.  This band is expected to have a very low Raman intensity. 

Note that this mode is of higher frequency than the inversion mode of free NH3 due to the 

constraint of binding to the surface.   

The vibration at 1450 cm-1 corresponds to a component of the triply degenerate T2 

bending mode of NH4+ bound to the catalyst surface.  This type of binding is predicted for the 

protonated catalyst structures VO4H+ and V2O7H+, as well as the singly reduced surface 

structure V2O7H.  Excellent agreement is found between the observed peak and the scaled 

calculated values, within 9 cm-1.  This is a T2 bend in the gas phase and splits on binding to the 
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surface.  The unshifted vibration is predicted to have a significantly higher IR intensity than the 

other two peaks, so it fits our expectations that this is the observed experimental peak.  There is 

significant variation predicted for the IR intensities depending on the specific binding site in 

V2O7H+.  Hydrogen bonding of NH4+ to an oxo group and a Ti support bridging oxygen has a 

calculated intensity of 127 km/mol lower in V2O7H+-A, as compared to bonding to an oxo group 

and a V bridging oxygen in V2O7H+-B with a calculated intensity of 441 km/mol. Both sites may 

be present with an energy difference of only 1.4 kcal/mol favoring B. The intensity of the mode 

with NH4+ bound to VO4H+ is intermediate to the two V2O7H+ binding modes.  This vibration on 

V2O7H has a lower intensity by more than a factor of 3.  The NH4+ is positioned between the two 

oxo groups on the reduced structure, and the scissoring motion of the two hydrogen bonded 

hydrogens in this mode does not change the dipole moment to the same extent as predicted in 

VO4H+ and V2O7H+(-A/B).  This vibration is expected have a low Raman intensity. 

The vibration at 1605 cm-1 corresponds to a component of the doubly degenerate E bend 

of physisorbed NH3.  This vibration is predicted to undergo a small splitting on surface binding 

to VO4, V2O7, V2O6 and V2O7H such that both vibrations are predicted to correspond to the 

observed peak.  Scaled values are within 12 cm-1 of the experimental value.  IR intensities are 

relatively low, even when summed to account for the near degeneracy, and unshifted from gas 

phase values.  Predicted Raman intensities are near zero for this mode as well. 

The vibration at 1656 cm-1 comes from the doubly degenerate E bend of NH4+ when 

bound to VO4H+, V2O7H+-A and V2O7H+-B.  The higher frequency mode on protonated 

structures has a predicted intensity near 0 km/mol.  As discussed in the theoretical section, these 

modes do not split on the reduced catalyst surface, remaining around 1700 cm-1, and their 

intensities in both IR and Raman remain near 0 Å4/amu.  As such, V2O7H-B is not predicted to 
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contribute to the experimentally observed spectrum.  Scaled calculated values for VO4H+, 

V2O7H+-A and V2O7H+-B slightly overestimate experiment by around 30 cm-1.  While there is a 

large IR and Raman intensity increase calculated for this vibration over gas phase NH4+, this 

mode has relatively low intensities compared to the other surface adsorbed NH4+ species. 

The experimental vibrations at 2808, 3050 and 3161 cm-1 are predicted to correspond to 

the symmetric N-H stretch and the lowest frequency component of the triply degenerate T2 

asymmetric stretch of NH4+ bound to the catalyst surface.  The position and intensity of these 

two stretches are highly variable depending on the surface structure and binding location, and as 

such, each of the experimental vibrations is predicted to correspond to a different combination of 

these two stretches on different surface models. The broad band at 2808 cm-1 corresponds to the 

symmetric stretch on protonated V2O7H+(-A/B) and the lowest frequency asymmetric stretch on 

reduced V2O7H-B.  As discussed above, the symmetric stretch on the reduced dimer is even 

lower, at 2468 cm-1.  The range of calculated frequencies for this mode is 2703 to 2892 cm-1, 

with high intensities ranging from 792 to 1667 km/mol in the IR and 189-263 Å4/amu in Raman.  

This likely accounts for the broadness of the observed peak. The 2808 cm-1 vibration could be a 

key indicator of the relative populations of NH3 and NH4+ on the catalyst surface because it is 

predicted to be an outlier in terms of intensity compared to the other observed vibrations.  As 

discussed above, a partial proton transfer-induced increase in the dipole derivative yields 

predicted larger intensities than the other predicted vibrations by a factor of 10, with exception of 

the bend at 1450 cm-1, for which it is larger by only a factor of 3.  This means that only a fraction 

of the NH4+ would need to be present to yield comparable peak heights to the observed NH3 

vibrations.  This vibration is also an indicator of the presence of dimeric and polymeric 

vanadium oxides on the TiO2 surface, as it is only predicted to occur on these forms. 
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The other broad peak at 3050 cm-1 is also predicted to be an important indicator in the 

SCR reaction.  This peak is predicted to correspond to both of the above-mentioned stretches, but 

only on monomeric VO4H+.  The symmetric stretch is not shifted as much on VO4H+ as it is in 

V2O7H+ or V2O7H-B, whereas the lowest frequency asymmetric stretch is shifted more than in 

V2O7H+ but less than in the reduced structure.  This puts predictions for both stretches in the 

range of this peak, at 2998 and 3058 cm-1 for the symmetric and asymmetric stretch respectively, 

which accounts for the broadness of the observed peak.  Moderately high IR intensities are 

predicted for both stretches, at 456 and 621 km/mol, with Raman intensities of 106 and 203 

Å4/amu. 

The 3161 cm-1 peak corresponds to the lowest frequency of the triply degenerate T2 

asymmetric stretches when bound to V2O7H+-A or V2O7H+-B.  The calculated values for A and 

B are 3170 and 3129 cm-1, showing good agreement with experiment.  V2O7H+-B has the highest 

predicted intensities for this peak, at 403 km/mol in the IR and 165 Å4/amu in the Raman. 

The peak at 3346 cm-1 corresponds to N-H stretches of NH3 and NH4+ bound to the 

catalyst surface.  The vibrations corresponding to NH3 physisorbed to VO4, V2O7, V2O6 and 

V2O7H-A are the symmetric (gas phase) stretch, which is relatively unshifted from the gas phase 

value.  This vibration is not predicted to contribute much to the observed peak with IR intensities 

of around 10 km/mol; however a collective contribution in the Raman is predicted, as this mode 

has calculated Raman intensities of around 110 Å4/amu.  Good agreement is seen in all species 

with values about 25 cm-1 lower than experiment with the exception of V2O6, which is in 

moderate agreement with the scaled value 70 cm-1 too low.   

Calculated NH4+ vibrations on VO4H+, V2O7H+-A and V2O7H+-B and V2O7H-B around 

the experimental peak at 3346 cm-1 correspond to the second of the three split asymmetric 
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stretching modes of NH4+ bound to the catalyst surface.  The frequency of this mode in surface 

adsorbed NH4+ is relatively unshifted from the gas phase frequency.  Excellent agreement is 

shown between scaled calculated values and experiment, with frequencies for the protonated 

cationic species within ~10 cm-1 of experiment.  Intensities for these peaks are around 250 

km/mol in the IR and 50 Å4/amu in Raman for the protonated species, and 139 km/mol in the IR 

and 104 Å4/amu by Raman for the reduced species.  The protonated species are, therefore 

expected to be the most sensitive contributors to observed peaks in the IR of all vibrations 

discussed, but the least sensitive in Raman spectroscopy.  A qualitative picture of the species 

present in experiment may be gained by examining the relative magnitude of this peak between 

the IR and Raman, however, calculations predict that it otherwise cannot differentiate between 

the presence of any specific binding mode or surface species.   

The symmetric N-H stretch of NH2 on V2O6 which occurs at 3377 cm-1 could be assigned 

to the experimental vibration at 3346 cm-1; however, the equivalent vibrations in the other 

surface species are 100 cm-1 too low and have higher IR intensities.  In addition, the asymmetric 

stretches of NH2 are too high for the experimental peak at 3400 cm-1 discussed next, and the 

current experimental results do not show the presence of the NH2 scissor bend.  This suggests 

that a significant amount of NH2 is not present on the modeled catalyst surfaces. 

The band at 3400 cm-1 is predicted to correspond to either NH3 or NH4+ adsorbed to 

neutral, protonated or reduced surface species. The NH3 vibrations corresponding to this band 

are the asymmetric N-H stretches on VO4, V2O7, V2O6 and V2O7H-A.  These stretches are 

doubly degenerate in the gas phase and nearly degenerate in surface bound NH3 with the 

exception of V2O6, in which the two vibrations are split by 40 cm-1.  The calculated values are in 

reasonable agreement with experiment being higher by about 40 cm-1, again with the exception 
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of V2O6 in which the lower frequency vibration is within 7 cm-1 of experiment.  Intensities for 

NH3 vibrations at this frequency are 30 km/mol in the IR and 30 Å4/amu in the Raman.  Slightly 

more variability is predicted for the Raman intensities, where for each surface species the lower 

frequency vibration has an intensity of around 25 Å4/amu and the higher has an intensity of 

around 50 Å4/amu.  The V2O6 is again an exception, having an IR intensity for the lower 

frequency vibration of 99 km/mol and an intensity of 39 Å4/amu for both vibrations in the 

Raman.  The NH4+ vibrations corresponding to this peak are the highest of the split triply 

degenerate T2 asymmetric stretches when bound to VO4H+, V2O7H+-A and V2O7H+-B.  This 

vibration is blue shifted 60 cm-1 from the gas phase value.  Excellent agreement is found between 

calculated scaled values and experiment, with differences within 10 cm-1.  A moderate intensity 

of around 110 km/mol is predicted in the IR with an intensity of 40 Å4/amu in Raman. 

Conclusions 

 Vibrations and IR/Raman intensities have been predicted for NH3/NH4+ in the gas phase 

and bound to TiO2 supported vanadium oxide.  Calculated harmonic vibrations with an 

appropriate scaling factor show excellent agreement with experiment.  The calculations provide 

insights into their relative populations and the interplay of NH3/NH4+ on the catalyst surface 

during the SCR reaction.  For the SCR reaction on supported V2O5−WO3/TiO2 catalysts,6 it was 

observed that the IR intensities for the 1230 cm-1 (NH3 bend/inversion) and 1450 cm-1 (NH4+ 

bend) vibrations were approximately equal. The isolated NH4+ triply degenerate bend is 

predicted to be 2.5 more intense in the IR than the inversion motion in NH3. This ratio is reduced 

to about a factor of 2 on our surface models. This arises the intensity of the triply degenerate 

mode in the bare ion is split between three non-degenerate modes on the surface model. The 

amount of localization of the IR intensity in the three non-degenerate modes depends on the 
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surface model as shown in Table 4.4. In addition, the inversion mode intensity of the NH3 is also 

sensitive to the binding to the surface as shown in Table 4.2. This comparison suggests that care 

must be taken when comparing IR intensities for the bends for NH3/NH4+ and that each set of 

values should be compared for the individual catalyst system.  The variability of IR intensities 

could also depend on the number of possible binding configurations in the system.  For example, 

in NH4+ formation on the reduced catalyst, it is predicted that the IR intensity of the 1450 cm-1 

band (89 km/mol) is lower than that of surface NH3.  Of the three asymmetric bending modes of 

surface bound NH4+, only the highest intensity frequency has been observed, although the other 

two bending modes can have intensities similar to several of the observed peaks corresponding to 

physisorbed NH3.  It may not be possible to distinguish between NH3 and NH4+ populations 

using more typical N-H stretching frequencies in the 3300 to 3400 cm-1 range, as experimental 

vibrations in this region can correspond to either NH3 or NH4+.  The present calculations and 

spectral data are consistent with experimental results which do not support the presence of a 

significant amount of NH2 on the catalyst surface for the SCR reaction on VOx/TiO2 but do show 

the presence of NH3 and NH4+ type species.
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Tables 

Table 4.1. Gas phase NH3 and NH4+ experimental and calculated vibrational modes with 
infrared and Raman intensities  
 

Species Mode ν Expt 
cm-1 

ω calc 
cm-1 

Scaling 
factor 

IR I 
km/mol 

Exp. IR I 
km/mol 

Raman I 
Å4/amu 

NH334 ν sym. (A1) 3337 3504.3 0.952 1 7.6 ± 0.943 

6.444 
121 

δ sym. (A1) 950 1033.7 0.919 189 138 ± 643 

12444 
14 

ν asym. (E) 3444 3635.7 0.947 4 3.8 ± 0.843 

2.844 
100 

δ asym. (E) 1627 1673.2 0.972 46 31.7 ± 0.543 

23.844 
24 

NH4+ ν sym.(A1) 323741 3408.4 0.950 0  95 
δ sym. (E) 169041 1730.0 0.982 0  14 
ν asym. (T2) 334336,37,38,40 3526.1 0.948 570 300 ± 4745 69 
δ asym. (T2) 144739 1490.6 0.971 477  3 

H2O34 ν sym. (A1) 3657 3833.0 0.954 8 2.5046 
2.9347 

80 

δ sym. (A1) 1595 1630.3 0.978 94 59.448 
54-8149 
70-8950 

7 

ν asym. (B1) 3756 3951.9 0.950 53 41.747 
42.351 

40-5952 

42 

CH3NH2a,34 ν sym. (A´) 3361 3531.8 0.952 13  110 
δ sym. (A´) 1623 1664.9 0.975 31  16 
ν asym. (A´´) 3427 3613.7 0.948 1  57 

a Only N-H stretches and NH2 scissor bend included 
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Table 4.2. Predicted vibrations of physisorbed NH3 on catalyst structures 

Cluster Mode ω (cm-1) calc υ (cm-1) scaled IR I 
km/mol 

Raman I 
Å4/amu 

VO4-1 Sym. stretch  3492.0 3317 11 117 
Bend 1216.5 1217a 151 11 
Asym. stretch   3620.8 3440 29 25 
Asym. stretch   3622.7 3442 34 49 
Bend 1654.1 1604 30 4 
Bend 1658.7 1609 19 1 

V2O7-1 Sym. stretch 3487.8 3313 11 113 
Bend 1224.1 1224a 146 10 
Asym. stretch   3612.0 3431 37 24 
Asym. stretch   3623.3 3442 32 50 
Bend 1652.7 1603 33 4 
Bend 1661.4 1612 17 1 

V2O6-1 Sym. stretch  3448.9 3276 39 108 
Bend 1253.1 1253a 118 5 
Asym. stretch   3571.0 3392 99 38 
Asym. stretch   3616.7 3436 34 39 
Bend 1653.5 1604 29 4 
Bend 1666.9 1617 23 2 

a NH3 inversion not scaled 

 

Table 4.3. Predicted vibrations of chemisorbed -NH2 on catalyst structures. 

Cluster Mode ω (cm-1) calc υ (cm-1) scaled IR I 
km/mol 

Raman I 
Å4/amu 

VO4-2 NH stretch   3448.2 3276 148 85 
Bend 1534.0 1496 45 3 
NH stretch   3650.1 3468 107 117 

V2O7-2 NH stretch   3416.1 3245 226 102 
Bend 1535.8 1497 40 2 
NH stretch   3645.2 3463 122 142 

V2O6-2 NH stretch   3554.4 3377 141 242 
Bend 1515.9 1478 50 7 
NH stretch   3677.5 3494 52 97 
(V)OH stretch  3850.8 3658 278 209 
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Table 4.4. NH4+ type adsorption on protonated vanadium oxide surface species. 

Cluster Mode ω (cm-1) calc υ (cm-1) 
scaled 

IR I 
km/mol 

Raman I 
Å4/amu 

VO4H+ Stretch 3155.7 2998 456 106 
Bend 1720.8 1686 140 34 
Bend 1727.3 1693 0 3 
Stretch 3219.1 3058 621 203 
Stretch 3522.1 3346 253 51 
Stretch 3584.0 3405 115 42 
Bend 1395.9 1354 122 5 
Bend 1502.1 1457 393 3 
Bend 1557.3 1511 74 0 

V2O7H+-A Stretch 3018.1 2867 1136 198 
Bend 1720.2 1686 118 29 
Bend 1727.9 1693 0 3 
Stretch 3337.2 3170 182 120 
Stretch 3526.6 3350 253 45 
Stretch 3584.2 3405 109 41 
Bend 1393.1 1351 133 5 
Bend 1504.4 1459 314 3 
Bend 1555.7 1509 69 0 

V2O7H+-B Stretch 3044.6 2892 796 189 
Bend 1715.0 1681 138 40 
Bend 1724.2 1690 0 3 
Stretch 3293.7 3129 403 165 
Stretch 3525.5 3349 278 51 
Stretch 3586.7 3407 108 44 
Bend 1387.0 1345 108 5 
Bend 1498.3 1453 441 5 
Bend 1556.3 1510 68 0 
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Table 4.5. Vibrational data of NH3 adsorption before and after catalyst rearrangement. 

Cluster Mode ω (cm-1) calc υ (cm-1) 
scaled 

IR I 
km/mol 

Raman I 
Å4/amu 

V2O7H-A-1 Sym. stretch  3492.6 3318 11 112 
Bend 1213.1 1213a 152 10 
Asym. stretch   3621.7 3441 32 23 
Asym. stretch   3626.3 3445 30 49 
Bend 1652.6 1603 31 3 
Bend 1658.8 1609 18 1 
V(Ti)OH stretch 3832.9 3649 173 73 

V2O7H-A-2 NH stretch   3435.6 3264 194 92 
Bend 1534.6 1496 37 3 
NH stretch   3649.9 3467 108 138 
V(Ti)OH stretch 3834.0 3650 180 72 

V2O7H-B Stretch 2598.4 2468 1145 231 
Bend 1729.9 1695 2 7 
Bend 1732.7 1698 0 2 
Stretch 2845.0 2703 1667 263 
Stretch 3531.8 3355 139 104 
Stretch 3604.6 3424 64 56 
Bend 1436.9 1394 59 11 
Bend 1495.1 1450 89 5 
Bend 1558.2 1511 54 1 

a NH3 inversion not scaled 
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Table 4.6. Experimentally observed vibrations attributed to NH3/NH4+ adsorption on the solid 
catalyst surface with assigned calculated frequencies in cm-1. 
 

Cluster ω (cm-1) calc υ (cm-1) scaled IR I 
km/mol 

Raman I 
Å4/amu 

υexpt = 1230 cm-1 

VO4-1 1216.5 1216.5 a 151 11 
V2O7-1 1224.1 1224.1 a 146 10 
V2O6-1 1253.1 1253.1 a 118 5 
V2O7H-A-1 1213.1 1213.1 a 152 10 

υexpt = 1450 cm-1 
VO4H+ 1502.1 1457 393 3 
V2O7H+-A 1504.4 1459 441 3 
V2O7H+-B 1498.3 1453 314 5 
V2O7H-B 1495.1 1450 89 5 

υexpt = 1605 cm-1 
VO4-1 1654.1 1604 30 4 
VO4-1 1658.7 1609 19 1 
V2O7-1 1652.7 1603 33 4 
V2O7-1 1661.4 1612 17 1 
V2O6-1 1653.5 1604 29 4 
V2O6-1 1666.9 1617 23 2 
V2O7H-A-1 1652.6 1603 31 3 
V2O7H-A-1 1658.8 1609 18 1 

υexpt = 1656 cm-1 
VO4H+ 1720.8 1686 140 34 
V2O7H+-A 1720.2 1686 118 29 
V2O7H+-B 1715.0 1681 138 40 

υexpt = 2808 cm-1 
V2O7H+-A 3018.1 2867 1136 198 
V2O7H+-B 3044.6 2892 796 189 
V2O7H-B 2845.0 2703 1667 263 

υexpt = 3050 cm-1 
VO4H+ 3155.7 2998 456 106 
VO4H+ 3219.1 3058 621 203 

υexpt = 3161 cm-1 
V2O7H+-A 3337.2 3170 182 120 
V2O7H+-B 3293.7 3129 403 165 

υexpt = 3346 cm-1 
VO4-1 3492.0 3317 11 117 
V2O7-1 3487.8 3313 11 113 
V2O6-1 3448.9 3276 39 108 
V2O6-2 3554.4 3377 141 242 
VO4H+ 3522.1 3346 253 51 
V2O7H+-A 3526.6 3350 253 45 
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V2O7H+-B 3525.5 3349 278 51 
V2O7H-A-1 3492.6 3318 11 112 
V2O7H-B 3531.8 3355 139 104 

υexpt = 3400 cm-1 
VO4-1 3620.8 3440 29 25 
VO4-1 3622.7 3442 34 49 
V2O7-1 3612.0 3431 37 24 
V2O7-1 3623.3 3442 32 50 
V2O6-1 3571.0 3392 99 38 
V2O6-1 3616.7 3436 34 39 
VO4H+ 3584.0 3405 115 42 
V2O7H+-A 3584.2 3405 109 41 
V2O7H+-B 3586.7 3407 108 44 
V2O7H-A-1 3621.7 3441 32 23 
V2O7H-A-1 3626.3 3445 30 49 
V2O7H-B 3604.6 3424 64 56 

a NH3 inversion not scaled 
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Figures 

 

 

Figure 4.1.  Catalyst models used in calculations.  Colors are red (O), grey (V), light blue (Ti), 
white (H) 
 

Figure 4.2.  (a) V2O7H•NH2 with arrows showing the dominant displacement corresponding to 
the frequencies given in image. (b) V2O6H•NH2 showing opening of the second bridging oxygen 
on NH2 formation. 
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Figure 4.3.  Surface bound NH4+ including the two different binding modes on the linear dimer. 

 

  

Figure 4.4.  NH4+ on the VO4 surface, showing displacement vectors for the (a) 1686 cm-1 and 
(b) 1693 cm-1 bending modes. 
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Figure 4.5. V2O7H before (a) and after (b) proton transfer to the oxo oxygen and subsequent 
NH3 adsorption.   
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Appendix A4: Prediction of Surface Species in the Selective Catalytic Reduction (SCR) of NO 
by NH3 on Supported Vanadium Oxide Catalysts Based on Computed IR/Raman Spectra 

Table A4.1.  TiOH vibrations under different NH3 binding modes for each catalyst structure. 

Cluster ω (cm-1) calc υ (cm-1) scaled IR I Raman I 

VO4-1 3904.3 3717 338 245 
3908.9 3721 480 186 
3910.5 3723 153 405 

V2O7-1 3899.1 3712 300 212 
3900.6 3713 296 154 
3901.4 3714 583 172 
3903.0 3716 163 541 

V2O6-1 3886.6 3700 296 197 
3897.9 3711 179 178 
3899.6 3712 339 225 
3900.2 3713 515 205 
3901.1 3714 329 127 
3902.9 3716 297 533 

VO4-2 3874.3 3688 217 157 
3905.9 3718 414 203 
3906.7 3719 397 181 
3908.7 3721 158 364 

V2O7-2 3866.3 3681 211 155 
3899.0 3712 340 207 
3902.1 3715 305 212 
3903.6 3716 391 184 
3905.5 3718 313 435 

V2O6-1 3898.3 3711 124 175 
3898.8 3712 255 113 
3899.1 3712 607 120 
3900.6 3713 193 418 
3907.6 3720 215 169 
3909.3 3722 499 427 

VO4H+ 3892.2 3705 666 259 
3897.3 3710 611 305 
3902.0 3715 600 408 

V2O7H+-A 3888.6 3702 448 270 
3891.7 3705 771 210 
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3892.9 3706 494 297 
3896.6 3710 577 480 

V2O7H+-B 3885.1 3699 524 248 
3887.8 3701 511 279 
3894.4 3707 460 255 
3897.4 3710 706 457 

V2O7H-A-1 3890.5 3704 324 225 
3896.9 3710 356 161 
3899.2 3712 225 266 
3903.5 3716 282 332 

V2O7H-A-2 3870.0 3684 194 146 
3885.3 3699 323 241 
3892.9 3706 545 24 
3893.7 3707 42 435 
3902.9 3716 294 249 

V2O7H-B 3896.0 3709 291 222 
3898.3 3711 201 186 
3899.6 3712 390 346 
3906.0 3719 326 319 
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Table A4.2.  Absolute energies in Hartrees of all structures in this work at the B3LYP/DZVP2 
level. 
 

Cluster E 
NH3 -56.580956 
NH4+ -56.919669 
H2O -76.456993 
CH3NH2 -95.890914 
VO4 -4247.099395 
V2O7 -6417.61994 
V2O6 -8494.24757 
VO4H+ (catalyst alone) -4247.435653 
V2O7H+ (catalyst alone) -6417.960921 
V2O7H-A (catalyst alone) -6418.213221 
V2O7H-B (catalyst alone) -6418.225533 
VO4-1 -4303.697976 
VO4-2 -4303.691864 
VO4H+ (+ NH3) -4304.066129 
V2O7-1 -6474.220915 
V2O7-2 -6474.203921 
V2O7H+-A -6474.588197 
V2O7H+-B -6474.591747 
V2O6-1 -8550.864944 
V2O6-2 -8550.854384 
V2O7H-A-1 -6474.811612 
V2O7H-A-2 -6474.796990 
V2O7H-B -6474.832816 
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Figure A4.1.  Initial (unoptimized) geometries of NH3 binding to bridge protonated (V-O-Ti) (a) 
VO4H+ and (b) V2O7H+  
 

 

Figure A4.2.  Simulated IR spectra of NH3 physisorption on VO4 at the B3LYP/DZVP2 level 
where peak half width at half height is 4 cm-1.  
 



233 
 

 

Figure A4.3.  Simulated Raman spectra of NH3 physisorption on VO4 at the B3LYP/DZVP2 
level where peak half width at half height is 4 cm-1. 
 

 

Figure A4.4.  Simulated IR spectra of NH3 chemisorption as NH2 on VO4 at the B3LYP/DZVP2 
level where peak half width at half height is 4 cm-1. 
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Figure A4.5.  Simulated Raman spectra of NH3 chemisorption as NH2 on VO4 at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
 

 

Figure A4.6.  Simulated IR spectra of NH3 chemisorption as NH4+ on VO4H+ at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
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Figure A4.7.  Simulated Raman spectra of NH3 chemisorption as NH4+ on VO4H+ at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
 

 

Figure A4.8.  Simulated IR spectra of NH3 physisorption on V2O7 at the B3LYP/DZVP2 level 
where peak half width at half height is 4 cm-1. 
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Figure A4.9.  Simulated Raman spectra of NH3 physisorption on V2O7 at the B3LYP/DZVP2 
level where peak half width at half height is 4 cm-1. 
 

 

Figure A4.10.  Simulated IR spectra of NH3 chemisorption as NH2 on V2O7 at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
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Figure A4.11.  Simulated Raman spectra of NH3 chemisorption as NH2 on V2O7 at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
 

 

Figure A4.12.  Simulated IR spectra of NH3 chemisorption as NH4+ on V2O7H+ in first binding 
mode (see manuscript Figure 4.3) at the B3LYP/DZVP2 level where peak half width at half 
height is 4 cm-1. 
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Figure A4.13.  Simulated Raman spectra of NH3 chemisorption as NH4+ on V2O7H+ in first 
binding mode (see manuscript Figure 4.3) at the B3LYP/DZVP2 level where peak half width at 
half height is 4 cm-1. 
 

 

Figure A4.14.  Simulated IR spectra of NH3 chemisorption as NH4+ on V2O7H+ in second 
binding mode (see manuscript Figure 4.3) at the B3LYP/DZVP2 level where peak half width at 
half height is 4 cm-1. 
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Figure A4.15.  Simulated Raman spectra of NH3 chemisorption as NH4+ on V2O7H+ in second 
binding mode (see manuscript Figure 4.3) at the B3LYP/DZVP2 level where peak half width at 
half height is 4 cm-1. 
 

 

Figure A4.16.  Simulated IR spectra of NH3 physisorption on V2O6 at the B3LYP/DZVP2 level 
where peak half width at half height is 4 cm-1. 
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Figure A4.17.  Simulated Raman spectra of NH3 physisorption on V2O6 at the B3LYP/DZVP2 
level where peak half width at half height is 4 cm-1. 
 

 

Figure A4.18.  Simulated IR spectra of NH3 chemisorption as NH2 on V2O6 at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
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Figure A4.19.  Simulated Raman spectra of NH3 chemisorption as NH2 on V2O6 at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
 

 

Figure A4.20.  Simulated IR spectra of NH3 physisorption on reduced V2O7H-A at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
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Figure A4.21.  Simulated Raman spectra of NH3 physisorption on reduced V2O7H-A at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
 

 

Figure A4.22.  Simulated IR spectra of NH3 chemisorption as NH2 on reduced V2O7H-A at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
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Figure A4.23.  Simulated Raman spectra of NH3 chemisorption as NH2 on reduced V2O7H-A at 
the B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
 

 

Figure A4.24.  Simulated IR spectra of NH3 chemisorption as NH4+ on reduced V2O7H-B at the 
B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
 



244 
 

 

Figure A4.25.  Simulated Raman spectra of NH3 chemisorption as NH4+ on reduced V2O7H-B at 
the B3LYP/DZVP2 level where peak half width at half height is 4 cm-1. 
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CHAPTER 5 

ELECTRONIC STRUCTURE INVESTIGATION OF NO2 AND NO BINDING ON 
VANADIUM OXIDES 

Introduction 

The Selective Catalytic Reduction (SCR) of NO by NH3 is an important process for the 

conversion of acid gases. As part of a detailed computational study to understand the initial steps 

in the mechanism, the binding of NO to models of supported vanadium oxide catalysts on TiO2 

was studied.1 This work showed that NO interacts only weakly with these catalyst models and 

that NH3 interacts more strongly so the binding of the Lewis base NH3 to the Lewis acid metal is 

the initial step.  As NO2 could well be present in such gas streams, our prior work2 on NO2 

binding to Group 4 (MO2)n and Group 6, (MO3)n for n = 1 - 3 has been extended to Group 5 

metal oxides to study the interaction of NO2 with vanadium oxides.  Several modes of NO2 

binding to Group 4 and 6 transition metal oxides were found:2 chemisorbed NO2 bound either 

bidentate or monodentate through O, chemisorbed NO2 through formation of a terminal bidentate 

nitrate, or physisorbed NO2 predominantly through O with no spin transfer to the metal oxide. 

Chemisorption was predicted to be the dominant NO2 binding mode in Group 4 metal oxides 

through nitrate formation or HONO-like structures.  In both cases, spin is transferred to the metal 

oxide. A covalent type binding mechanism was proposed for the HONO-like structures, in which 

the metal oxide is excited to a triplet state, breaking an M=O π-bond, followed by M-O bond 

formation with NO2 leading to a M-O-N=O.  This model of binding was consistent with the 

location of the spin in these species and the natural population analysis. This is also consistent
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with the preference for weaker physisorption in the Group 6 oxides because their excitation 

energies are larger. Nitrate formation is only predicted to be the most favorable binding mode in 

Cr oxides and was predicted to correlate with the BDE of M=O.  An ionic model of binding in 

which the metal oxide transfers an electron to NO2 does not work due to the large ionization 

energies (IE) of the metal oxides which cannot be overcome by the electron affinity (EA) of 

NO2.   

Prior experimental work reported NO3- formation on [V=O]2+ sites in an FT-IR study of 

NH3 and NOx adsorption on TiO2 supported V2O5 and indicated NO formation on the surface.3 

Several studies on the potential NO2 gas sensing properties of V2O5 nanocrystals have also been 

reported that support the presence of NO and NO3- in the products of NO2 adsorption.4,5,6  To 

better understand the potential role of NO2 in vanadium oxide catalysts, the interaction of NO2 

with cluster models of vanadium oxides has been studied by density functional theory7 (DFT) 

and coupled cluster calculations.  Predictions of the interaction of NO were extended to a more 

extensive set of cluster models. 

