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ABSTRACT 

Guided ion beam tandem mass spectrometry is used to obtain the kinetic energy 

dependent cross sections for collision-induced dissociation of hydrated transition metal 

complexes of Ni2+(H2O)x, x = 4 – 11, Co2+(H2O)x, x = 5 – 11, and CoOH+(H2O)x, x = 1 – 

4. The resulting cross sections obtained for each reactant ion are analyzed using statistical

models to yield 0 K bond dissociation energies (BDEs). The primary dissociation 

pathway for these three systems is the loss of a single water followed by sequential water 

loss at higher energies. The charge separation process, M2+(H2O)x → MOH+(H2O)m + 

H+(H2O)x-m-1, is also observed for particular sized complexes in the M2+(H2O)x studies. 

Threshold analyses determine the charge separation pathway to be energetically favored 

over water loss at x = 4 for Ni2+ and x = 6 for Co2+. For collision induced dissociation of 

CoOH+(H2O)x complexes, the loss of OH becomes a competitive dissociative pathway to 

the loss of water at x = 1. Combining the experimental HO-Co+(H2O) and water loss 

BDEs from CoOH+(H2O)x with those for Co+(H2O)y from literature, BDEs for the loss of 

OH from CoOH+(H2O)x are also derived. Theoretical geometry optimizations and single 

point energy calculations are performed on reactant and product complexes using several 

levels of theory to obtain thermochemistry for comparison to experiment. 

Structural characterization of gas-phase ions of cysteine (Cys), cysteine methyl 

ester (CysOMe) and serine (Ser) complexed to zinc and cadmium dications is 

investigated by infrared multiple photon dissociation (IRMPD) action spectroscopy using 



a free electron laser in combination with theoretical calculations. IRMPD spectra are 

measured for [Zn(CysH)]+, [Cd(CysH)]+, [Zn(CysOMeH)]+, [Cd(CysOMeH)]+, 

CdCl+(CysOMe), [Zn(SerH)CH3CN]+and CdCl+(Ser) complexes. The measured action 

spectra are compared to linear absorption spectra calculated at the B3LYP/6-311+G(d,p) 

level (Zn2+ complexes) and B3LYP/def2-TZVP levels (Cd2+ complexes) to identify the 

structures of the experimentally observed species. On the basis of these experiments and 

calculations, all complexes examined here adopt a tridentate binding coordination of the 

amino acid to the metal.  

iv



For Oriana, 

My best friend and loyal companion. 

I work hard so that you may have a better life. 



TABLE OF CONTENTS 

ABSTRACT ....................................................................................................................... iii 

ACKNOWLEDGEMENTS ............................................................................................. viii 

1.  INTRODUCTION AND OVERVIEW ......................................................................... 1 

1.1. Background ......................................................................................................... 1 
1.2. Overview ............................................................................................................. 3 
1.3. Future Work ........................................................................................................ 5 
1.4. References ........................................................................................................... 7 

2.  EXPERIMENTAL METHODS AND DATA ANALYSIS ........................................ 10 

2.1. Collision-Induced Dissociation Experiments ................................................... 10 
2.2. Infrared Multiple Photon Dissociation Experiments ........................................ 17 
2.3. References ......................................................................................................... 18 

3. THERMOCHEMICAL INVESTIGATIONS OF HYDRATED NICKEL DICATION
COMPLEXES BY THRESHOLD COLLISION-INDUCED DISSOCIATION AND
THEORY .......................................................................................................................... 21 

3.1. Abstract ............................................................................................................. 22 
3.2. Introduction ....................................................................................................... 22 
3.3. Experimental and Computational Methods ...................................................... 23 
3.4. Results ............................................................................................................... 25 
3.5. Conclusion ........................................................................................................ 37 
3.6. References ......................................................................................................... 37 

4. BINDING ENERGIES OF HYDRATED COBALT(II) BY COLLISION-INDUCED
DISSOCIATION AND THEORETICAL STUDIES: EVIDENCE FOR A NEW
CRITICAL SIZE ............................................................................................................... 40 

4.1. Abstract ............................................................................................................. 40 
4.2. Introduction ....................................................................................................... 41 
4.3. Experimental and Computational Methods ...................................................... 43 
4.4. Results ............................................................................................................... 49 
4.5. Conclusion ........................................................................................................ 87 
4.6. References ......................................................................................................... 88 

Chapters



5. BINDING ENERGIES OF HYDRATED COBALT HYDROXIDE ION
COMPLEXES: A GUIDED ION BEAM AND THEORETICAL INVESTIGATION    94

5.1. Abstract ............................................................................................................. 95 
5.2. Introduction ....................................................................................................... 95 
5.3. Experimental and Computational Methods ...................................................... 96 
5.4. Results ............................................................................................................... 97 
5.5. Conclusion ...................................................................................................... 106 
5.6. References ....................................................................................................... 107 

6. STRUCTURAL CHARACTERIZATION OF GAS-PHASE CYSTEINE AND
CYSTEINE METHYL ESTER COMPLEXES WITH ZINC AND CADMIUM
DICATIONS BY INFRARED MULTIPLE PHOTON DISSOCIATION
SPECTROSCOPY .......................................................................................................... 108 

6.1. Abstract ........................................................................................................... 109 
6.2. Introduction ..................................................................................................... 109 
6.3. Experimental and Theoretical Methods .......................................................... 110 
6.4. Results and Discussion ................................................................................... 111 
6.5. Conclusions ..................................................................................................... 117 
6.6. Notes and References ...................................................................................... 118 
6.7. Correction ....................................................................................................... 119 

7. Zn2+ AND Cd2+ CATIONIZED SERINE COMPLEXES: INFRARED MULTIPLE
PHOTON DISSOCIATION SPECTROSCOPY AND DENSITY FUNCTIONAL
THEORY INVESTIGATIONS ...................................................................................... 121 

7.1. Abstract ........................................................................................................... 122 
7.2. Introduction ..................................................................................................... 122 
7.3. Experimental and Theoretical Methods .......................................................... 123 
7.4. Results ............................................................................................................. 124 
7.5. Discussion ....................................................................................................... 130 
7.6. References ....................................................................................................... 132 
7.7. Correction ....................................................................................................... 134 

vii



ACKNOWLEDGEMENTS 

Foremost, I would like to express my sincere gratitude to my advisor Dr. Peter 

Armentrout for his continued support of my research, for his patience, understanding, and 

immense knowledge. His mentorship and encouragement were paramount in providing a 

well-rounded experience for me to grow as a chemist. For everything you’ve done, Peter, 

I thank you.  

