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ABSTRACT 

Poly(acrylamidoxime) fibers are the current state-of-the-art adsorbent for mining uranium 

from seawater. However, the amidoxime group is not perfectly selective towards the uranyl 

cation, in particular, competition with transition metal cations remains a major challenge. In 

order for subsequent generations of chelating polymer adsorbents to be improved, the 

coordination chemistry of amidoxime-uranyl and -transition metal cation complexes needs to be 

better understood. While the coordination mode of amidoxime-uranyl complexes has been 

established in the literature, a number of amidoxime-transition metal cation complex binding 

motifs can be observed on the Cambridge Structrural Database. Likewise, the formation 

constants, or log K values, of a number of essential amidoxime-uranyl and -transition metal 

cation complexes remain largely unresolved due to the wide range of conflicting acid 

dissociation constants, or pKa [pKa] values, that have been reported for representative acyclic 

amidoxime ligands in the literature. Therefore, in Chapter 2 we use spectroscopic titrations to 

resolve the pKa values of acetamidoxime and benzamidoxime. Subsequently, we use those pKa 

values to develop computational protocols for predicting the pKa values of aqueous oxoacid 

ligands. In Chapters 3 and 4, we computationally investigate the binding motif of 

formamidoximate-dioxovanadium(V) and –oxovanadium(IV) complexes, major competing ions 

in seawater by utilizing density functional theory and wave-function methods in conjunction with 

continuum solvation calculations. Our investigations of these formamidoximate complexes 

universally identified the most stable binding motif to be a tautomerically rearranged imino 

hydroxylamine chelate formed via coordination of the imino nitrogen and hydroxylamine 

oxygen. In Chapter 5, we build on the design principles acquired in Chapters 2-4 to design a 

ligand, salicylaldoxime that is more selective towards utanyl than competing transition metal 

cations. Finally, in Chapter 6 we potentiometrically determine the proton affinity distribution of 
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the classical poly(acrylamidoxime) fiber between pH 2 and pH 10 via the Stable Numerical 

Solution of the Adsorption Integral Equation Using Splines (SAIUS) algorithm. This work lays 

the foundation for resolving the metal cation affinity distribution of the poly(acrylamidoxime) 

fibers, which can aid in improving the uranium selectivity of subsequent generations of chelating 

polymers. 
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Chapter 1 : Introduction 

 

In recent years, there has been great interest in developing low-carbon emission energy 

sources as an alternative to the widely utilized, high-carbon emission fossil fuels. Nuclear energy 

is a promising alternative as there is an estimated 4.5 billion tons of uranium,1 the primary fuel 

source in nuclear fission, dissolved in seawater, while only 61,600 metric tons are needed 

annually to meet current global energy demands.2 The dominant form of the uranyl ion in 

seawater is the tricarbonate complex, UO2(CO3)3
4-,1, 3-4 which associates with Ca2+, a major 

cation in seawater, to form a Ca2UO2(CO3)3
0

(aq) ternary complex, the dominant uranyl species in 

seawater.5 However, there are a number of challenges associated with developing an adsorbent 

capable of extracting uranium from seawater that primarily stem from the fact that UO2
2+ is 

present in very low concentrations, 3.3 ppb,6 in the presence of competing metal cations.4 

Therefore, the development of extremely efficient and selective adsorbents is instrumental to 

making this process industrially viable. Although a number of materials have been investigated 

over the last six decades, the leading approach for extracting uranium from seawater is the 

selective adsorption of UO2
2+ via a chelating polymer adsorbent.6 Chelating polymer adsorbents 

are widely utilized because they hold four strategic advantages over other classes of materials: 

(1) selective functional groups capable of high-uranium adsorption capacity and affinity are 

readily adhered to polymer chains,6 (2) there are a number of robust and ductile polymer 

materials that are capable of adsorbing uranium to be chosen from,6 (3) a number of procedures 

for synthesizing polymeric adsorbents of various shapes at a large scale can be found in the 

literature,6-8 and (4) the deployment of polymeric adsorbents into seawater is easily facilitated by 

the close proximity of polymer and seawater densities.6-7 The current state of the art chelating 

polymer adsorbent is the poly(acrylamidoxime) fiber (Figure 1.1),9-10 which is a random 
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copolymer of carboxylate and amidoxime monomers at a 40 to 60 monomer weight ratio, 

respectively.11-12 The poly(acrylamidoxime) fiber was first identified in a screening of 200 

organic polymers as the only adsorbent capable of extracting UO2
2+ from pH 8.3 aqueous 

solution, the approximate pH of seawater.9-10 However, the amidoxime functional group is not 

perfectly selective towards the UO2
2+ cation, in particular, competition with transition metal 

cations, such as Fe3+ (3.4 ppb),13 Cu2+ (0.9 ppb),13 VO2+, and VO2
+ (1.9 ppb),13 remains a major 

challenge.6, 14-16 

 

 

Figure 1.1.  Schematic depiction of a small subsection of the poly(acrylamidoxime) fiber and the small ligands that 

correspond to its acyclic and cyclic amidoxime monomers. 

In order for subsequent generations of chelating polymer adsorbents to be improved, the 

coordination chemistry of amidoxime-UO2
2+ and amidoxime-transition metal cation complexes 

needs to be better understood. As illustrated in Figure 1.1, the poly(acrylamidxoime) fiber is 

composed of two types of amidoxime monomers: an acyclic amidoxime monomer and  a cyclic 

imidioxime monomer.  The cyclic imidioxime- and acyclic amidoxime-UO2
2+ binding motifs 
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have been computationally17-18 and crystallographically17-20 elucidated in the literature. Acylic 

amidoximes η2 coordinate to UO2
2+ via the oxime functional group as depicted in the 

BARYOK,17 BARYUQ,17 HORWOC,20 and QEBPOE19 crystal structures adapted in Figure 1.2.  

Alternatively, as indicated in the TEVWAU18 crystal structure adapted in Figure 1.3, cyclic 

imidioximes chelate to UO2
2+ via a tridentate chelate formed by the oxime oxygen atoms and the 

amine nitrogen atom. Likewise, crystal structures reported by Rao et al.16, 21 (Figure 1.3) 

demonstrate that cylic imidioximes coordinate to Fe3+, VO2
+, and V5+ with the UO2

2+ binding 

motif. While no additional cylic imidioxime-transition metal cation complexes have been 

reported, there is consensus in the literature that cyclic amidoximes coordinate to transition 

metals with the UO2
2+ binding motif or via a similar binding motif that entails tridentate 

chelation of the oxime nitrogen atoms and the amine nitrogen atom. This is supported by 

analgous unsaturated cyclic imidioxime crystal structures that have been reported in the 

literature; a substantial number of unsaturated cyclic-amidoxime crystal structures with the 

oxime nitrogen atoms and the amine nitrogen atom chelation motif can be found on the 

Cambridge Structural Database search (CSD), such as BOBHAB,22 BOBHEF,22 DEYYUC,23 

GEYNOP,24 LUMMOV,25 LUMMUB,25 NIMVEK,26 and SEDJIU27 in Figure 1.3. In contrast, 

as conveyed in Figure 1.2, a number acyclic amidoxime-transition metal cation binding motifs 

can be observed on the CSD: a bidentate chelate formed between an oxime nitrogen atom and a 

nearby nitrogen functionality atom or an oxime nitrogen (AICOCU10,28 CIMMIW,29 YOHFEI,30 

and HORWIW20), monodentate coordination of the oxime oxygen atom (HORWIW20), η2 

coordination of the oxime group (FOWJAC,31 RASBOC,32 and RASBIW32), and a bidentate 

chelate formed between the amine nitrogen atom and the oxime oxygen atom of the acyclic 

amidoxime and its imino hydroxylamine tautomer (RASBIW32 and SAFSUN33, respectively). 
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Moreover, while Rao and co-workers have reported the binding constants, or log K values, of 

cyclic imidioxime-UO2
2+ complexes and a number of essential cyclic imidioxime-transition 

metal cation complexes, the UO2
2+ and transition metal cation log K values of acylic amidoxime 

complexes remain largely unresolved due to the wide range of conflicting acid dissociation 

constants, or pKa values, that have been reported for representative acyclic amidoxime ligands in 

the literature.34-38 

 Thus, in order for the selectivity and capacity of subsequent generations of chelating 

polymers to be understood, the coordination chemistry of the acyclic amidoxime monomer that 

occurs on poly(acrylamidoxime) fibers needs to be better understood. Consequentially, a major 

aim of our group research efforts was to further develop our understanding of the strength of 

acyclic amidoxime-UO2
2+ and -transition metal cation complexes by resolving the pKa values of 

representative amidoxime ligands, acetamidoxime and benzamidoxime. As stated previously, the 

pKa values of oxoacids, such as cyclic and acyclic amidoxime ligands, are used to determine the 

log K values of amidoxime-metal complexes, which facilitates the comparison of the strength of 

amidoxime-UO2
2+ relative to competing amidoxime-transition metal cation complexes.39 

Moreover, the pKa and log K values of oxoacids are correlated by linear free energy 

relationships;40 thus, when coupled with binding motif information, methods for predicting the 

pKa values of oxoacid ligands, such as amidoximes, can be used to design ligands that further 

improve the UO2
2+ affinity and selectivity of subsequent generations of chelating polymer 

adsorbents.  Therefore, in Chapter 2 we use 1H-NMR and UV/Vis spectroscopic titrations to 

resolve the pKa values of acetamidoxime and benzamidoxime. Subsequently, we use pKa those 

values to develop computational protocols for predicting the pKa values of aqueous oxoacid 

ligands. Density functional theory and wave-function methods were utilized in conjunction with 
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continuum solvation calculations to develop computational protocols for predicting the pKa 

values of aqueous oxoacid ligands within < 0.5 pKa units of their experimental value. 

While the computational protocols for predicting the pKa values of oxoacids aid in the 

design of ligands that form more stable UO2
2+ complexes, they does not facilitate the design of 

ligands that are more selective to UO2
2+ than competing transition metal cations on their own 

because the log K value of any oxoacid-metal cation complex is related to the pKa value of that 

ligand by a linear free energy relationship.18 Therefore, in order to computationally design 

ligands that are more selective towards UO2
2+ than the standard amidoxime based ligands, the 

coordination modes of amidoxime-UO2
2+ and amidoxime-transition metal cation complexes 

needed to be elucidated as well. In Chapters 3 and 4, we computationally investigate the binding 

motif of formamidoximate-VO2
+ and -VO2+ complexes, major competing ions in seawater.6, 14-15 

Density functional theory and wave-function methods were utilized in conjunction with 

continuum solvation calculations to investigate potential binding motifs of formamidoximate-

VO2
+ and formamidoximate-VO2+ complexes. Our investigations of these formamidoximate 

complexes universally identified the most stable binding motif to be a tautomerically rearranged 

imino hydroxylamine chelate formed via coordination of the imino nitrogen and hydroxylamine 

oxygen. The alternative binding motifs for amidoxime chelation to VO2
2+ and VO2+ via a non-

rearranged tautomer and η2 coordination were found to be ~5 kcal/mol and ~11 kcal/mol less 

stable, respectively. Thus, while η2-coordination of the oxime functional group is the most stable 

coordination mode of amidoxime-UO2
2+ complexes,17, 19-20 it is far less than the tautomerically 

rearranged imino hydroxylamine chelate in amidoxime-VO2
+ and amdioxime-VO2+ complexes. 

Thus, we determined that the complexation between poly(acrylamidoxime) fibers and vanadium 

cations can be restricted by either inhibiting the tautomeric rearrangement from the amidoxime 



6 

 

to imino hydroxylamine via substitution of both amine hydrogen atoms with aliphatic or 

aromatic groups or eliminating the amine group all together. 

In Chapter 5, we build on the design principles acquired in Chapters 2-4 to design a 

ligand, salicylaldoxime that is more selective toward the UO2
2+ cation than competing transition 

metal cations. We found that the binding strength of salicylaldoxime-UO2
2+ complexes are ~2-4 

log β2 units greater in magnitude than their corresponding acetamidoxime-UO2
2+ and 

benzamidoxime-UO2
2+ complexes; moreover, the selectivity of salicylaldoxime towards the 

UO2
2+ cation over competing Cu2+ and Fe3+ cations is far greater than the selectivites reported for 

glutarimidedioxime in the literature. The higher UO2
2+ selectivity can likely be attributed to the 

different coordination modes observed for salicyladoxime-UO2
2+ and salicylaldoxime-transition 

metal complexes. Density functional theory calculations show that salicylaldoxime coordinates 

to UO2
2+ as a dianion species formed by η2-coordination of the aldoximate and monodentate 

binding of the phenolate group. In contrast, salicylaldoxime coordinates to transition metal 

cations as a monoanion species via a chelate formed between phenolate and the oxime N; the 

complexes are stabilized via h ydrogen bonding interactions between the oxime OH group and 

phenolate. Thus, by coupling the experimentally determined thermodynamic constants and the 

results of theoretical computations, we are able to derive a number of ligand design principles to 

further improve the UO2
2+ cation affinity, and thus further increase the selectivity, of 

salicylaldoxime derivatives.  
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Figure 1.2. Representative acylic amidoxime-UO2
2+ and -transition metal cation complexes adapted from the CSD.  
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Figure 1.3. Representative cylic amidoxime-UO2
2+ and –transition metal cation complexes and analgous 

unsaturated-transition metal cation complexes adapted from the CSD.  
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Finally, in Chapter 6 we potentiometrically determine the proton affinity distribution of 

the classical poly(acrylamidoxime) fiber between pH 2 and pH 10 via the Stable Numerical 

Solution of the Adsorption Integral Equation Using Splines (SAIUS) algorithm.41-43 These values 

are of great importance because the comparison of the acidity constants of poly(acrylamidoxime) 

monomer units to the acidity of their representative small ligands, is incomplete.41-43 The pKa 

values of pure chemical compounds, like small ligands, are a sum of delta functions; in contrast, 

the acidity of polymers is more accurately described as a continuous distribution of proton 

affinities.41-43 This work lays the foundation for resolving the metal cation affinity distribution of 

the poly(acrylamidoxime) fibers, which can aid in improving the uranium selectivity of 

subsequent generations of chelating polymers.41-43 
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Abstract 

Poly(acrylamidoxime) adsorbents are often invoked in discussions of mining uranium from 

seawater.  While the amidoxime-uranyl chelation mode has been established, a number of 

essential binding constants remain unclear. This is largely due to the wide range of conflicting 

pKa values that have been reported for the amidoxime functional group. To resolve this existing 

controversy we investigated the pKa values of the amidoxime functional group using a 

combination of experimental and computational methods. Experimentally, we used spectroscopic 

titrations to measure the pKa values of representative amidoximes, acetamidoxime and 

benzamidoxime. Computationally, we report on the performance of several protocols for 

predicting the pKa values of aqueous oxoacids. Calculations carried out at the MP2 or M06-2X 

levels of theory combined with solvent effects calculated using the SMD model provide the best 

overall performance with a root mean square deviation of 0.46 pKa units and 0.45 pKa units, 

respectively. Finally, we employ our two best methods to predict the pKa values of promising, 

uncharacterized amidoxime ligands, which provides a convenient means for screening suitable 

amidoxime monomers for future generations of poly(acrylamidoxime) adsorbents.  
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2.1. Introduction 

Global energy demands are currently being met by high-carbon emission fossil fuels 

anticipated to diminish over time. Consequentially, an increased emphasis has been placed on 

further developing alternative sources of energy.1 Nuclear energy is a promising alternative as 

there is an estimated 4.5 billion tons of uranium dissolved in seawater1, largely in the form of 

uranyl tricarbonate, 1-3 UO2(CO3)3
4-,while only 5,000 tons of uranium are needed annually to 

meet today’s energy needs.4 Thus, there has been a great interest in developing an adsorbent 

material capable of sequestering uranium since the idea was first put forth five decades ago.1 

However, there are a number of challenges associated with developing an adsorbent material 

capable of selectively extracting uranium from seawater. The primary challenge is that uranium 

is present at very low concentrations in seawater, about 3 ppb,1  with competing metal cations 

that are present in much higher concentrations.3 However, despite the complications associated 

with extracting uranium from seawater, the following developments in adsorbent material 

development have made industrial scale mining a possibility: (1) a systematic screening of 200 

organic polymers that identified poly(acrylamidoxime) as the only material capable of extracting 

uranium at pH 8.3, the approximate pH of seawater5, 6  and (2) the development of grafting 

techniques enabled manufacturing of poly(acrylamidoxime) fibers on a large scale.7 

Poly(acrylamidoxime) fibers are polymers bearing random mixtures of the carboxyl and 

the amidoxime functional group linked by propyl chains8, 9. The ratio of carboxyl monomers to 

amidoxime monomers is roughly a 35:65 ratio, respectively.9 The selectivity and capacity of 

poly(acrylamidoximes) can be improved by examining the stability of amidoxime-UO2
2+ 

complexes relative to amidoxime complexes formed with other metals found in seawater.10 The 

stability of metal-ligand complexes, such as amidoxime-UO2
2+ complexes, is conveyed in the 

form of binding constants, or log K1 values. As depicted in Figure 2.1, the log K1 values are fit 
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relative to the acid dissociation constants of the ligand, or pKa values. Moreover, the basicity of 

amidoximate species gives insight into the metal cation affinity of amidoximate species as the 

two properties are correlated by linear free energy relationships.11  Thus, knowledge of the 

amidoxime functional group’s dissociation constants is of critical importance. Herein, we report 

the pKa values of acetamidoxime and benzamidoxime, prototypical amidoxime ligands.  

 

 

Figure 2.1. The strength of a metal-ligand interaction is conveyed in the form of a complexation constant, log 

K1.The amidoxime functional group (HAO) releases a proton to bind to UO2
2+; therefore, one needs to know the pKa 

of HAO to determine the log K1 value. 

 

Acetamidoxime is a prototypical sp3 hybridized amidoxime that is representative of the 

amidoxime monomer on poly(acrylamidoxime) structures. While acetamidoxime has been 

characterized a number of times in recent years, there has been a discrepancy in the acid 

dissociation constant, pKa, values that have been reported. Moreover, while the acetamidoximate 

pKa value can be found in the literature, a wide range of pKa values have been reported, such as 

10.6,12 11.6,13 12.6,14 12.9,15  and 13.3.16  This discrepancy makes it difficult to accurately 

measure and report the formation constants, log K, of essential acetamidoxime complexes. 

Benzamidoxime is a prototypical sp2 hybridized amidoxime. Neither protonation constants, nor 

formation constants have been reported for benzamidoxime in the literature. These values are 

essential because they can be used to incorporate sp2-hybridized structures into future 

generations of amidoxime chelating polymers. Thus, the direct measurement of the pKa values of 

acetamidoxime and benzamidoxime by an accurate spectroscopic method is of great relevance. 
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Herein, we report the pKa values of acetamidoxime measured via 1H-NMR titrations and the pKa 

values of benzamidoxime measured via UV/Vis titrations.  

In addition, we employed computational methods to investigate the acidity of the 

amidoxime functional group (basicity of the corresponding amidoximate ligand). Specifically, 

we report on the performance of several computational protocols for predicting the pKa values of 

aqueous amidoximes, oximes, alcohols, carboxylic acids, hydroxamic acids, and inorganic acids. 

A total of 25 methods combining density functional theory (DFT),17, 18 second-order Möller-

Plesset perturbation theory (MP2),19, 20 and coupled-cluster theory with singles, doubles, and 

perturbative triples excitations (CCSD(T))21-23 with continuum solvation calculations are 

evaluated. We found that linear least-square fitting of pKa values predicted by combining 

calculations at the MP2 or M06-2X24 level of theory with the SMD25 solvation model yielded the 

most accurate predicted pKa values. These computed pKa values provide a convenient method 

for screening suitable amidoxime monomers for future generations of poly(acrylamidoxime) 

adsorbents. Using the most accurate computational protocol among those we have tested, we 

investigate the acidity of promising, uncharacterized amidoxime ligands.  

2.2. Experimental Methods 

2.2.1. Materials and Methods 

Acetamidoxime was prepared by treating acetonitrile (99.9%, Fisher-Scientific) with 

NH2OH (50 wt% solution in water, Aldrich) according to known procedures.26 Benzamidoxime 

was prepared by treating benzonitrile (Eastman) with NH2OH (50 wt% solution in water, 

Aldrich) according to known procedures.27 All solutions were made up in deionized water (Milli-

Q, Waters Corp.) of >18 MΩ cm−1 resistivity. 
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2.2.2. pH Measurements 

The pH was monitored using a VWR Symphony SB70P pH meter or VWR Symphony 

B10P with a Beckman Coulter glass pH Ag/AgCl electrode.  The meters were standardized using 

a strong acid/strong base titration method with 0.0100N HCl and 0.0100N NaOH standardized 

solutions (Alfa Aesar) and a calibration curve fitted to determine the Nernst slope and Eº 

correction factors. The results of these standardizations can be found in Appendix A, Figure 

A.1. Prior to each titration, the pH meter was calibrated using a NIST pH buffer set (1.68, 4, 7, 

10, 12.45). Humidified nitrogen was employed to purge as much CO2 and O2 from the solution 

and to provide mild agitation sufficient to mix all additions.  

The uncertainty associated with our pH measurements was determined statistically by 

measuring and fitting the pKa values of five known acids.  A standard deviation of 0.03 pH units 

was obtained.  However, due to the uncertainty in accurately measuring pH values greater than 

12, a more conservative error estimate of 0.10 pH units should be associated with pKa values of 

12 or greater.   

 

2.2.3. 1H-NMR Titrations 

All acetamidoxime spectra were collected using Bruker Avance 600 MHz spectrometer 

(Bruker Biospin, Boston, MA, USA). A 50 mL solution of analyte was prepared by dissolving 

acetamidoxime (2 X 10-3 M) and DSS (0.25% ) in 10% D2O/H2O. All spectra were acquired by 

using solvent suppressant techniques with the following Bruker pulse programs: COSY, 

cosydfesgpphm; HSQC, hsqcedetgp; TOCSY, mlevesgpph; and ROESY, rsoesygesgpph. 

TOCSY and ROESY spectra were acquired by using spin lock and a mixing time of 70 ms and 

300 ms, respectively. The data was fit in Excel by using Solver to minimize the MAE between 
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theoretical and observed 1H-NMR shifts.28 The theoretical 1H-NMR shifts are obtained by 

summing the product of each individual species’ 𝛼-fraction and its characteristic 1H-NMR shift, 

or the shift that coincides with the respective species half-equivalence point.28 Solver minimizes 

the MAE by varying pKa values and the corresponding 1H-NMR shifts.28  

 

2.2.4. UV/Vis Titrations 

UV-Vis spectroscopy was performed using an Agilent Technologies Cary-100 UV-Vis 

Spectrophotometer, Cary WinUV Scan program version 4.20 with 1 cm matched quartz cells. 

The scan method used a double beam mode with zero/baseline correction.  Reference solutions 

were comprised of the same volume of MilliQ water at the same initial pH of the analyzed 

solution with comparable additions of base or acid to account for any possible change in 

refractive index. We used a jacketed titration cell connected to a constant temperature water bath 

set to 25.0 ± 0.1 °C to titrate 50 mL samples of 10-4 M benzamidoxime. The data was fit in Excel 

by using solver to minimize the MAE between theoretical and observed absorbance data at six 

different wavelengths.28 Theoretical absorbance data is generated by summing the product of 

each individual species’ 𝛼-fraction and its characteristic absorbance, or the absorbance value that 

coincides with the respective species half-equivalence point.28  Solver minimizes the MAE by 

varying pKa values and corresponding absorbance values.28 

 

2.3. Computational Methods 

2.3.1. pKa Calculations 

By definition, the acid dissociation constants, or pKa values, are given by the following 

relationship:  

𝑝𝐾𝑎 = − log(𝐾𝑎) = ∆𝐺𝑠𝑜𝑙𝑣,𝑑𝑒𝑝𝑟𝑜𝑡
∗ (𝐻𝐴)/(ln(10) 𝑅𝑇)            [1] 
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We calculated the pKa of each acid in the training set by calculating ∆𝐺𝑠𝑜𝑙𝑣,𝑑𝑒𝑝𝑟𝑜𝑡
∗ (𝐻𝐴) using the 

thermodynamic cycle constructed in Figure 2.2:29-31  

∆𝐺𝑠𝑜𝑙𝑣,𝑑𝑒𝑝𝑟𝑜𝑡
∗ (𝐻𝐴) = ∆𝐺𝑔,𝑑𝑒𝑝𝑟𝑜𝑡

0 (𝐻𝐴) + ∆𝐺0→∗ + [∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐴−) + ∆𝐺𝑠𝑜𝑙𝑣

∗ (𝐻+) − ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻𝐴)]        [2] 

In this cycle, ∆𝐺𝑔,𝑑𝑒𝑝𝑟𝑜𝑡
0 (𝐻𝐴) and ∆𝐺𝑠𝑜𝑙𝑣,𝑑𝑒𝑝𝑟𝑜𝑡

∗ (𝐻𝐴) are the gas phase and the solution phase 

standard free energies of deprotonation, respectively, and ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝑋) is the standard solvation 

free energy of species X. In order for the thermodynamic cycle to be properly implemented, each 

reactant and product in the gas phase and the reactants and products in solution must be in the 

same standard state. The conversion from an ideal gas standard state of 1 atm (24.46 L mol-1) to 

an ideal solution standard state of 1 M (1 mol L-1) at 298 K is given by the following 

relationship:  

∆𝐺0→∗ = 𝑅𝑇 ln(24.46) = 1.89 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙                                      [3] 

Thus, the correction term in the upper leg of the thermodynamic cycle is given by applying this 

conversion correction to each gas phase reactant and product.  

 

 

Figure 2.2. Thermodynamic cycle used to predict pKa values. 

 

2.3.2. Gas Phase Calculations 

Electronic structure calculations were carried out using the Gaussian 09 Revision D.0132 

and NWChem 6.333 software packages. We compared three density functionals’ ability to 
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reproduce experimental gas phase experimental deprotonation energies of 16 molecules. 

Specifically, the B3LYP,34, 35 M06,24 and M06-2X functionals were employed.  The geometries 

and vibrational frequencies of each molecule were computed using the B3LYP functional with a 

6-311++G** basis set. The standard Gibbs free energy of each reactant in the gas phase were 

computed using the rigid rotor-harmonic oscillator approximation and the recommended scaling 

of zero-point energies (0.9877).36 

Likewise, the deprotonation energies were obtained at the MP2/aug-cc-pVTZ and 

CCSD(T) /aug-cc-pVDZ levels of theory.  MP2/aug-cc-pVDZ was the highest level of theory 

employed in all geometry optimization calculations. An aug-cc-pVTZ basis set was employed in 

all MP2 calculations because it yielded deprotonation energies close to the complete basis set 

(CBS) limit. Indeed, test calculations for water, methanol, and phenol demonstrated that 

extending a basis set from aug-cc-pVTZ to aug-cc-pV6Z changes the deprotonation energies by 

less than 0.15 kcal/mol. Assuming that the difference between the CCSD(T) and MP2 energies is 

only marginally contingent upon the basis set,37 the CCSD(T) reaction energies at the aug-cc-

pVTZ  level can be estimated with the following formulas:  

ΔE(CCSD(T)) = ΔE(CCSD(T)/aug-cc-pVDZ) + δMP2                                                               [4] 

δMP2 = ΔE(MP2/aug-cc-pVTZ) – ΔE(MP2/aug-cc-pVDZ)                                                        [5] 

 

2.3.3. Implicit Solvation Calculations 

Five continuum solvent models were evaluated in this study: the IEFPCM model38-40 

implemented in Gaussian 09 Revision D.01, the CPCM model41, 42 implemented in Gaussian 09 

Revision D.01, the SMD model implemented in Gaussian 09 Revision D.01, the COSMO 

model43 implemented in NWChem 6.3, and the SVPE model44-46 as implemented in GAMESS.47 
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The electronic energies in the solvent reaction field were computed at the B3LYP/6-31+G* level 

of theory for the IEPCM, CPCM, and SMD solvation model. The electronic energies in the 

solvent reaction field were computed at the B3LYP/6-31++G** level of theory for the COSMO 

model and the SVPE2 model. The SVPE solvation model defines the cavity surfaces in terms of 

the electronic isodensity contours of a molecule. We computed the SVPE solvation energies 

using the adjusted (0.0016 e/a0
3, SVPE2) values of the isodensity contour of each molecule 

because this adjustment gave better agreement between the computed and experimental pKa 

values in our previous study of a series of aliphatic C-H acids in DMSO.29 The solvation free 

energy of the proton in water, ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+), was treated as an adjustable parameter whose value 

was altered to minimize the difference between the computational and experimental pKa values. 

2.4. Results and Discussion 

 As noted in Section 2.1, a wide range of conflicting pKa values that have been reported 

for the amidoxime functional group in the literature. To resolve this controversy we investigated 

the pKa values of the amidoxime functional group using a combination of experimental and 

computational methods. Experimentally, we used spectroscopic titrations to measure the pKa 

values of representative amidoximes, acetamidoxime and benzamidoxime. Specifically, we used 

1H-NMR titrations to measure the pKa values of acetamidoxime and UV/Vis titrations to 

measure the pKa values of benzamidoxime. Computationally, we report on the performance of 25 

protocols for predicting the pKa values of aqueous oxoacids. The most accurate computational 

protocols that achieve an accuracy of < 0.5 pKa units are used to predict the pKa values of several 

uncharacterized amidoxime ligands.    
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2.4.1. pKa Measurements 

The pKa values of acetamidoxime were evaluated by recording its aqueous spectra as a 

function of pH. A plot of the 1H-NMR shifts versus pH can be found in Figure 2.3. The spectra 

corresponding to the 1H-NMR shifts in Figure 3 are located in Appendix A, Figure A.2. The 

acetamidoxime pKa values are summarized in Table 2.1.  The 1H-NMR shifts in Figure 2.3 and 

Figure A.2 represent the 1H-NMR shifts of the protons on the methyl functional group. The first 

pKa corresponds to the deprotonation of the cationic acetamidoxime species; it entails the 

deprotonation of the protonated nitrogen oxime, as illustrated in Figure 2.3. The second pKa 

corresponds to the deprotonation of the neutral acetamidoxime species; it entails the 

deprotonation of the hydroxyl group, as illustrated in Figure 2.3. The acetamidoxime pKa2 value 

we measured spectroscopically was within < 0.1 pKa units of the kinetically measured 

acetamidoxime pKa2 reported by Karpichev and colleagues.16  

The pKa value reported by Karpichev and colleagues16 was more accurate than the pKa 

values reported by others who measured these values via potentiometry.12-15 Potentiometric 

titration data is unreliable below pH 2 and above pH 12 because water has a buffering reaction in 

those regions.48-50 Therefore, the pKa values of very acidic and very basic ligands cannot be 

measured accurately by potentiometric titration, because it is difficult to accurately discriminate 

between water's reactions with the base or acid and the ligand’s reaction with the base or acid 

using mass balance equations.48-50 However, spectroscopic methods, such as 1H-NMR and 

UV/VIS titrations, provide reliable data in these regions because the water signal can be 

suppressed or set as the background, respectively.48-50 Thus, when the pKa of a ligand is 

computed in terms of the 1H-NMR shifts, or the absorbance, water's reaction with the base or 

acid is not a component of the pKa calculation.48-50  
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The pKa values of benzamidoxime were evaluated by recording its aqueous absorption 

spectra as a function of pH. Representative spectra are shown in Figure 2.4. The benzamidoxime 

pKa values are summarized in Table 2.2. The first pKa corresponds to the deprotonation of the 

cationic benzamidoxime species; it entails the deprotonation of the protonated nitrogen oxime. 

The second pKa corresponds to the deprotonation of the neutral benzamidoxime species; it 

entails the deprotonation of the hydroxyl group.  The pKa2 value was consistent with the pKa2 

value reported by Karpichev and colleagues16 for a similar structure, meta-amidoxime azine. The 

meta-amidoxime azine had a pKa2 value of 11.98 and the pKa value of benzamidoxime is 12.36. 

This is expected because the azine ring on meta-amidoxime is more electron withdrawing than 

the benzene ring on benzamidoxime; thus, providing greater stability to the anionic species. 

 

 

Figure 2.3. 1H-NMR shifts of aqueous acetamidoxime (2 x 10-3 M) versus pH at 25 °C and 0.0 M ionic strength.  

The corresponding spectra can be found in Appendix A, (Figure A.2). 
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2.4.2. Predicting Gas Phase Acidities 

First, we will compare the accuracy of the gas phase acidities predicted using three 

density functionals, such as B3LYP, M06, and M06-2X, and post-Hartree-Fock methods, such as 

MP2 and CCSD(T). The B3LYP functional was selected due to its popularity and reasonable 

accuracy,29, 30 while as the M06 family was selected for its accurate description of main-group 

thermochemical properties.24, 52 The CCSD(T) gas phase acidities were used as a benchmark 

against which the accuracy of the DFT and MP2 gas phase acidities were evaluated. The mean 

absolute error (MEA) and the root mean square deviation (RMSD) convey each method’s ability 

to replicate the experimental gas phase acidity values.53 The MEA and RMSD of each value can 

be found in the last two rows of Table 2.3.  

As anticipated, the gas phase acidities obtained by CCSD(T) calculations were in best 

agreement with the experimental gas phase acidities,53 with a MEA of 1.0 kcal/mol and a RMSD 

of 1.2 kcal/mol. In most cases, the CCSD(T) gas phase acidities fall within the experimental 

uncertainty of 1-2 kcal/mol.53 Among the DFT methods, the M06-2X functional yielded gas 

phase acidities in best agreement with experimental values,53 with a MEA of 2.6 kcal/mol and a 

RMSD of 2.8 kcal/mol.  The M06 functional, B3LYP functional, and MP2 levels of theory 

yielded similar results, with MEAs of 3.7 kcal/mol, 3.4 kcal/mol, and 3.3 kcal/mol and RMSDs 

of 3.9 kcal/mol, 3.5 kcal/mol, and 3.4 kcal/mol, respectively. The magnitude of the MP2 error is 

consistent with that reported for neutralization reactions between H+ and OH- species.54  

 

2.4.3. The Accuracy of pKa Calculations in Water 

Next, we will evaluate the accuracy of the 25 methods used to predict the pKa values in 

water. The training set consists of 16 oxoacids with pKa values ranging between -3 and 15.7.16, 55 
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The training set was selected because the acids have a small number of conformations that can be 

systematically investigated, cover a wide range of representative oxoacids, and have accurate 

experimental pKa values in the literature. Table 2.4 summarizes the performance of the 25 

protocols for computing the pKa in the form of MEAs and RMSDs. The three density functionals 

and the two post-Hartree-Fock methods used to evaluate the gas phase acidities were combined 

with five continuum solvation models to predict the pKa of each acid in the training set. All 

combinations were considered. In order to correct for deficiencies introduced by the solvation 

model, pKa values computed using Eq. (3) were correlated56, 57 with the experimental values 

using linear regression analysis, 44, 45 where a and b are fitting parameters:  

𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 𝑎 + 𝑏 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]               [6] 

The value of fitting parameter 𝑎 can be incorporated into the solvation free energy of the proton 

in water, ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+), which was treated as an adjustable parameter (Section 2.3.1). The MEAs and 

RMSDs obtained from the regression analysis of each pKa calculation protocol are listed in 

Table 2.4. The pKa values predicted by all 25 methods for each acid in the training set can be 

found in Appendix A, Tables A.1-A.5. 

 

Table 2.1. Acetamidoxime pKa values at 25 °C. The pKa1 values was obtained at 0.0 M ionic 

strength and the pKa2 value was obtained at 0.3 M ionic strength. 

Dissociation 

Reaction 

Dissociation 

Constant 

 

H2A+    HA  + H+  5.78   pKa1 

 HA      A–   + H+ 13.21  pKa2   
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Table 2.2. Benzamidoxime pKa values at 25 °C. The pKa1 value was obtained at 0.0 M ionic 

strength and the pKa2 was obtained at 0.3 M ionic strength. 

Dissociation 

Reaction 

Dissociation 

Constant 

 

H2A+    HA  + H+  4.85   pKa1 

 HA      A–   + H+ 12.36  pKa2  

  

While the CCSD(T) method attained the highest accuracy in predicting gas phase 

acidities and pKa values with all solvation models except SMD,  the combination of MP2 or 

M06-2X and SMD yielded the highest accuracy in predicting pKa values overall (Figure 2.5). 

The computed and predicted pKa values from our two best methods are tabulated in Table 2.6. 

The M06 and B3LYP functionals yielded pKa values of similar accuracy. The choice of the 

continuum solvent model has a significant bearing on the predictive power of the pKa models 

tested. The SMD solvation model is the most accurate solvation model for predicting the pKa 

values of oxoacids in water.  However, it should be noted that the slope obtained by all 25 pKa 

protocols is significantly less than one. While the discrepancy between the fitted slope and the 

ideal value can be partially attributed to the accuracy level of DFT for the protocols in which 

DFT methods were applied,56 the primary reason for the discrepancy is the gross underestimation 

of the solvation energies of the conjugate base species by all implicit solvation models using the 

default recommended parameters, as listed in Table 2.5. More accurate solvation energies of 

conjugate base species within the dielectric continuum approximation can be obtained by 

decreasing the atomic radii of the conjugate base species.31, 58, 59 For example, using the default 

Gaussian 98 atomic radii60-63 gave better estimates of the solvation energies of anionic phenolate 

and carboxylate species, but resulted in the overestimated solvation energies of the 
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corresponding acid species. Alternatively, others were able to obtain more accurate conjugate 

base solvation energies by explicitly adding water molecules to their structures.64, 65 While this 

approach improves the accuracy of the computed conjugate base solvation energies, there are a 

number of challenges associated with the implementation of this method, such as determining the 

optimal number of explicit water molecules and elucidating the optimal conformation of the 

water-solute cluster.30, 65, 66 In this work, we chose to use the default solvation parameters of the 

implicit solvation model and to account for the deficiencies of the theoretical models by 

correlating the computed pKa values with their corresponding experimentally obtained pKa 

values. The results demonstrate that when the SMD solvation model is employed, Eq. 6 provides 

a reliable description of aqueous oxoacid energies across 19 pKa units, comparable to the best 

accuracy of the gas phase calculations discussed earlier. 

 

2.4.4. Predicting the pKa Values of Potential Amidoxime Monomers 

Having developed pKa calculation protocols that predict the pKa values of oxoacids 

within the accuracy of < 0.5 pKa units and the pKa values of acetamidoxime and benzamidoxime 

within < 0.2 pKa units, we can now examine the acidity of a variety of promising amidoxime 

monomers for future generations of poly(acrylamidoxime) adsorbents. The pKa calculations in 

water are carried out at the MP2/aug-cc-pVTZ and M06-2X/6-311++G** levels of theory with 

solvent corrections obtained using the SMD solvation model. These two protocols were selected 

because they are the most reliable protocols for predicting the pKa values of aqueous oxoacids. 

In the absence of experimental data, these calculations provide a theoretical scale of ligand 

basicity that can be used to assess the complexation ability of promising amidoximate ligands. 

The results of these calculations are summarized in Figure 2.6.  
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Figure 2.4. (Top) Spectra of benzamidoxime (10-4 M) in aqueous solution at at 25 °C and 0.0 M ionic strength. 

(Bottom) Variation of absorbance at six different wavelengths of 10-4 M benzamidoxime in aqueous solution as a 

function of pH. The points are experimental values, whereas the solid lines are theoretical curves fitted to the 

experimental data using Solver.51  
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Table 2.3. The computed and experimental gas phase acidities (deprotonation energies) of 16 oxoacids 

(kcal/mol).a  

Acid B3LYP M06 M06-2X MP2 CCSD(T) Experimentalc 

 1. Water 382.7 384.7 385.9 379.9 383.7 383.7 

 2. Methanol 372.4 371.3 375.4 372.7 375.3 376.0 

 3. Phenol 339.5 338.3 340.2 339.2 342.0 342.3 

 4. Formic Acid 334.0 333.7 335.6 334.4 337.2 339.2 

 5. Benzoic Acid 331.5 331.0 331.4 330.2 333.0 333.0 

 6. Acetaldoxime 355.9 355.5 357.6 355.2 358.9 358.6 

 7. Benzaldoxime 341.9 341.1 343.7 342.4 346.6 345.9 

 8. Acetohydroxamic Acid 344.3 344.3 345.2 345.7 347.2  

 9. Benzohydroxamic Acid 339.7 340.0 342.2 341.6 344.5  

10. Nitric Acid 314.2 314.2 313.0 317.0 318.9 317.8 

11. Sulfuric Acid 301.0 301.5 300.8 302.3 304.9 302.3 

12. Phosphoric Acid 318.3 319.0 319.0 319.1 321.8 323.0 

13. Carbonic Acid 327.5 327.9 328.6 328.0 330.7  

14. Acetamidoxime 359.7 359.5 361.6 357.8 361.1  

15. Benzamidoxime 345.8 345.5 345.9 344.4 349.5  

16. Azine-Amidoximeb 341.6 341.5 342.3 339.8 345.4  

Mean Absolute Error 3.4 3.7 2.6 3.3 1.0  

Root Mean Square Deviation 3.5 3.9 2.8 3.4 1.3  

aThe 6-311++G** basis set was employed for all B3LYP, M06, and M06-2X calculations. The aug-cc-

pVTZ basis set was employed for all MP2 calculations. The CCSD(T) energies were obtained by 

combining CCSD(T)/aug-cc-pVDZ with the difference in energy between MP2/aug-cc-pVDZ and 

MP2/aug-cc-pVTZ of each acid. The ZPE and thermal corrections were calculated at the B3LYP/6-

311++G** level of theory. 

bThe full name of this structure is (Z)-N-hydroxynicotinimidamide. 

cReference 53 
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Table 2.4. Comparison of the accuracy of the pKa calculations in water for the training set of 16 oxoacids using a 

combination of five gas phase and four implicit solvation methods. The mean absolute error and the root mean 

square deviation (in parentheses) of the pKa values obtained by the least square fitting of each method are listed 

below.a 

Method IEFPCM CPCM SMD COSMO SVPE2 

B3LYP/6-311++G** 0.61(0.73) 0.60(0.73) 0.42(0.51) 0.99(1.12) 0.63(0.84) 

M06/6-311++G** 0.68(0.87) 0.68(0.87) 0.48(0.56) 1.08(1.26) 0.76(1.05) 

M06-2X/6-311++G** 0.63(0.76) 0.62(0.76) 0.35(0.45) 0.93(1.09) 0.67(0.89) 

MP2/aug-cc-pVTZ 0.67(0.74) 0.67(0.74) 0.33(0.46) 0.90(1.12) 0.63(0.79) 

CCSD(T)/aug-cc-pVDZ + 

δMP2 

0.53(0.59) 0.53(0.59) 0.45(0.49) 0.88(1.00) 0.48(0.66) 

aZPE and thermal corrections are calculated in the gas phase at the B3LYP/6-311++G** level of theory. B3LYP and 

the 6-31+G* basis set was used for all solvation calculations except the COSMO and SVPE2 calculations where 

B3LYP and a 6-311++G** basis set were used instead. 

      

Table 2.5. Comparison of the free energies of solvation of five conjugate base species to literature values derived 

applying the cluster pair approximation.  

Species SMD CPCM IEFPCM COSMO Ref. 31 

OH- -95.6 -83.3 -83.3 -90.9 -104.7 

CH3O- -78.8 -71.2 -71.2 -81.0 -95.0 

C6H5O- -60.8 -57.1 -57.0 -66.7 -71.9 

C6H5O2
- -64.6 -60.3 -60.2 -68.4 -72.8 

HCO2
- -69.4 -65.4 -65.4 -72.1 -76.2 
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Figure 2.5. A comparison of the computed and experimental pKa values of 16 oxoacids in water. The computed pKa 

values were obtained at the MP2/aug-cc-pVTZ (top) and M06-2X/6-311++G** (bottom) levels of theory with 

solvent corrections obtained using the SMD solvation models. ZPE and thermal corrections were calculated in the 

gas phase at the B3LYP/6-311++G** level of theory. 
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Table 2.6. The computed, predicted, and experimental aqueous pKa values of 16 oxoacids.a 

 MP-2 and SMDb M06-2X and SMDc  

Acid Comp. Pred. Comp. Pred. Expt.  

 1. Water 19.64 15.01 22.73 15.80 15.70 

 2. Methanol 22.10 15.55 22.78 14.91 15.54 

 3. Phenol 11.55 9.87 10.96 9.35 9.99 

 4. Formic Acid 1.32 4.36 0.97 4.64 3.77 

 5. Benzoic Acid 1.95 4.70 1.61 4.94 4.20 

 6. Acetaldoxime 15.00 11.73 15.52 11.50 11.42 

 7. Benzaldoxime 14.26 11.33 13.98 10.77 11.30 

 8. Acetohydroxamic Acid 9.24 8.63 9.67 8.74 8.70 

 9. Benzohydroxamic Acid 9.41 8.72 10.06 8.93 8.81 

10. Nitric Acid -7.82 -0.56 -12.01 -1.47 -1.40 

11. Sulfuric Acid -14.46 -4.13 -16.86 -3.75 -3.00 

12. Phosphoric Acid -2.31 2.41 -3.66 2.46 2.15 

13. Carbonic Acid -0.73 3.26 -1.58 3.44 3.60 

14. Acetamidoxime 17.86 13.27 19.38 13.31 13.21 

15. Benzamidoxime 15.13 12.37 17.73 12.54 12.36 

16. Azine-Amidoximee,f 21.59 11.80 17.04 12.21 11.98 

aThe computed and predicted pKa values were obtained at the MP2/aug-cc-pVTZ and M06-2X/6-311++G** levels 

of theory with solvent corrections obtained using the SMD solvation models. ZPE and thermal corrections were 

calculated in the gas phase at the B3LYP/6-311++G** level of theory. 

b𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.538 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −266.08 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙  

c𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.471 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −267.09 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

dReference 48 

fReference 16 

fThe full name of this structure is (Z)-N-hydroxynicotinimidamide. 
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A recently published study demonstrated that the metal cation affinity of the amidoxime 

group can be enhanced by increasing electron donation to the oxime group.66 In light of this 

result, the authors proposed that imidazolidine-oxime and imidazole-oxime, acids 17 and 18 in 

Figure 2.6 respectively, would be promising monomer units for future generations of 

poly(acrylamidoxime) chelating adsorbents.66 We found that the electron donating imidazolidine 

and imidazole groups did indeed substantially increase the basicity of the oximate, with 

computed MP2 and SMD predicted pKa values of 14.37 and 15.27, respectively, and M06-2X 

and SMD predicted pKa values of 14.30 and 14.98, respectively.  

On the other hand, increasing the electron donating property of the amine functional 

group by substituting one proton with a methyl group had a minor effect on the acidity of the 

oxime functional group in amidoxime structures. For example, acid 20, yielded a MP2 and SMD 

predicted pKa value of 13.28 and a M06-2X and SMD predicted pKa value of 13.48, which is 

approximately 0.01 pKa units and 0.1 pKa units greater in value than the predicted pKa of 

acetamidoxime, respectively. Likewise, increasing the electron properties of the amine group in 

acetamidoximes by substituting both protons with methyl groups, acid 19, had a minor effect on 

the predicted pKa values. The MP2 and SMD protocol predicted a pKa value of 13.32, 0.05 pKa 

units greater in value than the predicted pKa value of acetamidoxime while as the M06-2X and 

SMD protocol predicted a pKa value of 12.95, 0.3 pKa units less than the predicted pKa of 

acetamidoxime, which is smaller in magnitude than the MEA of this method. On the other hand, 

we found that substituting an amine proton with a phenyl group, acid 21, yielded an MP2 and 

SMD predicted pKa value of 12.73 and an M06-2X and SMD predicted pKa value of 12.69. 

These pKa values are roughly 0.6 pKa units lesser in value than the predicted pKa value of 

acetamidoxime and roughly 0.3 pKa units and 0.2 pKa units greater in value than the predicted 
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pKa value of benzamidoxime, respectively. This is likely due to the stabilizing effect the phenyl 

group has on the conjugate base species. The results demonstrate that substituting amine protons 

with simple aliphatic functional groups does not significantly change the acidity of the 

amidoxime functional group, while substituting amine protons with aromatic structures increases 

the acidity of the amidoxime functional group due to the stabilizing effect of resonance on the 

conjugate base species.   

2.5. Conclusion  

Currently, poly(acrylamidoxime) fibers are the optimum materials of mining uranium 

from seawater. The success of poly(acrylamidoximes) has been widely attributed to the 

amidoxime functional group.4-6, 10, 66 While the amidoxime-uranyl chelation mode has been 

established, a number of essential binding constants remain unclear. This is largely due to the 

wide range of conflicting pKa2 values that have been reported for the amidoxime functional 

group in the literature. Herein, we reported spectroscopically measured pKa2 values of 

representative amidoximes, acetamidoxime (13.21) and benzamidoxime (12.36).  We then 

reported on the performance of 25 computational protocols for predicting the pKa values of 

aqueous oxoacids and amidoximes. This investigation revealed that the choice of solvation 

model had great bearing on the success of the protocol. The best results were universally 

obtained with the SMD solvation model. Overall, the most successful computational protocol is 

the protocol that combines either MP2 (MEA of 0.33 pKa units and RMSD of 0.46 pKa units) or 

M06-2X optimized structures (MEA 0.35 pKa units and RMSD of 0.45 pKa units) with solvent 

effects calculated using the SMD model. Both methods are capable of predicting the pKa values 

of acetamidoxime and benzamidoxime with an accuracy of better than 0.2 pKa units. Mutual 

consistency of experimental and theoretical results resolves the existing controversy in assigning 
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the pKa value of acetamidoxime and lends credit to the computational protocol to predict the pKa 

values of promising, uncharacterized amidoxime ligands. We found that substituting amine 

protons with simple aliphatic functional groups has a minor effect on the acidity of the 

amidoxime functional group, while substituting amine protons with aromatic structures increases 

the acidity of the amidoxime functional group due to the stabilizing effect of resonance on the 

conjugate base species. However, we found that substituting the amine functional group with an 

electron-donating cyclic imide, such as imidazolidine and imidazole, did indeed substantially 

decrease the acidity of the oxime functional group. Hence, our study provides a convenient 

means for designing and screening suitable amidoxime monomers for future generations of 

poly(acrylamidoxime) adsorbents. 

 

Figure 2.6. The pKa values in water computed at the MP2/aug-cc-pVTZ and the M06-2X/6-311++G** (in 

parentheses) level of theory with solvent corrections obtained using the SMD solvation model. ZPE and thermal 

corrections were obtained at the B3LYP/6-311++G**level of theory. 
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Abstract 

Poly(acrylamidoxime)-based fibers bearing random mixtures of carboxylate and amidoxime 

groups are the most widely utilized materials for extracting uranium from seawater. However, 

the competition between uranyl (UO2
2+) and vanadium ions poses a significant challenge to the 

industrial mining of uranium from seawater using the current generation of adsorbents. To design 

more selective adsorbents, a detailed understanding of how major competing ions interact with 

carboxylate and amidoxime ligands is required. In this work, we employ density functional 

theory (DFT) and wave-function methods to investigate potential binding motifs of the 

dioxovanadium ion, VO2
+, with water, formate, and formamidoximate ligands. Employing 

higher level of theory calculations (CCSD(T)) resolve the existing controversy between the 

experimental results and previous DFT calculations for the structure of the hydrated VO2
+ ion. 

Consistent with the EXAFS data, CCSD(T) calculations predict higher stability of the distorted 

octahedral geometry of VO2
+(H2O)4 compared to the five-coordinate complex with a single 

water molecule in the second hydration shell, while all seven tested DFT methods yield the 

reverse stability of the two conformations. Analysis of the relative stabilities of formate-VO2
+ 

complexes indicates that both monodentate and bidentate forms may coexist in thermodynamic 

equilibrium in solution. Investigations of VO2
+ coordination with the formamidoximate anion 

has revealed the existence of seven possible binding motifs, four of which are within ~ 4.0 
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kcal/mol of each other. Calculations establish that the most stable binding motif entails the 

coordination of oxime oxygen and amide nitrogen atoms via a tautomeric rearrangement of 

amidoxime to imino hydroxylamine.  The difference in the most stable VO2
+ and UO2

2+ binding 

conformation has important implications for the design of more selective UO2
2+ ligands. 