Computational Methods 

 The following cluster models were used: VO2(OH), VO(OH)3, V2O5, V3O7(OH), V4O10, 

and hydrated dimers V2O6H2 and V2O7H4.  The structures of the catalyst models, referred to here 

as VO4, V2O7 and V2O6, were taken from our previous work.8,  An additional structure related to 

the catalyst models referred to as VO3 was also studied.  VO3 was not one of the structures 

identified on the SCR surface but was included in support of the conclusions discussed below 

regarding NO/NO2 binding on SCR catalyst models.  Ground state geometries and vibrational 

frequencies were calculated with the hybrid functional B3LYP9,10,11 using the correlation 

consistent aug-cc-pVDZ12,13 basis sets for main group elements and the related aug-cc-pVDZ-
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PP14 basis sets for transition metals V and Ti, incorporating a 10-electron effective core 

potential.  This basis set combination will be referred to in this work as aD-PP.  Geometry 

optimizations and frequency calculations were also performed on the physisorbed structures and 

associated metal oxides using the long range corrected hybrid functional ωB97X-D15,16 as a test 

since B3LYP can underestimate this type of interaction.  Open shell DFT calculations were done 

in the spin unrestricted formalism. All DFT calculations were performed with Gaussian 16.17 

 Single point calculations were performed at the CCSD(T)18,19,20,21 level using the 

B3LYP/aDPP geometries for the monomers, dimers and trimers.  The open-shell calculations 

were done with the R/UCCSD(T) formalism where a restricted open shell Hartree-Fock (ROHF) 

calculation was initially performed and the spin constraint was then relaxed in the coupled 

cluster calculation.22,23,24,25 Monomer and V2O5 single point calculations include core-valence 

correlation effects and scalar relativistic effects.  The 3s3p outer core electrons were included in 

the correlation calculations such that only the 1s2s2p electrons of vanadium were frozen.  Scalar 

relativistic effects were included by means of the second order Douglas-Kroll-Hess 

Hamiltonian.26,27,28  The monomers and dimers use the aug-cc-pwCVnZ-DK12,13,29,30,31,32 basis 

sets, where n = D, T, Q for monomers and n = D for dimers.  The diffuse (aug) functions of V 

were not included in the monomer calculations. These basis sets are denoted as awn-DK with n = 

D, T, Q.  Hydrated dimer, trimer, and tetramer single point calculations use the previously 

described aD-PP basis.  For comparison, calculations that were done using larger basis sets and 

including core-valence correlation and relativistic effects for all structures were repeated with the 

aD-PP basis.  Only the lowest energy structure (at the B3LYP level) of NO2 bound to a tetramer 

was calculated by CCSD(T) due to computational cost.  Monomer single point calculations at the 
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D, T, Q basis set level were extrapolated to the complete basis set (CBS) limit using the 3-point 

extrapolation formula (equation (5.1)),33 

 En = ECBS + A × exp[ – (n – 1) ] + B × exp[ – (n – 1)2 ]    (5.1) 

for n is D, T, and Q.  The CCSD(T) calculations were carried out in MolPro 2021.1.34,35,36 All 

calculations were carried out on local computers at The University of Alabama and on the Dense 

Memory Cluster (DMC) at the Alabama Supercomputer Center. 

 

Results 

Ligand binding energies (LBE’s) were calculated at both the DFT B3LYP/aDPP and 

CCSD(T) levels according to reactions (5.2a) and (5.2b) 

VxOyHz + NO2 → VxOyHz•NO2       (5.2a) 

VxOyHz + NO → VxOyHz•NO       (5.2b) 

where the thermal and zero-point energy corrections (ZPE) for the CCSD(T) calculations were 

taken from B3LYP/aD-PP frequency calculations. 

NO2 adsorption on monomers The structures with spin densities of NO2 adsorption to VO2(OH) 

and VO(OH)3 are shown in Figure 5.1 and the associated LBE’s are in Table 5.1. VO2(OH)•NO2 

is predicted to have three binding modes, one physisorbed and two chemisorbed isomers, all of 

which are exothermic at 298 K.  In the lowest energy structure (1-3T), chemisorption is 

predicted to be NO3- formation where NO2 has abstracted a V=O oxygen and transfers the 

unpaired electron to the metal with the formation of an N-O bond.  NO3- is bound in a bidentate 

manner with two oxygens coordinating the V atom at a distance of 2.02 Å each.  The molecule 

has Cs symmetry overall, such that the plane of NO3- is perpendicular to the HO-V=O plane.  

The spin density indicates that the spin has been transferred to the metal.   
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The binding energy of the second structure (1a-1P) is about 15 kcal/mol less exothermic 

at the CCSD(T) level and has NO2 bound monodentate, with one O coordinating the V at a 

distance of 2.14 Å and N-O bond lengths of 1.227 and 1.176.  The N-O bonds are close to the 

1.198 Å of NO2.  The NO2 in 1a-1P is physisorbed as characterized by the long V---O(N) bond 

length and the spin density which remains on the NO2.   

The third structure (1a-2T) is a bidentate chemisorbed complex with NO2 bound 

asymmetrically to the V through both of its oxygens, such that the V-O bond lengths are unequal 

at 2.04 and 2.21 Å with corresponding N-O bond lengths of 1.285 and 1.246 Å.  These N-O bond 

lengths are closer to NO2- than NO2. 

We can compare the binding of NO2 to VO2OH to that for TiO2 and CrO3.2 The binding 

of NO2 is strongest to TiO2, followed by CrO3, and then VO2OH. The most stable structure for 

binding of TiO2 with NO2 is for a bidentate NO2 group with covalent binding to the metal which 

is prepared in the first excited state with spin on the metal oxo groups. The next most stable 

structure for binding to TiO2 is the HONO-like structure also prepared from the excited state of 

the metal oxide with spin transfer to the metal oxo groups. The least stable structure for TiO2 is 

formation of the nitrate leading to a structure dominated by Coulombic interactions. For CrO3, 

the lowest energy structure is the nitrate dominated by Coulombic interactions followed by the 

physisorbed structure and then the NO2 bidentate covalent structure. For NO2 binding to 

VO2OH, the most favorable structure is nitrate formation. Note that physisorbed species are 

predicted for VO2OH and CrO3 but not for TiO2. 

NO2 binds very weakly on the hydrated monomer VO(OH)3.  VO(OH)3•NO2 is predicted 

to have three weak binding modes, two weakly physisorbed and one metastable chemisorbed 

structure (Table 5.1, and Figure 5.1). The B3LYP/aD-PP LBE’s are consistent with the 
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CCSD(T)/ wT-DK LBEs.  The DFT LBEs underestimate the strength of physisorption by about 

1.5 kcal/mol and are 3.4 kcal/mol higher in energy than the CCSD(T) values for chemisorption.  

In 1b-1Pa, NO2 is bound through a hydrogen bonding interaction between a (V)OH group and 

NO2 oxygen at 2.11 Å.  In 1b-1Pb, NO2 is bound through a weak interaction between the oxo 

group of VO(OH)3 and the partially positive N atom of NO2.  In both physisorbed structures, the 

spin density and Mulliken population analysis show that the spin remains on the NO2.  In the 

chemisorbed structure 1b-3T, NO2 forms NO3- through abstraction of the oxo oxygen.  NO3- is 

bidentate in this structure, with two oxygens coordinating the V atom, but unlike in 1a-3T the 

complex has C1 symmetry and the NO2 coordination is y asymmetric in 1b-3T with the oxygens 

at 2.17 and 2.03 Å.  Repulsion from the hydroxyl groups causes the NO3- to twist slightly away 

from a structure with Cs symmetry.  Structure 1b-3T is metastable and is not predicted to form at 

298 K.   

NO2 adsorption on dimers  There are three isomers of V2O5 (Figure 5.2) with their relative 

energies at the B3LYP/aD-PP and CCSD(T)/CBS levels.  The di-bridged structure is predicted to 

be the ground state geometry and can be described as an ionic interaction between VO2+ and 

VO3-.  The distorted tri-bridge structure is more stable than the mono-bridge structure.  NO2 

adsorption on each isomer was modeled; however in all cases, the tri-bridged isomer optimized 

to the di-bridged structure on binding NO2, so LBE’s are only included relative to the di-bridged 

structure.   

 Structures of V2O5•NO2 are shown in Figure 5.3, and the respective LBE’s are given in 

Table 5.2.  NO2 is predicted to strongly chemisorb to V2O5 either through a covalent-like 

interaction or through formation of NO3-.  A physisorbed structure (2b-1P) was found but the 

interaction energy is very weak so it is not expected to form in significant amounts at 298 K.  
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The NO2 bound structures in which the V-O-V-O ring of the di-bridge is intact are very similar 

in energy, spanning a 10 kcal/mol range at the CCSD(T) level.  Structures 2b-2B, 2b-3T, 2b-3B, 

and 2b-1P involve opening the di-bridge and are discussed relative to the ground state isomer 

(2a) as well as the mono-bridged structure (2b) below.  There is an increase in energy for these 

structures that can be attributed in part to the opening of the di-bridge.  The B3LYP/aD-PP LBEs 

are in good agreement with CCSD(T)/awD-DK values.  On average, the B3LYP values are 

higher than coupled cluster reaction enthalpies by 1.8 kcal/mol with a range of 9.3 kcal/mol, 

from 6.7 kcal/mol less negative in 2b-2B to 2.6 kcal/mol more negative in 2b-3B. The three 

lowest energy isomers predict NO2 is bound to the vanadium atom of the VO3- group.  This is as 

expected as the VO3- group has more electron density to facilitate NO2 binding and subsequent 

spin transfer to the oxide.  

The lowest energy isomer (2a-2T) has Cs symmetry, where NO2 is bound in a bidentate 

manner with both oxygens coordinating vanadium at 2.07 Å with corresponding N-O bonds of 

1.269 Å, which are similar to NO2- bond lengths of 1.261 Å.  Redox of NO2 is unlikely, as IP – 

EA is 8.3 eV for di-bridged V2O5 and, at 2.07 Å, the Coulombic interaction is approximately 7.0 

eV.  Instead, covalent binding is predicted as in 1a-2T and in the Group 4 oxides as the VEE is 

only 2.1 eV so that the excited metal oxide is easily formed.  Spin density and Mulliken 

populations for 2a-2T, 2a-1Ta, and 2a-1Tb predict that the spin is primarily on the farthest 

oxygen from NO2, supported by the lengthening of the corresponding V=O bond to 1.72, 1.72, 

and 1.71 Å respectively from 1.59 Å in unbound di-bridged V2O5.   

The next two isomers (2a-1Ta and 2a-1Tb) are 1.7 and 4.9 kcal/mol less exothermic.  

The difference in energy between 2a-2T and 2a-1Ta is smaller than that between 2a-1Ta and 

2a-1Tb.  Binding is very similar in the two structures, with monodentate (HONO-like) 
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coordination to the sterically open V atom at V-O distances of 1.78 and 1.82 Å, such that in 2a-

1Tb NO2 is rotated over the center of V2O5.  N-O bond lengths in 2a-1Tb are 1.453 and 1.170 Å, 

very close to the single bond and double bond of HONO (1.44 and 1.16 Å).  The long N-O bond 

in 2a-1Ta is increased to 1.549 with a slight decrease in the N=O bond to 1.148 Å.  The 

Mulliken charge on the the nitrogen in 2a-1Ta is double that of 2a-2T and 2a-1Tb, suggesting a 

small ionic component to the bonding.   

  Clusters 2a-3B, 2a-3Ta, 2a-3Tb, 2a-3Tc, 2b-3T and 2b-3B all predict NO3- formation 

from a “lattice” oxygen of V2O5.  2a-3B, 2a-3Ta, 2a-3Tb, and 2a-3Tc are close in energy, 5.6-

9.9 kcal/mol higher than the lowest energy isomer.  2b-3T and 2b-3B are significantly more 

weakly bound because either the abstracted oxygen is a bridging oxygen rather than an oxo 

group or due to opening the di-bridge ring before abstraction of the oxo group.  In addition, the 

resulting 2V2O4+ mono-bridge cation is 31.1 kcal/mol less stable enthalpically at the 

CCSD(T)/wD-PP level than the ground state structure.  Spin density in all NO3- bound structures 

is on a vanadium atom rather than an oxygen, consistent with prior work on the Group 4 and 6 

complexes.2  In all structures in which NO3- is formed, it is bound bidentate.  The N-O bond 

length to the third oxygen in each structure is about 1.19 Å.  The lowest energy NO3- structure 

(2a-3B) is bound in a bridging position between the two V atoms.  The molecule is distorted 

from C2v symmetry such that the V containing the spin density has a longer V-O(N) bond of 2.07 

Å compared to 1.97 Å to the other V.  N-O bond lengths to the coordinating oxygens are 1.288 

and 1.309 Å respectively.  2a-3Ta is predicted to be 0.4 kcal/mol higher than 2a-3B at the 

CCSD(T)/wT-DK level, NO3- forms from the terminal oxo group of the VO3- like region of 2a, 

forming a C2v structure in which the C2 axis runs through NO3- and both V atoms with V-O bond 

lengths of 2.02 Å and corresponding N-O bonds of 1.309 Å.  The bond lengths of the vanadium 
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bridging oxygens contract from 1.69 to 1.67 Å while the ionic bond between the bridging 

oxygens and VO2+ group lengthen from 1.98 to 2.00 Å, and the molecule as a whole is predicted 

to have the structure [VO2]+•2[VO2]•[NO3]-.   

2a-3Tb and 2a-3Tc are 2.4 and 3.9 kcal/mol higher in energy than 2a-3Ta respectively, 

separated by 1.5 kcal/mol.  They are structurally very similar, each forming NO3- from the two 

oxo groups of the VO2+ region.  Both isomers have Cs symmetry overall and identical V-O and 

N-O bond lengths of 2.06 and 1.297 Å respectively.  The doublet V2O4+ isomers formed after 

NO3- formation are only 4.4 kcal/mol apart in enthalpy favoring the isomer in 2a-3Tb. Spin 

density in these isomers predict the spin to be on a V atom, but the one not bound to NO3-, unlike 

the general pattern seen here and in the Group IV and VI oxides. 

The remaining four structures 2b-2B, 2b-3T, 2b-3B and 2b-1P are 16-36 kcal/mol higher 

in energy than the ground state (2a-2T).  Formation of these structures from 2a requires either 

the opening of the di-bridge or the removal of one of the bridging oxygens as in the formation of 

NO3-.  Reaction energies relative to 2b are given in Table 5.3.  2b-2B is chemisorbed with a LBE 

of -21.5 kcal/mol relative to 2a at the CCSD(T)/awDDK level.  Binding is asymmetric with V-O 

bond lengths of 1.94 and 2.06 Å and corresponding N-O bond lengths of 1.288 and 1.236 Å.  

The shorter V-O(NO) bond is at the V atom bound to the O that has the spin, which lengthens 

from a V=O bond of 1.59 Å to a V-O bond of 1.71 Å like what is predicted in 1a-2T, 2a-2T, 2a-

1Ta, and 2a-1Tb. 

2b-3T and 2b-3B both feature NO3- formation by abstraction of either a bridging oxygen 

from 2a or an oxo group from 2b.  2b-3T is 7.1 kcal/mol higher in energy than 2b-2B while 

positioning the nitrate in a bridging position as in 2b-3B raises the energy by 7.0 kcal/mol at the 

CCSD(T)/awDDK level.  Both are still exothermic relative to 2a.  In 2b-3T nitrate is bound 
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bidentate to one V atom with 2.02 Å V-O bond distances with corresponding N-O bonds of 

1.305 Å.  2b-3B bridges the two vanadium atoms and has unequal coordinating bond lengths, 

with V-O bonds of 1.94 and 2.05 Å with corresponding N-O bonds of 1.320 and 1.267 Å.  Spin 

density is calculated to be on the V atom bound to one oxo group, which also has the shorter V-

O(N) bond in 2b-3B.  The 2V2O4+ formed in 2b-3T and 2b-3B has a V-O-V angle of 177° in its 

unbound state, which is decreased in both nitrate bound structures, to 159° in 2b-3T and to 125° 

in 2b-3B.  The increased strain in 2b-3B likely plays a role in its decreased stability.   

2b-1P is 6.7 kcal/mol higher in energy than 2b-3B and has an LBE of -0.7 kcal/mol 

relative to 2a at the CCSD(T)/awDDK level.  NO2 is physisorbed in this structure with a distance 

between the O and V of 2.13 Å.  It is noteworthy this structure is similar to 2a-1Ta and 2a-1Tb 

which are 34.9 and 31.7 kcal/mol more strongly bound than 2b-1P, only 1.7 and 4.9 kcal/mol 

higher than the ground state, and do transfer spin to the oxide.  This can be accounted for by two 

factors, the increase in energy associated with isomerization to mono-bridged V2O5 and its 

higher excitation energy, which is about 0.5 eV (11.5 kcal/mol) higher.   

NO2 adsorption on hydrated dimers  Structures of the hydrated vanadium oxide dimers V2O6H2 

(2c and 2d) and V2O7H4 (2e) are shown in Figure 5.4 along with the relative energies of the two 

partially hydrated dimers 2c and 2d.  Energies of hydration calculated at the B3LYP/aD-PP level 

are given in the SI.  2c is calculated to be 36.9 kcal/mol less stable enthalpically at 298 K than 2d 

at the CCSD(T)/aD-PP//B3LYP/aD-PP level.  Although it is a higher energy structure, binding 

was modeled on this structure because its geometric and electronic structure are intermediate 

between V2O5 and the other two hydrated dimers.  Water dissociation on one vanadium atom 

results in a bonding structure like 2e around one vanadium atom and 2b around the other.  In 

addition, binding on 2d and 2e reflect binding on the larger vanadium oxides as well as TiO2 
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supported oxides, but the smaller size of the hydrated dimers allowed for energies to be 

calculated at the CCSD(T) level, which is computationally expensive for the larger species 

particularly given their lack of symmetry and open shell electron configurations.  IEs for both 2c 

and 2e are nearly equivalent to V2O5 values, so redox is not expected in these systems.  Covalent 

binding of NO2 to metal oxides has been hypothesized to be modulated primarily by the 

excitation energy of the molecule, which prepares it for bond formation and transfers spin to the 

metal oxide.  VEE calculations predict an excitation energy for 2c that is close to VO2(OH) and 

V2O5.  In both 2d and 2e a large increase is predicted in excitation energy such that their values 

are similar to those calculated for the tetramers, TiO2 supported oxides and VO(OH)3.  As a 

result, binding is expected to be weaker on these molecules. 

Structures with spin density of NO2 binding to 2c is shown in Figure 5.5 and LBE’s are 

given in Table 5.4.  Binding on this structure ranges from -32.7 kcal/mol in 2c-3Ta to 12.2 

kcal/mol in 2a-3Tb and is dependent on the vanadium atom involved in binding.  The lowest 

energy isomer (2c-3Ta) predicts NO3- formation from an oxo group on the V atom with two oxo 

groups.  Bond lengths are similar to the other bidentate nitrates bound to a single V atom with V-

O bond lengths of 2.02 Å with corresponding N-O bonds of 1.304 Å each.  Spin density is 

predicted to reside on the vanadium consistent with spin transfer to the metal. 

Structure 2c-1P is 13.9 kcal/mol less stable (CCSD(T)) than the lowest energy isomer but 

binding is still exothermic at 298 K.  Binding in this structure is very similar to 1a-1P and 2b-1P, 

in which NO2 is bound monodentate to the unhydrated V atom at a distance of 2.14 Å, but 

without the spin transfer that is predicted in 2a-1Ta or 2a-1Tb.   

 The next most stable isomer (2c-2T) is 6.0 kcal/mol higher in energy (CCSD(T)) than 2c-

1P.  It is similar in both structure and LBE to 1a-2T, where NO2 is chemisorbed bidentate to the 
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sterically open vanadium atom with one shorter V-O bond and the other NO2 oxygen stabilizing 

the structure through coordination at distances of 1.97 and 2.72 Å respectively, with 

corresponding N-O bond lengths of 1.292 and 1.209 Å.  Coordination of the second oxygen like 

in 1a-2T provides the energy needed to facilitate spin transfer, but an increase in energy over 2c-

1P is predicted because binding is covalent in 1a-2T and 2c-2T so one NO2 oxygen forms the 

covalent bond which introduces a strain in coordinating the second oxygen.  This contrasts with 

the similar binding of 2a-2T, which is expected to be nearly ionic allowing delocalization of the 

negative charge between both oxygens.  This is responsible for the symmetric binding of NO2 in 

this system as well as its stabilization below the other isomers in the group.  Only a partial spin 

transfer is predicted in 2c-2T with some of the spin remaining on NO2, supported by Mulliken 

spin densities and a smaller degree of V=O bond lengthening to the oxygen containing the spin. 

 The energy to form the next most stable isomer (2c-3B) is exothermic at 298 K and 2.4 

kcal/mol higher in energy than the LBE for 2c-2T.  The NO2 forms a bridging NO3- from the oxo 

group on the hydrated V.  Like in 2a-3B and 2b-3B, the bridging nitrate is asymmetrically 

bidentate with different V-O and N-O bond lengths, which are 1.96 vs. 2.03 Å (V-O) and 1.312 

vs. 1.279 Å (N-O).  The shorter V-O bond is to the V atom from which the oxo group was taken, 

and the V to which the spin density is transferred.   

 2c-2P is a weakly physisorbed structure in which NO2 is bound in a hydrogen bonding 

interaction with an OH group on the hydrated vanadium atom and a weak interaction between 

the partially positive N atom and the oxo oxygen.  It is 7.6 kcal/mol less stable than 2c-3B and 

has almost zero binding energy.  The spin is predicted to remain on NO2.  The hydrogen bond 

distance in this cluster is 2.10 Å. 
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 The final structure 2c-3Tb is metastable at 298 K and is 15.0 kcal/mol less stable than 2c-

2P.  This structure predicts nitrate formation from the oxo group of the hydrated V atom like 2c-

3B but bound only to the V from which the O was taken.  V-O and N-O bond lengths are very 

similar to the other terminally bound nitrates with V-O bonds of 2.08 and 2.09 Å and 

corresponding N-O bonds of 1.293 and 1.291 Å.  Spin in this cluster resides mostly on the 

hydrated V, with a small amount of spin on the other V atom.  The LBE of 2c-3Tb is basically 

identical to that of nitrate formation on VO(OH)3 (1b-3T). 

 Structures of NO2 adsorption on 2d are all metastable except for two weakly physisorbed 

species, similar to binding on VO(OH)3.  Structures with spin densities are shown in Figure 5.6 

and LBE’s are given in Table 5.5.  2d-2Pa and 2d-2Pb are only 1.1 kcal/mol apart in energy, and 

both are physisorbed through a hydrogen bonding interaction and an interaction between the N 

and an oxo group.  In 2d-2Pa, NO2 is bound on one side of the dimer while in 2d-2Pb NO2 

bridges the dimer, forming an H-bond to an OH group on one V and an interaction to an oxo 

group on the other V. H-bond/N---O distances for 2d-2Pa and 2d-2Pb are 2.05/3.15 Å and 

2.07/2.99 Å respectively. The LBEs  for the remaining structures are endothermic, as expected 

for this species.  Nitrate formation is predicted in the two lowest energy isomers (2d-3T and 2d-

3B).  Note that an equivalent binding mode was not found in VO(OH)3, as the resulting structure 

was unstable and rearranged to 1b-1Pa during geometry optimization.   

 Structures of NO2 adsorption to 2e are shown with spin densities in Figure 5.7 and LBE’s 

are given in Table 5.6. The LBE’s fit expectations such that only weak physisorption is predicted 

on this structure with all other isomers being metastable at 298 K.  Physisorption is similar to the 

2d species and occurs as a hydrogen bonding interaction between a hydroxyl group and O of 

NO2 in addition to an interaction between N and an oxo group.  There are two physisorbed 
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structures as in 2d, however in 2e they are only 0.4 kcal/mol apart at the CCSD(T) level and the 

bridging type physisorption is more stable.  H-bond distances in 2e-2Pa and 2e-2Pb are 2.87 and 

2.12 Å respectively, and N---O(=V) distances are 3.29 and 3.28 Å.  Two nitrate structures (2e-3T 

and 2e-3N) were found here as in 2d.  Structure 2e-3T has nitrate formed from an oxo group, 

with an energetically similar LBE to 1b-3T and 2c-3Tb at ~ +12 kcal/mol.  In the high energy 

2e-3N, nitrate forms from the bridging oxygen as an insertion between the vanadium atoms and 

the resulting cleavage of the dimer is highly unfavorable.  Two chemisorbed monodentate NO2 

bound structures (2e-1Ta and 2e-1Tb) were found as well, with LBE’s of +29.5 and +45.1 

kcal/mol.   

NO2 adsorption on trimers  Structures of NO2 binding on V3O7(OH) with spin densities are 

shown in Figure 5.8 and LBE’s are given in Table 5.7.  3-3Ta is the only stable nitrate species at 

-4.3 kcal/mol at the CCSD(T) level.  Bond lengths for 3-3Ta, the most stable complex, are 

typical for a terminal nitrate, and spin density is predicted as expected to reside on the nitrate 

bound V atom.  Weakly physisorbed NO2 bound to a V atom is the next most stable structure (3-

1P), 1.1 kcal/mol higher in energy than 3-3Ta.  This type of physisorption is unusual for the 

vanadium oxides that have only a single V=O bond and is likely facilitated by the ring-shaped 

structure of the trimer, which restricts the positions of the V-O bonds and reduces steric 

hindrance around the V atom.  Spin density is predicted to remain on NO2. 3-3B is the last 

exothermic isomer, 1.7 kcal/mol higher in energy than 3-1P.  In this structure NO3- is formed 

from a bridging oxygen on the dibridged region of V3O7(OH).  This isomer is higher in energy 

than 3-3Ta because two V-O bonds are lost rather than a V=O bond.  The nitrate bridges the two 

V atoms from which the bridging O was abstracted to form the nitrate. Isomers 3-1T and 3-3Tb 

are not expected to form at 298 K.  3-1T is similar to 3-1P except the coordinating NO2 oxygen 
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is brought closer to the V atom, causing chemisorption and cleavage of a bridging oxygen in the 

dibridged region of the trimer, which is where the spin density is predicted to be.  3-3Tb has 

NO3- formed on the V atom with a hydroxyl group from an oxo group.  Spin density is predicted 

to be on the V atom bound to nitrate. 

NO2 adsorption on tetramers A comparison of different tetramer geometries with their relative 

energies at 298 K is shown in Figure 5.9.  The most stable V4O10 isomer (4Td) has tetrahedral 

symmetry with each V atom coordinated by three V-O bonds and one V=O bond as would be 

expected from simple bonding considerations.  The closest energy isomer above 4Td is 4D2h, 

which has D2h symmetry and forms a 4 V ring with alternating mono-bridged and di-bridged 

vanadia with a single oxo group on each.  Structure 4D2h is 15.7 kcal/mol less stable in enthalpy 

than 4Td at the B3LYP/aD-PP level.  The remaining isomers are all over 40 kcal/mol less stable 

than 4Td and unlikely to be observed.  As such, binding energies of NO2 have only been 

calculated for the Td and D2h isomers.  Some NO2 bound structures for 4C2v-A, 4C1-A and 4C1-B 

were calculated; their images and calculated LBE’s can be found in the SI. 

Structures and LBE’s of NO2 on 4Td can be found in Figure 5.10.  LBE’s for all species 

are near thermoneutral so only small amounts of complexes are expected to form at 298 K.  A 

terminally bound nitrate (4Td-3T) chemisorbed structure is the most stable. The LBE is predicted 

to be slightly exothermic at -0.4 kcal/mol at the B3LYP/aD-PP level, but CCSD(T)/aD-PP 

calculations predict a slightly more positive LBE at 0.4 kcal/mol.  The remaining three isomers 

with LBE’s near zero are all physisorbed. In 4Td-1Pa and 4Td-1Pc, the NO2 is bound via an 

interaction between the partially negative NO2 oxygen and V at about 3.5 Å, whereas 4Td-1Pb is 

bound via a weak interaction between the partially positive N and an oxo oxygen at 3.22 Å. The 

remaining three structures are chemisorbed and are predicted to be unlikely to form at 298 K.  
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Structures of NO2 binding to 4D2h can be found in Figure 5.11 with their LBE’s.  None of 

the structures found are exothermic relative to the ground state tetramer (4Td).  Only the terminal 

nitrate structure (4D2h-3T) is predicted to be slightly favorable relative to 4D2h, whereas the 

remaining structures have LBE’s near zero or positive.  4D2h-3T predicts nitrate formation from 

an oxo group oxygen with spin on the nitrate bound V atom, bound symmetrically at a distance 

of 2.03 Å.  The three physisorbed structures are the next lowest in energy with binding energies 

near zero, similarly to 4Td.  NO2 is bound 4D2h-1Pa via a weak interaction between an NO2 

oxygen and a vanadium atom.  4D2h-2P is like 4D2h-1Pa but has a second (N)O---V coordination 

such that NO2 is bridging two V atoms, which is predicted to slightly raise the energy rather than 

lowering it.  The final physisorbed structure (4D2h-1Pb) has NO2 bound like in 4Td-1Pb via a 

weak interaction between the NO2 nitrogen and an oxo oxygen. 

NO2 adsorption on TiO2 supported vanadium oxides  The structures of VO3 and the SCR catalyst 

models are shown in Figure 5.12.  VO3 is not one of our initial SCR catalyst models, but has 

been included to provide an example of a mixed V/Ti oxide that can bind NO2.  The V atom in 

VO3 is coordinated by only 3 oxygens like in VO2OH (1a), 2a, 2b, and 2c.  Additionally, VO3 is 

the only mixed oxide that is small enough to calculate at the CCSD(T)/wDDK level to provide a 

benchmark for this type of cluster.  Given the patterns predicted in the vanadium oxides to this 

point, it is expected that NO2 binding to the mixed metal oxides is only favorable in VO3, with 

terminal nitrate formation dominating. It is further expected that NO2 binding to VO4, V2O7, and 

V2O6 occurs as weak to neutral physisorption with the possibility of a low-lying terminal nitrate. 

 Structures of VO3•NO2 are shown in Figure 5.13 and their LBE’s are given in Table 5.8.  

NO2 binding to VO3 can produce a terminal (VO3-3T) and a bridging nitrate (VO3-3B), two 

physisorbed structures (VO3-1Pa and VO3-1Pb) and a bidentate terminal chemisorbed NO2 
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(VO3-2T).  The bound structures have a wide range in LBE’s from -34.3 to +16.5 at the 

CCSD(T)/wDDK level; only VO3-3B is predicted not to form at 298 K.  In the lowest energy 

structure (VO3-3T), NO2 forms a bidentate terminal nitrate with Cs symmetry from an oxo 

oxygen with a V-O distance of 2.02 Å and transfers spin to the V atom.  The N-O bond distance 

to the vanadium bound oxygens is 1.304 Å.  The LBE of VO3-3T is very close to the other 

species containing a vanadium bound to two oxo groups (1a-3T, 2b-3T and 2c-3Ta) at around -

34 kcal/mol. 

The next two lowest energy isomers (VO3-2Pa and VO3-2T) follow the same pattern 

predicted for 1a and 2c. Although the B3LYP/aD-PP LBE’s for these two structures are very 

close in energy, there is a much larger separation predicted at the CCSD(T)/(a)wDDK level with 

VO3-2Pa being more stable. The physisorbed structure is 8.1 kcal/mol higher in energy than the 

ground state and has one O bonded to the V with similar bond lengths as in 1a-1P and 2c-1P and 

the N interacts with a O bonded to Ti. The latter type of interaction also occurs in the 

thermoneutral physisorbed structures of 1b, 2c, 2d, 2e, 4Td and 4D2h and is not expected to 

contribute much to stabilization of the complex. Structure VO3-2T is 10.3 kcal/mol above VO3-

2Pa and is a bidentate asymmetrically bound NO2 complex like 1a-2T and 2c-2T.  Bonding is 

covalent-like as spin is transferred to an oxo oxygen. The final two structures, VO3-2Pb and 

VO3-3B, are a weakly physisorbed and an unstable bridging nitrate that are structurally and 

energetically similar to 2e-2Pa and 2e-3N.   

 Structures of NO2 binding to SCR catalyst models (VO4, V2O7 and V2O6) are shown in 

Figure 5.14 with their LBE’s. The only potential structures of interest are the physisorbed 

structures, VO4-1P, V2O7-1P, V2O6-1Pa and V2O6-1Pb, with the exception of a low-lying 

terminal nitrate structure, V2O6-3T, which is the lowest energy structure for NO2 binding on 
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V2O6.  The LBE for this structure is only -2.9 kcal/mol.  V-O bond distances are 2.04 and 2.06 

Å, typical for the terminal nitrates, and spin has been transferred to the bound V.  VO4-1P and 

V2O7-1P are weakly bound to the V=O through N at distances of 3.06 and 3.08 Å.  V2O6-1Pa is 

bound similarly except the interacting oxygen is a V-O-V bridging oxygen, at a distance of 3.44 

Å.  V2O6-1Pb is physisorbed through a dipole interaction between an NO2 oxygen and a V atom 

at a distance of 3.43 Å.  VO4-1P is the only other formation predicted to be exothermic at 298 K 

at the B3LYP/aD-PP level; however the other structures are near thermoneutral at this level and 

may be bound.   Nitrate formation from V=O is slightly endothermic on each catalyst model and 

the other complexes are of much higher energy. 

NO adsorption on monomers  NO generally will form a physisorbed structure labelled 1P, a 

terminal monodentate nitrite (NO2- structure with an O abstracted from the metal oxide) labelled 

1T, a terminal bidentate nitrite labelled 2T, or a bidentate bridging nitrite labelled 2B.   The 

labelling convention of NO bound structures is slightly different than for the NO2 bound 

structures. In all structures, chemisorption and spin transfer only occur through nitrite formation.  