I would also like to thank all the past and present Armentrout group members. 

Specifically, to Chris McNary, my first friend in Utah and my trusted colleague. Also, 

thank you to Georgia Boles and Fan Yang for being ideal lab and office mates. 

Completing this work would have been all the more difficult were it not for their help in 

the lab, moral support, and friendship. 

A major highlight of my graduate research career has been traveling to the 

Netherlands for our collaborative research opportunities at the FELIX facility. Fruitful 

research aside, I thank the stellar FELIX staff for these lasting memories.  

I would like to acknowledge my awesome, brave and cheerful family for the 

endless love and support they have provided me through my entire life. I am very grateful 

to my adventure partner for his patience, love and unwavering encouragement during 

these years.  

Lastly, the National Science Foundation generously provided funding for the 

work presented in this dissertation, Grants CHE-1359769 and PIRE-0730072. 



CHAPTER 1 

INTRODUCTION AND OVERVIEW 

1.1 Background 

Many transition metals are nutritionally essential for humans, animals, micro-

organisms, and plants. As many of these metals are ubiquitous in nature, either deficiency 

or toxicity can occur with either too little or too much essential metal intake. Although 

many transition metals are naturally present, the anthropogenic release from the progress 

of industrialization and commercial uses cause various concentrations of these metals 

with toxic and even carcinogenic consequences.1-5 One of the primary means of exposure 

for the general population is as a metal contaminant in drinking water. For the efficient 

removal of these metal pollutants in bulk aqueous environments, a complete 

understanding of the hydrated metal ion at the microscopic level is first required. The 

transition metal ions of interest chosen for the first part of this dissertation are Ni2+ and 

Co2+, both of which are essential metals for biological function. However, these metals 

are also listed as potential contaminants under the EPA Safe Drinking Water Act.6  

For the past decade, the Armentrout group has studied gas-phase hydrated metal 

ions by threshold collision-induced dissociation (TCID) for M+(H2O)x where M+ = Ti to 

Cu;7 and M2+(H2O)x where M = Fe,8 Cu,9 Zn,10-11 and Cd12-13 using a guided ion beam 

tandem mass spectrometer coupled to an electrospray ionization source (ESIGIBMS). 



This experimental technique coupled with quantum chemical calculations allows us to 

gain accurate thermochemical information for the dissociative behavior as well as insight 

into the structural conformation of the hydrated metal complexes. The work presented in 

this dissertation examines the TCID of M2+(H2O)x complexes for M = Ni and Co, where x 

= 4 – 11 and x = 5 – 11, respectively. The dominant dissociative process in these 

complexes for all observed x is loss of a single neutral water molecule, reaction 1.1,  

M2+(H2O)x → M2+(H2O)x-1 + H2O       (1.1) 

followed by the sequential loss of additional water molecules at higher energies. For both 

hydrated metal systems, certain specific complexes are also observed to undergo a 

dissociative charge separation process, reaction 1.2. 

M2+(H2O)x → MOH+(H2O)m + H+(H2O)x-m-1  (1.2) 

Modeling the competition of the water loss versus charge separation reactions allows us 

to determine the critical size at which reaction 1.2 becomes energetically favorable over 

reaction 1.1 for both Ni2+(H2O)x and Co2+(H2O)x systems. Concurrently, reaction 1.2 is 

observed to occur during the formation of M2+(H2O)x complexes such that we 

independently measure the binding energies for CoOH+(H2O)x, for x = 1 – 4. 

Experimental dehydration and extracted dehydroxylation energies are obtained for the 

CoOH+(H2O)x complexes. The kinetic energy-dependent cross sections for Ni2+(H2O)x, 

Co2+(H2O)x, and CoOH+(H2O)x systems are modeled to yield 0 K bond dissociation 

energies (BDEs), which are compared to theoretically predicted energetics. 

If metal ions become mobile in water they can subsequently be introduced to 

biological systems. Metals ions cannot be destroyed as they make their way through the 
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body, but are instead spread throughout and are easily ligated.14 This raises the question, 

once in vivo, how do metal ions interact with biological ligands? The latter part of this 

dissertation aims to answer the fundamentals of this question using infrared multiple 

photon dissociation (IRMPD) spectroscopy to gain structural insight into complexes of 

Zn2+ and Cd2+ bound to single amino acids. Zinc is an essential nutrient, found as the 

metal center in several metalloproteins,15-16 whereas cadmium is highly toxic, a known 

carcinogen, nonbiodegradable, and can replace zinc in many biological systems.17-18 The 

structural assignment of the metallated amino acids is determined by comparing 

experimental IR spectra generated to linear absorption spectra predicted by theory. 

1.2 Overview 

Chapter 2 outlines the instrumentation used in the present work. Chapters 3 – 5 

utilized the ESI-GIBMS. The work in Chapters 6 and 7 was performed using a Fourier-

transform ion cyclotron resonance (FT-ICR)19-21 mass spectrometer coupled to the Free 

Electron Laser for Infrared eXperiments (FELIX)22 beam line. Raw data conversion 

techniques for both CID and IRMPD data are also outlined in Chapter 2. Additionally, 

each chapter (3 – 7) presents the respective experimental procedures, data collection 

techniques, methods for converting raw data into cross sections or IR spectra, and 

theoretical methods utilized. Methods for modeling cross sections for single, sequential, 

and competitive dissociations to yield thermochemical information are outlined in 

Chapters 3 – 5. 