3.1 Introduction 

Due to the high carbon emissions associated with the diminishing global supply of fossil 

fuels, there has been great interest in developing alternative sources of energy. In light of this 

interest, extensive research efforts spanning multiple decades have focused on developing a 

commercial method for mining uranium from seawater.1 While there is an estimated 4.5 billion 

tons of uranium dissolved in seawater, largely in the form of uranyl tricarbonate,2-4 UO2(CO3)3
4−, 

there are a number of challenges associated with developing an adsorbent material capable of 

extracting uranium from seawater. These challenges primarily stem from the fact that UO2
2+ is 

present in very low concentrations, roughly 3 ppb,2 while numerous competing metal cations are 

at much higher concentrations.4 Currently, poly(acrylamidoxime) fibers are the most widely 

utilized adsorbents for mining uranium from seawater. Poly(acrylamidoximes) were first 

identified in a screening of 200 organic polymers as the only adsorbent capable of extracting 

UO2
2+ from pH 8.3 aqueous solutions, the approximate pH of seawater.5, 6 However, 

poly(acrylamidoxime) fibers are not perfectly selective towards UO2
2+ in seawater. In particular, 

one of the greatest challenges associated with the commercial use of poly(acrylamidxoime) 

fibers is the competition between UO2
2+ and vanadium ions.7  In addition to reducing the UO2

2+ 

capacity of poly(acrylamidoxime) fibers, vanadium cations bind so strongly that striping the 

cations irreversibly damages the adsorbent.1, 8 Due to the near order of magnitude difference in 

concentrations in seawater, this paper we will focus on vanadium(V) species rather than 
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vanadium(IV).7, 9 More specifically, the orthovanadate ion, H2VO4
−, is in equilibrium with the 

pervanadyl ion, VO2
+, in aqueous solutions: 

𝐻2𝑉𝑂4
− + 2𝐻+ ⇆ 𝐻3𝑉𝑂4 + 𝐻+ ⇆ 𝑉𝑂2

+ + 2𝐻2𝑂                                                               (Eq. 1) 

However, in slightly basic conditions, such as seawater, the orthovanadate is the dominant 

species. Nevertheless, the equilibrium can be shifted to the right in the presence of organic 

ligands capable of interacting with the VO2
+ cation.7-9 For example, Rogers et al.10 demonstrated 

that an amidoximate-VO2
+ complex can be crystallized from neutral solutions. Thus, 

understanding how poly(acrylamidoxime) fibers interact with the VO2
+ cation is essential for the 

rational design of subsequent generations of chelating polymer adsorbents.  

 

 

Figure 3.1. Crystal structures of amidoximate-VO2
+ and carboxylate-VO2

+ complexes. The DAQSET complex and 

the DAQSAP complex are representative of the two carboxylate-VO2
+ binding modes observed in the CSD. The 

HORWIW complex is the only reported amidoximate-VO2
+ crystal structure. 

Current state-of-the-art adsorbents based on poly(acrylamidoxime) fibers are based on a 

random copolymer of carboxylate and amidoxime monomers at a 40:60 monomer ratio, 

respectively.11, 12  Therefore, in order for the interactions between poly(acrylamidxoimes) and 
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VO2
+ cations to be understood, the binding motif of simple, representative carboxylate and 

amidoxime ligands with VO2
+ needs to be established. While a wide variety of carboxylate-VO2

+ 

crystal structures can be found in the Cambridge Structural Database (CSD),13 only two crystal 

structures with pure carboxylate binding motifs can be found. One of these crystal structures, 

DAQSET,14 is illustrated in Figure 3.1.A. The majority of the carboxylate-VO2
+ crystal 

structures exhibit a mixed binding motif consisting of a monodentate-carboxylate and an amine 

nitrogen, a pyridine nitrogen, or an ether oxygen chelate. An example of one of these mixed 

chelate structures, DAQSAP,14 is illustrated in Figure 3.1.B. Moreover, the coordination number 

of the carboxylate-monoVO2
+ crystal structures reported on the CSD varied between five and 

six. A coordination number five was observed if the carboxylate ligand was rigid, sterically 

strained, or contained electron withdrawing groups. Furthermore, although Rogers et al.10 

demonstrated the formation of a dimeric complex of a 4,5-di(amidoxime)-functionalized 

imidazole ligand with the VO2
+ ion (HORWIW, Figure 3.1.C), the binding motifs with pure 

amidoxime ligands to VO2
+ have yet to be established.  

In addition to the various ligand-VO2
+ binding motifs, there is also a disagreement 

between the experimental and density functional theory (DFT) calculations for the structure of 

the hydrated VO2
+ ion. Extended X-ray absorption fine structure (EXAFS) and large-angle X-ray 

scattering (LAXS) data show that the hydrated VO2
+ ion adopts a very distorted octahedral 

configuration.15 In contrast, static B3LYP calculations suggested that the first shell hydration 

structure for VO2
+ consisted of only three water molecules.16 Furthermore, Car-Parinello 

molecular dynamics (MD) simulations performed using the BP86 density functional predicted 

the hydrated VO2
+ structure to be approximately an equal mixture of the five- and six-coordinate 
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structures.17 The application of higher levels of theory is crucial to resolve the inconsistency of 

experimental and theoretical results.    

Herein, we report the results of a computational investigation of the interactions of the 

dioxovanadium (V) ion, VO2
+ with formate and formamidoximate anions. The chosen ligands 

are small enough that high-level ab initio calculations are readily performed. To resolve the 

discrepancy between the experimental15 and computed16, 17 structures of hydrated VO2
+ 

complexes, we used as benchmarks calculated relative energies obtained at the coupled-cluster 

theory with single, double, and perturbative triple excitations (CCSD(T)) in the aug-cc-pVDZ 

basis set. Calculations at various levels of theory, such as CCSD(T)/aug-cc-pVDZ, MP2/aug-cc-

pVQZ, and several DFT/aug-cc-pVDZ methods including Grimme’s DFT-D3 dispersion 

correction were applied to identify how carboxylate and amidoximate ligands interact with the 

VO2
+ ion. This understanding provides an important step for developing a computational 

protocol for predicting the log K values for the formation of VO2
+ complexes and lays the 

foundation for the rational design of ligands that are more selective for the UO2
2+ ion.  

 

3.2. Methods 

Electronic structure calculations were carried out using the Gaussian 09 Revision D.0118 

and NWChem 6.5 software packages.19 CCSD(T) calculations20-22 were employed with the aug-

cc-pVDZ basis set23, 24 to determine the benchmark relative energies of VO2
+ complexes, in 

which Moller-Plesset perturbation theory (MP2) method25, 26 and density functionals27, 28 are 

evaluated against.  Geometry optimizations were performed at the MP2 and DFT levels using the 

aug-cc-pVDZ basis set, except for the bare VO2
+ cation, where the highest level of theory used 
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was CCSD(T)/aug-cc-pVTZ. Only the valence electrons on C, N, and O and the subvalence 

electrons (3s, 3p) on V were correlated in the MP2 and CCSD(T) calculations.  

We used a family of augmented correlation-consistent basis sets23, 24 (aug-cc-pVnZ, n = 

D, T, Q) for the basis set expansion in the MP2 calculations. The CCSD(T) binding energies at 

the aug-cc-pVQZ level of theory were estimated with the following equations: 

CCSD(T) + δMP2 = ΔE(CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ) + δMP2                (Eq. 2) 

δMP2 = ΔE(MP2/aug-cc-pVQZ//MP2/aug-cc-pVDZ) –ΔE(MP2/aug-cc-pVDZ)                (Eq. 3) 

Zero-point energies (ZPE) and thermal corrections were obtained at the MP2 level without 

scaling using the effective core potential (ECP)29-32 LANL2TZ basis set for vanadium and the 6-

311++G(d,p) basis set for the other atoms.  

While there is a general consensus that DFT is better suited than MP2 for the study of 

open-shelled systems involving metal ion center,33 the performance of MP2 for closed-shell 

systems involving a metal ion center remains unclear. In order to determine the optimal level of 

theory for studying these systems, we examined the ability of seven density functionals to 

reproduce the benchmark electronic binding energies (CCSD(T) + δMP2) of VO2
+ complexes. 

The density functionals tested include one Generalized Gradient Approximation (GGA) 

functional (PBE34, 35), three hybrid GGA functionals (B3LYP,36, 37 ωB97xD,38, 39 and B97D340, 

41), two local meta-GGA functional (M06-L42 and TPSS43), and one hybrid meta-GGA functional 

(M0642). The aug-cc-pVDZ basis set was employed in all DFT calculations. We found that DFT 

and MP2 methods could give different geometries of VO2
+ complexes, where in some cases the 

six-coordinate complexes were stationary point only at the MP2 level and four-coordinate 

complexes were stationary points only at the DFT level. In light of this discrepancy, Grimme’s 

D3 dispersion corrections44 were applied to B3LYP, PBE, TPSS, and M06-L density functionals 
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to provide a better account of noncovalent interactions. Single-point CCSD(T)/aug-cc-pVDZ 

calculations using MP2/aug-cc-pVDZ and B3LYP/aug-cc-pVDZ geometries were performed to 

determine the sensitivity of the CCSD(T) relative energies to changes in geometries of VO2
+ 

complexes obtained at different levels of theory. 

A transition state search with the B3LYP/aug-cc-pVDZ method was performed using a 

standard Berny algorithm implemented in Gaussian,18 starting from the partially optimized 

geometry at the same level of theory along the chosen reaction coordinate and the precalculated 

Hessian. Intrinsic reaction coordinate calculations (IRC) were performed to ensure that 

transition-state structures connect their respective reactants and products.    

Using the gas phase geometries obtained at the MP2/aug-ccpVDZ level, implicit solvent 

corrections were obtained with the IEF-PCM model45-47 in Gaussian 09, using the default atomic 

radii of the universal force field (UFF). Electronic energies in the solvent reaction field were 

computed using the ECP LANL2TZ basis set for vanadium and the 6-31+G(d) basis set for the 

other atoms. Relative energies in aqueous solutions were reported by combining electronic 

energies at the CCSD(T)/aug-cc-pVDZ + δMP2 level of theory, with ZPE and thermal 

corrections obtained at the MP2/LANL2TZ(V)/6-311++G(d,p) level and the solvation energies 

calculated using the IEF-PCM solvation model. 

 

3.3. Results and Discussion 

As noted in the Introduction, there is an incompleteness of data describing the binding 

modes and coordination numbers of amidoximate-VO2
+ and pure carboxylate-VO2

+ complexes. 

In order to supplement this lack of data, we computationally elucidated binding modes and 

coordination numbers of formamidoximate-VO2
+ and formate-VO2

+ complexes. First, we 

analyzed the bonding nature in the VO2
+ cation, which provides the foundations for 
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understanding the coordination properties of this oxoion, in addition to highlighting the potential 

limitations of the MP2 and DFT methods in predicting the structure of VO2
+ complexes. Second, 

we resolved the discrepancy between the experimental results and previous DFT calculations for 

the structure of the hydrated VO2
+ cation. Next, we determined the optimal coordination numbers 

and binding modes of formate-VO2
+ and formamdioxime-VO2

+ complexes. Finally, corroborated 

by crystal structure analysis, the theoretical results suggest a strategy for the design of 

amidoxime ligands that are more selective toward the uranyl ion.  

 

3.3.1. VO2
+ Cation in the Gas Phase 

To lay the groundwork for a clear understanding of the potential ligand binding motifs, it 

is necessary to first understand the structure and electronic properties of the bare VO2
+ cation.   

Due to the absence of an experimental VO2
+ gas phase geometry, the structural properties, i.e. 

bond distances and angles, are obtained from the CCSD(T) optimized structure and used as 

benchmarks against the DFT and MP2 predicted structure. As seen in Table 3.1, the MP2 

optimized structures overestimate the V=O bond distance while underestimating the O=V=O 

bond angle, whereas the DFT optimized structures underestimate the V=O bond distance and 

overestimate the O=V=O bond angle. Consequentially, MP2 leads to an overestimation of the 

coordination number for VO2
+, while DFT leads to an underestimation of the coordination 

number for VO2
+. 

Figure 3.2 shows the five highest occupied molecular orbitals (HOMOs) obtained at the 

B3LYP/aug-cc-pVDZ level of theory, illustrating the vanadium and oxygen bonding nature. 

HOMO-5 represents a σ bond between oxygen 𝑝𝑦 and vanadium 𝑑𝑥2−𝑦2 atomic orbitals (AOs). 

An additional σ bond is seen in HOMO-4, formed from the oxygen 𝑝𝑥 and the vanadium 𝑑𝑥𝑦 

AOs. HOMO-3 and HOMO-2 represent π bonds between oxygen 𝑝𝑧 and vanadium 𝑑𝑥𝑧 and 𝑑𝑥𝑧 
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AOs, respectively. HOMO-1 represents a weakly bonding interaction between oxygen 𝑝𝑥 

vanadium 𝑑𝑧2 AOs and, finally, the HOMO represents non-bonding oxygen 𝑝𝑦 AOs. 

 

Table 3.1. Geometrical parameters of VO2
+ in the gas phase.a 

Theory V=O (Å) O=V=O (Degrees) 

MP2 1.609 101.68 

MP2/aug-cc-pVTZ 1.620 101.20 

CCSD(T) 1.572 105.19 

CCSD(T)/aug-cc-pVTZ 1.570 105.43 

B3LYP 1.550 105.91 

M06 1.540 105.91 

M06-L 1.559 106.22 

ωB97XD 1.535 106.03 

B97D3 1.560 105.61 

PBE-D3 1.565 105.51 

TPSS-D3 1.567 105.56 

M06-L-D3 1.559 106.22 

B3LYP-D3 1.559 106.22 

aThe aug-cc-pVDZ basis set was employed in all calculations unless otherwise specified.  
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Figure 3.2. Several occupied molecular orbitals (MOs) illustrating the bonding in the VO2
+ cation. Dominant atomic 

contributions to each MO are shown. The MOs were obtained at the B3LYP/aug-cc-pVDZ level of theory with an 

MO isovalue surface of 0.04 (e/Å3)1/2. 

We note that the weakly bonding HOMO-1 orbital becomes a non-bonding orbital in the 

octahedral complex with four water molecules. In contrast to linear UO2
2+ that forms two σ-

bonds with 5fz
3 and 6dz

2 AOs at the angle of 180o,48 the availability of only d-orbitals in 

transition metals results in the geometry of dioxometal ions that is always bent. Moreover, 

comparison of the U≡O bond in UO2
2+ and the V=O bond in VO2

+ reveals that the oxygen atoms 

in VO2
+ are more capable of engaging in hydrogen bonded interaction than those in UO2

2+; the 

latter only very weakly interacts with hydrogen bond donors.48 The extent to which the d-orbitals 

on vanadium are available for interaction with ligand orbitals depends on the strength of 

interaction with the vanadyl oxygen atoms. For example, d-orbitals involved in the formation of 

σ-bonds between vanadium and oxygen will be the least available for bonding with ligands. 

Consequentially, for VO2
+ in a distorted octahedral geometry, ligands occupying equatorial 
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positions on opposite sides of the V=O bond are always more weakly bound (having longer 

bonds) than ligands occupying axial positions perpendicular to the VO2
+ plane. 

 

3.3.2. Hydrolyzed VO2
+ Complexes  

As stated in Section 3.1, the pervanadyl ion is not the dominant dioxovanadium (V) 

species in alkaline aqueous solutions, but rather in equilibrium (Eq. 1) with vanadic acid H3VO4 

and the dominant orthovanadate H2VO4
¯ species.7-9 However, it has been demonstrated that this 

equilibrium can be shifted towards the VO2
+ species in the presence of coordinating ligands.10 In 

order to gain a better understanding of the aqueous chemistry of dioxovanadium (V), the relative 

energies of hydrated and hydrolyzed VO2(H2O)3
+ complexes in the presence and absence of the 

formamidoximate ligand are compared. The MP2 optimized VO2(H2O)3
+ complexes and their 

relative CCSD(T) + δMP2 Gibbs free energies in the gas phase and in aqueous solution can be 

found in Figure 3.3. The CCSD(T) + δMP2 results are consistent with experimental data, 

indicating that the hydrolyzed species, H2VO3(H2O)2
+ and H2VO4(H2O)+, are more stable than 

the hydrated cation, VO2(H2O)3
+, in neutral aqueous solutions. 

 

 

Figure 3.3.  Structures of hydrated and hydrolyzed VO2(H2O)3
+ complexes and relative energies in the gas phase 

and in aqueous solution (in parentheses) in units of kcal/mol. 

While the hydrolyzed dioxovanadium(V) species are more stable than the hydrated VO2
+ 

cation in neutral aqueous solution, in the presences of a binding ligand the equilibrium can be 
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can be shifted towards VO2
+.10   To explore this potential equilibrium change, the interaction 

between formamidoximate and dioxovanadium(V) in aqueous solution were computationally 

investigated with hydrated and hydrolyzed formamidoximate-dioxovanadum(V) complexes. 

While the results are sensitive to the number of water molecules in the complex, below we will 

only discuss the results for the largest complex studied, which contains three water molecules.  

Accordingly, the MP2 optimized VO2(AO)(H2O)3 complexes and their relative CCSD(T) + 

δMP2 Gibbs free energies in the gas phase and aqueous solution can be found in Figure 3.4. As 

anticipated, the results obtained from CCSD(T) + δMP2 calculations indicate that the hydrated 

VO2(AO)(H2O)3
+ complex is more stable than the hydrolyzed H2VO3(AO)(H2O)2

+ complex. 

Thus, due to the consistency between experimental and computational data indicating that 

hydrated formamidoximate-dioxovanadum(V) complexes are more stable than their 

corresponding hydrolyzed complexes, in what follows we will only investigate the interactions 

of formate and formamidoximate ligands with the hydrated VO2
+ cation. However, since the 

relative population of the two forms can strongly depend on solution pH, ligand binding strength, 

and the presence of other ions, further investigation of the hydrolyzed species warrants a separate 

study.  

 

Figure 3.4.  Structures of hydrated and hydrolyzed VO2(AO)(H2O)3 complexes and relative energies in the gas 

phase and in aqueous solution (in parentheses) in units of kcal/mol. 
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3.3.3. Hydrated VO2
+ Complexes 

To gain insight into the discrepancy between experimental and previously computed 

coordination number of hydrated VO2(H2O)4
+ complexes, relative energies of five- and six-

coordinate species are computed. Prior reported DFT calculations (B3LYP/6-311+G(d,p) 

coupled with the SMD solvation model) predicted the VO2(H2O)4
+  complex to be a five-

coordinate structure,16 while Car–Parrinello molecular dynamics (MD) simulations found the 

hydrated VO2
+ complex to be an equilibrium mixture of five- and six-coordinate structures.17 

However, our results obtained at the CCSD(T) + δMP2 and MP2 levels are found to be in 

agreement with experimental EXAFS data, indicating that the six-coordinate VO2(H2O)4
+ 

complex is more stable than the five-coordinate VO2(H2O)4
+ conformer. The MP2 optimized 

VO2(H2O)4
+ complexes and their relative CCSD(T) + δMP2 Gibbs free energies in the gas phase 

and in aqueous solution are shown in Figure 3.5, while the relative electronic energies are 

tabulated by level of theory in Table 3.2. 

 

 

Figure 3.5. Structures of VO2(H2O)4
+ complexes and relative energies in the gas phase and in aqueous solution (in 

parentheses) in units of kcal/mol. 

Inspecting the results further, the five-coordinate VO2(H2O)4
+ complex was favored by 

all density functionals except M06-L. Applying the D3 dispersion correction to B3LYP and 

M06-L did not significantly alter this result (<0.3 kcal/mol). However, these results are 

consistent with those obtained from the DFT optimization of the gas-phase VO2
+ cation. This is 
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due to the underestimation of the V=O bond length by DFT, which causes an increased stability 

in the anti-bonding character of the vanadium d-orbitals, consequently decreasing the 

coordination number of the VO2
+ complexes. The M06-L density functional, which was 

parameterized for main-group and transition element thermochemistry, kinetics and noncovalent 

interactions42 was an exception, likely due to the closer V=O bond lengths to the CCSD(T)/aug-

cc-pVTZ results. We should note that clusters with only four water molecules might be too small 

to accurately predict the coordination number in bulk water. Nevertheless, the use of higher 

levels of theory provides greater consistency between the EXAFS and computational 

coordination number of the hydrated VO2
+ ion.   

 

3.3.4. Formate-VO2
+ Complexes 

Next, the relative energies of pure monodentate and bidentate carboxylate-VO2
+ 

complexes are compared, in addition to investigating the preferred coordination number of 

simple VO2(HCOO)(H2O)x complexes (x = 1, 2). Based on CCSD(T)/aug-cc-pVDZ + δMP2 

energies, the bidentate, five-coordinate VO2(HCOO)(H2O) complex is slightly preferred over the 

monodentate, four-coordinate VO2(HCOO)(H2O) complex (Figure 3.6). This result is consistent 

with the mixed carboxylate-amine, pyridine, and ether chelates observed for the majority of the 

carboxylate-VO2
+ crystals in the CSD. However, this is in direct contrast to the formation of 

carboxylate-UO2
2+ complexes; UO2

2+ strongly prefers bidentate coordination of carboxylate 

ligands about its equatorial plane.49 
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Table 3.2. Relative gas phase electronic energies of five- and six-coordinate VO2(H2O)4
+ clusters in kcal/mol.a 

Theory 1 (c.n.= 6)  2 (c.n. = 5) 

MP2 0.00 2.60 

MP2/aug-cc-pVQZ//MP2 0.00 3.79 

CCSD(T)//MP2 0.00 2.58 

CCSD(T) + δMP2 0.00 3.77 

B3LYP 3.88 0.00 

CCSD(T)//B3LYP 0.00 0.90 

M06 0.83 0.00 

M06-L 0.00 0.89 

ωB97XD 2.45 0.00 

B97D3 2.86 0.00 

PBE-D3 2.64 0.00 

TPSS-D3 1.49 0.00 

M06-L-D3 0.00 0.90 

B3LYP-D3 2.21 0.00 

aThe aug-cc-pVDZ basis set was employed in all calculations unless otherwise specified. c.n. denotes coordination 

number. 

 

 

 

Figure 3.6. Structures of VO2(HCOO)(H2O) complexes and relative energies in the gas phase and in aqueous 

solution (in parentheses) in units of kcal/mol. 
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The relative electronic energies of five- and four-coordinate VO2(HCOO)(H2O) 

complexes are tabulated by level of theory in Table 3.3. With the exception of the B97D3 

functional and the PBE functional with D3 corrections, the five-coordinate VO2(HCOO)(H2O) 

complex was more stable than the four-coordinate one. Excluding the M06-L functional, all the 

DFT functionals underpredicted the stability of the five-coordinate VO2(HCOO)(H2O) complex, 

which is again  consistent with the underpredicted V=O bond lengths obtained from DFT. 

Conversely, MP2 overpredicted the stability of the five-coordinate VO2(HCOO)(H2O) complex, 

which is consistent with the overpredicted V=O bond lengths obtained with MP2. Applying the 

D3 correction to the B3LYP and M06-L density functionals did not significantly alter these 

results (≤ 0.1 kcal/mol). 

Examining the effects of adding an additional water to form VO2(HCOO)(H2O)2, it is 

observed that the five-coordinate complex, 5, is far more stable than the six-coordinate  complex, 

8 (Figure 3.7). Furthermore, the monodentate five-coordinate VO2(HCOO)(H2O)2 complex, 7, is 

less stable than the bidentate five-coordinate carboxylate  complex, 5,  by ~ 4 kcal/mol. This is 

likely due to hydrogen bond formed between the water and the unbound oxygen on the formate 

anion instead of the VO2
+ oxygen.  As a result, monodentate carboylate-VO2

+ complexes should 

become more stable with additional water molecules, as they will provide additional stabilizing 

hydrogen bonds to both the carboxylate and the VO2
+ cations. This hypothesis was confirmed 

with VO2(HCOO)(H2O)3 complexes. The relative Gibbs free energies of these complexes in the 

gas phase and in aqueous solution can be found in Figure A.3 of Appendix B. Applying the 

same reasoning, complex 6 is less stable than complex 5, owing to the lack of hydrogen bonding 

with the VO2
+ cation, while in complex 5, the second water molecule is interacting with both the 

carboxylate oxygen and an oxygen atom on the VO2
+ cation. Strong hydrogen-bonding ability of 
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oxygen atoms in VO2
+ is consistent with the non-bonding character of one of their lone pairs 

(Figure 3.2).  

Looking closer at the relative electronic energies of the five- and six-coordinate 

VO2(HCOO)(H2O)2 complexes (Table 3.4), the seven density functionals employed in this study 

can be separated into two groups, functionals that behave like the B3LYP (ωB97XD, B97D3, 

PBE-D3, TPSS-D3, and B3LYP-D3) and functionals that behave like the M06 functional 

(M06L, M06-L-D3). Based on this grouping, DFT calculations of VO2(HCOO)(H2O)2 were only 

carried out at the B3LYP and M06 levels of theory. Consistent with previous results, MP2 

calculations overpredict the stability of the six-coordinate VO2(HCOO)(H2O)2 complex, 8, 

relative to the CCSD(T) prediction. Optimization of complex 8 at the CCSD/aug-cc-pVDZ level 

of theory resulted in a five-coordinated geometry, indicating that the six-coordinate structure is 

not a stationary point at this level. This result confirms that MP2 indeed significantly 

overestimated the stability of complex 8. Likewise, the six-coordinate VO2(HCOO)(H2O)2 

complex is not stable at the B3LYP or M06 level of theory. The four-coordinate 

VO2(HCOO)(H2O)2 complex was only located at the DFT level of theory. Single-point CCSD(T) 

calculations of the four-coordinate complex indicate that the stability of the complex is over-

predicted at the DFT level of theory. Along these lines, DFT calculations slightly under-

predicted the stability of all three five-coordinate VO2(HCOO)(H2O)2 complexes. In contrast, 

MP2 calculations incorrectly predicted complex 5 to be less stable than complexes 6 and 7. It 

appears that MP2 calculations overpredict the stability of hydrogen bonds between the oxygen 

atoms on carboxylate anions and water molecules.  
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Table 3.3. Relative gas phase electronic energies of five- and six-coordinate VO2(HCOO)(H2O) in kcal/mol.a 

Theory 3 (c.n. = 5) 4  (c.n. = 4) 

MP2 0.00 9.27 

MP2/aug-cc-pVQZ//MP2 0.00 7.85 

CCSD(T)//MP2 0.00 4.02 

CCSD(T) + δMP2 0.00 2.60 

B3LYP 0.00 0.05 

CCSD(T)//B3LYP 0.00 5.61 

M06 0.00 2.93 

M06-L 0.00 4.49 

ωB97XD 0.00 1.36 

B97D3 1.33 0.00 

PBE-D3 0.36 0.00 

TPSS-D3 0.00 1.20 

M06-L-D3 0.00 4.48 

B3LYP-D3 0.00 0.05 

aThe aug-cc-pVDZ basis set was employed in all calculations unless otherwise specified. c.n. denotes coordination 

number. 

 

 

Figure 3.7. Structures of VO2(HCOO)(H2O)2 complexes and relative energies in the gas phase and in aqueous 

solution (in parentheses) in units of kcal/mol.  
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Table 3.4. Relative gas phase electronic energies of VO2(HCOO)(H2O)2 complexes in kcal/mol.a All energies are 

given relative to the five-coordinate complex 5 in Figure 7. 

Theory 6 (c.n. = 5) 7 (c.n. = 5) 8 (c.n. = 6) (c.n. = 4)b 

MP2 -1.66 -1.84 0.69  

MP2/aug-cc-pVQZ//MP2 -1.73 -1.22 0.83  

CCSD(T)//MP2 1.55 0.76 7.71  

CCSD(T) + δMP2 1.48 1.38 7.85  

B3LYP 1.24 0.65  1.23 

CCSD(T)//B3LYP 1.07 -0.51  6.70 

M06 1.59 0.67  3.64 

aThe aug-cc-pVDZ basis was employed in all calculations unless otherwise specified. c.n. denotes coordination 

number.  

bThis structure is not illustrated in Figure 7, because it is not a stable minimum at the MP2 level of theory. 

 

As eluded to in the discussion of VO2(HCOO)(H2O)2, hydration effects will become 

greater with added waters. Accordingly, computations on VO2(HCOO)(H2O)3 complexes were 

carried out at the same levels of theory as the VO2(HCOO)(H2O)2 complexes (Figure A.3 and 

Table A.6 of Appendix B). These calculations further confirmed the higher instability of the six-

coordinate complex at all levels of theory. Moreover, it was found that the five-coordinate 

monodentate VO2(HCOO)(H2O)3 complex was energetically very similar to the five-coordinate 

bidentate VO2(HCOO)(H2O)3 complex in aqueous solution, revealing that the average 

coordination mode is likely an equilibrium mixture of the two forms.  

 

3.3.5. Formamidoximate-VO2
+ Complexes 

Moving now to the amidoxime ligand systems, the relative electronic energies of 

VO2(AO)(H2O), VO2(AO)(H2O)2, and VO2(AO)(H2O)3 complexes are examined. CCSD(T) + 

δMP2 energies of four- and five-coordinate VO2(AO)(H2O)n complexes are used as benchmarks 
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against the DFT and MP2 optimized structures. Starting with VO2(AO)(H2O), surprisingly, the 

lowest energy complex obtained at the CCSD(T) + δMP2 level of theory was a five-coordinate 

amine nitrogen and oxime oxygen chelate complex 9 (Figure 3.8). This geometry entails a 

tautomeric rearrangement of the formamidoximate ligand, which leads to a structure that is ~5 

kcal/mol more stable than the non-tautomeric form, 13 in aqueous solution. This indicates that 

the proton transfer between the amine nitrogen and the oxime nitrogen is essential to the 

formation of monoamidoxime-VO2
+ complexes. Interestingly, the η2 coordinating complexes 11 

and 12 are found to be higher in energy (less stable) than the tautomeric species. This is an 

important result due to the fact that amidoxime-UO2
2+ η2 complexes are generally more stable.50 

This has significant implications for the design of UO2
2+ selective ligands, a topic discussed in 

greater detail in the next section. 

Monodentate formamidoximate-VO2
+ complexes were investigated as well. A stable 

monodentate nitrogen complex, 10, was obtained at the MP2 level. However, the monodentate 

oxygen complex converges into to an η2 complex 12. Complex 10 is less stable than complex 9 

by ~1.5 kcal/mol in aqueous solution. Moreover, it should be noted that the formation of 10 

entails proton transfer from the water ligand to the formamidoximate ligand. The neutralization 

of the formamidoximate ligand appears to have a stabilizing effect on complex 10. Additionally, 

the formation of four-membered chelate rings via bidentate amine nitrogen and oxime nitrogen 

atoms, 15 and 14, is far less stable than the formation of coordination modes depicted in 9-13. 

Therefore, these coordination modes are not included in subsequent analysis of 

formamidxoimate-VO2
+ complexes. 

The relative electronic energies of the four- and five-coordinate VO2(AO)(H2O) 

complexes are tabulated by level of theory in Table 3.5. With the exception of complex 10, all 
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calculations for VO2(AO)(H2O) complexes consistent relative energies. Complex 10 is slightly 

more stable than 9 at the B3LYP, B97D3, and B3LYP-D3 levels (by 0.4−1.3 kcal/mol), while it 

is significantly less stable than 9 at the MP2 level (by 9.2−9.3 kcal/mol). Again, some 

overestimation of the instability of low-coordinate VO2
+ complexes by MP2 calculations is 

consistent with the shorter bond lengths obtained from MP2 optimizations of bare, gas-phase 

VO2
+ cations. On the other hand, DFT, MP2, and CCSD(T) predicted relative electronic energies 

of complexes of 9, 12, 13, and 14 within 3 kcal/mol of the CCSD(T) + δMP2 value.  

Next, looking at systems containing two waters, VO2(AO)(H2O)2 (Figure 3.9), results are 

consistent with those found in the monohydrate complexes.  Specifically, the five-coordinate 

amine nitrogen and oxime oxygen tautomeric chelate, 16, is the minimum energy structure 

Likewise, without the tautomeric rearrangement, structure 19 is predicted to be less stable. 

Again, similar to the monohydrate case, complex 18, involving η2 coordination, is only the third 

most stable complex. In addition, the complex formed from monodentate nitrogen coordination, 

complex 17, is significantly more stable than the complex formed from monodentate oxygen 

coordination, 20.  

As mentioned in Section 3.3.4, the behavior of the DFT functionals employed in this 

study can be split into two groups, B3LYP-like and M06-like. Therefore, the B3LYP and M06 

functionals were the only functionals tested for VO2(AO)(H2O)2 and VO2(AO)(H2O)3 complexes. 

MP2, CCSD(T), and DFT calculations consistently identified 16 as the most stable complex 

(Table 3.6). The relative stabilities obtained for complexes 16-20 at all levels of theory were 

within < 4 kcal/mol of the best method, except for 19, where, as before B3LYP calculations 

overestimated the stability of the four-coordinate complex. 
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Finally, analyzing three water systems, the tautomerically rearranged formamidoximate 

ligand complex is again found to be the most stable in the structures searched (Figure 3.10, 

complex 21). Consistent with the results of the mono- and dihydrate complexes, structure 21 is 

~4 kcal/mol more stable than the alternative tautomeric form 24. The monodentate nitrogen 22 

and the five-coordinate η2 23 are the second and third most stable complexes, respectively. We 

were also able to locate the six-coordinate η2 complex, 25, as a local minimum, but it was highly 

unstable.    

Compiling the relative electronic energies of the four- and five-coordinate trihydrate 

complexes (Table 3.7), it is again observed that CCSD(T), MP2 with large basis sets, and DFT 

calculations consistently identified 21 as the most stable complex. In regards to the six-

coordinate complex, 25, a stationary point on the MP2 potential energy surface was found, 

however not on the DFT potential energy surface. Given the significant instability of the 

complex, this structure was likely identified as a local minimum by MP2 calculations due to the 

tendency of MP2 to under-predict the stability of high coordination VO2
+ complexes.  

 

3.3.6. Implications for Ligand Design 

As mentioned in Section 3.3.5, the most stable binding motif obtained for 

VO2(AO)(H2O)n, complexes (9, 16, 21) was a five-coordinate amine nitrogen and oxime oxygen 

chelate involving a tautomeric shift of hydrogen from the amide to oxime nitrogen atom. In 

modeling complexation behavior of amidoximate ligands, an important question arises as to 

whether such tautomeric  transformation is feasible in aqueous solution. The amidoxime-imino 

hydroxylamine tautomarization in the absence of complexing ions was investigated by Arshadi et 

al.51 They reported that the energy barrier for tautomerization was prohibitively high in the gas 

phase (33-71 kcal/mol), but could be reduced substantially in the presence of explicit solvent 
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molecules. Following this approach, we constructed a structural model for tautomerization of 

formamidoxime assisted by three water molecules, as seen in Figure 3.11. Consistent with the 

previous study,51 the amidoxime form is ~9 kcal/mol more stable than the imino hydroxylamine 

form. The computed free energy barrier is ~25 kcal/mol for the forward and ~16 kcal/mol for the 

backward reaction. Since the relative stability of the two forms when bound to VO2
+ is the 

opposite of that in the case of a free ligand, the reaction barrier involving the VO2
+-amidoximate 

complex is expected to be ≤ 16 kcal/mol. Figure 3.12 provides an illustrative example of such 

complex, where, in addition to VO2
+, five water molecules were placed into the system to 

adequately coordinate VO2
+ and provide a pathway for proton transfer through a network of 

hydrogen bonds. We find that the transition state for the rate-limiting step lies only 9.5 kcal/mol 

above the initial complex, supporting very fast tautomeric proton exchange and equilibration to 

the most stable chelate structure.    

While η2 coordination of the oxime functional group is the most stable coordination mode 

of amidoximate-UO2
2+ complexes,50 it is consistently found to be the third most stable 

coordination mode for those structures investigated. Based on these aforementioned results, it is 

suggested that the complexation between poly(acrylamidoxime) fibers and VO2
+ cations can be 

restricted by either inhibiting the tautomeric rearrangement from the amidoxime to imino 

hydroxylamine via substitution of both amine hydrogens with alkyl groups or eliminating the 

amine group all together. Incorporating these concepts into ligands design will be an essential 

aspect to improving the UO2
2+ selectivity of future generations of chelating polymers.  
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Figure 3.8.  Structures of VO2(AO)(H2O) complexes (AO=formamidoximate) and relative energies in the gas phase 

and in aqueous solution (in parentheses) in units of kcal/mol.  
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Table 3.5. Relative gas phase electronic energies of four- and five-coordinate VO2(HAO)(H2O) complexes in 

kcal/mol.a All energies are given relative to five-coordinate complex 9 in Figure 8. 

Theory 10 (c.n.= 4) 11 (c.n.= 5) 12 (c.n.= 5) 13 (c.n.= 5) 14 (c.n.= 5) 15 (c.n.= 5) 

MP2 9.19 9.91 6.49 6.64 18.14 16.91 

MP2/aug-cc-pVDZ//MP2 9.31 9.74 6.52 8.98 19.50 18.67 

CCSD(T)//MP2 3.47 5.30 5.96 5.01 19.86 19.39 

CCSD(T) + δMP2 3.59 5.12 5.99 7.35 21.23 21.15 

B3LYP -0.52 4.89 4.60 9.34 22.71 19.65 

M06 2.84 6.64 6.10 10.29 21.33 20.64 

M06-L 3.69 4.76 4.81 9.19 21.73 18.88 

ωB97XD 0.66 6.45 5.90 9.25 22.09 20.15 

B97D3 -1.28 3.24 3.41 7.48 20.92 14.42 

PBE-D3 0.53 3.93 4.10 8.71 21.42 14.49 

TPSS-D3 1.05 4.07 4.42 7.85 21.10 15.27 

M06-L-D3 3.67 4.76 4.81 9.20 21.74 18.88 

B3LYP-D3 -0.38 5.56 5.18 8.73 22.04 18.98 

aThe aug-cc-pVDZ basis set was employed in all calculations unless otherwise specified. c.n. denotes coordination 

number.  
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Figure 3.9.  Structures of VO2(AO)(H2O)2 complexes (AO=formamidoximate) and relative energies in the gas 

phase and in aqueous solution (in parentheses) in units of kcal/mol.  

 

Table 3.6. Relative gas phase electronic energies of five-coordinate VO2(HAO)(H2O)2 complexes in kcal/mol.a All 

energies are given relative to five-coordinate complex 16 in Figure 3.9. 

Theory 17 (c.n. = 5) 18 (c.n. = 5) 19 (c.n. = 4) 20 (c.n. = 5) 

MP2 3.68 4.37 11.71 5.22 

MP2/aug-cc-pVQZ//MP2 4.04 4.17 11.95 6.60 

CCSD(T)//MP2 1.72 4.22 9.91 3.62 

CCSD(T) + δMP2 2.07 4.03 10.15 5.00 

B3LYP 1.46 2.79 3.59 3.73 

M06 1.51 1.57 7.10 7.49 

aThe aug-cc-pVDZ basis set was employed in all calculations unless otherwise specified. c.n. denotes coordination 

number. 

 

 

Figure 3.10.  Structures of VO2(AO)(H2O)3 complexes (AO=formamidoximate) and relative energies in the gas 

phase and in aqueous solution (in parentheses) in units of kcal/mol.  
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Table 3.7. Relative gas phase electronic energies of five- and six-coordinate VO2(HAO)(H2O)3 complexes in 

kcal/mol.a All energies are given relative to five-coordinate complex 21 in Figure 10. 

Theory 22 (c.n. = 5) 23 (c.n. = 5) 24 (c.n. = 5) 25 (c.n. = 6) 

MP2 -0.38 3.76 5.69 9.00 

MP2/aug-qz//MP2 0.64 3.81 7.34 10.04 

CCSD(T)//MP2 0.25 4.12 4.48 15.22 

CCSD(T) + δMP2 1.27 4.16 6.14 16.26 

B3LYP 1.39 2.57 7.19  

M06 0.98 3.56 8.13  

aThe aug-cc-pVDZ basis set was employed in all calculations unless otherwise specified. c.n. denotes coordination 

number. 

 

 

Figure 3.11. Reaction free-energy profile for tautomerization of formamidoxime calculated in the presence of three 

solvent (water) molecules (kcal/mol). Implicit solvation corrections are obtained using the IEF-PCM solvation 

model. DFT-optimized O−H bond lengths in the transition state are shown (Å).     
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Figure 3.12. Reaction free-energy profile for tautomerization of formamidoximate coordinated to VO2
+ in the 

presence of five solvent (water) molecules (kcal/mol). Implicit solvation corrections are obtained using the IEF-

PCM solvation model. DFT-optimized O−H bond lengths in the transition and intermediate states are shown (Å).     

Finally, searching the Cambridge Structural Database (CSD, 2014 release, version 5.36) 

for an unspecified transition metal and an amidoximate ligand with “any” bond specification for 

all carbon-nitrogen bonds and amine proton with no error and no disorder yielded 216 hits. These 

were further scrutinized to remove duplicate structures, structures containing amidoximate and 

imino hydroxylamine ligands that are not directly bonded to the metal center, structures that did 

not contain amidoximate or imino hydroxylamine ligands, and polynuclear complexes. As 

illustrated in Figure 3.13, the remaining 78 complexes can be classified into four categories: 

imino hydroxylamine-transition metal chelate complexes (Type 1) that are representative of the 

tautomerically rearranged formamidoximate-VO2
+ binding motif observed in 9, 16, and 21, 

monodentate oxime nitrogen complexes (Type 2) that are representative of the binding motif 

observed in 10, 17, and 22, η2 complexes (Type 3) that are representative of the binding motif 
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observed in 11, 18, and 23, and amidoximate-transition metal chelate complexes (Type 4) that 

are representative of the binding motif observed in 12, 19, and 24. Approximately 78% of the 

complexes obtained were Type 2 complexes, such as CIMMIW,52 IMAXNI,53 and YOHFEI.54 

Although the Type 2 complexes were the most prevalent complexes, they were only observed 

for bisamidoximate ligands and amidoximatee ligands linked to amines and pyridines.  Type 1 

complexes, such as CUHJUK,55 NEKLEW,56 and POLFED,57 are the most prevalent 

amidoximate complexes observed in the absence of additional amidoximates, amines, and 

pyridines (~ 18%). The remaining 4% of complexes observed were Type 3, such as RASBOC58 

and BASBIW.58 However, RASBIW is listed as a Type 4 complex in Figure 3.13 because it was 

the only complex that exhibited the Type 4 binding motif.  These results lend merit to our 

observation, that in the absence of pyridines, amines, and additional amidoximate species, the 

most stable binding motif is the Type 1 binding motif.  

 

3.4. Conclusion 

In this work, we computationally elucidated the binding motif and coordination numbers 

of formamidoximate-VO2
+ and formate-VO2

+ complexes by investigating the relative energies of 

25 formate-VO2
+, formamidoximate-VO2

+, and hydrated VO2
+ complexes. We employed 

CCSD(T) calculations in the aug-cc-pVDZ basis set to determine benchmark relative energies of 

VO2
+ complexes to evaluate MP2 and various DFT methods. Compared to the highest level of 

theory employed, DFT methods tend to underestimate, while MP2 tend to overestimate the 

coordination number of hydrated VO2
+ complexes. In particular, CCSD(T) and MP2 calculations 

predict higher stability of the six-coordinate VO2(H2O)4
+ complexes, compared to the five-

coordinated complex where one of the water molecules is outside of the first shell, while all 
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tested DFT methods yield the reversed stability of the two configurations. Thus, employing 

higher level of theory calculations has resolved the discrepancy between the experimental and 

computational coordination number of the hydrated VO2
+ ion.  

Moreover, our investigation of formate-VO2
+ complexes revealed that the average 

coordination mode of pure carboxylate-VO2
+ complexes in aqueous solution is an equilibrium 

mixture of monodentate and bidentate species. Our investigation of formamidoximate-VO2
+ 

complexes universally identified the most stable binding motif formed by chelating a 

tautomerically rearranged imino hydroxylamine ligand via the amine nitrogen and the oxime 

oxygen. Transition state calculations identified the low-energy pathway for interconversion 

between the two forms, supporting fast rearrangement to the thermodynamically more stable 

tautomer. In contrast, previous studies showed the most stable amidoxime-UO2
2+ complexes are 

formed via η2 coordination of the oxime functional group.50 The difference in the binding motifs 

for complexation with UO2
+ and VO2

+ has important implications for ligand design. The UO2
2+ 

selectivity of poly(acrylamidoxime) fibers could be improved by designing ligands that either 

contain only η2 coordination sites of the oxime functional group or do not permit a tautomeric 

rearrangement from amidoxime to imino hydroxylamine by substituting both amine hydrogen 

atoms with alkyl group. The results provide an important step for developing a computational 

protocol for predicting the stability constants for VO2
+ complexes. Combined with the 

demonstrated ability to predict the stability constants for UO2
2+ complexes,59 this will provide 

the essential foundation for the rational design of ligands with enhanced uranyl affinity and 

selectivity.  

 

 



79 

 

 

Figure 3.13. Crystal structures of amidoximate-transition metal complexes from the CSD. The Type 1 complexes 

are representative of the tautomerically rearranged binding mode observed in complexes 9, 16, and 21. The Type 2 

complexes are representative of the monodentate oxime nitrogen binding mode observed in complexes 10, 17, and 

22. The Type 3 complex is representative of the η2 binding mode observed in complexes 11, 18, and 23. The Type 4 

complex is representative of the unrearranged binding motif observed in complexes 12, 19, and 24. 
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Abstract 

Poly(acrylamidoxime) fibers are the current state of the art adsorbent for mining uranium from 

seawater. However, the competition between uranyl (UO2
2+) and vanadium ions poses a 

challenge to mining on the industrial scale. In this work, we employ density functional theory 

(DFT) and coupled-cluster methods (CCSD(T)) in the restricted formalism to investigate 

potential binding motifs of the oxovanadium(IV) ion (VO2+) with the formamidoximate ligand. 

Consistent with experimental EXAFS data, the hydrated six-coordinate complex is predicted to 

be preferred over the hydrated five-coordinate complex. Our investigation of formamidoximate-

VO2+ complexes universally identified the most stable binding motif formed by chelating a 

tautomerically rearranged imino hydroxylamine via the imino nitrogen and hydroxylamine 

oxygen. The alternative binding motifs for amidoxime chelation via a non-rearranged tautomer 

and η2 coordination are found to be ~11 kcal/mol less stable. Natural bond orbital analysis was 

performed to understand the nature of the interactions in the VO2+ complexes. The difference in 

the most stable VO2+ and UO2
2+ binding conformation has important implications for the design 

of more selective UO2
2+ ligands. 
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4.1. Introduction 

With the development of advanced nuclear energy systems, the demand for uranium is 

expected to increase. There is an estimated 4.5 billion tons of uranium dissolved in seawater, 

largely in the form of uranyl tricarbonate, UO2(CO3)3
4-.1-3 Consequentially, extensive research 

efforts spanning five decades have focused on developing adsorbents for extracting uranium 

from seawater.4 This research is complicated by the fact that uranium is present in very low 

concentrations, roughly 3 ppb,1 while numerous competing metal cations are present at much 

higher concentrations.3 Currently, the most widely utilized adsorbents are poly(acrylamidoxime) 

fibers, which were first identified in a screening of 200 organic polymers as the only adsorbent 

capable of extracting uranium from pH 8.3 aqueous solution, the approximate pH of seawater.5, 6 

However, poly(acrylamidoxime) fibers are not perfectly selective towards uranium in seawater. 

In particular, there is great interest in understanding the interaction between 

poly(acrylamidoxime) fibers and vanadium ions, because the competition between UO2
2+ and 

vanadium ions remains a great challenge.7 In addition to reducing the UO2
2+ capacity of 

poly(acrylamidoxime) fibers, vanadyl cations bind so strongly that striping the cations 

irreversibly damages the adsorbant.4, 8 The vanadium(V) species is present in higher 

concentrations than vanadium(IV) species in seawater, but the ratio is significantly dependent 

upon the season, the water depth, and the marine life present.7, 9 Moreover, the kinetics of 

vanadium(IV) complexation is much faster than vanadium(V) complexation, which justifies the 

detailed investigation of both species. Recently, we have studied the interaction between the 

formamidoximate ligand and the dioxovanadium(V) cation,VO2
+.10 In the current work, we will 

study the oxovanadium(IV), VO2+, complexation with the formamidoximate anion. 

Understanding how amidoxime functional groups interact with vanadium ions is essential for the 

rational design of subsequent generations of chelating polymer adsorbents.  
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Poly(acrylamidoxime) fibers are polymers bearing random mixtures of propyl linked 

carboxylate and amidoxime monomers at a 40 to 60 monomer ratio, respectively.11, 12 Therefore, 

in order for the interaction between poly(acrylamidxoimes) and VO2+ cations to be understood, 

the binding motif of simple, representative carboxylate and amidoxime ligands to VO2+ needs to 

be established. About 250 carboxylate-VO2+ crystal structures can be found in the Cambridge 

Structural Database (CSD, 2014 release, version 5.36) after applying no errors, no disorder, and 

non-polymeric filters13 and excluding polynuclear complexes. A single example of a crystal 

structure with a pure carboxylate binding motif, XUTLON,14 is illustrated in Figure 4.1.A. The 

remainder of the carboxylate-VO2+ crystal structures exhibits a mixed binding motif consisting 

of a monodentate-carboxylate and an amine nitrogen, a pyridine nitrogen, or an ether oxygen 

chelate. An example of one of these mixed chelate structures, LOPHIJ,15 is illustrated in Figure 

4.1.B. Of the carboxylate-VO2+ complexes, 74% were six-coordinate, 18% were seven-

coordinate, and 8% were five-coordinate. Five-coordinate complexes were observed if the 

carboxylate ligand was rigid, sterically strained, or contained electron withdrawing groups. 

Seven-coordinate complexes were observed for half of all VO2+ complexes that contained η2 

coordinated peroxide, nitrosyl, hydroxylamine, and N-hydroxylamine ligands. However, despite 

this abundance of carboxylate-VO2+ crystal data in the CSD, no amidoxime-VO2+ crystal 

structures have been reported.  

Herein, we report the results of a computational investigation of the interactions of the 

oxovanadium (IV) ion, VO2+, with the formamidoximate anion. The chosen ligand is small 

enough that high-level ab initio calculations could readily be performed. Calculations at various 

levels of theory, such as B3LYP/aug-cc-pVDZ, M06/aug-cc-pVDZ, and CCSD(T)/aug-cc-

pVDZ//B3LYP/aug-cc-pVDZ were applied to identify how the amidoximate ligand interacts 
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with the VO2+ ion. The natural bond orbital (NBO) analysis was performed to elucidate the 

nature of these interactions. Theoretical results lay the foundation for the rational design of 

ligands that are more selective for the UO2
2+ ion.  

 

 

Figure 4.1. Crystal structures of carboxylate-VO2+ complexes. The XUTLON complex, (acetato-O,O')-chloro-bis(4-

methylpyridine-N)-oxo-vanadium(IV), and the LOPHIJ complex,  aqua-bis(5-cyanopyridine-2-carboxylato-N,O)-

oxido-vanadium(IV) dihydrate, are representative of the two carboxylate-VO2
+ binding modes observed in the CSD.  