The lowest energy isomers in which strong binding is predicted are around 6 to 10 kcal/mol less 

exothermic than with NO2.  Structures of VO2OH•NO and VO(OH)3•NO are shown in Figure 

5.15 with their LBE’s.  Binding of NO to monomers follows similar patterns to that predicted for 

NO2, such that strong binding is predicted for VO2OH whereas only weak physisorption is near 

thermoneutral for the hydrated monomer with one high energy chemisorbed nitrite species.   

The lowest energy structure is NO-1a-2T in which NO2- is bound bidentate with a V-O 

distance of 2.03 Å, analogous to the interaction of NO2 with 1a to form 1a-3T.  Note the lack of 

spin on the NO2 group. The next lowest energy structure on VO2OH is NO-1a-1Pa in which NO 

is physisorbed through an interaction between N and V at a distance of 2.10 Å. Monodentate 
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bound NO2 formation (NO-1a-1T) is 6.4 kcal/mol higher in energy than physisorption.  

Structure NO-1a-1T is bound HONO-like NO2 with bond distances 1.81 (V-O), 1.447 (O-N) and 

1.168 Å (N-O) with spin predicted to reside on the V atom.  The final structure for VO2OH (NO-

1a-1Pb) has NO physisorbed to V as in 1Pa with NO flipped so that the interaction is between O 

and V, which causes a predicted 7.5 kcal/mol increase in energy over 1Pa and an increased V---

O bond length of 2.19 Å.  NO binding on VO(OH)3 follows that of NO2 binding, such that only 

weak physisorption is predicted with LBE’s near zero.  Like in VO2OH, the lowest energy 

interactions are between N and the oxide and flipping the NO results in an increase in energy.  

NO adsorption on dimers  Structures of V2O5•NO are shown in Figure 5.16 with their LBE’s 

relative to the ground state V2O5 isomer (2a).  Nitrite formation is predicted to be the most 

favorable route of NO binding in this system.  The lowest energy isomer is NO-2a-2B in which 

nitrite is formed from an oxo oxygen on the VO2+ region of the dimer and bound bidentate 

bridging the two V atoms, analogous to 2a-3B.  This molecule is distorted from C2v symmetry 

such that one NO2 oxygen is more tightly bound than the other, with V-O bond distances of 1.98 

and 2.08 Å and corresponding N-O bond lengths of 1.280 and 1.254 Å. 

 The next two lowest energy isomers at 7.0 and 7.8 kcal/mol higher than the ground state, 

NO-2a-2Ta and NO-2a-1Ta, are very similar energetically and structurally except binding is 

bidentate in NO-2a-2Ta and monodentate in NO-2a-1Ta.  Both form a terminal nitrite from the 

same oxo group.  The bidentate structure has Cs symmetry with V-O bond lengths of 2.08 Å and 

N-O bond lengths of 1.268 Å.  The monodentate structure has no symmetry and bond lengths of 

1.79 (V-O), 1.489 (O-N) and 1.159 Å (N-O).  In both structures spin is predicted to be on the 

unbound V atom. 
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 The next two higher energy isomers, NO-2a-2Tb and NO-2a-2Tc, are terminal bidentate 

nitrite complexes formed from the other two oxo groups of V2O5.  They are only 0.4 kcal/mol 

apart at the B3LYP/aD-PP level and NO-2a-2Tb is 1.0 kcal/mol above NO-2a-1Ta.  These 

structures are analogous to 2a-3Tc and 2a-3Ta respectively.  NO-2a-2Tb has V-O bond lengths 

of 2.08 Å, N-O bond lengths of 1.268 Å and spin is predicted on the unbound V, almost identical 

to NO-2a-2Ta.  NO-2a-2Tc has V-O bond lengths of 2.03 and N-O bond lengths of 1.276 Å, 

with spin predicted on the NO2 bound V atom.  Note that the terminal nitrites described so far are 

very close in energy, which is different than predicted for NO2 binding. 

 The physisorbed di-bridged isomers NO-2a-1Pa and NO-2a-1Pb are still bound with 

1Pa 2.3 kcal/mol higher in energy than NO-2a-2Tc and 10.5 kcal/mol higher than the ground 

state isomer.  They are structurally very similar to NO-1a-1Pa and NO-1a-1Pb with the NO 

flipped in 1Pb so that the interaction is between V and O.  Like in VO2OH, V-N coordination is 

7 kcal/mol more stable than V-O coordination.  Coordination bond lengths for the two isomers 

are 2.13 and 2.18 Å, respectively. 

 NO-2a-1Tb has a relatively weak LBE for the terminal di-bridged nitrites, 19.9 kcal/mol 

above the ground state and 2.8 kcal/mol above NO-2a-1Pb.  This structure is similar to NO-2a-

2Tc; bidentate binding in this position leads to a destabilization of 11.7 kcal/mol relative to NO-

2a-2Ta and NO-2a-1Ta.  Spin is predicted to be on the V atom to which the NO is bound like in 

NO-2a-2Tc.  Bond lengths are very similar to NO-2a-1Ta. The remaining V2O5•NO bound 

isomers with respect to di-bridged V2O5 (2a) have either the second bridging oxygen abstracted 

in nitrite formation or opening of the V-O-V-O ring of the di-bridge. The bidentate nitrite 

complexes (NO-2b-2B and NO-2b-2T) have favorable energetics relative to ground state V2O5 

(2a), with physisorption through interaction between N and V (NO-2b-1Pa) near thermoneutral.  
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NO-2b-2B analogous to 2b-3B is 1.6 kcal/mol above NO-2a-1Tb and 21.5 kcal/mol above the 

ground state complex.  NO-2b-2T is 0.7 kcal/mol higher than NO-2b-2B and is analogous to 2b-

3T.  The spin in both bidentate nitrite complexes is predicted on a V.  The LBE of NO-2b-1Pa is 

near thermoneutral at the B3LYP/aD-PP level. The formation of NO-2b-1T and NO-2b-1Pb are 

endothermic.   

NO adsorption on hydrated dimers Structures of NO binding to 2c are shown in Figure 5.17 with 

their LBE’s. The LBE’s range from strongly bound to endothermic due to the hydration of one V 

atom just like with NO2 binding to this structure.  The lowest energy isomer (NO-2c-2Ta) is a 

terminal bidentate bound nitrite complex analogous to the lowest energy NO2 bound isomer (2c-

3Ta) such that the nitrite is formed from one of the two oxo groups on the unhydrated V atom.  

V-O bond lengths for this structure are 2.03 Å with corresponding N-O bonds of 1.275 Å.  The 

next structure energetically with an LBE 9.6 higher than the ground state is NO-2c-1Pa, which is 

physisorbed through an interaction between N and V at a distance of 2.10 Å.  Oxygen abstraction 

followed by physisorption is the same trend predicted with NO2 binding.  Nitrite formation with 

monodentate HONO-like binding in NO-2c-1Ta is 15.9 kcal/mol higher in energy than bidentate 

binding in the same position and 6.3 kcal/mol higher than 1Pa.  Bond lengths are typical for 

what is predicted in HONO-like binding, with a V-O bond of 1.81 Å and N-O bonds of 1.452 

and 1.167 Å.   

NO-2c-1Pb is a physisorbed NO complex in which NO is flipped with respect to NO-2c-

1Pa, similarly to NO-1a-1Pb, NO-2a-1Pb and NO-2b-1Pb.  As in those complexes, 

coordination of the oxygen instead of the nitrogen is 6.8 kcal/mol less favorable and results in a 

longer coordination bond distance of 2.19 Å. The next lowest energy isomer (NO-2c-2B) is a 

bridging nitrite complex formed by abstraction of the oxo group of the hydrated V atom.  It is 
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analogous to the NO2 complex 2c-3B and has a similar LBE of -11.1 kcal/mol compared to -11.7 

kcal/mol in 2c-3B.  Both the NO and NO2 complex are about 20 kcal/mol higher than the ground 

state isomer in their respective systems. V-O bond lengths for NO-2c-2B are 1.95 and 2.04 Å 

with corresponding N-O bond lengths of 1.275 and 1.248 Å.  Spin is predicted to be on a V. NO-

2c-1Pc is physisorbed to a hydroxyl group on the hydrated V and is very weakly bound as in 2c-

2P.  Formation of the remaining two structures is endothermic and not expected to occur.  They 

are both terminal nitrite complexes formed from the oxo group of the hydrated V, where one is 

bound bidentate and the other HONO-like.  

Structures of NO binding to 2d and 2e are shown in Figure 5.18 with their LBE’s.  

Binding to the hydrated dimers is just like that of NO2, where the only favorable structures at 298 

K are weakly physisorbed.  NO-2d-1Pa, NO-2e-1Pa and NO-2e-1Pb are physisorbed by an 

interaction between NO and a hydroxyl group at a distance of ~ 2.1 Å, with N in NO-2d-1Pa and 

NO-2e-1Pa and with O in NO-2e-1Pb.  Unlike in most of the other O binding physisorbed 

structures, NO-2e-1Pa and NO-2e-1Pb are close in energy.  This is similar to what is predicted 

for physisorption on the hydrated monomer VO(OH)3.  The other physisorbed structure for 2d is 

NO-2d-1Pb in which NO weakly coordinates a V atom at a distance of 2.84 Å.  The remaining 

chemisorbed structures are not predicted to form at 298 K, as predicted for NO2 binding on 

hydrated dimers. 

NO adsorption on trimers Structures of V3O7OH•NO are shown in Figure 5.19 with their LBE’s.  

Two weakly physisorbed structures and a bridging nitrite complex are the only isomers predicted 

to have negative enthalpies at 298 K.  There are also two low-lying terminal nitrite complexes 

with near thermoneutral LBE’s.  The remaining two isomers are high energy and not relevant to 

this discussion.  The lowest energy bound isomer (NO-3-1Pa) is a physisorbed NO complex 
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formed through interaction between N and a V atom. NO-3-1Pb has NO bound to the hydroxyl 

group of the trimer.  The next structure (NO-3-2B) is 0.6 kcal/mol above the ground state.  It is 

analogous to 3-3B and the physisorption here is like the NO2 trimer structures.  Nitrite is bound 

bidentate in a bridging position in place of the di-bridge oxygen abstracted to form NO2. The 

low-lying unstable terminal nitrite complexes (NO-3-2Ta and NO-3-1Ta) use the same oxo 

group oxygen to form nitrite such that 2Ta is bidentate and 1Ta is bound by only one oxygen 

with the bidentate isomer favored.  The bidentate structure is analogous to 3-3Ta, the lowest 

energy isomer of the V3O7OH•NO2 structures, so it is somewhat surprising that it is higher in 

energy than the first three isomers.   

NO adsorption on tetramers Structures of NO binding to 4Td and 4D2h are shown in Figure 5.20 

with their LBE’s. Binding to either V4O10 isomer results in two weakly physisorbed species and 

two or three low energy chemisorbed nitrite structures and one high energy bridging nitrite.  

Physisorption on either structure favors V---N interaction like in all other systems, but with a 

smaller difference between the two than is predicted for strongly physisorbed structures, 

similarly to what is predicted for VO(OH)3 and V2O7H4. NO physisorbed to 4D2h has slightly 

more favorable LBE’s.  NO2 formation on 4Td from NO binding is unusual because HONO-like 

binding is predicted to be lower in energy than bidentate NO2 binding unlike the other terminal 

nitrite complexes.  NO-4Td-1T is 4 kcal/mol higher in energy than the ground state isomer and 

near thermoneutral. The bidentate NO2 complex (NO-4Td-2T) is 2.2 kcal/mol less stable and is 

analogous to 4Td-3T but, unlike with NO2 binding, is less stable than the physisorbed species. 

The bidentate terminal nitrite complex, NO-4D2h-2T, is 4.9 kcal/mol less stable than the lowest 

energy isomer and near thermoneutral at 298 K.  NO2 is formed from an oxo oxygen and spin is 

predicted on the bound V atom.  This structure is similar to 4D2h-3T but is also less stable than 
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the physisorbed species, similarly to NO-4Td-2T.  The HONO-like NO2 complex (NO-4D2h-1T) 

is 1.9 kcal/mol higher in energy.   

NO adsorption on TiO2 supported vanadium oxides Structures of NO binding to the minimal 

mixed metal oxide VO3 are shown in Figure 5.21 with their LBE’s.  As expected from NO2 

calculations, NO binding to VO3 in all structures except NO-VO3-2B is exothermic.  VO3•NO 

LBE’s generally follow the patterns predicted so far, in that terminal nitrite formation is the 

dominant predicted product with bidentate binding favored over monodentate, followed by 

physisorption with coordination to the N atom favored over coordination to the O and 

coordination to the V atom favored over hydroxyl coordination, followed by high energy 

cleavage of the dimer.  The lowest energy structure (NO-VO3-2T) has nitrite bound bidentate 

with Cs symmetry with V-O bond lengths of 2.04 Å and N-O bond lengths of 1.275 Å.  Spin is 

predicted to be on the NO2 bound V atom.  Monodentate nitrite formation (NO-VO3-1T) is 8.4 

kcal/mol less favorable.  This structure is somewhat unusual in that it has a short N-V distance of 

2.03 Å in addition to the O-V distance of 1.99 Å. 

Two physisorbed structures are expected to be substantially bound with coordination of 

the V atom through the N atom (NO-VO3-1Pa) and the O atom (NO-VO3-1Pb).  They are 

separated by 6.7 kcal/mol similar to the other V coordinated physisorbed complexes (NO-1a-

1Pa/NO-1a-1Pb, NO-2a-1Pa/NO-2a-1Pb, NO-2b-1Pa/NO-2b-1Pb, and NO-2c-1Pa/NO-2c-

1Pb) with the exception of the weakly bound tetrahedral species.  V---N/O coordination bond 

lengths are 2.10 and 2.17 Å respectively.  Hydroxyl bound physisorbed isomer formation (NO-

VO3-1Pc and NO-VO3-1Pd) is near thermoneutral for both species.  The bridging nitrite 

complex is not stable and not relevant to this discussion. 
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Structures of NO binding to VO4, V2O7, and V2O6 are shown in Figure 5.22 with their 

LBE’s. Physisorption is the lowest energy process for these catalyst models and near 

thermoneutral, consistent with our previous work on the SCR reaction. Chemisorbed NO2 

formation is not likely to occur.  

Correlation of Chemisorption LBE’s with Cluster Properties Several factors were identified in 

our prior study2 of NO2 binding to transition metal oxides that control the strength of the LBE. 

The LBE for a covalent interaction is related to the ability of the metal oxide to form an excited 

state that can react with the unpaired electron on the NO2 or NO. The NO2 forms a M-O bond 

which we estimate as 102 kcal/mol from the average V=O BDE from VO2 (see Supporting 

Information) and the atomization energy of V2O5. The N=O bond becomes a single bond with a 

loss of 38 kcal/mol. Thus, there is ~64 kcal/mol (2.78 eV) available to overcome the preparation 

of the excited state. The vertical excitation energy VEE is given by equation (5.3) obtained at the 

B3LYP level at the ground state geometry of A. 

VEE = ΔErxn,0K of A → 3A        (5.3) 

The results for the clusters and the LBE’s predicted with this model are in the SI. The 

results show for HONO--like binding that there is an inflection point of ~ 2.6 eV for the VEE 

where HONO-like binding occurs with VEE’s below this value (limit is NO2 + 2b) and does not 

happen above this value. The value of 2.6 eV is consistent with the 2.78 eV value given above 

for the available bond energies. This very simple model is not quantitative but does provide a 

reasonable explanation for the inflection point where chemisorption to form the HONO-like 

structure ceases to occur in an exothermic fashion. Although an ionic bond model where there is 

electron transfer between the cluster and the NOx might be possible for HONO formation, the 

energetics do not favor this as shown in the Supporting Information.  
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The second predominant type of chemisorption for NO2 is formation of the nitrate. A 

simple model is given by the following reaction sequence (5.4a to 5.4d). 

MxOy → MxOy-1 + O         (5.4a) 

O + NO2 → NO3         (5.4b) 

MxOy-1 → MxOy-1+ + e-        (5.4c) 

NO3 + e- → NO3-         (5.4d) 

Then we assume that the purely Coulombic binding is between NO3- and MxOy-1+. The 

assignment of the approximate charge distribution is consistent with the group charges given in 

the Supporting Information. The EA(NO3) is 3.94 eV (reaction (5.4d)) 37,38,39 and the N-O BDE 

is 49 kcal/mol (reaction (5.4b)).37 The NO3 portion of the above scheme provides 140 kcal/mol 

which will combine with the Coulombic interaction of -7.2 eV for two half charges interacting 

with a positive metal at 2.0 Å. Thus, there is 13.3 eV to balance the positive M=O BDEs and the 

vertical ionization energy (IE) for MxOy-1 (reactions (5.4a) and (5.4c)). The IE is obtained using 

equation (5.5) at the B3LYP level at the geometry of the ground state. 

IE = ΔErxn,0K of L → L+ + e−        (5.5) 

As shown in the SI, this simple model does not produce much binding. However, we have 

assumed a single +1 charge on the V but this is probably too low as the other O atoms bonded to 

the metal will make it more positive. A slight increase in positive charge on the V to 1.1 - 1.2 e 

will lead to reasonable estimates of the LBE. This model clearly shows why there is little nitrate 

binding to the tetramers as the M=O BDE and the IE are significantly larger than for the smaller 

clusters. Formation of the nitrate is governed by the ease of ionization of MxOy-1, the strength of 

the M=O bond to generate MxOy-1, and the charge on the metal to which the nitrate bonds. 
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 Chemisorption of NO occurs through formation of NO2, which can be bound mono- or 

bidentate, HONO-like for the former and NO2- like for the latter.  NO2 formation can be 

explained either by a covalent scheme or by nitrite formation, similar to the two simple models 

given above for NO2 chemisorption.  In the covalent bonding model, excitation of the metal 

oxide leads to localization of the spin on both the vanadium and an oxo oxygen as in HONO-like 

binding of NO2 except the radical N forms a bond with the O instead of V.  An estimate for the 

formation of a HONO-like compound is to use the BDE of HO-NO of 48 kcal/mol (2.08 eV) for 

the (M)O-NO BDE.37  Thus, we would predict that clusters with VEEs of less than 2.1 eV could 

be able to form chemisorbed HONO-like species. In fact, the species with chemisorbed NO that 

form HONO-like structures are NO-1a-1T, NO-2a-1Ta, NO-2a-2b, NO-2c-1Ta, and NO-VO3-

1T all with excitation energies below 2.1 eV. The LBE’s are -12.3, -23.8, -30.6, -12.5, and -19.9 

kcal/mol, respectively. Note that NO-2a-2b has the ONO rotated so that there is an additional 

interaction with the second V and that VO3-1T also has a close interaction of the N with the V. 

The remaining clusters have substantially higher VEEs and NO chemisorption as a HONO-like 

structure is not predicted to occur exothermically. This simple model is again only qualitative in 

terms of the energetics. We note that the NO2 species that is formed has a significant amount of 

negative charge consistent with some ionic character. 

In order for nitrite formation to occur, reactions (5.4a) and (5.4c) are still relevant and we 

use reactions (5.6b) and (5.6d) for NO instead of NO2, 

O + NO → NO2         (5.6b) 

NO2 + e- → NO2-         (5.6d) 

The BDE given by equation (5.6b) is 71.8 kcal/mol (3.12 eV) and the electron affinity of NO2 

(equation (5.6b)) is 2.27 eV.37 Using the same Coulombic energy of 7.2 eV as for nitrate binding, 
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there is 12.6 eV available to counteract the positive energies of reactions (5.4a) and (5.4c). This 

amount of energy is 0.6 less than is available in NO3- formation.  The charge distributions for the 

NO2- type structures show that the negative charge is on the NO2 group and not on the metal 

oxide portion so the Coulombic interaction is given by NO2- + MxOy-1+, even though 

energetically the charge distribution could be reversed (see Supporting Information). The most 

stable NO2- type interactions are NO-1a-2T, NO-2a-2Ta, NO-2c-2Ta, and NO-VO3-2T with 

respective LBE’s of -28.1, -24.6, -28.4, and -28.3 kcal/mol. Again, the binding can be explained 

by increasing the effective charge on the V to which the NO2 is bound as shown by the charges 

given in the SI. The results show that the combination of the IE of the oxygen deficient metal 

oxide and the energy to break the M=O bond play an important role in determining when 

chemisorption can occur as the nitrite. 

Conclusions 

Structures and LBE’s of NO2 and NO interacting with vanadium oxide clusters have been 

calculated at the B3LYP and CCSD(T) levels. LBE’s can be as large as -35 kcal/mol for 

chemisorption.  Qualitative models have been developed which illustrate the correlation between 

chemisorption favorability and the energetic properties of the metal oxide clusters. The models 

for the differences in the LBEs are built on several factors: the VEE of the unbound MxOy 

cluster, the M=O and M-O bond strengths, and the IE of MxOy-1.  NOx binding to vanadium 

oxide clusters falls into two categories, one with large LBE’s and one where little if any binding 

occurring.  There is a predicted cutoff in VEE that separates the two categories, such that the 

highest VEE for a metal oxide cluster that strongly binds NO2/NO is 2.57 eV (2b).  

Chemisorption dominates NO2 and NO binding in clusters with large LBE’s and occurs as either 

a HONO-like covalent interaction or through an ion pair interaction following the abstraction of 
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an oxygen in the formation of NO3- in the case of NO2 or NO2- in the case of NO. An additional 

pattern is predicted, where if monodentate interaction between V and O of NO2 results in 

HONO-like chemisorption, the lowest energy isomers follow a trend in the magnitude of the 

LBE of 2T/2B > 1T > 3T, whereas if the VEE of the metal oxide is too high then this interaction 

results in strong physisorption and the trend in LBE’s is 3T > 1P > 2T/2B. Several structures for 

which only weak physisorption is predicted to occur for the vanadium oxides have a weak nitrate 

isomer that is the most stable isomer. 

The coordination of the V atoms also correlates with LBE.  If V(+V) atoms are 

coordinated by 4 oxygens (one V=O and three V-O), binding is weak and a jump in VEE is 

predicted.  This is most clearly illustrated in the monomers and dimers. VO2OH strongly 

chemisorbs NOx, whereas for the hydrated monomer VO(OH)3 only weak physisorption is 

predicted.  In the dimers, NOx binding to V2O5 is highly exothermic in almost all isomers except 

for those in which the less negative LBE’s can be attributed to the opening of the V-O-V-O ring 

of the di-bridged ground state structure.  Asymmetric hydration of the dimer results in a 

geometry around one V that is similar to VO(OH)3 and to VO2OH around the other V.  Binding 

to this cluster is predicted to exhibit a range of energies from strongly bound to endothermic 

depending on which V the NOx binds.  The symmetric and fully hydrated dimers on the other 

hand have only one V=O site on both V atoms and are only predicted to weakly physisorb.  As 

the size of the oxide cluster increases as well as in the case of SCR catalysts, the only structures 

present are those with at most one V=O and binding is predicted to be weak.  This may be 

explained as a strengthening of the V=O bond as the V atom has more single V-O bonds, which 

also increases the excitation energy and thus is predicted to prevent both nitrate/nitrite formation 

and HONO-like binding. 
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Binding to vanadium oxides is more variable than to Group 4 and 6 metal oxides.2  Group 

4 oxides chemisorb NO2 through a covalent-like interaction.  Nitrate formation is consistently 

about 20 kcal/mol less exothermic than HONO-like binding, and only a single metastable 

physisorbed structure was predicted for Ti3O6.  Group 6 oxides exhibit somewhat more variation.  

The energy of nitrate formation in the monomers decreases down the column whereas HONO-

like binding increases, so that nitrate formation is favored by Cr and Mo but HONO-like binding 

dominates in W monomers and is close in energy to nitrate formation with Mo but not Cr.  In the 

dimers and trimers, nitrate formation is still dominant with Cr but only weak physisorption is 

predicted for Mo and W.  Cr nitrate formation is more than -15 kcal/mol exothermic although 

other binding modes may all be weak to endothermic. With V oxides, HONO-like binding, 

nitrate formation or physisorption is the dominant binding mode depending on the cluster.  

Physisorption is not always weak in the vanadium oxides as in the dimers and trimers of Group 6 

but the former correlates with the excitation energy of the bare metal oxide cluster.  Unlike for 

the Group 6 oxides, nitrate formation on the vanadium oxides is not consistently favorable or 

unfavorable.   

The current work shows for many vanadium oxides like those thought to be present on 

the surface of the catalysts responsible for the SCR catalytic conversion of NO + NH3 that NO2 

will not bind to the oxide anymore than does NO so that it is unlikely to impact the SCR process 

if NO2 is present in the gas stream. However, there are vanadium oxide species, that if present on 

the catalyst surface would trap NO2 and could render these sites inaccessible to further reaction 

in the SCR process. In addition, the sites that trap NO2 are also likely to trap NO as a 

chemisorbed species which could also inhibit catalysis. The current work together with our prior 

work2 on the interaction of NO2 with Groups 4 and 6 transition metal oxides shows that the 
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interaction of NOx with transition metal oxides strongly depends on the metal and the exact 

nature of the binding site. Although this chemistry can lead to trapping NOx, it may also block 

further conversion of these species.
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Tables 

Table 5.1. Energies of NO2 adsorption on VO2OH and VO(OH)3 in kcal/mol at 298 K. 

Cluster Isomer ΔH ΔG ΔH 
  B3LYP/aD-PP  CCSD(T)/wTDK 

VO2OH 1a-3T -34.0 -21.7 -34.2 
VO2OH 1a-1P -16.3 -6.6 -19.9 
VO2OH 1a-2T -13.4 -2.2 -15.1 
VO(OH)3 1b-1Pa -0.4 4.4 -2.0 
VO(OH)3 1b-1Pb -0.3 5.1 -1.8 
VO(OH)3 1b-3T 8.7 20.1 12.1 

 

Table 5.2.  Energies of NO2 adsorption with respect to di-bridged V2O5 dimers in kcal/mol at 298 
K. 

Isomer ΔH ΔG ΔH 
 B3LYP/aD-PP  CCSD(T)/awD-DK 

2a-2T -31.5 -20.1 -37.3 
2a-1Ta -33.2 -23.1 -35.6 
2a-1Tb -29.2 -19.0 -32.4 
2a-3B -32.1 -19.4 -31.7 
2a-3Ta -29.4 -17.5 -31.3 
2a-3Tb -30.0 -17.7 -28.9 
2a-3Tc -28.2 -16.0 -27.4 
2b-2B -14.8 -4.9 -21.5 
2b-3T -14.3 -5.4 -14.4 
2b-3B -10.0 0.0 -7.4 
2b-1P 4.2 10.4 -0.7 

 

Table 5.3.  Energies of NO2 adsorption on mono-bridged V2O5 dimers in kcal/mol at 298 K. 

 B3LYP CCSD(T)/awDDK 
Isomer ΔH ΔG ΔH 
2b-2B -34.2 -21.4 -43.8 
2b-3T -33.7 -21.9 -36.7 
2b-1P -15.2 -6.1 -23.0 
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Table 5.4.  Energies of NO2 adsorption on asymmetrically hydrated vanadium dimer (2c) 
(OH)2OVOVO2 in kcal/mol at 298 K. 

 B3LYP/aD-PP CCSD(T)/aD-PP 
Isomer ΔH ΔG ΔH 

2c-3Ta -34.4 -21.5 -32.7 
2c-1P -14.7 -4.9 -18.8 
2c-2T -15.9 -4.2 -12.8 
2c-3B -11.7 3.1 -10.4 
2c-2P -0.7 5.7 -2.8 
2c-3Tb 7.4 19.3 12.2 

 

Table 5.5.  Energies of NO2 adsorption on symmetrically hydrated vanadium dimer (2d) 
(OH)OVO2VO(OH) in kcal/mol at 298 K.  

 B3LYP/aD-PP  CCSD(T)/aD-PP 
Isomer ΔH ΔG ΔH 

2d-2Pa -0.9 5.0 -2.3 
2d-2Pb 0.7 7.3 -1.2 
2d-3T 1.5 12.0 5.8 
2d-3B 13.4 22.8 13.7 
2d-1Ta 18.5 24.2 17.6 
2d-1Tb 36.3 46.1 31.6 

 

Table 5.6.  Energies of NO2 adsorption on fully hydrated vanadium dimer (2e) V2O3(OH)4 in 
kcal/mol at 298 K.  

 B3LYP CCSD(T)/aD-PP/aD 
Isomer ΔH ΔG ΔH 

2e-2Pa -0.7 6.1 -3.4 
2e-2Pb -0.8 5.4 -3.0 
2e-3T 8.7 20.6 12.8 
2e-1Ta 37.5 45.4 29.5 
2e-1Tb 45.1 54.2 45.1 
2e-3N 40.2 50.3 47.7 
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Table 5.7.  Energies of NO2 adsorption on vanadium trimer V3O7(OH) in kcal/mol at 298 K. 

 B3LYP/aD-PP  CCSD(T)/aD-PP 
Isomer ΔH ΔG ΔH 

3-3Ta -5.0 6.7 -4.3 
3-1P 0.2 6.4 -3.2 
3-3B -1.5 9.3 -1.5 
3-1T 4.6 11.8  
3-3Tb 7.0 18.4 10.4 

 

Table 5.8. Energies of NO2 adsorption on VO3 in kcal/mol at 298 K 

 ΔH ΔG ΔH 
Isomer B3LYP/aD-PP  CCSD(T)/wDDK 

VO3-3T -34.2 -21.5 -34.3 
VO3-2Pa -17.5 -4.7 -26.2 
VO3-2T -17.0 -4.0 -15.9 
VO3-2Pb -1.3 7.5 -4.3 
VO3-3B 20.6 35.8 16.5 
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Figures 

 

Figure 5.1. NO2 bonded to vanadium monomers with spin density optimized at the B3LYP/aD-
PP level. Isovalue of 0.005 e-/au3 was used. (1a-3T/1a-1P/1a-2T) VO2OḢ•NO2. (1b-1Pa/1b-
1Pb/1b-3T) VO(OH)3•NO2.  Atom colors: red, oxygen; blue, nitrogen; white, hydrogen; grey, 
vanadium. 

 

Figure 5.2. V2O5 isomers. Values of ΔHrel,298 K in kcal/mol given in the order B3LYP/aD-
PP/CCSD(T)/CBS with CCSD(T) values in red.  
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Figure 5.3. NO2 on V2O5 with spin density optimized at the B3LYP/aD-PP level. Isovalue of 
0.005 e-/au3 was used. 

 

 

Figure 5.4.  Hydrated vanadium dimer geometries optimized at the B3LYP/aD-PP/aD level.  
Relative energies of 2c and 2d at 298 K are shown.  (2c) geminal hydroxides, asymmetrically 
hydrated (OH)2OVOVO2; (2d) vicinal hydroxides, symmetrically hydrated 
(OH)OVO2VO(OH); (2e) fully hydrated V2O3(OH)4 dimer. 
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Figure 5.5.  NO2 on asymmetrically hydrated vanadium dimer (2c) with spin density. Isovalue of 
0.005 e-/au3 was used.  

 

 

Figure 5.6.  NO2 on symmetrically hydrated vanadium dimer (2d) with spin density. Isovalue of 
0.005 e-/au3 was used.  
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Figure 5.7.  NO2 on fully hydrated vanadium dimer (2e) with spin density. Isovalue of 0.005 e-

/au3 was used.  

 

 

Figure 5.8.  NO2 on vanadium trimer with spin density. Isovalue of 0.005 e-/au3 was used. 
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Figure 5.9.  V4O10 isomers with relative energies in kcal/mol at 298 K at the B3LYP/aD-PP 
level.  ΔH in black and ΔG in red. 

 

Figure 5.10. NO2 adsorption on tetrahedral V4O10 with spin density. Isovalue of 0.005 e-/au3 
was used.  B3LYP/aD-PP LBE’s in kcal/mol at 298 K given with ΔH in black and ΔG in red.  
CCSD(T)/D-PP BDE(4Td-3T) ΔH = 0.4 kcal/mol. 

4Td-1Pb
0.3/4.3

4Td-1Pa
0.2/5.5

4Td-3T
-0.4/9.9

4Td-1Pc
0.7/3.7

4Td-3B
15.9/25.1

4Td-2B
24.9/30.6

4Td-1T
39.3/46.8
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Figure 5.11.  NO2 adsorption on D2h V4O10 with spin density. Isovalue of 0.005 e-/au3 was used.  
B3LYP/aD-PP LBE’s in kcal/mol at 298 K given with ΔH in black and ΔG in red. 