Chapter 3 details the collision-induced dissociation experiments for Ni2+(H2O)x, 

where x = 4 – 11, resulting in the first experimentally determined BDEs for x = 4 and 5. 
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Use of an in-source fragmentation technique allowed for the control of the population of 

ground and excited isomer reactant ions. As a result, speculative thermochemistry for 

excited isomers of the x = 4 – 6 complexes are also obtained. A detailed theoretical study 

into the structures and predicted BDEs of the Ni2+(H2O)x complexes is also presented 

using several levels of theory for comparison to experiment. Calculated rate-limiting 

transition states for reaction 1.2 are compared to experimental threshold measurements 

for dissociative charge separation processes. The work in Chapter 3 has been published.23 

Chapter 4 is a continuation of the hydrated 3d transition metals studies, with the 

experimental and theoretical investigation of Co2+(H2O)x complexes, x = 5 – 11, 

sequential binding energies. Because different levels of theory disagree on the ground 

structure (GS) conformation, analysis of the experimental cross sections is examined for 

the different conformations to address the ambiguity in the assignment of the 

coordination number for Co2+. The competition between reactions 1.1 and 1.2 is also 

examined, and rate-limiting transition states for the charge separation process are 

calculated and compared to experimental threshold measurements of the reaction barrier 

height. Results from this study give evidence to establish a new critical size for the 

charge separation of Co2+(H2O)x. This work is under preparation for publication. 

Chapter 5 presents studies on the CoOH+(H2O)x system, where TCID experiments 

are performed to obtain hydration energies for x = 1 – 4. Hydroxylation energies are also 

extracted by Hess’s Law from combining bond enthalpies of CoOH+(H2O)x-H2O and 

Co+(H2O)x-H2O.7 Theoretical calculations are performed to provide structures for the 

reactant and product ions, and to generate bond energies for comparison to the 

experimental values. The work in Chapter 5 has been published.24 
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Chapters 6 and 7 introduce work done in collaborative efforts with the FELIX 

Facility at Radboud University, a free electron user facility in the Netherlands. The 

IRMPD studies aim to interpret why Zn2+ preferentially binds to the amino acids histidine 

(His)25 and cysteine (Cys), by gaining insight into the structural binding motif of the 

metal ion to the amino acid. Metallated Cys and cysteine methyl ester (CysOMe) are 

studied in Chapter 6. To determine zinc’s binding preference for Cys and His, we have 

extended the IRMPD studies to observe structural conformation changes when these 

residues are replaced with other amino acids including glutamine (Gln),26 glutamic acid 

(Glu),27 and asparagine (Asn).28 Chapter 7 examines metallated serine (Ser) as it differs 

from Cys only by the replacement of oxygen for the sulfur in the side-chain. To identify 

the structures of the experimentally observed gas-phase species, the measured action 

spectra are compared to calculated linear absorption spectra. The work in these chapters 

has been published.29-30 

1.3 Future Work 

Experimental thresholds presented in Chapters 3 – 5 of this work are extracted 

from modeling of either the primary or sequential products only. However, because of the 

limited range of complexes generated in the source for Chapter 5, we are interested in 

investigating whether modeling the tertiary and quaternary sequential products might 

provide useful thermodynamic information. However, our modeling program is 

programmed to examine only primary and secondary ligand loss channels. Therefore, the 

thermochemistry should be taken from the relative thresholds and we would treat the 

Co2+(H2O)x – 2 and Co2+(H2O)x – 3 product cross sections as if they were the primary and 
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sequential dissociation products, respectively, ignoring the true dominant primary and 

secondary channels. From the Co2+(H2O)5 CID product cross sections, this would allow 

us to obtain an upper limit for the BDEs of Co2+(H2O)3 and Co2+(H2O)2. Should this 

approach yield accurate thermochemical information, it will be advantageous to try and 

utilize this process to model the quinary sequential product with hopes of determining the 

Co2+(H2O) BDE. To test the accuracy of this approach we aim to first model the tertiary, 

quaternary and quinary processes from the x = 11 reactants, for which primary and 

secondary threshold data are available for comparison (x = 9, 8, and 7, respectively). The 

tertiary and quaternary sequential modeling approach has been previously examined for 

Cu2+(H2O)x, in which it was determined a correction factor of ~0.2 eV need to be applied 

to the tertiary BDEs to be within reasonable agreement to primary BDEs.9 

It was discovered in the CID Ni2+(H2O)x and Co2+(H2O)x studies (presented in 

Chapter 3 and 4) that the conditions of the source can be changed to alter the reactant ion 

population distribution and eliminate generation of hydroxides or protonated water 

species, reaction 1.2. Subsequently, we advantageously adjust these conditions such that 

the dications are instead eliminated to study the CoOH+(H2O)x preferentially (Chapter 5). 

The motivation behind this technique is to reduce contamination of nearly isobaric 

complexes, which has previously complicated Fe2+(H2O)x CID cross sections for x = 5 

and 11.8 This method of preferential reactant ion selection/deselection is being applied in 

collaborative studies initiated for the investigation of Mn2+(H2O)x, FeOH+(H2O)x and 

SnOH+(H2O)x by CID and theoretical studies. The method for deselecting Ni2+(H2O)x 

reactant complexes and studying the NiOH+(H2O)x complexes would be a worthwhile 
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study to initiate in the future. Such a study would allow periodic trends in the hydration 

and hydroxylation of MOH+(H2O)x complexes to be examined. 
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CHAPTER 2 

EXPERIMENTAL METHODS AND DATA ANALYSIS 

2.1 Collision-Induced Dissociation Experiments 

The hydrated transition metal ion experiments described in Chapters 3, 4, and 5 

were performed using a guided ion beam tandem mass spectrometer with an electrospray 

ionization source (ESI-GIBMS), shown in Figure 2.1, which has been described in detail 

previously.1-3 The GIBMS consists of four main regions: ESI source, magnetic 

momentum analyzer, octopole ion guide and reaction cell, and a quadrupole mass filter 

and Daly detector. The ions are generated using an ESI source,3 which comprises a 

stainless-steel electrospray needle, a heated capillary, an 88 plate radiofrequency (rf) ion 

funnel,4 and an rf hexapole ion guide. A 10-4 M solution of the metal salt in neat water is 

delivered through the electrospray stainless-steel needle with a flow rate of 0.05 − 0.10 