 

4.2. Methods 

4.2.1. Electronic Structure Calculations 

Electronic structure calculations were carried out using the Gaussian 09 Revisions C.01 

and D.01.16 Geometry optimization was performed with density functionals,17, 18 specifically, 

B3LYP,19, 20 M06,21 using the aug-cc-pVDZ basis set.22, 23 Additionally, we employed single-

point coupled-cluster CCSD(T)/aug-cc-pVDZ  calculations24-26 in the restricted formalism as 

implemented in Gaussian 09 using the geometries of VO2+ complexes obtained with 

B3LYP/aug-cc-pVDZ (denoted R/R-CCSD(T)//B3LYP hereafter). Only the valence C, H, N, 

and O electrons and the valence and sub-valence 3s and 3p V electrons were correlated in the 

R/R-CCSD(T) calculations. Single-point R/R-CCSD(T)/aug-cc-pVDZ calculations in which only 

the valence electrons were correlated were also carried out and the results can be found in 

Appendix C. Additionally, the competitive complexation with the UO2
2+ and VO2

+ ions was 
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investigated at comparable levels of theory. The standard Stuttgart small-core (SSC) 1997 

relativistic effective core potential (RECP) was used for uranium, replacing 60 core electrons to 

account for scalar relativistic effects.27 The valence electrons in this basis set at the R/R-

CCSD(T) level are represented by a contracted [8s/7p/6d/4f] basis. The most diffuse f function 

(having an exponent of 0.005) on U was removed in the DFT calculations to improve SCF 

convergence. Zero-point energies (ZPE) and thermal corrections were obtained at the B3LYP 

level without scaling using the 6-311++G** basis set. Using the gas phase geometries obtained 

at the B3LYP/aug-cc-pVDZ level, implicit solvent corrections were obtained at 298 K with the 

IEF-PCM model28-30 in Gaussian 09, using the default atomic radii of the united force field 

(UFF) (denoted R/R-CCSD(T)//B3LYP//IEF-PCM(UFF) hereafter). Electronic energies in the 

solvent reaction field were computed at the B3LYP/6-31+G* level. For comparison, relative 

energies in the aqueous phase obtained using the SMD solvation model31 are given in Appendix 

C. In general, the two solvation models yield similar trends in complex stability, with the SMD 

method giving higher weight to complexes with lower coordination numbers.  

A transition state search with the B3LYP/aug-cc-pVDZ method was performed using a 

standard Berny algorithm implemented in Gaussian 09,16 starting from the partially optimized 

geometry at the same level of theory along the chosen reaction coordinate and the precalculated 

Hessian. Intrinsic reaction coordinate calculations (IRC) were performed to ensure that 

transition-state structures connect their respective reactants and products. 

 

4.2.2. Natural Bond Orbital (NBO) Analysis 

Chemical bonding analysis was performed with the NBO method32, 33 at the B3LYP/6-

31G* level using NBO 6.0 program.34 NBO analysis provides a good quantitative description of 
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interatomic and intermolecular interactions in accordance with the basic Pauling-Slater-Coulson 

representations of bond polarization and hybridization.32, 33 Since all studied VO2+ complexes are 

open-shell systems, the analyses of the individual electron densities were carried out separately 

for α (spin-up) and β (spin-down) orientations. The latter reflect the two different ways by which 

a single electron can occupy an orbital in terms of the spin direction. The donor-acceptor 

interaction energy in the NBOs was estimated via second-order perturbation theory analysis of 

the Fock matrix.32, 33 For each donor orbital (i) and acceptor orbital (j), the stabilization energy 

E(2) associated with i→j delocalization is given by: 

 

where oi is the donor orbital occupancy,  is the Fock operator, and εi and εj are the orbital 

energies. 

 

4.2.3. Calculation of the Complexation Free Energies 

Complexation free energies in aqueous solution, ΔGaq, were calculated using the 

methodology described in ref 35. According to the thermodynamic cycle shown in Figure 4.2, 

ΔGaq is given by: 

∆Gaq = ∆Go
g + ∆∆G*

solv + (n-1)∆Go →* + nRT ln([H2O])  

where ∆Go
g is the free energy of complexation in the gas phase and ∆∆G*

solv is the difference in 

the solvation free energies for a complexation reaction  
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Here, AO denotes the formamidoxime ligand and M can be VO2+, VO2
+, or UO2

2+. The 

standard state correction terms must be introduced to connect ∆Go
g, ∆∆G*

solv, and ∆∆Gaq defined 

using different standard state conventions. ΔGo→*  = 1.89 kcal/mol (T = 298.15 K) is the free 

energy change for the conversion of 1 mol of solute from the gas phase at a standard state of 1 

atm (24.46 L/mol) to the aqueous phase at a standard state of 1 mol/L.  Likewise, RT ln([H2O]) = 

2.38 kcal/mol (T = 298.15 K) is the free energy change for the conversion of 1 mol of solvent 

from the aqueous phase at 1 mol/L to pure water at a standard state of 55.34 mol/L.                                           

 

Figure 4.2. Thermodynamic cycle used to calculate ∆Gaq 

 

4.3. Results and Discussion 

 As noted in the Introduction, there is an absence of data describing the binding modes 

and coordination numbers of amidoximate-VO2+ complexes. In order to supplement this lack of 

data, we computationally elucidated the binding mode, coordination number, and the nature of 

interaction in formamidoximate-VO2+ complexes. First, we examined the electronic structure of 

the bare VO2+ cation and a set of hydrated and hydrolyzed VO2+ complexes to better understand 

the aqueous chemistry of the VO2+. Second, we determined the optimal coordination numbers 

and binding modes of formamdioximate-VO2+ complexes. Next, we investigated the competitive 

binding of formamidoximate toward UO2
2+, VO2

+, and VO2+ cations. Finally, from our 
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theoretical results we derived a strategy for the design of amidoxime ligands that are expected to 

be more selective toward the uranyl ion. 

 

4.3.1. VO2+ Cation in the Gas Phase 

To better understand the nature of interactions between VO2+ ion and ligands, it is 

important to first elucidate chemical bonding picture of the bare VO2+ cation. The results of 

natural bond orbital (NBO) analysis for VO2+ are shown in Figure 4.3. NBO revealed one singly 

occupied d-type lone pair on the vanadium atom and one s-type lone pair on the oxygen atom 

with an occupation number (ON) of 1.99 |e|, as well as one two-center two-electron (2c-2e) σ 

bond (ON = 2.00 |e|) and two 2c-2e π bonds (ON = 2.00 |e|) originating from the interactions 

between oxygen 2p and vanadium 3d atomic orbitals and thus making a total of three vanadium 

to oxygen bonds in VO2+. The revealed covalent bonds, which are more polarized toward the 

oxygen atom, have an ideal occupancy of 2.00 |e|, indicating that single Lewis structure [V≡O]2+ 

should be a good representation of the complete electron density of the VO2+ cation. 

 

 

Figure 4.3. NBO chemical bonding pattern for the VO2+ cation (the isodensity value is 0.15 au). ON stands for 

occupation numbers. 
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4.3.2. Hydrated VO2+ Complexes 

The electronic structure and geometry of the VO2+ cation in the octahedral ligand field 

has been the subject of research since the 1950s.35-38 Figure 4.4 shows the singly occupied 

molecular orbitals (SOMOs) of representative hydrate and formamidoximate VO2+ complexes 

obtained at the B3LYP/aug-cc-pVDZ level of theory. Consistent with previous studies35-38 and 

the results for the VO2+ in the gas phase, the VO2+ SOMOs of all studied complexes are 

vanadium 𝑑𝑥𝑦 atomic orbitals (AOs) oriented to minimize the repulsion with the lone pairs of 

ligand donor atoms.  

 

 

Figure 4.4. Singly-occupied molecular orbitals (SOMOs) of the representative water and formamidoximate VO2+ 

complexes. Dominant atomic contributions to each SOMO are shown with the VO2+ oxygen perpendicular to the 

plane. The SOMOs were obtained at the B3LYP/aug-cc-pVDZ level of theory. 

 To gain insight into the geometry and the coordination number of aqueous VO2+ 

complexes, first, we will compare the relative energies of five- and six-coordinate, hydrated and 

hydrolyzed VO(H2O)5
2+ complexes. The B3LYP optimized VO(H2O)5

2+ complexes and their 

relative R/R-CCSD(T)//B3LYP Gibbs free energies in the gas phase and in aqueous solution can 

be found in Figure 4.5. The results obtained from the R/R-CCSD(T)//B3LYP//IEF-PCM(UFF) 

calculations are consistent with experimental data,35-38 indicating that hydrated complexes, 1 and 

2, are more stable than the hydrolyzed complex, 3, in neutral aqueous solution. Moreover, of the 
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hydrated complexes, the C2v, six-coordinate complex 1 is preferred over the C1, five-coordinate 

complex 2 by ~ 3 kcal/mol. Once again, this is consistent with the EXAFS data indicating that 

the VO2+ cation is most stable as a hydrated, six-coordinate complex of C2V symmetry in 

aqueous solution.36  

 

 

Figure 4.5. Structures and relative Gibbs free energies (kcal/mol) of VO(H2O)5
2+ complexes in aqueous solution and 

in the gas phase (in parentheses). The electronic energies were obtained at the R/R-CCSD(T)//B3LYP level of 

theory. 

 The relative electronic energies of the five- and six-coordinate VO(H2O)5
2+ complexes 

are tabulated by level of theory in Table 4.1. B3LYP marginally preferred complex 2 over 

complex 1 in the gas phase, while M06 and R/R-CCSD(T)//B3LYP marginally preferred 

complex 1 over complex 2 in the gas phase. The hydrated complexes are far more stable than the 

hydrolyzed complexes at all levels of theory. This behavior is typical for oxometal ions with a 

triple M≡O bond. It appears that DFT overpredicts the stability of the hydrolyzed complexes 

relative to R/R-CCSD(T), i.e., underestimates the energy of the V≡O bond compared to the 

V−OH bond. 
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Table 4.1. Relative electronic energies (gas phase) of five- and six-coordinate VO(H2O)5
2+ clusters in kcal/mol.a,b 

Theory 1 (c.n.=6)  2 (c.n.=5)  3 (c.n.=6)  

B3LYP 2.0 0.0 13.8 

M06 0.0 1.6 10.7 

R/R-CCSD(T)//B3LYP 0.0 4.3 24.3 

aThe aug-cc-pVDZ basis set was employed in all calculations. 

bc.n. denotes coordination number. 

  

 

Table 4.2 shows a comparison of the calculated and experimental bond distances and 

V≡O stretching frequencies of the hydrated VO2+ cation. We find that both B3LYP and M06 

V≡O and V−Oaq bond lengths in the six-coordinate VO(H2O)5
2+complex are in reasonable 

agreement with the EXAFS data,36 with an average error of 0.07 Å. The V≡O stretching 

frequencies obtained with B3LYP and M06 are somewhat larger than the experimental one,39 

likely because the calculated V≡O bond lengths are 0.08−0.09 Å shorter than the experimental 

value and the cluster model we considered did not include a second coordination sphere.  

Table 4.2. Comparison of experimental and calculated geometrical parameters and V≡O stretching frequencies of 

the hydrated VO2+ cationa 

Method V≡O (Å) V-Oeq (Å) V-Oax (Å) V≡O Frequency (cm-1)  

Experiment 1.628 ± 0.005 2.024 ± 0.007  2.20 ± 0.05 985 ± 50  

B3LYP/aug-cc-pVDZ 1.55 2.09 2.27 1135 

M06/aug-cc-pVDZ 1.54 2.08 2.25 1139 

aBond distances are obtained using EXAFS in the presence of a sulfate anion.37 The V≡O stretching frequency is 

obtained using IR in the presence of a sulfate anion.40 DFT calculations are carried out for a six-coordinate 

VO(H2O)5
2+ complex 1.   
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We performed NBO analyses to investigate the type and the strength of interactions of 

the VO2+ cation with water and formamidoximate ligands. Table 4.3 shows the significant 

stabilization interaction energies E(2) for different types of donor-acceptor interactions in the 

studied VO2+ systems. First, let us focus the discussion on the hydrated VO2+ complexes. 

According to the results of NBO analysis for VO(H2O)5
2+ the strongest donor-acceptor 

interactions (LPO→LP*V) occur between the water oxygen sp (s 50.02%; p 49.98%) hybridized 

lone pair (LPO) and the vanadium 4s and 3d orbitals (LP*V). This indicates that the occupied 

electron lone pairs of the water oxygen enter into the vacant valence orbitals of VO2+ to form 2c-

2e V← :O dative bonding. Through such donor-acceptor coordinate bonds, stable hydrated 

VO(H2O)5
2+ complexes are generated. As can be seen in Figure 4.5, complex 1 is the most 

stable and highly coordinate system since VO2+ has five dative bonds with all five water 

molecules surrounding the cation. Though complex 2 is only five-coordinate, lacking the sixth 

ligand - the axial water oxygen, it is still energetically competitive conformer because of the 

formation of hydrogen bonding (E(2) = 33.2 kcal/mol) between the water molecules in the first 

and the second coordination spheres. As expected from a chemical bonding point of view, 

complex 3 is the least stable since the protonation of VO2+, resulting in V(OH)2
2+, is a highly 

unfavorable process that would lead to the breaking of the strong π bonds (Figure 4.3) in VO2+ 

cation. Table 4.3 also displays weaker interactions of CRV→BD*Ligand, LPV→BD*Ligand, and 

LPV→RY*Ligand, associated with the partial donation of electron density from the vanadium 

orbitals (CRV, LPV) into acceptor orbitals of the adjacent ligands (BD*Ligand, RY*Ligand). The 

appearance of this weak V → Ligand* back-donation interaction helps to further stabilize the 

VO2+ complexes by diminishing the accumulation and repulsion of negative charge around the 

VO2+ ion because of the formation of dative bonds between V and ligands. 
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4.3.3. Formamidoximate-VO2+ Complexes 

 Moving now to amidoxime ligands (AO), complexes with two, VO(AO)(H2O)2
+,  and 

three, VO(AO)(H2O)3
+, explicit water molecules have been examined. Although the amidoxime 

functional group is weakly acidic (acetamidoxime has an experimental pKa of 13.21 and a 

calculated pKa of 13.3),40 we examine the coordination of amidoximate species to VO2+ because 

it has been demonstrated experimentally and computationally in the literature that the 

amidoximate species coordinates to metal cations.41-45 Starting with the VO(AO)(H2O)2
+ 

complexes, the lowest energy complex obtained at the R/R-CCSD(T)//B3LYP//IEF-PCM(UFF) 

level of theory was a five-coordinate amine nitrogen and oxime oxygen chelate 4 in Figure 4.6. 

This geometry entails a tautomeric rearrangement of the formamidoximate ligand, which leads to 

a structure that is ~11 kcal/mol more stable than the non-tautomeric form, 5. This indicates that 

the proton transfer between the amine nitrogen and the oxime nitrogen is essential to the 

formation of the most stable amidoximate-VO2+ complexes. Interestingly, the η2 coordinating 

complex 6 is also found to be significantly higher in energy (by ~12 kcal/mol) than 4. This is an 

important result due to the fact that amidoximate-UO2
2+ η2 complexes are generally more stable 

than the chelate complexes.44, 45 These results have significant implications for the design of 

UO2
2+ selective ligands, a topic discussed in the next section. Additionally, we find that a chelate 

complex 7 formed via amine and oxime nitrogen atoms are significantly less stable than all the 

binding motifs discussed thus far. Therefore, this binding motif will not be further considered.  

The relative electronic energies of the five-coordinate VO(AO)(H2O)2
+ complexes are 

tabulated by level of theory in Table 4.4. DFT optimizations of all four complexes yielded 

similar relative electronic energies. Moreover, all DFT and R/R-CCSD(T)//B3LYP calculations 

consistently identified complex 4 as the most stable complex and predicted the relative electronic 

energies of complexes 5, 6, and 7 to be within 1−4 kcal/mol of the R/R-CCSD(T)//B3LYP value. 
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The relative energies of monodentate complexes could not be examined with two explicit 

water molecules because the coordination number would be too low. In order to compare the 

relative stability of monodentate and bidentate binding motifs, VO(AO)(H2O)3
+ complexes with 

an additional water molecule were considered. Similar to a case with one less water molecule, 

the lowest energy complex obtained at all levels of theory was the five-coordinate tautomeric, or 

the amine nitrogen and oxime oxygen chelate, 8 in Figure 4.7. The alternative binding motifs are 

found to be significantly less stable. In particular, the two five-coordinate monodentate 

complexes obtained, 10 and 15, are, respectively, ~8 kcal/mol and ~17 kcal/mol less stable than 

8. Interestingly, both 10 and 15 bear a hydroxyl ligand formed via the transfer of a proton from a 

water molecule to the oxime oxygen and the amine nitrogen, respectively. Likewise, the non-

tautomeric forms, 11 and 13, and η2-coordinated forms, 12 and 14, are ~10-12 kcal/mol less 

stable than their analogous tautomeric chelates, 8 and 9, respectively. In general, the five-

coordinate conformers of different binding motifs (8, 11, and 12) are slightly more stable (by 

0.7−3.1 kcal/mol) than the analogous six-coordinate conformer (9, 13, and 14). The most 

favorable position of the water molecule in the second coordination sphere (8, 11, and 12) adopts 

a hydrogen-bonded arrangement with two water molecules in the inner coordination sphere. 

Other placements to interact with the amidoximate ligand and the vanadium oxo group were 

tested, but the resulting complexes appeared to be slightly less stable.      

The relative electronic energies of the five- and six-coordinate VO(AO)(H2O)3
+ 

complexes are tabulated by level of theory in Table 4.5. All DFT and R/R-CCSD(T) calculations 

consistently identified complex 8 as the most stable complex and with the exception of complex 

13 predicted the relative electronic energies of complexes 9 -15 to be within 5 kcal/mol of the 

R/R-CCSD(T)//B3LYP value. 
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In order to justify the formation of formamidoximate-VO2+ complexes 4 [VOAO(H2O)2]
+  

and 8 [VOAO(H2O)3]
+ representing the lowest energy configurations found by our 

computational search, we calculated the corresponding free energies of complexation (eq 1 and 

eq 2, respectively) at the R/R-CCSD(T)//B3LYP//IEF-PCM(UFF) level of theory. 

[VO(H2O)5]
2+ + AO− ⇌ [VOAO(H2O)2]

+ + 3H2O, ΔGaq = -56.9 kcal/mol    (1) 

[VO(H2O)5]
2+ + AO− ⇌ [VOAO(H2O)3]

+ + 2H2O, ΔGaq = -61.4 kcal/mol    (2) 

Large negative values of ΔGaq for reactions (1) and (2) suggest that AO− displaces water 

molecules from six-coordinate complex 1 [VO(H2O)5]
+ in aqueous solution.  

Finally, in order to find out the reason of the high stability of the chelate binding motif in 

the studied formamidoximate-VO2+ complexes, we performed NBO analysis that enables to 

assess the strength of interatomic and intermolecular interactions. The results of NBO analyses 

for complexes 4-8 and 10-12, which represent different formamidoximate-VO2+ binding modes, 

are shown in Table 4.3. According to these results, the addition of the negatively charged 

formamidoximate ligands to the hydrated vanadyl ion complexes results in the decreased charge 

on the VO2+ due to the formation of dative bonds (complete natural charge analysis for 

complexes 1-3, 4-7, and 8, 10-12 is shown in Figures A.4, A.5, and A.6 of Appendix C). 

Though the total amount of electron density shifted from the formamidoximate oxygen and 

nitrogen donor lone pairs (LPO→LP*V, LPN→LP*V) to the vanadyl ion LP*V is almost identical 

for all studied formamidoximate complexes (as one can judge from the relative VO2+ charges in 

different complexes), the strength of LPN→LP*V interactions is ~15 kcal/mol higher for the most 

stable complexes 4 and 8 than for complexes 5, 6, 11, and 12. In addition, for complexes 4 and 8 

with the chelate binding motif NBO revealed one more distinctive feature – very strong (E(2) = 

90.2 kcal/mol) π-type donation LPN→BD*CN within the ligand leading to the equalization of the 
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N-C bond lengths and the formation of the delocalized three-center four-electron (3c-4e) 

hyperbonding, which can be represented by the resonance structures shown in Figure 4.8. It is 

now evident that by giving increased weight to II-type structure (Figure 4.8), the system 

readjusts to give higher anionic character at the amine nitrogen, thereby increasing the Lewis 

basicity of the ligand and strengthening VO2+ coordination in complexes 4 and 8.  While 

complex 7 also possesses 3c-4e C-N-C bonding, it was found to be 24.4 kcal/mol less stable 

(Figure 4.6) due to the unfavorable electrostatic interactions and the large strain energy that 

formamidoximate ligand pays when binding to VO2+ ion via the amine and oxime nitrogen 

atoms. In spite of the fact that NBO identified strong donor-acceptor interactions (Table 4.3) in 

complex 10, the amount of charge transferred from the ligands to VO2+ is less compared to other 

VO(AO)(H2O)3
+ complexes. This can be attributed to the partial charge delocalization from the 

hydroxyl ligand to the adjacent protonated oxime group because of the hydrogen bond formation 

(LPO→BD*NH) with E(2) = 20.1 kcal/mol. Complexes 5, 6, 11, and 12 lack the pronounced 

resonance behavior and are completely described by having only localized one-center two-

electron and two-center two-electron bonds.  Thus, the stability of the chelate binding motif in 

complexes 4 and 8 is enhanced by the ligand resonance promoting stronger coordination to VO2+ 

cation. 
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Table 4.3. Significant donor-acceptor natural bond orbital interactions and their second-order stabilization energies 

E(2) (kcal/mol). The starred and unstarred labels correspond to Lewis (donor) and non-Lewis (acceptor) NBOs, 

respectively. Ligands contributing to the particular interaction are shown in parentheses. LP denotes an occupied 

lone pair; RY* denotes a Rydberg orbital; CR denotes a one-center core pair. 

 

Complex 

Donor NBO → Acceptor NBO in selected VO2+ complexes Charge on 

VO2+ unit LPO→LP*V 

(H2O) 

LPO→LP*V 

(AO) 

LPN→LP*V 

(AO) 

CRV→BD*Ligand 

LPV→BD*Ligand 

LPV→RY*Ligand 

Total 

1 188.7 - - 8.0 196.7 +1.07 

2 184.2 - - 8.1 192.3 +1.13 

3 158.3 - - 6.5 164.8 - 

4 84.8 83.0 61.5 10.2 239.5 +0.86 

5 84.1 95.6 46.2 9.1 235.0 +0.86 

6 77.0 82.6 44.8 13.6 218.0 +0.84 

7 82.9 - 111.9 13.4 208.2 +0.88 

8 89.3 83.2 62.3 11.0 245.8 +0.83 

10 183.6$ 69.6 - 7.6 260.8 +0.86 

11 86.3 95.4 45.6 9.2 236.5 +0.85 

12 79.6 85.8 48.4 13.8 227.6 +0.83 

$E(2) second-order stabilization energies in complex 10 are tabulated for LPO→LP*V (H2O and OH− ligands) 

interactions. 
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Figure 4.6. Structures and relative Gibbs free energies (kcal/mol) of VO(AO)(H2O)2
+ complexes in aqueous 

solution and in the gas phase (in parentheses). The electronic energies were obtained at the R/R-CCSD(T)//B3LYP 

level of theory.  

   

Table 4.4. Relative electronic energies (gas phase) of five-coordinate VO(AO)(H2O)2
+ complexes in kcal/mol.a,b 

Theory 4 (c.n.=5) 5 (c.n.=5) 6 (c.n.=5) 7 (c.n.=5) 

B3LYP 0.0 21.3 9.5 28.6 

M06 0.0 22.2 10.7 26.7 

R/R-CCSD(T)//B3LYP 0.0 18.1 13.2 27.9 

aThe aug-cc-pVDZ basis set was employed in all calculations. 

bc.n. denotes coordination number. 
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Figure 4.7. Structures and relative Gibbs free energies (kcal/mol) of VO(AO)(H2O)3
+ complexes in aqueous 

solution and in the gas phase (in parentheses). The electronic energies were obtained at the R/R-CCSD(T)//B3LYP 

level of theory.  

 

Table 4.5. Relative electronic energies (gas phase) of five- and six-coordinate VO(AO)(H2O)3
+ complexes in 

kcal/mol.a,b 

Theory 8 

(c.n.=5) 

9 

(c.n.=6) 

10 

(c.n.=5) 

11 

(c.n.=5) 

12 

(c.n.=5) 

13 

(c.n.=6) 

14 

(c.n.=6) 

15 

(c.n.=5) 

B3LYP 0.0 5.8 4.4 21.5 9.7 24.9 15.0 9.0 

M06 0.0 3.5 7.8 23.3 11.4 23.0 14.0 12.3 

R/R-

CCSD(T)//B3LYP 

0.0 1.0 7.6 18.7 13.6 16.5 12.0 13.9 

aThe aug-cc-pVDZ basis set was employed in all calculations.  

bc.n. denotes coordination number. 
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Figure 4.8. Strong π-type LPN→BD*CN interaction with associated second-order stabilization energy shown in 

parentheses. I and II – resonance structures for the most stable VO(AO)(H2O)2
+ complex. 

 

4.3.4. Implications for Ligand Design 

 As mentioned in Section 4.3.3, the most stable binding motif obtained for 

VO(AO)(H2O)n
+ (n = 2, 3), complexes (4, 8, and 9) was an amine nitrogen and oxime oxygen 

chelate involving a tautomeric shift of hydrogen from the amide to oxime nitrogen atom. In light 

of this result, an important question arises as to whether such tautomeric transformation is 

feasible in aqueous solution. Arshadi et al.46 computationally investigated the amidoxime-imino 

hydroxylamine tautomerization in the absence of complexing ions at the B3LYP level of theory 

and they reported that the amidoxime form is ~10 kcal/mol more stable than the imino 

hydroxylamine form. Moreover, they found a prohibitively high energy barrier for 

tautomerization in the gas phase (>30 kcal/mol) that could be reduced substantially in the 

presence of explicit solvent molecules (≤ 20 kcal/mol).46 Since the relative stability of the two 

tautomers is reversed when bound to VO2+ (as follows from the comparison of relative stabilities 

of 4, 8, 9 with 5, 11, and 13, respectively), the reaction barrier of amidoximate-VO2+ complexes 
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is expected to be much smaller than for a free amidoxime ligand. Figure 4.9 provides an 

example of a pathway for proton transfer from a formamidoximate-VO2+ complex to a 

formimino hydroxylamine-VO2+ complex assisted by four water molecules. We find a very flat 

reaction energy profile with two transition states lying only 2.6 (TS1) and 0.9 (TS2) kcal/mol 

above the initial complex. This supports very fast tautomeric proton exchange and equilibration 

to the most stable chelate structure. 

 

 

Figure 4.9. Reaction energy (electronic energy with solution correction) profile for tautomerization of 

formamidoximate coordinated to VO2+ in the presence of four additional solvent (water) molecules (kcal/mol). 

Implicit solvation corrections are obtained using the IEF-PCM solvation model. DFT-optimized O-H bond lengths 

in the transition and intermediate states are shown (Å).  

To provide a deeper understanding of formamidoxime selectivity toward UO2+, VO2
+, 

and VO2+ ions, it would also be useful to examine their competitive binding. Given that the 

geometries of the predominant solvated UO2+ and VO2
+ ions and their complexes with 
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formamidoximate ligand are known,10, 44, 45 we can compute the R/R-CCSD(T)//B3LYP//IEF-

PCM(UFF) free energies (ΔGaq) for complexation reactions (3), (4), and (5) (calculations at 

different levels of theory and the free energies for additional displacement reactions are shown in 

Tables A.10-A.12 of Appendix C). 

[UO2(H2O)5]
2+ + AO− ⇌ [UO2AO(H2O)3]

+ + 2H2O, ΔGaq = -38.0 kcal/mol   (3) 

[VO2(H2O)4]
+ + AO− ⇌ [VO2AO(H2O)2] + 2H2O, ΔGaq = -54.4 kcal/mol    (4) 

[VO(H2O)5]
2+ + AO− ⇌ [VOAO(H2O)3]

+ + 2H2O, ΔGaq = -61.4 kcal/mol    (5) 

The results of these calculations indicate that formamidoxime has better selectivity to VO2
+ and 

VO2+ rather than UO2
2+, which is in accord with recent experimental data47 confirming higher 

vanadium adsorption capacity of amidoxime-based fibers in natural seawater. It is also worth 

noting that ΔGaq values for VO2
+ (eq 4) do not provide a true measurement of the binding 

strength with vanadium(V) species in seawater, because the orthovanadate ion, H2VO4
− being in 

equilibrium with the VO2
+ cation in aqueous solution, is the most stable solvated form of the 

dioxovanadium (V) at pH of seawater.7, 9, 10 Overall, it is obvious that designing ligands with 

higher selectivity and binding affinity toward uranium versus vanadium is of immense 

importance. 

 While η2 coordination of the oxime functional group is the most stable coordination mode 

of amidoximate-UO2
2+ complexes,44, 45 it is consistently found to be ~11 kcal/mol less stable than 

the tautomerically rearranged imino hydroxylamine-VO2+ chelate. Thus, we suggest that the 

complexation between poly(acrylamidoxime) fibers and VO2+ cations can be restricted by either 

inhibiting the tautomeric rearrangement from the amidoxime to imino hydroxylamine via 

substitution of both amine hydrogen atoms with aliphatic or aromatic groups or eliminating the 
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amine group all together. Incorporating these concepts into ligand design will be an essential 

aspect to improving the UO2
2+ selectivity of future generations of chelating polymers. 

The CSD search of VO2+ complexes containing coordinated oxime ligands with the no 

errors, no disorder, and non-polymeric filters13 yielded 10 mononuclear complexes. As illustrated 

in Figure 4.10, these complexes can be classified into two categories: η2 (Type 1) that is 

representative of the binding motif observed in 6, 12, and 14; and monodentate oxygen (Type 2) 

that is representative of the binding motif observed in 10. While 60% of the complexes were 

Type 2 complexes, such as BEGDOI, NEYVIY, and PAVHIE, they were only observed for 

oximate ligands in the presence of a coordinating RO− group. This is consistent with the 

hydroxyl species formed via proton transfer observed in complex 10. Type 1 complexes, such as 

DEYMIE, DEYMOK, and WIDRIL, were universally observed in the absence of additional 

coordinating groups.  

 

4.4 Conclusion 

 Poly(acrylamidoxime) fibers are the current state of the art adsorbent for mining uranium 

from seawater. However, the competition between uranium and vanadium ions poses a 

significant challenge to the industrial scale mining of uranium,7 because in addition to reducing 

the uranium loading capacity of the fibers, the vanadium stripping process irreversibly damages 

the fibers.4, 8 Thus, there is great interest in understanding how poly(acrylamidoxime) fibers 

interact with various vanadium species present in seawater. In our previous study10 we 

investigated how amidoximate binds to the VO2
+ cation. The focus of the present work is to 

understand how the amidoximate ligand binds to the VO2+ cation. While a wide variety of 
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carboxylate-VO2+ crystal structures have been reported,13 no amidoxime-VO2+ complexes have 

been reported thus far.  

Our investigation of formamidoximate-VO2+ complexes universally identified the most 

stable binding motif formed by chelating a tautomerically rearranged imino hydroxylamine 

ligand via the amine nitrogen and the oxime oxygen. Transition state calculations identified the 

low-energy pathway for interconversion between the two forms, supporting fast rearrangement to 

the thermodynamically more stable tautomer. Such unusual stability of the chelate binding mode 

can be attributed to the resonance enhancement of donor-acceptor coordinate bonding between 

the formamidoximate ligand and the oxovanadium(IV) ion, as shown by the NBO analysis. 

Though comparison of the calculated complexation free energies shows higher 

formamidoxime selectivity toward vanadium versus uranium species, the uranium uptake can be 

increased through structural modifications of the ligand. Indeed, previous studies of uranyl 

coordination showed that the most stable amidoxime-UO2
2+ complexes are formed via η2 

coordination of the oxime functional group.44, 45 Thus, the difference in the binding motifs for 

complexation with UO2
2+ and VO2+ has important implications for ligand design. Specifically, 

these results indicate that the UO2
2+ selectivity of poly(acrylamidoxime) fibers could be 

improved by designing ligands that either contain only η2 coordination sites of the oxime 

functional group or do not permit a tautomeric rearrangement from amidoxime to imino 

hydroxylamine. The latter can be achieved by substituting both amine hydrogen atoms with 

aliphatic or aromatic groups. These results provide a first step for developing a computational 

protocol for predicting the stability constants for VO2+ complexes. Furthermore, in conjunction 

with the recently developed protocol for predicting the stability constants for uranyl48 complexes, 
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this work will provide the essential foundation for the rational design of ligands with enhanced 

uranyl affinity and selectivity.  
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Figure 4.10. CSD crystal structures of oximate-VO2+ complexes. The DEYMIE (oxo-tris(2-acetylfuranoximato)-

vanadium(IV)), DEYMOK (oxo-tris(2-acetylthiopheneoximato)-vanadium(IV) benzene solvate), and WIDRIL 

(chloro-methanol-oxo-bis(1-(2-thienyl)ethanone oximato)-vanadium(IV)) complexes are representative of the η2 

binding mode observed in complexes 6, 12, and 14. The BEGDOI ((4-(((2-(Dimethylamino)ethyl)imino)methyl)-5-

(hydroxymethyl)-2-methylpyridin-3-olato)-(N-(hydroxy)benzenecarboximidato)-oxo-vanadium), NEYVIY((2-

Hydroxy-N-(3-((hydroxy)imino)butan-2-ylidene)benzenecarbohydrazonato)(oxo)(quinolin-8-olato)vanadium), and 

PAVHIE ((Benzhydroxamato)-(N-salicylidene-2-(benzimidazole-2-yl)ethylamine)-oxo-vanadium(IV)) complexes 

are representative of the monodentate oxygen binding mode observed in complex 10. 
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Chapter 5 : Quantifying the Binding Strength of Salicylaldoxime-Uranyl 

Complexes Relative to Competing Salicylaldoxime-Transition Metal Ion 

Complexes in Aqueous Solution: A Combined Experimental and 

Computational Study 
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Abstract 

The design of new ligands and investigation of UO2
2+ complexations are an essential aspect of 

reducing the cost of extracting uranium from seawater, improving the sorption efficiency for 

uranium and the selectivity for uranium over competing ions (such as the transition metal 

cations). The binding strengths of salicylaldoxime-UO2
2+ complexes were quantified for the first 

time and compared with the binding strengths of salicylic acid-UO2
2+ and representative 

amidoxime-UO2
2+ complexes. We found that the binding strengths of salicylaldoxime-UO2

2+ 

complexes are ~2-4 log β2 units greater in magnitude than their corresponding salicylic acid-

UO2
2+ and representative amidoxime-UO2

2+ complexes; moreover, the selectivity of 

salicylaldoxime towards the UO2
2+ cation over competing Cu2+ and Fe3+ cations is far greater 

than those reported for salicylic acid and glutarimidedioxime in the literature. The higher UO2
2+ 

selectivity can likely be attributed to the different coordination modes observed for 

salicylaldoxime-UO2
2+ and salicylaldoxime-transition metal complexes. Density functional 

theory calculations indicate that salicylaldoxime can coordinate to UO2
2+ as a dianion species 

formed by η2 coordination of the aldoximate and monodentate binding of the phenolate group. In 

contrast, salicylaldoxime coordinates to transition metal cations as a monoanion species via a 
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chelate formed between phenolate and the oxime N; the complexes are stabilized via hydrogen 

bonding interactions between the oxime OH group and phenolate. By coupling the 

experimentally determined thermodynamic constants and the results of theoretical computations, 

we are able to derive a number of ligand design principles to further improve the UO2
2+ cation 

affinity, and thus further increase the selectivity of salicylaldoxime derivatives.  

 

5.1 Introduction 

 In recent years, there has been great interest in developing low-carbon emission energy 

sources as an alternative to the widely utilized, high-carbon emission fossil fuels. Nuclear energy 

is a promising alternative as there is an abundance of fuel, including an estimated 4.5 billion tons 

of uranium dissolved in seawater,1 largely in the form of a uranyl tricarbonate calcium salt, 

Ca2UO2(CO3)3,
1-4 while only 5000 tons of uranium are needed annually to meet today’ s energy 

needs.5 However, there are a number of challenges associated with developing an adsorbent 

capable of extracting uranium from seawater that primarily stem from the fact that UO2
2+ is 

present in very low concentrations, 3.3 ppb,6 in the presence of competing metal cations.2 

Therefore, the development of extremely efficient and selective adsorbents is instrumental to 

making this process viable. Currently, the leading approach for extraction of uranium from 

seawater is selective sorption of UO2
2+ via a poly(acrylamidoxime)-based sorbent.7-10 

Poly(acrylamidoxime)-based sorbents are polymers bearing amidoxime, typically generated from 

acrylonitrile. The addition of acidic co-monomers has been reported to influence the 

hydrophilicity of the polymer thereby enhancing the sorption capacity.11-12 Amidoximes were 

first identified in a screening of 200 organic polymers as the only adsorbent capable of extracting 

UO2
2+ from pH 8.3 aqueous solution, the approximate pH of seawater.7-8 However, the 

amidoxime functional group is not uniquely selective towards the UO2
2+ cation in seawater, in 
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particular, competition with transition metal cations, such as Fe3+ (3.4 ppb)6, Cu2+ (0.9 ppb)6, 

VO2+, and VO2
+ (1.9 ppb)6, remain a major challenge.5, 13-15 Therefore, the design of new ligands 

involving investigations of UO2
2+ complexation will play an essential role in reducing the cost of 

extracting uranium from seawater, improving the sorption efficiency for uranium, and improving 

the selectivity for uranium over competing ions (such as the transition metal ions).  

 In order to design a new generation of ligands that are more selective towards the UO2
2+ 

cation we decided to gain more insight into how the amidoxime functional group interacts with 

transition metal cations by searching the Cambridge Structural Database (CSD).16 A CSD search 

(2014 release, version 5.36) of an unspecified transition metal and an amidoximate ligand with 

“any” bond specification for all carbon-nitrogen bonds and amine proton with the no error, no 

disorder, and ‘not polymeric’ filters applied yielded 635 hits which were scrutinized to remove 

duplicate structures, structures containing amidoximate ligands that are not directly coordinated 

to the metal center, structures that did not contain amidoximate ligands, and polynuclear 

complexes. As illustrated in Figure 5.1, the remaining 84 complexes can be classified into two 

categories: complexes in which aliphatic or aromatic amine directly plays a role in binding the 

transition metal center (Type 1), and complexes in which an amine does not directly play a role 

in binding the transition metal center (Type 2). Approximately 62% of the complexes obtained 

were Type 2 complexes, such as CIMMIW (C6H18N12NiO6
2+
2(BF4

-)),17 WOBHUS 

(C4H8CuN4O7),
18 TEKYUD (C20H24N6NiO4),

19 RASBIW (C15H16MoN4O5S2),
20 and FOWJAC 

(C12H19MoN3O6).
21 With the exception of three Mo6+ and MoO4+ η2 complexes, two of which are 

illustrated in Figure 1 (RASBIW and FOWJAC), oximate nitrogen coordination without an 

amine was only observed for bisamidoximate complexes in the absence of additional amines. In 

the absence of an additional amidoximate, Type 1 complexes were observed, whether this 
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entailed coordination of the amine group in the amidoxime functional group, such as CUHJUK 

(C10H6CuN10O2
2-
2(Na+)8(H2O))22 and ORUTIF (C16H17N4O3Tc),23 or coordination of a linked 

aliphatic or aromatic amine, such as ACOXNI10 (C8H22CuN10O4
2+
2(Cl-)),24 AICOCU10 

(C8H14CuN10O2
2+
2(ClO4

-)),25 and YOHFEI (C16H20CdN6O62(C2H6O)).26 These results indicate 

that monodentate oximate nitrogen coordination to a transition metal is relatively unstable. 

Moreover, these results indicate that the elimination of the amine functional group can 

destabilize the interaction between the oximate nitrogen and transition metal cations.  

Likewise, salicylic acid is a well-known UO2
2+ complexant with a history of use as a 

ligand for the spectrophotometric analytical determination of uranium.27 Salicylic acid has a 

UO2
2+ stability constant (log β1) value of 13.128 that is comparable in value to the UO2

2+ log β1 

value of acetamidoxime (log β1 = 13.6)29 and greater in value than the UO2
2+ log β1 value of 

benzamidoxime, (log β1 = 12.4).29 This is interesting when compared to the log β1 values of 

ligands bearing each functional group individually, such as phenol (log β1 = 5.9)28 and benzoic 

acid (log β1 = 2.68)28, suggesting the hydroxyl and carboxylic acid functional groups are 

interacting synergistically when placed in close proximity in salicylic acid. However, this 

synergistic effect is not confined to the UO2
2+ cation, since salicylic acid forms strong complexes 

with transition metal cations as well.28 

Thus, one such approach to improving the stability and selectivity of salicyl ligands 

would involve using an oxime group in place of a carboxylic group. We decided to test 

salicylaldoxime (Figure 5.2, structure H2L
(I)) because it is an aldoxime analog of salicylic acid. 

An aldoxime is an analog of an amidoxime with a proton in place of the amine, i.e., 

benzaldoxime relative to benzamidoxime in Figure 5.2, structures HL(III) and HL(VI), 

respectively. An advantage to using an aldoxime is that it simultaneously preserves the oximate 
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group that is capable of η2 coordination to the UO2
2+ cation30-31 and eliminates the stabilizing 

effect of amine coordination observed in amidoxime-transition metal cations. Moreover, Rao and 

co-workers utilized salicylaldoxime in an ion imprinted polymer to extract UO2
2+ via an ion-

exchange method and demonstrated that it selectively extracted more UO2
2+ than competing 

lanthanide, alkaline, and alkaline earth metal cations and a number of competing transition metal 

cations, such as Pd2+, Ni2+, Cd2+, Pb2+, Mn2+, Co2+, and Zr4+.32 Herein, we report the results of an 

investigation into methods for improving the selectivity of salicyl-based ligands by substituting 

an aldoxime for a carboxylic acid.  

 

5.2 Experimental Methods 

5.2.1 Materials and Methods  

 Salicylaldoxime (Sigma-Aldrich; ≥ 98% purity), uranyl nitrate hexahydrate 

(UO2(NO3)26H2O; B&A Quality) and sodium hydroxide (NaOH; Ricca Chemical Company; 

NIST certified) were used as received. Since the UO2
2+cation is prone to hydrolysis, pH 2 stock 

solutions were prepared by dissolving UO2(NO3)2 2O salt  in standardized 0.01 M perchloric 

acid (10.21 M HClO4; Alfa Aesar; ACS grade). All solutions were made up in deionized water 

(Milli-Q, Waters Corp.) of 18.2 MΩ cm−1 resistivity. 

 

5.2.2 pH Measurements 

 The solution pH was monitored using an Oakton 510 Series pH meter with an Oakton 

WD-35801-00 epoxy body combination pH electrode.  The pH meter was standardized by 

obtaining the Nernstian slope and E° correction factors from the titration curve of a strong 

acid/strong base titration, specifically, standardized 0.0100 M HClO4 and 0.0100 M NaOH 

(Ricca Chemical Company). Prior to each titration, the pH meter was calibrated using pH 4.01, 

pH 7.00, and pH 10.01 buffers (Thermo Scientific). Nitrogen (N2) gas was used to purge carbon 
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dioxide (CO2) and oxygen (O2) and to mix the solution via mild agitation.  The uncertainty 

associated with the pH measurements was determined statistically by measuring and fitting the 

pKa and log β values of five titration iterations involving the oxime and oximate-UO2
2+ complex. 

A standard deviation of 0.03 log units was obtained. 

 

5.2.3 UV/Vis Titrations 

 UV/Vis spectroscopy was carried out using a Thermo Scientific Evolution 600 UV-Vis 

Spectrophotometer, the Thermo Scientific VISION pro software, and 1 cm matched quartz cells. 

The scan method entailed a double beam mode with a zero/baseline correction.  Deionized water 

(Milli-Q, Waters Corp.) of 18.2 MΩ cm−1 resistivity was employed as the reference solution for 

all pKa, log β1, and log β2 measurements. The reference solution was of the same volume and 

initial pH as the analyzed solution and comparable additions of acid or base added to the 

analyzed solution were added to the reference solution to account for any possible change in the 

refractive index. A jacketed titration cell connected to a constant temperature water bath set to 

25.0 ± 0.1 ° C was employed for all pKa, log β1, and log β2 measurements. The titrations involved 

100 mL solutions of 5 x 10-5 M salicylaldoxime for pKa determination, 100 mL solutions of 4.8 x 

10-5 M salicylaldoxime and 4.8 x 10-5 uranyl perchlorate for log β1 determination, and 100 mL 

solutions of 4.8 x 10-5 M salicylaldoxime and 4.8 x 10-6 uranyl perchlorate for log β2 

determination.  

The data was analyzed in Excel using Solver to minimize the mean absolute error (MAE) 

between theoretical and observed absorbance data at six different wavelengths. Summing the 

product of each individual species’ α-fraction and molar absorptivity, or the absorbance value 

that coincides with the respective species’ half-equivalence point, generates theoretical 
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absorbance data. Solver minimizes the MAE by varying the pKa and/or log β values of the 

observed species and their corresponding molar absorptivities. 

 

5.3 Computational Methods 

5.3.1 Electronic Structure Calculations 

Electronic structure calculations were performed with the Gaussian 09 D.01 software.33 

We adopted the density functional theory (DFT) approach for our calculations using the 

B3LYP34-35 and M0636 density functionals with the standard Stuttgart small-core (SSC) 1997 

relativistic effective core potential (RECP)37, the associated contracted [8s/7p/6d/4f] basis set for 

uranium, [6s/5p/3d] basis set for copper, and the 6-311++G** basis set for the light atoms. 

Frequency calculations were performed at the B3LYP/SSC/6-31+G* level to ensure that 

geometries were minima and to compute zero-point energies and thermal corrections using a 

methodology introduced by Truhlar et al.,38 which is based on the so-called quasiharmonic 

approximation – the usual harmonic oscillator approximation, except that vibrational frequencies 

lower than 30 cm-1 were raised to 30 cm-1 as a way to correct for the well-known breakdown of 

the harmonic oscillator model for the free energies of low-frequency vibrational modes. Using 

the gas-phase geometries, implicit solvent corrections were obtained at 298 K with the SMD39 

solvation model in Gaussian at the B3LYP/SSC/6-31+G* level of theory. The preference for 

using a combination of the B3LYP and the M06 functionals with the SMD solvation model was 

based on the results of our previous studies,29, 40-41 which show that the chosen level of theory 

provides the best overall performance in predicting the log β values of uranyl complexes with 

negative oxygen and amidoxime donor ligands. 
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Figure 5.1. Crystal structures of amidoximate-transition metal complexes from the CSD. The Type1 complexes are 

representative of complexes in which an amine is directly involved in coordination. The Type 2 complexes are 

representative of complexes in which an amine is not directly involved in coordination. The full chemical formulas 

of the crystal structures are provided in Table A.13 of Appendix D by CSD reference code. Color legend: O, red; 

N, blue; C, grey; H, white; S, yellow; metal ion, purple. 
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Figure 5.2.  Ligands discussed in this paper.  

 

5.3.2. Calculation of the Complexation Free Energies and Stability Constants  

Complexation free energies in aqueous solution, ΔGaq, and stability constants (log β) 

were calculated using the methodology described in ref 41.41 The thermodynamic cycle used in 

the calculations is shown in Figure A.7 of Appendix D. According to this cycle, ΔGaq is given 

by: 

aq = ∆Go
g + ∆∆G*

solv + (n-1)∆Go →* + nRT ln([H2O])  

where ∆Go
g is the free energy of complexation in the gas phase and ∆∆G*

solv is the difference in 

the solvation free energies for a reaction:  

∆∆G*
solv = ∆G*

solv([ML(H2O)m-n]
x+y) + n∆G*

solv(H2O) 
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              − ∆G*
solv([M(H2O)m]x) − ∆G*

solv(L
y)     

where Ly denotes the ligand with a charge of y and M can be UO2
2+ or Cu2+. The standard state 

correction terms must be introduced to connect ∆Go
g, ∆∆G*

solv aq that are defined 

using different standard state conventions. The free energy change for the conversion of 1 mol of 

solute from the gas phase at a standard state of 1 atm (24.46 L/mol) to the aqueous phase at a 

standard state of 1 mol/L at 298.15 K is given by ΔGo→*  = 1.89 kcal/mol.  Likewise, RT 

ln([H2O]) = 2.38 kcal/mol (T = 298.15 K) is the free energy change for the conversion of 1 mol 

of solvent from the aqueous phase at 1 mol/L to pure water at a standard state of 55.34 mol/L. 

Finally, the stability constant (log β) value is related to free energy change for the complexation 

reaction by the following equation: logb =
-DGaq

2.303×RT
 

 

5.3.3 Natural Bond Orbital (NBO) Analysis 

Chemical bonding analysis of [UO2(L
(I))(H2O)2], [UO2(L

(III))(H2O)3]
+, and 

[UO2(L
(IV))(H2O)4]

+ complexes was performed with the NBO method42-43 at the B3LYP/SSC/6-

31G* level using NBO 6.0 program. NBO analysis provides a good quantitative description of 

interatomic and intermolecular interactions in accordance with the basic Pauling-Slater-Coulson 

representations of bond polarization and hybridization.42-43 The donor-acceptor interaction 

energy in the NBOs was estimated via second-order perturbation theory analysis of the Fock 

matrix.42-43 For each donor orbital (i) and acceptor orbital (j), the stabilization energy E(2) 

associated with i→j delocalization is given by: 

 

Ei, j
(2) = -oi

ái | F
Ù

(i, j ) | jñ2

e j -ei
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where oi is the donor orbital occupancy,  is the Fock operator, and εi and εj are the orbital 

energies. 

 

5.4 Results and Discussion 

5.4.1 Acidity of Salicylaldoxime  

 UV/Vis titrations were used to measure the acid dissociation constants, or pKa values, of 

salicylaldoxime in aqueous solution. Figure 5.3 (top) displays the absorption spectra of 

salicylaldoxime titrated with NaOH at 25 °C.  As illustrated in Figure 5.3 (bottom) the spectra 

were fitted with two deprotonation steps, a neutral to mono-anion dissociation, H2L
(I) to HL(I)-, 

and a mono-anion to di-anion dissociation, HL(I)- to L(I)2-. The dissociation steps were observed 

as a shift in the spectra of protonated and deprotonated species. Specifically, the first dissociation 

step, H2L
(I) to HL(I)-, is reflected in the region between 250 nm and 280 nm; as the pH increased, 

the absorbance around 250 nm slightly decreased while the absorbance at longer wavelengths 

(270 nm – 285 nm) slightly increased. In the second dissociation step, HL(I)- to L(I)2-, reflected 

between 290 nm and 340 nm, as the pH increased, the absorbance around 290 nm decreased 

while absorbance at longer wavelengths (300 nm – 340 nm) increased. The protonation steps 

corresponding to the spectral changes are tabulated in Table 5.1. 

DFT calculations at the M06/6-311++G** level of theory and the SMD continuum 

solvation model were used to elucidate the optimal geometry of the salicylaldoxime species 

observed during the titration (Figure A.8 of Appendix D). According to our results, the first and 

second deprotonation steps can undoubtedly be assigned to the hydroxyl group and the oxygen of 

the oxime group, respectively. The first acid dissociation constant (pKa1 = 8.07) is lower in value 

than the acid dissociation constant of a phenol (pKa = 10.00).28 The salicylaldoxime phenolate 

group is less basic than phenolate because the aldoxime group is stabilizing the phenolate via 

F
Ù

(i, j )
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hydrogen bonding. This behavior has been observed in bisoximate structures as well, where the 

interaction between two protonated oxime groups decreases the basicity of one oximate group 

relative to the other due to hydrogen bonding.44 The second acid dissociation constant (pKa2 = 

11.28); however, is typical of aromatic oximes, such as benzaldoxime (pKa = 11.30).28 The 

absence of a pKa2 shift with a neighboring phenolate group can be explained in terms of the DFT 

optimized geometry of the dianion salicylaldoximate species (Figure A.8 of Appendix D). The 

basicity of the aldoximate group is not increased by the presence of the phenolate group because 

it can reorient itself in a way that minimizes interactions with the phenolate, thus, limiting the 

destabilizing effect introduced by a neighboring negative charge.  

Finally, as listed in Table 5.1, acid dissociation constants have been previously reported 

for salicylaldoxime in the literature. The previously reported acid dissociation constants have 

been measured via UV/Vis,45 Raman,46 and potentiometric titrations.46 The acid dissociation 

constants we report are in excellent agreement with the previously reported UV/Vis titration 

values;45 the slight discrepancy can be attributed to differences in ionic strength. However, the 

Raman and potentiometric titration data were collected in a 50% (wt/wt) ethanol-water mixture 

at 30 °C 46 and, therefore, that data will not be discussed in this section. 