 

 

Figure 5.12.  TiO2 supported catalyst models in the SCR of NO as well as the minimal V/Ti 
cluster VO3.  Atom colors: red, oxygen; white, hydrogen; light grey, vanadium; dark grey, 
titanium. 
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Figure 5.13.  NO2 adsorption on VO3 with spin density. Isovalue of 0.005 e-/au3 was used. 
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Figure 5.14.  NO2 adsorption on SCR catalyst models with spin density. Isovalue of 0.005 e-/au3 
was used.  B3LYP/aD-PP LBE’s in kcal/mol at 298 K given with ΔH in black and ΔG in red. 
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Figure 5.15.  NO adsorption on vanadium oxide monomers.  B3LYP/aD-PP LBE’s in kcal/mol 
at 298 K given with ΔH in black and ΔG in red. Spin densities shown with isovalue of 0.005 e-

/au3. 

 

Figure 5.16.  NO adsorption on V2O5.  B3LYP/aD-PP LBE’s in kcal/mol at 298 K given with 
ΔH in black and ΔG in red. Spin densities shown with isovalue of 0.005 e-/au3. 
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Figure 5.17.  NO adsorption on asymmetrically hydrated dimer (2c).  B3LYP/aD-PP LBE’s in 
kcal/mol at 298 K given with ΔH in black and ΔG in red. Spin densities shown with isovalue of 
0.005 e-/au3. 

 

 

Figure 5.18. NO adsorption on symmetrically and fully hydrated dimers (2d and 2e).  
B3LYP/aD-PP LBE’s in kcal/mol at 298 K given with ΔH in black and ΔG in red. Spin densities 
shown with isovalue of 0.005 e-/au3. 
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Figure 5.19. NO adsorption on V3O7(OH).  B3LYP/aD-PP LBE’s in kcal/mol at 298 K given 
with ΔH in black and ΔG in red. Spin densities shown with isovalue of 0.005 e-/au3. 
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Figure 5.20.  NO adsorption on Td and D2h V4O10.  B3LYP/aD-PP LBE’s in kcal/mol at 298 K 
given with ΔH in black and ΔG in red. Spin densities shown with isovalue of 0.005 e-/au3. 
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Figure 5.21. NO adsorption on VO3.  B3LYP/aD-PP LBE’s in kcal/mol at 298 K given with ΔH 
in black and ΔG in red. Spin densities shown with isovalue of 0.005 e-/au3. 

 

Figure 5.22.  NO adsorption on SCR catalyst models.  B3LYP/aD-PP LBE’s in kcal/mol at 298 
K given with ΔH in black and ΔG in red. Spin densities shown with isovalue of 0.005 e-/au3. 
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Appendix A5: Electronic Structure Investigation of NO2 and NO  
Binding on Vanadium Oxides 

V=O BDE Calculations 

To calculate the bond strengths of the V=O and V-O bonds, total atomization energies (TAE) at 

0K were calculated for the molecules 2VO2 and mono-bridged V2O5 by the composite Feller-

Peterson-Dixon method.  The general form, given in equation (A5.1), 

∑𝐷𝐷0 = Δ𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + Δ𝐸𝐸𝐶𝐶𝐶𝐶 + Δ𝐸𝐸𝐶𝐶𝑆𝑆 + Δ𝐸𝐸𝐶𝐶𝑆𝑆 + Δ𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍      (A5.1) 

in which ΔECBS, or the atomization energy at the CBS limit, accounts for the majority of the total 

energy and is adjusted by a series of corrections.  Here, ΔECBS is calculated as described above 

for the monomer and V2O5 calculations at the CCSD(T)/CBS//B3LYP/aDPP level and therefore 

include core-valence correlation (ΔECV) effects and scalar relativistic (ΔESR) effects.  Spin-orbit 

corrections (ΔESO) were assumed to be negligible for the molecules and not included.  Atomic 

spin-orbit corrections were taken from known experimental values (Sansonetti, J. E.; Martin, W. 

C. Handbook of Basic Atomic Spectroscopic Data. J. Phys. Chem. Ref. Data. 2005, 34, 

1559−2259). Zero point energies were taken from B3LYP/aDPP frequency calculations.  The 

V=O bond strength can reasonably be calculated as half of the TAE of 2VO2, and the V-O bond 

strength is equal to half of the energy of equation (A5.2). 

∑𝐷𝐷0(𝑉𝑉2𝑂𝑂5) − 2 × ∑𝐷𝐷0(𝑉𝑉𝑂𝑂2)        (A5.2) 
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Ionic Model for HONO formation 

The energy for the formation of MxOyHz+ and NOx- is always positive due to the high ionization 

energy (IE) of the metal oxide, the modest electron affinity of NO2 and the near zero electron 

affinity of NO. This assumes a V-O bond distance of 2.0 Å for the Coulombic interaction. The 

reverse leading to formation of NOx+ and MxOyHz- is energetically more likely but the negative 

charge on the metal cluster anion is not localized on the metal which is still cationic. Assuming 

that the Coulombic interaction is 3 Å, ionic bonding will not be dominant, especially as one will 

be bringing a positive NOx to bind to the positive metal center.  Electron affinities (EA) of all 

adsorbent structures were calculated as the difference in B3LYP/aDPP single point calculations 

using the ground state geometries according to equation (A5.3). 

EA = −ΔErxn,0K of L + e− → L−       (A5.3) 
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Table A5.1. Energetic Properties of Metal Oxide Clusters at the B3LYP/aD-PP level including 
predicted LBEs for HONO like binding, where LBE = VEE – BDE(V-O) and BDE(V-O) = 102.3 
kcal/mol 

Cluster VEE 
eV 

IE 
eV 

EA 
eV 

NO2 
LBE 

kcal/mol 

NO2 LBE 
(covalent 
model) 

kcal/mol 

NO2- 

LBE 
(ionic 
model) 
r=2.0 

kcal/mol 

NO2+ 

LBE 
(ionic 
model) 
r=3.0 

kcal/mol 
1a 1.90 11.10 2.37 -15 -21 37.6 55.8 
1b 4.22 11.21 0.75 b 32 40.1 93.3 
2a 2.06 10.55 3.69 -37 -18 24.7 25.3 
2b 2.57 10.82 3.10 -22 -6 31.1 38.9 
2c 1.54 10.19 3.15 -13 -30 16.5 37.8 
2d 3.28 11.21 2.76 18 11 40.1 46.8 
2e 3.51 10.37 2.12 45 16 20.7 61.6 
3 3.46 11.41 2.96 5 15 44.7 42.3 
4Td 2.96 11.72 4.21 39 3 51.8 13.3 
4D2h 3.50 11.50 3.58 32 16 46.7 27.9 
VO3 1.85 10.41 2.48 -16 -22 21.7 53.4 
VO4 3.47 10.59 2.22 42 15 25.8 59.3 
V2O7 3.45 10.30 2.40 44 14 19.2 55.1 
V2O6 3.24 10.04 2.61 34 10 13.1 50.4 

a CCSD(T)/wD-PP b No chemisorbed structure optimized. 
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Table A5.2. ΔH298K of the reaction VxOyHz → 3VxOy-1Hz + 3O  in and adiabatic ionization 
energy (IE) of the formed 3VxOy-1Hz at 298K in eV at the CCSD(T)/wD-PP level. 

 B3LYP CCSD(T)   
Clusters ΔHrxn a ΔHrxn IE(eV) ΔHrxn + IE(eV) 

1a → D-1a 5.49 5.62 7.83 13.4 
1b → D-1b 5.88 6.06 7.5 13.6 
2a → D-2a-cis-oxo 4.58 4.93 8.2 13.1 
2a → D-2a-vo2-vo2 5.67 5.82 8.21 14.0 
2a → D-2a-trans-oxo 4.45 4.80 8.14 12.9 
2a → D-2b 6.27 6.54 7.75 14.3 
2c → D-2c-dioxo 5.41 5.52 7.72 13.2 
2c → D-2c-hydrated 5.72 5.72 7.78 13.5 
2d → D-2d-oxo 5.89 6.15 7.47 13.6 
2d → D-2d-bridge 6.27 6.43 8.38 14.8 
2e → D-2e 5.76 5.98 7.14 13.1 
3 → D-3-oxo-a 5.82 6.11 7.63 13.7 
3 → D-3-dibridge 5.78 6.05 8.41 14.5 
3 → D-3-oxo-b 5.47 5.68 8.19 13.9 
4Td → D-4Td-oxo 5.53  8.61 a 14.1 
4Td → D-4Td-bridge 6.28  9.18 a 15.5 
4D2h → D-4D2h-oxo 6.34  8.39 a 14.7 
4D2h → D-4D2h-dibridge 6.67  9.02 a 15.7 
4D2h → D-4D2h-bridge 7.88  8.87 a 16.7 

a calculated at the B3LYP/aD-PP level. 
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Table A5.3. Additional charge needed on V given nitrate formation model by oxygen abstraction 
followed by redox between 3VxOy-1Hz and 2NO3 

bound 
cluster 

LBE 
(calc.) ΔBDE + (IE – EA) – 14.4/r Charge needed 

on V 
1a-3T -34.2 0.24 1.24 
1b-3T 12.1 0.37 0.98 
2a-3B -31.7 -0.26 1.15 
2a-3Ta -31.3 0.79 1.30 
2a-3Tb -28.9 -0.15 1.16 
2a-3Tc -27.4 0.05 1.18 
2b-3B -7.4 0.77 1.15 
2c-3Ta -32.7 0.02 1.20 
2c-3B -10.4 0.04 1.07 
2c-3Tb 12.2 0.49 0.99 
2d-3T 5.8 0.29 1.01 
2d-3B 13.7 1.32 1.10 
2e-3T 12.8 -0.08 0.91 
3-3Ta -4.3 0.55 1.10 
3-3B -1.5 0.98 1.14 
3-3Tb 10.4 0.75 1.04 
4Td-3T 0.4 0.95 1.13 
4Td-3B 15.9 2.08 1.19 
4D2h-3T -3.8 1.53 1.24 
4D2h-3Ba 6.7 2.17 1.25 
4D2h-3Bb 32.4 3.30 1.26 
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Table A5.4.  Mulliken charges on bound V, N and O atoms and NO/NO2/NO3 given as a sum of 
N/O atoms 

Cluster q (V) q (N) q (O) NOx 
NO  0.20 -0.20 0.00 
NO2  0.68 -0.34, -0.34 0.00 
NO2-  0.13 -0.56, -0.56 -0.99 
NO3  1.25 -0.42, -0.42, -0.42 -0.01 
NO3-  1.06 -0.69, -0.69, -0.69 -1.01 
1a 1.27    
1a-3T 1.30 1.11 -0.58, -0.58, -0.44 -0.49 
1a-1P 1.25 0.69 -0.35, -0.25 0.09 
1a-2T 1.39 0.31 -0.42, -0.41 -0.52 
NO-1a-2T 1.32 0.36 -0.44x2 -0.52 
NO-1a-1Pa 1.22 0.27 -0.21 0.06 
NO-1a-1T 1.23 0.47 -0.53, -0.32 -0.38 
NO-1a-1Pb 1.22 0.25 -0.15 0.10 
1b 1.27    
1b-1Pa 1.21 0.68 -0.35, -0.33 0.00 
1b-1Pb 1.29 0.73 -0.36, -0.36 0.01 
1b-3T 1.53 0.98 -0.54, -0.54, -0.48 -0.58 
NO-1b-1Pa 1.23 0.23 -0.23 0.0 
NO-1b-1Pb 1.40 0.24 -0.26 -0.02 
NO-1b-1Pc 1.39 0.16 -0.16 0.0 
NO-1b-1T 1.47 0.33 -0.48, -0.36 -0.51 
2a 1.07    
2a-2T 1.38 0.35 -0.41, -0.41 -0.47 
2a-1Ta 1.24 0.52 -0.55, -0.26 -0.29 
2a-1Tb 1.65 0.37 -0.43, -0.26 -0.32 
2a-3B 1.47 0.68 -0.37, -0.38, -0.46 -0.53 
2a-3Ta 0.96 1.15 -0.58, -0.58, -0.42 -0.43 
2a-3Tb 1.42 1.08 -0.57, -0.57, -0.45 -0.51 
2a-3Tc 1.48 1.09 -0.56, -0.56, -0.45 -0.48 
NO-2a-2B 1.38 0.20 -0.35, -0.34 -0.49 
NO-2a-2Ta 1.46 0.34 -0.43, -0.43 -0.52 
NO-2a-1Ta 1.22 0.43 -0.48, -0.24 -0.29 
NO-2a-2Tb 1.49 0.34 -0.42, -0.42 -0.50 
NO-2a-2Tc 1.08 0.41 -0.43, -0.43 -0.45 
NO-2a-1Pa 1.11 0.31 -0.22 0.09 
NO-2a-1Pb 1.11 0.28 -0.14 0.14 
NO-2a-1Tb 1.26 0.48 -0.49, -0.25 -0.26 
2b 1.25    
2b-2B 1.13 0.32 -0.33, -0.30 -0.31 
2b-3T 1.29 1.09 -0.58, -0.58, -0.43 -0.50 
2b-3B 1.09 0.78 -0.42, -0.31, -0.46 -0.41 
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2b-1P 1.12 0.57 -0.28, -0.18 0.11 
NO-2b-2B 1.02 0.28 -0.39, -0.29 -0.40 
NO-2b-2T 1.29 0.38 -0.45, -0.45 -0.52 
NO-2b-1Pa 1.15 0.24 -0.20 0.04 
NO-2b-1T 1.24 0.46 -0.55, -0.31 -0.40 
NO-2b-1Pb 1.14 0.24 -0.17 0.07 
2c 1.33    
2c-3Ta 1.33 1.10 -0.59, -0.59, -0.44 -0.52 
2c-1P 1.20 0.56 -0.28, -0.18 0.10 
2c-2T 1.27 0.38 -0.46, -0.25 -0.33 
2c-3B 1.26 0.84 -0.40, -0.41, -0.47 -0.44 
2c-2P 1.13 0.73 -0.38, -0.34 0.01 
2c-3Tb 1.42 0.99 -0.56, -0.56, -0.48 -0.61 
NO-2c-2Ta 1.35 0.36 -0.45, -0.45 -0.54 
NO-2c-1Pa 1.21 0.23 -0.20 0.03 
NO-2c-1Ta 1.29 0.46 -0.56, -0.32 -0.42 
NO-2c-1Pb 1.22 0.17 -0.23 -0.06 
NO-2c-2B 1.13 0.27 -0.31, -0.33 -0.37 
NO-2c-1Pc 1.13 0.23 -0.22 0.01 
NO-2c-2Tb 1.39 0.26 -0.43, -0.43 -0.40 
NO-2c-1Tb 1.36 0.35 -0.54, -0.34 -0.53 
2d 1.37    
2d-2Pa 1.19 0.73 -0.38, -0.33 0.02 
2d-2Pb 1.61 0.76 -0.39, -0.36 0.01 
2d-3T 1.55 1.08 -0.58, -0.54, -0.45 -0.49 
2d-3B 1.35 0.79 -0.41, -0.33, -0.48 -0.43 
2d-1Ta 1.34 0.44 -0.55, -0.28 -0.39 
2d-1Tb 1.41 0.46 -0.44, -0.35 -0.33 
NO-2d-1Pa 1.20 0.23 -0.23 0.00 
NO-2d-1Pb 1.32 0.26 -0.23 0.03 
NO-2d-2T 1.55 0.31 -0.43, -0.40 -0.52 
NO-2d-1T 1.60 0.37 -0.50, -0.34 -0.47 
NO-2d-2B 1.27 0.27 -0.36, -0.28 -0.37 
2e 1.25    
2e-2Pa 1.06 0.77 -0.39, -0.35 0.03 
2e-2Pb 1.19 0.76 -0.40, -0.35 0.01 
2e-3T 1.52 0.99 -0.56, -0.55, -0.49 -0.61 
2e-1Ta 1.24 0.45 -0.53, -0.30 -0.38 
2e-1Tb 1.58 0.44 -0.44, -0.34 -0.34 
2e-3N 1.39 0.66 -0.37, -0.27, -0.53 -0.51 
NO-2e-1Pa 1.19 0.24 -0.23 0.01 
NO-2e-1Pb 1.22 0.20 -0.19 0.01 
NO-2e-1T 1.44 0.27 -0.44, -0.37 -0.54 
NO-2e-2B 1.41 -0.08 -0.26, -0.26 -0.60 
3 1.75    
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3-3Ta 1.45 1.15 -0.59, -0.57, -0.45 -0.46 
3-1P 1.81 0.68 -0.33, -0.34 0.01 
3-3B 1.34 0.76 -0.39, -0.35, -0.46 -0.44 
3-1T 1.21 0.51 -0.59, -0.27 -0.35 
3-3Tb 1.30 0.98 -0.57, -0.54, -0.46 -0.59 
NO-3-1Pa 1.71 0.29 -0.24 0.05 
NO-3-1Pb 0.65 0.23 -0.22 0.01 
NO-3-2B 1.33 0.25 -0.35, -0.31 -0.41 
NO-3-2Ta 1.57 0.37 -0.43, -0.42 -0.48 
NO-3-1Ta 1.77 0.47 -0.54, -0.27 -0.34 
NO-3-1Tb 0.97 0.41 -0.50, -0.31 -0.40 
NO-3-2Tb 1.35 0.23 -0.44, -0.40 -0.61 
4Td 1.26    
4Td-3T 0.85 1.19 -0.59, -0.59, -0.46 -0.45 
4Td-1Pa 1.43 0.53 -0.24, -0.32 -0.03 
4Td-1Pb 0.99 0.74 -0.36, -0.36 0.02 
4Td-1Pc 1.35 0.67 -0.32, -0.35 0.00 
4Td-3B 1.37 0.66 -0.47, -0.27, -0.43 -0.51 
4Td-2B 1.22 0.26 -0.47, -0.22 -0.43 
4Td-1T 1.33 0.53 -0.63, -0.21 -0.31 
NO-4Td-1Pa 1.49 0.22 -0.22 0.00 
NO-4Td-1Pb 1.45 0.15 -0.15 0.00 
NO-4Td-1T 1.23 0.45 -0.62, -0.21 -0.38 
NO-4Td-2T 1.08 0.38 -0.43, -0.43 -0.48 
NO-4Td-2B 1.34 0.20 -0.37, -0.18 -0.35 
4D2h 1.48    
4D2h-3T 0.76 1.08 -0.57, -0.57, -0.43 -0.49 
4D2h-1Pa 1.57 0.68 -0.34, -0.34 0.00 
4D2h-2P 1.48 0.51 -0.26, -0.26 -0.01 
4D2h-1Pb 1.31 0.72 -0.35, -0.35 0.02 
4D2h-3Ba 0.99 0.79 -0.38, -0.33, -0.47 -0.39 
4D2h-3Bb 1.66 0.48 -0.44, -0.11, -0.40 -0.47 
4D2h-1T 1.36 0.51 -0.62, -0.22 -0.33 
NO-4D2h-1Pa 1.53 0.31 -0.25 0.06 
NO-4D2h-1Pb 1.55 0.16 -0.14 0.02 
NO-4D2h-2T 0.95 0.35 -0.42, -0.42 -0.49 
NO-4D2h-1T 1.17 0.48 -0.56, -0.25 -0.33 
NO-4D2h-2Ba 1.10 0.27 -0.34, -0.30 -0.37 
NO-4D2h-2Bb 1.62 0.04 -0.35, -0.24 -0.55 
VO3 1.23    
VO3-3T 1.21 1.12 -0.59, -0.59, -0.45 -0.51 
VO3-2Pa 1.34 0.80 -0.43, -0.31 0.06 
VO3-2T 1.20 0.38 -0.48, -0.28 -0.38 
VO3-2Pb 1.23 0.66 -0.32, -0.33 0.01 
VO3-3B 1.08 0.74 -0.17, -0.53, -0.42 -0.38 
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NO-VO3-2T 1.25 0.36 -0.45, -0.45 -0.54 
NO-VO3-1T 1.23 0.56 -0.59, -0.46 -0.49 
NO-VO3-1Pa 1.19 0.23 -0.23 0.00 
NO-VO3-1Pb 1.26 0.29 -0.23 0.06 
NO-VO3-1Pc 1.23 0.26 -0.25 0.01 
NO-VO3-1Pd 1.23 0.21 -0.20 0.01 
NO-VO3-2B 1.27 0.16 -0.39, -0.37 -0.60 
VO4 1.08    
VO4-1P 0.75 0.75 -0.37, -0.37 0.01 
VO4-3T 0.65 1.21 -0.61, -0.61, -0.50 -0.51 
VO4-3B 1.40 0.77 -0.44, -0.46, -0.50 -0.63 
VO4-2B 1.09 0.23 -0.49, -0.26 -0.52 
VO4-1Ta 1.33 0.21 -0.49, -0.24 -0.52 
VO4-1Tb 1.18 0.47 -0.65, -0.33 -0.51 
NO-VO4-1Pa 0.91 0.18 -0.18 0.00 
NO-VO4-1Pb 0.87 0.22 -0.23 -0.01 
NO-VO4-2T 0.85 0.31 -0.46, -0.44 -0.59 
V2O7 1.08    
V2O7-1P 0.75 0.73 -0.36, -0.36 0.01 
V2O7-3T 0.55 1.06 -0.59, -0.56, -0.49 -0.58 
V2O7-3Ba 1.41 0.68 -0.46, -0.29, -0.50 -0.57 
V2O7-3Bb 1.13 0.49 -0.06, -0.45, -0.44 -0.46 
V2O7-1T 1.22 0.47 -0.64, -0.35 -0.52 
NO-V2O7-1P 1.09 0.24 -0.26 -0.02 
NO-V2O7-2T 0.78 0.25 -0.47 -0.40 -0.62 
V2O6 1.14    
V2O6-3T 1.03 1.00 -0.56, -0.55, -0.45 -0.56 
V2O6-1Pa 1.10 0.82 -0.41, -0.37 0.04 
V2O6-1Pb 1.16 0.67 -0.28, -0.36 -0.07 
V2O6-3Ba 0.75 0.90 -0.49, -0.39, -0.51 -0.49 
V2O6-3Bb 1.62 0.87 -0.47, -0.53, -0.40 -0.53 
V2O6-1T 1.39 0.45 -0.63, -0.32 -0.50 
V2O6-2B 1.83 0.12 -0.30, -0.40 -0.58 
NO-V2O6-1P 1.06 0.31 -0.24 0.07 
NO-V2O6-1T 1.41 0.45 -0.59, -0.32 -0.46 
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Table A5.5.  Absolute energies in Hartrees of all clusters at each basis set level calculated 

Cluster B3LYP CCSD(T)     
 aD-PP aD-PP awD-DK wD-DK wT-DK wD-PP 
O atom -75.077162     -74.961914 
NO -129.913296      
NO2 -205.112657 -204.6525319 -204.8948422 -204.8948422 -205.1192822  
1a -297.712688 -296.748938 -1174.808783 -1174.8045168 -1175.144884 -297.220234 
1a-3T -502.882961 -501.456138 -1379.762027 -1379.756955 -1380.322010  
1a-1P -502.853401 -501.435335 -1379.741395  -1380.298054  
1a-2T -502.847129 -501.428333 -1379.735487 -1379.729537 -1380.288652  
1b -374.251068 -373.109592 -1251.262804 -1251.2576855 -1251.686647 -373.621176 
1b-1Pa -579.366432 -577.767073 -1456.162905 -1456.1576816 -1456.810228  
1b-1Pb -579.365175 -577.765667 -1456.161497 -1456.1562239 -1456.809026  
1b-3T -579.353090 -577.743460 -1456.141878 -1456.1360305 -1456.789892  

2a -519.017184 -517.2680001 -2273.3065423   -518.1760067 

2a-2T -724.180370 -721.9749733 -2478.2613065    

2a-1Ta -724.182630 -721.9725792 -2478.2580601    

2a-1Tb -724.175922 -721.9668402 -2478.2525413    

2a-3B -724.184201 -721.9705928 -2478.2551267    
2a-3Ta -724.179997 -721.9709657 -2478.2547009    
2a-3Tb -724.181044 -721.9659828 -2478.2509068    
2a-3Tc -724.178268 -721.9635137 -2478.2483995    
NO-2a-2B -648.981138      
NO-2a-2Ta -648.971692      
NO-2a-1Ta -648.969780      
NO-2a-2Tb -648.968735      
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NO-2a-2Tc -648.967995      
NO-2a-1Pa -648.964242      
NO-2a-1Pb -648.953447      
NO-2a-1Tb -648.948705      
2b -518.985947 -517.2339190 -2273.2666950   -518.1396167 
2b-3B -724.149004 -721.9350783 -2478.2165362    
2b-3T -724.153613 -721.9478616 -2478.2312672    
2b-1P -724.155764 -721.9411453 -2478.2199574    
2b-2B -724.125075 -721.9189435 -2478.1981353    
NO-2b-2B -648.946789      
NO-2b-2T -648.945597      
NO-2b-1Pa -648.931483      
NO-2b-1T -648.919791      
NO-2b-1Pb -648.919589      
2c -595.524108 -593.5947238    -594.5405977 
2c-3Ta -800.695080 -798.3029852     
2c-1P -800.662279 -798.2793182     
2c-2T -800.662633 -798.2682181     
2c-3B -800.658437 -798.2669431     
2c-2P -800.640026 -798.2537911     
2c-3Tb -800.628190 -798.2311135     
NO-2c-2Ta -725.484758      
NO-2c-1Pa -725.469100      
NO-2c-1Ta -725.458706      
NO-2c-1Pb -725.457118      
NO-2c-2B -725.456794      
NO-2c-1Pc -725.440368      
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NO-2c-2Tb -725.421230      
NO-2c-1Tb -725.417803      
2d -595.583327 -593.6551589    -594.6029267 
2d-2Pa -800.699550 -798.3133999     
2d-2Pb -800.696849 -798.3115798     
2d-3T -800.696354 -798.3012567     
2d-3B -800.677488 -798.2887214     
2d-1Ta -800.666093 -798.2792228     
2d-1Tb -800.637912 -798.2571035     
NO-2d-1Pa -725.499811      
NO-2d-1Pb -725.498477      
NO-2d-2T -725.486474      
NO-2d-1T -725.480550      
NO-2d-2B -725.476012      
2e -672.062946 -669.9570414    -670.9432022 
2e-2Pa -877.178737 -874.6171037     
2e-2Pb -877.178913 -874.6164064     
2e-3T -877.164889 -874.5923541     
2e-1Ta -877.115164 -874.5618534     
2e-3N -877.112971 -874.5348520     
2e-1Tb -877.103574 -874.5375453     
NO-2e-1Pa -801.979105      
NO-2e-1Pb -801.977880      
NO-2e-1T -801.956133      
NO-2e-2B -801.928601      
3 -816.914918 -814.2003101    -815.5868305 
3-3Ta -1022.038790      
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3-1P -1022.029083      
3-3B -1022.033323      
3-1T -1022.019681      
3-3Tb -1022.019404      
NO-3-1Pa -946.831953      
NO-3-1Pb -946.831953      
NO-3-2B -946.831478      
NO-3-2Ta -946.827298      
NO-3-1Ta -946.821367      
NO-3-1Tb -946.812688      
NO-3-2Tb -946.811891      
4Td -1038.282569 -1034.7524571     
4Td-3T -1243.399229      
4Td-1Pa -1243.395696      
4Td-1Pb -1243.395594      
4Td-1Pc -1243.395953      
4Td-3B -1243.373357      
4Td-2B -1243.355483      
4Td-1T -1243.33273      
NO-4Td-1Pa -1168.19758      
NO-4Td-1Pb -1168.196413      
NO-4Td-1T -1168.190866      
NO-4Td-2T -1168.188299      
NO-4Td-2B -1168.170497      
4D2h -1038.258139      
4D2h-3T -1243.380035      
4D2h-1Pa -1243.372881      
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4D2h-2P -1243.372215      
4D2h-1Pb -1243.371624      
4D2h-3Ba -1243.36321      
4D2h-3Bb -1243.330152      
4D2h-1T -1243.318931      
NO-4D2h-1Pa -1168.176168      
NO-4D2h-1Pb -1168.172846      
NO-4D2h-2T -1168.168734      
NO-4D2h-1T -1168.164934      
NO-4D2h-2Ba -1168.161414      
NO-4D2h-2Bb -1168.129333      
VO3 -582.881130   -2254.9392188   
VO3-3T -788.051870   -2459.8923164   
VO3-2Pa -788.023993   -2459.8781633   
VO3-2T -788.021465   -2459.8599287   
VO3-2Pb -787.998066   -2459.8431090   
VO3-3B -787.964049   -2459.8108718   
NO-VO3-2T -712.8415045      
NO-VO3-1T -712.8285938      
NO-VO3-1Pa -712.8255914      
NO-VO3-1Pb -712.8145973      
NO-VO3-1Pc -712.7986865      
NO-VO3-1Pd -712.7973154      
NO-VO3-2B -712.7467584      
VO4 -1000.400436      
VO4-1P -1205.514625      
VO4-3T -1205.510845      
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VO4-3B -1205.485804      
VO4-2B -1205.469166      
VO4-1Ta -1205.455259      
VO4-1Tb -1205.446445      
NO-VO4-1Pa -1130.314392      
NO-VO4-1Pb -1130.314576      
NO-VO4-2T -1130.300268      
V2O7 -1506.965876      
V2O7-1P -1712.080277      
V2O7-3T -1712.073963      
V2O7-3Ba -1712.044062      
V2O7-3Bb -1712.036514      
V2O7-1T -1712.008519      
NO-V2O7-1P -1636.879699      
NO-V2O7-1T -1636.86469      
V2O6 -2000.849228      
V2O6-3T -2205.970855      
V2O6-1Pa -2205.963275      
V2O6-1Pb -2205.963290      
V2O6-3Ba -2205.947758      
V2O6-3Bb -2205.917259      
V2O6-1T -2205.907959      
V2O6-2B -2205.891793      
NO-V2O6-1P -2130.764444      
NO-V2O6-2T -2130.752934      
3[D-1a] -222.430783     -222.0491465 
2[D-1a]+ -222.130945     -221.7620417 
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3[D-1b] -298.954101     -298.4328265 
2[D-1b]+ -298.671535     -298.1575551 
3[D-2a-cis-oxo] -443.768909     -443.0302272 
2[D-2a-cis-oxo]+ -443.450497     -442.7295277 
3[D-2b] -443.706899     -442.9707542 
2[D-2b]+ -443.406535     -442.6866697 
3[D-2a-trans-oxo] -443.773676     -443.0350499 
2[D-2a-trans-oxo]+ -443.457632     -442.7366034 
3[D-2a-vo2-vo2] -443.729072     -442.9974995 
2[D-2a-vo2-vo2]+ -443.406348     -442.6960908 
3[D-2c-dioxo] -520.286841     -519.3731655 
2[D-2c-dioxo]+ -519.998717     -519.0899868 
3[D-2c-hydrated] -520.272727     -519.2915942 
2[D-2c-hydrated]+ -519.954946     -519.0874532 
3[D-2d-oxo] -520.245559     -519.412297 
2[D-2d-oxo]+ -519.954522     -519.1379278 
3[D-2d-bridge] -520.233262     -519.4016646 
2[D-2d-bridge]+ -519.948009     -519.0943157 
3[D-2e] -596.770368     -595.7581637 
2[D-2e]+ -596.497379     -595.4963409 
3[D-3-oxo-a] -741.621302     -740.3974251 
2[D-3-oxo-a]+ -741.324580     -740.1176747 
3[D-3-dibridge] -741.622590     -740.3998445 
2[D-3-dibridge]+ -741.300941     -740.09131 
3[D-3-oxo-b] -741.633285     -740.4128938 
2[D-3-oxo-b]+ -741.318840     -740.1124282 
3[D-4Td-oxo] -962.999397      
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2[D-4Td-oxo]+ -962.683377      
3[D-4Td-bridge] -962.972235      
2[D-4Td-bridge]+ -962.635353      
3[D-4D2h-oxo] -962.970321      
2[D-4D2h-oxo]+ -962.662575      
3[D-4D2h-dibridge] -962.957982      
2[D-4D2h-dibridge]+ -962.627166      
3[D-4D2h-bridge] -962.913730      
2[D-4D2h-bridge]+ -962.588377      
3[D-VO3] -507.600458      
3[D-VO4] -925.102016      
3[D-V2O7] -1431.674762      
3[D-V2O6] -1925.553902      
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Table A5.6.  Energies of adsorption of NO2 on C2v-A V4O10 in kcal/mol at 298K. 

Isomer ΔH ΔG 
C2v-A-A -4.3 4.8 
C2v-A-B -2.2 8.3 
C2v-A-C 44.3 53.2 
C2v-A-D 76.0 83.7 

 

Table A5.7.  Energies of adsorption of NO2 on C1 V4O10 in kcal/mol at 298K. 