L/h and a voltage of 2.0 − 2.2 kV applied to the needle to ionize the complexes. The ions 

enter a capillary following the spray which is heated to 80 °C to promote desolvation of 

large droplets and has a small applied potential, typically <15 V. After emerging from the 

capillary, the ions are collected in the ion funnel (IF), increasing signal intensity,5-6 and 

are pulled through the IF by a gentle DC gradient, typically ~10 V, so as to avoid 

collisional heating. At the end of the IF, the ions are injected into an rf-only hexapole ion 

guide which traps the ions in the radial direction using an rf amplitude set to 250 V peak 
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to peak. Here, the ions undergo sufficient thermalizing collisions, >104 collisions with the 

ambient gas (predominantly air and water),7 as they drift through the hexapole to bring 

them to a Maxwell Boltzmann distribution of ro-vibrational states at room temperature.3,7-

10 A set of DC electrodes set in between the hexapole rods are utilized as an in-source 

fragmentation technique to increase the signal intensity of smaller complexes by 

fragmenting larger complexes with increasing electrode voltage.11 The position of the 

electrodes relative to the end of the hexapole allows the newly formed smaller complexes 

to rethermalize as they drift to the end of the hexapole, demonstrated previously11-13 and 

in this work. This electrode fragmentation technique is used to preferentially form 

smaller complex sizes of Ni2+(H2O)x, Co2+(H2O)x, and CoOH+(H2O)x as explicitly 

outlined in Chapters 3, 4 and 5, respectively. 

The thermalized ions are extracted from the hexapole and focused into the 

magnetic momentum analyzer for selection of the desired reactant ion by its mass-to-

charge ratio (m/z). The reactant ions are then decelerated to a known kinetic energy 

relative to the hexapole in the ion source, Vlab, and focused into an rf octopole ion guide14 

where the ions are trapped radially. Reactant ions pass through a collision gas cell which 

surrounds part of the octopole containing xenon (at low pressures varying between 0.05 

and 0.20 mTorr). Xenon is used as the collision gas for inducing dissociation as it is 

large, monatomic, chemically unreactive, and polarizable, thereby providing efficient 

kinetic to internal energy transfer upon collision.15-16 After the collision cell, unreacted 

reactant and product ions drift out of the octopole, where they are focused into a 

quadrupole mass filter and then detected utilizing a Daly type detector.17  
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2.1.1 Data reduction and analysis. Ion intensities are converted to absolute cross 

sections, which correspond to the probability of a reaction to occur, using a Beer’s Law 

relationship seen in eq 2.1. 

𝐼𝐼 = 𝐼𝐼0exp(−𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝜌𝜌𝜌𝜌)          (2.1) 

Here, I is the reactant ion intensity of the transmitted ion beam (after the collision cell), I0 

is the reactant ion intensity before the collision cell, σtot is the total cross section, ρ is the 

number density of xenon in the collision cell, and l is the effective path length of the gas 

cell (8.6 cm). The rf field of the octopole ensures very few ions are lost by scattering, 

such that I – I0 = Σ Ij, the sum all product intensities. The product intensity of channel j is 

converted to a cross section by eq 2.2. 

𝜎𝜎𝑗𝑗 = 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡 �
𝐼𝐼𝑗𝑗
∑ 𝐼𝐼𝑗𝑗
�      (2.2) 

By subtracting ion intensities without collision gas in the cell from those with collision 

gas in the cell, background collisions and detector noise are removed from the cross 

sections. Experiments are performed at three different pressures of Xe in the collision cell 

(typically about 0.05, 0.10, and 0.20 mTorr) so that the cross sections could be 

extrapolated to zero pressure. This ensures single collision conditions by rigorously 

removing effects arising from multiple collisions,18-19 which are particularly significant in 

the present systems for higher order water losses and the charge separation channels. 

Absolute cross sections have an uncertainty of ±20% (10% uncertainties for pressure 

measurement and 10% for collision cell length).20 
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The energy of the reactants in the lab frame, VLab, is converted to the relative 

center-of-mass (CM) energy using ECM = z × VLab × m/(m + M), where z is the number of 

charges on the ion, m is the mass of the neutral reactant Xe, and M is the mass of the 

ionic reactant. The absolute energy zero and kinetic energy distribution of the reactant 

ions are determined using a retarding potential technique.1 The derivative of the 

normalized ion intensities is fit to a Gaussian distribution to obtain the absolute zero of 

energy as well as the distribution of reactant ion kinetic energies. 

Accurate thermochemical results for the loss of a single ligand from a reactant ion 

are extracted from the zero-pressure kinetic energy dependent cross sections using the 

modified line-of-centers (LOC) model for bimolecular collisions, eq 2.3.  

𝜎𝜎𝑗𝑗(𝐸𝐸) = 𝜎𝜎0 ∑𝑔𝑔𝑖𝑖�𝐸𝐸 + 𝐸𝐸𝑖𝑖 − 𝐸𝐸0,𝑗𝑗�
𝑛𝑛

/𝐸𝐸       (2.3) 

In this expression, σ0 is an energy independent scaling factor, E is the relative 

translational energy of the reactants, E0,j is the reaction threshold at 0 K for channel j, and 

n is an adjustable fitting parameter that characterizes the energy deposition during 

collision.2 The summation is over the ro-vibrational states of the reactants having 

excitation energies Ei and populations gi, where ∑gi = 1. The number of ro-vibrational 

states are counted using the Beyer-Swinehart-Stein-Rabinovitch algorithm,21-24 and a 

Maxwell-Boltzmann distribution at 300 K is used to describe the populations gi. Before 

comparison with the data, the model is also convoluted over the kinetic energy 

distributions of the reactants.1 As the size of the reactant ions increases, those with energy 

in excess of the dissociation threshold may not have time to dissociate within the 

experimental time of flight, τ ≈ 5 × 10−4 s.25 Accordingly, larger kinetic energies are 
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required to dissociate the ion within the time scale of the experiment and the apparent 

thresholds increase to higher energies. This kinetic shift in the threshold can be accounted 

for by incorporating Rice-Ramsperger-Kassel-Marcus (RRKM) statistical theory25,26-27 

for unimolecular dissociation into eq 2.3, as seen in eq 2.4.28 

𝜎𝜎𝑗𝑗(𝐸𝐸) = �𝑛𝑛𝑛𝑛0,𝑗𝑗

𝐸𝐸
�∑𝑔𝑔𝑖𝑖 ∫ � 𝑘𝑘𝑗𝑗

(𝐸𝐸∗)

𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸∗)� (𝐸𝐸 − 𝜀𝜀)𝑛𝑛−1𝑃𝑃𝐷𝐷1𝑑𝑑(𝜀𝜀)𝐸𝐸
𝐸𝐸0,𝑗𝑗−𝐸𝐸𝑖𝑖

     (2.4) 

Here, ε is the energy deposited into internal modes of the reactant ion during collision at a 

relative translational energy, E. The internal energy of the energized molecule (EM) after 

collision is E* = ε + Ei. This value is integrated over all possible deposited energies 

leading to dissociation and is used to calculate the total unimolecular dissociation rate 

coefficient, ktot(E*) = Σ kj(E*). PD1 = 1 – exp[-ktot(E*)τ] is the probability of dissociation 

of the EM to occur within the experiment time scale. Should the EM dissociate within the 

time frame, the integration of eq 2.4 recovers eq 2.3. Modeling competitive dissociative 

pathways is achieved by eq 2.4 through the incorporation of the kj(E*)/ktot(E*) factor. The 

RRKM unimolecular rate coefficient is defined by eq 2.5, 

𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸∗) = ∑𝑘𝑘𝑗𝑗(𝐸𝐸∗) = ∑𝑑𝑑𝑗𝑗𝑁𝑁 𝑗𝑗
†�𝐸𝐸∗ − 𝐸𝐸0,𝑗𝑗�/ℎ𝜌𝜌(𝐸𝐸∗)      (2.5) 

where dj is the reaction degeneracy for channel j given by the ratio of the rotational 

symmetry numbers (reactant/products),25 Nj
†( E* – E0,j) is the number of ro-vibrational 

states of the transition state (TS) for channel j at an energy E* – E0,j above the reaction 

barrier, and ρ(E*) is the density of states for the ro-vibrational levels of the EM at E*. 

The rotational constants and vibrational frequencies of the EM and TSs are taken from 

quantum chemical calculations (detailed in Chapters 3, 4, and 5).  
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Sequential dissociations are also modeled in Chapters 3, 4, and 5 in order to 

obtain thermochemical information on smaller complexes not directly accessible from the 

ESI source. Thresholds for secondary dissociation are modeled in conjunction with 

modeling the single water loss channel by a statistical approach combining eq 4 with the 

probability for further dissociation, eq 2.6, 

𝑃𝑃𝐷𝐷2 = 1 − 𝑒𝑒−𝑘𝑘2(𝐸𝐸2∗)𝜏𝜏     (2.6) 

where E2
* is the internal energy of the product ion undergoing sequential dissociation. 

This energy is determined by energy conservation, E2
* = E* – E0,j – T1 – EL, where T1 is 

the translational energy of the primary products and EL is the internal energy of the 

neutral product. Statistical assumptions are used to assign the distributions of each of 

these quantities, thereby allowing calculation of the secondary dissociation rate constant, 

k2.29 Because the uncertainties in the energy distribution increase for every neutral ligand 

lost, the sequential model is typically limited to single primary product channels such that 

no designation of the individual primary reaction channel j is included in eq 2.6. 

Equations 2.3, 2.4, or 2.6 are used to analyze the experimental cross sections, 

reproducing the data over extended energy and magnitude ranges by optimizing the 

fitting parameters, σ0,j, E0,j, and n by a nonlinear least squares criterion. The uncertainties 

in these parameters are ascertained by including variations associated with modeling 

several independent experimental cross sections, scaling the theoretical vibrational 

frequencies by ±10%, varying the n value by ±0.1, scaling the experimental time of flight 

up and down by a factor of two, and including the uncertainty in the absolute energy 

scale (±0.05 eV, lab). 
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2.2 Infrared Multiple Photon Dissociation Experiments 

Metallated amino acid experiments described in Chapters 6 and 7 were performed 

at the FELIX Facility of Radboud University in the Netherlands using the free electron 

laser for infrared experiments (FELIX) beam line.30 A 4.7 T Fourier transform ion 

cyclotron resonance (FT-ICR) mass spectrometer31-33 is used to measure the IRMPD 

spectra. Solutions of 1.0 mM amino acid with 1.0 mM zinc nitrate or cadmium chloride 

in 50:50 MeOH:H2O solution are used to generate metallated amino acid ions by a 

Micromass Z-spray ESI source, operated in the positive ion mode, with a flow rate of 3 - 

10 µL/min and ~2.9 kV. Ions generated by the ESI source are accumulated in a linear 

hexapole rf trap at approximately 10-3 Torr for 5 - 7 s before being pulse extracted 

through a quadrupole bender. After pulse extraction from the trap, ions are guided to the 

ICR cell using rf and dc electric fields via a 1.0-meter-long octopole ion guide. Capturing 

the ions is achieved using gated re-referencing of the ions’ dc bias potential on the 

octopole to avoid the need for a gas pulse and to avoid collisional heating of the ions.31 

Once trapped in the ICR cell, the ions are allowed to cool radiatively to room temperature 

for up to 0.4 s at 10-8
 Torr.34 The ion of interest is mass isolated using a stored waveform 

inverse Fourier transform (SWIFT) excitation pulse.35-36 These isolated ions are irradiated 

with FELIX for 3 - 5 s at a 5 or 10 Hz macropulse repetition rate (energy up to 45 mJ per 

pulse and the bandwidth is 0.5% of the central frequency). In addition to the FELIX 

beam, a secondary laser beam from a 35-W continuous wave CO2-laser can be introduced 

into the ICR cell to interact with the stored ions.  