 

5.4.2 Comparison of the Acid Dissociation Constants of Salicylaldoxime to Salicylic Acid 

and Representative Amidoxime Ligands 

The second acid dissociation constant, or the dissociation of the aldoxime group (pKa2 = 

11.28) is typical of aromatic oximes, such as benzaldoxime (pKa = 11.30)28. The dissociation of 

the oxime group on benzamidoxime (pKa = 12.36)48 is ~1 order of magnitude greater than the 

dissociation constants of aromatic oximes because the electron donating nature of the 

benzamidoxime amine group increases the electron density of the oximate group, thus increasing 
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the overall basicity of the ligand. As stated in the previous section, while it might be anticipated 

that the presence of the phenolate would increase the pKa2 value of salicylaldoxime it does not 

increase the pKa2 value of phenolate because the aldoximate can reorient itself in a way that 

minimizes interaction with the neighboring phenolate. In contrast, the second acid dissociation 

constant of salicylic acid (pKa2 = 13.7)28 is ~ 3 orders of magnitude greater than the dissociation 

of phenol (pKa = 10.00)28 because the resonance of the carboxylate group  inhibits minimization 

of charge interactions by the reorientation of carboxylate. Thus, the neighboring charge 

interactions result in the salicylic acid phenolate group (pKa2 = 13.7)28 being nearly as basic as 

the oximate group in acetamidoxime (pKa = 13.21),37 despite the stability provided by the 

resonance of the benzene ring. This increase in pKa due to neighboring charge interactions is 

further supported by the pKa values reported for glutardiamidoxime (pKa1 = 12.06, pKa2 = 

12.13)49 and glutarimidedioxime (pKa1 = 10.70, pKa2 = 12.06)50, the pKa2 value of the oxime in 

glutarimidedioxime is greater than its pKa1 value because the rigidity of the piperidine ring 

compels the two oximate groups to interact with one another, while as the  pKa1 and pKa2 values 

of  glutardiamidoxime are nearly equal in value because the flexibility of the propyl chain allows 

the two oximate groups to reorient themselves in a way that minimizes interaction between the 

neighboring charges.  

 

5.4.3 Formation of UO2
2+-Salicylaldoxime Complexes 

 UV/Vis titrations were used to measure the stability constants, or log β1 (1:1 

ligand/uranyl complex) and log β2 (2:1 ligand/uranyl complex) values of salicylaldoxime-uranyl 

complexes in aqueous solution. Figure 5.4 (top) shows the absorption spectra of a 1:1 

salicylaldoxime to uranyl solution in a titration with NaOH at 25 °C. As illustrated in Figure 5.4 

(bottom) the spectra were best fitted with a model that includes the formation of a uranyl-
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salicylaldoximate complex, [UO2L
(I)]. The dissociation constants and molar absorptivities of the 

salicyldoxime ligand were used to compute the stability constant and molar absorptivity of the 

[UO2L
(I)] complex. Figure 5.5 (top) shows the absorption spectra of a 10:1 salicylaldoxime to 

uranyl solution in a titration with NaOH at 25 °C. As conveyed in Figure 5.5 (bottom) the 

spectra were best fitted with a model that includes the formation of two uranyl-salicylaldoximate 

complexes, [UO2L
(I)] and [UO2(L

(I))2]
2−. Once again, the dissociation constants and molar 

absorptivities of the salicylaldoxime ligand were used to compute the stability constant and 

molar absorptivity of the [UO2L
(I)] and [UO2(L

(I))2]
2− complexes. The same log β1 value for 

[UO2L
(I)] was obtained from the 1:1 titrations and the 10:1 titrations. Table 5.1 contains the 

calculated equilibrium constants. Moreover, it should be noted that we were unable to obtain 

reasonable agreement between theoretical and experimental absorbance values for the 1:1 and 

10:1 titrations when we attempted to fit the data in terms of [UO2(HL(I))]+ and [UO2(HL(I))2] 

species. This is significant because the HL(I)− species is responsible for the formation of 

salicylaldoxime – transition metal complexes.  

In addition, since UO2
2+ hydrolyzes in neutral and alkaline aqueous solutions, it is 

important to determine the effects of pH change on the distribution of species in order to 

properly account for the formation of hydrolyzed species. Speciation diagrams of the 

salicylaldoxime-UO2
2+ complexes and hydrolyzed UO2

2+ species51 formed in the 1:1 and the 

10:1 salicylaldoxime to uranyl solutions were simulated with the HYSS52 software. The 1:1 

species diagram indicates that the [UO2L
(I)] species is dominant between pH 7 and 10, while as 

the 10:1 species diagram shows that the [UO2L
(I)]  species is dominant between pH 5 and 8 and 

that the [UO2L
(I)

2]
2- species is dominant between pH 8 and pH 12 (Figure A.9 of Appendix D). 

In addition, speciation diagrams of the salicylaldoxime-UO2
2+ and carbonate-UO2

2+ species53 



138 

 

formed at seawater concentrations were also simulated. The obtained speciation diagram (Figure 

A.10 of Appendix D) indicates that the [UO2L
(I)

2]
2- species displaces carbonate around pH 5 and 

that it binds ~100% of the UO2
2+ in solution between pH 6 and pH 10. Thus, these distributions 

indicate that salicylaldoxime-uranyl complexes are the dominant uranyl complexes formed at pH 

8.3, the approximate pH of seawater; thus, making salicylaldoxime a promising ligand for 

subsequent generations of chelating polymers. 

 

5.4.4 Structures and Stabilities of UO2
2+-Salicylaldoxime Complexes from Theoretical 

Calculations 

In order to elucidate the optimal coordination modes and geometries of uranyl-

salicylaldoximate complexes and to justify our conclusions regarding a protonation state of the 

ligand upon UO2
2+ binding, we performed density functional theory (DFT) calculations at the 

M06/SSC/6-311++G** level of theory.  Using the gas phase geometries, implicit solvent 

corrections were obtained at the B3LYP/SSC/6-31+G* level using the SMD solvation model, 

whereas the first coordination shell of clusters was treated explicitly. The results of a systematic 

computational search for low-energy conformations of [UO2(HL(I))(H2O)3]
+ complex, 

representing a singly deprotonated salicylaldoxime ligand bound to the uranyl ion are shown in 

Figure 5.6. Structure 1 of [UO2(HL(I))(H2O)3]
+ with a chelate binding motif formed via 

coordination of the phenolate group and the nitrogen atom of the oxime group was found to be 

the most energetically stable, however, structures 2, 3, and 4 with other binding motifs, including 

η2 coordination of the oxime functional group, are only 1.4 – 2.6 kcal/mol higher in energy. 

When salicylaldoxime ligand binds to UO2
2+ ion in a fully deprotonated state, the resulting 

complex represents a neutral five-coordinate uranyl species [UO2(L
(I))(H2O)2] (Figure 5.7, 

structure 5). The examination of alternative binding modes led to the discovery of structure 6 
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formed by bidentate chelation of the aldoximate oxygen and the phenolate group. As can be seen 

in Figure 5.7, structure 6 is 4.7 kcal/mol less stable due to the unfavorable electrostatic 

interactions and the ring strain placed on the salicylaldoximate during coordination. The addition 

of a second salicylaldoxime ligand results in the formation of 2:1 uranyl complexes 

[UO2(HL(I))2(H2O)] and [UO2(L
(I))2]

2- (structures 7 and 8, respectively) depicted in Figure 5.8. 

According to our results, fully deprotonated salicylaldoximes give 2:1 six-coordinate uranyl 

complex, in which phenolate and oximate functional groups of L(I)2- form strong dative bonds 

with UO2
2+, while singly deprotonated salicylaldoximes (HL(I)-) give 12-membered 

pseudomacrocyclic complex, in which the oxygen atoms of the oxime groups are not directly 

bound to uranyl, but the oxime OH group forms one H-bond to a deprotonated phenolic oxygen 

atom (Figure 5.8). Interestingly, the coordination geometry around the uranyl ion in 

[UO2(L
(I))2]

2- comprises six donor atoms in the equatorial plane, as is typical for small bite 

bidentate oxygen donor ligands.54-56 

Having established the most stable forms of salicylaldoxime ligand (L(I)2-) and the 

corresponding [UO2(HL(I))(H2O)3]
+, [UO2(L

(I))(H2O)2], [UO2(HL(I))2(H2O)], and [UO2(L
(I))2]

2- 

complexes, we can now computationally assess their individual stability constant (log β) values 

using our methodology41 for predicting stability constants of uranyl complexes. Following the 

approach involving the application of the thermodynamic cycle (Figure A.7 of Appendix D), 

the complexation free energies in aqueous solution, ΔGaq, were calculated for the equilibrium 

reactions shown in eqs 1 – 4: 

[UO2(H2O)5]
2+ + HL(I)- ⇌ [UO2(HL(I))(H2O)3]

+ + 2H2O    (1)  

[UO2(H2O)5]
2+ + L(I)2- ⇌ [UO2(L

(I))(H2O)2] + 3H2O     (2) 

[UO2(H2O)5]
2+ + 2HL(I)- ⇌ [UO2(HL(I))2(H2O)] + 4H2O    (3)  
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[UO2(H2O)5]
2+ + 2L(I)2- ⇌ [UO2(L

(I))2]
2- + 5H2O     (4) 

As expected, our DFT-based method permitted reasonably good estimates of relative binding 

strengths of uranyl complexes, while the absolute complexation energies were significantly 

overestimated, subsequently leading to inaccurately high log β values.  This artifact can be 

attributed to the fact that the solvation free energy of a multivalent ion is not fully accounted for 

by treating only the first hydration shell around metal ion explicitly.57 However, accurate 

predictions of the absolute log β values (with root-mean square deviation from experiment <1.0) 

can be obtained by fitting the experimental data for mono- and divalent negative oxygen, imide 

dioxime, and amidoxime donor ligands. Indeed, as follows from Figure 5.9, the theoretically 

calculated log β values show a very strong correlation (R2 = 0.96) with the experimental data, 

suggesting that the derived equation [exp log β = 0.5692 × calc log β] possesses a significant 

predictive power. It is worth noting that Figure 5.9 presents a refined and augmented plot of 

experimental log β versus calculated log β which includes a broader range of ligands than the 

plot and the corresponding prediction equation provided in our previous study, which was 

confined mostly to a consideration of the negative oxygen donor ligands.41 A full comparison of 

experimental, calculated, and predicted log β values is shown in Table A.14 of Appendix D. 

The results given in Table 5.2 verify that our computational protocol provides a 

reasonably good estimate of the log β1 (log β2) values for 1:1 [UO2(L
(I))(H2O)2] and 2:1 

[UO2(L
(I))2]

2-  complexes. The predicted log β1 (log β2) values for 1:1 [UO2(HL(I))(H2O)3]
+ and 

2:1 [UO2(HL(I))2(H2O)] complexes are significantly lower than those of the uranyl complexes 

with fully deprotonated salicylaldoxime ligands. Therefore, our calculations indicate that 

salicylaldoxime can undergo full deprotonation to allow a tridentate uranyl coordination. These 

findings further confirm the validity of the equilibrium model used to fit our titration data. 
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Figure 5.3. (Top) Spectra of salicylaldoxime (5 x 10−5 M) in aqueous solution at 25 °C. The pKa1 and pKa2 values 

were obtained at 0.0 M ionic strength. (Bottom) Variation of absorbance at six different wavelengths of 5 x 10−5 M 

salicylaldoxime in aqueous solution as a function of pH. The points are experimental values, whereas the solid lines 

are theoretical curves fitted to the experimental data using Solver. 
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Table 5.1. Salicylaldoxime dissociation and UO2
2+ formation constants at 25 °C by ionic strength. 

 I = 0.0 M Ref. 35, I = 0.50 M NaCl Ref. 35, I = 0.0 Ma   

H2L(I)  ⇄  HL(I)− + H+ 8.07 ± 0.03 8.551 ± 0.024 8.08 pKa1 

HL(I)− ⇄ L(I)2− + H+ 11.28 ± 0.03 11.728 ± 0.016  11.26 pKa2 

UO2
2+ + L(I)2- ⇄UO2 L(I) 16.1± 0.03 N/A N/A  

UO2
2+ + 2 L(I)2-   UO2 L2

(I)2- 25.5± 0.03 N/A N/A  

aCorrected with the Davies equation.47 
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Figure 5.4. (Top) Spectra of salicylaldoxime (4.8 x 10−5 M) and uranyl (4.8 x 10−5 M) in aqueous solution at 25 °C. 

The log β1 value was obtained at 0.0 M ionic strength. (Bottom) Variation of absorbance at six different wavelengths 

4.8 x 10−5 M salicylaldoxime and uranyl in aqueous solution as a function of pH. The points are experimental 

values, whereas the solid lines are theoretical curves fitted to the experimental data using Solver. 
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Figure 5.5. (Top) Spectra of salicylaldoxime (4.8 x 10−5 M) and uranyl (4.8 x 10−6 M) in aqueous solution at 25 °C. 

The log β1 and log β2 values were obtained at 0.0 M ionic strength. (Bottom) Variation of absorbance at five 

different wavelengths 4.8 x 10−5 M salicylaldoxime and uranyl in aqueous solution as a function of pH. The points 

are experimental values, whereas the solid lines are theoretical curves fitted to the experimental data using Solver. 
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Figure 5.6. Optimized structures (M06/SSC/6-311++G**) of [UO2(HL(I))(H2O)3]+ complex and their relative Gibbs 

free energies (kcal/mol) in aqueous solution and in the gas phase (in parentheses). Color legend: O, red; N, blue; C, 

grey; H, white; U, yellow. 

 

 

 

 

Figure 5.7. Optimized structures (M06/SSC/6-311++G**) of [UO2(L(I))(H2O)2] complex and their relative Gibbs 

free energies (kcal/mol) in aqueous solution and in the gas phase (in parentheses). Color legend: O, red; N, blue; C, 

grey; H, white; U, yellow. 
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Figure 5.8. The most stable structures of 1:1 and 2:1 uranyl complexes with salicylaldoxime (HL(I)- and L(I)2-) and 

obtained at the M06/SSC/6-311++G** level of theory. Uranyl-ligand bond lengths are shown in Å. Color legend: 

red represents oxygen, blue represents nitrogen, grey represents carbon, white represents hydrogen, and yellow 

represents uranium. 
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Figure 5.9. Plot of experimental versus calculated stability constants (log β) for uranyl complexes with mono- and 

divalent negative oxygen, imide dioxime, and amidoxime donor ligands. The computed values were obtained at the 

M06/6-311++G** level of theory with the SMD solvent corrections. The log β1 data for monovalent (blue circles) 

and divalent (green squares) negative oxygen and imide dioxime donor ligands were taken from ref 41 and 40. The 

log β1 (log β2) data for 1:1 and 2:1 acet- and benzamidoxime/uranyl complexes (red triangles) were obtained from ref 

31. Comparison of experimental, calculated, and predicted log β values is shown in Table A.14 of Appendix D. 
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Table 5.2. Calculated free energy changes, ∆Gaq (kcal/mol), for reactions (1 – 4) and log β1 (log β2) values for 1:1 

(2:1) uranyl complexes with salicylaldoxime ligands.  

Complex 

∆Gaq
b log β1 (log β2) 

 predictedc Experimental 

[UO2(HL(I))(H2O)3]+ 

[UO2(L(I))(H2O)2] 

[UO2(HL(I))2(H2O)] 

[UO2(L(I))2]2-   

-15.0 

-41.1 

-33.5 

-69.9 

6.3 

17.2 

14.0 

29.2 

- 

16.1 

- 

25.5 

aThe computed ∆Gaq values were obtained at the M06/SSC/6-311++G(d,p) level with SMD solvent corrections. 

bCalculated as free energy changes for reactions (1 – 4) using the methodology described in ref 39. cPredicted from 

the derived equation [exp log β = 0.5691 × calc log β]. 

 

5.4.5 Chemical Bonding Analysis of the UO2
2+-Salicylaldoxime Complex 

In order to gain additional insight into the structure and chemical bonding in the 

salicylaldoxime-UO2
2+ complex, we performed natural bond orbital (NBO) analysis that enables 

us to assess the strength of interatomic and intermolecular interactions. The uranium atom has a 

closed radon core and six valence electrons, adopting an [Rn]5f36d17s2 electron configuration. In 

the UO2
2+ ion two valence electrons of U have been lost and the remaining four are involved in 

forming the covalent bonds with the oxygen atoms.  NBO analysis of UO2
2+ revealed one U-O σ 

bond, composed of U [hybridization: s 2.9%, d 47.1%, f 50.0%] and O [hybridization: s 12.2%, p 

87.8%] natural atomic hybrids, as well as two U-O π bonds, originating from the interactions 

between oxygen 2p orbitals and uranium df hybrids [hybridization: s 0%, d 50.0%, f 50.0%]. The 

revealed covalent bonds, which are more polarized toward the oxygen atoms, suggest that single 

Lewis structure [O≡U≡O]2+ can be used to represent UO2
2+ cation. Hence, O- and N-donor 

ligands can coordinate to the vacant s, d, and f orbitals of the uranyl. Though coordination is 

possible with the unfilled uranium s orbitals, we found that interactions of the phenolate and 
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oximate groups with s-type U orbitals are significantly weaker than corresponding interactions 

with d- and f-orbitals or df hybrids. This can be explained by isotropic nature of uranium s 

orbitals, which are not directed toward any particular donor ligands, whereas df hybrids have 

strong directionality along a particular coordination axis.  According to the results of NBO 

analysis, the chemical bonding between UO2
2+ and salicylaldoxime has an essentially dative 

character, i.e., the occupied electron lone pairs of the phenolate O as well as the lone pairs of the 

oximate O and N enter into the vacant valence orbitals of UO2
2+ to form two-center two-electron 

(2c-2e) U ← :O and U ← :N coordinative bonds. Thus, the salicylaldoxime-UO2
2+ complex 

([UO2(L
(I))(H2O)2]) can be described as a Lewis acid (UO2

2+) bonded to a Lewis base 

(salicylaldoxime). This description means that the strength of donor–acceptor interactions in 

[UO2(L
(I))(H2O)2] would be defined by the Lewis basicity/acidity of the components. The 

leading LPO→n*U (phenolate), LPO→n*U (oximate), and LPN→n*U (oximate) donor-acceptor 

NBO interactions associated with the donation of electron density from phenolate and oximate 

functional groups of salicylaldoxime ligand to UO2
2+ are shown in Figure 5.10, a). As indicated 

in Table 5.3, second-order perturbation theory suggests that these interactions stabilize the 

[UO2(L
(I))(H2O)2] complex by 166.0, 73.3, and 123.0 kcal/mol, respectively. NBO charges in 

Table 5.3 also show that the addition of the negatively charged salicylaldoxime ligand (L(I)2-) to 

the UO2
2+ ion results in decreased charge on the uranyl ion due to the formation of dative bonds. 

Since the salicylaldoxime ligand contains phenolate and oximate donor groups, it would be 

interesting to examine the strength of donor-acceptor interactions in benzaldoxime-UO2
2+ and 

phenol-UO2
2+ complexes bearing each functional group individually. The results of NBO 

analysis for [UO2(L
(III))(H2O)3]

+ and [UO2(L
(IV))(H2O)4]

+ complexes are summarized in Figure 

5.10 b), c) and Table 5.3. As one may see, the benzaldoximate ligand (L(III)-) provides stronger 
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donor-acceptor interactions with UO2
2+ than the phenolate (L(IV)-) ligand. These results are in 

accord with the predicted stability constant (log β1) values for the benzaldoxime-UO2
2+ and 

phenol-UO2
2+ complexes, which suggest higher log β1 of [UO2(L

(III))(H2O)3]
+ (log β1 = 12.2) 

compared to log β1 of [UO2(L
(IV))(H2O)4]

+ (log β1 = 7.7). As follows from the results of our NBO 

analysis (Table 5.3), the strength of LPO→n*U interactions is ∼57 kcal/mol higher for the UO2
2+-

phenol complex than for the salicylaldoxime-UO2
2+ complex. Interestingly, while the strength of 

the overall (LPO→n*U and LPN→n*U) interactions of the oximate group is ~35 kcal/mol higher 

for the benzaldoxime-UO2
2+ than for the salicylaldoxime-UO2

2+ complex, the individual LPO→

n*U and LPN→n*U contributions to the E(2)  second-order stabilization energy are different. The 

NBO results (Table 5.3) indicate that the salicylaldoxime-UO2
2+ complex is more stabilized by 

LPN→n*U than LPO→n*U donor-acceptor interactions, whereas LPO→n*U are the leading 

interactions in the benzaldoxime-UO2
2+ complex. 

 

5.4.6 Comparison of the Formation Constants of Salicylaldoxime-UO2
2+, Salicylic Acid-

UO2
2+, and Representative Amidoxime-UO2

2+ Complexes 

The data in Table 1 indicates that salicyladoxime-UO2
2+ complexes (log β1 = 16.1, log β2 

= 25.5) are 2-4 orders of magnitude stronger than salicylic acid-UO2
2+ (log β1 = 13.1, log β 2 = 

21.8)28, benzamidoxime-UO2
2+ (log β1 = 12.4, log β2 = 22.3)29, and acetamidoxime-UO2

2+ (log β1 

= 13.6, log β2 = 23.7)29. As stated in Section 4.5, the stronger complexes formed between 

salicylaldoxime and UO2
2+ can be attributed to the fact that the overall E(2) of salicyladoxime-

UO2
2+ complexes is ~ 130-140 kcal/mol greater in magnitude than the E(2)  of individual 

phenolate-UO2
2+ and benzaldoximate-UO2

2+ complexes, the primary donor-acceptor NBO 

interactions contributing to the formation of salicylic acid-UO2
2+ and amidoxime-UO2

2+ 

complexes, respectively. In contrast, the salicylaldoxime log β2 value is ~ 1-2 orders of 
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magnitude weaker than the log β2 values of glutardiamidoxime (log β1 = 17.3, log β 2 = 26.1)49 

and glutarimidedioxime (log β1 = 17.8, log β2 = 27.5)50 because, as stated in Section 4.5, oximate 

forms stronger donor-acceptor NBO interactions with UO2
2+ than phenolate. Thus, it is expected 

that the stability provided by two oximates in a UO2
2+ is greater than the stability provided by an 

oximate and a phenolate.  

 

 

Figure 5.10. Donor-acceptor interactions with leading contributions to second-order stabilization energies of a) 

uranyl phenolate [UO2(L(IV))(H2O)4]+, b) uranyl benzaldoximate [UO2(L(III))(H2O)3]+, and c) uranyl 

salicylaldoximate [UO2(L(I))(H2O)2] complexes. Urany l-ligand bond lengths are shown in Å. 
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Table 5.3. Significant donor-acceptor natural bond orbital interactions and their second-order stabilization energies 

E(2) (kcal/mol). The starred and unstarred labels correspond to Lewis (donor) and non-Lewis (acceptor) NBOs, 

respectively. Functional groups of ligands contributing to the particular interaction are shown in parentheses. LP 

denotes an occupied lone pair; CR denotes a one-center core pair; n* denotes vacant UO2
2+ orbitals; RY* denotes a 

Rydberg orbital. 

 

Complex 

Donor NBO → Acceptor NBO in selected UO2
2+ complexes Charge on 

UO2
2+ unit LPO→n*U 

(phenolate) 

LPO→n*U 

(oximate) 

LPN→n*U 

(oximate) 

CRU→BD*Ligand 

 

Total 

[UO2L
(IV)]+

 223.3 - - 9.2 232.5 +0.83 

[UO2L
(III)]+

 - 152.4 79.2 9.1 240.6 +0.82 

[UO2L
(I)] 166.0 73.3 123.0 10.6 373.0 +0.64 

 

 

5.4.7 Comparison of the UO2
2+ Selectivity of Salicylaldoxime, Salicylic Acid, and 

Representative Amidoxime Ligands 

As stated earlier, the selectivity of the amidoxime functional group towards the UO2
2+ 

cation in relation to competing transition metal cations, such as Fe3+, Cu2+, VO2+, and VO2
+, 

remains a major challenge.5, 13-15 Therefore, the design of new ligands that are more selective 

towards the UO2
2+ cation will play an essential role in developing commercially viable chelating 

polymer extractants. The uranyl selectivity of a ligand can be assessed by comparing UO2
2+ 

formation constants to transition metal cation formation constants. In this manuscript, we will 

examine UO2
2+/Cu2+ and UO2

2+/Fe3+ selectivity of salicylaldoxime because the Cu2+ and Fe3+ 

formation constants of salicylaldoxime have been previously reported in the literature.  We are 

currently working on measuring the salicylaldoxime-VO2
+ and salicylaldoxime-VO2+ 

equilibrium constants in our laboratory and the UO2
2+/VO2

+ and UO2
2+/VO2+ selectivity of 

salicylaldoxime will be explored in greater detail in a subsequent manuscript. The Cu2+ and Fe3+ 

formation constants of salicylaldoxime, salicylic acid, and glutarimidedioxime from the literature 

are provided in Table A.13.  In addition to the fact that the formation constants of 
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salicylaldoxime-UO2
2+ complexes (log β1 = 16.1, log β2 = 25.5) are greater in magnitude than the 

formation constants of salicylic acid-UO2
2+ complexes (log β1 = 13.1, log β2 = 21.8)28, 

salicylaldoxime is also more selective towards uranyl than salicylic acid. Specifically, 

salicylaldoxime is more selective towards the UO2
2+ cation than the competing Cu2+ (log β 1 = 

10.12, log β 2 = 15.78)58 and Fe3+ (log β 1 = 9.38, log β 2 = 16.73)59 cations by 8.8 and 9.7 log β2 

units, respectively, while as salicylic acid is more selective towards Fe3+ (log β 1 = 16.35, log β 2 

= 28.25)28 by 6.4 log β2 units and less selective towards Cu2+ (log β 1 = 10.60, log β 2 = 18.45)28 

by 3.3 log β2 units. Similarly, while salicylaldoxime forms UO2
2+ complexes that are 2 log β2 

units weaker than the UO2
2+ complexes formed with glutarimidedioxime (log β 1 = 17.8, log β2 = 

27.5)50, glutarimidedioxime is  ~16 log β2 units more selective towards the Fe3+ cation (log β 1 = 

25.66, log β 2 = 43.94)15 and ~3 log β2 units less selective towards the Cu2+ cation (log β 1 = 

18.94, log β 2 = 24.71).15 While salicylic acid and glutarimidedioxime coordinate to UO2
2+, Cu2+, 

and Fe3+ with very similar binding motifs (Figure A.11 of Appendix D),15, 50, 60-62 

salicylaldoxime coordinates to UO2
2+ in a very different manner, thus making salicylaldoxime 

more selective towards UO2
2+.   

The complexes formed between the transition metals and salicylaldoxime and its 

derivatives have been extensively investigated via binding constant studies and 

crystallography.28, 63 Salicylaldoxime coordinates to transition metal cations as a monoanion 

species via a chelate formed between phenolate and the oxime N; the complexes are stabilized 

via hydrogen bonding interactions between the oxime OH group and phenolate.63-64 Cu2+ 

characteristically forms trans square planar complexes with two salicylaldoxime ligands 

coordinated around the metal center (Figure A.12 of Appendix D).63-64, 65 While an abundance 

of polynuclear Fe3+-salicylaldoxime crystal structures (Figure A.12 of Appendix D) have been 
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reported,66 a mononuclear Fe3+-salicylaldoxime crystal structure is yet to be reported, however, 

there is consensus in the literature that mononuclear Fe3+-salicylaldoxime complexes are 

octahedral.63  

We selected Cu2+ as a representative transition metal for our DFT investigations, because 

binding motifs and other structural features of Cu2+- salicylaldoxime complexes are well known. 

Moreover, salicylaldoxime reagents are widely used in the extraction of Cu2+ and currently 

account for approximately 25% of worldwide copper production.67 Our calculations reveal that 

the formation of Cu2+ complexes with a singly deprotonated salicylaldoxime ligand (HL(I)-) is a 

thermodynamically favorable process (eqs 5 and 6). 

 [Cu(H2O)4]
2+ + HL(I)- ⇌ [Cu(HL(I))(H2O)2]

+ + 2H2O, ∆Gaq = -44.5 kcal/mol  (5)  

[Cu(H2O)4]
2+ + 2HL(I)- ⇌ [Cu(HL(I))2] + 4H2O, ∆Gaq = -74.2 kcal/mol   (6) 

According to our results, the most stable structure of [Cu(HL(I))(H2O)2]
+ is formed via 

coordination of the phenolate group and the nitrogen atom of the oxime group as shown in 

Figure 5.11 (structure 9). 2:1 [Cu(HL(I))2] complex represents 14-membered pseudomacrocyclic  

system, in which the oxime OH groups form H-bonds to deprotonated phenolic oxygen atoms 

(Figure 5.11, structure 10). Thus, 1:1 Cu2+ complex with a singly deprotonated salicylaldoxime 

(HL(I)-) is structurally similar to [UO2(HL(I))(H2O)3]
+ complex, while 2:1 [Cu(HL(I))2] complex 

has more H-bonds between the oxime and the phenolate groups than 2:1 uranyl complex 

[UO2(HL(I))2(H2O)] (Figure 5.8, structure 7). However, while UO2
2+ forms stable complexes 

with L(I)2-, we were not able to achieve any local minima for [Cu(L(I))(H2O)2], because in the 

process of optimization the oxygen atom of the oximate group, having an excess of negative 

charge, attracted hydrogen atom of a nearby water molecule resulting in the protonation of the 

oximate group. Hence, Cu2+ complexes with a fully deprotonated salicylaldoxime do not exist in 
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aqueous solution. This phenomenon is likely due to the significantly smaller ionic radius of Cu2+ 

(compared to uranium), which cannot accommodate simultaneous binding of the phenolate and 

the oximate functional groups. Now it is clear that higher salicylaldoxime selectivity towards the 

UO2
2+ (log β1 = 16.1, log β 2 = 25.5) versus the Cu2+ (log β1 = 10.1, log β2 = 15.8)58 and other 

transition metals can be attributed to the difference in the binding motifs. Uranyl-salicylaldoxime 

complexes are stabilized by strong dative interactions with phenolate and oximate groups, 

promoting stronger coordination to UO2
2+ cation, whereas the corresponding stabilization is 

diminished in the Cu2+-salicylaldoxime complexes. The difference in the binding motifs for 

complexation with UO2
2+ and transition metal cations may have important implications for the 

design of new salicylaldoxime based ligands. For instance, Tasker and co-workers64, 68 showed 

that 3-substitution of salicylaldoximes influences their copper (II) binding strength by buttressing 

of interligand hydrogen bonding. Since uranyl complexes with salicylaldoxime lack the 

corresponding hydrogen bonds, analogous 3-substitution will likely lead to the completely 

opposite effect, which can further alter salicylaldoxime selectivity. 

 

 

Figure 5.11.  The most stable structures of 1:1 and 2:1 Cu2+ complexes with salicylaldoxime (HL(I)-) obtained at the 

M06/SSC/6-311++G** level of theory. Uranyl-ligand bond lengths are shown in Å. Color legend: red represents 

oxygen, blue represents nitrogen, grey represents carbon, white represents hydrogen, and turquois represents copper. 
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5.5 Conclusion 

In this work, the binding strength of the salicylaldoxime-UO2
2+ complexes was 

determined to be ~2-4 log β2 units greater in magnitude than those of salicylic acid-UO2
2+ and 

representative amidoxime-UO2
2+ complexes. Furthermore, the selectivity of salicylaldoxime 

towards the UO2
2+ cation was found to be greater than those of salicylic acid and 

glutarimidedioxime reported in the literature.  The higher UO2
2+ selectivity of salicylaldoxime 

can likely be attributed to the fact that salicylic acid and glutarimidioxime coordinate to UO2
2+ 

and competing metal cations with very similar binding motifs,15, 50, 60-62 while as salicylaldoxime 

coordinates to UO2
2+ in a very different manner from competing transition metal cations, thus, 

making it more selective towards UO2
2+. An abundance of crystallographic data on the CSD 

indicates that salicylaldoxime coordinates to transition metal cations as a monoanion species via 

a chelate formed between phenolate and the oxime N and that the complexes are stabilized via 

hydrogen bonding interactions between the oxime OH group and phenolate.63-64, 68 In contrast, 

our experimental and theoretical results show that salicylaldoxime coordinates to UO2
2+ as a 

dianion species formed by η2-coordination of the aldoximate and monodentate binding of the 

phenolate group. Thus, uranyl-salicylaldoxime complexes are stabilized by strong dative 

interactions with phenolate and oximate groups, promoting stronger coordination to UO2
2+ 

cation, as suggested by the NBO analysis; whereas the corresponding stabilization is diminished 

in the transition metal cation-salicylaldoxime complexes. Building on these experimental and 

theoretical results, we are able to propose a number of ligand design principles to further 

improve the UO2
2+ cation affinity and thus increase the selectivity of salicylaldoxime derivatives; 

namely, destabilizing the interligand hydrogen bonding that greatly influences the binding 

strength of salicylaldoxime-transition metal cation complexes.64, 68 Experimental efforts toward 
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the synthesis of salicylaldoxime-based ligands with high UO2
2+ binding affinity and selectivity 

are currently underway in our laboratory. 
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Abstract  

Poly(acrylamidoxime) fibers are the current state of the art adsorbent for mining uranium from 

seawater. While the acid dissociation constants, pKa, of characteristic amidoxime and 

carboxylate ligands have been reported in the literature, the proton affinity distribution of the 

poly(acrylamidoxime) fiber is yet to be established. Herein, we report the poly(acrylamidoxime) 

proton affinity distribution between pH 2 and pH 10 via the Stable Numerical Solution of the 

Adsorption Integral Equation Using Splines (SAIUS) algorithm. Two peaks in the proton affinity 

distribution of poly(acrylamidoxime) were observed: the neutral to anionic dissociation of the 

carboxylate monomer between pH 3.2 and pH 4.4 (pKa ~ 4.0) and the protonated to neutral 

dissociation of the acyclic amidoxime monomer between pH 5.6 and pH 6.8 (pKa ~ 6.1). The 

acidity constants obtained for the carboxylate and amidoximate monomers vary from the acidity 

constants of acetic acid and acetamidoxime, respectively. These variations in acidity can be 

attributed to charge interactions between the carboxylate (pKa ~ 4.76) and amidoxime (pKa ~ 

5.78) monomers. This is a first step to resolving the metal cation affinity distribution of the 

poly(acrylamidoxime) fibers, which can aid in improving the selectivity of subsequent 

generations of chelating polymers used to mine uranium from seawater. 
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6.1. Introduction 

 With growing concerns over high-carbon emissions, research into alternative sources of 

energy is becoming increasingly important. Nuclear energy is a promising alternative to high-

carbon emission fossil fuels. Moreover, there is an estimated 4.5 billion tons of uranium,1 the 

primary fuel source in nuclear fission, dissolved in seawater, while only 61,600 metric tons are 

needed annually to meet current global energy demands.2 The dominant form of the uranyl ion in 

seawater is the tricarbonate complex, UO2(CO3)3
4-,1, 3, 4 which associates with Ca2+, a major 

cation in seawater, to form a Ca2UO2(CO3)3
0

(aq) ternary complex, the dominant uranyl species in 

seawater.5 The primary challenge associated with mining uranium from seawater is developing 

an adsorbent capable of selectively extracting uranium at very low concentrations, approximately 

3 ppb,1 in a complex electrolyte consisting of a myriad of ions that are present at much higher 

concentrations. Currently, the most widely utilized adsorbents are poly(acrylamidoxime) fibers.6 

Poly(acyrlamidoximes), Figure 6.1, were first identified in a functional screening of 200 organic 

polymers as the only polymer capable of extracting uranium at pH 8.30, the approximate pH of 

seawater.7, 8 Poly(acrylamidoximes) are a random copolymer of carboxylate and amidoxime 

monomers at a 35:65 ratio, respectively.9, 10 While the acid dissociation constants, pKa, and 

uranyl formation constants, log K, of characteristic amidoxime11, 12 and carboxylate small 

molecules13 have been reported, the protonation and the metal cation affinity of the 

poly(acrylamidoxime) fiber itself has yet to be reported. These values are of great consequence 

because the comparison of the acidity and binding affinity of poly(acrylamidoxime) monomer 

units to the pKa and log K values of their representative, yet idealized small ligands, is 

incomplete. The stability constants of pure chemical compounds, like small ligands, are a sum of 

delta functions; in contrast, the proton and metal cation affinities of polymers are more 

accurately described as a continuous distribution of affinities.14 As such, the pKa values of 
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polymers have been reported as distributions in the literature, moreover, it has been 

demonstrated that the range of the distribution can be shifted by variations in polymer 

architecture.15-21  

 

 

Figure 6.1. Schematic depiction of a small subsection of the poly(acrylamidoxime) fiber. 

 

One approach for quantifying the protonation and metal cation affinities of aqueous 

polymers is to resolve their continuous distribution by pH.14 The resolution of affinity 

distributions of polymers is a special case of binding heterogeneity.14, 22 The resolution of 

protonation and metal cation affinity distributions of a polymer system are identical, with the 

exception of the influence of coordination number in binding affinity distributions.22 

Consequentially, the remainder of our discussion will focus on resolving the protonation 

distribution of aqueous polymers. The protonation distributions of a polymer system are given by 

the adsorption isotherm integral equation:  

Q(pH) = ∫ q(pH, pKa)f(pKa)dpKa
∞

−∞
               [1] 

where Q(pH) is the proton binding isotherm, f(pKa) is the distribution of acidic sites in terms of 

their pKa values in the interval (pKa ∙ dpKa,  pKa + dpKa), and q(pH, pKa) is the fraction of 

sites having a certain pKa value at a particular pH.14 The main challenge of resolving protonation 

distributions is the fact that the adsorption isotherm integral equation is a Fredholm integral 

equation of the first kind, making it an ill-posed inverse problem.14, 23 As such, several 

approximate methods for solving the adsorption isotherm integral equation have been 
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proposed23-29 and used to calculate the protonation distribution from experimental data.14, 22, 30-37 

One such solution, the Stable Numerical Solution of the Adsorption Integral Equation Using 

Splines, or SAIUS, is a method that combines regularization principles with a B-spline 

representation of the distribution function, f(pKa).14, 23 This solution is convenient and optimal 

because it requires fewer variables than discrete representations of the adsorption isotherm 

integral equation and ensures that the chosen solution contains all the information that can be 

extracted from the data while excluding artifacts.14, 23 Herein, we report the 

poly(acrylamidoxime) proton affinity distribution via the SAIUS algorithm. This is a first step to 

resolving the metal cation affinity distribution of the poly(acrylamidoxime) adsorbent, which can 

aid in improving the selectivity of subsequent generations of chelation polymers used in metal 

extractions.  

 

6.2. Methods 

6.2.1. Synthesis 

Tetrahydrofuran (THF), dimethylsulfoxide (DMSO), dimethylformamide (DMF), 

methanol, hydroxylamine hydrochloride, potassium hydroxide (KOH), acrylonitrile, and 

methacrylic acid were purchased from Sigma-Aldrich and used as received.  Hydroxylamine was 

generated by the neutralization of the hydrochloride with KOH in an aqueous solution containing 

50 wt% methanol. 

Hollow gear-shaped polyethylene fiber was supplied by Hills, Inc., and used after 

removal of the poly(lactic acid) sheath via washing with THF at 60oC.  The polyethylene was 

irradiated with a 200 kGy average dose at the NEO Beam Electron Beam Cross-linking Facility 

(Mercury Plastics, Middlefield, OH).  After irradiation, the polyethylene was added to a DMSO 

solution containing acrylonitrile and methacrylic acid within an inert atmosphere glovebag.  The 
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irradiated polyethylene and monomer solutions were then transferred to a 65oC oven for 18 

hours.  Following polymerization, the grafted polyethylene was washed with DMF and methanol 

followed by drying at 40oC for 48 hours.  The degree of grafting was gravimetrically determined 

to be 248 %.  The grafted acrylonitrile-co-methacrylic acid copolymer was converted to 

amidoxime-co-methacrylic acid by contacting the fiber with 5 % hydroxylamine in an aqueous 

solution containing 50 wt % methanol for 24 hours at 80oC.  After amidoximation, the grafted 

fibers were washed with water and methanol and dried in a 40oC oven for 48 hours.    

 

6.2.2. Materials and Characterization Methods 

Elemental analysis (EA) for C, H, N, O, and Cl was performed by Galbraith Laboratories, 

Inc. (Knoxville TN). Solid-state 13C CP/MAS (cross-polarization/magic-angle spinning) NMR 

spectra were acquired on a Varian Inova 400 MHz spectrometer and referenced to an external 

standard, hexamethylbenzene, at 17.17 ppm. 

 

6.2.3. Potentiometric Titrations 

 Potentiometric titrations were performed with a Mettler-Toledo G20 Compact Titrator 

and a Mettler-Toledo DGi115-SC combination glass electrode.  The pH meter was standardized 

by using the calibration curve of a strong acid/strong base titration method, KHP standardized 

0.0100 N HClO4 (Alfa Aesar; ACS grade concentrated acid) and 0.0100 N NaOH (Ricca 

Chemical Company; NIST certified), to determine the Nernst slope and E° correction factors. 

Prior to each titration, the pH meter was calibrated using a pH 4.01, pH 7.00, and pH 10.01 

buffer set (Thermo Scientific). The microburette dispenses 0.01 mL of titrant into solution every 

30 seconds for the entire duration of the titration. The 100 mL analyte solution was composed of 

0.049-0.053 g of poly(acrylamidoxime) fiber, 0.1 N NaClO4 (6 M NaClO4, Teknova), and 0.0100 
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M HClO4. A 0.1000 N NaOH (Fisher Scientific, NIST Certified) solution was used as the titrant. 

The titration was carried out in a jacketed titration cell connected to a constant temperature water 

bath set to 25.0 ± 0.1 °C under humidified nitrogen gas flow. Humidified nitrogen was employed 

to purge CO2 and O2 from the analyte solution and to provide mild agitation sufficient enough to 

mix all additions made during the titration. The titration curves obtained, which consisted of 980 

data points, were later transformed into proton binding isotherms, Q(pH), using the proton 

balance equation and a theoretical blank reference.32, 33 The pH range over which experimental 

data can be accurately analyzed via potentiometry is limited by the buffering capacity of water < 

pH 2 and > pH 12.13, 38-40 As such, all pH measurements were confined to pH values between pH 

2 and pH 12.   

 

6.2.4. SAIUS Algorithm 

The SAIUS algorithm, a method that is widely used to numerically solve the adsorption 

isotherm integral equation (Eq. 1), 14, 23 was used to resolve the proton affinity distribution of 

aqueous poly(acrylamidoxime). The SAIUS algorithm modifies Eq. 1 to accurately account for 

the fact that the experimental proton binding isotherm is only known within a specific pH range, 

pH1 to pHn.
14, 23 As such, the adsorption isotherm integral equation is represented by the 

following equation in the SAIUS algorithm: 

Q(pH) = ∫ q(pH, pKa)f(pKa)dpK
β

α
+ Q0               [2] 

Where α and β are the integration limits and Q0 is an arbitrary constant representing the quantity 

of protons bound to sites with pKa values outside the integration limits, it does not contribute to 

the calculated distribution function because it is a differential quantity.14, 23 A Langmuir equation 

is used to compute q(pH, pKa):14, 23 
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𝑞(𝑝𝐻, 𝑝𝐾𝑎) = [1 + 10(𝑝𝐻−𝑝𝐾𝑎)]−1                 [3] 

Since f(pKa) is unknown, it is represented by a linear combination of B-spline functions with 

equally spaced knots in the range of (α, β).14, 23 A combination of 25 B-spline functions were 

used in this analysis to solve for f(pKa). Thus, the formulation transforms an integration problem 

to a system of linear equations in which the spline coefficients and Q0 are unknown.14, 23 

However, since system of equation problems are typically ill-posed and cannot be solved with 

least squares methods alone, the SAIUS algorithm provides a stable solution by combining least 

squares methods with a regularization method that applies a smoothing term, λ > 0, and a non-

negativity constraint.14, 23  

 

6.3. Results and Discussion 

The fibers were characterized by elemental analysis (EA) and solid-state 13C CP/MAS 

(cross-polarization/magic-angle spinning) NMR. The EA result of the as-grafted P(AN-co-

MAA) fiber revealed that the AN/methacrylic acid (MAA) molar ratio was 65.69%:34.31%, 

which is significantly lower than the AN/MAA molar ratio in the feed, 79.11%:20.89% (or 

70%:30% wt/wt). This is consistent with results in a similar system, a gamma-ray induced 

grafting copolymerization of AN and MAA on PE films, where the AN component in 

copolymers was reported to be very low in spite of its increase in the feed, indicating a much 

lower reactivity ratio of AN than that of MAA.41  

The 13C CP/MAS NMR spectrum of the as-grafted fiber confirmed the presence of –CN 

and –COOH groups at 120 and 178 ppm, respectively (Figure 6.2, trace (a)). After 

amidoximation (AO) at 80 °C for 24 h, the ‒CN signal was no longer observed and broad 

signals, covering 143-169 ppm, appeared (Figure 6.2, trace (b)). These broad signals were 
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composed of at least two signals. A more upfield signal centered around 150 ppm was assigned 

to cyclic imidedioxime.42, 43 Another signal which appeared as an obscure shoulder around 157 

ppm was assigned to open-chain amidoxime.42-44 In agreement with literature reports, the cyclic 

imidedioxime is expected as a major product from the AO reaction in aqueous solutions at 

elevated temperatures.42-48 The formation of cyclic imidedioxime also indicates that 

simultaneous grafting of AN and MAA did not yield completely random copolymers. In the 

carbonyl region, two signals at 177 and 184 ppm, assigned to −COOH and −COO−, respectively, 

were observed.49  

 

 

Figure 6.2. 100-MHz 13C CP/MAS NMR spectra of (a) grafted and (b) amidoximated fibers. (* denotes spinning 

sideband, spinning speed 8.0 kHz). 

 

Table 6.1 and Figure 6.3 summarize the pKa values of carboxylate and amidoxime 

ligands that are representative of the carboxylate and amidoxime monomers. Acetic acid is 

representative of the carboxylate monomer, acetamidoxime is representative of the acyclic 

amidoxime monomer, and glutarimidedioxime is representative of the cyclic amidoxime 

monomer.12, 48 Of the aqueous dissociations depicted in Figure 6.3, only the following 
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dissociations are likely to be observed in the potentiometric experimental window: the neutral to 

anionic dissociation of the carboxylate monomer, the protonated to neutral dissociation of the 

acylic amidoxime monomer, and the neutral to mono-anionic dissociation of the cyclic 

amidoxime monomer. However, before comparing the acidity of the poly(acrylamidoxime) 

monomer units to the acidity of their representative small ligands, it should be noted that the pKa 

values of pure chemical compounds, like small ligands, are a sum of delta functions and, 

consequentially, the pKa values cannot be represented as a distribution of continuous peaks.14 

Therefore, when comparing the proton affinity distribution of poly(acrylamidoxime) monomer 

units to the pKa values of their analogous small ligands, the peaks of the distribution, not the 

entire range of the distribution, will be related to the pKa values.  

 

 

Figure 6.3. Schematic representing the dissociation of acetic acid,13 acetamidoxime,11 and glutarimidoxime12 in 

aqueous solution. The following ligands are representative of poly(acrylamidoxime) monomer. 
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Table 6.1. Dissociation constants of acetic acid,13 acetamidoxime,11 and glutarimidoxime11 at 25 °C in aqueous 

solution. Ionic strength corrections were applied with the Davies equation 

Acid pKa  Ionic Strength Corrected pKa 

Acetic Acid  4.76 N/Aa 

Acetamidoxime  5.78 N/A 

13.21 13.50b 

Glutarimidedioxime 2.12 2.43c 

10.70 11.01c 

12.06 12.37c 

aReported at 0.0 M ionic strength. 

bReported at 0.3 M NaClO4 ionic strength. 

cReported at 0.5 M NaCl ionic strength.  

 

Figure 6.4 displays a representative titration curve obtained from titrating a 100 mL 

solution containing 0.049g of poly(acrylamidoxime) fiber, 0.1 M NaClO4, and 0.1 M HClO4 with 

0.1 M NaOH at 25 °C. The proton affinity distribution and adsorption isotherm of a classical 

poly(acrylamidoxime) fiber can be observed in Figure 6.5. Two peaks in the proton affinity 

distribution can be observed in the following pH regions: pH 3.2-4.4 and pH 5.6-6.8. Of those 

peaks in proton affinity distributions, with the maxima observed at pH 4.0 and pH 6.1, 

respectively (Table 6.2). The peaks in proton affinity can be attributed to the following 

dissociations: the neutral to anionic dissociation of the carboxylate monomer (pH 3.2-4.4, pKa ~ 

4.0) and the protonated to neutral dissociation of the acyclic amidoxime monomer (pH 5.6-6.8, 

pKa ~ 6.1). The acidity constants of the carboxylate and amidoximate monomers vary from the 

acidity of acetic acid and acetamidoxime, respectively. While the neutral to anionic dissociation 

of the carboxylate monomer is ~0.7 pKa units lower than the analogous dissociation of acetic 
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acid, the protonated to neutral dissociation of the acyclic amidoxime monomer is ~0.5 pKa units 

more basic than the analogous dissociation of acetamidoxime. These variations in acidity can be 

attributed to charge interactions between the carboxylate and amidoxime. Specifically, the close 

proximity of positively charged amidoxime and neutral carboxylic acid monomers stabilized the 

dissociation of the carboxylic acid into carboxylate at a lower pKa value via hydrogen bonding 

interactions. In contrast, the hydrogen bonding interactions between the positively charged 

amidoxime and the negatively charged carboxylate monomers destabilized the protonated to 

neutral dissociation of amidoxime at the anticipated pKa value; thus, increasing the pKa value of 

the acyclic amidoxime monomer unit.  

 

 

Figure 6.4. Titration of 0.049 g of poly(acrylamidoxime) in 100 mL of 0.1 M NaClO4 and 0.0100 M HClO4 with 

0.100 M NaOH at 25 °C. 

 

Moreover, it should be noted that the prontonated to neutral and neutral to mono-anion 

dissociations of the cyclic amidoxime that were anticipated to occur around pH 2.43 and pH 

11.01, respectively, were not observed at those pH values. Rather, two peaks were observed at 

pH 2.0 and pH 12.1 and these peaks can likely be ascribed to the prontonated to neutral and 
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neutral to mono-anion dissociations of the cyclic amidoxime; however, due to the close 

proximity of the water buffering reaction, the peaks were not included in the 

poly(acrylamidoxime) distribution plot shown in Figure 6.5. The large shift in the neutral to 

mono-anion dissociation of the cyclic amidoxime is likely due to the destabilizing effect of the 

large concentration of negatively charged carboxylate monomers. Furthermore, while the size of 

the peaks in the proton affinity distribution is related to the relative abundance of the two groups, 

the proton affinity distribution provided in Figure 6.5 cannot quantitatively convey the relative 

abundance of carboxylate to amidoxime on the fiber because the amidoxime peak only accounts 

for the acyclic amidoxime monomers.  

 

 

 

Figure 6.5. (Left) The normalized proton affinity distribution of poly(acrylamidoxime). (Top Right) Theoretical and 

experimental adsorption isotherm of poly(acrylamidoxime). 
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Table 6.2. Proton affinities of the carboxylate and amidoxime monomners and their corresponding small molecule 

pKa values. 

Acid pKa  Monomer pKa 

Acetic Acid  4.76 Carboxylate 4.0 

Acetamidoxime  5.78 Acyclic Amidoxime 6.1 

13.21 N/Aa 

Glutarimidedioximeb 2.43 Cyclic Amidoxime ~ 2 

11.01 > 12 

12.37 N/Aa 

aOutside of the experimental pH window. 

bCorrected to 0.0 M ionic strength with the Davies equation. 