Isomer ΔH ΔG 
C1-A-A -1.9 7.5 
C1-A-B 0.0 6.1 
C1-A-C 12.9 18.2 
C1-A-D 14.4 23.6 
C1-B-A 29.4 38.2 
C1-B-B 89.3 98.7 

 

 

 

Figure A5.1.  Structures of 3VxOy-1Hz optimized at the B3LYP/aD-PP level. 
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Figure A5.2.  NO2 adsorption on C2v-A V4O10 with spin density. Isovalue of 0.005 e-/au3 was 
used. 

 

 

 

 

Figure A5.3.  NO2 adsorption on C1 V4O10 with spin density. Isovalue of 0.005 e-/au3 was used. 
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CHAPTER 6 

PREDICTION OF AN(III)/LN(III) SEPARATION BY  
1,2,4-TRIAZINYL-PYRIDINE DERIVATIVES 

Introduction 

Separations of highly radioactive elements from spent nuclear fuel are critical to closure 

of the fuel cycle; of particular importance are the transuranic elements Cm and Am.  The 

development of fast neutron nuclear reactors has been accompanied by a partitioning and 

transmutation strategy, in which the aforementioned long-lived actinides are used for fuel, in the 

process transmuting them into isotopes with a shorter span of radiotoxicity. Lanthanides 

produced concomitantly during the fission process act as poisons in modern nuclear reactors.1  

The primary hurdle in the extraction of actinides from lanthanides is the similarity in chemistry 

available to elements across these two f-blocks.  Whereas extraction of lanthanides from each 

other is known and widespread in industry, understanding of the separation of actinides and 

lanthanides sharing the same f-shell configuration is still being developed.  Kolarik summarized 

the results of such separations through 2008.2  It was noted that the majority of oxygen and 

oxygen/nitrogen donor extractants, including hydroxylamines, tropolones, and hydroxynapthoic 

acids, do not exhibit the desired selectivity. Diethylenetriaminepentaacetic acid is selective for 

actinides, however complexation only occurs in aqueous solution with this chelator.  Through 

2008, none of the extractants that had been studied exhibited all of the desired properties, 

including high efficiency in separation and extraction, chemical and radiolytic stability, fast 

reaction kinetics, solubility in solvents suitable for nuclear extraction processes, and accessibility



317 
 

in terms of production scalability.  

Hardness (η), formally defined in equation (6.1),3 was initially described as the 

favorability of coordination interactions as a function of ionization energy (IE) and electron 

affinity (EA), such that hard ligands interact more strongly with hard metals, and soft metals 

prefer to interact with soft ligands.4   

η = (IE - EA)/2         (6.1) 

Hard, multidentate oxygen donors based on calixarenes, cavitands, trityls, and tripodands rarely 

obtain a separation factor greater than 3, even though f-shell elements are hard ligand acceptors.2 

A breakthrough in 1999 by Kolarik et al. in the extraction of Am from Eu using 2,6-bis(5,6-

dialkyl-1,2,4-triazinyl-3-yl)pyridine (BTP, Figure 6.1(a)) led to the discovery that weakly basic, 

soft nitrogen (and sulfur) donors have a much stronger ability to differentiate between actinides 

(Ans) and lanthanides (Lns) than do oxygen donors.1,2,5,6 Nitrogen donors are preferred over 

sulfur, because the structures can be completely incinerated to environmentally benign gas phase 

products post complexation, whereas extant S donor extractants can leave a solid residue, 

making the products of the incineration harder and more difficult to store, and ultimately to 

recover.1,2   

There are a large number of computational and experimental studies on bis-1,2,4-triazinyl 

pyridines (BTP, Figure 6.1(a)),7,8 BTP-like compounds such as bis-1,2,4-triazinyl bipyridines 

(BTBP, Figure 6.1(b)),9 as well as bis-1,2,4-triazinyl-1,10-phenanthrolines,10 and their 

derivatives.11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42 Computational 

studies of related ligands containing C, H, O, and N have also been reported,43,44,45,46 although, 

experimental data is largely lacking for these systems.  Experimental studies of BTP related 

compounds report a wide range of separation factors (SFs) with variations in closely related 
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systems over a factor of 104,34,35,36 whereas in other systems the variations can range from 15 to 

6026 or 4 to 50.22 In some cases, changes in the ligands are only able to produce a limited range 

of SFs, of 3,37 8,39 and 100.38  The bulk of the computational work does not report Gibbs’ free 

energy, nor SFs, but instead focuses on comparisons of minimized structures to experimentally 

determined geometries,14,15,16,17,18,19,20,24,26,27,40,41,42,45,46,47 or analysis of molecular orbital 

composition and electron density.17,19,20,23,26,27,28,44,45,46  Relatively few papers report ΔG298K 

values,13,25,29,30,32,43,44 and those that do, typically report stability constants for complexes on only 

a single metal for comparison with experiment.25,30,43,44  For example, Wang et al. calculated a 

SF of 5000 compared to their experimentally determined value of 60, which corresponds to an 

error in ΔG(298) of less than 3 kcal/mol, at the B3LYP/ECP(28/60)MWB-SEG/6-31G(d) level.32 

Trumm et al. reported SF calculations on BTP and several close analogues ranging from 7 to 80 

for the separation of Cm3+/Eu3+ at the B3LYP/ECP(28/60)MWB-SEG/aug-cc-pVTZ level.13  Wu 

et al. predicted the extraction efficiency of four 1,10-phenanthroline derivatives, yielding 

separation factors ranging from 226 to 3000 (ΔΔG298K = −3.2 to −4.8).29 

Competition for the nitrogen binding sites by H+ in the acidic extraction media, and by 

extension, the calculation of proton affinities, are important considerations for the design of 

potential extractants.1,2  One potential mitigation strategy to diminish the extent of in situ 

protonation of the important N-donor atom is to employ a complexant motif with a less basic N.  

Carrick and co-workers have recently disseminated strategies to access unsymmetric, tridenate, 

frustrated Lewis basic complexant scaffolds similar to BTPs, but with excision of one 1,2,4-

triazinyl moiety in favor of a functionalized indole48,49 or 1,2-pyrazole.50  In these cases the 

indolyl and 1,2-pyrazolyl N atoms participate in the delocalized π-system and have inherently 

weaker basicity which is contrasted by the potential impact of the N-H to frustrate the 
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complexation of the metal with ligand. Herein, we present calculations on a set of ligands 

functionally designed to be similar to BTP, but with sterically frustrated Lewis basic 

coordinating nitrogen atoms.  Complexation of Cm and Gd by N-donor Lewis basic ligands, 

frustrated by protonation of a coordinating nitrogen, was studied, in addition to their 

deprotonated anionic forms.  There is considerable evidence that substituents on a core BTP-like 

tri- or tetradentate scaffold can have a significant effect on extraction efficiency.2 Several 

explanations have been proposed, including changing the covalency51 of the complex through 

electron-donating substituents.  Another explanation is that conformational barriers are present 

when the lateral rings rotate from their unbound configuration to their bound form.16,17,52  A final 

argument has been made in terms of  facilitating ligand to metal charge transfer.12,53   

The specific ligands in this study have not been reported in the literature.48,49,50  2-(6-

[1,2,4]triazin-3-yl-pyridin-2-yl)-1H-indole and 3-[6-(2H-pyrazol-3-yl)-pyridin-2-yl]-1,2,4-

triazine and their substituted derivatives, shown in Figure 6.2, are structurally similar to BTP, but 

feature five membered aromatic heterocyclic rings in the place of one of the lateral 1,2,4-

triazines.  Substituents on the core scaffolds for this computational investigation were selected 

based on those which would have a high probability of synthetic success for the cores evaluated.  

Additionally, the requisite physical properties for suitable biphasic extraction performance in 

liquid-liquid separations include the solubility in process-relevant diluents, which are typically 

nonpolar, and resistance to oxidative degradation in a highly acidic aqueous phase, as well as 

having high distribution values for An over Ln.2,54 Systems incorporating curium and gadolinium 

were chosen as starting points due to simplicity of calculation, as the +III oxidation state has an 

f7 configuration. Optimized geometries with these metals were used for the study of americium 

and europium, which have an f6 configuration in the +III oxidation state.  
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Computational Methods 

Geometry optimization and vibrational frequency calculations were performed with 

Gaussian-16.55  The hybrid density functional theory (DFT)56 functional B3LYP57,58 was used.  

Scalar relativistic effects were incorporated through the use of the 28(Gd, Eu) and 60(Cm, Am) 

core electron Stuttgart effective core potentials (ECP) and corresponding basis sets.59,60,61,62  The 

contracted basis sets were of the form [5s5p4d3f] for the lanthanides and [8s7p6d4f] for the 

actinides.  The DFT optimized DZVP263 basis set was used for H, C, N, and O.  This 

combination of DFT functional and basis sets/ECPs has been shown to work well in other work 

from our group.64,65  Gas phase free energies were used as the base energy in solvation 

calculations. 

Solvation free energies were calculated by means of a self-consistent reaction field 

(SCRF)66 approach, using the Conductor-like Screening Model (COSMO)67 approach 

implemented in the Amsterdam Density Functional (ADF) 2016 code.68  ADF was chosen 

because of ease of altering the solvation radii for individual elements in a calculation.  Default 

Klamt radii67,69 were used for all except f-block elements.  The solvation radii used for Eu, Gd, 

Am, and Cm were 2.007, 1.987, 2.205 and 2.056 Å, respectively.  ADF calculations were all 

performed at the BLYP/TZ2P electron level,68,70 employing the Zeroth Order Regular 

Approximation (ZORA) formalism for the scalar relativistic component.70,71,72,73  The solvents 

investigated were water and butanol, using ADF default cavity and dielectric constants of radwater 

= 1.93 Å with εwater = 78.39, and radbutanol = 3.31Å with εbutanol = 17.5.  The solvents were chosen 

as representative of the aqueous and organic phases of a liquid-liquid extraction, the standard 

method used for transuranic metal separations.1,2,74  The Natural Population Analysis (NPA) 
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results based on the Natural Bond Orbitals (NBOs) using NBO 7.075,76,77,78,79 are calculated at 

the DFT/B3LYP level starting from Gaussian 16. 

Experimental data including EXAFS and Raman measurements suggests that 9 is often 

the preferred coordination number for aqueous solutions of the f-block elements.80,81,82,83 For 

Eu(III) and Gd(III), there is an equilibrium between eight and nine coordination so both could be 

present. For the actinides, the values range from 9 to 10. In both cases, counterions can impact 

the coordination number. In order to provide a consistent comparison, a coordination number of 

the Ln(II) and An(II) of 9 was chosen, so the reactions have [M(H2O)9]3+ and the ligands (L) as 

the reactants for M = Am, Cm, Gd and Eu. The reaction free energies at 298 K were calculated 

as reaction energies for reactions (6.4) through (6.7) with the (a) type reactions for the neutral L 

and the (b) for the anionic L−.   

L + [M(H2O)9]3+ → [ML(H2O)6]3+ + 3H2O      (6.4a) 

L− + [M(H2O)9]3+ → [ML(H2O)6]2+ + 3H2O      (6.4b) 

L + [M(H2O)9]3+ → [ML(H2O)5]3+ + 4H2O      (6.5a) 

L− + [M(H2O)9]3+ → [ML(H2O)5]2+ + 4H2O      (6.5b) 

2L + [M(H2O)9]3+ → [ML2(H2O)2]3+ + 7H2O     (6.6a) 

 2L− + [M(H2O)9]3+ → [ML2(H2O)2]+ + 7H2O     (6.6b) 

2L + [M(H2O)9]3+ → [ML2]3+ + 9H2O      (6.7a) 

 2L− + [M(H2O)9]3+ → [ML2]+ + 9H2O      (6.7b) 

The data for these reactions allows comparison between 8 and 9 coordination in single ligand 

clusters, and an evaluation of the preference for mono- or di-ligand complexes.  The free energy 

of reaction in solution (ΔGsol) complexation energy was calculated as the sum of the gas phase 
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free energy (ΔGgas) and the change in energy due to the solvent as determined from the COSMO 

calculation (ΔGsolv) as given by equation (6.8) 

ΔGsol = ΔGgas + ΔGsolv         (6.8) 

The separation factors in the form of transmetallation equilibrium constants as defined by 

equations (6.9) and (6.10):  

KMb→Ma = e−ΔΔG/RT          (6.9) 

with  

ΔΔGMb→Ma = ΔGMa − ΔGMb         (6.10) 

ΔGMa/b refers to the free energy change of reactions (6.4) through (6.7), such that the overall 

transmetallation reaction modeled is defined by reaction (6.11a) for neutral ligands L and (6.11b) 

for anionic ligands L-: 

 [Ma(H2O)9]3+ + [MbLm(H2O)n]3+ → [Mb(H2O)9]3+ + [MaLm(H2O)n]3+  (6.11a) 

 [Ma(H2O)9]3+ + [MbLm(H2O)n](3-m)+ → [Mb(H2O)9]3+ + [MaLm(H2O)n](3-m)+  (6.11b) 

with m = 1 or 2 and n = 2, 5, or 6. Calculating equilibria in this way should lead to a cancellation 

of errors.  Equilibrium constants for determination of the coordination number are calculated in a 

similar manner.  The reaction used to model the preferred coordination number is defined by 

reaction (6.12a) for neutral ligands and (6.12b) for anionic ligands: 

 [ML(H2O)6]3+ → [ML(H2O)5]3+ + H2O      (6.12a) 

 [ML(H2O)6]2+ → [ML(H2O)5]2+ + H2O      (6.12b) 

Favorability of binding a second ligand in the displacement of additional water molecules is 

defined by reaction (6.13a) for neutral and (6.13b) for anionic ligands: 

 L + [ML(H2O)5]3+ → [ML2(H2O)2]3+ + 3H2O     (6.13a) 

 L- + [ML(H2O)5]2+ → [ML2(H2O)2]1+ + 3H2O     (6.13b) 
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To enable a more in-depth analysis of charge transfer and hardness of the ligand, the 

ligands were also optimized as cationic and anionic doublets in order to predict their IEs 

(ΔHrxn,0K of reaction (6.14)) and EAs (ΔHrxn,0K of reaction (6.15)), 

IE = ΔHrxn, 0 K of L→L+ + e−         (6.14) 

EA = −ΔHrxn, 0 K of L + e− → L−        (6.15) 

The IE and EA are also used to predict the ligand electronegativity [χ, equation (6.16)) and 

hardness (η, equation (6.1)]. 

χ = (IE + EA)/2          (6.16) 

Results and Discussion 

The structures of the ligands studied are shown in Figure 6.2.  The first core, 2-(6-

[1,2,4]triazin-3-yl-pyridin-2-yl)-1H-indole (Core 1), has two derivatives, 1a and 1b, featuring a 

fused-1,1,4,4-tetramethyl-cyclohexane84 in 1a and m-methoxyphenyl substituents, positioned 5,6 

to each other, in 1b on the 1,2,4-triazinyl ring.  This motif in a BTP complexant has 

demonstrated efficacy for the separation of Am from Eu.85 The other base molecule, 3-[6-(2H-

pyrazol-3-yl)-pyridin-2-yl]-[1,2,4]triazine (Core 2), has 6 derivative structures that can be 

separated into two groups of 3 such that they are congruent with the Core 1 derivatives, 

consisting of 2aR and 2bR, where R = phenyl, methyl, or methyl ester (p, m, e);  a and b are the 

same 1,2,4-triazinyl substituents present in Core 1. The R groups are located on the 1,2-pyrazole 

ring.  Neutral and deprotonated anionic forms were studied for each ligand.  Systems 

incorporating the anionic forms of the ligands are denoted with a trailing i, for example 1ai or 2 

bpi.  The calculated IE and EA values (Supporting Information) are critical in discussing 

complex formation with each ligand and will be used throughout the paper.   
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A substituted BTP has separation factors for Am(III) over Eu(III) ranging from ~ 50 to 

>200 depending on the conditions including acidity and nitrate concentration.85 As a benchmark, 

we calculated the separation factor for BTP between Eu(III) and Am(III) in water and butanol. 

By using equation (6.11a), we obtain a value of 330 in water and 430 in butanol with Am(III) 

being favored over Eu(III), completely consistent with the experimental result. The separation 

factors correspond to a free energy change of 3.4 kcal/mol in water and of 3.6 kcal/mol in 

butanol. These values are consistent with the range of 2.3 to >3.1 kcal/mol observed in the 

experiment. Even though we would not expect exact agreement given that the substituents are 

not the same and the fact that the calculations do not have an ionic strength or pH component, 

the agreement is very good between the experiment and theory. This demonstrates that our 

approach is able to predict reliable separation factors for such systems. 

Molecular Geometries Complex formation led to significant conformational changes in the 

ligands from their unbound conformations.  Neutral unbound ligands with a proton on an N are 

planar, conjugated molecules with a lone pair of electrons on the heteroatom contributing to the 

aromaticity of the delocalized π-system.  Complexation induces a slight curvature in the plane of 

the molecule.  The 1,2,4-triazinyl ring in all unbound ligands prefers a conformation in which the 

adjacent nitrogen atoms in positions 1 and 2 have a dihedral angle near 180° relative to the 

pyridinyl nitrogen.  This ring flips on complexation, so that the adjacent nitrogen atoms are 

facing the metal, with the closer of the pair participating in complexation.  Gas phase structural 

minimizations frequently feature the tridentate complexant in a dipole-minimized conformation 

about the 2,6-pyridinyl bonds which contrasted with parallel dipoles in the chelated structure 

dissolved in solution. The M-N bond distances to the nitrogen of each ring in [ML(H2O)5]3+ and 

[ML2(H2O)2]3+ for the neutral ligands are compared in figures in the Supporting Information.  A 
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general trend is observed in bond distances between the metals.  M = Eu consistently has the 

largest M-N distance, for each donor and almost every ligand.  The exceptions to this are 2, 2ae, 

and 2am in [ML2(H2O)2]3+, which have the lowest spin on the Eu.  This is likely the result of the 

greater partial positive character of the other ligands with respect to the exceptions, which is due 

to a redox interaction between the Eu and electron withdrawing ligands, as discussed in the 

section on charge transfer in Eu complexes.  M = Gd has the smallest M-N distance for each 

donor and ligand.  For M = Am and Cm, M-N distances tend to be nearly equal, with Am usually 

shorter than Cm by around 3 pm, which is within the typical computational margin of error of 

0.05 to 0.10 Å for actinide to ligand distances.86,87,88,89  In complexes with deprotonated anionic 

ligands, ionic attraction shortens the indole/pyrazole M-N distance, with little change in the 

distances of the other two nitrogen donors (See the SI).  The general trends in differences in 

ligand bond distances to the metals for neutral ligands (Eu > Am ≥ Cm > Gd) are followed in the 

anionic ligands as well, with the exception of di-ligand Core 2 derived structures for Eu.  In these 

structures the M-N distances to Eu are very near or equal to those of Cm and Am. 

Equilibrium Constants to Determine the Coordination Number Equilibrium constants were 

calculated for reactions (6.12) and (6.13) to examine the preference for 8 or 9 coordinate ligand 

structures, as well as the favorability of displacing water in the binding of a second ligand.  

These results are plotted in Figure 6.3.  Similar plots for butanol are in the SI.  Values near the 

line for Keq = 1 indicate no preference; values above the reference line indicate a preference for 8 

coordinate complexes for the filled points, and two ligand complexes for the unfilled points.  

With a few exceptions, the 8 coordinate systems are preferred in aqueous solution.  The binding 

of a second ligand is predicted to occur in Core 2 with Keq values from 10 to 1010.  In Core 1 

structures, second ligand binding is much less favorable with predicted Keq values from 10-4 to 1.  
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In butanol however, two ligand structures are universally preferred.  Removal of all coordinated 

water molecules (reactions (6.7a) and (6.7b)) was not predicted to occur in two ligand systems.  

The overall picture of complexation throughout the extraction process is complicated, however 

we consistently predict that single ligand, 8 coordinate structures are the primary species formed 

in aqueous solution particularly when a frustrated Lewis donor is present. This is most likely due 

to steric effects resulting from the loss of ligand planarity and subsequent M—N bond length 

increases, as discussed in the section on charge transfer in Eu complexes.  Upon extraction to the 

organic phase, the binding of a second ligand and displacement of 3 additional H2O molecules is 

predicted.  

Charge Transfer Processes in Europium Complexes Population analysis predicts a significant 

amount of charge transfer from each ligand studied to Eu(III).  Mulliken spin densities from 

different DFT functionals including B3LYP, PW91,90,91,92 ωB97X,93 M06,94 and M06-L95  are 

consistent with each other and corroborated by the NBO analysis.  The predicted charge transfer 

is correlated with ligand IE, with a lower gas phase IE corresponding to increased charge 

transfer.  Core 1 ligands, with IEs around 7.00 eV, reach a spin of 7.0 for M = Eu with a 4f7, half-

filled orbital occupation and thus a +II formal oxidation state.  This charge transfer is equivalent 

to a metal-ligand redox process where the metal is reduced and the ligand is oxidized. Ligands 

2bR and 2ap have IEs in the 7.0 – 7.2 eV range and a spin of 6.8 on Eu.  Ligands 2, 2ae and 

2am have the highest IEs, from 7.44 – 7.97 eV, and correspond to an Eu spin of 6.3.  Complexes 

of the structure [ML2(H2O)2]3+ are predicted to reduce the additional spin on Eu in half, yielding 

unpaired spin values of around 6.5 in Core 1 ligands, 6.3 to 6.4 in 2bR  ligands (R = e, m, p), 

and effectively eliminating charge transfer (the metal/ligand redox process) in 2aR ligands.  This 

has a dramatic effect on metal selectivity and will be discussed in the Core 2 results section. The 
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corresponding β spin in the ligand is highly delocalized and spread throughout the molecule, 

primarily on planar N and C atoms in the lateral rings.  Increased ionic interaction results in 

increased exothermicity of complexation.  As a result, the ligands with the lowest IEs are highly 

selective for Eu(III). 

Core 1 and Derivatives Free energies of complexation for reactions (6.4a) through (6.7a) with 

Core 1 ligands are plotted in Figure 6.4.  Coordination of the protonated indole nitrogen in Core 

1 structures induces a loss of planarity in the ligand relative to its unbound state.  An example of 

this is shown in Figure 6.5.  The steric strain of this system also pushes the indole nitrogen 

farther from the metal center, increasing the N-M distance over the other two nitrogen donors 

(See Supporting Information).  The pyridinyl nitrogen has the shortest N-M distance, generally > 

0.20 Å shorter than to the indole nitrogen.  The calculated Keq for equations (6.12a) and (6.13a) 

indicate that [ML(H2O)5]3+ is the preferred structure for 1 for all metals.  This is obvious for 

Gd(III), Am(III), and Cm(III) from the reaction free energies, which predict that reaction (6.4a) 

and (6a) do not occur for these metals, while reaction (6.5a) is at or very near 0.  Eu(III) 

coordination is consistent with the other metals, however the energies obtained are significantly 

more negative by approximately 20 kcal/mol.  

[ML(H2O)5]3+ and [ML2(H2O)2]3+ were used to evaluate metal selectivity as they are the 

preferred complexes in aqueous and butanol environments.  Table 6.1 shows the metal 

replacement equilibria for 1. Eu is highly selected for, by more than 1013 in an aqueous 

environment where complexation would likely take place.  For [ML2(H2O)2]3+, M = Eu(III) is 

still highly selected but to a smaller degree than for [ML(H2O)5]3+, by around 106 above the 

actinides, and by 107 over Gd(III).  Separation between Am(III) and Cm(III) or Gd(III) is 

predicted to occur to a much smaller degree, at a factor of 2.1 and 1.2 aqueously in 
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[ML(H2O)5]3+.  The separation factor is larger in [ML2(H2O)2]3+, but the ΔG298K values are 

positive for these metals in water, so they are not predicted to form at all.  There is a separation 

factor of around 10 between Cm(III) and Gd(III) in aqueous [ML2(H2O)2]3+, although in complex 

[ML(H2O)5]3+, Gd(III) is slightly preferred over Cm(III), with Keq,Gd→Cm around 0.6.   

Addition of the cycloalkyl substituent to the 1,2,4-triazine ring in 1a results in a decrease 

in ΔG for all metals in both solvents and in the gas phase (SI).  There is a decrease in the 

triazinyl N-M distance with a corresponding increase in the N-M distance of the indole, while the 

pyridinyl distance changes very slightly in either direction, or not at all, depending on the metal 

and complex (See Supporting Information).  These changes have a pronounced effect on Eu(III) 

due to its relatively long N-M distances.  The indole in single ligand structures is pushed out of 

range for coordination and it is held in place by a water molecule in [ML(H2O)6]3+.  In 

[ML(H2O)5]3+, with an example shown in Figure 6.6 for M = Eu,  the sixth water molecule is not 

available, causing the ligand to rotate about its pyridinyl-triazinyl bond, adopting its unbound 

preferred configuration while remaining coordinated to Eu(III) by the 1,2,4-triazinyl N.   

The Keq obtained from reactions (6.13a) and (6.14a) predicts a preference for 9 

coordinate complexes with this ligand for Am(III), Cm(III), and Gd(III) in an aqueous 

environment.  A minor amount of [ML2(H2O)2]3+ may form, with ΔGaq values near 0 kcal/mol. 

The dominant complex in butanol for all metals is [ML2(H2O)2]3+ as calculated for 1.  Despite 

the loss of 2 nitrogen donors, the charge transfer described previously results in a strong 

interaction between 1a and Eu(III).  Metal selectivity is reported for [ML(H2O)6]3+, 

[ML(H2O)5]3+, and [ML2(H2O)2]3+ in Table 6.2.  When M = Eu(III), a strong interaction is 

computed with calculated equilibrium constants, Keq, in the 1017 − 1020 range for [ML(H2O)5]3+ 

and [ML2(H2O)2]3+  complexes.  A higher degree of separation is seen between the other three 
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metals than with 1, with the exception of Am(III)/Cm(III).  Cm(III) is preferred over Am(III) in 

[ML2(H2O)2]3+, but [ML2(H2O)2]3+ is only predicted to be formed in trace amounts in water 

where metal cations are located before extraction.  The largest separation between Am(III) and 

Cm(III)/Gd(III) occurs in [ML(H2O)5]3+, by a factor of >102. 

The m-methoxyphenyl substituents in 1b are inductively electron-withdrawing, but also 

increase electron density through resonance delocalization throughout the aromatic framework.  

This can be seen in our calculations as a decrease in IE and increase in EA as compared to 1.  

This has little effect on the electronegativity of the ligand, although it results in a lower hardness.  

For 1b, there is a slight destabilization from 1a of the f6 metals and a slight stabilization of f7 

metals in both solvents, despite a consistent lowering of energy by about 20 kcal / mol for all 

complexes and metals in the gas phase. The 8 coordinate, single ligand structures are preferred in 

aqueous solution.  Ligand 1b is selective for Eu(III) > Cm(III) > Gd(III) > Am(III).  Equilibrium 

constants are reported for [ML(H2O)6]3+, [ML(H2O)5]3+, and [ML2(H2O)2]3+ in Table 6.3.  The M 

= Eu(III) is strongly selected in complexes [ML(H2O)6]3+ and [ML2(H2O)2]3+, though to a lesser 

degree than the other two Core 1 ligands by a factor of 105.  This might be due to a decrease in 

charge transfer relative to the other Core 1 ligands. M = Eu(III) is surprisingly the least preferred 

metal in [ML(H2O)5]3+, with a 15.0 kcal / mol smaller ΔGsolv than [ML(H2O)6]3+ in aqueous 

solution and by 9.4 kcal / mol in butanol, where there is typically little difference in solvation 

energies between the two complexes.   

Core 1 Anions Core 1 anions retain their planarity without the steric effects of the indole proton, 

as is shown in Figure 6.7.  The enhanced basicity of the charged indole nitrogen decreases its N-

M distance by ~0.2 Å (See Supporting Information).  This has some effect on the distances to the 

other two nitrogen donors; however, the effect is smaller because the decrease in indole distance 
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is primarily due to the rotation of the ring back into plane with the rest of the ligand.  The 

displacement of solvent water molecules by neutral ligands replaces the charge-dipole interaction 

between the metal and the solvent with charge-dipole interactions between the ligand and the 

metal.  Anionic ligands more effectively displace the solvent due to their Coulombic interaction 

with the ligand, which is much stronger as it scales by 1/r, whereas charge-dipole interactions 

scale by 1 r2 with r = N-M distance.  This explains why the displacement of additional water in 

binding a second ligand is unfavorable with neutral ligands, while two ligand complexes 

dominate for all anions in both aqueous and butanol solvents.  Charge transfer in anionic ligand 

complexes with Eu(III) is slightly smaller than in the equivalent neutral complexes; however 

there is still a spin of 6.84 in 1i, 1ai, and 1bi.  Eu(III) is selected for by a factor of 103, and the 

other metals are near unity with respect to each other.  

Core 2 Derivatives The proton of the neutral, unbound Core 2 pyrazole ring is 6 to 8 kcal/mol 

more stable in the 2N position (See Figure 6.2), creating a frustrated Lewis basic site for 

complexation with the metals.  This would result in geometric changes like those found for Core 

1, pushing the proton and pyrazole ring out of plane with the rest of the ligand.  Frustration of the 

N donor is lost on formation of the ligand-metal complex however, causing the proton to transfer 

to the 3N position, where it is more stable by around 20 to 25 kcal/mol per ligand in the gas 

phase.  Loss of frustration does not significantly affect ΔGsolv in butanol or water, so the energy 

change of intramolecular proton transfer is about the same in solution as in the gas phase.  

ΔG298K in aqueous and butanol solvents is shown for all Core 2 structures and complexes in 

Figure 6.8, and relative energies of the 2N to 3N proton transfer are given in the SI.  The 

geometric changes of this proton transfer are shown in Figure 6.9.  Transfer of the proton to the 



331 
 

3N position allows the ligands to retain their planarity and shortens the distance between the 2N 

donor and the metal.  

Unlike Core 1 structures, the 2N to 3N proton transfer allows the ligands to retain 

planarity. The 1,2-pyrazole N-M distance is the shortest like in the anions, followed by the 1,2,4-

triazine and then pyridine; however, the pyrazole distance does not shorten to the same extent 

due to the lack of charge at the 2N atom (See Supporting Information).  [ML2(H2O)2]3+ with 2aR 

structures are predicted to be an exception to the general trend described previously. The M = 

Eu(III) M-N distance shortens relative to the other three metals and the M-N distances become 

nearly equivalent for all metals (See Supporting Information).  The 8 coordinate systems are 

preferred over 9 coordinate systems for single ligand complexes.  These 8 coordinate systems are 

predicted to be a minor product if enough ligand is present to create a di-ligand complex, in 

which case [ML2(H2O)2]3+ is preferred and [ML(H2O)5]3+ is predicted to be the minor product.   

Depending on the ligand and metal, Keq for reaction (6.14a) varies by over 12 orders of 

magnitude with the lowest values being 1.5 and 5.1 with ligands 2ap and 2be with Eu(III) in 

aqueous solution.  Butanol solvents exclusively prefer double ligand complexes with all ligands 

and metals.   

[ML(H2O)5]3+ and [ML2(H2O)2]3+ are considered for selectivity between metals because 

they are the dominant complexes formed in aqueous solution, where complexation would take 

place.  The Core 2 derived structures are much closer in energy than Core 1 structures, typically 

between 0 to 4 kcal/mol of each other including solvent corrections.  In the gas phase, Eu(III) 

complexes are consistently 20 to 30 kcal/mol lower in energy across Core 1 derived ligands, 

whereas in Core 2 ligands, Eu(III) energies are not always lower, and by a much smaller margin 

when they are.  This is consistent with the lower degree of charge transfer predicted for Core 2 
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ligands.  Reaction energies are much closer to each other between metals, and selectivity is 

generally less than a factor of 103. Metal replacement equilibria are shown in Table 6.4.  The Keq 

calculations for Core 2 predict selectivity for M = Am(III) for both [ML(H2O)5]3+ and 

[ML2(H2O)2]3+.  The calculated Keq for Cm(III) and Gd(III) are near unity. For M = Eu(III), the 

calculated Keq fluctuates depending on the complex and ligand.  Thus, [ML(H2O)5]3+ for M = 

Eu(III) is predicted to be selected over Cm(III) and Gd(III), while Cm(III) and Gd(III) are 

preferred in [ML2(H2O)2]3+.    

Selectivity of 2aR ligands is shown in Table 6.5.  The [ML2(H2O)]3+ complexes for M = 

Eu(III) are the least selected for, as seen in 2.  Note, these are also the only complexes that break 

the trend of Eu(III) having the longest M-N distances, as well as the only complexes not 

predicted to undergo charge transfer.  The [ML(H2O)5]3+ complexes, which still have a moderate 

degree of charge transfer in 2aR ligands, are selective for Eu(III); Am(III) is selected over 

Cm(III) and Gd(III), while Cm(III) and Gd(III) are again near unity. 