2.2.1 Data reduction. The IRMPD spectra are generated by plotting the 

photofragmentation yield, eq 2.7, 
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Y = Σ IF /(IP + Σ IF)         (2.7) 

where IP and IF are the integrated intensities of the parent and fragment ion mass peaks, 

respectively, as a function of the wavenumber of the IR radiation after correcting for laser 

power. Infrared spectra obtained using IRMPD methods are comparable to those recorded 

using linear absorption techniques, in part because the spectra result from incoherent, 

rather than coherent, multiple photon excitation. Previous modeling studies have 

demonstrated the near-linear absorption character of IRMPD studies.37-38  
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ABSTRACT: The experimental bond energies of Ni2+(H2O)x complexes, where x = 4−
11, are determined by threshold collision-induced dissociation using a guided ion beam
tandem mass spectrometer with an electrospray ionization source. The electrospray
ionization source produces a distribution of Ni2+(H2O)x complexes, where an in-source
fragmentation technique is employed to access the x = 4−6 complexes and control the
population of excited isomers. The kinetic energy-dependent cross sections are modeled to
yield 0 K bond energies for sequential loss of neutral water molecules, which are converted
to 298 K binding energies. Analysis of the primary and secondary water losses from the
Ni2+(H2O)x reactant ion complexes, x = 4−11, provide accurate thermochemistry for the
hydration energies of Ni2+ and yield the first experimental values for x = 4 and 5 binding
energies. Speculative thermochemistry for excited isomers of the x = 4−6 complexes is also
obtained. Quantum chemical calculations explore the relative energies of possible
geometries. Theoretical bond energies for ground structures are used for direct comparison
with experimental values. Our experimental results agree well with previously calculated
and experimentally obtained binding enthalpies as well as with the more extensive quantum chemical calculations performed
here.

■ INTRODUCTION

Nickel (Ni) is a naturally occurring group 3d transition metal
existing in various mineral forms and is present in all facets of
the environment. Nickel plays a well-defined biological role as a
trace nutrient in animals, plants, and bacteria.1 Although
biologically important, like so many other transition metals,
nickel is heavily used in industry and can also be toxic in excess,
being listed on the EPA Clean Water Act Priority Pollutant
List.2 Exposure via diet and drinking water provide most of the
intake of nickel and nickel compounds, and once nickel enters
the body, it is distributed to all organs.1,3 Hence, understanding
of the fundamental interactions of nickel and water can provide
insight into effective strategies for removal of the pollutant and
its delivery to needed biological sites.
Previously, our group has used threshold collision-induced

dissociation (TCID) in tandem with theoretical calculations to
investigate the hydration of alkaline earth and transition metal
dications M2+(H2O)x, where M = Mg,4 Ca,5,6 Sr,7 Ba,8 Fe,9

Cu,10,11 Zn,12,13 and Cd.14,15 These studies show that the
sequential bond dissociation energies (BDEs), dissociation
pathways, and ligand coordination behavior are dependent on
the metal center as well as the number of water ligands
surrounding the metal. Several other research groups have
examined the hydration of multiply charged metals from both
an experimental and a theoretical viewpoint. For nickel,
Williams and co-workers used blackbody infrared radiative
dissociation (BIRD) to directly measure hydration energies of
Ni2+(H2O)x for x = 6−8, determining 0 K hydration energies of
100.8 ± 4.2, 73.6 ± 3.3, and 71.5 ± 2.9 kJ/mol, respectively.16

Kebarle and co-workers used high-pressure mass spectrometry
(HPMS) to measure the equilibrium for the hydration of the
late first-row transition metals, Mn2+ through Zn2+, determining
ΔG300 for the processes;17,18 however, for Ni2+, these
experiments were limited to water clusters sizes of x = 8−12.
By assuming ΔS = 96 J/K mol, they determined an outer shell
298 K hydration energy of 63.2 kJ/mol at x = 8 (equivalent to
67.4 kJ/mol at 0 K, see below), somewhat less than the BIRD
value. These studies have also sought to investigate the number
of ligands that directly bind to the metal center before the
second solvation shell forms, known as the coordination
number (CN). For Ni2+, CN equals 6, as determined by both
infrared photodissociation spectroscopy19 and a density
functional theory (DFT) study of the low-lying isomers of
Ni2+(H2O)x (x = 1−24).20
The present study extends our TCID studies to the

hydration of Ni2+ by examining the sequential dissociation of
Ni2+(H2O)x complexes, where x = 4−11. In agreement with our
previous M2+(H2O)x studies, the dominant process observed is
reaction 1, loss of a single water ligand

→ ++ +
−Ni (H O) Ni (H O) H Ox x

2
2

2
2 1 2 (1)

followed by sequential loss of additional water molecules. In
addition, particular sized complexes are found to undergo
dissociative charge separation processes, reaction 2.
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→ ++ + +
− −Ni (H O) NiOH (H O) H (H O)x m x m

2
2 2 2 1 (2)

In the nickel system, when the charge separation reaction 2 is
observed, this threshold is found to be higher in energy than
the primary water loss threshold for reaction 1, such that the
competition between the two pathways does not affect the
measured hydration energies, as discussed below. The
phenomenon in reaction 2 for hydrated nickel dications has
been studied previously to determine the critical size, xcrit,
defined there as “the maximum number of ligands at which
dissociative charge transfer is competitive with simple ligand
loss.”21 Kebarle and co-workers reported a lower limit critical
size for Ni2+ as xcrit = 4,22 whereas Shvartzburg and Siu found
xcrit = 5.21 Previous TCID studies by Armentrout have
determined 3d transition metal energy-dependent critical sizes
for Fe2+ (xcrit = 4),9 Cu2+ (xcrit = 8),10 and Zn2+ (xcrit = 7).13 In
that work, it was suggested that the critical size be more
precisely defined as “the largest value of x at which the charge
separation is energetically favored over the loss of one water
ligand.”13 Here, we also examine the critical size of Ni2+(H2O)x
using the energy-dependent definition. Finally, in the case of
the x = 4−6 systems, evidence for the production of excited
isomers was found, and thermochemistry measured independ-
ently for these. Using TCID in conjunction with theoretical
calculations, this study provides an in-depth look at the
structures and binding interactions that form the inner and
second hydration shells of this nickel dication.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Experimental Procedures. Cross sections for the
collision-induced dissociation (CID) of hydrated nickel
dication complexes are measured using a guided ion beam
tandem mass spectrometer (GIBMS), which has been
described in detail previously.23,24 The hydrated nickel
dications, Ni2+(H2O)x, are produced using an electrospray
ionization (ESI) source,25 which comprises a stainless steel
electrospray needle, a heated capillary, an 88 plate radio-
frequency (rf) ion funnel,26 and an rf hexapole ion guide. The
complexes are generated by electrospray ionization of 10−4 M
NiCl2 dilute water solution with a low flow rate of 0.08−0.10
L/h and a voltage of 2.0−2.2 kV applied to the electrospray
needle. The capillary was heated to 80 °C to promote
desolvation of large droplets, with an applied positive potential
(14−17 V) set slightly larger than the voltage of the first plate
of the ion funnel (12−15 V). The ions that emerge from the
capillary are collected in the ion funnel. A 0.250″ diameter
polished stainless steel disk (jet disrupter)25,27 is located 20
plates from the first ion funnel plate to disperse the emitted jet
stream in the ion funnel. The ions are pulled through the funnel
by a dc-gradient, kept to only 10−15 V for these experiments,
and injected into the hexapole ion guide. The rf of the hexapole
ion guide traps the ions in the radial direction with an
amplitude of 250 V peak-to-peak. In the past, an in-source
fragmentation technique, utilizing negatively biased dc electro-
des in between the hexapole rods and described in detail
elsewhere,28 was used to effectively enhance the signal intensity
of smaller M2+(H2O)x complexes by fragmenting larger
complexes. As will be seen below, at low electrode voltages,
the ion beam showed evidence for multiple isomers of the
selected Ni2+(H2O)x (x < 7) reactant ions. Here, the electrodes
could be employed to fragment the higher energy isomers,
either removing them or allowing them to “rehydrate” into low-