  

As stated in the Introduction, the determination of the proton and metal cation affinity 

distributions of aqueous polymers by approximate solutions to the adsorption isotherm integral 

equation, such as the SAIUS algorithm, are identical with the exception of the influence of 

coordination number in binding affinity distributions.22 Moreover, the determination of the 

proton affinity distribution of poly(acrylamidoxime) fibers lays the foundation for resolving the 

affinity distribution of UO2
2+ and competing transition metal cations because the binding 

affinities are determined via competitive equilibria with adsorbed protons which cannot be 

quantitatively determined without the proton affinity distribution of the poly(acrylamidoxime) 

fibers.28 Therefore, determination of the proton and metal cation affinity distributions can play an 

essential role in improving the selectivity of subsequent generations of chelating polymers used 

to mine uranium from seawater. 
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6.4. Conclusion 

Poly(acrylamidoxime) fibers are the current state of the art adsorbent for mining uranium 

from seawater. While the acid dissociation constants of characteristic amidoxime11, 12 and 

carboxylate ligands13 have been reported, the protonation affinity of the grafted  adsorbent 

containing poly(acrylamidoxime) is yet to be reported. These values are of great importance 

because the comparison of the acidity constants of poly(acrylamidoxime) monomer units to the 

acidity of their representative small ligands, is incomplete. The pKa values of pure chemical 

compounds, like small ligands, are a sum of delta functions; in contrast, the acidity of polymers 

is more accurately described as a continuous distribution of proton affinities.14 Herein, the 

poly(acrylamidoxime) proton affinity distribution obtained via the SAIUS algorithm is reported. 

Two peaks in the proton affinity distribution of poly(acrylamidoxime) were observed: the neutral 

to anionic dissociation of the carboxylate monomer between pH 3.2 and pH 4.4 (pKa ~ 4.0) and 

the protonated to neutral dissociation of the acyclic amidoxime monomer between pH 5.6 and 

pH 6.8 (pKa ~ 6.1). The acidity constants of the carboxylate and amidoximate monomers differ 

from the acidity of acetic acid and acetamidoxime by ~0.7 pKa units and ~0.5 pKa units, 

respectively. This difference in acidity can be attributed to charge interaction on the 

poly(acrylamidoxime) fiber. Specifically, the close proximity of positively charged acyclic 

amidoxime monomers and neutral carboxylic acid monomers stabilize the dissociation of 

carboxylic acid into carboxylate. In contrast, the stabilizing interaction between the positively 

charged amidoxime and the negatively charged carboxylate monomers destabilized the 

protonated to neutral dissociation of acyclic amidoxime monomers.  

This work lays the foundation for resolving the metal cation affinity distribution of the 

poly(acrylamidoxime) fibers, which can aid in improving the uranium selectivity of subsequent 

generations of chelating polymers, because the determination of the proton and metal cation 



180 

 

affinity distributions of aqueous polymers by approximate solutions to the adsorption isotherm 

integral equation, such as the SAIUS algorithm, are identical with the exception of the influence 

of coordination number in binding affinity distributions.22 Moreover, the poly(acrylamidoxime) 

binding affinity distribution of UO2
2+ and competing transition metal cations cannot be 

accurately determined without the proton affinity distribution because the binding affinity 

distributions are determined via competitive equilibria with adsorbed protons.28   
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Chapter 7 : Conclusion 

 

In recent years, there has been great interest in developing low-carbon emission energy 

sources as an alternative to the widely utilized, high-carbon emission fossil fuels. Nuclear energy 

is a promising alternative as there is an estimated 4.5 billion tons of uranium,1 the primary fuel 

source in nuclear fission, dissolved in seawater, while only 61,600 metric tons are needed 

annually to meet current global energy demands.2 The dominant form of the uranyl ion in 

seawater is the tricarbonate complex, UO2(CO3)3
4-,1, 3-4 which associates with Ca2+, a major 

cation in seawater, to form a Ca2UO2(CO3)3
0

(aq) ternary complex, the dominant uranyl species in 

seawater.5 However, there are a number of challenges associated with developing an adsorbent 

capable of extracting uranium from seawater that primarily stem from the fact that UO2
2+ is 

present in very low concentrations, 3.3 ppb,6 in the presence of competing metal cations.4 

Therefore, the development of extremely efficient and selective adsorbents is instrumental to 

making this process industrially viable. Poly(acrylamidoxime) fibers are the current state of the 

art adsorbents for mining uranium from seawater. The poly(acrylamidoxime) fiber is a random 

copolymer of carboxylate and amidoxime monomers at a 40 to 60 monomer weight ratio, 

respectively,7-8 that was first identified in a screening of 200 organic polymers as the only 

adsorbent capable of extracting UO2
2+ from pH 8.3 aqueous solution, the approximate pH of 

seawater.9-10 However, the amidoxime functional group is not perfectly selective towards the 

UO2
2+ cation, in particular, competition with transition metal cations, such as Fe3+ (3.4 ppb),11 

Cu2+ (0.9 ppb),11 VO2+, and VO2
+ (1.9 ppb),11 remains a major challenge.6, 12-14 

In order for subsequent generations of chelating polymer adsorbents to be improved, the 

coordination chemistry of amidoxime-UO2
2+ and amidoxime-transition metal cation complexes 

needs to be better understood. The poly(acrylamidxoime) fiber is composed of two types of 
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amidoxime monomers: an acyclic amidoxime monomer and  a cyclic imidioxime monomer.  The 

cyclic imidioxime- and acyclic amidoxime-UO2
2+ binding motifs have been computationally15-16 

and crystallographically15-18 elucidated in the literature. Acylic amidoximes η2 coordinate to 

UO2
2+ via the oxime functional group, while as cyclic imidioximes chelate to UO2

2+ via a 

tridentate chelate formed by the oxime oxygen atoms and the amine nitrogen atom. Likewise, 

there is consensus in the literature that cyclic imidioximes coordinate to transition metals with 

the UO2
2+ binding motif or via a similar binding motif that entails tridentate chelation of the 

oxime nitrogen atoms and the amine nitrogen atom. In contrast, a number of acyclic amidoxime-

transition metal cation crystal structures with a variety of binding motifs have been reported in 

the literature. Moreover, while the log K values of cyclic imidioxime-UO2
2+ complexes and a 

number of essential cyclic imidioxime-transition metal cation complexes,14, 16 the UO2
2+ and 

transition metal cation log K values of acylic amidoxime complexes remain largely unresolved 

due to the wide range of conflicting pKa values that have been reported for representative acyclic 

amidoxime ligands in the literature.19-23 

Thus, an aim of our group’s research was to improve the selectivity and capacity of 

subsequent generations of chelating polymers by further developing our understanding of the 

coordination chemistry of the acyclic amidoxime monomer that occurs on poly(acrylamidoxime) 

fibers. As stated previously, the pKa values of oxoacids, such as cyclic imidioxime and acyclic 

amidoxime ligands, are used to determine the log K values of amidoxime-metal complexes, 

which facilitates the comparison of the strength of amidoxime-UO2
2+ relative to competing 

amidoxime-transition metal cation complexes.24 Moreover, the pKa and log K values of oxoacids 

are correlated by linear free energy relationships;25 thus, when coupled with binding motif 

information, methods for predicting the pKa values of oxoacid ligands, such as amidoximes, can 
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be used to design ligands that further improve the UO2
2+ affinity and selectivity of subsequent 

generations of chelating polymer adsorbents.  Therefore, in Chapter 2 we use 1H-NMR and 

UV/Vis spectroscopic titrations to resolve the pKa values of acetamidoxime and benzamidoxime. 

Subsequently, we use pKa those values to develop computational protocols for predicting the pKa 

values of aqueous oxoacid ligands. Density functional theory and wave-function methods were 

utilized in conjunction with continuum solvation calculations to develop computational protocols 

for predicting the pKa values of aqueous oxoacid ligands within < 0.5 pKa units of their 

experimental value. 

While the computational protocols for predicting the pKa values of oxoacids aid in the 

design of ligands that form more stable UO2
2+ complexes, they does not facilitate the design of 

ligands that are more selective to UO2
2+ than competing transition metal cations on their own 

because the log K value of any oxoacid-metal cation complex is related to the pKa value of that 

ligand by a linear free energy relationship.18 Therefore, in order to computationally design 

ligands that are more selective towards UO2
2+ than the standard amidoxime based ligands, the 

coordination modes of amidoxime-UO2
2+ and amidoxime-transition metal cation complexes 

needed to be elucidated as well. In Chapters 3 and 4, we computationally investigate the binding 

motif of formamidoximate-VO2
+ and -VO2+ complexes, major competing ions in seawater.6, 12-13 

Density functional theory and wave-function methods were utilized in conjunction with 

continuum solvation calculations to investigate potential binding motifs of formamidoximate-

VO2
+ and formamidoximate-VO2+ complexes. Our investigations of these formamidoximate 

complexes universally identified the most stable binding motif to be a tautomerically rearranged 

imino hydroxylamine chelate formed via coordination of the imino nitrogen and hydroxylamine 

oxygen. The alternative binding motifs for amidoxime chelation to VO2
2+ and VO2+ via a non-
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rearranged tautomer and η2 coordination were found to be ~5 kcal/mol and ~11 kcal/mol less 

stable, respectively. Thus, while η2-coordination of the oxime functional group is the most stable 

coordination mode of amidoxime-UO2
2+ complexes,15, 17-18 it is far less than the tautomerically 

rearranged imino hydroxylamine chelate in amidoxime-VO2
+ and amdioxime-VO2+ complexes. 

In light of this result, an important question arose as to whether such tautomeric transformation is 

feasible in aqueous solution. Arshadi et al.26 computationally investigated the amidoxime-imino 

hydroxylamine tautomerization in the absence of complexing ions and they reported that the 

amidoxime form is ~10 kcal/mol more stable than the imino hydroxylamine form. Moreover, 

they found a prohibitively high energy barrier for tautomerization in the gas phase (>30 

kcal/mol) that could be reduced substantially in the presence of explicit solvent molecules (≤ 20 

kcal/mol).26 Since the relative stability of the two tautomers is reversed when bound to VO2
+ or 

VO2+, the reaction barrier of amidoximate-VO2
+ and amidoximate-VO2+ complexes is much 

smaller than for a free amidoxime ligand, ~9 kcal/mol and ~3 kcal/mol, respectively. Thus, we 

determined that the complexation between poly(acrylamidoxime) fibers and vanadium cations 

can be restricted by either inhibiting the tautomeric rearrangement from the amidoxime to imino 

hydroxylamine via substitution of both amine hydrogen atoms with aliphatic or aromatic groups 

or eliminating the amine group all together. 

In Chapter 5, we build on the design principles acquired in Chapters 2-4 to design a 

ligand, salicylaldoxime that is more selective toward the UO2
2+ cation than competing transition 

metal cations. We found that the binding strength of salicylaldoxime-UO2
2+ complexes are ~2-4 

log β2 units greater in magnitude than their corresponding acetamidoxime-UO2
2+ and 

benzamidoxime-UO2
2+ complexes; moreover, the selectivity of salicylaldoxime towards the 

UO2
2+ cation over competing Cu2+ and Fe3+ cations is far greater than the selectivites reported for 
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glutarimidedioxime in the literature. The higher UO2
2+ selectivity can likely be attributed to the 

different coordination modes observed for salicyladoxime-UO2
2+ and salicylaldoxime-transition 

metal complexes. Density functional theory calculations show that salicylaldoxime coordinates 

to UO2
2+ as a dianion species formed by η2-coordination of the aldoximate and monodentate 

binding of the phenolate group. In contrast, salicylaldoxime coordinates to transition metal 

cations as a monoanion species via a chelate formed between phenolate and the oxime N; the 

complexes are stabilized via h ydrogen bonding interactions between the oxime OH group and 

phenolate. Thus, by coupling the experimentally determined thermodynamic constants and the 

results of theoretical computations, we are able to derive a number of ligand design principles to 

further improve the UO2
2+ cation affinity, and thus further increase the selectivity, of 

salicylaldoxime derivatives.  

Finally, in Chapter 6 we potentiometrically determine the proton affinity distribution of 

the classical poly(acrylamidoxime) fiber between pH 2 and pH 10 via the Stable Numerical 

Solution of the Adsorption Integral Equation Using Splines (SAIUS) algorithm.27-29 These values 

are of great importance because the comparison of the acidity constants of poly(acrylamidoxime) 

monomer units to the acidity of their representative small ligands, is incomplete.27-29 The pKa 

values of pure chemical compounds, like small ligands, are a sum of delta functions; in contrast, 

the acidity of polymers is more accurately described as a continuous distribution of proton 

affinities.27-29 Two peaks in the proton affinity distribution of poly(acrylamidoxime) were 

observed: the neutral to anionic dissociation of the carboxylate monomer between pH 3.2 and pH 

4.4 (pKa ~ 4.0) and the protonated to neutral dissociation of the acyclic amidoxime monomer 

between pH 5.6 and pH 6.8 (pKa ~ 6.1). The acidity constants obtained for the carboxylate and 

amidoxime monomers vary from the acidity constants of acetic acid and acetamidoxime, 
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respectively. These variations in acidity can be attributed to charge interactions between the 

carboxylate (pKa ~ 4.76)30 and amidoxime (pKa ~ 5.78) monomers. This work lays the 

foundation for resolving the metal cation affinity distribution of the poly(acrylamidoxime) fibers, 

which can aid in improving the uranium selectivity of subsequent generations of chelating 

polymers.27-29 
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Appendix A: Supporting Information for Acidity of the Amidoxime Functional 

Group in Aqueous Solution: A Combined Experimental and Computational Study 

 

 

Figure A.1. (Top)  Strong acid (0.01 M HClO4) versus strong base (0.01 M NaOH) titration used to standardize the 

pH electrode.  The initial solution contained 25 mL of 0.01 M HClO4. (Bottom) Calibration plot used to determine 

the Nernst slope (-59.08) and the Eº correction factor (400.12). 
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Figure A.2. 1H-NMR spectra of aqueous acetamidoxime (2 x 10-3 M) at 25 °C and 0.0 M ionic strength by pH.   
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Table A. 1. pKa values obtained by computing the solvation energies with the IEFPCM solvation model.a,b 

Acid B3LYPg M06h M06-2Xi MP2j CCSD(T)k Exp. 

1. Waterc,e 16.73 17.64 16.98 16.44 16.41 15.70 

2. Methanolc 15.33 14.99 15.31 15.96 15.52 15.54 

3. Phenolc 9.13 8.72 8.76 9.16 8.97 9.99 

4. Formic Acidc 4.56 4.47 4.78 4.53 4.52 3.77 

5. Benzoic Acidc 5.51 5.33 5.13 4.92 4.86 4.20 

6. Acetaldoximec 11.63 11.51 11.42 11.64 11.69 11.42 

7. Benzaldoximec 10.12 9.87 10.07 10.49 10.76 11.30 

8. Acetohydroxamic Acidc 9.42 9.54 9.69 9.72 9.47 8.70 

9. Benzohydroxamic Acidc 8.87 8.96 9.42 9.30 9.17 8.81 

10.  Nitric Acidc -0.89 -0.90 -1.22 -0.38 -0.64 -1.40 

11.  Sulfuric Acidc -3.62 -3.46 -3.47 -3.81 -3.72 -3.00 

12. Phosphoric Acidc 1.98 2.23 2.07 1.95 1.93 2.15 

13. Carbonic Acidc 3.28 3.42 3.41 3.23 3.16 3.60 

14.  Acetamidoxime 13.24 13.21 13.00 12.94 12.83 13.21 

15. Benzamidoxime 11.72 11.65 11.74 11.50 11.93 12.36 

16. Azine-Amidoximed,f 11.12 11.11 11.23 1074 11.48 11.98 

Mean Absolute Error 0.61 0.68 0.63 0.67 0.53  

Root Mean Square Deviation 0.73 0.87 0.76 0.74 0.59  

aZPE and thermal corrections are calculated in the gas phase at the B3LYP/6-311++G** level of theory. 

bB3LYP and the 6-31+G* basis set was used for all solvation calculations. 

cSmith, R. M.; Martell, A. E., Critical Stability Constants. Plenum Press: New York, 1981. 

dSimanenko, Y. S.; Prokop'eva, T. M.; Belousova, I. A.; Popov, A. F.; Karpichev, E. A., Amidoximes as Effective Acceptors of Acyl Group. 

Theor. Exp. Chem. 2001, 37, 288-295. 

eThe experimental pKa corresponds to a 55.5 M solution. However, our thermodynamic cycle calls for the conversion of an ideal gas to an ideal 

solution (1 M). Therefore, a correction of 1.7 pKa units was added to all the predicted water pKa values. 

fThe full name of this structure is (Z)-N-hydroxynicotinimidamide. 

g𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.464 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −268.62 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

h𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.465 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −268.59 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

i𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.434 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −269.88 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

j𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.492 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −268.78 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

k𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.478 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −272.00 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
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Table A.2. pKa values obtained by computing the solvation energies with the CPCM solvation model.a,b 

Acid B3LYPg M06h M06-2Xi MP2j CCSD(T)k Exp. 

1. Waterc,e 16.94 17.65 17.00 16.45 16.42 15.70 

2. Methanolc 15.33 15.00 15.32 15.97 15.52 15.54 

3. Phenolc 9.13 8.72 8.74 9.16 8.96 9.99 

4. Formic Acidc 4.56 4.48 4.79 4.54 4.52 3.77 

5. Benzoic Acidc 5.50 5.32 5.11 4.91 4.85 4.20 

6. Acetaldoximec 11.62 11.51 11.42 11.63 11.69 11.42 

7. Benzaldoximec 10.11 9.86 10.05 10.49 10.76 11.30 

8. Acetohydroxamic Acidc 9.40 9.52 9.68 9.70 9.26 8.70 

9. Benzohydroxamic Acidc 8.85 8.94 9.40 9.28 9.15 8.81 

10.  Nitric Acidc -0.88 -0.89 -1.20 -0.37 -0.63 -1.40 

11.  Sulfuric Acidc -3.62 -3.46 -3.46 -3.81 -3.71 -3.00 

12. Phosphoric Acidc 1.98 2.24 2.07 1.95 1.93 2.15 

13. Carbonic Acidc 3.29 3.44 3.42 3.23 3.16 3.60 

14.  Acetamidoxime 13.24 13.20 13.00 12.93 12.82 13.21 

15. Benzamidoxime 11.75 11.67 11.76 11.53 11.96 12.36 

16. Azine-Amidoximed,f 11.12 11.11 11.22 10.73 11.48 11.98 

Mean Absolute Error 0.60 0.68 0.62 0.67 0.53  

Root Mean Square Deviation 0.73 0.86 0.76 0.74 0.59  

aZPE and thermal corrections are calculated in the gas phase at the B3LYP/6-311++G** level of theory. 

bB3LYP and the 6-31+G* basis set was used for all solvation calculations. 

cSmith, R. M.; Martell, A. E., Critical Stability Constants. Plenum Press: New York, 1981. 

dSimanenko, Y. S.; Prokop'eva, T. M.; Belousova, I. A.; Popov, A. F.; Karpichev, E. A., Amidoximes as Effective Acceptors of Acyl Group. 

Theor. Exp. Chem. 2001, 37, 288-295. 

eThe experimental pKa corresponds to a 55.5 M solution. However, our thermodynamic cycle calls for the conversion of an ideal gas to an ideal 

solution (1 M). Therefore,  a correction of 1.7 pKa units was added to all the predicted  water pKa values. 

fThe full name of this structure is (Z)-N-hydroxynicotinimidamide. 

g𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.464 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −268.60 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

h𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.465 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −268.57 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

i𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.435 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −269.81 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

j𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.493 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −268.76 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

k𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.479 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −271.88 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
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Table A.3. pKa values obtained by computing the solvation energies with the SMD solvation model.a,b 

Acid B3LYPg M06h M06-2Xi MP2j CCSD(T)k Exp. 

1. Waterc,e 15.62 16.44 15.80 15.01 14.97 15.70 

2. Methanolc 14.88 14.56 14.91 15.55 15.00 15.54 

3. Phenolc 9.79 9.36 9.35 9.87 9.62 9.99 

4. Formic Acidc 4.40 4.29 4.64 4.36 4.32 3.77 

5. Benzoic Acidc 5.36 5.15 4.94 4.70 4.66 4.20 

6. Acetaldoximec 11.71 11.60 11.50 11.73 11.74 11.42 

7. Benzaldoximec 10.86 10.61 10.77 11.33 11.56 11.30 

8. Acetohydroxamic Acidc 8.37 8.50 8.74 8.63 8.38 8.70 

9. Benzohydroxamic Acidc 8.28 8.39 8.93 8.72 8.58 8.81 

10.  Nitric Acidc -1.08 -1.15 -1.47 -0.56 -0.76 -1.40 

11.  Sulfuric Acidc -3.89 -3.79 -3.75 -4.13 -3.90 -3.00 

12. Phosphoric Acidc 2.42 2.66 2.46 2.41 2.43 2.15 

13. Carbonic Acidc 3.32 3.46 3.44 3.26 3.21 3.60 

14.  Acetamidoxime 13.58 13.57 13.31 13.27 13.08 13.21 

15. Benzamidoxime 12.55 12.50 12.54 12.37 12.89 12.36 

16. Azine-Amidoximed,f 12.15 12.17 12.21 11.80 12.53 11.98 

Mean Absolute Error 0.42 0.48 0.35 0.33 0.45  

Root Mean Square Deviation 0.51 0.56 0.45 0.46 0.49  

aZPE and thermal corrections are calculated in the gas phase at the B3LYP/6-311++G** level of theory. 

bB3LYP and the 6-31+G* basis set was used for all solvation calculations. 

cSmith, R. M.; Martell, A. E., Critical Stability Constants. Plenum Press: New York, 1981. 

dSimanenko, Y. S.; Prokop'eva, T. M.; Belousova, I. A.; Popov, A. F.; Karpichev, E. A., Amidoximes as Effective Acceptors of Acyl Group. 

Theor. Exp. Chem. 2001, 37, 288-295. 

eThe experimental pKa corresponds to a 55.5 M solution. However, our thermodynamic cycle calls for the conversion of an ideal gas to an ideal 

solution (1 M). Therefore,  a correction of 1.7 pKa units was added to all the predicted  water pKa values. 

fThe full name of this structure is (Z)-N-hydroxynicotinimidamide. 

g𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.504 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −265.85 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

h𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.508 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −265.86 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

i𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.471 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −267.09 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

j𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.538 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −266.08 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

k𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.517 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −269.13 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
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Table A.4. pKa values obtained by computing the solvation energies with the COSMO solvation model.a,b 

Acid B3LYPg M06h M06-2Xi MP2j CCSD(T)k Exp. 

1. Waterc,e 17.30 18.17 17.46 16.94 16.88 15.70 

2. Methanolc 14.77 14.49 14.90 14.54 15.06 15.54 

3. Phenolc 8.64 8.21 8.28 8.65 8.45 9.99 

4. Formic Acidc 4.77 4.65 4.95 4.71 4.62 3.77 

5. Benzoic Acidc 5.26 5.04 4.82 4.56 4.50 4.20 

6. Acetaldoximec 11.81 11.74 11.64 11.91 11.94 11.42 

7. Benzaldoximec 9.79 9.55 9.79 10.21 10.51 11.30 

8. Acetohydroxamic Acidc 8.03 8.16 8.42 8.27 8.04 8.70 

9. Benzohydroxamic Acidc 9.26 9.38 9.85 9.78 9.62 8.81 

10.  Nitric Acidc -0.53 -0.64 -1.05 -0.11 -0.40 -1.40 

11.  Sulfuric Acidc -2.43 -2.37 -2.51 -2.74 -2.67 -3.00 

12. Phosphoric Acidc 2.78 2.99 2.74 2.71 2.68 2.15 

13. Carbonic Acidc 2.39 2.48 2.50 2.17 2.12 3.60 

14.  Acetamidoxime 14.01 14.05 13.80 13.84 13.69 13.21 

15. Benzamidoxime 12.90 12.88 12.92 12.83 13.37 12.36 

16. Azine-Amidoximed,f 9.55 9.56 9.80 9.05 9.90 11.98 

Mean Absolute Error 0.99 1.08 0.93 0.90 0.88  

Root Mean Square Deviation 1.12 1.26 1.09 1.12 1.00  

aZPE and thermal corrections are calculated in the gas phase at the B3LYP/6-311++G** level of theory. 

bB3LYP and the 6-311++G** basis set was used for all solvation calculations. 

cSmith, R. M.; Martell, A. E., Critical Stability Constants. Plenum Press: New York, 1981. 

dSimanenko, Y. S.; Prokop'eva, T. M.; Belousova, I. A.; Popov, A. F.; Karpichev, E. A., Amidoximes as Effective Acceptors of Acyl Group. 

Theor. Exp. Chem. 2001, 37, 288-295. 

eThe experimental pKa corresponds to a 55.5 M solution. However, our thermodynamic cycle calls for the conversion of an ideal gas to an ideal 

solution (1 M). Therefore,  a correction of 1.7 pKa units was added to all the predicted  water pKa values. 

fThe full name of this structure is (Z)-N-hydroxynicotinimidamide. 

g𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.500 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −264.04 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

h𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.499 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −263.99 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

i𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.467 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −265.26 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

j𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.535 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −264.25 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

k𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.518 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −267.36 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
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Table A.5. pKa values obtained by computing the solvation energies with the SVPE2 solvation model.a,b 

Acid B3LYPg M06h M06-2Xi MP2j CCSD(T)k Exp. 

1. Waterc,e 17.79 18.48 17.78 17.38 17.30 15.70 

2. Methanolc 15.26 14.87 15.23 15.94 15.46 15.54 

3. Phenolc 8.68 8.27 8.33 8.69 8.50 9.99 

4. Formic Acidc 4.27 4.21 4.53 4.21 4.16 3.77 

5. Benzoic Acidc 5.06 4.88 4.69 4.40 4.35 4.20 

6. Acetaldoximec 11.32 11.18 11.13 11.33 11.38 11.42 

7. Benzaldoximec 9.86 9.59 9.82 10.24 10.52 11.30 

8. Acetohydroxamic Acidc 9.17 9.29 9.47 9.48 9.22 8.70 

9. Benzohydroxamic Acidc 8.49 8.58 9.09 8.92 8.78 8.81 

10.  Nitric Acidc -1.32 -1.27 -1.62 -0.86 -1.10 -1.40 

11.  Sulfuric Acidc -3.15 -2.91 -3.01 -3.36 -3.24 -3.00 

12. Phosphoric Acidc 3.02 3.31 3.05 3.03 3.00 2.15 

13. Carbonic Acidc 3.54 3.72 3.67 3.49 3.40 3.60 

14.  Acetamidoxime 13.41 13.34 13.14 13.12 12.98 13.21 

15. Benzamidoxime 11.70 11.60 11.72 11.48 12.03 12.36 

16. Azine-Amidoximed,f 11.22 11.19 11.31 10.84 11.59 11.98 

Mean Absolute Error 0.63 0.76 0.67 0.63 0.48  

Root Mean Square Deviation 0.84 1.05 0.89 0.79 0.66  

aZPE and thermal corrections are calculated in the gas phase at the B3LYP/6-311++G** level of theory. 

bB3LYP and the 6-311++G** basis set was used for all solvation calculations. 

cSmith, R. M.; Martell, A. E., Critical Stability Constants. Plenum Press: New York, 1981. 

dSimanenko, Y. S.; Prokop'eva, T. M.; Belousova, I. A.; Popov, A. F.; Karpichev, E. A., Amidoximes as Effective Acceptors of Acyl Group. 

Theor. Exp. Chem. 2001, 37, 288-295. 

eThe experimental pKa corresponds to a 55.5 M solution. However, our thermodynamic cycle calls for the conversion of an ideal gas to an ideal 

solution (1 M). Therefore,  a correction of 1.7 pKa units was added to all the predicted  water pKa values. 

fThe full name of this structure is (Z)-N-hydroxynicotinimidamide. 

g𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.477 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −271.37 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

h𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.476 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −271.32 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

i𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.445 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −272.61 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

j𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.510 ×  𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −271.58 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

k𝑝𝐾𝑎[𝑃𝑟𝑒𝑑. ] = 0.494 × 𝑝𝐾𝑎[𝐶𝑜𝑚𝑝. ]; ∆𝐺𝑠𝑜𝑙𝑣
∗ (𝐻+) = −274.68 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
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Optimized Geometries and Absolute Energies Obtained at the M06-2X/6-31++G** Level of Theory  

Water 

Absolute Energy = -76.260910 Hartrees 

Cartesian Coordinates  

O          -0.002070    0.118692    0.027223 

H          -0.755183   -0.460698   -0.123510 

H           0.771323   -0.442694   -0.083683 

Hydroxide 

Absolute Energy = -75.637018 Hartrees 

Cartesian Coordinates  

O          0.086253    0.065079    0.016970 

H         -0.673320   -0.508023   -0.132470 

Methanol 

Absolute Energy = -115.421921 Hartrees 

Cartesian Coordinates  

C       -0.004417    0.666808    0.000000 

H        1.013745    1.052714    0.000000 

H       -0.516876    1.041817   -0.891571 

H       -0.516876    1.041817    0.891571 

O        0.093056   -0.744870    0.000000 

H       -0.790535   -1.116847    0.000000 

Methoxide 

Absolute Energy = -114.806259 Hartrees 

Cartesian Coordinates 

C       -0.000001   -0.000005    0.511879 

H       -0.264377    0.987138    1.002755 

H       -0.722684   -0.722677    1.002545 

H        0.987142   -0.264373    1.002750 
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O       -0.000080   -0.000083   -0.822497 

Phenol 

Absolute Energy = -306.610690 Hartrees 

Cartesian Coordinates 

O        1.780544    1.407647    0.365075 

H        2.612854    0.932108    0.275292 

C       -1.481646   -1.094909   -0.286233 

C       -1.653795    0.256031    0.020157 

C       -0.555524    1.082101    0.235642 

C        0.732869    0.552799    0.144157 

C        0.916540   -0.796757   -0.161654 

C       -0.192368   -1.614414   -0.375449 

H       -2.341308   -1.732774   -0.452889 

H       -2.652524    0.672076    0.092390 

H       -0.676317    2.131886    0.474021 

H        1.920087   -1.206507   -0.232324 

H       -0.042050   -2.661709   -0.612566 

Phenoxide 

Absolute Energy = -306.049409 Hartrees 

Cartesian Coordinates 

O        1.842702    1.390086    0.363266 

C       -1.439535   -1.085890   -0.282880 

C       -1.600988    0.270589    0.024812 

C       -0.516816    1.103607    0.241499 

C        0.847742    0.639338    0.167063 

C        0.968700   -0.762722   -0.152793 

C       -0.130615   -1.576751   -0.365385 

H      -2.294058   -1.731184   -0.451547 
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H       -2.605735    0.683535    0.096273 

H       -0.664852    2.153327    0.478405 

H        1.975872   -1.163694   -0.221881 

H        0.029855   -2.627028   -0.602697 

Formic Acid 

Absolute Energy = -189.326673 Hartrees 

Cartesian Coordinates 

C       -0.136317   -0.108695   -0.407864 

O        0.224313   -0.831287    0.659702 

O      -0.151270    1.083758   -0.450146 

H        0.462637   -0.215204    1.367117 

H       -0.414901   -0.772751   -1.234114 

Formate 

Absolute Energy = -188.773483 Hartrees 

Cartesian Coordinates 

C       -0.087547   -0.169565   -0.261618 

O        0.237487   -0.882707    0.707668 

O       -0.126261    1.071123   -0.375262 

H       -0.397914   -0.741847   -1.189584 

Benzoic Acid 

Absolute Energy = -419.706869 Hartrees 

Cartesian Coordinates 

C        0.838409   -1.034650   -0.081107 

C        0.139670    0.165717    0.043336 

C       -1.253442    0.167908    0.111038 

C       -1.945095   -1.036004    0.053863 

C       -1.248397   -2.234486   -0.069964 

C        0.142874   -2.234458   -0.137563 
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H        1.920165   -1.005792   -0.131378 

H      -1.783111    1.106825    0.207995 

H      -3.027037   -1.039839    0.105993 

H       -1.791131   -3.171522   -0.113999 

H        0.682081   -3.168892   -0.234184 

C        0.928304    1.426136    0.101618 

O        0.155524    2.523785    0.223785 

O        2.127235    1.488707    0.048154 

O        0.749438    3.284974    0.255857 

Benzoate 

Absolute Energy = -419.159978 Hartrees 

Cartesian Coordinates 

C        0.843014   -0.965085    0.000034 

C       0.140960    0.239783   -0.000018 

C       -1.253107    0.202258   -0.000207 

C       -1.934207   -1.012536   -0.000350 

C       -1.224218   -2.211870   -0.000306 

C        0.169277   -2.183927   -0.000111 

H        1.925906   -0.909070    0.000194 

H       -1.775934    1.152287   -0.000242 

H       -3.019936   -1.028011   -0.000505 

H       -1.752750   -3.159857   -0.000421 

H        0.728136   -3.114918   -0.000065 

C        0.897875    1.597530    0.000157 

O        0.168215    2.607034    0.000371 

O        2.140248    1.507495    0.000068 

Acetaldoxime 

Absolute Energy = -208.585009 Hartrees 
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Cartesian Coordinates 

N        0.686724   -0.728843    0.002752 

C       -0.581279   -0.674224    0.000467 

H       -1.061148   -1.647737   -0.000901 

O        1.241033    0.547628    0.004323 

C       -1.392532    0.584379   -0.000422 

H       -2.457756    0.362452   -0.001966 

H       -1.147874    1.187679    0.876704 

H       -1.145442    1.188043   -0.876622 

H        2.186711    0.380520    0.006088 

Acetaldoximate 

Absolute Energy = -207.997904 Hartrees 

Cartesian Coordinates 

N        0.737456   -0.690969   -0.001334 

C       -0.564140   -0.684695   -0.001031 

H       -1.056918   -1.653456   -0.002228 

O        1.324279    0.472454    0.000080 

C       -1.361975    0.589153    0.000775 

H       -2.437843    0.386611    0.000625 

H       -1.108754    1.203844    0.873865 

H       -1.108912    1.206119   -0.870752 

Benzaldoxime 

Absolute Energy = -399.769457 Hartrees 

Cartesian Coordinates 

C        0.927972   -1.268983    0.000000 

C        0.192118   -0.083527    0.000000 

C       -1.205732   -0.144059    0.000000 

C       -1.847028   -1.373138    0.000000 
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C       -1.106276   -2.555064    0.000000 

C        0.282106   -2.501043    0.000000 

H        2.012036   -1.224945    0.000000 

H       -1.773186    0.778551    0.000000 

H      -2.929834   -1.413881    0.000000 

H       -1.613209   -3.512629    0.000000 

H        0.863411   -3.415264    0.000000 

N        0.296260    2.304677    0.000000 

C        0.914854    1.196655    0.000000 

H        2.006059    1.181709    0.000000 

O        1.179111    3.371485    0.000000 

H        0.606188    4.142606    0.000000 

Benzaldoximate 

Absolute Energy = -399.202209 Hartrees 

Cartesian Coordinates 

C        0.944513   -1.246115    0.000000 

C        0.262999   -0.009448    0.000000 

C       -1.151514   -0.068769    0.000000 

C       -1.820939   -1.280475    0.000000 

C       -1.127283   -2.495514    0.000000 

C        0.265793   -2.457866    0.000000 

C        2.030514   -1.238561    0.000000 

C       -1.695766    0.867709    0.000000 

C       -2.907250   -1.284049    0.000000 

C       -1.659393   -3.439974    0.000000 

H        0.831838   -3.384951    0.000000 

N        0.375568    2.391261    0.000000 

C        0.997653    1.230724    0.000000 
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H        2.090348    1.212293    0.000000 

O        1.086150    3.446430    0.000000 

Acetohydroxamic Acid  

Absolute Energy = -283.673446 Hartrees 

Cartesian Coordinates 

C       -1.294687   -0.707244    1.176792 

H       -2.238918   -0.163753    1.147685 

H       -1.439785   -1.704036    0.760207 

H       -0.981172   -0.784483    2.218357 

C       -0.265060    0.092465    0.425830 

N        0.331685   -0.545318   -0.621339 

O        0.013476    1.251607    0.671603 

O        1.404949    0.107846   -1.208259 

H        1.415539    0.960753   -0.737958 

H        0.475597   -1.544612   -0.605370 

Acetohydroxamate (Gas Phase Structure) 

Absolute Energy = -283.101532 Hartrees 

Cartesian Coordinates 

C       -1.004435   -0.341391    1.004440 

H       -1.619118    0.315884    1.619130 

H       -1.622706   -0.999278    0.388771 

H       -0.388753   -0.999272    1.622706 

C       -0.117361    0.504727    0.117348 

N        0.673572   -0.205301   -0.673595 

O       -0.141278    1.758617    0.141261 

H        1.282223    0.335329   -1.282261 

O        0.739541   -1.553853   -0.739562 

Acetohydroxamate (Aqueous Phase Structure) 
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Absolute Energy = -283.093560 Hartrees 

Cartesian Coordinates 

C       -1.262103   -0.697403    1.039835 

H       -2.239960   -0.221847    0.926279 

H       -1.325256   -1.725959    0.672676 

H       -1.029698   -0.717496    2.107884 

C       -0.214243    0.158939    0.325460 

N        0.451288   -0.485034   -0.633450 

O       -0.064128    1.339468    0.673141 

O        1.412679   -0.008200   -1.421753 

H        0.190136   -1.456391   -0.777626 

Benzohydroxamic Acid  

Absolute Energy = -474.856058 Hartrees 

Cartesian Coordinates 

C        0.728937    1.407288   -0.055360 

C        0.084591    2.634031   -0.141889 

C       -1.303130    2.700003   -0.048674 

C       -2.047398    1.538986    0.137474 

C       -1.407171    0.308021    0.220389 

C       -0.017309    0.241892    0.113525 

H        1.807963    1.330371   -0.114180 

H        0.662766    3.539761   -0.278585 

H      -1.804912    3.658237   -0.112805 

H       -3.125286    1.593062    0.230041 

H       -1.983626   -0.591905    0.402427 

C        0.726449   -1.047698    0.182445 

N        0.001010   -2.170843   -0.122369 

O        1.897134   -1.143199    0.502903 
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H       -0.675850   -2.113841   -0.872218 

O        0.736270   -3.343835   -0.216595 

H        1.644823   -3.050218   -0.023687 

Benzohydroxamate (Gas Phase Structure) 

Absolute Energy = -474.292107 Hartrees 

Cartesian Coordinates 

C        0.933117    1.229820    0.000000 

C        0.315352    2.473393    0.000000 

C       -1.076163    2.561257    0.000000 

C       -1.832114    1.393224    0.000000 

C       -1.218650    0.141008    0.000000 

C        0.180041    0.048714    0.000000 

H        2.011977    1.128804    0.000000 

H        0.917020    3.376796    0.000000 

H       -1.564175    3.530726    0.000000 

H       -2.915962    1.452766    0.000000 

H       -1.785138   -0.781486    0.000000 

C        0.968137   -1.232390    0.000000 

N        0.315738   -2.391561    0.000000 

O       2.225017   -1.188635    0.000000 

H        0.949515   -3.188677    0.000000 

O       -0.994345   -2.664359    0.000000 

Benzohydroxamate (Aqueous Phase Structure) 

Absolute Energy = -474.284840 Hartrees 

Cartesian Coordinates 

C        0.768662    1.353072   -0.099691 

C        0.122816    2.579770   -0.183235 

C       -1.267010    2.651667   -0.100873 
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C       -1.996527    1.479667    0.080683 

C       -1.347200    0.251414    0.164352 

C        0.046076    0.163826    0.048981 

H        1.849026    1.273569   -0.135852 

H        0.703645    3.488014   -0.307800 

H       -1.773320    3.608907   -0.160103 

H       -3.076509    1.522911    0.177302 

H       -1.930212   -0.643300    0.353837 

C        0.844625   -1.117147    0.132655 

N        0.180221   -2.189953   -0.301690 

O        2.015640   -1.084631    0.542699 

H       -0.738188   -2.018065   -0.700347 

O        0.617859   -3.433770   -0.352909 

Nitric Acid 

Absolute Energy = -280.284885 Hartrees 

Cartesian Coordinates 

N        0.038941    0.117074   -0.000034 

O       -0.642162    1.087997    0.000021 

O        1.236473    0.016657    0.000006 

O       -0.666306   -1.070789   -0.000010 

H        0.020873   -1.754911    0.000017 

Nitrate 

Absolute Energy = -279.761750 Hartrees 

Cartesian Coordinates 

N        0.001478    0.002438    0.000000 

O       -0.634180    1.075278    0.000000 

O        1.248331    0.016288    0.000000 

O       -0.610168   -1.084304    0.000000 
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Sulfuric Acid 

Absolute Energy = -699.064742 Hartrees 

Cartesian Coordinates 

S        0.045633    0.449242    0.055119 

O       -0.991603    1.141916    0.749092 

O        0.583822   -0.658677    1.076750 

O        1.165390    1.082956   -0.562837 

O       -0.618094   -0.460504   -1.081859 

H        1.435275   -1.005538    0.773913 

H       -1.505608   -0.736325   -0.811230 

Bisulfate 

Absolute Energy = -698.561665 Hartrees 

Cartesian Coordinates 

S        0.100733    0.109572    0.146027 

O       -0.849236    0.905403    0.911804 

O        0.899996   -0.845173    0.921279 

O        0.874190    0.843166   -0.860502 

O       -0.918278   -0.866235   -0.757408 

H       -0.340279   -1.451497   -1.257580 

Phosphoric Acid 

Absolute Energy = -643.018956 Hartrees 

Cartesian Coordinates 

P       -0.021144    0.012880    0.013506 

O       -1.133927    0.773483    0.862446 

O        0.708526   -0.865861    1.123830 

O        0.848722    0.858765   -0.810853 

O       -0.880164   -1.077022   -0.768749 

H       -0.410308   -1.469222   -1.512078 
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H       -1.513045    1.529201    0.401726 

H        1.455892   -0.417536    1.533225 

Dihydrogen Phosphate 

Absolute Energy = -642.493173 Hartrees 

Cartesian Coordinates 

P        0.002496    0.070034   -0.182411 

O       -0.925754    1.171461    0.647076 

O        0.557422   -0.875201    1.066857 

O        1.182427    0.810387   -0.715074 

O       -0.939697   -0.769930   -0.976717 

H       -1.814567    0.810112    0.689621 

H        1.381246   -0.483378    1.367176 

Carbonic Acid 

Absolute Energy = -264.419360 Hartrees 

Cartesian Coordinates 

C       -0.005039    0.116488   -0.018850 

O        0.349237   -0.617736    1.034173 

O       -0.019979    1.314549   -0.059235 

H        0.585834   -0.003418    1.738744 

O       -0.340531   -0.695779   -1.019451 

H       -0.593466   -0.136855   -1.763387 

Bicarbonate 

Absolute Energy = -263.875351 Hartrees 

Cartesian Coordinates 

C       -0.052041    0.052022   -0.155281 

O        0.348414   -0.645241    1.031325 

O       -0.013386    1.291658   -0.039125 

H        0.553910    0.067896    1.640927 
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O       -0.365548   -0.684602   -1.088017 

Acetamidoxime 

Absolute Energy = -263.821470 Hartrees 

Cartesian Coordinates 

N        0.969231    0.175408    0.314078 

C       -0.277010    0.273611    0.040149 

O        1.339772   -1.184601    0.345171 

H      -1.966564   -0.646163   -0.642489 

H       -0.668532   -1.695431   -0.262432 

H        2.279100   -1.150508    0.535204 

N       -1.114922   -0.800403   -0.128967 

C       -0.876117    1.642278   -0.041878 

H       -1.669089    1.751258    0.701138 

H       -0.103798    2.385700    0.141949 

H       -1.307248    1.811713   -1.031967 

Acetamidoximate 

Absolute Energy = -263.230765 Hartrees 

Cartesian Coordinates 

N        1.028821    0.176839   -0.326347 

C      -0.227238    0.244171   -0.033711 

O        1.544449   -1.045411   -0.383267 

H       -1.784547   -1.024089   -0.321393 

H       -0.303324   -1.682820    0.075545 

N       -0.971123   -0.930552    0.281210 

C       -0.931867    1.557629    0.055871 

H       -1.774301    1.625855   -0.650208 

H       -1.344898    1.730014    1.058848 

H       -0.219178    2.349870   -0.180817 
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Benzamidoxime 

Absolute Energy = -455.004504 Hartrees 

Cartesian Coordinates 

C        2.404463    1.044401   -0.254464 

C        1.019449    1.172058   -0.229303 

C        0.216156    0.057311    0.016058 

C        0.812392   -1.186527    0.233680 

C        2.194661   -1.309917    0.205478 

C        2.994546   -0.195116   -0.035412 

H        3.020815    1.912874   -0.454053 

H        0.560371    2.133264   -0.430218 

H       0.179145   -2.043760    0.424503 

H        2.651359   -2.277320    0.377664 

H        4.073420   -0.294136   -0.053658 

C       -1.260759    0.190010    0.044524 

N       -1.960698   -0.826468   -0.301521 

N       -1.791766    1.413772    0.384310 

H       -2.788938    1.410704    0.543698 

H       -1.255177    1.962156    1.038174 

O      -3.327045   -0.525673   -0.183395 

H       -3.756344   -1.330703   -0.479984 

Benzamidoximate 

Absolute Energy = -454.435093 Hartrees 

Cartesian Coordinates 

C        2.300588    1.030122   -0.068219 

C        0.928298    1.265714   -0.093835 

C        0.002737    0.205511   -0.027771 

C        0.527690   -1.103958    0.064546 
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C        1.891972   -1.327851    0.081563 

C        2.801298   -0.263959    0.019674 

H        2.985092    1.871452   -0.124408 

H        0.554218    2.278117   -0.191391 

H       -0.176163   -1.925162    0.118538 

H       2.261729   -2.346619    0.150543 

H        3.869914   -0.446295    0.039672 

C       -1.423821    0.457667   -0.028720 

N       -2.267669   -0.543892   -0.107203 

N       -1.895013    1.801879   -0.006217 

H       -2.912150    1.700662    0.020977 

H       -1.592648    2.281578    0.837728 

O       -3.525213   -0.235086   -0.094318 

Azine-Amidoxime 

Absolute Energy = -471.027322 Hartrees 

Cartesian Coordinates 

N        1.763149   -1.178783    0.315001 

C        0.533231   -1.148052   -0.045113 

O        2.256287   -2.486478    0.209069 

H       -0.955114   -2.114929   -1.043468 

H        0.339849   -3.097976   -0.530916 

H        3.161556   -2.409004    0.517576 

N       -0.201502   -2.257425   -0.389660 

C       -1.509172    2.522652    0.019632 

N       -2.204738    1.400741    0.188063 

C       -1.530882    0.252078    0.169097 

C       -0.151585    0.164415   -0.025510 

C        0.562255    1.350374   -0.194452 
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C       -0.128401    2.550354   -0.167100 

H       -2.080572    3.445548    0.035072 

H       -2.116154   -0.646944    0.338730 

H        1.634277    1.310362   -0.343632 

H        0.384769    3.494838   -0.296517 

Azine-Amidoximate 

Absolute Energy = -470.465311 Hartrees 

Cartesian Coordinates 

N        1.840272   -1.248504   -0.045363 

C        0.530234   -1.173928   -0.089066 

O        2.346959   -2.436697   -0.095350 

H       -0.855531   -2.386487   -0.939770 

H        0.418297   -3.108886   -0.165998 

N       -0.267224   -2.352774   -0.111550 

O       -1.465369    2.528144    0.017711 

N       -2.176707    1.404254    0.080356 

C       -1.514347    0.245577    0.053867 

C       -0.112355    0.119798   -0.041157 

C        0.608985    1.328240   -0.111466 

C       -0.070462    2.530290   -0.073428 

H       -2.024201    3.459829    0.041775 

H       -2.119374   -0.652177    0.128367 

H        1.688222    1.279023   -0.189391 

H        0.466493    3.471780   -0.122926 

Imidazole-Oxime 

Absolute Energy = -356.695798 Hartrees 

Cartesian Coordinates 

N       -0.739233   -0.682356   -0.000062 
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C       -0.051895   -1.898883    0.016710 

C        1.260939   -1.618468    0.023158 

N        1.396834   -0.228744    0.009619 

C        0.152294    0.361707   -0.006214 

H       -0.561655   -2.845373    0.023736 

H        2.112942   -2.274015    0.036409 

H        2.251610    0.298721    0.008048 

N       -0.076574    1.628639   -0.023504 

O       -1.497199    1.778601   -0.037390 

H       -1.607919    2.730529   -0.043790 

H       -1.732521   -0.525274   -0.014551 

Imidazole-Oximate 

Absolute Energy = -356.088503 Hartrees 

Cartesian Coordinates 

N       -0.796924   -0.694062    0.332411 

C       -0.067217   -1.843963   -0.001557 

C        1.244973   -1.558479   -0.008038 

N        1.430707   -0.191346    0.324352 

C        0.118147    0.387105    0.219234 

H       -0.538904   -2.810397   -0.098992 

H        2.082223   -2.234546   -0.087570 

H        2.116170    0.320409   -0.216122 

N       -0.182911    1.582743   -0.076413 

O       -1.520170    1.780810   -0.213445 

H       -1.670492   -0.426456   -0.121205 

Imidazolidine-Oxime 

Absolute Energy = -357.912078 Hartrees 

Cartesian Coordinates 
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C        0.647774    0.027430    1.744563 

C       -0.845660   -0.305950    1.819013 

N       -1.289640    0.122616    0.493092 

C       -0.228310   -0.062382   -0.389224 

N        0.918455   -0.276425    0.344100 

C        0.815941    1.085020    1.977414 

H        1.248118   -0.591966    2.410040 

H       -1.359993    0.245468    2.605024 

H       -0.983816   -1.382351    1.974946 

H      -2.185076   -0.199619    0.156074 

H       1.788928   -0.018930   -0.097338 

N       -0.357736   -0.027335   -1.659820 

O       0.930997   -0.184296   -2.235018 

H       0.756343   -0.093406   -3.173252 

Imidazolidine-Oximate 

Absolute Energy = -357.302496 Hartrees 

Cartesian Coordinates 

C        0.664262    0.094323    1.704988 

C       -0.815778   -0.348638    1.679721 

N       -1.315561    0.353568    0.490221 

C       -0.220704    0.219675   -0.427381 

N        0.970399    0.423830    0.310923 

H        0.784132    0.979810    2.339404 

H        1.309436   -0.696131    2.102183 

H      -1.359179   -0.057695    2.582523 

H      -0.870065   -1.442147    1.563041 

H       -2.125658   -0.097214    0.079463 

H        1.694059   -0.112065   -0.167079 
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N      -0.296155   -0.201646   -1.625106 

O        0.893893   -0.363605   -2.237044 

N-Methyl Acetamidoxime 

Absolute Energy = -303.766466 Hartrees 

Cartesian Coordinates 

N        1.390059    0.265676    0.422175 

C        0.148302    0.387629    0.120009 

O        1.745170   -1.101519    0.422095 

H      -0.211072   -1.557889   -0.189182 

H        2.681155   -1.081641    0.628918 

C       -0.688532   -0.672006   -0.109060 

C       -0.410655    1.776363    0.073470 

H       -1.216901    1.889735    0.802016 

H       0.385545    2.479154    0.307831 

H       -0.811636    2.004834   -0.916718 

C       -1.947362   -0.531431   -0.815432 

H       -2.479476   -1.480634   -0.766447 

H       -2.573191    0.221346   -0.334609 

H       -1.821381   -0.258472   -1.869654 

N-Methyl Acetamidoximate 

Absolute Energy = -303.167643 Hartrees 

Cartesian Coordinates 

N        1.380047    0.130555    0.116544 

C        0.115474    0.407426    0.140513 

O        1.692332   -1.157040    0.090954 

H       -0.251628   -1.471547    0.183413 

N       -0.848479   -0.636737    0.219457 

C      -0.356031    1.825229    0.202910 
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H      -0.952807    2.011421    1.106650 