The 2bR ligands are most selective for Eu(III), consistent with charge transfer 

predictions.  Cm(III) is consistently selected over Am(III) by around 102.  Gd(III) is preferred 

over Am(III) for 2be and 2bp, but not for 2bm.  Cm(III) and Gd(III) are again near unity.  The 

[ML(H2O)5]3+, for M = Eu(III) and L = 2bp is the only exception to the dominant selectivity of 

2bR ligands, and it is last selected in this type of complex.  Table 6.6 contains metal replacement 

equilibria for 2bR ligands.   

Core 2 Anions Core 2 anions in solution (aqueous or butanol) bind more energetically than their 

neutral counterparts, by around 20 kcal/mol per ligand in aqueous solution, and by around 30 to 

40 kcal / mol per ligand in butanol.  The incremental energy change with each ligand addition is 

consistent with the ionic interaction between the ligand and the central metal atom.  Thus, two 
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ligand structures are preferred for anionic ligands by a factor of 1010 or more.  The core 2 anions 

are selective for Am(III) with the exception of 2api, which is selective for Eu(III) and has the 

highest degree of Eu(III) charge transfer of the Core 2 anions.  Eu(III) is least selected for 2,  

2ae, and 2be, and near unity with Am(III) in 2am.  Cm(III) and Gd(III) are near unity as they are 

in the neutral structures. 

Differences in Butanol and Water The relative behavior of the An/Ln complexes in both polar 

and nonpolar solvents is an important extraction consideration.  Since the solubility of a given 

ligand is a partition coefficient, or equilibrium between the organic and aqueous phase in a 

liquid-liquid extraction, the energy difference between the two solvent phases provides a simple 

qualitative prediction of the concentration distribution of complexes between them.  

Additionally, as noted above, the solubility of the ligand in water is an important consideration in 

designing extractants.  We find that the aqueous neutral ligand systems are predicted to be 

consistently less stable thermodynamically than those in butanol, by an average of 12.9 ± 1.9 

kcal/mol per ligand.  This suggests that provided complex formation is favorable in aqueous 

solution for a given ligand, we expect extraction into the organic phase to be favorable.  All 

anionic complex formation is thermodynamically favorable as well, with increased favorability 

in butanol with respect to water by an average of 28.3 ± 1.1 and 57.7 ± 1.3 kcal/mol in single and 

double ligand systems.   

Ligand Electronegativity and Hardness The electronegativities of the ligands did not exhibit 

large variations, with the most electronegative ligand 2 having χ = 4.57 eV in the gas phase and χ 

= 4.63 eV in aqueous solution, and the least electronegative ligand 1a having χ =  4.01 eV in the 

gas phase and χ = 4.06 in aqueous solution (See Supporting Information).  There are essentially 

no differences between the gas phase values and in the solvent.  A plot of ΔGaq,rxn for reactions 



334 
 

(6.5a) and (6.6a) vs. χ (See Supporting Information) does not exhibit linear correlations, but does 

show qualitatively that all reactions that are less favorable or unfavorable (ΔGaq > -10 kcal/mol) 

occur with ligands having electronegativities less than ~4.3 eV.  A similar pattern is found when 

plotting the aqueous binding energies against the hardness η, with values less than η = 1.35 

corresponding to less favorable or unfavorable complexation.  There is a more pronounced 

solvent effect on η, with values decreasing by an average of 1.50 eV in aqueous solution and 

1.40 eV in butanol.  Core 1 ligands are predicted to be softer than Core 2 ligands, with 1b being 

the softest, and 2 the hardest. The 2aR ligands are all near 2 in hardness, except for 2ap is softer 

and closer to the values for the 2bR ligands.  The predicted lower favorability in ligands with 

low electronegativities and which are the least hard is consistent with the results for the 

ionization energies (IE, see Supporting Information).  The same trend found for  χ and η is 

observed for the IE, but no such trend is for observed the electron affinities (EA, see Supporting 

Information) of the ligands.  Although there are some qualitative trends in terms of the hardness 

and the electronegativity of the ligands in terms of the binding energies, the most important 

feature of the ligand is its redox capability. 

Conclusions 

The possibility of separating Eu(III), Gd(III), Am(III), and Cm(III) from each other in 

water and butanol has been modeled for 10 ligands composed of 2 different core structures and a 

variety of substituents by density functional theory calculations using a small core 

pseudopotential basis set for the actinides and lanthanides.  Core 1 structures and 2bR ligands 

show particular promise and the set of ligands overall highlights several key insights into 

differentiating these metals.  Eu(III) is predicted to undergo charge transfer with aromatic N 

donor heterocyclic ligands to generate Eu(II) with a f7 electron configuration, leading to a high 
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degree of selectivity for Eu(III).  This charge transfer is sensitive to the IE of the donor ligand, 

with lower IE corresponding to more charge transfer and thus a preference for Eu(II) with a half-

filled f7 configuration.  Anionic ligands have a lower IE than their protonated, neutral 

counterparts, but the strength of the Coulombic interaction between the ligand and central metal 

atom stabilizes the electron density on the ligand and reduces the amount of charge transfer to 

the Eu.  Core 2 ligands, particularly 2aR ligands, are predicted to be selective for Am(III).  The 

loss of frustration due to 2N to 3N proton transfer in the pyrazole ring of Core 2 ligands positions 

the donor nitrogen such that a high degree of back bonding is predicted into the 6d orbitals of 

Am that is not predicted to occur in the other studied metals.  Loss of steric frustration of the N 

donor site results in a reduction in the differentiation between Cm(III) and Gd(III).  This 

indicates that N donor frustration may be a route for efficient separation between actinides and 

lanthanides, particularly with f7 electronic configuration.  There is a qualitative trend for less 

hard and less electronegative ligands to have lower ligand binding energies to the metals. The 

benchmarking of computational results with organic synthesis of the ligands described and 

subsequent separations assays for Am(III) versus Eu(III) in acidic solution simulating spent 

nuclear fuel are ongoing and will be reported in due course. 
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Tables 

Table 6.1. Metal Selectivity Equilibria of Core 1 in Aqueous and Butanol Solutions for Complexes 
[ML(H2O)5]3+ and [ML2(H2O)2]3+.a 
 

Rxn. 
(M2 → M1) 

[ML(H2O)5]3+ [ML2(H2O)2]3+ 

Keq(aq) Keq(but) Keq(aq) Keq(but) 

Am → Eu 1.2×1014 4.6×1013 6.2×105 1.0×106 

Cm → Eu 2.6×1014 6.4×1013 2.5×106 2.3×107 

Gd → Eu 1.5×1014 2.2×1014 7.0×107 2.1×108 

Cm → Am 2.1 1.4 4.0 2.2×101 

Gd → Am 1.2 4.8 1.1×102 2.0×102 

Gd → Cm 5.8×10−1 3.5 2.8×101 8.8 
a The corresponding free energies are in the Supporting Information. 

 

Table 6.2. Metal Selectivity Equilibria of 1a in Aqueous and Butanol Solutions for Complexes 
[ML(H2O)6]3+, [ML(H2O)5]3+, and [ML2(H2O)2]3+.a 
 

Rxn. 
(M2 → M1) 

[ML(H2O)6]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ 

Keq(aq) Keq(but) Keq(aq) Keq(but) Keq(aq) Keq(but) 

Am → Eu 2.5×107 3.1×108 3.9×1019 1.0×1017 3.3×1019 7.1×107 

Cm → Eu 3.4×109 1.7×1011 1.0×1020 8.3×1017 4.1×1018 3.8×107 

Gd → Eu 1.1×1010 3.8×1011 9.7×1020 8.3×1018 4.3×1019 1.5×108 

Cm → Am 1.3×102 5.5×102 2.6 8.0 1.2×10-1 5.3x10−1 

Gd → Am 4.5×102 1.2×103 2.5×101 8.0×101 1.3 2.1 

Gd → Cm 3.3 2.2 9.5 10.0 1.0×101 4.0 
a The corresponding free energies are in the Supporting Information. 
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Table 6.3. Metal Selectivity Equilibria of 1b in Aqueous and Butanol Solutions for Complexes 
[ML(H2O)6]3+, [ML(H2O)5]3+, and [ML2(H2O)2]3+.a 
 

Rxn. 
(M2 → M1) 

[ML(H2O)6]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ 

Keq(aq) Keq(but) Keq(aq) Keq(but) Keq(aq) Keq(but) 

Am → Eu 2.0×106 6.2×107 1.8×10−5 9.2 2.3×107 5.6×1010 

Cm → Eu 1.1×105 6.5×105 1.1×10−6 1.8×10−1 4.4×105 1.7×109 

Gd → Eu 6.3×105 9.2×106 2.6×10−6 2.8×10−1 2.4×106 8.2×1010 

Cm → Am 5.6×10-2 1.1×10-2 6.2×10-2 2.0×10-2 1.9×10-2 3.1×10-2 

Gd → Am 3.1×10-1 1.5×10-1 1.4×10-1 3.0×10-2 1.0×10-1 1.5 

Gd → Cm 5.8 1.4×101 2.3 1.6 5.4 4.7×101 
a The corresponding free energies are in the Supporting Information. 

 

Table 6.4. Metal Selectivity Equilibria for Core 2 in Aqueous and Butanol Solutions for 
Complexes [ML(H2O)5]3+ and [ML2(H2O)2]3+.a 
 

Rxn. 
(M2 → M1) 

[ML(H2O)5]3+ [ML2(H2O)2]3+ 

Keq,aq Keq,but Keq,aq Keq,but 

Am → Eu 4.2×10-1 7.1×10-1 1.2×10-3 2.0×10-3 

Cm → Eu 1.5×101 3.2×101 2.7×10-2 1.2×10-1 

Gd → Eu 7.1 1.9×101 3.3×10-2 4.5×10-1 

Cm → Am 3.6×101 4.5×101 2.2×101 6.2×101 

Gd → Am 1.7×101 2.6×101 2.7×101 2.3×102 

Gd → Cm 4.8×10−1 5.9×10−1 1.2 3.8 
a The corresponding free energies are in the Supporting Information. 
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Table 6.5. Metal Selectivity Equilibria for 2aR (R = e, m, p) Ligands in Aqueous and Butanol Solutions for [ML(H2O)5]3+.a 

Rxn. 
(M2 → M1) 

2ae 2am 2ap 

[ML(H2O)5]3+ [ML2(H2O)2]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ 

Keq(aq) Keq(but) Keq(aq) Keq(but) Keq(aq) Keq(but) Keq(aq) Keq(but) Keq(aq) Keq(but) Keq(aq) Keq(but) 

Am → Eu 3.9 2.7 6.9×10−4 9.7×10−4 1.2 2.7 1.3×10−3 2.4×10−3 2.1×103 2.8×103 1.4×10−1 6.8×10−2 

Cm → Eu 2.2×101 1.9×101 1.4×10−3 2.2×10−3 

 

6.9 3.0×101 1.7×10−3 3.6×10−2 8.2×103 1.0×104 1.4 2.7×10−1 

Gd → Eu 7.8 2.8×101 4.6×10−3 2.9×10−3 1.4 1.7×101 1.8×10−2 6.2×10−2 2.2×103 7.3×103 3.9 1.0 

Cm → Am 5.4 6.9 2.0 2.3 5.8 1.1×101 1.3 1.6×101 3.9 3.8 2.7×101 1.5×101 

Gd → Am 2.0 1.0×101 6.7 3.0 1.2 6.2 1.3×101 2.6×101 1.0 2.6 2.7×101 1.5×101 

Gd → Cm 3.6×10-1 1.5 3.2 1.3 2.0×10-1 5.6×10-1 1.0×101 1.7 2.6×10-1 7.1×10-1 2.9 3.7 
a The corresponding free energies are in the Supporting Information. 
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Table 6.6. Metal Selectivity Equilibria for 2bR (R = e, m, p) Ligands in Aqueous and Butanol Solutions for [ML(H2O)5]3+ and 
[ML2(H2O)2]3+.a 
 

Rxn. 
(M2 → M1) 

2be 2bm 2bp 

[ML(H2O)5]3+ [ML2(H2O)2]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ 

Keq(aq) Keq(but) Keq(aq) Keq(but) Keq(aq) Keq(but) Keq(aq) Keq(but) Keq(aq) Keq(but) Keq(aq) Keq(but) 

Am → Eu 4.5×108 3.1×1010 3.8×102 6.8×103 3.7×105 8.6×106 3.5 2.4×102 7.2×106 

 

6.5×108 

 

1.6×105 4.8×104 

Cm → Eu 8.3×105 4.8×107 2.4×101 1.7×103 5.9×104 1.2×107 2.8 2.5×102 1.6×105 

 

1.3×107 

 

6.4 9.1×101 

Gd → Eu 2.1×105 5.5×107 4.1×102 3.3×103 3.6×107 2.7×109 7.3 5.9×102 1.2×104 

 

1.2×107 

 

2.9×101 2.8×102 

Cm → Am 1.8×10-3 1.5×10-3 6.2×10-2 2.4×10-1 1.6×10-1 7.1×10-1 8.3×10-1 9.5×10−1 2.2×10-2 2.0×10-2 4.0×10-5 1.9×10-3 

Gd → Am 4.6×10−4 1.8×10−3 1.1 4.8×10−1 9.8×101 3.2×102 2.1 2.5 1.7×10−3 1.8×10−2 1.8×10−4 5.7×10−3 

Gd → Cm 2.5×10−1 1.2 1.7×101 2.0 6.1×102 2.2×102 2.6 2.4 7.8×10−2 9.2×10−1 4.4 3.0 
a The corresponding free energies are in the Supporting Information. 
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Figures 

 

 

Figure 6.1. (a) 2,6-bis(5,6-dialkyl-1,2,4-triazinyl-3-yl)pyridine; R=alkyl.  
(b) 6,6’-bis-(5,6-diethyl-1,2,4-triazin-3-yl)-2,2’-bipyridine 
 

 

Figure 6.2. Core structures and their derivative studied in this report.  R in the lower two structures 
is a methyl ester (e), a methyl (m), or a phenyl (p) substituent. 
 
 
 

Core 1 (1)

Core 2 (2) 2aR 2bR

1b1a
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Figure 6.3. Equilibrium constants for 8 versus 9 coordinate complexes (filled triangles, Equations 
(6.12a) for neutrals and (6.12b) for anions) and substitution of a second ligand  for 3 H2O 
molecules (unfilled triangles, Equations (6.13a) for neutrals and (6.13b) for anions). (a) M = Eu 

c)

d)
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(grey), (b) M = Gd (red), (c) M = Am (blue), and (d) M = Cm (green). 
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Figure 6.4. ΔG(298K) for the reactions (6.4a), (6.5a) and (6.6a) in kcal/mol in water and butanol for  
Core 1. 

 

 

Figure 6.5. Complex formation in [ML(H2O)6]3+, with M = Am and L = 1 induces geometric 
changes.  Yellow lines indicate the plane of respective heterocycles as labeled.   
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Figure 6.6. Structure of [Eu(H2O)5]3+(1a). 

 

Figure 6.7. [EuL2]+ for L = 1 showing retention of ligand planarity on loss of Lewis frustration by 
removal of the 2N proton of the indole ring. 
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Figure 6.8. ΔG298K for the reactions (6.4a), (6.5a) and (6.6a) in kcal/mol in water and butanol for  
Core 2. 

 

 

Figure 6.9. Two views of geometry changes on complex formation in [ML(H2O)6]3+, where  
M = Gd and L = 2,with (a) 2N  and (b) 3N positions of the pyrazole ring protonated, showing 
frustration of the N-donor and subsequent retention of ligand planarity after proton transfer.   
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Appendix A6: Prediction of An(III)/Ln(III) Separation by 1,2,4-Triazinyl-Pyridine Derivatives 

Table A6.1. Ionization Energies (IE, eV), Electron Affinities (EA, eV), Hardness (η) and 
Electronegativities (χ) of ligands in the gas phase, water (aq) and butanol (but) in eV. 
 

 IE EA χ η 
 

gas aq But gas aq but gas aq but gas aq but 
1 7.04 5.42 5.51 1.21 2.91 2.81 4.12 4.16 4.16 2.92 1.26 1.35 
1a 6.95 5.41 5.54 1.07 2.71 2.59 4.01 4.06 4.06 2.94 1.35 1.48 
1b 6.77 5.54 5.64 1.37 3.02 2.91 4.07 4.28 4.27 2.70 1.26 1.37 
2 7.97 6.38 6.45 1.18 2.88 2.78 4.57 4.63 4.62 3.39 1.75 1.83 
2ae 7.62 5.96 6.07 1.20 2.67 2.59 4.41 4.32 4.33 3.21 1.64 1.74 
2am 7.44 6.11 6.18 1.04 2.69 2.60 4.24 4.40 4.39 3.20 1.71 1.79 
2ap 7.18 6.08 6.13 1.14 2.70 2.60 4.16 4.39 4.36 3.02 1.69 1.77 
2be 7.28 5.77 5.87 1.52 3.00 2.91 4.40 4.38 4.39 2.88 1.38 1.48 
2bm 7.13 5.82 5.91 1.39 3.00 2.90 4.26 4.41 4.40 2.87 1.41 1.51 
2bp 7.00 5.92 5.98 1.47 3.02 2.91 4.23 4.47 4.45 2.76 1.45 1.53 
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Table A6.2. Mulliken spin for M = Eu complexes in the gas phase at the 
B3LYP/Stuttgart’97ECP/ DZVP2 level from Gaussian16 and in water (aq) and butanol (but) at 
the BLYP/TZ2P/ZORA level from ADF. 
 
 [ML(H2O)6]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ [ML2]3+ 
ligand gas aq but gas aq but gas aq but gas aq but 
1 6.99 6.57 6.59 6.99 6.57 6.59 6.68 6.45 6.45 6.98 5.72 6.59 
1a 6.99 6.58 6.59 7.00 6.60 6.62 6.63 6.46 6.24 6.77 6.51 6.53 
1b 6.73 6.45 6.46 6.77 6.75 6.47 6.70 6.45 5.77 6.96 6.57 6.60 
2 6.33 6.26 6.26 6.35 6.26 6.27 6.07 6.17 6.17 6.25 6.28 6.28 
2ae 6.31 6.26 6.26 6.37 6.28 6.28 6.15 6.19 6.20 6.35 6.32 6.33 
2am 6.29 6.25 6.25 6.34 6.26 6.27 6.07 6.17 6.16 6.31 6.30 6.30 
2ap 6.56 6.35 6.36 6.59 6.36 6.37 6.34 6.27 6.29 6.52 6.37 6.39 
2be 6.78 6.45 6.46 6.80 6.45 6.47 6.59 6.39 6.41 6.89 6.52 6.56 
2bm 6.76 6.44 6.45 6.79 6.44 6.45 6.55 6.35 6.37 6.85 6.50 6.52 
2bp 6.75 6.43 6.45 6.78 6.44 6.46 6.53 6.36 6.38 6.81 6.49 6.52 
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Table A6.3. Natural Bond Orbital (NBO) population on central metal in complex [ML(H2O)5]3+ 
at the B3LYP/Stuttgart’97ECP/DZVP2 level in units of e.  ‘n’ refers to valence shell, 7 for 
actinides, 6 for lanthanides. For ns < 0.05 e, the value is not shown. 
 
Complex M (n-2)f (n-1)d ns 

Core 1 
[ML(H2O)6]3+ Am 6.10 0.74 0.18 

Cm 7.05 0.66 0.18 
Eu 6.98 0.08 

 

Gd 7.03 0.31 
 

[ML(H2O)5]3+ Am 6.11 0.67 0.17 
Cm 7.06 0.64 0.18 
Eu 6.99 0.09 

 

Gd 7.03 0.33 
 

[ML2(H2O)2]3+ Am 6.10 0.64 0.18 
Cm 6.95 0.56 0.18 
Eu 6.68 0.19 

 

Gd 7.03 0.37 
 

[ML2]3+ Am 6.08 0.48 0.15 
Cm 7.04 0.44 0.16 
Eu 6.96 0.14 0.09 
Gd 7.04 0.44 

 

1a 
[ML(H2O)6]3+ Am 6.11 0.75 0.18 

Cm 7.05 0.67 0.19 
Eu 6.98 0.09 

 

Gd 7.03 0.32 
 

[ML(H2O)5]3+ Am 6.13 0.66 0.17 
Cm 7.06 0.62 0.17 
Eu 7.00 0.08 

 

Gd 7.03 0.33 
 

[ML2(H2O)2]3+ Am 6.09 0.66 0.18 
Cm 6.93 0.58 0.18 
Eu 6.62 0.22 

 

Gd 7.03 0.38 
 

[ML2]3+ Am 6.07 0.48 0.15 
Cm 7.03 0.44 0.16 
Eu 6.75 0.21 0.1 
Gd 7.04 0.45 

 

1b 
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[ML(H2O)6]3+ Am 6.25 0.69 0.17 
Cm 7.05 0.67 0.18 
Eu 6.73 0.14 

 

Gd 7.03 0.32 
 

[ML(H2O)5]3+ Am 6.28 0.61 0.16 
Cm 7.06 0.65 0.18 
Eu 6.77 0.14 

 

Gd 7.03 0.34 
 

[ML2(H2O)2]3+ Am 6.09 0.67 0.18 
Cm 6.94 0.59 0.18 
Eu 6.69 0.2 

 

Gd 7.03 0.39 
 

[ML2]3+ Am 6.08 0.51 0.15 
Cm 7.02 0.46 0.16 
Eu 6.94 0.15 0.09 
Gd 7.04 0.47 

 

Core 2 
[ML(H2O)6]3+ Am 6.10 0.77 0.19 

Cm 7.05 0.70 0.19 
Eu 6.33 0.25 

 

Gd 7.03 0.31 
 

[ML(H2O)5]3+ Am 6.11 0.69 0.18 
Cm 7.06 0.66 0.18 
Eu 6.40 0.25 

 

Gd 7.03 0.32 
 

[ML2(H2O)2]3+ Am 6.07 0.74 0.2 
Cm 7.02 0.63 0.2 
Eu 6.09 0.43 

 

Gd 7.03 0.37 
 

[ML2]3+ Am 6.11 0.60 0.18 
Cm 7.06 0.58 0.18 
Eu 6.26 0.41 

 

Gd 7.04 0.43 
 

2ae 
[ML(H2O)6]3+ Am 6.10 0.77 0.19 

Cm 7.05 0.70 0.19 
Eu 6.31 0.27 

 

Gd 7.03 0.32 
 

[ML(H2O)5]3+ Am 6.11 0.70 0.18 
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Cm 7.06 0.68 0.18 
Eu 6.38 0.26 

 

Gd 7.03 0.33 
 

[ML2(H2O)2]3+ Am 6.06 0.75 0.20 
Cm 7.02 0.69 0.20 
Eu 6.17 0.40 

 

Gd 7.03 0.37 
 

[ML2]3+ Am 6.09 0.60 0.17 
Cm 7.06 0.58 0.18 
Eu 6.35 0.36 

 

Gd 7.04 0.44 
 

2am 
[ML(H2O)6]3+ Am 6.10 0.79 0.19 

Cm 7.05 0.71 0.19 
Eu 6.34 0.27 

 

Gd 7.03 0.32 
 

[ML(H2O)5]3+ Am 6.11 0.70 0.18 
Cm 7.06 0.68 0.18 
Eu 6.35 0.27 

 

Gd 7.03 0.34 
 

[ML2(H2O)2]3+ Am 6.07 0.75 0.20 
Cm 7.02 0.70 0.20 
Eu 6.10 0.43 

 

Gd 7.03 0.37 
 

[ML2]3+ Am 6.07 0.64 0.17 
Cm 7.06 0.59 0.18 
Eu 6.32 0.38 

 

Gd 7.04 0.45 
 

2ap 
[ML(H2O)6]3+ Am 6.13 0.77 0.18 

Cm 7.06 0.71 0.19 
Eu 6.55 0.19 

 

Gd 7.03 0.32 
 

[ML(H2O)5]3+ Am 6.14 0.70 0.18 
Cm 7.06 0.68 0.18 
Eu 6.58 0.19 

 

Gd 7.03 0.34 
 

[ML2(H2O)2]3+ Am 6.06 0.76 0.20 
Cm 7.01 0.70 0.20 
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Eu 6.34 0.32 
 

Gd 7.03 0.37 
 

[ML2]3+ Am 6.08 0.62 0.18 
Cm 7.06 0.60 0.18 
Eu 6.51 0.29 

 

Gd 7.04 0.45 
 

2be 
[ML(H2O)6]3+ Am 6.22 0.73 0.18 

Cm 7.06 0.71 0.19 
Eu 6.77 0.13 

 

Gd 7.03 0.32 
 

[ML(H2O)5]3+ Am 6.31 0.62 0.16 
Cm 7.06 0.68 0.18 
Eu 6.80 0.13 

 

Gd 7.03 0.34 
 

[ML2(H2O)2]3+ Am 6.07 0.75 0.20 
Cm 7.02 0.70 0.20 
Eu 6.59 0.22 

 

Gd 7.03 0.37 
 

[ML2]3+ Am 6.10 0.63 0.17 
Cm 7.06 0.61 0.18 
Eu 6.88 0.17 

 

Gd 7.04 0.45 
 

2bm 
[ML(H2O)6]3+ Am 6.17 0.75 0.18 

Cm 7.06 0.71 0.19 
Eu 6.76 0.14 

 

Gd 7.03 0.33 
 

[ML(H2O)5]3+ Am 6.29 0.64 0.17 
Cm 7.06 0.69 0.18 
Eu 6.78 0.14 

 

Gd 7.03 0.34 
 

[ML2(H2O)2]3+ Am 6.08 0.76 0.20 
Cm 7.02 0.70 0.20 
Eu 6.54 0.24 

 

Gd 7.03 0.37 
 

[ML2]3+ Am 6.10 0.63 0.17 
Cm 7.06 0.61 0.18 
Eu 6.83 0.18 
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Gd 7.04 0.45 
 

2bp 
[ML(H2O)6]3+ Am 6.14 0.76 0.18 

Cm 7.06 0.71 0.19 
Eu 6.74 0.14 

 

Gd 7.03 0.33 
 

[ML(H2O)5]3+ Am 6.23 0.66 0.17 
Cm 7.06 0.69 0.18 
Eu 6.78 0.14 

 

Gd 7.03 0.35 
 

[ML2(H2O)2]3+ Am 6.07 0.76 0.20 
Cm 7.02 0.70 0.20 
Eu 6.52 0.24 

 

Gd 7.03 0.37 
 

[ML2]3+ Am 6.09 0.64 0.17 
Cm 7.06 0.62 0.18 
Eu 6.81 0.19 0.12 
Gd 7.04 0.46 

 

1i 
[ML(H2O)6]2+ Am 6.12 0.76 0.18 

Cm 7.06 0.69 0.19 
Eu 6.82 0.13 

 

Gd 7.04 0.35 
 

[ML(H2O)5]2+ Am 6.19 0.68 0.17 
Cm 7.07 0.67 0.18 
Eu 6.83 0.14 

 

Gd 7.04 0.37 
 

[ML2(H2O)2]1+ Am 6.12 0.68 0.19 
Cm 6.95 0.61 0.20 
Eu 6.48 0.28 

 

Gd 7.04 0.40 
 

[ML2]1+ Am 6.03 0.59 0.18 
Cm 7.04 0.55 0.18 
Eu 6.64 0.27 0.13 
Gd 7.04 0.49 

 

1ai 
[ML(H2O)6]2+ Am 6.14 0.75 0.18 

Cm 7.06 0.69 0.19 
Eu 6.84 0.13 
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Gd 7.04 0.35 
 

[ML(H2O)5]2+ Am 6.14 0.70 0.17 
Cm 7.07 0.69 0.18 
Eu 6.84 0.14 

 

Gd 7.04 0.38 
 

[ML2(H2O)2]1+ Am 6.11 0.61 0.19 
Cm 6.94 0.60 0.20 
Eu 6.26 0.33 

 

Gd 7.04 0.39 
 

[ML2]1+ Am 6.02 0.58 0.18 
Cm 7.03 0.55 0.18 
Eu 6.59 0.29 

 

Gd 7.04 0.48 
 

1bi 
[ML(H2O)6]2+ Am 6.15 0.76 0.18 

Cm 7.06 0.70 0.19 
Eu 6.82 0.13 

 

Gd 7.04 0.35 
 

[ML(H2O)5]2+ Am 6.12 0.71 0.17 
Cm 7.07 0.69 0.18 
Eu 6.82 0.14 

 

Gd 7.04 0.38 
 

[ML2(H2O)2]1+ Am 6.08 0.69 0.20 
Cm 6.95 0.61 0.20 
Eu 6.47 0.28 

 

Gd 7.04 0.39 
 

[ML2]1+ Am 6.01 0.59 0.18 
Cm 7.03 0.55 0.18 
Eu 6.59 0.29 

 

Gd 7.04 0.48 
 

2i 
[ML(H2O)6]2+ Am 6.13 0.76 0.18 

Cm 7.06 0.71 0.18 
Eu 6.45 0.24 

 

Gd 7.03 0.35 
 

[ML(H2O)5]2+ Am 6.13 0.70 0.17 
Cm 7.07 0.69 0.18 
Eu 6.49 0.24 

 

Gd 7.04 0.36 
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[ML2(H2O)2]1+ Am 6.10 0.74 0.19 
Cm 7.03 0.68 0.19 
Eu 6.19 0.42 

 

Gd 7.03 0.40 
 

[ML2]1+ Am 6.09 0.64 0.17 
Cm 7.06 0.61 0.18 
Eu 6.36 0.41 

 

Gd 7.04 0.50 
 

2aei 
[ML(H2O)6]2+ Am 6.12 0.77 0.18 

Cm 7.06 0.72 0.19 
Eu 6.38 0.28 

 

Gd 7.03 0.35 
 

[ML(H2O)5]2+ Am 6.13 0.70 0.17 
Cm 7.07 0.69 0.18 
Eu 6.44 0.25 

 

Gd 7.03 0.36 
 

[ML2(H2O)2]1+ Am 6.10 0.71 0.19 
Cm 7.01 0.67 0.19 
Eu 6.21 0.41 

 

Gd 7.03 0.40 
 

[ML2]1+ Am 6.07 0.63 0.17 
Cm 7.06 0.60 0.17 
Eu 6.28 0.44 

 

Gd 7.04 0.49 
 

2ami 
[ML(H2O)6]2+ Am 6.13 0.77 0.18 

Cm 7.06 0.72 0.18 
Eu 6.49 0.23 

 

Gd 7.03 0.35 
 

[ML(H2O)5]2+ Am 6.14 0.71 0.17 
Cm 7.07 0.70 0.18 
Eu 6.51 0.23 

 

Gd 7.04 0.37 
 

[ML2(H2O)2]1+ Am 6.10 0.72 0.19 
Cm 7.02 0.67 0.19 
Eu 6.22 0.41 

 

Gd 7.04 0.41 
 

[ML2]1+ Am 6.08 0.63 0.17 
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Cm 7.06 0.61 0.17 
Eu 6.37 0.40 

 

Gd 7.04 0.49 
 

2api 
[ML(H2O)6]2+ Am 6.12 0.78 0.18 

Cm 7.06 0.72 0.18 
Eu 6.61 0.20 

 

Gd 7.03 0.36 
 

[ML(H2O)5]2+ Am 6.14 0.71 0.17 
Cm 7.07 0.70 0.18 
Eu 6.73 0.16 

 

Gd 7.04 0.37 
 

[ML2(H2O)2]1+ Am 6.09 0.73 0.19 
Cm 7.01 0.68 0.20 
Eu 6.36 0.34 

 

Gd 7.04 0.41 
 

[ML2]1+ Am 6.08 0.63 0.16 
Cm 7.06 0.61 0.17 
Eu 6.56 0.31 

 

Gd 7.04 0.49 
 

2bei 
[ML(H2O)6]2+ Am 6.13 0.76 0.18 

Cm 7.06 0.72 0.19 
Eu 6.44 0.26 

 

Gd 7.03 0.36 
 

[ML(H2O)5]2+ Am 6.13 0.71 0.17 
Cm 7.07 0.70 0.18 
Eu 6.48 0.25 

 

Gd 7.04 0.36 
 

[ML2(H2O)2]1+ Am 6.09 0.72 0.19 
Cm 7.02 0.67 0.19 
Eu 6.12 0.45 

 

Gd 7.03 0.39 
 

[ML2]1+ Am 6.08 0.63 0.17 
Cm 7.06 0.61 0.17 
Eu 6.25 0.46 0.13 
Gd 7.04 0.49 

 

2bmi 
[ML(H2O)6]2+ Am 6.13 0.76 0.18 
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Cm 7.06 0.72 0.19 
Eu 6.45 0.26 

 

Gd 7.03 0.36 
 

[ML(H2O)5]2+ Am 6.13 0.71 0.17 
Cm 7.07 0.70 0.18 
Eu 6.53 0.23 

 

Gd 7.04 0.37 
 

[ML2(H2O)2]1+ Am 6.09 0.73 0.19 
Cm 7.02 0.67 0.19 
Eu 6.15 0.44 

 

Gd 7.03 0.40 
 

[ML2]1+ Am 6.08 0.64 0.17 
Cm 7.06 0.62 0.17 
Eu 6.38 0.39 

 

Gd 7.04 0.49 
 

2bpi 
[ML(H2O)6]2+ Am 6.14 0.76 0.18 

Cm 7.06 0.72 0.19 
Eu 6.63 0.19 

 

Gd 7.03 0.36 
 

[ML(H2O)5]2+ Am 6.14 0.71 0.17 
Cm 7.07 0.70 0.18 
Eu 6.69 0.18 

 

Gd 7.04 0.37 
 

[ML2(H2O)2]1+ Am 6.09 0.73 0.19 
Cm 7.02 0.67 0.19 
Eu 6.27 0.39 

 

Gd 7.03 0.39 
 

[ML2]1+ Am 6.07 0.64 0.17 
Cm 7.06 0.61 0.17 
Eu 6.54 0.31 0.12 
Gd 7.04 0.49 
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Table A6.4. ΔG298K (kcal/mol) of 2N to 3N proton transfer in pyrazole ring of Core 2 ligands in 
the gas phase, water, and butanol for each metal, calculated at the 
B3LYP/Stuttgart’97ECP/DZVP2 gas phase level with solvent corrections at the 
BLYP/TZ2P/ZORA level. 
 