energy isomers. Once past the electrodes, the ions undergo
>104 collisions with ambient gas as they drift through the
hexapole ion guide. Previous studies have shown that under the
proper conditions, the ions emerging from the hexapole are
thermalized to room temperature.7,14,29,30 Although the ESI
source directly generated Ni2+(H2O)x complexes, x = 5−11, the
ion intensity for x = 5−7 could be greatly increased with use of
the in-source fragmentation electrodes. At relatively high
negative electrode voltages (−18 V), the Ni2+(H2O)4 complex
could be generated. No complex sizes smaller were observed as
we believe the threshold for charge separation into singly
charged hydrated nickel hydroxide and hydronium ions,
reaction 2, is below the threshold for water loss, reaction 1,
from x = 4 (see discussion below).
To further investigate the thermalization of the ions, a 5.1 cm

long nitrogen gas cooling cell that surrounds the hexapole (15.2
cm total length) starting 2.5 cm from the inlet was added to the
ESI/IF/6P source. Various pressures of nitrogen gas were
added to the cell to alter the thermalization conditions, but no
changes in the cross sections for Ni2+(H2O)x where x = 4−6
were observed.
The ions generated and thermalized in the source were

extracted from the hexapole ion guide and focused into a
magnetic sector momentum analyzer, where the desired
reactant ion was mass selected. The reactant ions were then
decelerated to a well-defined voltage relative to the ion source,
Vlab, and focused into an rf octopole ion guide31 where the ions
were trapped radially. A collision gas cell (8.3 cm effective
length), which surrounds the central part of the first of two
octopoles (22.9 and 63.5 cm long), contained Xe at varying
pressures (0.05−0.20 mTorr) that are low enough that single
collision conditions dominate. Xenon was used as the collision
gas to induce dissociation because it is heavy, monatomic,
polarizable, and chemically unreactive.32,33 After collision,
product ions and remaining reactant ions drifted to the end
of the octopole where they were extracted, mass selected using
a quadrupole mass filter, and detected using a Daly detector.34

Ion intensities were converted to absolute cross sections as
described previously with an uncertainty of ±20% (10%
uncertainties each in pressure measurement and collision cell
length).24 The laboratory ion potential, Vlab, was converted to
the relative kinetic energy in the center-of-mass (CM) frame by
ECM = Elab × m/(m + M), where Elab = 2Vlab because the ions
are doubly charged, m is the mass of the neutral collision gas,
and M is the mass of the reactant ion. The absolute zero of
energy and the kinetic energy distribution of the ion beam were
determined using a retarding potential technique, in which the
derivative of the normalized ion intensity was fit to a Gaussian
distribution.24 All energies below are reported in CM frame,
unless noted otherwise.

Thermochemical Analysis. To produce accurate thermo-
chemical data from the modeling of the CID process, several
effects must be considered; multiple collisions, lifetime effects,
and energy distributions. To ensure rigorous single collision
conditions, cross sections were obtained at multiple Xe
pressures, about 0.20, 0.10, and 0.05 mTorr, and extrapolated
to zero pressure cross sections.35,36 The zero-pressure
extrapolated cross sections for dissociation of a reactant
Ni2+(H2O)x complex are modeled using the empirical threshold
model shown in eq 3:

∑σ σ= + −E g E E E E( ) ( ) /j i i j
n

0 0, (3)
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where σ0 is an energy-independent scaling factor, E is the
relative translational energy of the reactants, E0,j is the reaction
threshold for channel j at 0 K, and n is an adjustable fitting
parameter that describes the efficiency of the energy transfer
upon collision.23 The summation is over the ro-vibrational
states of the reactants with excitation energies, Ei, and
populations, gi, where Σgi = 1. The number of ro-vibrational
states was directly counted by the Beyer−Swinehart−Stein−
Rabinovich algorithm to evaluate the internal energy
distribution for the reactants.37−40 A Maxwell−Boltzmann
distribution at 300 K is used to compute the relative
populations, gi.
As the Ni2+(H2O)x ions become larger, those with energy in

excess of the dissociation threshold may not have time to
dissociate on the time scale of the experiment, τ ≈ 5 × 10−4 s.23

This can lead to a kinetic shift in the energy threshold, which
can be accounted for by incorporating Rice−Ramsperger−
Kassel−Marcus (RRKM) statistical theory40−42 for unimolec-
ular dissociation into eq 3, as shown in eq 4.43
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In eq 4, ε is the energy transferred into internal degrees of
freedom of the reactant ion at a relative translational energy, E.
The internal energy of the energized molecule after collision is
E* = ε + Ei, and ktot(E*) is the total unimolecular dissociation
rate coefficient. The rate coefficient is used to calculate a
probability of dissociation, PD1 = 1 − exp[−ktot(E*)τ]. The
RRKM unimolecular dissociation rate coefficient is defined by
eq 5,

∑ ∑ ρ* = * = * − *†k E k E dN E E h E( ) ( ) ( )/ ( )j j j jtot 0, (5)

where kj(E*) is the rate coefficient for a single dissociation
channel j, dj is the reaction degeneracy calculated from the ratio
of rotational symmetry numbers40 of the reactants and products
of channel j, Nj