H        0.522786    2.472331    0.214928 

H       -0.979795    2.109203   -0.656308 

C       -1.820354   -0.644603   -0.862193 

H       -2.439662   -1.544528   -0.794043 

H       -2.490466    0.217693   -0.777689 

H       -1.362861   -0.613733   -1.864886 

N,N-Dimethyl Acetamidoxime 

Absolute Energy = -343.056628 Hartrees 

Cartesian Coordinates 

N        1.333980    0.147893    0.122927 

C        0.067472    0.338274    0.121667 

O        2.035486    1.345917    0.327595 

H        2.946657    1.049498    0.375453 

N       -0.757129   -0.779858    0.021962 

C       -0.583030    1.683886    0.280347 

H       -1.542296    1.583188    0.786316 

H        0.069584    2.331776    0.860886 

H       -0.741711    2.153955   -0.693527 

C       -1.899174   -0.665060   -0.875397 

H       -2.583954   -1.491371   -0.680525 

H       -2.436873    0.265577   -0.703855 

H       -1.595967   -0.705155   -1.931766 

C       -0.078089   -2.060916   -0.091622 

H       -0.825506   -2.852067   -0.019973 

H        0.462903   -2.157083   -1.042614 

H        0.642497   -2.165917    0.717023 

N,N-Dimethyl Acetamidoximate 
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Absolute Energy = -342.457363 Hartrees 

Cartesian Coordinates 

N        1.348194    0.226297   -0.210018 

C        0.094510    0.377318    0.054078 

O        2.105611    1.303016   -0.179542 

N       -0.782365   -0.769923    0.086771 

C       -0.514086    1.700496    0.414473 

H       -1.440322    1.562106    0.980100 

H       0.223140    2.251419    1.005511 

H       -0.723349    2.321122   -0.466592 

C       -1.804121   -0.695817   -0.944129 

H       -2.538871   -1.497021   -0.802602 

H       -2.325983    0.261633   -0.881778 

H       -1.374163   -0.785740   -1.959071 

C       -0.084852   -2.037959    0.009105 

H       -0.812537   -2.847307    0.141296 

H       0.436828   -2.173668   -0.951942 

H        0.670348   -2.083863    0.793126 

N-Phenyl Acetamidoxime 

Absolute Energy = -495.478248 Hartrees 

Cartesian Coordinates 

N        2.799156    0.125619    1.181432 

C        1.695406    0.437424    0.605306 

O        2.648300   -1.080038    1.894562 

H        0.753145   -1.259572    1.109333 

H        3.531384   -1.248817    2.228302 

N        0.571778   -0.352201    0.701290 

C        1.692570    1.696829   -0.206154 
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H        1.155845    2.497881    0.303908 

H        2.726436    2.006061   -0.343852 

H        1.222118    1.534206   -1.177297 

C       -3.075056   -0.011210   -1.368814 

C       -2.397475   -1.225144   -1.314655 

C       -1.183689   -1.322283   -0.647047 

C       -0.637992   -0.207109   -0.005444 

C       -1.335416    1.002390   -0.033043 

C       -2.536087    1.098493   -0.726320 

H       -4.016766    0.066960   -1.897674 

H       -2.808126   -2.100021   -1.804603 

H       -0.641542   -2.261281   -0.626077 

H       -0.952884    1.855577    0.511062 

H       -3.065034    2.044120   -0.742735 

N-Phenyl Acetamidoximate 

Absolute Energy = -494.895724 Hartrees 

Cartesian Coordinates 

N       2.845384   -0.110795    1.047056 

C        1.756469    0.464533    0.632444 

O        2.795800   -1.425320    1.151473 

H        1.009247   -1.325939    0.670964 

N        0.657373   -0.389494    0.416736 

C        1.685203    1.954783    0.551382 

H        0.855251    2.364120    1.139783 

H        2.624952    2.327259    0.962129 

H        1.588369    2.335795   -0.472140 

C       -3.147049   -0.128562   -1.353423 

C       -2.668713   -1.315630   -0.790051 
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C       -1.414794   -1.380897   -0.214598 

C       -0.553114   -0.252173   -0.172122 

C       -1.045612    0.940236   -0.756222 

C       -2.312208    0.985617   -1.323286 

H       -4.131756   -0.078269   -1.801408 

H       -3.289120   -2.206685   -0.798234 

H       -1.061212   -2.308682    0.222855 

H      -0.431412    1.827797   -0.767087 

H       -2.650368    1.921296   -1.758616 

Optimized Geometries and Absolute Energies Obtained at the MP2/aug-cc-pVDZ Level of Theory  

Water 

Absolute Energy = -76.260910 Hartrees 

Cartesian Coordinates  

O       -0.00214645     0.12073129      0.02769000 

H       -0.75202088     -0.46860328     -0.12525219 

H       0.76836379      -0.45067121     -0.08558558 

Hydroxide 

Absolute Energy = -75.637018 Hartrees 

Cartesian Coordinates  

O       0.08735202      0.06590749      0.01718571 

H       -0.68018515     -0.51320276     -0.13382021 

Methanol 

Absolute Energy = -115.421931 Hartrees 

Cartesian Coordinates  

C       0.00001900      0.67076701      0.00002124 

H       1.02805587      1.05470922      -0.00007246 

H       -0.51718564     1.04508230      -0.89940822 

H       -0.51726655     1.04501166      0.89942734 
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O       0.10415596      -0.76032144     0.00004157 

H       -0.79127271     -1.12246589     -0.00000948 

Methoxide 

Absolute Energy = -114.806259 Hartrees 

Cartesian Coordinates 

C       0.00000000      0.00000000      0.55431594 

H       -0.26660810     0.99499498      1.03764490 

H       -0.72838688     -0.72838688     1.03764491 

H       0.99499498      -0.26660810     1.03764491 

O       -0.00000000     0.00000000      -0.80662754 

Phenol 

Absolute Energy = -306.610690 Hartrees 

Cartesian Coordinates 

O       1.79931340      1.43077009      0.37082772 

H       2.62859651      0.94022995      0.27752668 

C       -1.48526541     -1.09620969     -0.28661135 

C       -1.66016518     0.26662253      0.02244155 

C       -0.54984250     1.09987845      0.23986173 

C       0.74706813      0.56357320      0.14696520 

C       0.93501743      -0.79657164     -0.16116956 

C       -0.18416778     -1.62238968     -0.37708510 

H       -2.35271967     -1.73988340     -0.45478886 

H       -2.66750671     0.68710544      0.09549616 

H       -0.66973649     2.15955063      0.48053765 

H       1.94762950      -1.20935694     -0.23233077 

H       -0.03286271     -2.67913510     -0.61635561 

Phenoxide 

Absolute Energy = -306.049409 Hartrees 
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Cartesian Coordinates 

O       1.87418678      1.41408112      0.36876289 

C       -1.45214436     -1.09565095     -0.28571228 

C       -1.61883164     0.27357167      0.02500204 

C       -0.51384682     1.11359395      0.24384831 

C       0.85976433      0.64869673      0.16916146 

C       0.97945154      -0.76228867     -0.15225732 

C       -0.13180268     -1.59443576     -0.36943878 

H       -2.31608935     -1.74750601     -0.45567627 

H       -2.63206697     0.69348880      0.09778578 

H       -0.66783981     2.17383695      0.48386073 

H       1.99562524      -1.17201229     -0.22263054 

H       0.03306340      -2.65445152     -0.60914600 

Formic Acid 

Absolute Energy = -189.326673 Hartrees 

Cartesian Coordinates 

C       -0.12892097     -0.12708401     -0.38230007 

O       0.23597823      -0.86611567     0.69785767 

O       -0.14420033     1.08748324      -0.42563851 

H       0.47205842      -0.23018680     1.39848863 

H       -0.40851840     -0.79786631     -1.21176548 

Formate 

Absolute Energy = -188.773483 Hartrees 

Cartesian Coordinates 

C       -0.08795325     -0.16208997     -0.26283524 

O       0.24365354      -0.88553910     0.72607684 

O       -0.12635359     1.10169192      -0.37548830 

H       -0.39923541     -0.73587629     -1.19351251 
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Benzoic Acid 

Absolute Energy = -419.706869 Hartrees 

Cartesian Coordinates 

C       0.84204472      -1.03124883     -0.11914222 

C       0.13507899      0.18273352      0.00735824 

C       -1.27423268     0.18526242      0.07573810 

C       -1.97166104     -1.03368632     0.01680167 

C       -1.27049313     -2.24804411     -0.10944087 

C       0.13654856      -2.24378884     -0.17718709 

H       1.93354159      -1.00502022     -0.16996205 

H       -1.81320353     1.12990724      0.17363454 

H       -3.06424842     -1.03694314     0.06940899 

H       -1.81824731     -3.19397493     -0.15485746 

H       0.68211419      -3.18674558     -0.27526510 

C       0.92607177      1.44669515      0.06516339 

O       0.13536220      2.55656536      0.18802687 

O       2.14581522      1.51519794      0.01116445 

H       0.75318657      3.30869798      0.21526472 

Benzoate 

Absolute Energy = -419.159978 Hartrees 

Cartesian Coordinates 

C       0.85033714      -0.96740784     -0.00001252 

C       0.14096053      0.25306249      0.00002963 

C       -1.27014441     0.21375536      -0.00008150 

C       -1.95840839     -1.01489631     -0.00020983 

C       -1.24199568     -2.22968989     -0.00027471 

C       0.16798662      -2.19935320     -0.00019035 

H       1.94321426      -0.91371335     0.00011687 
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H       -1.79977341     1.17122942      -0.00008711 

H       -3.05495296     -1.03080735     -0.00026836 

H       -1.77536379     -3.18721876     -0.00039320 

H       0.73167240      -3.14005593     -0.00024705 

C       0.89511015      1.60695073      0.00019926 

O       0.15610302      2.63837193      -0.00042699 

O       2.16107497      1.52154800      0.00094372 

Acetaldoxime 

Absolute Energy = -208.585022 Hartrees 

Cartesian Coordinates 

N       0.71918372      -0.75444241     0.00084021 

C       -0.57444777     -0.68698524     -0.00143207 

H       -1.05160940     -1.67120261     -0.00260418 

O       1.26835500      0.55596075      0.00234391 

C       -1.38243414     0.58025768      -0.00224959 

H       -2.45735180     0.35554857      -0.00370603 

H       -1.13803637     1.18816479      0.88346520 

H       -1.13579302     1.18859840      -0.88703615 

H       2.21874447      0.37004685      0.00464879 

Acetaldoximate 

Absolute Energy = -207.997932 Hartrees 

Cartesian Coordinates 

N       0.79460632      -0.68435926     -0.00115476 

C       -0.53727323     -0.66984462     -0.00052693 

H       -1.02465207     -1.65212866     -0.00149165 

O       1.36667950      0.51109028      -0.00015025 

C       -1.32741129     0.61192803      0.00117106 

H       -2.41450588     0.41284000      0.00046948 
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H       -1.06817874     1.23135353      0.88187221 

H       -1.06721183     1.23401170      -0.87736460 

Benzaldoxime 

Absolute Energy = -399.769457 Hartrees 

Cartesian Coordinates 

C       0.94722322      -1.26786147     -0.00000178 

C       0.20214935      -0.06750318     0.00000631 

C       -1.21180540     -0.12824906     0.00000139 

C       -1.85961928     -1.37269494     -0.00000042 

C       -1.11224295     -2.56895264     -0.00000145 

C       0.29321302      -2.51280950     0.00000023 

H       2.04151262      -1.22297122     0.00000101 

H       -1.78706212     0.80143203      0.00000129 

H       -2.95299289     -1.41374339     -0.00000099 

H       -1.62356766     -3.53604513     -0.00000124 

H       0.87960425      -3.43634212     -0.00000351 

N       0.28674099      2.33906342      0.00000388 

C       0.92870199      1.21238231      0.00000522 

H       2.02897668      1.20718539      0.00000087 

O       1.20637921      3.41324653      -0.00000594 

H       0.61965941      4.18375190      -0.00000462 

Benzaldoximate 

Absolute Energy = -399.202209 Hartrees 

Cartesian Coordinates 

C       0.95064757      -1.24073220     -0.00000009 

C       0.26148672      0.00825979      -0.00000064 

C       -1.16609428     -0.05005502     0.00000086 

C       -1.84708559     -1.27651670     -0.00000333 
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C       -1.14363606     -2.50314669     0.00000048 

C       0.26618377      -2.46866359     0.00000106 

H       2.04760778      -1.23404946     0.00000299 

H       -1.71529767     0.89589349      0.00000019 

H       -2.94391947     -1.28007266     0.00000153 

H       -1.68056498     -3.45780818     -0.00000210 

H       0.83659974      -3.40545033     0.00000038 

N       0.35932081      2.43320065      0.00000456 

C       0.99801134      1.25364846      0.00000060 

H       2.10238471      1.24153424      -0.00000455 

O       1.10416950      3.49826800      -0.00000206 

Acetohydroxamic Acid  

Absolute Energy = -283.673446 Hartrees 

Cartesian Coordinates 

C       -1.34351545     -0.70860809     1.08267145 

H       -2.29787884     -0.16418418     1.04757983 

H       -1.48648584     -1.71494538     0.66273563 

H       -1.03030293     -0.78544552     2.13402165 

C       -0.30684337     0.08493951      0.32496088 

N       0.25864484      -0.55684167     -0.75544989 

O       0.00344830      1.25783478      0.57546992 

O       1.35599999      0.11787359      -1.32718115 

H       1.35270679      0.94938267      -0.79908482 

H       0.46111269      -1.55095918     -0.67700931 

Acetohydroxamate (Gas Phase Structure) 

Absolute Energy = -283.101532 Hartrees 

Cartesian Coordinates 

C       -1.02497736     -0.33821135     1.02510425 
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H       -1.64447904     0.32566944      1.64482879 

H       -1.65314829     -1.00123628     0.40689890 

H       -0.40753323     -1.00216755     1.65294137 

C       -0.13631555     0.51191471      0.13675581 

N       0.66441229      -0.20420933     -0.66384176 

O       -0.15536888     1.78964665      0.15513093 

H       1.27486869      0.34259982      -1.27612206 

O       0.73493510      -1.55669063     -0.73405425 

Acetohydroxamate (Aqueous Phase Structure) 

Absolute Energy = -283.093600 Hartrees 

Cartesian Coordinates 

C       -1.28395361     -0.69682331     1.02559036 

H       -2.27565311     -0.22557187     0.91491836 

H       -1.33861860     -1.73193665     0.64364386 

H       -1.05253176     -0.72896701     2.10411046 

C       -0.23744103     0.16748225      0.31508366 

N       0.43662395      -0.48650243     -0.65497134 

O       -0.07839122     1.37239364      0.66148089 

O       1.40075851      -0.02018986     -1.44918399 

H       0.16669818      -1.46369060     -0.79095332 

Benzohydroxamic Acid  

Absolute Energy = -475.856058 Hartrees 

Cartesian Coordinates 

C       0.76618047      1.41029596      -0.10232336 

C       0.11284845      2.65025875      -0.19235136 

C       -1.29031713     2.72175879      -0.08867576 

C       -2.04079903     1.54778197      0.11187392 

C       -1.39557157     0.30160314      0.20022696 
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C       0.01016915      0.23420642      0.08474939 

H       1.85454492      1.33393839      -0.17272921 

H       0.69676935      3.56307433      -0.34166459 

H       -1.79584579     3.68952678      -0.15513423 

H       -3.12856720     1.60434971      0.21212602 

H       -1.97559757     -0.60532719     0.39454524 

C       0.74358157      -1.06310901     0.15281114 

N       0.00041593      -2.18605811     -0.17089569 

O       1.92704090      -1.18284628     0.50350338 

H       -0.60656154     -2.10595803     -0.98574756 

O       0.77391810      -3.36276203     -0.27347985 

H       1.66603007      -3.02183556     -0.03157946 

Benzohydroxamate (Gas Phase Structure) 

Absolute Energy = -474.292107 Hartrees 

Cartesian Coordinates 

C       0.96273606      1.27718676      -0.00000074 

C       0.33063433      2.53108204      -0.00000549 

C       -1.07766307     2.61897908      0.00000045 

C       -1.83591775     1.43202754      0.00000191 

C       -1.21237565     0.16819360      -0.00000146 

C       0.20306137      0.08031291      -0.00000245 

H       2.05209208      1.18010203      -0.00000107 

H       0.93477871      3.44592075      -0.00000108 

H       -1.57321946     3.59662516      0.00000268 

H       -2.93079672     1.48833249      0.00000461 

H       -1.77555607     -0.76914935     -0.00000095 

C       0.98257518      -1.20208081     0.00000225 

N       0.31353312      -2.37213494     0.00000013 
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O       2.26493260      -1.18079532     0.00000507 

H       0.95394158      -3.17356204     0.00000351 

O       -0.99768164     -2.64940070     -0.00000742 

Benzohydroxamate (Aqueous Phase Structure) 

Absolute Energy = -474.284840 Hartrees 

Cartesian Coordinates 

C       0.77461030      1.36189408      -0.06806162 

C       0.11719419      2.60066383      -0.15339736 

C       -1.28946996     2.67205056      -0.08149957 

C       -2.02304543     1.48187946      0.09464386 

C       -1.36395341     0.24160762      0.18602787 

C       0.04850313      0.15313513      0.07525711 

H       1.86545562      1.28540727      -0.10081388 

H       0.70290618      3.51959871      -0.27189146 

H       -1.80323282     3.63731898      -0.14290446 

H       -3.11459103     1.52168813      0.18591960 

H       -1.95471974     -0.65989936     0.38060441 

C       0.85205976      -1.11937075     0.15203906 

N       0.16566388      -2.20829233     -0.26891068 

O       2.05829787      -1.09936785     0.54125994 

H       -0.77039630     -2.02109146     -0.63869698 

O       0.58912325      -3.45203242     -0.34355764 

Nitric Acid 

Absolute Energy = -280.284885 Hartrees 

Cartesian Coordinates 

N       0.05250094      0.14129308      0.00000330 

O       -0.64946923     1.12842324      -0.00000134 

O       1.26896086      0.03049217      -0.00000088 
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O       -0.67801143     -1.07288606     -0.00000013 

H       0.03592643      -1.73999501     -0.00000045 

Nitrate 

Absolute Energy = -279.761750 Hartrees 

Cartesian Coordinates 

N       -0.00001470     -0.00001054     -0.00000000 

O       -0.64651706     1.09162348      -0.00000000 

O       1.26861625      0.01411084      -0.00000000 

O       -0.62208476     -1.10572431     -0.00000000 

Sulfuric Acid 

Absolute Energy = -699.064742 Hartrees 

Cartesian Coordinates 

S       0.01035268      0.16687378      0.00938006 

O       -1.06185917     0.86760676      0.72446364 

O       0.55085220      -0.97360565     1.06858450 

O       1.16483216      0.80773827      -0.62974398 

O       -0.65822828     -0.77258893     -1.16750366 

H       1.40054518      -1.29768299     0.71414582 

H       -1.54376561     -1.02743884     -0.84563014 

Bisulfate 

Absolute Energy = -699.104805 Hartrees 

Cartesian Coordinates 

S       0.07906382      0.10075456      0.09206449 

O       -0.90523215     0.91741022      0.86822435 

O       0.89828990      -0.87674586     0.89263873 

O       0.86737491      0.84233637      -0.95488389 

O       -0.98598931     -0.90972428     -0.82978910 

H       -0.36347617     -1.45256015     -1.34280161 
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Phosphoric Acid 

Absolute Energy = -643. 018955 Hartrees 

Cartesian Coordinates 

P       0.06651569      0.06524232      -0.06349137 

O       -1.09333464     0.81710028      0.80849025 

O       0.78742827      -0.83803145     1.09206721 

O       0.95975765      0.93437525      -0.90881358 

O       -0.81706122     -1.07068551     -0.83814310 

H       -0.31922092     -1.40412302     -1.60202968 

H       -1.40989105     1.59649810      0.32372993 

H       1.55717381      -0.36172263     1.44280722 

Dihydrogen Phosphate 

Absolute Energy = -642.493173 Hartrees 

Cartesian Coordinates 

P       0.02834739      -0.01162887     -0.15679148 

O       -0.92701499     1.11290735      0.69672575 

O       0.59695963      -0.97342554     1.13075566 

O       1.24383919      0.75413706      -0.69215071 

O       -0.94529360     -0.87947256     -0.96267272 

H       -1.82163068     0.74438634      0.64347514 

H       1.46468111      -0.59536895     1.33750783 

Carbonic Acid 

Absolute Energy = -264.419360 Hartrees 

Cartesian Coordinates 

C       -0.00124006     0.10335302      -0.00352380 

O       0.35659876      -0.65178130     1.05773882 

O       -0.01629071     1.32050597      -0.04483552 

H       0.59161429      -0.02141831     1.75821986 
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O       -0.33950703     -0.73051610     -1.01087740 

H       -0.58968195     -0.15487334     -1.75209939 

Bicarbonate 

Absolute Energy = -263.875351 Hartrees 

Cartesian Coordinates 

C       -0.05224516     0.05148841      -0.15502704 

O       0.35414541      -0.66458063     1.04923959 

O       -0.01192713     1.30976332      -0.03304767 

H       0.55469189      0.07256657      1.64586851 

O       -0.37089577     -0.69882841     -1.10144465 

Acetamidoxime 

Absolute Energy = -263.821470 Hartrees 

Cartesian Coordinates 

N       0.99842239      0.18395781      0.22943833 

C       -0.27098500     0.27609358      -0.04528052 

O       1.35684395      -1.21041248     0.26811062 

H       -1.94636887     -0.65997908     -0.74705910 

H       -0.64473628     -1.69943829     -0.35480930 

H       2.30703473      -1.15743854     0.43961458 

N       -1.11257894     -0.81295378     -0.19249748 

C       -0.86638275     1.65164058      -0.12876367 

H       -1.66591214     1.76790781      0.62019838 

H       -0.08248312     2.39709379      0.05642534 

H       -1.30067597     1.82683244      -1.12708052 

Acetamidoximate 

Absolute Energy = -263.230765 Hartrees 

Cartesian Coordinates 

N       1.02713516      0.16972122      -0.23941896 
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C       -0.26486852     0.24377341      0.05203783 

O       1.50547102      -1.09202615     -0.28450209 

H       -1.79675067     -1.06459787     -0.23530780 

H       -0.25604575     -1.66245818     0.12702952 

N       -0.97893048     -0.94775985     0.36917626 

C       -0.95165775     1.56970097      0.14115174 

H       -1.80255815     1.65134841      -0.56809593 

H       -1.36229969     1.75629521      1.15361687 

H       -0.21935931     2.35610448      -0.10295101 

Benzamidoxime 

Absolute Energy = -455.004504 Hartrees 

Cartesian Coordinates 

N       1.77444040      -1.18423319     0.37929645 

C       0.53968372      -1.16221885     -0.04356438 

O       2.27848672      -2.52106566     0.25121163 

H       -0.86819438     -2.11953551     -1.15548588 

H       0.41293187      -3.10077861     -0.60913170 

H       3.18212277      -2.41812230     0.58098907 

N       -0.17220794     -2.28776930     -0.43608364 

C       -1.51214025     2.62223941      0.02982468 

C       -2.22701749     1.42749475      0.23311318 

C       -1.55913571     0.18974977      0.21175176 

C       -0.16593679     0.14142207      -0.01885749 

C       0.55013357      1.34112332      -0.22744003 

C       -0.12229296     2.57375436      -0.19651551 

H       -2.03317105     3.58398222      0.04674031 

H       -3.30479456     1.45921985      0.41874719 

H       -2.11113235     -0.73541496     0.40222002 
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H       1.62621266      1.29116487      -0.41252854 

H       0.43671743      3.49996837      -0.36009140 

Benzamidoximate 

Absolute Energy = -454.435093 Hartrees 

Cartesian Coordinates 

N       1.92960599      1.58808602      0.03540147 

C       0.59686001      1.36572143      0.03768720 

O       2.75089197      0.57556686      -0.08984831 

H       -0.66447672     2.66905863      0.97706129 

H       0.49581324      3.33674575      0.03513922 

N       -0.19653115     2.58217118      0.06710650 

C       -1.62772426     -2.33444273     -0.03326636 

C       -2.28918996     -1.08709078     -0.05834816 

C       -1.55788707     0.11087279      -0.04559990 

C       -0.12664534     0.11252717      -0.01020917 

C       0.53045234      -1.15898696     0.00516905 

C       -0.21754057     -2.34989739     -0.00272493 

H       -2.19908657     -3.26947091     -0.04308918 

H       -3.38488639     -1.05036764     -0.09290531 

H       -2.08459437     1.06851258      -0.08987511 

H       1.62267528      -1.15227580     0.01784762 

H       0.31303016      -3.30977009     0.01176986 

Azine-Amidoxime 

Absolute Energy = -471.027322 Hartrees 

Cartesian Coordinates 

N       1.75712831      -1.18780522     0.37583080 

C       0.52211132      -1.15529256     -0.04389020 

O       2.24287083      -2.52962614     0.26333468 
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H       -0.91652106     -2.10244435     -1.13223041 

H       0.35742994      -3.09795743     -0.58814714 

H       3.14763337      -2.43759375     0.59368970 

N       -0.20873826     -2.26995818     -0.42467310 

C       -1.53071493     2.54573119      0.04658089 

N       -2.23591443     1.41046169      0.24650475 

C       -1.54880322     0.24683544      0.21562785 

C       -0.15914740     0.16086619      -0.02018567 

C       0.55966926      1.35505030      -0.22761087 

C       -0.14211356     2.56715285      -0.18548895 

H       -2.10478567     3.47750032      0.07255721 

H       -2.13140205     -0.65985522     0.40871937 

H       1.63559790      1.31609702      -0.41570018 

H       0.37171348      3.51986294      -0.34106241 

Azine-Amidoximate 

Absolute Energy = -470.465311 Hartrees 

Cartesian Coordinates 

N       1.86820652      -1.26623113     -0.00412772 

C       0.51900290      -1.18747456     -0.03026092 

O       2.33717893      -2.49343070     -0.05820649 

H       -0.89670807     -2.41838374     -0.81673767 

H       0.48495458      -3.10594720     -0.15535155 

N       -0.24827088     -2.38464904     -0.02621612 

C       -1.47985640     2.54496450      0.06816696 

N       -2.21421103     1.40859442      0.12373415 

C       -1.53785382     0.23518275      0.09972695 

C       -0.11721730     0.10538498      0.01510725 

C       0.61954260      1.32473136      -0.04255519 
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C       -0.06927536     2.54046246      -0.01080632 

H       -2.03963400     3.48748047      0.08741363 

H       -2.15282844     -0.66820793     0.17011712 

H       1.70957736      1.27440085      -0.11058588 

H       0.47554692      3.49064409      -0.05205240 

Imidazole-Oxime 

Absolute Energy = -355.814900 Hartrees 

Cartesian Coordinates 

N       -0.75592563     -0.64034405     0.00498574 

C       -0.07577658     -1.86659071     0.01993769 

C       1.26284935      -1.58363442     0.02560958 

N       1.39539026      -0.18971617     0.01182384 

C       0.14400863      0.40952308      -0.00305553 

H       -0.58989538     -2.82220400     0.02783530 

H       2.12004953      -2.24904387     0.03909085 

H       2.25689855      0.33786170      0.01298129 

N       -0.07904323     1.69982002      -0.02074224 

O       -1.53806946     1.82310488      -0.03126794 

H       -1.63791296     2.78441803      -0.04348175 

H       -1.75410168     -0.48004039     -0.01317256 

Imidazole-Oximate 

Absolute Energy = -355.216642 Hartrees 

Cartesian Coordinates 

N       -0.81100274     -0.60201373     0.29528258 

C       -0.09159361     -1.75877821     -0.07206986 

C       1.24718508      -1.47510659     -0.08228915 

N       1.43721314      -0.10660980     0.28243245 

C       0.11771237      0.46910020      0.18434769 
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H       -0.56902936     -2.73441149     -0.16853631 

H       2.08710623      -2.16595722     -0.15608282 

H       2.11706579      0.41316216      -0.27176917 

N       -0.20356651     1.68434250      -0.15793319 

O       -1.57060743     1.81307773      -0.29412255 

H       -1.67394685     -0.27164906     -0.17196946 

Imidazolidine-Oxime 

Absolute Energy = -357.020447 Hartrees 

Cartesian Coordinates 

C       0.65075899      0.13567731      1.72837972 

C       -0.84471299     -0.20409644     1.80288331 

N       -1.29576578     0.26378240      0.47967791 

C       -0.22893248     0.04906901      -0.41083729 

N       0.92446788      -0.20136615     0.32426082 

H       0.81355212      1.20744719      1.94260546 

H       1.25967907      -0.47546802     2.40881222 

H       -1.36423256     0.33477217      2.60694893 

H       -0.98001060     -1.29337120     1.93442028 

H       -2.18753400     -0.09165618     0.14385462 

H       1.79090999      0.09699183      -0.11577106 

N       -0.36880296     0.09586318      -1.70039706 

O       0.95291174      -0.09738673     -2.26900510 

H       0.76356649      0.00807428      -3.21142361 

Imidazolidine-Oximate 

Absolute Energy = -356.420248 Hartrees 

Cartesian Coordinates 

C       0.66746325      0.11409115      1.64761026 

C       -0.81038403     -0.35119639     1.61005047 
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N       -1.32830791     0.41488067      0.44755023 

C       -0.22811509     0.28469618      -0.47540639 

N       0.97888753      0.48517180      0.24733204 

H       0.77671608      0.99582529      2.30391449 

H       1.33404143      -0.68173964     2.02369351 

H       -1.36060193     -0.10993391     2.53522380 

H       -0.85174963     -1.44523087     1.42948666 

H       -2.13173063     -0.05149057     0.01921537 

H       1.65887386      -0.10493721     -0.26091649 

N       -0.30263060     -0.23860105     -1.67195088 

O       0.92062786      -0.43977486     -2.23808287 

N-Methyl Acetamidoxime 

Absolute Energy = -302.995861 Hartrees 

Cartesian Coordinates 

N       1.41842225      0.27106256      0.41144459 

C       0.14727692      0.38857285      0.13440913 

O       1.75810006      -1.13118068     0.41467251 

H       -0.19923282     -1.56195453     -0.16584040 

H       2.70716613      -1.09412217     0.59602691 

N       -0.70158683     -0.68655307     -0.04394825 

C       -0.40514803     1.78513482      0.08890044 

H       -1.21980439     1.90522651      0.82124265 

H       0.40350294      2.48708218      0.33013341 

H       -0.80264228     2.02504328      -0.91030637 

C       -1.93499594     -0.54673489     -0.81433831 

H       -2.48542949     -1.49604504     -0.76089936 

H       -2.57116957     0.23286417      -0.37281172 

H       -1.76086438     -0.30117450     -1.87774457 
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N-Methyl Acetamidoximate 

Absolute Energy = -302.407046 Hartrees 

Cartesian Coordinates 

N       1.44390365      0.12080883      0.15952083 

C       0.14783053      0.42394673      0.18935874 

O       1.69755528      -1.20153055     0.13427630 

H       -0.14377643     -1.44180684     0.23293042 

N       -0.80221048     -0.63047537     0.29014459 

C       -0.29032283     1.85376750      0.27490732 

H       -0.84336138     2.05542917      1.21461526 

H       0.61065740      2.48745007      0.24501715 

H       -0.95430491     2.15539162      -0.55977925 

C       -1.75592186     -0.67005403     -0.82216801 

H       -2.37794903     -1.57894277     -0.74304733 

H       -2.43482303     0.19925609      -0.77622374 

H       -1.26819088     -0.66595866     -1.82087370 

N,N-Dimethyl Acetamidoxime 

Absolute Energy = -342.169960 Hartrees 

Cartesian Coordinates 

N       1.34713188      0.12598301      0.14462571 

C       0.05961449      0.33753527      0.16423053 

O       2.05149224      1.36046839      0.33639829 

H       2.96660682      1.04679369      0.34820831 

N       -0.77470157     -0.78856157     0.09619219 

C       -0.58138262     1.69137499      0.32868423 

H       -1.55430638     1.59126628      0.82937131 

H       0.07547166      2.33146808      0.93144626 

H       -0.72684232     2.18259826      -0.64711823 
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C       -1.88998478     -0.67088551     -0.85007258 

H       -2.58597164     -1.50540206     -0.67953894 

H       -2.43490491     0.26828830      -0.69164916 

H       -1.54346021     -0.70798845     -1.90320231 

C       -0.07583538     -2.06713428     -0.04081353 

H       -0.82536969     -2.87081472     0.00626169 

H       0.48002891      -2.13799109     -0.99629613 

H       0.64261545      -2.18185951     0.78095351 

N,N-Dimethyl Acetamidoximate 

Absolute Energy = -341.577891 Hartrees 

Cartesian Coordinates 

N       1.38562288      0.21214541      -0.07209325 

C       0.09408142      0.38573693      0.17260753 

O       2.13149339      1.31995282      -0.04119762 

N       -0.77823558     -0.76623540     0.24030587 

C       -0.49370702     1.72114749      0.52963883 

H       -1.45465614     1.59972338      1.05932909 

H       0.24365906      2.24304715      1.16695223 

H       -0.64373195     2.37273008      -0.35264429 

C       -1.80607773     -0.70152293     -0.80203446 

H       -2.53609949     -1.52005231     -0.66130305 

H       -2.34242657     0.25760184      -0.73766514 

H       -1.36567536     -0.78575265     -1.82343439 

C       -0.05839749     -2.03231421     0.12934030 

H       -0.78669892     -2.85576966     0.24617250 

H       0.46466245      -2.14022174     -0.84495822 

H       0.70597429      -2.08665606     0.91669250 

N-Phenyl Acetamidoxime 
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Absolute Energy = -494.180571 Hartrees 

Cartesian Coordinates 

N       2.85678825      0.10942988      1.17188100 

C       1.76491181      0.43857711      0.56561369 

O       2.68856916      -1.14345605     1.84159557 

H       0.83111147      -1.28048975     0.98023586 

H       3.56941415      -1.31417755     2.18681341 

N       0.64816285      -0.36845483     0.58279835 

C       1.79752014      1.73400039      -0.19130665 

H       1.22355575      2.51409491      0.31410577 

H       2.83427603      2.06069920      -0.25557686 

H       1.39105327      1.61363846      -1.19803822 

C       -3.07035740     -0.05907420     -1.38750114 

C       -2.39269419     -1.27547849     -1.31434767 

C       -1.15653135     -1.35605801     -0.68214597 

C       -0.58003557     -0.22093650     -0.09305521 

C       -1.27744113     0.99278526      -0.14308798 

C       -2.50385232     1.06962680      -0.79890800 

H       -4.02914831     0.00583083      -1.88799070 

H       -2.82083797     -2.16521815     -1.76234141 

H       -0.62355802     -2.30040893     -0.64692059 

H       -0.87973861     1.86803320      0.35167247 

H       -3.02845870     2.01816630      -0.82904654 

N-Phenyl Acetamidoximate 

Absolute Energy = -493.609671 Hartrees 

Cartesian Coordinates 

N       2.90818194      -0.10140302     1.15117750 

C       1.81730864      0.51796626      0.68153373 
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O       2.74500015      -1.43453383     1.27711136 

H       1.16862012      -1.27541897     0.75600297 

N       0.73496478      -0.34033463     0.47293870 

C       1.81669201      2.00745106      0.53873996 

H       1.01873677      2.48966459      1.13497677 

H       2.79451082      2.35215399      0.91235464 

H       1.70587493      2.34808200      -0.50793282 

C       -3.09645198     -0.10840201     -1.33335599 

C       -2.59077501     -1.31613889     -0.80241263 

C       -1.32092591     -1.36825109     -0.21419839 

C       -0.48184766     -0.21228802     -0.12731267 

C       -1.00530570     1.00016233      -0.67367197 

C       -2.28358945     1.03994535      -1.25762103 

H       -4.08914701     -0.06637508     -1.79180862 

H       -3.19465836     -2.23000999     -0.84624705 

H       -0.94171606     -2.31095434     0.19599922 

H       -0.40808293     1.91174534      -0.63859716 

H       -2.64590638     1.99144237      -1.66431454 

 

  



251 

 

Appendix B:  Electronic Supplementary Information for Theoretical Study of the 

Coordination Behavior of Formate and Formamidoximate with Dioxovanadium (V) 

Cation: Implications for Selectivity towards Uranyl 

 

 

 

Figure A.3. Structures of VO2(HCOO)(H2O)3 complexes and relative energies in the gas phase and in aqueous 

solution (in parentheses) in units of kcal/mol. 

 

Table A.6. Relative gas phase electronic energies of five- and six-coordinate VO2(HCOO)(H2O)3 in kcal/mol.a,bAll energies are given relative to 

complex S1 in Figure 9.1. 

Theory S2 (c.n. = 5) S3  (c.n. = 6) 

MP2 -0.73 -1.53 

MP2/aug-qz//MP2 -0.32 -1.46 

CCSD(T)//MP2 -2.38 4.53 

CCSD(T) + δMP2 -1.97 4.60 

B3LYP -1.74 7.49 

CCSD(T)//B3LYP -2.52 2.75 

M06  3.53 

M06-L  2.03 

ωB97XD  5.17 

B97D3  5.98 

PBE-D3  6.32 

TPSS-D3  5.50 

M06-L-D3  2.02 

B3LYP-D3  5.15 

aThe aug-cc-pVDZ basis set was employed in all calculations unless otherwise specified. 

bc.n. denotes coordination number. 

caug-qz denotes the aug-cc-pVQZ basis set. 
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Optimized Geometries and Absolute Energies Obtained at the MP2/aug-cc-pVDZ Level of Theory 

VO2
+ 

Absolute Energy = -1093.236200 Hartrees 

Cartesian Coordinates 

V     0.0000   0.0000   0.4169 

O     0.0000   1.2479  -0.5994 

O     0.0000  -1.2479  -0.5994 

VO2(H2O)3
+ 

Absolute Energy = -1322.251842 Hartrees 

Cartesian Coordinates 

V     0.9128  -0.2490  -2.6596 

O     1.0976   1.1110  -1.6697 

O     0.3804  -1.4041  -1.5435 

O    -1.0200   0.2633  -3.4321 

H    -1.7418  -0.3186  -3.1468 

H    -1.3199   1.1614  -3.2214 

O     2.9741  -0.8371  -2.6660 

H     3.1632  -1.6701  -2.2063 

H     3.5853  -0.1901  -2.2802 

O     1.2600  -0.4533  -4.7634 

H     0.6120  -0.3039  -5.4668 

H     2.0933  -0.7117  -5.1828 

H2VO3(H2O)2
+  

Absolute Energy = -1322.218646 Hartrees 

Cartesian Coordinates 

V     2.0964   1.4268   0.8837 

O     0.9126   2.2224   1.9232 

O     1.4237   1.1868  -0.5742 
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O     3.5550   2.6244   0.2892 

H     3.7139   2.9152  -0.6698 

H     0.0277   2.5616   1.6993 

O     3.7736   3.2285  -2.1682 

H     4.4759   2.8811  -2.7372 

H     3.5601   4.1060  -2.5176 

O     2.6675  -0.1254   1.4998 

H     4.2200   3.0163   0.8749 

H     2.6848  -0.9931   1.0582 

H4VO4(H2O) +  

Absolute Energy = -1322.166880 Hartrees 

Cartesian Coordinates 

V     0.2769   0.7656  -0.9472 

O    -0.9595   0.9964  -2.1769 

O     0.0584  -0.6376  -0.1056 

O     0.1799  -2.9404   0.6734 

H     1.0681  -3.3237   0.5448 

H    -1.6165   0.3852  -2.5526 

O     0.2475   2.1818   0.0973 

H     0.2857   2.2621   1.0660 

O     1.8848   0.5272  -1.6773 

H    -0.0845  -3.0626   1.6045 

H     2.2328   1.2477  -2.2388 

H     0.1327  -1.8927   0.3552 

VO2(AO)(H2O)3
 +  

Absolute Energy = -1546.562308 Hartrees 

Cartesian Coordinates 

V     0.1324   1.0252  -0.4016 
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O    -0.5392   1.0493  -1.9465 

O    -0.8109  -0.8847   2.7738 

O    -1.6651   0.3958   0.5191 

N     2.2334  -0.7161   0.6384 

C     2.8588  -0.0133  -0.3119 

N     2.1653   0.8959  -0.9561 

H     2.7120   1.4392  -1.6198 

O     0.0763   2.6251   0.0840 

H    -0.6663  -0.2906   3.5218 

H     0.0097  -0.8182   2.2286 

H     3.9223  -0.2286  -0.4625 

H     2.5784  -1.6144   0.9632 

O     0.8746  -0.5209   0.7497 

H    -2.1129  -0.2092  -0.1126 

H    -1.5319  -0.0966   1.3639 

O    -2.5302  -0.9602  -1.7097 

H    -1.8887  -0.4097  -2.1954 

H    -3.3848  -0.7529  -2.1099 

H2VO3(AO)(H2O)2
 +  

Absolute Energy = -1546.539677 Hartrees 

Cartesian Coordinates 

V     1.4532  -1.8187   0.3581 

O     1.9410  -0.1711   0.9352 

O     1.4508  -1.4682  -1.2535 

C    -1.0003  -2.5549   1.6917 

N    -0.5267  -2.2037   0.4939 

H    -1.2482  -2.0833  -0.2133 

N    -0.1168  -2.7343   2.6557 
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O     1.1863  -2.5548   2.3650 

O     1.8879  -2.2564   4.9041 

H     1.9525  -0.4692   4.3057 

H     1.8561  -2.4770   3.9407 

O     2.8299  -3.0582   0.2319 

H     2.9149  -3.4388   1.1250 

H     2.6386  -2.7476   5.2606 

O     1.8009   0.2749   3.6907 

H     2.3699   0.9887   4.0037 

H     1.9385  -0.1452   1.9264 

H    -2.0548  -2.7122   1.9336 

H    -0.3546  -2.9847   3.6138 

Complex 1 

Absolute Energy = -1398.545356 Hartrees 

Cartesian Coordinates 

O     0.3604  -2.6448  -0.7723 

O    -1.5204  -3.6351   0.7574 

O    -1.9947  -3.8756  -1.9453 

O     0.8976  -4.9453   0.9184 

O    -1.1631  -6.3140  -0.6033 

O     0.7302  -5.1609  -2.0823 

V    -0.4627  -4.1004  -0.4843 

H     0.6016  -6.0947  -2.3027 

H     1.4267  -4.8203  -2.6605 

H     0.8333  -4.5267   1.7918 

H     1.8381  -4.9171   0.6822 

H    -2.6714  -3.2356  -1.6721 

H    -1.0404  -6.8271   0.2097 
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H    -2.0954  -6.4380  -0.8376 

H    -1.7129  -3.5977  -2.8310 

Complex 2 

Absolute Energy = -1398.541208 Hartrees 

Cartesian Coordinates 

O     0.2344  -4.0508   1.2520 

O    -1.9503  -3.4037  -0.0313 

O     0.4409  -2.3565  -1.1153 

O    -1.1524  -6.1414  -0.1739 

O     0.3930  -4.9437  -2.0790 

V    -0.4368  -4.1142  -0.2962 

H     0.2818  -5.8616  -2.3607 

H     1.0119  -4.4966  -2.6917 

H    -2.1205  -6.2032  -0.1656 

H    -0.8634  -6.6209   0.6178 

H     0.6336  -1.6202  -0.5191 

H     1.1733  -2.4132  -1.7597 

O     2.0663  -3.1105  -3.2573 

H     1.8573  -2.6801  -4.1008 

H     3.0298  -3.2165  -3.2700 

Complex 3 

Absolute Energy = -1358.697173 Hartrees 

Cartesian Coordinates 

V     0.1482  -0.3605   0.2816 

O     0.4640   0.7467   1.5104 

O     1.0607   0.2100  -1.0092 

O    -1.7674   0.3620  -0.3385 

C     0.0691  -2.7459   0.7624 



257 

 

O     1.1530  -2.0972   0.9161 

O    -1.0028  -2.1641   0.3548 

H    -2.2730  -0.4602  -0.4581 

H    -1.7442   0.7910  -1.2058 

H     0.0457  -3.8266   0.9827 

Complex 4 

Absolute Energy = -1358.682407 sHartrees 

Cartesian Coordinates 

V    -1.0412   0.6254   0.5267 

O    -1.6884   1.0175   2.0104 

O    -1.3013  -1.3900   0.2864 

O    -2.0086   1.4156  -0.5714 

O     0.9345   0.6732   0.2769 

O     1.1858  -1.5272  -0.2595 

C     1.6246  -0.3651  -0.0807 

H    -0.3203  -1.6208   0.0540 

H    -1.5322  -1.8788   1.0894 

H     2.7015  -0.1728  -0.2316 

Complex 5 

Absolute Energy = -1434.979157 Hartrees 

Cartesian Coordinates 

V     2.2016   9.6200   12.1816 

O     0.4678   8.5264     12.6333 

O     1.5059   9.7164     14.2020 

O     3.7651   10.7849   12.9994 

O     3.7483   12.6687   11.0781 

O     1.7460   10.6456   10.9409 

O     3.1425   8.4530     11.4161 
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C     0.5553   8.9355     13.8371 

H    -0.1966   8.6121     14.5770 

H     2.9653   12.3242   10.6160 

H     3.6364   13.6280   11.0927 

H     3.8509   11.5959   12.4400 

H     3.4340   11.0716   13.8652 

Complex 6 

Absolute Energy = -1434.981796 Hartrees 

Cartesian Coordinates 

V     2.2164   9.6024   12.2670 

O     0.3634   8.6425   12.6844 

O     1.3847   9.8438   14.2491 

O     3.7834   10.8521   12.9654 

O     1.8526   10.4634   10.8717 

O     3.1369   8.3206   11.6976 

C     0.3996   9.1079   13.8608 

H    -0.4175   8.8863   14.5682 

H     3.6110   11.1868   13.8858 

H     3.8877   11.6350   12.4086 

H     2.2907   10.9979   15.3898 

O     3.0493   11.6139   15.4242 

H     3.5478   11.3691   16.2144 

Complex 7 

Absolute Energy = -1434.982087 Hartrees 

Cartesian Coordinates 

V    -1.2912   0.5534   0.5708 

O    -1.1993  -1.5364   0.2383 

O     0.7501   0.5665   0.1775 
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O     1.3540  -1.6036  -0.1432 

C     1.6036  -0.3819  -0.0702 

H    -0.2161  -1.7266   0.0945 

H    -1.4671  -2.0428   1.0165 

H     2.6437  -0.0377  -0.2274 

O    -0.6303   2.6056   0.8077 

H     0.2840   2.4682   0.4936 

H    -1.0474   3.2018   0.1702 

O    -2.5339   0.8852  -0.5117 

O    -2.1046   0.4697   2.0459 

Complex 8 

Absolute Energy = -1434.978050 Hartrees 

Cartesian Coordinates 

V     2.6312   9.6650   12.0025 

O     0.5409   9.6862   12.1563 

O     1.6660   10.5968   13.8643 

O     4.4977   10.4210   12.7276 

O     2.5302   12.0248   11.6760 

O     2.9527   9.5354   10.3426 

O     2.8957   8.0757   12.5356 

C     0.5798   10.2032   13.3287 

H    -0.3718   10.3051   13.8820 

H     2.1980   12.1261   10.7719 

H     1.8172   12.3133   12.2661 

H     4.5076   10.2475   13.6823 

H     4.3773   11.3823   12.6435 

Complex 9 

Absolute Energy = -1393.999430 Hartrees 
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Cartesian Coordinates 

V     0.0922   1.0227  -0.4501 

O    -0.6263   1.0165  -1.9751 

O    -1.6361   0.2584   0.5978 

N     2.0705  -0.8641   0.4704 

C     2.7726  -0.0644  -0.3276 

N     2.1349   0.9208  -0.9300 

H     2.7301   1.4888  -1.5272 

O    -0.0549   2.6243   0.0567 

H     3.8400  -0.2873  -0.4305 

H     2.4624  -1.6265   1.0106 

O     0.7396  -0.6035   0.6264 

H    -2.2598  -0.0708  -0.0658 

H    -1.2324  -0.5367   0.9929 

Complex 10 

Absolute Energy = -1393.984783 Hartrees 

Cartesian Coordinates 

V    -2.1842  -1.1767   0.1110 

O    -3.1290  -2.2611  -0.7429 

O    -2.2679  -0.8376   1.9813 

O    -1.8981   0.1089  -0.9239 

O     0.3097  -1.6836   1.4804 

N    -0.3317  -2.1122   0.2945 

C     0.4157  -2.9114  -0.4007 

N     1.6695  -3.2785  -0.0423 

H     2.0133  -3.0013   0.8693 

H     2.1466  -4.0049  -0.5544 

H    -2.8144  -1.3836   2.5642 



261 

 

H    -0.4585  -1.3033   1.9776 

H     -0.0000  -3.2716  -1.3423 

Complex 11  

Absolute Energy = -1393.983631 Hartrees 

Cartesian Coordinates 

V     0.2862  -0.0973  -0.1309 

O     0.9661   1.3911  -0.4753 

O    -0.0426   0.3226   1.9472 

O    -1.3259   0.0123  -0.5605 

O     1.1909  -1.5301  -1.1350 

N     1.3115  -1.8502   0.2160 

C     1.9464  -2.9498   0.4807 

N     2.5279  -3.7148  -0.5004 

H     2.2145  -3.4932  -1.4426 

H     2.6958  -4.6907  -0.2931 

H     0.3302   1.2080   2.0795 

H    -1.0019   0.4454   2.0194 

H     2.0646  -3.2322   1.5275 

Complex 12 

Absolute Energy = -1393.989084 Hartrees 

Cartesian Coordinates 

V    -0.3341   0.3614  -0.9335 

O    -0.2779   0.5638  -2.6056 

O    -1.7827   1.0569  -0.4146 

O     0.8691  -0.8493   0.1496 

N    -0.1855  -1.5742  -0.3988 

C    -0.2205  -2.8434  -0.1482 

N     0.6914  -3.4528   0.6823 
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H     1.5261  -2.8969   0.8526 

H     0.8355  -4.4462   0.5505 

O     0.9861   1.8935  -0.2759 

H    -1.0434  -3.4219  -0.5688 

H     0.4813   2.5334   0.2485 

H     1.5311   1.4034   0.3635 

Complex 13 

Absolute Energy = -1393.988844 Hartrees 

Cartesian Coordinates 

V     0.0559   1.0320  -0.4447 

O    -0.6036   1.0557  -2.0034 

O    -1.6414   0.2373   0.5935 

N     2.0612  -0.8921   0.5127 

C     2.7652  -0.1273  -0.2621 

O    -0.0082   2.6337   0.0918 

H     3.8332  -0.3292  -0.3633 

O     0.7366  -0.5578   0.5675 

H    -2.2729  -0.1383  -0.0372 

H    -1.1761  -0.5268   0.9919 

N     2.1443   0.9746  -0.9863 

H     2.5985   1.8617  -0.7560 

H     2.2436   0.8454  -1.9964 

Complex 14 

Absolute Energy = -1393.970530 Hartrees 

Cartesian Coordinates 

V    -0.0489   0.9050  -0.1102 

O    -0.2718   1.3873  -1.7150 

O    -1.5886  -0.5829  -0.1615 
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N     0.9841  -0.8183   0.7460 

C     2.0365  -0.3395   0.0524 

N     2.0694   0.9901   0.0314 

H     2.8261   1.3784  -0.5282 

O    -0.8177   2.0792   0.8041 

H     2.7308  -1.0180  -0.4668 

O     0.6823  -2.1905   0.3622 

H    -1.0956  -1.4024   0.0579 

H    -2.1899  -0.4293   0.5821 

H     0.7131  -2.6565   1.2137 

Complex 15 

Absolute Energy = -1393.972482 Hartrees 

Cartesian Coordinates 

V    -0.1737   0.8829  -0.1771 

O    -0.3814   1.5320  -1.7189 

O    -1.6384  -0.6264  -0.0436 

N     0.8732  -0.8873   0.3365 

C     2.1003  -0.4172   0.3810 

N     2.0164   1.0022   0.0469 

H     2.5230   1.2464  -0.8058 

O    -0.7026   2.0599   0.9095 

H     3.0228  -0.9529   0.6254 

O     0.4408  -2.0705   0.5690 

H    -1.0684  -1.4160   0.2485 

H    -2.3144  -0.4967   0.6354 

H     2.3411   1.6114   0.7996 

Complex 16 

Absolute Energy = -1470.282922 Hartrees 
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Cartesian Coordinates 