Complex M ΔG298K,gas ΔGsol,aq ΔGsol,but 

Core 2 
[ML(H2O)6]3+ Eu -18.5 -15.2 -16.0 

Gd -22.5 -21.5 -21.1 
Am -22.7 -20.6 -21.4 
Cm -23.9 -22.9 -23.1 

[ML(H2O)5]3+ Eu -24.3 -20.7 -21.7 
Gd -25.3 -22.6 -23.6 
Am -26.3 -24.0 -24.1 
Cm -25.5 -22.5 -23.1 

[ML2(H2O)2]3+ Eu -41.9 -41.1 -42.6 
Gd -38.2 -46.0 -45.9 
Am -48.0 -47.0 -47.6 
Cm -38.5 -45.4 -45.5 

[ML2]3+ Eu -54.3 -47.3a -47.8a 
Gd -61.4 -59.4 -58.4 
Am -58.5 -55.1 -56.7 
Cm -60.0 -58.4 -57.2 

2ae 
[ML(H2O)6]3+ Eu -19.6 -17.2 -16.2 

Gd -22.8 -21.6 -20.3 
Am -22.2 -20.5 -19.0 
Cm -22.6 -21.0 -19.7 

[ML(H2O)5]3+ Eu -23.2 -19.2 -19.3 
Gd -28.7 -25.3 -25.1 
Am -27.1 -24.1 -24.3 
Cm -28.5 -24.4 -24.6 

[ML2(H2O)2]3+ Eu -46.5 -36.9 -37.4 
Gd -54.2 -43.5 -44.8 
Am -51.0 -41.7 -41.6 
Cm -52.8 -43.3 -43.3 

[ML2]3+ Eu -55.3 -55.7 -58.1 
Gd -60.3 -63.9 -58.1 
Am -57.4 -60.2 -61.4 
Cm -59.1 -59.6 -56.5 
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2am 
[ML(H2O)6]3+ Eu -19.7 -18.4 -18.3 

Gd -21.7 -20.3 -20.0 
Am -20.2 -19.0 -18.6 
Cm -21.7 -20.9 -20.7 

[ML(H2O)5]3+ Eu -22.6 -22.0 -23.7 
Gd -25.3 -24.5 -25.3 
Am -24.1 -23.9 -23.9 
Cm -24.8 -23.1 -24.4 

[ML2(H2O)2]3+ Eu -48.7 -44.6 -40.1 
Gd -55.1 -47.5 -43.2 
Am -52.7 -48.7 -44.5 
Cm -54.0 -48.7 -42.4 

[ML2]3+ Eu -51.3 -43.1a -43.5a 
Gd -57.6 -61.9 -62.7 
Am -55.0 -55.9 -61.6 
Cm -57.5 -53.8 -61.7 

2ap 
[ML(H2O)6]3+ Eu -12.4 -11.3 -10.9 

Gd -22.5 -23.7 -22.1 
Am -21.6 -21.8 -22.0 
Cm -22.8 -23.1 -23.4 

[ML(H2O)5]3+ Eu -16.3 -12.0 -12.9 
Gd -23.7 -22.6 -21.9 
Am -23.4 -22.2 -22.0 
Cm -23.6 -21.8 -21.8 

[ML2(H2O)2]3+ Eu -36.6 -40.5a -40.3a 
Gd -47.6 -39.3 -36.6 
Am -46.8 -40.5 -36.4 
Cm -51.0 -43.0 -41.0 

[ML2]3+ Eu -42.3 -48.4 -48.3 
Gd -55.8 -60.7 -56.7 
Am -51.7 -60.2 -56.4 
Cm -54.5 -59.0 -56.2 

2be 
[ML(H2O)6]3+ Eu -11.9 -12.4 -12.0 

Gd -18.2 -29.1 -26.9 
Am -19.5 -22.6 -21.6 
Cm -26.5 -25.2 -24.7 



369 
 

[ML(H2O)5]3+ Eu -18.0 -17.3 -16.3 
Gd -26.0 -25.3 -25.0 
Am -22.9 -25.6 -24.7 
Cm -25.7 -24.4 -24.3 

[ML2(H2O)2]3+ Eu -35.4 -36.0 -26.8 
Gd -49.5 -47.5 -41.5 
Am -47.0 -45.8a -45.9a 
Cm -47.8 -47.4 -39.9 

[ML2]3+ Eu -44.0 -35.0a -35.3a 
Gd -60.4 -54.8 -57.6 
Am -54.6 -44.4 -61.1 
Cm -58.3 -47.2 -57.3 

2bm 
[ML(H2O)6]3+ Eu -10.4 -17.8 -11.8 

Gd -21.0 -19.9 -19.5 
Am -19.2 -23.1 -23.9 
Cm -24.8 -23.5 -24.1 

[ML(H2O)5]3+ Eu -17.5 -18.4 -18.5 
Gd -24.7 -20.6 -23.5 
Am -22.1 -25.4 -24.4 
Cm -24.6 -22.9 -24.1 

[ML2(H2O)2]3+ Eu -35.8 -37.4a -39.1a 
Gd -47.8 -48.9 -40.6 
Am -45.0 -48.3 -39.3 
Cm -46.2 -48.4 -39.4 

[ML2]3+ Eu -44.6 -32.3 -36.7 
Gd -57.3 -55.7 -61.4 
Am -53.8 -49.8 -63.8 
Cm -55.8 -50.1 -60.3 

2bp 
[ML(H2O)6]3+ Eu -10.4 -11.8 -10.9 

Gd -19.8 -20.3 -19.6 
Am -19.5 -23.7 -22.6 
Cm -23.5 -24.0 -23.4 

[ML(H2O)5]3+ Eu -17.6 -16.1 -18.0 
Gd -22.4 -23.9 -22.9 
Am -20.4 -23.4 -23.3 
Cm -22.2 -21.6 -22.4 

[ML2(H2O)2]3+ Eu -33.5 -16.0 -23.1 
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Gd -44.7 -43.0 -36.3 
Am -39.5 -36.5 -30.6 
Cm -43.7 -43.1 -35.3 

[ML2]3+ Eu -41.5 -37.0a -36.9a 
Gd -56.3 -56.7 -56.3 
Am -52.5 -60.1 -59.2 
Cm -54.8 -51.0 -56.0 

a Due to convergence issues, these solvation energy calculations were obtained at the 
B3LYP/Stuttgart’97/DZVP2/COSMO level with Gaussian16  

 

Table A6.5. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=1 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-85.4 
-83.2 

-107.8 
-90.2 

-18.7 
-19.0 

0.6 
11.2 

-35.0 
-34.6 
-29.8 
-31.1 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-54.9 
-51.9 
-89.9 
-63.9 

2.6 
0.3 

11.3 
38.4 

-9.5 
-15.0 
-18.5 

0.3 

Am (4a) 
(5a) 
(6a) 
(7a) 

-58.9 
-55.3 
-95.4 
-74.4 

2.1 
0.2 
8.5 

29.3 

-11.0 
-16.0 
-21.6 
-9.2 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-54.3 
-50.6 
-89.7 
-65.2 

2.1 
0.7 
9.4 

34.5 

-10.9 
-15.8 
-19.7 
-3.8 
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Table A6.6. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=1a 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-100.4 
-105.3 
-136.2 
-107.5 

-15.9 
-28.4 
-25.3 

9.0 

-28.7 
-39.7 
-40.4 
-22.5 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-72.4 
-65.2 

-123.1 
-90.4 

-2.2 
0.2 
1.5 

26.5 

-12.9 
-13.9 
-29.3 
-5.9 

Am (4a) 
(5a) 
(6a) 
(7a) 

-78.3 
-70.3 

-126.5 
-100.3 

-5.8 
-1.7 
1.4 

20.4 

-17.1 
-16.5 
-29.7 
-14.0 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-71.5 
-64.2 

-122.1 
-91.7 

-2.9 
-1.1 
0.1 

24.4 

-13.4 
-15.2 
-30.1 
-10.1 
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Table A6.7. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=1b 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-118.5 
-116.4 
-164.0  
-146.6 

-12.4 
1.8 

-6.7  
9.9 

-24.9 
-20.0 
-41.1  
-26.3 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-90.3 
-87.1 

-145.4 
-117.2 

-4.5 
-5.9 
2.0 

28.7 

-15.4 
-20.7 
-26.2 
-5.7 

Am (4a) 
(5a) 
(6a) 
(7a) 

-96.3 
-93.0 

-148.9 
-126.7 

-3.8 
-4.7 
3.3 

22.7 

-14.3 
-18.7 
-26.4 
-11.1 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-89.2 
-85.6 

-144.5 
-116.4 

-5.5 
-6.3 
1.0 

30.1 

-17.0 
-21.0 
-28.5 
-3.3 
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Table A6.8. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-77.2 
-73.2 

-127.5 
-102.4 

-13.2 
-15.4 
-22.1 
-6.3 

-27.6 
-33.4 
-54.0 
-43.7 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-71.3 
-65.2 

-118.5 
-97.6 

-14.9 
-14.2 
-24.1 
-4.4 

-28.3 
-31.6 
-54.5 
-40.7 

Am (4a) 
(5a) 
(6a) 
(7a) 

-75.9 
-70.1 

-131.2 
-105.5 

-15.5 
-15.9 
-26.1 
-10.4 

-29.8 
-33.6 
-57.7 
-48.0 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-72.0 
-64.1 

-117.7 
-98.1  

-15.7 
-13.8 
-24.2 
-7.6  

-30.1 
-31.3 
-55.3 
-44.3  
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Table A6.9. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2ae 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-96.9 
-93.4 

-155.5 
-133.2  

-18.2 
-20.2 
-17.2 
-9.8 

-28.0 
-33.9 
-43.9 
-40.4 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-89.8 
-85.8  

-156.9 
-126.4 

-18.6 
-19.0  
-20.4 
-5.5 

-27.5 
-31.9  
-47.3 
-29.2 

Am (4a) 
(5a) 
(6a) 
(7a) 

-93.1 
-88.8  

-158.8 
-133.8 

-18.0 
-19.4  
-21.5 
-11.9 

-27.9 
-33.3  
-48.0 
-42.6 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-88.7 
-83.9  

-154.4 
-126.4 

-18.2 
-18.4 
-21.1 
-7.9 

-28.5 
-32.2 
-47.5 
-33.1 
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Table A6.10. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2am 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-103.1 
-99.6 

-168.4 
-143.8 

-21.0 
-22.5 
-33.6 
-16.7 

-33.2 
-39.2 
-58.3 
-51.4 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-96.2 
-92.4  

-168.7 
-139.5 

-21.2 
-22.3  
-36.0 
-16.7 

-33.2 
-37.6  
-58.3 
-51.4 

Am (4a) 
(5a) 
(6a) 
(7a) 

-98.7 
-95.4 

-171.1 
-146.5 

-20.3 
-22.4  
-37.5 
-22.0 

-33.1 
-38.6 
-61.8 
-58.6 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-95.0 
-90.5  

-166.3 
-139.5 

-21.4 
-21.3  
-37.3 
-18.5 

-34.2 
-37.2  
-60.2 
-54.6 
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Table A6.11. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2ap 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-116.5 
-114.5 
-175.9 
-153.8 

-25.7 
-27.2 
-27.5 
-19.5 

-36.0 
-41.9 
-53.5 
-50.4 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-99.4 
-96.1 

-170.8 
-144.5 

-21.7 
-22.7 
-26.7 
-14.0 

-31.2 
-36.7 
-53.5 
-43.3 

Am (4a) 
(5a) 
(6a) 
(7a) 

-102.3 
-99.5 

-173.0 
-150.1 

-20.3 
-22.7 
-28.6 
-21.0 

-31.0 
-37.2 
-55.1 
-50.6 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-98.5 
-94.2 

-168.3 
-143.7 

-22.0 
-21.9 
-27.3 
-15.6 

-32.7 
-36.5 
-54.3 
-46.1 
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Table A6.12. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2be 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-126.6 
-128.3 
-183.9 
-167.0 

-24.8 
-29.6  
-30.6 
-23.3 

-37.1 
-45.2 
-52.2 
-48.2 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-100.4 
-96.9  

-170.8 
-140.2 

-21.9 
-22.4  
-27.0 
-7.8 

-30.8 
-34.7  
-47.4 
-31.2 

Am (4a) 
(5a) 
(6a) 
(7a) 

-104.8 
-102.1 
-173.2 
-147.4 

-19.8 
-17.8 
-27.1 
-11.8 

-28.4 
-30.9  
-47.0 
-42.2 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-99.1 
-94.8  

-168.3 
-140.2 

-21.4 
-21.6 
-28.7 
-10.2 

-30.6 
-34.8 
-47.8 
-37.0 
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Table A6.13. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2bm 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-130.2 
-133.4 
-193.4 
-178.3 

-26.5 
-32.2 
-41.8 
-31.0 

-39.8 
-49.5 
-64.9 
-64.5 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-106.4 
-103.0  
-182.4 
-152.4 

-23.4 
-25.6  
-40.6 
-17.9 

-34.4 
-39.9  
-61.1 
-51.6 

Am (4a) 
(5a) 
(6a) 
(7a) 

-110.7 
-108.0  
-184.5 
-159.8 

-23.8 
-21.9 
-41.1 
-23.6 

-36.6 
-36.7  
-61.7 
-58.9 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-105.1 
-100.9 
-179.6 
-152.3 

-23.6 
-24.6 
-41.2 
-20.7 

-35.5 
-40.1 
-61.6 
-55.8 
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Table A6.14. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2bp 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-122.0 
-117.8 
-193.4 
-177.1 

-17.3 
-31.7 
-34.2 
-26.6 

-28.3 
-48.4 
-57.3 
-54.0 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-109.2 
-106.6 
-183.5 
-155.6 

-24.3 
-26.1 
-32.3 
-15.7 

-34.5 
-38.8 
-54.0 
-41.8 

Am (4a) 
(5a) 
(6a) 
(7a) 

-112.7 
-110.0 
-182.8 
-159.8 

-23.5 
-22.4 
-27.1 
-23.6 

-33.2 
-36.4 
-50.9 
-58.9 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-107.8 
-104.1 
-181.0 
-152.3 

-24.3 
-24.6 
-33.1 
-20.7 

-34.4 
-38.8 
-54.7 
-55.8 
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Table A6.15. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=1i 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-329.4 
-330.0 
-501.0 
-497.6 

-42.7 
-45.3 
-49.6 
-48.2 

-70.6 
-77.5 

-105.5 
-111.7 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-301.5 
-302.2 
-490.4 
-484.3 

-25.5 
-25.3 
-42.0 
-39.0 

-52.0 
-56.2 
-96.7 

-101.8 

Am (4a) 
(5a) 
(6a) 
(7a) 

-303.3 
-306.1 
-496.5 
-491.1 

-22.3 
-25.0 
-45.6 
-43.0 

-49.6 
-56.9 

-101.5 
-107.0 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-300.4 
-299.9 
-489.4 
-484.8 

-26.3 
-25.3 
-43.5 
-42.1 

-53.2 
-56.4 
-98.5 

-105.3 
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Table A6.16. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=1ai 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-334.2 
-334.8 
-503.0 
-498.4 

-51.0 
-52.7 
-66.7 
-61.8 

-77.3 
-83.4 

-121.1 
-125.2 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-308.7 
-309.5 
-493.3 
-486.8 

-33.9 
-36.7 
-60.0 
-53.2 

-58.9 
-65.7 

-114.0 
-116.2 

Am (4a) 
(5a) 
(6a) 
(7a) 

-312.3 
-312.9 
-495.3 
-493.1 

-33.7 
-35.6 
-59.6 
-57.8 

-59.0 
-66.2 

-114.2 
-121.4 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-307.4 
-307.4 
-491.9 
-487.0 

-34.6 
-36.3 
-61.2 
-56.2 

-59.9 
-66.7 

-115.7 
-119.3 
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Table A6.17. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=1bi 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-342.0 
-343.1 
-509.6 
-502.8 

-45.5 
-50.4 
-59.9 
-54.6 

-72.3 
-81.3 

-112.9 
-115.1 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-316.8 
-318.5 
-500.0 
-491.5 

-29.8 
-33.2 
-52.7 
-45.6 

-54.8 
-62.8 

-104.9 
-105.7 

Am (4a) 
(5a) 
(6a) 
(7a) 

-320.4 
-321.8 
-501.2 
-498.1 

-28.3 
-32.2 
-52.3 
-51.5 

-54.9 
-63.3 

-105.7 
-112.1 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-315.4 
-316.4 
-499.2 
-492.0 

-29.9 
-33.0 
-54.4 
-49.2 

-56.3 
-63.1 

-107.4 
-109.4 
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Table A6.18. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2i 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-322.2 
-321.7 
-514.1 
-492.7 

-27.5 
-31.5 
-45.3 
-34.0 

-55.7 
-63.4 

-100.5 
-93.1 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-313.0 
-312.3 
-515.1 
-487.2 

-23.7 
-27.9 
-47.4 
-28.9 

-51.2 
-58.9 

-102.4 
-89.5 

Am (4a) 
(5a) 
(6a) 
(7a) 

-316.6 
-315.8 
-518.2 
-494.2 

-24.4 
-28.8 
-49.1 
-35.8 

-52.8 
-61.0 

-104.8 
-98.3 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-311.3 
-309.9 
-512.5 
-488.0 

-23.7 
-27.3 
-47.8 
-33.3 

-51.6 
-59.1 

-103.2 
-93.5 
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Table A6.19. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2aei 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-320.1 
-320.8 
-494.5 
-481.5 

-24.6 
-30.3 
-35.3 
-23.0 

-53.8 
-60.3 
-87.6 
-83.6 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-313.0 
-312.2 
-495.8 
-478.0 

-22.8 
-26.9 
-37.6 
-20.7 

-47.0 
-55.4 
-90.3 
-81.1 

Am (4a) 
(5a) 
(6a) 
(7a) 

-315.6 
-315.5 
-499.2 
-483.9 

-22.6 
-21.6 
-39.0 
-28.4 

-48.0 
-52.8 
-92.5 
-87.9 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-310.8 
-309.6 
-493.6 
-477.9 

-22.1 
-26.1 
-37.6 
-23.9 

-47.6 
-55.7 
-90.7 
-84.5 
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Table A6.20. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2ami 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-336.9 
-338.0 
-520.4 
-502.5 

-28.6 
-34.9 
-42.0 
-43.2 

-57.3 
-66.4 
-97.3 

-104.7 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-327.5 
-326.6 
-517.6 
-500.1 

-24.4 
-28.6 
-41.2 
-28.2 

-52.3 
-58.9 
-95.9 
-88.8 

Am (4a) 
(5a) 
(6a) 
(7a) 

-330.2 
-329.9 
-520.8 
-505.4 

-24.7 
-29.1 
-42.4 
-33.0 

-53.6 
-61.1 
-98.0 
-94.7 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-325.5 
-324.0 
-515.2 
-500.5 

-24.8 
-28.0 
-41.2 
-34.7 

-52.9 
-59.3 
-96.3 
-92.2 
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Table A6.21. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2api 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-337.6 
-338.7 
-508.2 
-495.8 

-31.2 
-36.2 
-40.8 
-34.6 

-76.0 
-67.6 
-95.8 
-95.4 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-319.9 
-319.4 
-503.3 
-486.5 

-23.8 
-28.1 
-39.0 
-24.0 

-49.5 
-57.9 
-93.3 
-85.9 

Am (4a) 
(5a) 
(6a) 
(7a) 

-322.5 
-321.9 
-503.8 
-492.3 

-23.3 
-27.0 
-37.3 
-28.2 

-49.8 
-57.6 
-93.3 
-91.1 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-317.7 
-316.7 
-500.8 
-486.5 

-23.2 
-27.3 
-38.6 
-26.4 

-49.8 
-57.8 
-93.6 
-88.9 
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Table A6.22. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2bei 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-324.5 
-324.0 
-501.0 
-475.6 

-26.1 
-29.0 
-44.9 
-33.6 

-53.1  
-59.5 
-99.3 
-89.7  

Gd (4a) 
(5a) 
(6a) 
(7a) 

-314.9 
-314.1 
-499.9 
-472.9 

-27.3 
-30.0 
-45.1 
-30.0 

-52.2 
-59.4 
-99.2 
-86.2 

Am (4a) 
(5a) 
(6a) 
(7a) 

-317.9 
-317.4 
-502.3 
-479.6 

-27.5 
-31.6 
-46.7 
-35.6 

-53.4 
-61.2 

-101.4 
-93.1 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-312.7 
-311.5 
-497.2 
-473.1 

-27.4 
-29.7 
-45.4 
-32.4 

-52.6 
-59.3 
-99.8 
-89.6 
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Table A6.23. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2bmi 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-338.7 
-339.3 
-524.2 
-502.5 

-26.8 
-37.7 
-55.1 
-43.2 

-55.6 
-67.5 

-112.2 
-104.7 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-329.3 
-329.0 
-522.6 
-497.0 

-31.0 
-33.6 
-54.7 
-39.2 

-57.6 
-64.7 

-111.5 
-99.5 

Am (4a) 
(5a) 
(6a) 
(7a) 

-332.4 
-332.3 
-525.4 
-503.6 

-31.0 
-35.1 
-56.5 
-44.8 

-59.1 
-67.0 

-114.1 
-105.6 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-327.1 
-326.4 
-520.2 
-497.5 

-30.6 
-33.3 
-55.2 
-42.5 

-57.8 
-64.8 

-112.3 
-102.5 
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Table A6.24. ΔG298K energies (kcal/mol) in the gas phase, water, and butanol for complexation 
reactions where L=2bpi 
 

M Rxn ∆G298K,gas ∆G298K,aq ∆G298K,but 

Eu (4a) 
(5a) 
(6a) 
(7a) 

-338.7 
-338.2 
-508.7 
-490.1 

-36.7 
-35.8 
-48.9 
-37.9 

-64.5 
-68.2 

-105.4 
-99.5 

Gd (4a) 
(5a) 
(6a) 
(7a) 

-321.2 
-320.9 
-505.5 
-481.3 

-28.2 
-31.5 
-47.6 
-32.2 

-55.0 
-62.4 

-103.7 
-92.7 

Am (4a) 
(5a) 
(6a) 
(7a) 

-324.7 
-324.0 
-508.1 
-487.6 

-28.3 
-32.4 
-49.1 
-37.7 

-55.5 
-63.7 

-106.3 
-99.0 

Cm (4a) 
(5a) 
(6a) 
(7a) 

-319.0 
-318.2 
-502.6 
-481.3 

-28.2 
-31.1 
-47.6 
-34.5 

-55.1 
-62.2 

-104.2 
-95.9 
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Table A6.25. ΔΔG(aq) and ΔΔG(but) in kcal/mol used for Metal Selectivity Equilibria of Core 1 in 
Aqueous and Butanol Solutions for Complexes [ML(H2O)5]3+ and [ML2(H2O)2]3+. 
 

Rxn. 
(M2 → M1) 

[ML(H2O)5]3+ [ML2(H2O)2]3+ 

ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) 

Am → Eu -19.2 -18.6 -7.9 -8.2 

Cm → Eu -19.7 -18.8 -8.7 -10.0 

Gd → Eu -19.3 -19.6 -10.7 -11.4 

Cm → Am -0.4 -0.2 -0.8 -1.8 

Gd → Am -0.1 -0.9 -2.8 -3.1 

Gd → Cm 0.3 -0.7 -2.0 -1.3 
 

Table A6.26. ΔΔG(aq) and ΔΔG(but) in kcal/mol used for Metal Selectivity Equilibria of 1a in 
Aqueous and Butanol Solutions for Complexes [ML(H2O)6]3+, [ML(H2O)5]3+, and [ML2(H2O)2]3+. 
 

Rxn. 
(M2 → M1) 

[ML(H2O)6]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ 

ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) 

Am → Eu -10.1 -11.6 -26.7 -23.2 -26.6 -10.7 
Cm → Eu -13.0 -15.3 -27.3 -24.4 -25.4 -10.3 
Gd → Eu -13.7 -15.8 -28.6 -25.8 -26.8 -11.2 

Cm → Am -2.9 -3.7 -0.6 -1.2 1.3 0.4 

Gd → Am -3.6 -4.2 -1.9 -2.6 -0.2 -0.4 
Gd → Cm -0.7 -0.5 -1.3 -1.4 -1.4 -0.8 

 



391 
 

Table A6.27. ΔΔG(aq) and ΔΔG(but) in kcal/mol used for Metal Selectivity Equilibria of 1b in 
Aqueous and Butanol Solutions for Complexes [ML(H2O)6]3+, [ML(H2O)5]3+, and [ML2(H2O)2]3+. 
 

Rxn. 
(M2 → M1) 

[ML(H2O)6]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ 

ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) 

Am → Eu -8.6 -10.6 6.5 -1.3 -10.0 -14.7 
Cm → Eu -6.9 -7.9 8.1 1.0 -7.7 -12.6 
Gd → Eu -7.9 -9.5 7.6 0.8 -8.7 -14.9 

Cm → Am 1.7 2.7 1.6 2.3 2.3 2.1 
Gd → Am 0.7 1.1 1.2 2.1 1.4 -0.2 

Gd → Cm -1.0 -1.6 -0.5 -0.3 -1.0 -2.3 
 

Table A6.28. ΔΔG(aq) and ΔΔG(but) in kcal/mol used for Metal Selectivity Equilibria for Core 2 in 
Aqueous and Butanol Solutions for Complexes [ML(H2O)5]3+ and [ML2(H2O)2]3+. 
 

 

 

 

 

 

 

 

 

 

Rxn. 
(M2 → M1) 

[ML(H2O)5]3+ [ML2(H2O)2]3+ 

ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) 

Am → Eu 0.5 0.2 4.0 3.7 

Cm → Eu -1.6 -2.1 2.1 1.3 

Gd → Eu -1.2 -1.7 2.0 0.5 

Cm → Am -2.1 -2.3 -1.8 -2.4 

Gd → Am -1.7 -1.9 -2.0 -3.2 

Gd → Cm 0.4 0.3 -0.1 -0.8 
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Table A6.29. ΔΔG(aq) and ΔΔG(but) in kcal/mol used for Metal Selectivity Equilibria for 2aR (R = e, m, p) Ligands in Aqueous and 
Butanol Solutions for [ML(H2O)5]3+. 
 

Rxn. 
(M2 → M1) 

2ae 2am 2ap 

[ML(H2O)5]3+ [ML2(H2O)2]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ 

ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) 

Am → Eu -0.8 -0.6 4.3 4.1 -0.1 -0.6 3.9 3.6 -4.5 -4.7 1.2 1.6 

Cm → Eu -1.8 -1.7 3.9 3.6 -1.1 -2.0 3.8 2.0 -5.3 -5.5 -0.2 0.8 

Gd → Eu -1.2 -2.0 3.2 3.5 -0.2 -1.7 2.4 1.6 -4.6 -5.3 -0.8 0.0 

Cm → Am -1.0 -1.1 -0.4 -0.5 -1.0 -1.4 -0.2 -1.6 -0.8 -0.8 -2.0 -1.6 

Gd → Am -0.4 -1.4 -1.1 -0.7 -0.1 -1.1 -1.5 -1.9 0.0 -0.6 -2.0 -1.6 

Gd → Cm 0.6 -0.2 -0.7 -0.2 1.0 0.3 -1.4 -0.3 0.8 0.2 -0.6 -0.8 
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Table A6.30. ΔΔG(aq) and ΔΔG(but) in kcal/mol used for Metal Selectivity Equilibria for 2bR (R = e, m, p) Ligands in Aqueous and 
Butanol Solutions for [ML(H2O)5]3+ and [ML2(H2O)2]3+. 
 

Rxn. 
(M2 → M1) 

2be 2bm 2bp 

[ML(H2O)5]3+ [ML2(H2O)2]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ [ML(H2O)5]3+ [ML2(H2O)2]3+ 

ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) ΔΔG(aq) ΔΔG(but) 

Am → Eu -11.8 -14.3 -3.5 -5.2 -7.6 -9.5 -0.7 -3.2 -9.4 -12.0 -7.1 -6.4 

Cm → Eu -8.1 -10.5 -1.9 -4.4 -6.5 -9.7 -0.6 -3.3 -7.1 -9.7 -1.1 -2.7 

Gd → Eu -7.3 -10.6 -3.6 -4.8 -10.3 -12.9 -1.2 -3.8 -5.6 -9.7 -2.0 -3.3 

Cm → Am 3.7 3.9 1.6 0.8 1.1 0.2 0.1 0.0 2.3 2.3 6.0 3.7 

Gd → Am 4.6 3.7 -0.1 0.4 -2.7 -3.4 -0.4 -0.5 3.8 2.4 5.1 3.1 

Gd → Cm 0.8 -0.1 -1.7 -0.4 -3.8 -3.2 -0.6 -0.5 1.5 0.0 -0.9 -0.7 
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Table A6.31. Total energies (Hartrees) at the B3LYP/Stuttgart’97ECP/DZVP2 level from 
Gaussian 16 and solvation energies (kcal/mol) at the BLYP/TZ2P/ZORA level in ADF for 
reactants and products in complexation reactions.  