V     0.0385   0.9331  -0.3814 

O    -0.5396   1.3089  -1.9218 

O    -0.7049  -0.3735   2.7246 

O    -1.7939   0.0782   0.3027 

N     2.0839  -0.9914   0.4157 

C     2.7652  -0.0914  -0.3016 

N     2.1116   0.9397  -0.7847 

H     2.7038   1.6093  -1.2702 

O    -0.1307   2.3679   0.4781 

H    -0.4495   0.4620   3.1400 

H     0.0368  -0.5807   2.1056 

H     3.8410  -0.2689  -0.4102 

H     2.4319  -1.9296   0.5863 

O     0.7161  -0.8360   0.4811 

H    -1.8920  -0.8026  -0.0891 

H    -1.6210  -0.0919   1.2657 

Complex 17 

Absolute Energy = -1470.277878 Hartrees 

Cartesian Coordinates 

V    -2.2756  -1.1028   0.0391 

O    -2.9869  -2.3132  -0.8846 

O    -2.1521  -0.8215   2.0474 

O    -1.7294   0.0169  -1.0848 

O    -4.0824  -0.0048   0.5571 

O     0.2414  -1.6793   1.5457 

N    -0.4106  -2.0890   0.3716 

C     0.3032  -2.9119  -0.3271 
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N     1.5237  -3.3849   0.0631 

H     1.9736  -2.9077   0.8364 

H     2.1159  -3.8125  -0.6345 

H    -2.5199  -1.5300   2.5977 

H    -0.5323  -1.2255   1.9977 

H    -0.1318  -3.2654  -1.2627 

H    -3.6838   0.1353   1.4462 

H    -4.0926   0.8590   0.1209 

Complex 18 

Absolute Energy = -1470.275822 Hartrees 

Cartesian Coordinates 

V    -0.2477   0.3612  -0.8106 

O    -0.3348   0.5826  -2.4768 

O     1.2178   0.8345   2.1906 

O    -1.6749   1.0006  -0.1892 

O     0.9662  -0.9520   0.1865 

N    -0.1637  -1.6011  -0.3201 

C    -0.2269  -2.8796  -0.1294 

N     0.7138  -3.5603   0.6061 

H     1.5874  -3.0530   0.7281 

H     0.7952  -4.5546   0.4341 

O     1.1029   1.8789  -0.2614 

H     0.4524   0.9336   2.7729 

H     1.0547  -0.0095   1.7045 

H    -1.0949  -3.4096  -0.5230 

H     0.7114   2.7586  -0.3548 

H     1.2054   1.7190   0.7165 
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Complex 19 

Absolute Energy = -1470.275291 Hartrees 

Cartesian Coordinates 

V     0.0922   1.0434  -0.4524 

O    -0.6022   0.7590  -1.9654 

O    -0.9112  -1.1538   2.4887 

O    -1.6669   0.6018   0.6571 

N     2.2736  -0.4882   0.8450 

C     2.8874   0.0772  -0.1458 

O     0.0723   2.7176  -0.2862 

H    -0.8085  -0.8894   3.4119 

H    -0.0288  -0.9828   2.0639 

H     3.9652  -0.0695  -0.2381 

O     0.9221  -0.2477   0.8709 

H    -2.3268   0.1867   0.0856 

H    -1.5102  -0.0388   1.4083 

N     2.1542   0.8734  -1.1143 

H     2.5807   1.7957  -1.2256 

H     2.1712   0.4270  -2.0351 

Complex 20 

Absolute Energy = -1470.262919 Hartrees 

Cartesian Coordinates 

V     0.4284   0.5952  -0.3818 

O     0.9263   1.0703  -1.9171 

O     0.2976   0.3788   1.9355 

O     0.7845   2.5189   0.4548 

O    -1.2161   0.3618  -0.5399 

O     1.5061  -1.0144  -0.2559 
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N     1.2648  -1.7769   0.9005 

C     1.6689  -3.0055   0.7439 

N     2.2871  -3.4702  -0.3900 

H     2.1942  -2.8544  -1.1938 

H     2.2561  -4.4658  -0.5653 

H    -0.6527   0.1922   1.9888 

H     0.6997  -0.5459   1.8624 

H     0.3686   3.2921   0.0510 

H     0.4975   2.4683   1.3810 

H     1.5530  -3.6799   1.5946 

Complex 21 

Absolute Energy = -1546.562308 Hartrees 

Cartesian Coordinates 

V     0.1324   1.0252  -0.4016 

O    -0.5392   1.0493  -1.9465 

O    -0.8109  -0.8847   2.7738 

O    -1.6651   0.3958   0.5191 

N     2.2334  -0.7161   0.6384 

C     2.8588  -0.0133  -0.3119 

N     2.1653   0.8959  -0.9561 

H     2.7120   1.4392  -1.6198 

O     0.0763   2.6251   0.0840 

H    -0.6663  -0.2906   3.5218 

H     0.0097  -0.8182   2.2286 

H     3.9223  -0.2286  -0.4625 

H     2.5784  -1.6144   0.9632 

O     0.8746  -0.5209   0.7497 

H    -2.1129  -0.2092  -0.1126 
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H    -1.5319  -0.0966   1.3639 

O    -2.5302  -0.9602  -1.7097 

H    -1.8887  -0.4097  -2.1954 

H    -3.3848  -0.7529  -2.1099 

Complex 22 

Absolute Energy = -1546.563673 Hartrees 

Cartesian Coordinates 

V    -2.0823  -0.5941   0.0231 

O    -2.7079  -0.6087  -1.5400 

O    -1.3896   1.4750   2.7171 

O    -2.2910   1.5321   0.2193 

O    -3.3635  -1.0535   0.9889 

O    -0.0793  -2.7566   0.6970 

N    -1.1547  -2.5170  -0.1693 

C    -1.4499  -3.5526  -0.8881 

N    -0.8222  -4.7616  -0.7765 

H     0.0483  -4.7693  -0.2551 

H    -0.9138  -5.4153  -1.5416 

H    -1.9042   1.0126   3.3918 

H    -0.8603   0.7631   2.2679 

H    -3.1991   1.8143   0.0452 

H    -2.1202   1.6963   1.1864 

H    -2.2885  -3.4473  -1.5776 

O    -0.3087  -0.2239   0.9559 

H     0.0917  -1.8073   0.9834 

H     0.3243   0.3152   0.4585 

Complex 23 

Absolute Energy = -1546.556854 Hartrees 
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Cartesian Coordinates 

V    -0.1585   0.4500  -0.6771 

O    -0.2321   0.7318  -2.3303 

O     1.4759   0.7222   2.3282 

O    -1.5644   1.1053  -0.0307 

O     1.0152  -0.9461   0.2281 

N    -0.1343  -1.5333  -0.3019 

C    -0.2306  -2.8197  -0.1959 

N     0.6993  -3.5705   0.4822 

H     1.5877  -3.0960   0.6273 

H     0.7506  -4.5542   0.2487 

O     1.2092   1.9189  -0.1036 

H     0.7629   0.8392   2.9701 

H     1.2275  -0.0833   1.8213 

H    -1.1170  -3.2995  -0.6119 

H     0.6948   2.7596  -0.0968 

H     1.3981   1.7042   0.8438 

O    -0.7199   3.8634  -0.1361 

H    -1.3908   3.1644  -0.2345 

H    -0.8448   4.4334  -0.9066 

Complex 24 

Absolute Energy = -1546.554129 Hartrees 

Cartesian Coordinates 

V     0.1701   0.9200  -0.5032 

O    -0.4134   0.5316  -2.0368 

O    -0.8060  -1.2193   2.5221 

O    -1.5878   0.4063   0.5281 

N     2.3963  -0.3600   0.9729 
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C     3.0149   0.1889  -0.0239 

O     0.0587   2.5902  -0.4098 

H    -0.7708  -0.8836   3.4268 

H     0.0726  -0.9911   2.1258 

H     4.1038   0.1233  -0.0611 

O     1.0320  -0.2242   0.9186 

H    -2.1880  -0.0604  -0.0954 

H    -1.4422  -0.1926   1.3060 

O    -2.9380  -0.6925  -1.5996 

H    -2.2267  -0.4070  -2.1987 

H    -3.7289  -0.2427  -1.9252 

N     2.2663   0.8591  -1.0720 

H     2.6328   1.7981  -1.2411 

H     2.3444   0.3476  -1.9550 

Complex 25 

Absolute Energy = -1546.549250 Hartrees 

Cartesian Coordinates 

V    -0.3424   0.5467  -0.3443 

O    -0.2937   0.5714  -2.0364 

O    -0.2222   0.6725   2.0502 

O    -1.9321   1.0415  -0.0244 

O     1.3515  -0.7284   0.0978 

N     0.1411  -1.3956   0.0314 

C     0.1627  -2.6787   0.2070 

N     1.3207  -3.3542   0.5354 

H     2.1579  -2.8170   0.3163 

H     1.3530  -4.3308   0.2668 

O     0.8374   2.3109  -0.0988 
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H    -0.9685   1.2530   2.2553 

H     0.5614   1.0513   2.4809 

H    -0.7829  -3.2179   0.1460 

H     1.2409   2.5135  -0.9549 

H     1.5798   2.0221   0.4887 

O     2.4336   1.0231   1.6800 

H     3.3783   0.9009   1.8324 

H     2.1021   0.1880   1.2380 

Complex S1 

Absolute Energy = -1511.261465 Hartrees 

Cartesian Coordinates 

V     2.1353   9.6790   12.2772 

O     0.3723   8.5914   12.7249 

O     1.4332   9.7085   14.3236 

O     3.8002   10.7254   13.0077 

O     3.9885   12.3891   10.8491 

O     1.6300   10.7481   11.0997 

O     2.9800   8.5112   11.4086 

C     0.4584   8.9645   13.9337 

H    -0.3067   8.6484   14.6630 

H     3.1327   12.1160   10.4784 

H     3.9716   13.3549   10.8315 

H     3.5803   11.1827   13.8556 

H     4.0038   11.4273   12.3477 

H     2.2283   11.0522   15.3787 

O     2.9070   11.7541   15.3651 

H     3.4020   11.6476   16.1874 
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Complex S2 

Absolute Energy = -1511.262636 Hartrees 

Cartesian Coordinates 

V    -1.2331   0.4792   0.6384 

O    -1.1165  -1.6140   0.3712 

O     0.7906   0.4839   0.2037 

O     1.3943  -1.6806  -0.1608 

C     1.6367  -0.4554  -0.0874 

H    -0.1406  -1.7997   0.1624 

H    -1.3257  -2.1055   1.1764 

H     2.6673  -0.1039  -0.2852 

O    -0.6414   2.5245   0.8742 

H     0.2639   2.4818   0.5210 

H    -1.1673   3.0553   0.2305 

O    -2.4434   0.7830  -0.4732 

O    -2.0742   0.3926   2.0956 

O    -2.2899   3.5771  -1.0253 

H    -2.7492   2.7412  -1.2121 

H    -2.9931   4.2138  -0.8416 

Complex S3 

Absolute Energy = -1511.263902 Hartrees 

Cartesian Coordinates 

V    -0.4585   0.5784  -0.3167 

O    -0.3108   0.5745  -2.0087 

O    -0.2472   0.6006   1.9880 

O    -1.9906   1.2798  -0.1217 

O     1.3500  -0.7847   0.1684 

C     0.4676  -1.7112   0.1933 
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O     0.7869   2.3171  -0.0615 

H    -0.9215   1.2115   2.3166 

H     0.6057   0.9089   2.3394 

H     1.1399   2.5778  -0.9235 

H     1.5638   2.0392   0.4780 

O     2.4929   1.0540   1.6431 

H     3.4136   1.0612   1.9309 

H     2.3418   0.1957   1.1791 

O    -0.7589  -1.4868  -0.0554 

H     0.7770  -2.7469   0.4215 

 

Optimized Geometries and Absolute Energies Obtained at the B3LYP/aug-cc-pVDZ Level of Theory 

VO2
+ 

Absolute Energy = -1094.198446 Hartrees 

Cartesian Coordinates 

V        0.010592    0.000000    0.008000 

O        0.009996    0.000000    1.558220 

O        1.501554    0.000000   -0.416515 

Complex 1 

Absolute Energy = -1400.211579 Hartrees 

Cartesian Coordinates 

O        0.379485   -2.745090   -0.830609 

O       -1.465735   -3.640096    0.701711 

O       -1.953706   -3.900414   -1.955501 

O        0.901174   -4.956031    0.870030 

O       -1.191209   -6.278038   -0.561911 

O        0.713230   -5.143943   -2.056998 

V       -0.461233   -4.039570   -0.463068 
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H        0.625811   -6.070566   -2.316494 

H        1.398748   -4.731445   -2.599033 

H        0.788398   -4.626840    1.775779 

H        1.844072   -4.879571    0.660189 

H       -2.694223   -3.344405   -1.665681 

H       -1.060484   -6.798621    0.243289 

H       -2.117570   -6.408802   -0.809267 

H       -1.679856   -3.569867   -2.824237 

Complex 2 

Absolute Energy = -1400.217767 Hartrees 

Cartesian Coordinates 

O        0.615404   -4.247902    0.926937 

O       -1.740188   -3.436919    0.245346 

O        0.282589   -2.393399   -1.246156 

O       -1.162574   -6.075436   -0.195001 

O        0.209088   -4.884744   -2.172252 

V       -0.396017   -4.093906   -0.280854 

H        0.083957   -5.804695   -2.438585 

H        0.917355   -4.473826   -2.711412 

H       -2.115342   -6.092571   -0.010329 

H       -0.742067   -6.605322    0.500826 

H        0.157894   -1.541269   -0.805991 

H        1.099231   -2.380284   -1.787937 

O        2.158181   -3.150727   -3.094259 

H        2.136388   -2.735788   -3.969347 

H        3.095101   -3.316111   -2.911987 

Complex 3 

Absolute Energy = -1360.301270 Hartrees 
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Cartesian Coordinates 

V        0.196334   -0.335346    0.298439 

O        0.420268    0.676524    1.502307 

O        0.962095    0.177703   -1.004582 

O       -1.719799    0.302753   -0.347714 

C        0.061038   -2.725671    0.765169 

O        1.137612   -2.060532    0.857572 

O       -0.998977   -2.122464    0.409197 

H       -2.279184   -0.472171   -0.509582 

H       -1.679474    0.818052   -1.165387 

H        0.053387   -3.803647    0.991181 

Complex 4 

Absolute Energy = -1360.301193 Hartrees 

Cartesian Coordinates 

V       -1.101894    0.617275    0.529732 

O       -1.550277    1.033081    1.996711 

O       -1.246172   -1.365675    0.288622 

O       -1.930489    1.435495   -0.548463 

O        0.812308    0.635892    0.224801 

O        1.193858   -1.549629   -0.188109 

C        1.570016   -0.369834   -0.070025 

H       -0.243434   -1.629352    0.075515 

H       -1.582183   -1.909377    1.013373 

H        2.632667   -0.120875   -0.221557 

Complex 5 

Absolute Energy = -1436.768243 Hartrees 

Cartesian Coordinates 

V        2.250554    9.574710   12.101873 



276 

 

O        0.456199    8.720614   12.577831 

O        1.622167    9.668291   14.158649 

O        3.717094   10.778897   12.931635 

O        3.687434   12.688349   11.137987 

O        1.897841   10.605477   10.913050 

O        3.110899    8.367745   11.543760 

C        0.584088    9.031944   13.801891 

H       -0.193059    8.751569   14.530519 

H        2.968394   12.181882   10.707529 

H        3.374029   13.597503   11.209815 

H        3.813220   11.626252   12.407698 

H        3.533441   10.989068   13.857262 

Complex 6 

Absolute Energy = -1436.766267 Hartrees 

Cartesian Coordinates 

V        2.241368    9.558049   12.212201 

O        0.407852    8.716718   12.638706 

O        1.382091    9.857572   14.220952 

O        3.601423   10.939215   12.942459 

O        1.958359   10.341864   10.851816 

O        3.165701    8.297919   11.930235 

C        0.398429    9.156028   13.822739 

H       -0.447762    8.933291   14.492037 

H        3.530405   11.236085   13.894177 

H        3.699172   11.712395   12.373596 

H        2.351715   10.952661   15.463990 

O        3.123058   11.549714   15.459328 

H        3.694189   11.270189   16.184864 
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Complex 7 

Absolute Energy = -1436.767201 Hartrees 

Cartesian Coordinates 

V       -1.284791    0.532032    0.575229 

O       -1.166014   -1.490446    0.226392 

O        0.710811    0.524946    0.149055 

O        1.337297   -1.632058   -0.066065 

C        1.576923   -0.416797   -0.040482 

H       -0.179355   -1.746373    0.122135 

H       -1.566997   -2.021562    0.925450 

H        2.614262   -0.066780   -0.191993 

O       -0.626585    2.580570    0.775267 

H        0.255596    2.601506    0.371471 

H       -1.201568    3.167871    0.265553 

O       -2.402671    0.955315   -0.483907 

O       -1.921308    0.433376    2.034295 

Four-Coordinate VO2(HCOO)(H2O)2 Complex 

Absolute Energy = -1436.766288 Hartrees 

Cartesian Coordinates 

V        1.751693    8.675161   12.238341 

O        0.412477    8.831187   13.568829 

O        1.266658    8.891759   15.661442 

O        3.061388   10.132656   12.612263 

O        1.182805    8.897184   10.768314 

O        2.531447    7.291944   12.341841 

C        0.373857    8.631217   14.859810 

H       -0.585497    8.212191   15.211569 

H        3.371509   10.202525   13.600002 
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H        2.966525   11.004509   12.210350 

H        4.306469    9.659910   15.419131 

O        3.546782   10.141523   15.069702 

H        2.730187    9.663435   15.384207 

Complex 9 

Absolute Energy = -1395.740582 Hartrees 

Cartesian Coordinates 

V        0.115968    1.052107   -0.444132 

O       -0.604067    0.964757   -1.880703 

O       -1.608485    0.229875    0.560467 

N        2.084562   -0.827141    0.499025 

C        2.769797   -0.060840   -0.332825 

N        2.104342    0.891860   -0.941320 

H        2.631721    1.474661   -1.578549 

O        0.045996    2.544863    0.126251 

H        3.833844   -0.268446   -0.460632 

H        2.465404   -1.582723    1.051419 

O        0.758724   -0.553021    0.642584 

H       -2.258111    0.026226   -0.126751 

H       -1.306995   -0.614177    0.933566 

Complex 10 

Absolute Energy = -1395.741404 Hartrees 

Cartesian Coordinates 

V       -2.136784   -1.189736    0.070467 

O       -3.099718   -2.264446   -0.627765 

O       -2.349950   -0.831977    1.866563 

O       -1.918682    0.104668   -0.845542 

O        0.360890   -1.691129    1.527913 
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N       -0.302879   -2.103762    0.360249 

C        0.406740   -2.911739   -0.361308 

N        1.639981   -3.335341   -0.041753 

H        2.078133   -3.012441    0.809317 

H        2.135162   -3.972043   -0.643886 

H       -2.939007   -1.379555    2.400433 

H       -0.356936   -1.271306    2.045314 

H       -0.046050   -3.258194   -1.288302 

Complex 11 

Absolute Energy = -1395.733252 Hartrees 

Cartesian Coordinates 

V        0.055457    1.049748   -0.432735 

O       -0.538727    0.977084   -1.928280 

O       -1.631024    0.218438    0.562479 

N        2.064827   -0.842180    0.513937 

C        2.768772   -0.111460   -0.261708 

O        0.113181    2.549166    0.133138 

H        3.834397   -0.303449   -0.371151 

O        0.752346   -0.502250    0.555846 

H       -2.307673   -0.068462   -0.066005 

H       -1.260734   -0.578339    0.983246 

N        2.130457    0.970729   -0.994829 

H        2.554992    1.874111   -0.781496 

H        2.199829    0.835863   -2.004539 

Complex 12 

Absolute Energy = -1395.733252 Hartrees 

Cartesian Coordinates 

V       -0.345890    0.339344   -0.939562 
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O       -0.254246    0.474853   -2.532130 

O       -1.687847    0.995296   -0.339476 

O        0.895931   -0.803697    0.121334 

N       -0.150061   -1.543359   -0.378786 

C       -0.206557   -2.808961   -0.160990 

N        0.705473   -3.473266    0.597104 

H        1.547222   -2.975039    0.854562 

H        0.737507   -4.479479    0.565392 

O        0.958156    1.870147   -0.267264 

H       -1.047849   -3.356534   -0.579984 

H        0.428287    2.585964    0.112129 

H        1.496375    1.502332    0.449371 

Complex 13 

Absolute Energy = -1395.727057 Hartrees 

Cartesian Coordinates 

V     0.2935   0.3275  -0.4283 

O     0.7283   1.5664  -1.3326 

O     0.3787   0.5041   1.6239 

O    -1.2027  -0.1438  -0.7583 

O     1.5853  -1.0163  -0.3021 

N     1.2904  -1.7748   0.8525 

C     1.6182  -3.0193   0.7155 

N     2.1500  -3.5681  -0.3972 

H     2.2783  -2.9850  -1.2123 

H     2.3497  -4.5526  -0.4475 

H    -0.4673   0.5985   2.0819 

H     0.7023  -0.4515   1.7578 

H     1.4589  -3.6640   1.5793 
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Complex 14 

Absolute Energy = -1395.704388 Hartrees 

Cartesian Coordinates 

V       -0.045643    0.921272   -0.161637 

O       -0.240843    1.305859   -1.701388 

O       -1.603684   -0.538405   -0.098822 

N        0.977463   -0.845730    0.638759 

C        2.070065   -0.348136    0.055864 

N        2.014160    0.971374    0.007096 

H        2.751012    1.448346   -0.497514 

O       -0.741728    1.997616    0.796100 

H        2.855528   -0.984886   -0.371947 

O        0.733100   -2.221873    0.322890 

H       -1.217371   -1.411945    0.093754 

H       -2.240763   -0.331542    0.598204 

H        0.718402   -2.659451    1.186741 

Complex 15 

Absolute Energy = -1395.709269 Hartrees 

Cartesian Coordinates 

V       -0.201170    0.892330   -0.182218 

O       -0.283156    1.447956   -1.680005 

O       -1.597082   -0.609665   -0.011577 

N        0.868110   -0.854346    0.327095 

C        2.075221   -0.405679    0.369564 

N        1.997688    1.008913    0.048898 

H        2.477705    1.272706   -0.810719 

O       -0.629114    1.980211    0.914740 

H        2.992428   -0.948223    0.602973 
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O        0.400665   -2.030654    0.547495 

H       -1.039012   -1.431961    0.272390 

H       -2.326282   -0.479071    0.606857 

H        2.302700    1.625384    0.801007 

Complex 16 

Absolute Energy = -1472.203027 Hartrees 

Cartesian Coordinates 

V        0.135064    1.052678   -0.483787 

O       -0.567201    0.890058   -1.920452 

O       -0.931333   -1.020202    2.639665 

O       -1.613907    0.440393    0.527825 

N        2.232691   -0.642426    0.638105 

C        2.827309   -0.028604   -0.377913 

N        2.102027    0.806058   -1.071821 

H        2.571650    1.301543   -1.818989 

O        0.171630    2.592703   -0.056295 

H       -0.872415   -0.544514    3.476956 

H       -0.059614   -0.908452    2.194177 

H        3.881345   -0.250775   -0.556550 

H        2.608832   -1.456587    1.105570 

O        0.891227   -0.409674    0.786096 

H       -2.236049    0.032811   -0.086110 

H       -1.544157   -0.121709    1.344423 

Complex 17 

Absolute Energy = -1472.200707 Hartrees 

Cartesian Coordinates 

V       -2.193113   -1.079742    0.130545 

O       -2.843768   -2.263261   -0.740663 
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O       -2.127662   -0.879946    2.048333 

O       -1.705161    0.147091   -0.788935 

O       -4.121065   -0.068127    0.513196 

O        0.351736   -1.694721    1.591301 

N       -0.350066   -2.046706    0.435400 

C        0.300466   -2.853799   -0.334610 

N        1.534142   -3.331070   -0.071770 

H        2.009526   -3.047392    0.772459 

H        1.985080   -3.966516   -0.707776 

H       -2.562341   -1.551350    2.588912 

H       -0.369113   -1.256389    2.108027 

H       -0.200750   -3.154746   -1.252024 

H       -3.904996    0.419708    1.323057 

H       -4.242514    0.589767   -0.186152 

Complex 18 

Absolute Energy = -1472.198576 Hartrees 

Cartesian Coordinates 

V       -0.316064    0.326026   -0.845738 

O       -0.268944    0.471304   -2.440152 

O        1.319439    0.935225    2.239345 

O       -1.682751    0.905429   -0.231917 

O        0.892301   -0.888282    0.234737 

N       -0.163792   -1.581454   -0.316474 

C       -0.214022   -2.860892   -0.202027 

N        0.692942   -3.580704    0.510840 

H        1.548130   -3.109569    0.777271 

H        0.724406   -4.581073    0.393799 

O        1.007275    1.812775   -0.238948 
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H        0.622214    1.097528    2.886866 

H        1.110632    0.064817    1.837694 

H       -1.049794   -3.376237   -0.670438 

H        0.678270    2.705850   -0.402236 

H        1.164160    1.708557    0.741378 

Complex 19 

Absolute Energy = -1472.197307 Hartrees 

Cartesian Coordinates 

V     0.4809   0.5694  -0.9697 

O     0.8750   1.1169  -2.4192 

O     0.3655   0.4828   2.4567 

O     0.7875   1.9983   0.4450 

O    -1.0746   0.1877  -0.8894 

O     1.6167  -0.7619  -0.3761 

N     1.2496  -1.4625   0.7867 

C     1.5433  -2.7200   0.6881 

N     2.0921  -3.3201  -0.3906 

H     2.2935  -2.7632  -1.2090 

H     2.2868  -4.3067  -0.3946 

H    -0.5619   0.3253   2.6744 

H     0.6742  -0.3511   1.9890 

H     0.3381   2.8492   0.3750 

H     0.5705   1.5580   1.3432 

H     1.3268  -3.3378   1.5592 

Complex 20 

Absolute Energy = -1472.192635 Hartrees 

Cartesian Coordinates 

V     0.0751   1.0538  -0.4499 
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O    -0.5058   0.6976  -1.9085 

O    -0.9234  -1.0980   2.5194 

O    -1.6393   0.5360   0.6170 

N     2.2535  -0.5000   0.7872 

C     2.8725   0.0603  -0.1783 

O     0.1821   2.6361  -0.2210 

H    -0.8438  -0.8132   3.4374 

H    -0.0355  -0.9667   2.1055 

H     3.9430  -0.0995  -0.2945 

O     0.9182  -0.2294   0.8224 

H    -2.3153   0.1601   0.0398 

H    -1.5240  -0.0702   1.4095 

N     2.1382   0.8946  -1.1069 

H     2.5218   1.8386  -1.1573 

H     2.1471   0.5117  -2.0531 

Complex 21 

Absolute Energy = -1548.668264 Hartrees 

Cartesian Coordinates 

V        0.163038    0.937158   -0.486461 

O       -0.483931    0.722657   -1.962446 

O       -0.839831   -1.058608    2.730425 

O       -1.534546    0.216641    0.451738 

N        2.355881   -0.518503    0.769037 

C        2.921675    0.053410   -0.284738 

N        2.142814    0.770604   -1.050483 

H        2.580414    1.236547   -1.835079 

O        0.124044    2.481547   -0.094747 

H       -0.864432   -0.504997    3.520098 
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H        0.029177   -0.888886    2.305320 

H        3.991320   -0.102463   -0.437300 

H        2.783924   -1.251064    1.319383 

O        1.000637   -0.372172    0.880139 

H       -2.140822   -0.228683   -0.192734 

H       -1.474892   -0.292505    1.294918 

O       -2.767109   -0.734031   -1.723045 

H       -2.003341   -0.277955   -2.141669 

H       -3.550717   -0.273495   -2.045955 

Complex 22 

Absolute Energy = -1548.666049 Hartrees 

Cartesian Coordinates 

V    -2.0884  -0.6701   0.0672 

O    -2.6011  -0.6710  -1.4606 

O    -1.3719   1.6328   2.6976 

O    -2.3515   1.4460   0.2394 

O    -3.2575  -1.1018   1.0745 

O    -0.0798  -2.8274   0.7424 

N    -1.1095  -2.5288  -0.1525 

C    -1.3969  -3.5049  -0.9482 

N    -0.7768  -4.7025  -0.9411 

H    -0.0389  -4.8787  -0.2751 

H    -1.0393  -5.4203  -1.5950 

H    -1.8706   1.2526   3.4310 

H    -0.8609   0.8840   2.3077 

H    -3.2452   1.7148  -0.0068 

H    -2.1859   1.7076   1.1845 

H    -2.1970  -3.3232  -1.6625 
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O    -0.3825  -0.2296   0.9531 

H     0.1054  -1.9223   1.0985 

H     0.2780   0.2443   0.4323 

Complex 23 

Absolute Energy = -1548.664163 Hartrees 

Cartesian Coordinates 

V       -0.095822    0.436709   -0.902649 

O        0.204145    0.515865   -2.467487 

O        1.745260    0.813882    2.289002 

O       -1.528982    1.109467   -0.536229 

O        0.919122   -0.844467    0.278812 

N       -0.127088   -1.468842   -0.359807 

C       -0.263814   -2.744156   -0.271577 

N        0.537808   -3.526901    0.498559 

H        1.399713   -3.115982    0.834085 

H        0.513489   -4.526153    0.370550 

O        1.087225    1.910587   -0.099852 

H        1.218165    1.026015    3.068660 

H        1.362857   -0.005390    1.917340 

H       -1.090217   -3.200816   -0.811844 

H        0.529529    2.728281   -0.016314 

H        1.405630    1.673493    0.807701 

O       -0.890307    3.711776    0.082912 

H       -1.446098    2.935476   -0.145745 

H       -1.051815    4.360955   -0.612118 

Complex 24 

Absolute Energy = -1548.656813 Hartrees 

Cartesian Coordinates 



288 

 

V     0.1255   0.9275  -0.4831 

O    -0.3892   0.5091  -1.9690 

O    -0.8391  -1.1228   2.5871 

O    -1.5694   0.3341   0.4963 

N     2.3644  -0.4027   0.8841 

C     2.9762   0.1441  -0.0934 

O     0.1623   2.5143  -0.2934 

H    -0.8098  -0.7569   3.4788 

H     0.0487  -0.9628   2.1935 

H     4.0590   0.0597  -0.1661 

O     1.0129  -0.2352   0.8561 

H    -2.1977  -0.1105  -0.1290 

H    -1.4715  -0.2033   1.3286 

O    -2.8469  -0.7000  -1.6155 

H    -2.0563  -0.3711  -2.0914 

H    -3.5966  -0.2295  -1.9991 

N     2.2131   0.8600  -1.0939 

H     2.5320   1.8229  -1.2014 

H     2.2725   0.4151  -2.0107 

Figure 3.11, reactant 

Absolute Energy = -454.595311445 Hartrees 

Cartesian Coordinates 

N    -0.8180  -1.5483   0.0757 

C    -0.2680  -1.4795  -1.0963 

H     0.2683  -2.3811  -1.3967 

O    -1.5130  -0.3258   0.3504 

N    -0.3102  -0.4497  -1.9733 

H    -0.5179   0.4986  -1.6431 
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H     0.2850  -0.5110  -2.7850 

O    -0.2304   2.3209  -1.0678 

H     0.2968   2.1343  -0.2596 

O     1.2991   1.7224   1.1980 

H     2.2234   1.9945   1.1830 

H     1.3084   0.7834   1.4855 

H    -1.0401   2.7295  -0.7413 

H     0.6060  -1.3848   1.3434 

O     1.3245  -0.9925   1.8880 

H     1.1798  -1.3099   2.7863 

H    -1.9858  -0.5317   1.1651 

Figure 3.11, transition state 

Absolute Energy = -454.549629140 Hartrees 

Cartesian Coordinates 

N     2.2915  -0.5455   0.6658 

C     2.8815  -0.4352  -0.5225 

H     3.6606  -1.1846  -0.6829 

O     1.3106   0.4317   0.9307 

N     2.5875   0.4517  -1.4404 

H     2.3530   1.4878  -1.0801 

H     3.1431   0.3915  -2.2850 

O     2.5970   2.7835  -0.4683 

H     3.3523   2.4643   0.2897 

O     4.2445   1.9274   1.1332 

H     5.0667   2.4275   1.1452 

H     4.2547   0.7599   1.9506 

H     1.8441   3.1304   0.0238 

H     2.9753  -0.6272   1.5035 
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O     4.1452  -0.1916   2.4288 

H     3.9968  -0.0245   3.3657 

H     0.5740  -0.0783   1.2966 

Figure 3.11, product 

Absolute Energy = -454.583306000 Hartrees 

Cartesian Coordinates 

N    -0.7500  -1.3440   0.1420 

C    -0.1067  -1.2667  -1.0683 

H     0.7131  -1.9988  -1.1097 

O    -1.6946  -0.3243   0.4017 

N    -0.4450  -0.4845  -2.0301 

H    -0.5205   1.2725  -1.3983 

H     0.1372  -0.6604  -2.8478 

O    -0.3508   2.1366  -0.9504 

H     0.8758   1.8152   0.2606 

O     1.5461   1.5898   0.9529 

H     2.3727   1.9837   0.6548 

H     1.4802  -0.0053   1.7023 

H    -1.1701   2.3119  -0.4716 

H    -0.1208  -1.4225   0.9537 

O     1.3519  -0.9252   2.0335 

H     1.3425  -0.8568   2.9944 

H    -2.5498  -0.7508   0.2539 

Figure 3.12, reactant 

Absolute Energy = -1701.56628149 Hartrees 

Cartesian Coordinates 

V    -1.3462  -0.3894  -0.6491 

O    -1.9510  -1.0907  -1.9582 
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N     0.9005  -1.7244   0.6227 

C     1.4462  -1.2163  -0.4140 

O    -1.6296   1.2039  -0.6279 

H     2.5040  -1.3919  -0.6035 

O    -0.4237  -1.4174   0.7536 

N     0.6869  -0.3230  -1.2480 

H     1.0798   0.6552  -1.0817 

H     0.8034  -0.5375  -2.2384 

O     1.8512   2.0389  -0.5964 

H     2.3684   1.8632   0.2163 

O     3.2916   1.2385   1.6720 

H     4.2155   1.4347   1.8583 

H     3.0869   0.4062   2.1511 

H     1.1792   2.7160  -0.3647 

H     1.9968  -1.5886   2.2088 

O     2.6299  -1.2043   2.8515 

H     2.1768  -1.2180   3.7024 

O    -0.3758   3.5933  -0.0354 

H    -0.9682   2.8307  -0.2093 

H    -0.6767   4.2933  -0.6256 

O    -2.8693  -1.0575   0.6943 

H    -3.5380  -1.5745   0.2244 

H    -2.3783  -1.6687   1.2724 

Figure 3.11, transition state 1 

Absolute Energy = -1701.55792713 Hartrees 

Cartesian Coordinates 

V    -1.2429  -0.3415  -0.6726 

O    -1.9605  -1.1591  -1.8504 
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N     1.0052  -1.7109   0.5571 

C     1.4613  -1.2724  -0.5628 

O    -1.5684   1.2590  -0.7595 

H     2.4657  -1.5744  -0.8657 

O    -0.2917  -1.2678   0.7732 

N     0.7245  -0.3361  -1.2938 

H     1.2465   0.9227  -0.8336 

H     0.9123  -0.3801  -2.2934 

O     1.7084   1.8642  -0.4406 

H     2.2077   1.6745   0.4171 

O     2.9935   1.3376   1.7644 

H     3.9387   1.5165   1.8172 

H     2.8520   0.4498   2.1884 

H     0.9849   2.5600  -0.2749 

H     2.0195  -1.5336   2.0454 

O     2.5941  -1.1346   2.7480 

H     2.1175  -1.2542   3.5774 

O    -0.2994   3.4310  -0.0411 

H    -0.9486   2.7093  -0.2731 

H    -0.4854   4.1656  -0.6371 

O    -2.7089  -0.8670   0.8241 

H    -3.3882  -1.4145   0.4070 

H    -2.1565  -1.4569   1.3710 

Figure 3.11, intermediate 

Absolute Energy = -1701.55812653 Hartrees 

Cartesian Coordinates 

V    -1.2262  -0.3433  -0.6988 

O    -1.9891  -1.1878  -1.8282 
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N     1.0319  -1.6868   0.5495 

C     1.4667  -1.2838  -0.5960 

O    -1.5470   1.2620  -0.8217 

H     2.4650  -1.5990  -0.9070 

O    -0.2668  -1.2297   0.7610 

N     0.7168  -0.3887  -1.3417 

H     1.2897   1.0092  -0.7902 

H     0.9287  -0.4112  -2.3360 

O     1.7059   1.8836  -0.3881 

H     2.2018   1.6679   0.4796 

O     2.9568   1.3501   1.7873 

H     3.9042   1.5224   1.8230 

H     2.8162   0.4532   2.2034 

H     0.9469   2.5688  -0.2239 

H     2.0147  -1.5016   2.0101 

O     2.5816  -1.1104   2.7300 

H     2.1000  -1.2511   3.5531 

O    -0.3025   3.3733  -0.0136 

H    -0.9439   2.6484  -0.2898 

H    -0.4691   4.1253  -0.5938 

O    -2.6740  -0.8071   0.8421 

H    -3.3572  -1.3666   0.4478 

H    -2.1095  -1.3834   1.3917 

Figure 3.11, transition state 2 

Absolute Energy = -1701.55148707 Hartrees 

Cartesian Coordinates 

V     0.1654   0.5355  -0.9477 

O    -0.7239  -0.3468  -1.9529 
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N     2.5005  -0.6880   0.3052 

C     2.8637  -0.3965  -0.9103 

O    -0.1179   2.1347  -1.1491 

H     3.8595  -0.7090  -1.2338 

O     1.1972  -0.2445   0.5388 

N     2.0360   0.3290  -1.6991 

H     2.7714   2.0533  -0.9095 

H     2.2821   0.3582  -2.6823 

O     3.1593   2.8113  -0.4175 

H     3.6910   2.4751   0.7332 

O     4.1864   2.2173   1.7078 

H     5.1242   2.4423   1.6656 

H     4.0568   1.1532   2.0413 

H     2.4200   3.4898  -0.3513 

H     3.3327  -0.4987   1.5187 

O     3.9061  -0.1167   2.3389 

H     3.3989  -0.2666   3.1463 

O     1.0344   4.3341  -0.2652 

H     0.4561   3.5852  -0.5820 

H     0.8767   5.0657  -0.8725 

O    -1.2034   0.2047   0.7015 

H    -1.8996  -0.3767   0.3656 

H    -0.6172  -0.3393   1.2601 

Figure 3.11, product 

Absolute Energy = -1701.58206042 Hartrees 

Cartesian Coordinates 

V    -1.5381  -0.6618  -0.8354 

O    -2.6368  -1.6383  -1.4788 
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N     0.9651  -1.4151   0.3392 

C     1.1923  -1.4926  -0.9522 

O    -1.7168   0.8539  -1.3899 

H     2.1991  -1.7540  -1.2805 

O    -0.3145  -1.0832   0.6876 

N     0.1719  -1.2552  -1.7567 

H     2.7870   2.9542  -0.3137 

H     0.3430  -1.3509  -2.7491 

O     2.1661   2.8944   0.4202 

H     2.5892   1.9623   1.7996 

O     2.8792   1.4451   2.5906 

H     3.5159   2.0025   3.0497 

H     2.9849  -0.2613   2.4490 

H     1.2701   2.9327   0.0027 

H     1.6729  -1.4394   1.0958 

O     2.9425  -1.2352   2.2794 

H     2.8544  -1.6495   3.1448 

O    -0.1889   3.0468  -0.8859 

H    -0.7455   2.2519  -1.0725 

H    -0.8099   3.7644  -0.7218 

O    -2.6860  -0.4784   0.9836 

H    -3.4160  -1.1109   0.9330 

H    -2.0769  -0.7892   1.6746 

Complex S1 

Absolute Energy = -1513.230730 Hartrees 

Cartesian Coordinates 

V        2.298649    9.569206   12.238981 

O        0.404562    8.835654   12.575136 
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O        1.378086    9.880853   14.220310 

O        3.620293   10.923347   12.964298 

O        3.756400   12.553923   10.878925 

O        2.113916   10.307843   10.819722 

O        3.160702    8.253082   12.054246 

C        0.375497    9.243589   13.771820 

H       -0.504680    9.046356   14.404398 

H        3.132474   11.922560   10.468670 

H        3.346379   13.422887   10.795687 

H        3.575196   11.216893   13.910383 

H        3.768011   11.686184   12.345867 

H        2.388369   10.931344   15.512651 

O        3.168166   11.514745   15.530055 

H        3.734982   11.191934   16.240749 

Complex S2 

Absolute Energy = -1513.233497 Hartrees 

Cartesian Coordinates 

V       -1.206642    0.513868    0.560514 

O       -1.107426   -1.524236    0.252912 

O        0.784945    0.439194    0.164409 

O        1.396377   -1.731358    0.063294 

C        1.645885   -0.517417    0.043888 

H       -0.123170   -1.805565    0.198953 

H       -1.549698   -2.028313    0.946997 

H        2.690515   -0.182395   -0.090388 

O       -0.590366    2.526283    0.666158 

H        0.311452    2.585571    0.320249 

H       -1.188371    3.098209    0.109724 



297 

 

O       -2.362890    0.866093   -0.507223 

O       -1.829352    0.421887    2.021768 

O       -2.410615    3.577487   -0.942397 

H       -2.726038    2.654511   -1.030076 

H       -3.155906    4.079381   -0.590682 

Complex S3 

Absolute Energy = -1513.218789 Hartrees 

Cartesian Coordinates 

V       -0.553966    0.596639   -0.376712 

O       -0.321587    0.691419   -1.953707 

O       -0.259843    0.651189    1.986457 

O       -1.994439    1.203531   -0.064929 

O        1.395137   -0.820188    0.192076 

C        0.492631   -1.692706    0.164818 

O        0.803267    2.197874   -0.077219 

H       -0.992171    1.198187    2.298541 

H        0.556572    0.981417    2.391405 

H        1.150093    2.422447   -0.951305 

H        1.568949    1.960131    0.500128 

O        2.532610    1.069490    1.659882 

H        3.458798    1.152339    1.911143 

H        2.414773    0.196584    1.222867 

O       -0.720118   -1.383034   -0.080785 

H        0.721094   -2.756618    0.348339 
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Appendix C: Supporting Information for Theoretical Study of Oxovanadium(IV) 

Complexation with Formamidoximate: Implications for the Design of Uranyl-

Selective Adsorbents 

 

Table A.7. The absolute electronic energies and relative electronic energies of R/R-CCSD(T)/aug-cc-

pVDZ//B3LYP/aug-cc-pVDZ (R/R-CCSD(T)//B3LYP) calculations carried out in the restricted formalism in which 

only valence and valence together with sub-valence 3s and 3p electrons on vanadium are correlated 

 

 

 

 

Complex Valencea  Relative Energyb  Valence and Sub-valencea  Relative Energyb  

1 -1399.105282 0.0 -1399.364345 0.0 

2 -1399.099763 3.5 -1399.357539 4.3 

3 -1399.060298 28.2 -1399.325690 24.2 

4 -1394.720459 0.0 -1394.981632 0.0 

5 -1394.691347 18.3 -1394.952842 18.1 

6 -1394.700297 12.6 -1394.960551 13.2 

7 -1394.676550 27.6 -1394.937176 27.9 

8 -1471.025469 0.0 -1471.287559 0.0 

9 -1471.023134 1.5 -1471.285994 1.0 

10 -1471.014219 7.0 -1471.275375 7.6  

11 -1470.995553 18.8 -1471.257677 18.8 

12 -1471.004862 12.9 -1471.265855 13.6 

13 -1470.998022 17.2 -1471.261229 16.5 

14 -1471.003603 13.7 -1471.268447 12.0 

15 -1471.005850 12.3 -1471.265343 13.9 

aThese energies are given in units of Hartrees.  

bThese energies are given in units of kcal/mol. 
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Table A.8. The relative Gibbs free energies of 1-15 in aqueous solution computed at the R/R-CCSD(T)//B3LYP 

level of theory using the IEF-PCM and SMD solvation models  in units of kcal/mol.a   

Complex SMD IEF-PCM  

1 -1.4 0.0  

2 0.0 2.9  

3 32.9 27.4  

4 0.0 0.0  

5 6.9 10.5  

6 8.4 11.5  

7 23.9 24.4  

8 0.0 0.0  

9 5.6 3.1  

10 5.6 7.6  

11 8.0 10.5  

12 9.5 11.6  

13 10.2 11.6  

14 12.0 12.3  

15 15.6 16.8  

aSolvent corrections are obtained at the B3LYP/6-31+G*//B3LYP/aug-cc-pVDZ level.  
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Figure A.4. Natural charge distribution in complexes 1, 2, and 3 obtained via natural population analysis (NPA) at 

the B3LYP/6-31G(d) level of theory. 

 

 

 

Figure A.5. Natural charge distribution in complexes 4, 5, 6, and 7 obtained via natural population analysis (NPA) 

at the B3LYP/6-31G(d) level of theory. 
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Figure A.6. Natural charge distribution in complexes 8, 10, 11, and 12 obtained via natural population analysis 

(NPA) at the B3LYP/6-31G(d) level of theory. 
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Table A.9. The zero-point energies (ZPE) with thermal corrections and the solvation free energies obtained with the 

IEF-PCM and SMD solvation models for all 15 VO2+ complexes discussed in the manuscript.a 

Complex ZPE with Thermal Corrections (Hartrees) IEF-PCM (kcal/mol) SMD (kcal/mol) 

1 0.091533 -185.2 -223.4 

2 0.092149 -187.0 -229.4 

3 0.086767 -179.0 -211.8 

4 0.070572 -58.4 -80.5 

5 0.070319 -65.7 -91.5 

6 0.067637 -58.2 -83.4 

7 0.067708 -60.0 -82.8 

8 0.093142 -56.4 -78.6 

9 0.092963 -54.1 -73.9 

10 0.091592 -55.5 -79.7 

11 0.092269 -64.1 -88.8 

12 0.090250 -56.6 -81.0 

13 0.091723 -60.4 -84.1 

14 0.090095 -54.2 -76.7 

15 0.092370 -53.0 -76.4 

aZPE with thermal corrections are obtained at the B3LYP/6-311++G** level. Solvent corrections are obtained at the 

B3LYP/6-31+G*//B3LYP/aug-cc-pVDZ level.  

 

Table A.10. The complexation free energies for reactions (1) UO2
2+ and (2) UO2

2+ obtained with the 

B3LYP//B3LYP//IEF-PCM(UFF), MO6//B3LYP//IEF-PCM(UFF) , and  CCSD(T)//B3LYP//IEF-PCM(UFF) levels 

of theory. 

Method ΔGaq (1) UO2
2+, kcal/mol ΔGaq (2) UO2

2+, kcal/mol 

B3LYP -54.7 -49.0 

M06 -51.2 -50.2 

CCSD(T) -38.0 -38.7 

 

 

[UO2(H2O)5]2+ + AO- ⇌ [UO2AO(H2O)3]+ + 2H2O,      ΔGaq (1) UO2
2+ 

[UO2(H2O)5]2+ + AO- ⇌ [UO2AO(H2O)4]+ + H2O,     ΔGaq (2) UO2
2+ 
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Table A.11. The complexation free energies for reactions (1) VO2+, (2) VO2+, (3) VO2+, and (4) VO2+ obtained with 

the B3LYP//B3LYP//IEF-PCM(UFF), MO6//B3LYP//IEF-PCM(UFF) , and  R/R-CCSD(T)//B3LYP//IEF-

PCM(UFF) levels of theory. 

Method ΔGaq (1) VO2+, 

kcal/mol 

ΔGaq (2) VO2+, 

kcal/mol 

ΔGaq (3) VO2+, 

kcal/mol 

ΔGaq (4) VO2+, 

kcal/mol 

B3LYP -68.5 -66.2 -68.6 -66.3 

M06 -67.4 -62.7 -72.3 -67.6 

R/R-CCSD(T) -61.4 -56.9 -68.8 -64.3 

 

[VO(H2O)5]2+ + AO- ⇌ [VOAO(H2O)3]+ + 2H2O,      ΔGaq (1) VO2+ 

[VO(H2O)5]2+ + AO- ⇌ [VOAO(H2O)2]+ + 3H2O,      ΔGaq (2) VO2+ 

[VO(H2O)4]2+ + AO- ⇌ [VOAO(H2O)3]+ + H2O,       ΔGaq (3) VO2+ 

[VO(H2O)4]2+ + AO- ⇌ [VOAO(H2O)2]+ + 2H2O,      ΔGaq (4) VO2+ 

 

Table A.12. The complexation free energies for reactions (1) VO2
+, (2) VO2

+, (3) VO2
+, and (4) VO2

+ obtained with 

the B3LYP//B3LYP//IEF-PCM(UFF), MO6//B3LYP//IEF-PCM(UFF) , and  CCSD(T)//B3LYP//IEF-PCM(UFF) 

levels of theory. 

Method ΔGaq (1) VO2
+, 

kcal/mol 

ΔGaq (2) VO2
+, 

kcal/mol 

ΔGaq (3) VO2
+, 

kcal/mol 

ΔGaq (4) VO2
+, 

kcal/mol 

B3LYP -60.4 -61.5 -54.9 -56.0 

M06 -58.1 -58.2 -53.7 -53.8 

CCSD(T) -54.4 -53.4 -55.6 -54.6 

 

[VO2(H2O)4]+ + AO- ⇌ [VO2O(H2O)2] + 2H2O,       ΔGaq (1) VO2
+ 

[VO2(H2O)4]+ + AO- ⇌ [VO2O(H2O)] + 3H2O,       ΔGaq (2) VO2
+ 

[VO2(H2O)3]+ + AO- ⇌ [VO2O(H2O)2] + H2O,       ΔGaq (3) VO2
+ 

[VO2(H2O)3]+ + AO- ⇌ [VO2O(H2O)] + 2H2O,       ΔGaq (4) VO2
+ 

 

Optimized Geometries and Absolute Energies Obtained at the B3LYP/aug-cc-pVDZ Level of Theory 

Complex 1 

Electronic Energy = -1401.063525 Hartrees 

Cartesian Coordinates 

V                 -0.000008    0.000416   -0.005745 

O                  1.821254    1.027347   -0.126543 

H                  2.353603    1.258909    0.652244 

H                  2.279992    1.351502   -0.917303 
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O                  0.011326   -0.125530    1.537418 

O                 -1.824046   -0.995793   -0.264737 

H                 -2.294574   -1.188240   -1.090806 

H                 -2.345695   -1.350377    0.473963 

O                  1.000959   -1.766603   -0.513770 

H                  0.589104   -2.635588   -0.373499 

H                  1.946829   -1.880814   -0.322140 

O                 -1.005795    1.825399   -0.206577 

H                 -1.948608    1.906093    0.014872 

H                 -0.590855    2.660859    0.065937 

O                 -0.017071    0.184812   -2.268690 

H                  0.356080   -0.444343   -2.905561 

H                 -0.399130    0.908173   -2.789699 

Complex 2 

Electronic Energy = -1401.066715 Hartrees 

Cartesian Coordinates 

V                  0.001246   -0.002922    0.012698 

O                 -0.369325    0.072688   -1.479382 

O                  1.476042   -1.419216    0.101817 

H                  1.432999   -2.244224   -0.409311 

H                  2.428482   -1.132958    0.140263 

O                 -1.339832    1.453099    0.703099 

H                 -1.577223    1.706886    1.609676 

H                 -1.896034    1.967801    0.094395 

O                  1.492560    1.283790    0.468588 

H                  1.414602    2.250711    0.488958 

H                  2.451909    1.025152    0.401878 

O                 -1.194716   -1.371019    0.975644 
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H                 -2.166582   -1.355859    0.958706 

H                 -0.922693   -2.242913    1.306962 

O                  3.792682   -0.055979    0.272007 

H                  4.383390   -0.153683    1.037915 

H                  4.384366    0.036888   -0.493851 

Complex 3 

Electronic Energy = -1401.044666 Hartrees 

Cartesian Coordinates 

V                  0.015476    0.000075   -0.000041 

O                  0.038575   -1.729017   -0.000319 

H                  0.055015   -2.698851    0.000355 

O                 -0.007257    1.729160    0.000725 

H                 -0.016584    2.699089    0.001990 

O                  0.027602    0.000872   -2.082190 

H                  0.020234    0.788335   -2.647000 

H                  0.032610   -0.786197   -2.647571 

O                  0.007906   -0.000622    2.082337 

H                 -0.018426    0.786140    2.647546 

H                  0.012312   -0.788108    2.647135 

O                 -2.066461   -0.027671   -0.009712 

H                 -2.620701   -0.822647   -0.009175 

H                 -2.642044    0.751926   -0.019801 

O                  2.097732    0.027740    0.009556 

H                  2.652152    0.822476    0.020612 

H                  2.673156   -0.751999    0.008355 

Complex 4 

Electronic Energy = -1396.734134 Hartrees 

Cartesian Coordinates 
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V                0.008130    0.002186    0.000611 

O                0.949824    1.762340   -0.649072 

H                1.868932    1.996514   -0.457999 

H                0.409152    2.563243   -0.565591 

N               -1.441369   -1.289524   -0.568224 

C               -2.653471   -0.756044   -0.500088 

N               -2.708279    0.531264   -0.236521 

H               -3.546986    1.092232   -0.142541 

O               -1.518691    1.176434   -0.069967 

H               -3.588795   -1.298131   -0.646544 

H               -1.425422   -2.289138   -0.739435 

O                0.463703   -0.333108    1.462554 

O                1.532552   -1.011446   -1.095830 

H                2.086982   -1.640625   -0.611763 

H                1.479268   -1.313290   -2.013131 

Complex 5 

Electronic Energy = -1396.700184 Hartrees 

Cartesian Coordinates 

V                 0.001373   -0.006043    0.008932 

O                -0.373880    0.101322   -1.509421 

O                -1.243931   -1.546220    0.760637 

H                -1.961445   -1.894181    0.209250 

H                -0.678701   -2.302193    0.999901 

O                 1.310085   -1.250087    0.465283 

N                 2.643039   -0.917266    0.512493 

C                 2.875400    0.317866    0.318614 

H                 3.897974    0.691120    0.336644 

N                 1.760816    1.241753    0.074496 
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H                 1.800502    2.007060    0.753517 

H                 1.876622    1.683481   -0.843153 

O                -1.154069    1.261529    1.230921 

H                -1.397174    2.176276    1.027661 

H                -1.852079    0.894969    1.794828 

Complex 6 

Electronic Energy = -1396.718978 Hartrees 

Cartesian Coordinates 

V                 0.005406   -0.011851    0.023235 

O                -0.466127   -0.025148   -1.470470 

O                 1.583037   -0.920461    0.489531 

N                 1.893078    0.446338    0.367084 

C                 3.141563    0.773459    0.226459 

N                 4.155671   -0.094058    0.288898 

H                 3.968970   -1.082134    0.401643 

H                 5.109637    0.218766    0.191837 

H                 3.362094    1.828945    0.072920 

O                -1.234106   -1.480981    0.911695 

H                -1.845321   -1.947412    0.320808 

H                -0.772168   -2.160241    1.427995 

O                -1.013954    1.416820    1.158716 

H                -0.784127    2.356436    1.178944 

H                -1.926817    1.328051    1.467788 

Complex 7 

Electronic Energy = -1396.688553 Hartrees 

Cartesian Coordinates 

V                -0.004272   -0.001830    0.002360 

O                -0.400062    0.038422   -1.503277 
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O                 0.029454   -1.957906    0.740915 

H                 0.789829   -2.546484    0.634106 

H                -0.751588   -2.503816    0.910161 

N                 2.053476    0.189964    0.214366 

C                 1.860774    1.503401    0.290083 

N                 0.620843    1.781120    0.702912 

H                 0.346961    2.757518    0.696202 

H                 2.617422    2.229635   -0.029215 

O                 3.141795   -0.173482   -0.589369 

H                 3.635937   -0.829318   -0.074361 

O                -1.920631    0.077457    0.951825 

H                -2.693352    0.176933    0.374913 

H                -2.057357    0.668904    1.707351 

Complex 8 

Electronic Energy = -1473.207345 Hartrees 

Cartesian Coordinates 

V                  0.049705   -0.105520   -0.262763 

O                 -1.118815    0.658972   -1.820547 

O                 -1.533301   -1.463127   -0.139751 

N                  2.406403   -1.570128   -0.167761 

C                  2.756833   -0.535626   -0.901725 

N                  1.795699    0.321823   -1.210645 

H                  2.105352    1.122893   -1.749746 

O                 -0.107789    0.892569    0.938951 

H                  3.800184   -0.447005   -1.207885 

H                  3.015773   -2.313593    0.151371 

O                  1.093161   -1.661474    0.187282 

H                 -1.436456   -2.243055    0.423844 
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H                 -2.084023    0.697022   -1.640647 

H                 -0.870993    1.426774   -2.350988 

H                 -2.453897   -1.140672   -0.117747 

O                 -3.639797    0.239116   -0.785924 

H                 -3.984933    0.867757   -0.134829 

H                 -4.405204   -0.029327   -1.314490 

Complex 9 

Electronic Energy = -1473.198148 Hartrees 

Cartesian Coordinates 

V                 0.047198    0.020637   -0.142574 

O                 1.084373    1.895060   -0.385668 

H                 1.879467    2.010625    0.155218 

H                 0.488464    2.625653   -0.154598 

N                -1.440046   -1.313634   -0.569685 

C                -2.639123   -0.776655   -0.417286 

N                -2.684271    0.524048   -0.207632 

H                -3.519964    1.074391   -0.051541 

O                -1.492861    1.189929   -0.151564 

H                -3.582911   -1.323245   -0.456209 

H                -1.436074   -2.319962   -0.693095 

O                 0.452630   -0.291321    1.344870 

O                 1.744486   -1.102269   -0.852229 

H                 2.192158   -1.743709   -0.285275 

H                 1.859059   -1.352388   -1.778255 

O                 0.251686    0.262494   -2.547140 

H                 0.600756    1.099321   -2.883926 

H                -0.531526    0.065426   -3.077909 

Complex 10 



310 

 

Electronic Energy = -1473.200351 Hartrees 

Cartesian Coordinates 

V                  0.225299   -0.199028    0.162584 

O                  0.008070    1.217700    1.402733 

H                  0.440978    2.068879    1.266709 

O                  0.549324    0.329590   -1.278078 

O                 -1.679938   -0.598712    0.422282 

N                 -2.393187    0.360720    1.067767 

C                 -3.692597    0.363411    1.032703 

N                 -4.406119   -0.552879    0.380798 

H                 -3.937077   -1.269685   -0.156549 

H                 -5.413559   -0.506033    0.366544 

H                 -4.201244    1.156936    1.576559 

O                  1.981190   -0.589837    1.238906 

H                  2.730822   -1.160563    1.025183 

H                  2.255020    0.077102    1.884070 

O                  0.309906   -2.327035   -0.222011 

H                  0.502954   -2.560303   -1.142037 

H                 -0.485633   -2.819749    0.028126 

H                 -1.787310    1.073190    1.513412 

Complex 11 

Electronic Energy = -1473.173030 Hartrees 

Cartesian Coordinates 

V                 -0.032103   -0.045633    0.323779 

O                 -0.622584    0.062573   -1.125817 

O                 -1.052377   -1.519813    1.366362 

H                 -0.705672   -2.423295    1.340411 

O                  1.361537   -1.281270    0.488878 
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N                  2.656696   -0.928369    0.218870 

C                  2.834421    0.319149    0.043202 

H                  3.828654    0.708396   -0.167939 

N                  1.690884    1.237282    0.133242 

H                  1.869205    1.930269    0.865612 

H                  1.609723    1.768988   -0.738222 

O                 -1.091708    1.245175    1.594975 

H                 -1.216530    2.186488    1.415467 

H                 -1.941436    0.892903    1.953884 

H                 -1.973899   -1.498297    1.677113 

O                 -3.296684   -0.187802    2.367558 

H                 -4.133019   -0.095658    1.887580 

H                 -3.545407   -0.272187    3.299845 

Complex 12 

Electronic Energy = -1469.163298 Hartrees 

Cartesian Coordinates 

V                 -0.216816   -0.102063    0.158265 

O                  0.491034    1.683054   -0.659483 

H                  0.130821    2.551921   -0.438989 

O                  0.222655   -0.169612    1.661854 

O                  1.294367   -0.970196   -0.976559 

O                 -1.536238   -1.329162   -0.399350 

N                 -2.163628   -0.098153   -0.161856 

C                 -3.457116   -0.075908   -0.092721 

N                 -4.235026   -1.144938   -0.306487 

H                 -3.927601    0.879375    0.134680 

H                 -5.238782   -1.074274   -0.246801 

H                 -3.811667   -2.045443   -0.488455 



312 

 

H                  1.387416   -1.928856   -1.056751 

H                  2.171378   -0.542912   -1.039302 

H                  1.459777    1.762117   -0.796270 

O                  3.163877    1.081692   -1.008014 

H                  3.785789    1.203719   -0.275355 

H                  3.657258    1.322938   -1.805605 

Complex 13 

Electronic Energy = -1473.167667 Hartrees 

Cartesian Coordinates 

V                  0.085216    0.008245    0.216257 

O                 -0.443075    0.242406   -1.249330 

O                 -1.186767   -1.623200    0.755524 

H                 -1.856694   -1.854339    0.094623 

H                 -0.635233   -2.416302    0.864140 

O                  1.417652   -1.314778    0.307622 

N                  2.744538   -0.980111    0.200487 

C                  2.970105    0.267149    0.072149 

H                  3.995414    0.620098   -0.027464 

N                  1.860254    1.222598    0.049304 

H                  2.001362    1.937184    0.767032 

H                  1.849808    1.719342   -0.845760 

O                 -1.283861    1.484838    1.055451 

H                 -1.785605    1.957547    0.374864 

H                 -1.915729    1.251747    1.750268 

O                  0.592854    0.065083    2.520819 

H                  0.393525    0.583826    3.310578 

H                  1.199035   -0.639532    2.789833 

Complex 14 
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Electronic Energy = -1473.183367  Hartrees 

Cartesian Coordinates 

V                 -0.398213   -0.004451    0.004421 

O                  0.423859    1.974773   -0.300323 

H                  1.368139    2.055253   -0.097502 

H                 -0.008914    2.697160    0.178127 

O                 -0.141715   -0.106919    1.550822 

O                  1.492797   -0.871483   -0.486583 

O                 -0.115574    0.110402   -2.385080 

H                 -0.008968    0.904922   -2.924630 

H                 -0.842794   -0.398408   -2.771656 

O                 -1.695458   -1.258959   -0.600414 

N                 -2.344216   -0.036979   -0.372214 

C                 -3.626818   -0.065111   -0.176598 

N                 -4.375288   -1.169592   -0.286215 

H                 -4.116247    0.878727    0.058945 

H                 -5.370229   -1.138148   -0.126140 

H                 -3.926949   -2.062948   -0.443710 

H                  1.613081   -1.201258   -1.388640 

H                  1.887609   -1.503080    0.131090 

Complex 15 

Electronic Energy = -1473.189867 Hartrees 

Cartesian Coordinates 

V                -0.278468    0.251391    0.296537 

O                 0.857132    0.934432   -0.964376 

H                 1.803086    1.119442   -0.970286 

O                 0.110684   -0.176336    1.761809 
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N                -2.307192    0.070391   -0.127639 

O                -3.210530    1.110866    0.173250 

H                -2.652550    1.865522    0.417704 

C                -2.954013   -0.969362   -0.588773 

N                -4.272451   -1.026477   -0.761440 

H                -4.855843   -0.233264   -0.528266 

H                -4.705840   -1.860797   -1.127535 

H                -2.355852   -1.840001   -0.846751 

O                 0.072740   -1.678301   -0.564563 

H                 0.700257   -1.595863   -1.300247 

H                 0.443118   -2.326088    0.054276 

H                -0.197277    2.906693    0.267999 

O                -0.724264    2.310356    0.824311 

H                -0.532339    2.533995    1.748490 

Optimized Geometries and Absolute Energies Obtained at the M06/aug-cc-pVDZ Level of Theory 

Complex 1 

Electronic Energy = -1400.785971 Hartrees 

Cartesian Coordinates 

V                  0.013274   -0.006523    0.033112 

O                 -0.337311    0.068807   -1.454320 

O                  1.470919   -1.413545    0.138850 

H                  1.419680   -2.253064   -0.343662 

H                  2.423595   -1.136214    0.162578 

O                 -1.319258    1.440158    0.712324 

H                 -1.580040    1.683104    1.613691 

H                 -1.861845    1.959739    0.097713 

O                  1.485338    1.284093    0.470358 

H                  1.390971    2.247566    0.505980 
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H                  2.445147    1.044598    0.392609 

O                 -1.201833   -1.366826    0.946348 

H                 -2.171647   -1.334694    0.920202 

H                 -0.950050   -2.246453    1.268740 

O                  3.793599   -0.049437    0.249931 

H                  4.400956   -0.132939    1.001395 

H                  4.370379    0.029871   -0.525784 

Complex 2 

Electronic Energy = -1400.783378 Hartrees 

Cartesian Coordinates 

V                 -0.000063    0.000550   -0.009274 

O                  1.808638    1.018367   -0.133102 

H                  2.340549    1.252458    0.643404 

H                  2.265263    1.340841   -0.923779 

O                  0.009721   -0.123309    1.526796 

O                 -1.810396   -0.988441   -0.271541 

H                 -2.277922   -1.179088   -1.097805 

H                 -2.333834   -1.342988    0.463963 

O                  0.992792   -1.749423   -0.511401 

H                  0.582971   -2.617908   -0.372764 

H                  1.937506   -1.862895   -0.321434 

O                 -0.996082    1.809211   -0.208814 

H                 -1.937187    1.890346    0.012989 

H                 -0.581743    2.643833    0.061705 

O                 -0.018500    0.183173   -2.248102 

H                  0.352656   -0.444321   -2.885020 

H                 -0.401006    0.905817   -2.766458 

Complex 3 
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Electronic Energy = -1400.768933 Hartrees 

Cartesian Coordinates 

V                  0.015673    0.000065    0.000078 

O                  0.038937   -1.723813   -0.000330 

H                  0.055155   -2.692364   -0.000186 

O                 -0.007304    1.723938    0.000739 

H                 -0.016797    2.692579    0.001475 

O                  0.026933    0.000849   -2.062841 

H                  0.020626    0.787798   -2.625794 

H                  0.032022   -0.785710   -2.626352 

O                  0.007698   -0.000646    2.063107 

H                 -0.016905    0.785647    2.626476 

H                  0.011336   -0.787616    2.626049 

O                 -2.047196   -0.027576   -0.009505 

H                 -2.599896   -0.821787   -0.009825 

H                 -2.620770    0.751649   -0.019010 

O                  2.078479    0.027651    0.009575 

H                  2.631304    0.821680    0.019895 

H                  2.652000   -0.751643    0.009252 

Complex 4 

Electronic Energy = -1396.425562 Hartrees 

Cartesian Coordinates 

V                  0.002889    0.008940   -0.016122 

O                  0.944274    1.756064   -0.630574 

H                  1.875337    1.970280   -0.492894 

H                  0.424884    2.565695   -0.520872 

N                 -1.430263   -1.283779   -0.579369 

C                 -2.639101   -0.757124   -0.500133 
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N                 -2.697002    0.526237   -0.233529 

H                 -3.538558    1.084979   -0.139353 

O                 -1.519430    1.169431   -0.081035 

H                 -3.576469   -1.299916   -0.640335 

H                 -1.414245   -2.283727   -0.751983 

O                  0.440000   -0.326958    1.441481 

O                  1.519430   -0.991642   -1.102571 

H                  2.090067   -1.585057   -0.595850 

H                  1.433714   -1.360518   -1.990406 

Complex 5 

Electronic Energy = -1396.390106 Hartrees 

Cartesian Coordinates 

V                  0.007346   -0.006169    0.020701 

O                 -0.356465    0.083096   -1.491709 

O                 -1.232579   -1.530717    0.759034 

H                 -1.945455   -1.871829    0.200752 

H                 -0.674579   -2.290656    0.996720 

O                  1.314481   -1.247237    0.470453 

N                  2.629203   -0.913749    0.510646 

C                  2.858925    0.318750    0.317986 

H                  3.880318    0.698197    0.333848 

N                  1.744037    1.233434    0.079064 

H                  1.792929    2.009205    0.745106 

H                  1.848174    1.663874   -0.845732 

O                 -1.149738    1.247049    1.219209 

H                 -1.341893    2.181968    1.070871 

H                 -1.870174    0.884170    1.753654 

Complex 6 
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Electronic Energy = -1396.408494 Hartrees 

Cartesian Coordinates 

V                  0.020296   -0.005797    0.036625 

O                 -0.411146   -0.019690   -1.459096 

O                  1.589033   -0.907523    0.507831 

N                  1.889908    0.440979    0.378598 

C                  3.133077    0.768232    0.224102 

N                  4.139940   -0.099108    0.287820 

H                  3.942958   -1.085553    0.407973 

H                  5.096213    0.205097    0.182024 

H                  3.351059    1.823528    0.058831 

O                 -1.218138   -1.456871    0.917858 

H                 -1.855081   -1.893246    0.334236 

H                 -0.748729   -2.160335    1.389928 

O                 -1.020127    1.406306    1.137573 

H                 -0.832284    2.353383    1.138308 

H                 -1.900145    1.277127    1.514473 

Complex 7 

Electronic Energy = -1396.382969 Hartrees 

Cartesian Coordinates 

V                  0.009069    0.001787    0.026997 

O                 -0.354809    0.061430   -1.477432 

O                  0.030855   -1.958034    0.701985 

H                  0.774865   -2.556400    0.557490 

H                 -0.746150   -2.490373    0.915890 

N                  2.044583    0.186281    0.253165 

C                  1.839250    1.497576    0.287341 

N                  0.614581    1.778053    0.726719 
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H                  0.334114    2.752335    0.677217 

H                  2.580135    2.213747   -0.094014 

O                  3.105140   -0.185122   -0.555851 

H                  3.617450   -0.823333   -0.039223 

O                 -1.887244    0.081328    0.971929 

H                 -2.666755    0.121724    0.400229 

H                 -2.025857    0.729519    1.676531 

Complex 8 

Electronic Energy = -1472.864718 Hartrees 

Cartesian Coordinates 

V                 -0.095300   -0.215700   -0.432500 

O                 -1.135900    0.455200   -2.089700 

O                 -1.565300   -1.670000   -0.419400 

N                  2.335100   -1.458600   -0.045200 

C                  2.675500   -0.405200   -0.750400 

N                  1.688100    0.358600   -1.178300 

H                  1.986500    1.179700   -1.694400 

O                 -0.493400    0.764900    0.721500 

H                  3.737200   -0.229800   -0.937600 

H                  2.966500   -2.146500    0.350800 

O                  1.014700   -1.659000    0.155400 

H                 -1.430700   -2.450300    0.133800 

H                 -2.076900    0.612000   -1.866600 

H                 -0.837400    1.134100   -2.704700 

H                 -2.468300   -1.322800   -0.298000 

O                 -3.385800    0.374200   -0.551700 

H                 -3.191800    0.941400    0.207900 

H                 -4.335000    0.455000   -0.704800 
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Complex 9 

Electronic Energy = -1472.859209 Hartrees 

Cartesian Coordinates 

V                  0.044400    0.030100   -0.173900 

O                  1.086600    1.878600   -0.396500 

H                  1.905300    1.964400    0.110000 

H                  0.516700    2.611500   -0.119700 

N                 -1.427500   -1.305200   -0.600200 

C                 -2.621200   -0.773400   -0.433300 

N                 -2.669000    0.524000   -0.221800 

H                 -3.506900    1.068700   -0.050700 

O                 -1.491100    1.188200   -0.177600 

H                 -3.566800   -1.320400   -0.462700 

H                 -1.424800   -2.311800   -0.725800 

O                  0.427900   -0.286000    1.311000 

O                  1.759600   -1.073400   -0.840600 

H                  2.180100   -1.702100   -0.242200 

H                  1.881100   -1.368700   -1.750300 

O                  0.217600    0.259100   -2.513500 

H                  0.545800    1.099800   -2.855200 

H                 -0.584100    0.060900   -3.011500 

Complex 10 

Electronic Energy = -1472.845063 Hartrees 

Cartesian Coordinates 

V                 -0.293296    0.250433    0.294525 

O                  0.846187    0.929024   -0.950718 

H                  1.786970    1.122518   -0.971764 

O                  0.082516   -0.188055    1.751486 
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N                 -2.300748    0.082230   -0.133804 

O                 -3.199169    1.109847    0.148598 

H                 -2.649742    1.871966    0.386780 

C                 -2.939584   -0.964809   -0.579667 

N                 -4.252411   -1.028409   -0.748852 

H                 -4.833628   -0.230129   -0.521726 

H                 -4.687056   -1.867056   -1.104861 

H                 -2.332870   -1.835625   -0.827197 

O                  0.050837   -1.655420   -0.571360 

H                  0.684394   -1.568085   -1.299091 

H                  0.419664   -2.298621    0.050389 

H                 -0.176914    2.877638    0.276609 

O                 -0.723959    2.289058    0.818986 

H                 -0.540793    2.500094    1.746167 

Complex 11 

Electronic Energy = -1472.827644 Hartrees 

Cartesian Coordinates 

V                 -0.031028   -0.037467    0.376343 

O                 -0.651539    0.056889   -1.051315 

O                 -1.020615   -1.492530    1.433297 

H                 -0.678885   -2.395713    1.387976 

O                  1.355409   -1.281265    0.494192 

N                  2.624634   -0.933777    0.185049 

C                  2.802987    0.310016    0.006914 

H                  3.791421    0.699120   -0.234857 

N                  1.670072    1.226708    0.135951 

H                  1.879640    1.928650    0.850916 

H                  1.554360    1.749842   -0.737203 
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O                 -1.054595    1.253611    1.646038 

H                 -1.137947    2.204550    1.511790 

H                 -1.916685    0.919983    1.982176 

H                 -1.949607   -1.469935    1.720213 

O                 -3.292680   -0.207025    2.293797 

H                 -4.084963   -0.134025    1.745560 

H                 -3.620278   -0.298734    3.197964 

Complex 12 

Electronic Energy = -1472.846567 Hartrees 

Cartesian Coordinates 

V                 -0.143000   -0.023300   -0.162900 

O                  0.442600    1.728600   -1.094500 

H                  0.013500    2.584400   -0.980100 

O                  0.495800   -0.003500    1.263700 

O                  1.245700   -0.928600   -1.389400 

O                 -1.485100   -1.291700   -0.478300 

N                 -2.093500   -0.074800   -0.224200 

C                 -3.363600   -0.069900    0.015800 

N                 -4.128400   -1.159900   -0.042000 

H                 -3.822300    0.888800    0.257200 

H                 -5.118700   -1.111900    0.143300 

H                 -3.700900   -2.057600   -0.235100 

H                  1.276900   -1.886600   -1.501700 

H                  2.150300   -0.575300   -1.285100 

H                  1.413000    1.846800   -1.042900 

O                  3.019000    0.974000   -0.567300 

H                  3.089600    0.893100    0.394200 

H                  3.886800    1.270700   -0.868000 
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Complex 13 

Electronic Energy = -1472.828114  Hartrees 

Cartesian Coordinates 

V                  0.087500    0.011200    0.217300 

O                 -0.445900    0.236300   -1.239300 

O                 -1.183300   -1.594600    0.764500 

H                 -1.851800   -1.821000    0.103300 

H                 -0.640900   -2.391600    0.875500 

O                  1.414200   -1.315400    0.292700 

N                  2.724200   -0.975300    0.233600 

C                  2.949700    0.269900    0.112300 

H                  3.976900    0.629400    0.049200 

N                  1.841600    1.214500    0.045600 

H                  1.968100    1.950500    0.744200 

H                  1.841800    1.687200   -0.862700 

O                 -1.265700    1.469600    1.065600 

H                 -1.763700    1.952500    0.392100 

H                 -1.902300    1.215700    1.746000 

O                  0.612600    0.059900    2.472200 

H                  0.415900    0.574400    3.262300 

H                  1.224100   -0.641500    2.731800 

Complex 14 

Electronic Energy = -1472.842396 Hartrees 

Cartesian Coordinates 

V                 -0.424000    0.011100   -0.044200 

O                  0.461600    1.951900   -0.330100 

H                  1.406300    1.976800   -0.123500 

H                  0.067400    2.678400    0.170500 
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O                 -0.203100   -0.070000    1.501800 

O                  1.471400   -0.860000   -0.473600 

O                 -0.140500    0.150500   -2.363400 

H                 -0.017300    0.970200   -2.855600 

H                 -0.856400   -0.333800   -2.794600 

O                 -1.709100   -1.253300   -0.618300 

N                 -2.351500   -0.045100   -0.415800 

C                 -3.626200   -0.080000   -0.191800 

N                 -4.355500   -1.193300   -0.263400 

H                 -4.121400    0.865100    0.031400 

H                 -5.348500   -1.178600   -0.087200 

H                 -3.887400   -2.080600   -0.405400 

H                  1.615700   -1.232600   -1.352900 

H                  1.832600   -1.472800    0.180000 

Complex 15 

Electronic Energy = -1472.845063 Hartrees 

Cartesian Coordinates 

V                 -0.293296    0.250433    0.294525 

O                  0.846187    0.929024   -0.950718 

H                  1.786970    1.122518   -0.971764 

O                  0.082516   -0.188055    1.751486 

N                 -2.300748    0.082230   -0.133804 

O                 -3.199169    1.109847    0.148598 

H                 -2.649742    1.871966    0.386780 

C                 -2.939584   -0.964809   -0.579667 

N                 -4.252411   -1.028409   -0.748852 

H                 -4.833628   -0.230129   -0.521726 

H                 -4.687056   -1.867056   -1.104861 
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H                 -2.332870   -1.835625   -0.827197 

O                  0.050837   -1.655420   -0.571360 

H                  0.684394   -1.568085   -1.299091 

H                  0.419664   -2.298621    0.050389 

H                 -0.176914    2.877638    0.276609 

O                 -0.723959    2.289058    0.818986 

H                 -0.540793    2.500094    1.746167 
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Appendix D: Electronic Supplementary Information for Quantifying the Binding 

Strength of Salicylaldoxime-Uranyl Complexes Relative to Competing 

Salicylaldoxime-Transition Metal Ion Complexes in Aqueous Solution: A Combined 

Experimental and Computational Study 

 

Table A.13. Acid dissociation and formation constants of the ligands and complexes discussed in this manuscript. 

The ligands (L( )) tabulated correspond to the ligands illustrated in Figure 5.2. The constants were obtained in 

aqueous solution at 25 oC and, unless otherwise noted, I = 0.0 M ionic strength. 

 

Equilibrium log β References 

H2O  H+ + OH- 14.00 29 

UO2
2+ + OH-  UO2(OH)+ 8.75 49 

UO2
2+ + 2 OH-  UO2(OH)2 15.85 49 

UO2
2+ + 3 OH-  UO2(OH)3

- 21.8 49 

UO2
2+ + 4 OH-  UO2(OH)4

2- 23.6 49 

2 UO2
2+ + OH-  (UO2)2(OH)3+ 11.3 49 

2 UO2
2+ + 2 OH-  (UO2)2(OH)2

2+ 22.4 49 

3 UO2
2+ + 5 OH-  (UO2)3(OH)5

+ 54.4 49 

UO2
2+ + CO3

2-  (UO2)(CO3) 9.94 51 

UO2
2+ + 2 CO3

2-  (UO2)(CO3)2
2- 16.61 51 

UO2
2+ + 3 CO3

2-  (UO2)(CO3)3
4- 21.84 51 

L(I)H2  H+ + L(I)H- 8.07 44b and this work 

L(I)H2  2 H+ + L(I)2- 19.35 44b and this work 

UO2
2+ + L(I)2-  UO2 L(I) 16.1 This work 

UO2
2+ + 2 L(I)2-   UO2 L2

(I)2- 25.5 This work 

Cu2+ + HL(I)-  Cu(HL(I))+ 10.12 57 

Cu2+ + 2 HL(I)-  Cu(HL(I))2 15.78 57 

Fe3+ + HL(I)-  Fe(HL(I))2+ 9.38 58 

Fe3+ + 2 HL(I)-   Fe(HL(I))2
+ 16.73 58 

L(II)H2  H+ + L(II)H- 2.97 29 

L(II)H2  2 H+ + L(II)2- 16.7 29 
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Table A.13. Continued 

Equilibrium log β References 

UO2
2+ + L(II)2-  UO2 L(II) 13.1 29 

UO2
2+ + 2 L(II)2-  UO2 L2

(II)2- 21.8 29 

Cu2+ + L(II)2-  CuL(II) 10.60 29 

Cu2+ + 2 L(II)2-  CuL2
(II)2- 18.45 29 

Fe3+ + L(II)2-  FeL(II)+ 28.25 29 

Fe3+ + 2 L(II)2-  FeL(II)
2

- 11.90 29 

L(III)H 
 H+ + L(III)- 11.30 29 

L(IV)H 
 H+ + L(IV)- 10.0 29 

UO2
2+ + L(IV)-  UO2 L(IV)+ 5.9 29 

L(V)H 
 H+ + L(V)- 4.20 29 

UO2
2+ + L(V)-  UO2 L(V)+ 2.68 29 

L(VI)H 
 H+ + L(VI)- 12.36 46a 

UO2
2+ + L(VI)-  UO2 L(VI)+ 12.4 30 

UO2
2+ + 2 L(VI)-  UO2 L(VI) 22.3 30 

L(VII)H 
 H+ + L(VII)- 13.21 46a 

UO2
2+ + L(VII)-  UO2 L(VII)+ 13.6 30 

UO2
2+ + 2 L(VII)-  UO2 L(VII) 23.7 30 

L(VIII)H2  H+ + L(VIII)H- 12.06 48b 

L(VIII)H2  2 H+ + L(VIII)2- 24.19 48b 

UO2
2+ + L(VIII)2-  UO2 L(VIII) 17.3 48b 

UO2
2+ + 2 L(VIII)2-  UO2 L2

(VIII)2- 26.1 48b 

L(IX)H2  H+ + L(IX)H- 10.70 47b 

L(IX)H2  2 H+ + L(IX)2- 22.76 47b 

UO2
2+ + L(IX)2-  UO2 L(IX) 17.8 47b 

UO2 L(IX) + 2 L(IX)2-  UO2 L2
(IX)2- 27.5 47b 

Cu2+ + L(IX)2-  CuL(IX) 18.94 15b 
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Table A.13. Continued 

Equilibrium log β References 

Cu2+ + 2 L(IX)2-  CuL2
(IX)2- 24.45 15b 

Fe3+ + HL(IX)-  Fe(HL(IX))2+ 25.66 15b 

Fe3+ + HL(IX)- +  L(IX)2-  Fe(L(IX)(HL(IX)) 43.94 15b 

aIonic strength 0.3 M NaClO4. 

bIonic strength 0.5 M NaCl. 

 

Table A.14. Comparison of experimental, calculated, and predicted stability constant (log β) values for 

UO2
2+-ligand complexes. 

Ligand exp log βa calc log βb pred log βc abs. error 

1 acetate 3.1 9.9 5.3 2.2 

2 acetylacetonate 7.7 15.6 8.5 0.8 

3 phenolate 8.8 18.4 10.1 1.3 

4 OH- 0 1.0 0.2 0.2 

5 NO3
- 0.5 -1.9 -1.4 1.9 

6 ClO3
- 3.3 6.3 3.2 0.1 

7 H2PO4
- 13.6 24.3 13.4 0.2 

8 acetamidoxime 12.4 22.1 12.2 0.2 

9 benzamidoxime 23.7 41.2 23.1 0.6 

10 2acetamidoxime 22.3 37.7 21.1 1.2 

11 2benzamidoxime 11.3 23.4 12.9 1.6 

12 glutarimidedioxime (HL-) 6.4 13.6 7.4 1.0 

13 oxalate 7.3 11.7 6.3 1.0 

14 phthalate 5.6 9.4 5.0 0.6 

15 salicylate 13.0 20.2 11.1 1.9 

16 catecholate 16.8 24.7 13.7 3.1 

17 glutarimidedioxime (L2-) 19.1 35.2 19.6 0.5 

18 CO3
2- 9.7 17.5 9.6 0.1 
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Table A.14. Continued 

Ligand exp log βa calc log βb pred log βc abs. error 

19 SO4
2- 3.0 5.2 2.6 0.4 

20 HPO4
2- 7.2 14.7 8.0 0.8 

21 phthalimidedioxime 16.8 25.5 14.1 2.7 

aCorrected to zero ionic strength with the Davies equation. bCalculated using the methodology described 

in ref 40. cPredicted from the correlation [pred log β = 0.5692 × calc log β] shown in Figure 5.1.2. 
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Table A.15. Full chemical formulas of the CSD crystal structures depicted in Figures 5.1, A.11, and A.12 by CSD 

reference code. 

 

Figure Ref. Code Chemical Formula 

1 ACOXNI10 bis(2,2’-Imino-bis(Acetamidoxime)) copper(II) chloride 

1 AICOCU10 bis(4-Aminoimidazole-5-carboxamidoxime) copper(II) perchlorate 

1 YOHFEI bis(Acetato-O)-bis(N’-hydroxypyridine-2-carboximidamide) cadmium(II) ethanol solvate 

1 CUHJUK Disodium bis(adenine-N1-oxide) copper(II) octahydrate 

1 ORUTIF (N’-(oxy)-N-methylbenzenecarboximidamidato)-(N-(oxy)-N’-

methylbenzenecarboximidamide) oxo-technetium(IV) 

1 CIMMIW tris(N’1, N’2 –dihydroxyethanediimidamide) nickel(II) ditetrafluoroborate 

1 WOBHUS Aqua-(N’1, N’2 –dihydroxyethanediimidamide)-oxolato copper(II) 

1 TEKYUD bis(N-(2,6-Dimethylphenyl)aminoglyoximato-N,N') nickel(II) 

1 RASBIW Oxo-(2-thienylamidoximato-N,O)-(2-thienylamidoximato-N',O)-acetylacetonato 

molybdenum(VI) 

1 FOWJAC bis(Acetylacetonato-O,O')-(acetamidoximato-N,O)-nitrosyl molybdenum(VI) 

S2 GIQBUE bis(Triethylammonium) bis(m2-2-oxybenzoato)-bis(nitrato-O,O')-tetraoxo-di-uranium(VI) 

S2 BIDVUF bis(2-Amino-2-methyl-1-propanol)-copper(II) bis(salicylato)-copper(II) 2-propanol solvate 

S2 PIMSUB bis(Oxonium) chloride diaqua-bis(2-oxy-5-nitrobenzoato) iron(III) 

S2 TEVWAU dioxo-bis(2,6-bis(N-oxidoiminio)piperidinato) uranium(VI) monohydrate 

S2 Ref. 15 Glutarimidedioxime iron(III) dichloride 

S3 BOCCOL tetrakis((μ3-Salicylidenealdoximato)-(salicylidenealdoxime) iron(III)) salicylidenealdoxime 

xylene solvate 

S3 CSALCU bis(5-Chlorosalicylaldoximato) copper(II) 
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Figure A.7. Thermodynamic cycle used to calculate ∆∆Gaq. 

 

 

Figure A.8. Stepwise dissociation of salicylaldoxime used to fit UV/Vis titration data. Color legend: red represents 

oxygen, blue represents nitrogen, grey represents carbon, and white represents hydrogen. 
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Figure A.9. Species distribution diagrams of the 1:1 (top) and the 10:1 (bottom) salicylaldoxime to urnayl titration 

solutions as a function of pH. Distribution diagrams were generated with the HYSS52 software using the uranyl 

hydrolysis constants in ref. 51 and the uranyl-salicylaldoxime formation constants from this work. 
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Figure A.10. Species distribution diagrams of 0.001 M salicylaldoxime, 1.3 x 10-8 M uranyl, and 0.0025 M 

carbonate calculated using the HYSS52 software. The uranyl carbonate constants were taken from ref. 53 and the 

uranyl-salicylaldoxime formation constants from this work. 
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Figure A.11. Crystal structures of salicylic acid and glutarimidedioxime complexes. GIQBUE59 

(C30H32Cu2N4O102(H3BO34(H2O)): phenolate-UO2
2+ bond = 2.23(1) Å and carboxylate-UO2

2+ bond = 2.42(1) Å. 

BIDVUF60 (C14H8CuO6
2-
C8H22CuN2O2

2+
4(C3H8O)): phenolate-Cu2+ bond = 1.900 Å and carboxylate-Cu2+ bond = 

1.903 Å. PIMSUB61 (C14H10FeN2O12
−
2(H3O+)Cl-): phenolate-Fe3+ bond = 1.973 Å and carboxylate-Fe3+ bond = 

1.944 Å. TEVWAU49 (C10H16N6O6UH2O): oximate-UO2
2+ bond 1 = 2.430 Å, oximate-UO2

2+ bond 2 = 2.535 Å, 

and piperidine-UO2
2+ bond = 2.563 Å. Ref. 15 (C10H16N6O6FeCl2

+): oximate-UO2
2+ bond 1 = 2.019(7) Å, oximate-

UO2
2+ bond 1 = 2.027(7) Å, and piperidine-UO2

2+ bond = 2.009(8) Å. Color legend: O, red; N, blue; C, grey; H, 

white; S, yellow; metal ion, purple. 
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Figure A.12. Crystal structures of salicylaldoxime-Fe3+ and –Cu2+ complexes. BOCCOL65 (C56H44Fe4N8O16 

C7H7NO2C8H10C8H10): phenolate-Fe3+ bond = 1.889(8) Å and oximate-Fe3+ bond = 2.14(1) Å. CSALCU64 

(C14H10Cl2CuN2O4): phenolate-Cu2+ bond = 1.9082 Å and oximate-Cu2+ bond = 1.9579 Å. Color legend: O, red; N, 

blue; C, grey; H, white; S, yellow; metal ion, purple. 

 

Optimized Geometries of Salicylaldoxime Ligands, UO2
2+, and Cu2+ Complexes Discussed in the Main Text 

and Their Total Energies at the M06/SSC/6-311++G** Level of Theory 

 

Salicylaldoxime: 

 

1) H2L(I); Total Energy: - 475.9163087 Hartrees 

Symmetry C1 

N        2.457273000     -1.030157000      0.023359000 

C        1.246482000     -1.286549000     -0.286277000 

C       -2.594349000      0.507900000      0.118076000 

C       -2.420764000     -0.872432000      0.183089000 

C       -1.150571000     -1.389886000      0.047146000 

C       -0.022129000     -0.572103000     -0.122601000 

C       -0.217849000      0.820702000     -0.197748000 

C       -1.509067000      1.337221000     -0.074011000 

H       -3.586918000      0.938229000      0.210625000 
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H       -3.269822000     -1.531693000      0.326187000 

H       -1.001650000     -2.466701000      0.077200000 

O        0.752779000      1.709894000     -0.453666000 

H       -1.622779000      2.414158000     -0.143087000 

O        2.606182000      0.207013000      0.664980000 

H        1.162998000     -2.279580000     -0.730274000 

H        3.549636000      0.252571000      0.848890000 

H        1.613867000      1.351606000     -0.174843000 

 

2) HL(I)-; Total Energy: -475.376987 Hartrees 

Symmetry C1 

N        2.464990000     -0.948622000      0.070220000 

C        1.238101000     -1.255691000     -0.158932000 

C       -2.645004000      0.495463000      0.073156000 

C       -2.469543000     -0.892308000      0.104222000 

C       -1.178271000     -1.383386000      0.016686000 

C       -0.050342000     -0.560425000     -0.082050000 

C       -0.219194000      0.869909000     -0.156224000 

C       -1.565277000      1.340329000     -0.046852000 

H       -3.648537000      0.915267000      0.137965000 

H       -3.318565000     -1.564566000      0.189052000 

H       -1.016838000     -2.462218000      0.032265000 

O        0.744772000      1.679510000     -0.332066000 

H       -1.698748000      2.419161000     -0.089150000 

O        2.764083000      0.319869000      0.485292000 

H        1.149906000     -2.312491000     -0.432036000 

H        2.022018000      0.943274000      0.197891000 

3) L(I)2-; Total Energy: -474.658113 Hartrees 



337 

 

Symmetry C1 

N        1.622994000     -2.512728000     -0.155315000 

C        1.203245000     -1.263496000     -0.161247000 

C       -2.682090000      0.535910000      0.057551000 

C       -2.573980000     -0.851588000      0.078304000 

C       -1.298495000     -1.429761000      0.005822000 

C       -0.125178000     -0.674239000     -0.087036000 

C       -0.213452000      0.792587000     -0.112849000 

C       -1.542199000      1.326410000     -0.034267000 

H       -3.666768000      1.011513000      0.113376000 

H       -3.461656000     -1.481496000      0.150637000 

H       -1.162631000     -2.507947000      0.020552000 

O        0.798465000      1.552335000     -0.197643000 

H       -1.619989000      2.415834000     -0.052217000 

O        0.761835000     -3.494371000     -0.070777000 

H        2.012689000     -0.537448000     -0.234415000 

 

Uranyl Complexes with Salicylaldoxime: 

 

1) [UO2(HL(I))(H2O)3]+; Total Energy: -1331.951756 Hartrees 

Symmetry C1 

N        1.620771000      1.495598000      1.914273000 

C        0.398930000      1.205690000      1.611566000 

C       -1.110834000     -2.570435000      0.547856000 

C       -1.924970000     -1.438528000      0.464480000 

C       -1.399042000     -0.213799000      0.801037000 

C       -0.056005000     -0.084763000      1.198792000 

C        0.768383000     -1.239713000      1.271542000 
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C        0.206265000     -2.478752000      0.952691000 

H       -1.519852000     -3.543690000      0.294532000 

H       -2.958565000     -1.527251000      0.151622000 

H       -2.020056000      0.677526000      0.763106000 

O        2.021806000     -1.148893000      1.658024000 

H        0.830669000     -3.362957000      1.025457000 

O        1.763847000      2.841490000      2.339092000 

U        3.735671000      0.204816000      1.409351000 

O        4.142083000      0.451781000      3.091157000 

O        3.515355000      0.107103000     -0.318795000 

O        4.089110000      2.677959000      0.993729000 

H        3.371993000      3.169314000      1.440093000 

H        4.194959000      3.052327000      0.113961000 

O        4.700672000     -2.155052000      1.554024000 

H        4.015820000     -2.828691000      1.635535000 

H        5.482308000     -2.475505000      2.013669000 

H       -0.342171000      2.004006000      1.704791000 

H        1.875786000      2.794633000      3.299725000 

O        6.245778000      0.409819000      0.947830000 

H        6.680021000      0.278296000      0.098556000 

H        6.882899000      0.823674000      1.539662000 

 

2) [UO2(HL(I))2(H2O)]; Total Energy: -1654.6585449 Hartrees 

Symmetry C1 

N       -1.149985000      1.238379000      0.668627000 

C       -2.334548000      1.714920000      0.545601000 

H       -2.466642000      2.768579000      0.808107000 

C       -5.859978000     -0.221589000     -0.757961000 
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C       -5.877839000      1.130234000     -0.416689000 

C       -4.705918000      1.724127000      0.004935000 

C       -3.507487000      1.004196000      0.096161000 

C       -3.495660000     -0.371890000     -0.247708000 

C       -4.695482000     -0.958908000     -0.675514000 

H       -6.773179000     -0.705002000     -1.093892000 

H       -6.794905000      1.705211000     -0.481468000 

H       -4.697497000      2.777735000      0.275456000 

O       -2.401183000     -1.076829000     -0.165699000 

H       -4.676259000     -2.011211000     -0.941438000 

O       -0.254557000      2.176931000      1.136003000 

U       -0.217138000     -1.135117000      0.253976000 

O       -0.497203000     -1.558171000      1.937894000 

O        0.180649000     -0.812511000     -1.419824000 

O        1.611825000      0.229001000      0.752901000 

N        1.973456000     -2.484599000      0.602892000 

O        1.875116000     -3.852016000      0.968716000 

C        3.173676000     -2.156769000      0.281363000 

C        3.588499000     -0.828349000     -0.067667000 

C        2.792424000      0.320880000      0.210618000 

C        3.348934000      1.579552000     -0.085178000 

C        4.603112000      1.695635000     -0.641466000 

C        5.384665000      0.567487000     -0.911872000 

C        4.876342000     -0.673129000     -0.610153000 

H        3.934599000     -2.942585000      0.298251000 

H        5.470106000     -1.565553000     -0.795495000 

H        6.374258000      0.671376000     -1.342117000 

H        4.991673000      2.684341000     -0.869127000 
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H        2.749634000      2.460487000      0.126639000 

H        0.596974000      1.692400000      1.135841000 

H        1.488634000     -3.814272000      1.854991000 

O       -0.501032000     -3.606141000     -0.416615000 

H       -1.335878000     -4.073646000     -0.340278000 

H        0.213532000     -4.166145000     -0.072927000 

 

3) [UO2(L(I))(H2O)2]; Total Energy: -1255.1180818 Hartrees 

Symmetry C1 

N        1.418780000      1.472192000      0.833286000 

C        0.198387000      1.387873000      0.462221000 

H       -0.455528000      2.262199000      0.498521000 

C       -1.353103000     -2.297229000     -0.934728000 

C       -2.169511000     -1.170077000     -0.875476000 

C       -1.631999000      0.015328000     -0.413942000 

C       -0.297377000      0.111719000     -0.007974000 

C        0.541085000     -1.041055000     -0.068256000 

C       -0.030358000     -2.233106000     -0.540310000 

H       -1.756513000     -3.239741000     -1.294653000 

H       -3.207756000     -1.221112000     -1.185086000 

H       -2.251608000      0.908265000     -0.359302000 

O        1.802747000     -1.026433000      0.293746000 

H        0.609186000     -3.109821000     -0.585268000 

O        2.129057000      2.464426000      1.286400000 

U        3.369900000      0.386249000      1.102404000 

O        3.053655000     -0.041416000      2.785887000 

O        3.983463000      0.798953000     -0.501098000 

O        4.722505000     -1.812573000      0.942540000 
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O        4.919492000      2.260433000      1.997405000 

H        4.732408000     -2.170098000      0.048520000 

H        4.357762000     -2.501357000      1.507951000 

H        4.927724000      2.945786000      1.319582000 

H        4.446802000      2.648697000      2.742830000 

 

4) [UO2(L(I))2]2-; Total Energy: -1577.0735695 Hartrees 

Symmetry C1 

N        0.921845000      1.089174000      0.748487000 

C       -0.165602000      1.193887000      0.075684000 

H       -0.630633000      2.179567000     -0.058286000 

C       -2.072829000     -2.174767000     -1.684633000 

C       -2.623279000     -0.901199000     -1.830513000 

C       -1.961649000      0.166994000     -1.236211000 

C       -0.781532000      0.017881000     -0.508050000 

C       -0.196488000     -1.295744000     -0.348818000 

C       -0.903964000     -2.362012000     -0.970246000 

H       -2.566363000     -3.034986000     -2.137565000 

H       -3.541832000     -0.745414000     -2.391346000 

H       -2.370512000      1.174540000     -1.333878000 

O        0.880241000     -1.530032000      0.297281000 

H       -0.470601000     -3.352953000     -0.854069000 

O        1.595177000      2.024576000      1.327738000 

U        2.605789000     -0.343148000      1.572982000 

O        1.674088000     -0.589665000      3.061122000 

O        3.537493000     -0.096644000      0.084837000 

O        4.331331000      0.843759000      2.848649000 

N        4.289715000     -1.775457000      2.397556000 
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O        3.616402000     -2.710862000      1.818285000 

C        5.377108000     -1.880170000      3.070445000 

C        5.993005000     -0.704152000      3.654190000 

C        5.407984000      0.609474000      3.494873000 

C        6.115434000      1.675757000      4.116306000 

C        7.284236000      1.488522000      4.830799000 

C        7.834656000      0.214952000      4.976774000 

C        7.173059000     -0.853253000      4.382455000 

H        5.842119000     -2.865851000      3.204481000 

H        7.581901000     -1.860801000      4.480193000 

H        8.753157000      0.059175000      5.537692000 

H        7.777745000      2.348753000      5.283735000 

H        5.682100000      2.666701000      4.000051000 

 

Copper Complexes with Salicylaldoxime: 

 

1) [Cu(HL(I))(H2O)2]+; Total Energy: -825.3637068 Hartrees 

Symmetry C1 

N        1.880590000      1.162398000      0.904042000 

C        0.595168000      1.032131000      0.740641000 

H       -0.024435000      1.857073000      1.098865000 

C       -1.407019000     -2.092587000     -1.199477000 

C       -2.115025000     -0.965400000     -0.751902000 

C       -1.434135000      0.029272000     -0.107746000 

C       -0.038379000     -0.063077000      0.115029000 

C        0.670525000     -1.223598000     -0.320828000 

C       -0.053239000     -2.219660000     -0.999404000 

H       -1.939274000     -2.886097000     -1.715324000 
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H       -3.182217000     -0.886092000     -0.920674000 

H       -1.955997000      0.917284000      0.238757000 

O        1.942715000     -1.418325000     -0.106210000 

H        0.488004000     -3.095914000     -1.338804000 

O        2.264199000      2.294539000      1.638183000 

Cu       3.140939000     -0.265296000      0.736189000 

O        4.513070000     -1.707036000      0.368959000 

H        5.377328000     -1.577982000     -0.035527000 

H        4.057124000     -2.414428000     -0.107803000 

O        4.444879000      0.700484000      1.930760000 

H        3.995233000      1.464498000      2.329547000 

H        4.978203000      0.259150000      2.600304000 

H        2.496741000      2.969365000      0.983666000 

 

2) [Cu(HL(I))2]; Total Energy: -1148.103999 Hartrees 

Symmetry C2h 

N        0.819874000      1.773927000      0.000000000 

C        2.074882000      2.045812000      0.000000000 

H        2.346880000      3.103966000      0.000000000 

C        5.306615000     -0.664251000      0.000000000 

C        5.535332000      0.714568000      0.000000000 

C        4.451775000      1.561168000      0.000000000 

C        3.131887000      1.075882000      0.000000000 

C        2.900928000     -0.326043000      0.000000000 

C        4.026435000     -1.171130000      0.000000000 

H        6.149213000     -1.350080000      0.000000000 

H        6.545352000      1.108635000      0.000000000 

H        4.602363000      2.638464000      0.000000000 
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O        1.709229000     -0.862301000      0.000000000 

H        3.849064000     -2.242279000      0.000000000 

O       -0.004559000      2.864272000      0.000000000 

Cu       0.000000000      0.000000000      0.000000000 

O       -1.709229000      0.862301000      0.000000000 

N       -0.819874000     -1.773927000      0.000000000 

O        0.004559000     -2.864272000      0.000000000 

C       -2.074882000     -2.045812000      0.000000000 

C       -3.131887000     -1.075882000      0.000000000 

C       -2.900928000      0.326043000      0.000000000 

C       -4.026435000      1.171130000      0.000000000 

C       -5.306615000      0.664251000      0.000000000 

C       -5.535332000     -0.714568000      0.000000000 

C       -4.451775000     -1.561168000      0.000000000 

H       -2.346880000     -3.103966000      0.000000000 

H       -4.602363000     -2.638464000      0.000000000 

H       -6.545352000     -1.108635000      0.000000000 

H       -6.149213000      1.350080000      0.000000000 

H       -3.849064000      2.242279000      0.000000000 

H       -0.897451000      2.455605000      0.000000000 

H        0.897451000     -2.455605000      0.000000000 
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