Complex Species E ΔGsolv,water ΔGsolv,butanol 

— H2O -76.456993 -7.3 -6.8 
— 1 -890.225612 -14.6 -13.0 
— 1a -1203.621812 -12.1 -10.3 
— 1b -1581.530937 -18.5 -16.4 
— 2 -752.587477 -16.7 -15.0 
— 2ae -1293.920797 -19.9 -17.7 
— 2am -1105.311765 -15.9 -14.0 
— 2ap -1297.080630 -17.1 -14.9 
— 2be -1671.831962 -23.5 -20.6 
— 2bm -1483.223084 -19.4 -17.0 
— 2bp -1674.991888 -20.7 -17.8 

[M(H2O)9]3+ Eu -1397.828961 -379.4 -360.7 
Gd -1453.022593 -378.5 -360.2 
Am -1282.893847 -379.2 -360.1 
Cm -1326.537695 -375.5 -356.8 

Core 1 
[ML(H2O)6]3+ 
  
  
  

Eu -2058.779251 -318.4 -302.7 
Gd -2113.934967 -326.6 -307.2 
Am -1943.812177 -324.0 -304.8 
Cm -1987.449841 -324.9 -305.9 

[ML(H2O)5]3+ Eu -1982.298647 -317.9 -297.8 
Gd -2037.454891 -329.0 -308.9 
Am -1867.330879 -326.5 -306.4 
Cm -1910.968748 -327.1 -307.6 

[ML2(H2O)2]3+ Eu -2643.169919 -279.5 -260.9 
Gd -2698.343061 -285.8 -266.9 
Am -2528.222965 -283.8 -264.5 
Cm -2571.859162 -285.0 -265.0 

[ML2]3+ Eu -2490.192176 -280.5 -266.2 
Gd -2545.344616 -278.8 -260.5 
Am -2375.234563 -278.1 -259.4 
Cm -2418.864224 -278.5 -259.9 

1a  
[ML(H2O)6]3+  Eu -2372.197884 -298.1 -278.9 

Gd -2427.359027 -311.5 -290.4 
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Am -2257.238233 -310.0 -288.7 
Cm -2300.873205 -310.2 -288.5 

[ML(H2O)5]3+ Eu -2295.724835 -302.8 -278.1 
Gd -2350.871601 -313.4 -291.9 
Am -2180.750133 -310.9 -289.3 
Cm -2224.386026 -312.8 -290.8 

[ML2(H2O)2]3+ Eu -3270.009655 -272.0 -237.8 
Gd -3325.187852 -257.4 -239.1 
Am -3155.063968 -255.0 -236.2 
Cm -3198.702626 -256.9 -237.6 

[ML2]3+ Eu -3117.008880 -260.4 -234.9 
Gd -3172.179653 -259.2 -234.8 
Am -3002.068475 -256.2 -233.1 
Cm -3045.699191 -257.1 -234.4 

1b 
[ML(H2O)6]3+  Eu -2750.139551 -282.9 -263.1 

Gd -2805.296957 -302.3 -281.2 
Am -2635.175004 -296.4 -274.1 
Cm -2678.811233 -301.5 -280.5 

[ML(H2O)5]3+ Eu -2673.661059 -267.9 -253.4 
Gd -2728.814865 -303.9 -282.9 
Am -2558.693417 -297.6 -274.9 
Cm -2602.328113 -303.0 -281.3 

[ML2(H2O)2]3+  Eu -4025.873610 -238.4 -222.9 
Gd -4081.043246 -247.4 -226.0 
Am -3910.919782 -243.4 -222.7 
Cm -3954.558161 -246.4 -225.9 

[ML2]3+ Eu -3872.891403 -233.4 -211.9 
Gd -3928.042775 -243.0 -220.1 
Am -3757.930945 -240.3 -216.0 
Cm -3801.557497 -239.4 -215.1 

Core 2 
[ML(H2O)6]3+  Eu -1921.133735 -323.1 -305.6 

Gd -1976.321514 -329.8 -311.7 
Am -1806.198589 -326.7 -308.6 
Cm -1849.836405 -327.1 -309.4 

[ML(H2O)5]3+  Eu -1844.649735 -326.4 -308.7 
Gd -1899.836076 -332.4 -314.4 
Am -1729.715044 -329.9 -311.3 



396 
 

Cm -1773.350404 -330.0 -311.7 
[ML2(H2O)2]3+  Eu -2367.929737 -286.7 -269.6 

Gd -2423.107172 -296.8 -278.5 
Am -2253.001614 -286.7 -268.9 
Cm -2296.622180 -294.7 -276.7 

[ML2]3+  Eu -2214.934619 -290.1 -270.7 
Gd -2270.121929 -292.0 -271.9 
Am -2100.007707 -291.0 -271.3 
Cm -2143.640194 -291.8 -271.7 

2ae 
[ML(H2O)6]3+  Eu -1921.133735 -323.1 -305.6 

Gd -1976.321514 -329.8 -311.7 
Am -1806.198589 -326.7 -308.6 
Cm -1849.836405 -327.1 -309.4 

[ML(H2O)5]3+  Eu -1844.649735 -326.4 -308.7 
Gd -1899.836076 -332.4 -314.4 
Am -1729.715044 -329.9 -311.3 
Cm -1773.350404 -330.0 -311.7 

[ML2(H2O)2]3+  Eu -2367.929737 -286.7 -269.6 
Gd -2423.107172 -296.8 -278.5 
Am -2253.001614 -286.7 -268.9 
Cm -2296.622180 -294.7 -276.7 

[ML2]3+  Eu -2214.934619 -290.1 -270.7 
Gd -2270.121929 -292.0 -271.9 
Am -2100.007707 -291.0 -271.3 
Cm -2143.640194 -291.8 -271.7 

2am 
[ML(H2O)6]3+  Eu -2273.898091 -304.3 -284.4 

Gd -2329.085843 -310.5 -290.1 
Am -2158.959748 -307.9 -288.1 
Cm -2202.599622 -309.0 -289.5 

[ML(H2O)5]3+  Eu -2197.416585 -306.3 -287.0 
Gd -2252.603488 -312.5 -292.0 
Am -2082.479436 -310.4 -290.1 
Cm -2126.116796 -310.5 -290.2 

[ML2(H2O)2]3+  Eu -3073.442891 -255.7 -230.8 
Gd -3128.638346 -256.9 -231.6 
Am -2958.512603 -256.8 -231.0 
Cm -3002.150447 -257.8 -230.9 
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[ML2]3+  Eu -2920.448884 -257.5 -234.9 
Gd -2975.638482 -260.9 -237.9 
Am -2805.522258 -260.0 -238.8 
Cm -2849.155544 -259.8 -238.4 

2ap 
[ML(H2O)6]3+  Eu -2465.688474 -296.8 -274.7 

Gd -2520.860324 -308.9 -286.4 
Am -2350.735209 -305.5 -283.3 
Cm -2394.374260 -307.3 -285.5 

[ML(H2O)5]3+  Eu -2389.209161 -297.4 -275.9 
Gd -2444.378588 -310.3 -288.3 
Am -2274.254683 -307.7 -285.5 
Cm -2317.891823 -308.5 -286.7 

[ML2(H2O)2]3+  Eu -3456.993625 -244.5 -220.5 
Gd -3512.181730 -247.9 -225.0 
Am -3342.054944 -248.4 -224.4 
Cm -3385.693911 -248.0 -224.8 

[ML2]3+ Eu -3304.004367 -252.7 -225.8 
Gd -3359.184604 -255.5 -227.4 
Am -3189.068142 -257.7 -229.0 
Cm -3232.701761 -255.1 -227.7 

2be 
[ML(H2O)6]3+  Eu -2840.452161 -292.2 -271.4 

Gd -2895.612206 -314.5 -290.7 
Am -2725.488882 -308.8 -284.0 
Cm -2769.126010 -312.5 -288.5 

[ML(H2O)5]3+  Eu -2763.979428 -292.4 -271.0 
Gd -2819.129360 -315.6 -291.3 
Am -2649.007474 -306.6 -282.2 
Cm -2692.642583 -314.0 -290.1 

[ML2(H2O)2]3+  Eu -4206.506369 -252.3 -222.5 
Gd -4261.683515 -260.9 -230.3 
Am -4091.558492 -259.3 -227.4 
Cm -4135.195792 -262.2 -229.8 

[ML2]3+  Eu -4053.525470 -256.0 -221.7 
Gd -4108.680377 -266.4 -231.0 
Am -3938.564015 -264.0 -234.8 
Cm -3982.197461 -265.9 -233.3 

2bm 
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[ML(H2O)6]3+  Eu -2651.850545 -286.2 -267.0 
Gd -2707.012819 -306.0 -284.7 
Am -2536.888709 -302.9 -282.5 
Cm -2580.526523 -304.6 -283.8 

[ML(H2O)5]3+  Eu -2575.378360 -285.7 -266.5 
Gd -2630.530484 -308.7 -286.7 
Am -2460.407937 -300.7 -278.5 
Cm -2504.043610 -306.8 -285.7 

[ML2(H2O)2]3+  Eu -3829.302553 -245.9 -218.5 
Gd -3884.482331 -254.9 -225.2 
Am -3714.357108 -254.0 -223.6 
Cm -3757.994388 -255.3 -225.2 

[ML2]3+  Eu -3676.322176 -244.3 -219.6 
Gd -3731.481462 -256.2 -232.0 
Am -3561.364549 -255.3 -231.8 
Cm -3604.998314 -256.2 -232.9 

2bp 
[ML(H2O)6]3+ Eu -2843.607752 -286.4 -264.8 

Gd -2898.786493 -305.4 -282.8 
Am -2728.662440 -301.9 -278.0 
Cm -2772.300162 -303.9 -280.7 

[ML(H2O)5]3+  Eu -2767.126165 -284.5 -264.3 
Gd -2822.304796 -306.9 -282.9 
Am -2652.180352 -300.5 -277.1 
Cm -2695.817829 -304.9 -282.0 

[ML2(H2O)2]3+  Eu -4212.842250 -240.9 -212.5 
Gd -4268.024474 -247.9 -218.6 
Am -4097.893968 -244.2 -216.1 
Cm -4141.536647 -248.4 -218.4 

[ML2]3+  Eu -4059.862799 -243.7 -211.9 
Gd -4115.025850 -253.3 -220.6 
Am -3944.908906 -253.3 -221.1 
Cm -3988.542839 -253.3 -221.2 

1i 
[ML(H2O)6]3+  Eu -2058.592967 -157.2 -147.6 

Gd -2113.752315 -167.0 -156.3 
Am -1943.625783 -162.9 -152.1 
Cm -1987.266430 -166.0 -155.2 

[ML(H2O)5]3+ Eu -1982.119516 -156.3 -147.1 
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Gd -2037.277451 -163.2 -153.0 
Am -1867.154914 -159.7 -149.7 
Cm -1910.790390 -162.6 -152.2 

[ML2(H2O)2]3+  Eu -2642.648446 -54.1 -49.7 
Gd -2697.829918 -56.3 -51.0 
Am -2527.711393 -54.6 -49.6 
Cm -2571.344684 -55.8 -50.4 

[ML2]3+ Eu -2489.689165 -50.3 -45.7 
Gd -2544.865827 -53.4 -48.5 
Am -2374.749764 -51.4 -46.9 
Cm -2418.384223 -53.1 -48.2 

1ai 
[ML(H2O)6]3+  Eu -2372.003253 -150.4 -139.2 

Gd -2427.164549 -157.9 -145.7 
Am -2257.041025 -154.8 -142.2 
Cm -2300.677954 -157.0 -144.7 

[ML(H2O)5]3+ Eu -2295.528942 -148.6 -137.9 
Gd -2350.690052 -156.9 -144.8 
Am -2180.565107 -153.2 -142.0 
Cm -2224.202557 -155.8 -144.6 

[ML2(H2O)2]3+  Eu -3269.454962 -48.6 -42.8 
Gd -3324.637145 -50.7 -44.7 
Am -3154.512203 -49.0 -43.0 
Cm -3198.151986 -50.3 -44.5 

[ML2]3+ Eu -3116.492133 -42.5 -37.8 
Gd -3171.671576 -44.4 -39.9 
Am -3001.554799 -43.5 -38.7 
Cm -3045.189708 -44.3 -39.4 

1bi 
[ML(H2O)6]3+  Eu -2749.925947 -146.9 -136.3 

Gd -2805.085370 -155.5 -143.5 
Am -2634.961697 -151.2 -139.9 
Cm -2678.599147 -154.2 -143.0 

[ML(H2O)5]3+ Eu -2673.449564 -147.8 -137.5 
Gd -2728.612246 -154.4 -143.0 
Am -2558.487165 -150.9 -140.2 
Cm -2602.124760 -153.3 -142.0 

[ML2(H2O)2]3+  Eu -4025.280487 -54.9 -47.8 
Gd -4080.463001 -56.5 -48.9 
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Am -3910.336550 -55.6 -48.4 
Cm -3953.978266 -56.1 -48.8 

[ML2]3+ Eu -3872.314963 -50.5 -43.2 
Gd -3927.494658 -51.9 -44.6 
Am -3757.378092 -52.0 -44.3 
Cm -3801.013038 -52.1 -44.4 

2i 
[ML(H2O)6]3+  Eu -1920.946528 -156.2 -147.3 

Gd -1976.131140 -160.7 -151.5 
Am -1806.008001 -158.5 -149.4 
Cm -1849.644531 -159.5 -150.3 

[ML(H2O)5]3+ Eu -1844.469226 -157.8 -148.8 
Gd -1899.653190 -162.7 -153.1 
Am -1729.528875 -160.8 -151.6 
Cm -1773.165420 -161.5 -152.3 

[ML2(H2O)2]3+  Eu -2367.390775 -50.6 -46.6 
Gd -2422.587544 -50.9 -46.9 
Am -2252.463788 -50.2 -46.2 
Cm -2296.099822 -50.9 -47.0 

[ML2]3+ Eu -2214.400560 -54.8 -46.9 
Gd -2269.588465 -54.3 -48.3 
Am -2099.472177 -55.1 -50.1 
Cm -2143.107031 -55.0 -48.2 

2aei 
[ML(H2O)6]3+  Eu -2462.295464 -155.8 -147.5 

Gd -2517.482266 -160.2 -147.3 
Am -2347.357282 -158.2 -145.6 
Cm -2390.994788 -158.8 -146.7 

[ML(H2O)5]3+ Eu -2385.816436 -157.9 -146.5 
Gd -2441.001985 -162.2 -149.6 
Am -2270.877221 -154.3 -143.6 
Cm -2314.513703 -161.1 -149.2 

[ML2(H2O)2]3+  Eu -3450.057104 -61.2 -53.3 
Gd -3505.255304 -61.3 -54.0 
Am -3335.131835 -60.1 -52.8 
Cm -3378.767830 -60.6 -53.3 

[ML2]3+ Eu -3297.081331 -56.0 -48.6 
Gd -3352.271551 -56.3 -49.0 
Am -3182.154233 -58.8 -49.9 
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Cm -3225.789001 -56.6 -49.1 
2ami 

[ML(H2O)6]3+  Eu -2273.693105 -145.0 -135.8 
Gd -2328.875665 -149.3 -139.7 
Am -2158.751562 -147.7 -138.3 
Cm -2202.388456 -148.8 -138.9 

[ML(H2O)5]3+ Eu -2197.216961 -147.2 -137.0 
Gd -2252.398860 -151.5 -140.4 
Am -2082.274072 -149.4 -139.1 
Cm -2125.910465 -150.6 -140.0 

[ML2(H2O)2]3+  Eu -3072.845620 -45.9 -40.2 
Gd -3128.037304 -47.0 -41.0 
Am -2957.914158 -45.9 -39.9 
Cm -3001.549967 -46.6 -40.5 

[ML2]3+ Eu -2919.868170 -42.9 -36.6 
Gd -2975.055631 -45.6 -37.8 
Am -2804.938086 -45.9 -38.4 
Cm -2848.573135 -48.8 -37.3 

2api 
[ML(H2O)6]3+  Eu -2465.476139 -143.4 -150.4 

Gd -2520.647146 -152.7 -141.0 
Am -2350.522224 -150.4 -138.8 
Cm -2394.159617 -151.5 -140.2 

[ML(H2O)5]3+ Eu -2389.000372 -144.3 -134.0 
Gd -2444.167177 -154.7 -143.1 
Am -2274.040879 -151.9 -140.3 
Cm -2317.678750 -153.6 -142.3 

[ML2(H2O)2]3+  Eu -3456.386046 -49.8 -44.0 
Gd -3511.574420 -52.1 -46.0 
Am -3341.446629 -50.5 -45.3 
Cm -3385.084820 -50.5 -45.1 

[ML2]3+ Eu -3303.412172 -50.1 -42.4 
Gd -3358.592966 -47.9 -41.6 
Am -3188.475559 -47.1 -41.0 
Cm -3232.110281 -47.5 -41.3 

2bei 
[ML(H2O)6]3+  Eu -2840.218009 -151.2 -139.9 

Gd -2895.398338 -161.1 -148.1 
Am -2725.274332 -159.0 -146.2 
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Cm -2768.911277 -160.4 -147.3 
[ML(H2O)5]3+ Eu -2763.737774 -151.6 -140.0 

Gd -2818.919463 -161.7 -149.3 
Am -2648.794499 -160.7 -147.8 
Cm -2692.431129 -161.0 -148.4 

[ML2(H2O)2]3+  Eu -4205.900288 -60.8 -53.4 
Gd -4261.093264 -61.1 -53.9 
Am -4090.968846 -61.1 -53.7 
Cm -4134.605142 -61.2 -53.9 

[ML2]3+ Eu -4052.903468 -69.0 -55.7 
Gd -4108.094270 -67.2 -54.3 
Am -3937.977544 -66.8 -54.5 
Cm -3981.611975 -66.4 -54.1 

2bmi 
[ML(H2O)6]3+  Eu -2651.612427 -138.7 -128.8 

Gd -2706.794345 -151.4 -139.5 
Am -2536.670635 -149.1 -137.9 
Cm -2580.307297 -150.3 -138.6 

[ML(H2O)5]3+ Eu -2575.134504 -146.1 -133.3 
Gd -2630.315947 -151.4 -140.1 
Am -2460.190967 -150.4 -139.2 
Cm -2503.827510 -150.8 -139.5 

[ML2(H2O)2]3+  Eu -3828.680716 -49.8 -44.1 
Gd -3883.873150 -50.1 -44.4 
Am -3713.749178 -50.0 -44.3 
Cm -3757.385215 -50.1 -44.2 

[ML2]3+ Eu -3675.689750 -53.8 -44.7 
Gd -3730.878075 -54.3 -44.4 
Am -3560.761042 -54.0 -43.8 
Cm -3604.395731 -54.2 -43.6 

2bpi 
[ML(H2O)6]3+  Eu -2843.391093 -145.7 -134.6 

Gd -2898.562773 -153.8 -142.0 
Am -2728.439077 -151.3 -139.1 
Cm -2772.075683 -153.1 -141.0 

[ML(H2O)5]3+ Eu -2766.915417 -142.3 -131.9 
Gd -2822.084160 -154.4 -142.8 
Am -2651.959193 -153.0 -141.0 
Cm -2695.595685 -153.9 -142.1 
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[ML2(H2O)2]3+  Eu -4212.219368 -53.2 -46.6 
Gd -4267.410556 -54.2 -47.6 
Am -4097.286214 -54.1 -47.6 
Cm -4140.922425 -54.2 -47.6 

[ML2]3+ Eu -4059.233598 -55.0 -45.8 
Gd -4114.415341 -57.2 -47.1 
Am -3944.298144 -57.2 -47.2 
Cm -3987.932811 -56.7 -47.1 
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Figure A6.1a. Distances between the donor nitrogen and the complexed metal.  a) [ML(H2O)5]3+, 
N = 1-H indole(Core 1) or 1,2-pyrazole(Core 2).  b) [ML(H2O)5]3+, N = pyridine.  c) [ML(H2O)5]3+, 
N = 1,2,4-triazine; d) [ML2(H2O)2]3+, N = 1H-indole(Core 1) or 1,2-pyrazole(Core 2); e) 
[ML2(H2O)2]3+, N = pyridine; f) [ML2(H2O)2]3+, N = 1,2,4-triazine. 1 and 1a Eu distances not 
shown (R > 3Å) for a) and b) 
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Figure A6.1b. Plots of distances between M(III) and each N donor in complexes with anionic 
ligands for complexes [ML(H2O)5]2+ and [ML2(H2O)2]+ optimized by 
B3LYP/Stuttgart’97ECP/DZVP2.  a) [ML(H2O)5]2+, N=indole(Core 1) or pyrazole(Core 2).  b) 
[ML(H2O)5]2+, N=pyridine.  c) [ML(H2O)5]2+, N=triazine; d) [ML2(H2O)2]1+, N=indole(Core 1) or 
pyrazole(Core 2); e) [ML2(H2O)2]1+, N=pyridine; f) [ML2(H2O)2]1+, N=triazine. 1 and 1a Eu 
distances not shown (R > 3Å) for a) and b). 
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Figure A6.2. Equilibrium constants for reactions (12) and (13) in butanol graphed on a logarithmic 
scale.  Calculated by B3LYP/Stuttgart’97ECP/DZVP2.  a) M=Eu; b) M=Gd; c) M=Am; d) M=Cm. 
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Figure A6.3. Images of explicitly solvated M(III) clusters ([M(H2O)9]3+) optimized at the 
B3LYP/Stuttgart’97ECP/DZVP2 level. 
 

 

Figure A6.4. Images of Core 1(1) complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 
level for M = Gd as an example. 
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Figure A6.5. Images of 1a complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Am as an example. 
 

 

Figure A6.6. Images of 1b complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Cm as an example. 
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Figure A6.7. Images of Core 2 complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 
level for M = Eu as an example. 
 

 

Figure A6.8. Images of 2ae complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Am as an example. 
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Figure A6.9. Images of 2am complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Gd as an example. 
 

 

Figure A6.10. Images of 2ap complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Eu as an example. 
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Figure A6.11. Images of 2be complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Cm as an example. 
 

 

Figure A6.12. Images of 2bm complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 
level for M = Gd as an example. 
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Figure A6.13. Images of 2bp complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Am as an example. 
 

 

Figure A6.14. Images of 1i complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Eu as an example. 
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Figure A6.15. Images of 1ai complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Am as an example. 
 

 

Figure A6.16. Images of 1bi complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Gd as an example. 
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Figure A6.17. Images of 2i complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Cm as an example. 
 

 

Figure A6.18. Images of 2aei complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 level 
for M = Eu as an example. 
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Figure A6.19. Images of 2ami complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 
level for M = Gd as an example. 
 

 

Figure A6.20. Images of 2api complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 
level for M = Am as an example. 
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Figure A6.21. Images of 2bei complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 
level for M = Eu as an example. 
 

 

Figure A6.22. Images of 2bmi complexes optimized at the B3LYP/Stuttgart’97ECP/DZVP2 
level for M = Cm as an example. 
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Figure A6.23. Images of 2bpi complexes optimized by B3LYP/Stuttgart’97ECP/DZVP2.  Only 
M=Gd shown as an example for space considerations. 
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Figure A6.24.  Plots of the aqueous binding energy against hardness (η) or electronegativity (χ) 
in the formation of [ML(H2O)5]3+ (reaction 5a) and [ML2(H2O)2]3+ (reaction 6a) optimized by 
B3LYP/Stuttgart’97ECP/DZVP2. 
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Figure A6.25.  Plots of the aqueous binding energy against ionization potential (IP) in the 
formation of [ML(H2O)5]3+ (reaction 5a) and [ML2(H2O)2]3+ (reaction 6a) optimized by 
B3LYP/Stuttgart’97ECP/DZVP2. 
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CHAPTER 7 

CONCLUSIONS 

The dissertation illustrates how computational chemistry is a valuable tool to study systems 

for which experiments are difficult to perform in terms of the apparatus or in the difficulty in 

handling the material. As computational, both hardware and software, resources continue to 

develop, it is possible to study larger systems in more detail with higher accuracy, as is currently 

possible for achieving chemical accuracy in the prediction of heats of formation of small to 

medium size molecules.  With ab initio methods it is possible to tease apart and gain a perspective 

on the complex interplay between the forces that drive reactions and natural phenomena and 

uncover surprising behaviors and relationships. 

In Chapter 2, the chemiluminescent reactions of the Group 3 metals Sc and Y with F2, Cl2, 

Br2, ClF, ICl (Sc), IBr (Y) and SF6 and La with F2, SF6, Cl2, and ClF have been studied at low 

pressures (6 x 10-6 to ̴ 4 x 10-4 Torr) using a beam-gas arrangement and extended to the 10-3 torr 

multiple collision pressure range (Figunre 7.1). Contrary to previous reports, the observed 

chemiluminescent spectra are primarily attributed to emission from the metal monohalides. 

Extensive pressure and temperature dependence studies and high level correlated molecular orbital 

theory calculations of the bond dissociation energies support this conclusion and the attribution of 

the chemiluminescence. Evidence for the ‘selective’ production of a monohalide excited electronic 

state is obtained for several of the Sc and Y reactions. All reactions producing the metal 

monofluorides are first order with respect to oxidant while reactions producing the monochlorides 

and monobromides are found to be “faster than first order” with respect to oxidant. This difference
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is associated with the metal halide bond dissociation energies, and the metal halide product internal 

density of states. Analysis of the temperature dependence for six representative reactions indicates 

that the ‘selective’ excited state formation of the metal monohalides proceeds via a direct 

mechanism with negligible activation energy. We compare and contrast the present results with 

previous experiments and interpretations which have assigned the selective emission from these 

systems to the Group 3 dihalides produced in a two-step reaction sequence analogous to an electron 

jump process. The current results suggest a distinctly different interpretation of the observed 

processes in these systems. The observed selectivity observed in these studies is remarkable given 

the significant number of known and potential excited states in the scandium and yttrium halides 

as well as their different electronic configurations. 

In Chapter 3, electronic structure calculations at the DFT/B3LYP level (selectively 

benchmarked by CCSD(T)) were performed on neutral and protonated monomer and dimer 

clusters of vanadium oxide (VxOy) on a cluster model of a TiO2 support to predict the first steps in 

the mechanism of the selective catalytic reduction (SCR) of nitric oxide by ammonia (Figure 7.2). 

The vanadium cluster structures are based on experimental NMR measurements. The first step is 

Lewis acid-base addition of NH3 to a vanadium site for the neutral and formation of an ‘NH4+’ site 

on the protonated surface. Different proton transfer pathways which depend on the initial neutral 

or protonated sites coupled with addition of NO lead to formation of NH2NO surface species. The 

mechanisms can be complicated involving many different pathways for the proton transfers, 

especially for the initial protonated surface. The addition of the doublet NO leading to the 

formation of NH2NO leads to reduction of a vanadium and transfer of the spin to this site. The 

NH2NO desorbs and then undergoes gas phase rearrangements to form the final products N2 + 

H2O. The barrier heights for the gas phase rearrangement process leading to final product 
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formation are comparable in most cases to the barrier heights on the catalyst and may represent 

the rate determining step. The reaction on the cluster model with a reduced vanadium(+4) proceeds 

by different paths with addition of NO leading to a second reduced vanadium site. The predicted 

pathways are consistent with the available experimental data and show that the complete SCR 

mechanism is very complicated as additional H2O molecules will be removed from the surface by 

the addition of O2 to fully regenerate the catalyst and oxidize the V to the formal +5 state. 

In Chapter 4, electronic structure calculations at the density functional theory level have 

been performed to predict the vibrational modes of NH3/NH4+ bound to validated cluster models 

of vanadium oxide bound to a TiO2 surface (Figure 7.3).  Excellent agreement of the scaled 

calculated values with the observed bands attributed to the surface bound species is found.  The 

presence of NH3 bound to Lewis acid sites and NH4+ bound to Brønsted acid sites when VOH 

groups are present are supported by our predictions.  NH4+ is expected to dominate the spectra 

even at low concentrations having predicted intensities from 5 to 30 times greater than those 

predicted for surface bound NH3.  This is particularly evident in the lowest energy N-H stretches 

of surface NH4+ due to partial proton transfer interaction with the vanadium oxide surface model. 

The current work is consistent with experimental vibrational spectroscopy results and the 

combined work does not support the presence of a significant amount of NH2 on the catalyst 

surface for the SCR reaction on VOx/TiO2 but does support the presence of both NH3 and NH4+ 

type species bound to the surface. 

NO2 and NO binding on vanadium oxide clusters including TiO2 supported catalyst models 

in the Selective Catalytic Reduction (SCR) of NO has been studied by density functional theory 

and coupled cluster methods in Chapter 5 (Figure 7.4).  NOx binding on vanadium oxides is 

predicted to depend on several factors including the excitation energy of the oxide, ionization 
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energies of both the unbound oxide and the deoxygenated reduced oxide, and the strength of the 

molecular V-O bonds.  NO2 chemisorption occurs either through covalent bond formation in a 

HONO like pattern or through abstraction of a metal oxide oxygen leading to the formation of 

NO3-.  Nitrate formation is more favorable than was predicted for group 4 or group 6 oxides (except 

(CrO3)n) and is either the lowest energy binding mode or within a few kcal/mol of the lowest mode 

in all clusters, likely due to the stability of V in the +4 oxidation state.  Physisorption on V oxides 

is very weak.  V with 2 oxo groups have a lower excitation energy and a more sterically open 

geometry which results in strong chemisorption as predicted for group 4 oxides. Tetrahedrally 

coordinated vanadia with a single oxo group and 3 V-O single bonds are predicted to have 

significantly higher excitation energies and behave like group 6 oxides such that chemisorption is 

unlikely and weak physisorption dominates the interaction.  In larger clusters including SCR 

catalyst models, only tetrahedrally coordinated vanadia are present and binding is not expected to 

occur.  NO adsorption is weaker overall than NO2 binding and occurs either as physisorption or as 

chemisorption through the formation of NO2- analogous to nitrate formation in NO2 binding.  The 

ability of NO to bind reflects the patterns predicted for NO2, such that NO is strongly bound to 

vanadia with two V=O groups and only weakly physisorbed when there is a single V=O or none 

at all. 

In Chapter 6, the effect of frustrated Lewis donors on metal selectivity between actinides 

and lanthanides was studied using a series of novel organic ligands (Figure 7.5).  Structures and 

thermodynamic energies were predicted in the gas phase, in water, and in butanol using 9 

coordinate, explicitly solvated (H2O) Eu, Gd, Am, and Cm in the +III oxidation state as reactants 

in the formation of complexes with 2-(6-[1,2,4]-triazin-3-yl-pyridin-2-yl)-1H-indole (Core 1), 3-

[6-(2H-pyrazol-3-yl)-pyridin-2-yl]-1,2,4-triazine (Core 2), and several derivatives. These 
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complexations were studied using density functional theory (DFT) incorporating scalar relativistic 

effects on the actinides and lanthanides using a small core pseudopotential and corresponding basis 

set.  A self-consistent reaction field approach was used to model the effect of water and butanol as 

solvents.  Coordination preferences and metal selectivity are predicted for each ligand.  Several 

ligands are predicted to have a high degree of selectivity, particularly when a low ionization 

potential in the ligand permits charge transfer to Eu(III), reducing it to Eu(II) and creating a half 

filled f7 shell.  Reasonable separation is predicted between Cm(III) and Gd(III) with Core 1 ligands, 

possibly due to ligand donor frustration.  This separation is largely absent from Core 2 ligands, 

which are predicted to lose their frustration due to proton transfer from the 2N to the 3N position 

of the pyrazole component of the ligands via tautomerization. 

Modern computational methods and resources have enabled us to provide valuable insight 

into several longstanding questions regarding the chemistry of transition metal systems.  

Chemically accurate heats of formation were calculated for the Group 3 metal monohalides as 

these are not available from experiment. The heats of formation were used to predict reaction 

energies to determine the actual reactants in beam-gas experiments between Group 3 transition 

metals and halogen molecules, enabling the correct interpretation of experimental data obtained 

more than 40 years ago.  Calculations using experimentally validated SCR catalyst models 

predicted the available reaction pathways in the SCR reaction and revealed the complexity of the 

system. A key concept that emerges is that the catalyst is a reagent that is reduced with spin 

transferred to it from the NO and that the conversion of the intermediate NH2NO to N2 and H2O 

proceeds in the gas phase with little if any help from the catalyst. The mechanistic study combined 

with vibrational frequency calculations of NH3 and NH4+ bound to the catalysts coupled with 

spectroscopic observations led to the identification of the principal surface adsorbed species 
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present during the reaction showing that NH3 and NH4+ are key species as used in our mechanistic 

studies.  A study of NO2 and NO interacting with the model catalytic clusters and vanadium oxides 

showed that multiple V=O groups are needed for chemisorption to form nitrates, HONO-like 

species or nitrites on the surface, consistent with the Eley-Rideal mechanism found in the potential 

energy surface studies.  Another computational approach based on DFT but now with presence of 

solvent molecules included explicitly and implicitly through a self-consistent reaction field was 

used to predict the metal selectivity of complexant ligands for lanthanides and actinides. This study 

showed the importance of the solvent in the design of separations systems and led to the prediction 

of a novel ligand to metal charge transfer in Eu complexes. 
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Figure 7.1.  Chemiluminescence emission spectra of produced in reactions of Group 3 metals  
with F2.   



434 
 

 

Figure 7.2.  Overall reaction scheme in the selective catalytic reduction of NO by TiO2 supported 
vanadium oxides. 
  

+ NH3
+ NO

→
V+5 V+4

+ NH2NO

Surface vanadium oxide sites: 
‘VO4’, ‘V2O7’, ‘V2O6’, ‘VO4H+’, 
‘V2O7H+’, ‘reduced V2O7H’, and 
‘reduced V2O7 with an OH 
bridge’
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Figure 7.3.  Calculated frequencies and intensities of characteristic vibrations of NH3 and NH4+ 
bound to vanadium oxide surface. 
  

ν = 2867 cm-1, I= 1136 km/mol

NH3 on V2O7 Supported on TiO2

ν = 1224 cm-1, I= 146 km/mol
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Figure 7.4. Low energy structures for the binding of NO2 and NO to V2O5 showing HONO-like 
binding and nitrate or nitrite bonding, respectively. 
  

NO2

NO

Nitrite-like LBE = -30.6HONO-like LBE = -23.8

Nitrate-like LBE = -31.3HONO-like LBE = -35.6

kcal/mol
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Figure 7.5.  Left: Free energies in solution of Core 1 and derivative complex formation at 298K 
in kcal/mol.  Right: [Eu(Core 1)(H2O)6]3+ optimized in the gas phase. 
 

L + [M(H2O)9]3+ → [ML(H2O)6]3+ + 3H2O

[ML1(H2O)6]3+
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