†(E* − E0,j) is the sum of the ro-vibrational
states of the transition state (TS) at an energy (E* − E0,j)
above the threshold for channel j, and ρ(E*) is the density of
ro-vibrational states for the energized molecule at the energy
available, E*. When the rate of dissociation is much faster than
the average experimental time scale, eq 4 reduces to eq 3.
Equation 4 also accounts for the competition between multiple
dissociation pathways using the kj(E*)/ktot(E*) ratio.43,44

Calculation of the RRKM unimolecular rate coefficients in eq
5 requires the ro-vibrational states of the energized molecule
and TS. The molecular parameters for the energized molecule
were taken from quantum chemical calculations of the reactant
ion. For water loss, the TS was assumed to be loose with no
reverse activation barrier, as the bond cleavage is heterolytic
with all the charge remaining on the nickel containing fragment
complex.45 The water loss TS is product-like and treated in the
phase space limit (PSL), such that it uses molecular parameters
taken from quantum chemical calculations of the products.43

Because the charge separation processes produce two singly
charged species, there must be an associated Coulomb barrier
along the reaction coordinate for this dissociation channel such
that the charge separation TSs are tight. The rate-limiting TSs
for charge separation are labeled according to the products
formed in reaction 2, i.e., TS[m + (x − m − 1)] where m is the
number of waters attached to the NiOH+ product and (x − m
− 1) is the number of waters attached to the H+ product.

Molecular parameters for these TSs are taken directly from the
calculations described below.
For a given Ni2+(H2O)x complex size, a sequential

dissociation model was employed to simultaneously analyze
cross sections for the first and second water losses. Thresholds
for sequential dissociation of a second water molecule were
modeled with a statistical approach that has been shown to
provide accurate thresholds for singly and doubly charged
systems.43,46 The bond dissociation energy (BDE) for the
Ni2+(H2O)x−1 complex is the difference between the thresholds
of these two product cross sections. The model for sequential
dissociation combines eq 4, the cross section of the primary
dissociation product, with the probability for further dissocia-
tion given by eq 6

= − τ− *P 1 eD
k E

2
( )2 2 (6)

where E2* is the internal energy of the product ion undergoing
sequential dissociation. This energy is determined by energy
conservation, E2* = E* − E0,j − T1 − EL, where T1 is the
translational energy of the primary products and EL is the
internal energy of the neutral product. For the remainder of this
article, representation of this sequential dissociation model that
combines eqs 4 and 6 will be notated as eq 4 × 6.
The CID cross sections of eq 4 and eqs 4 × 6 were

convoluted over the relative kinetic energy distributions of the
Ni2+(H2O)x and Xe reactants for comparison with the
experimental cross sections.24 A nonlinear least-squares fitting
procedure was used to optimize the fitting parameters in each
model. The uncertainties associated with the fitting parameters,
σ0,j, n, and E0,j, were determined from modeling multiple data
sets and additional modeling of the cross sections by scaling the
vibrational frequencies by ±10%, varying the best fit n value by
±0.1, scaling the experimental time-of-flight up and down by a
factor of 2, and including the absolute uncertainty of the energy
scale 0.05 eV (lab). Because all sources of energy are accounted
for in these analyses, the measured thresholds, E0,j, equal the
BDE for the Ni2+(H2O)x or Ni

2+(H2O)x−1 complex at 0 K,
47 or

the height of the charge separation barrier of reaction 2.
Computational Details. Possible geometries for

Ni2+(H2O)x complexes were taken from previously examined
geometries of Zn2+(H2O)x complexes,12 which were deter-
mined using a simulated annealing procedure that combines
annealing cycles and ab initio calculations.48 Structures were
optimized using density functional theory and the Gaussian09
suite of programs49 at the B3LYP/6-31G(d) level of theory50,51

using the “loose” keyword to utilize a large step size of 0.01 au
and rms force constant of 0.0017 to ensure rapid geometry
convergence. These structures were refined at a B3LYP/6-
311+G(d,p) level, which was used for the final geometry
optimizations as well as providing vibrational frequencies and
rotational constants. Geometry optimizations utilizing empirical
dispersion corrections were also determined at the B3LYP-
GD3BJ/6-311+G(d,p) level.52 Vibrational frequencies were
scaled by 0.98953 before being used in the modeling process to
calculate zero point energy and thermal corrections. Single
point energy calculations using the B3LYP/6-311+G(d,p)
optimized geometries were performed at B3LYP, B3P86,54

M06,55 M06-GD3, and MP2(full)56 (where full indicates
correlation of all electrons) levels of theory using a 6-
311+G(2d,2p) basis set and also at the B3LYP-GD3BJ/6-
311+G(2d,2p)//B3LYP-GD3BJ/6-311+G(d,p) level. The rela-
tive energetics calculated from the single point calculations
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include zero point corrections to yield 0 K values as well as
thermal corrections to the source temperature at 298 K. Basis
set superposition errors (BSSE) were calculated for dissociation
of the lowest energy structures at each level of theory in the full
counterpoise (cp) limit.57,58

■ RESULTS

Overview of Theoretical Results. As described above, the
geometry optimizations and frequency calculations for
Ni2+(H2O)x (x = 1−11) complexes were calculated using a
B3LYP/6-311+G(d,p) level of theory. For all complexes, the
triplet spin state of the 3d8 configuration on nickel was found to
be much more favorable energetically compared to a singlet
spin state. Although experimental data for the Ni2+(H2O)x
complexes where x = 1−3 were not attainable, their optimized
structures were also calculated and are presented here for
completeness. Important structural parameters of the B3LYP
predicted ground structures are provided in Table S1 of the
Supporting Information for Ni2+(H2O)x, where x = 1−9. For
the smaller complex sizes, x ≤ 6, all levels of theory predict that
all waters bind directly to the nickel dication for structures with
the lowest relative energies. Table 1 reports relative energetics
at 0 and 298 K for distinct low energy isomers of x ≥ 3
complexes. Structures and relative energies at 0 and 298 K of all
investigated isomers of Ni2+(H2O)x are given in Figure S1 and
Table S2, respectively, of the Supporting Information. In Figure

S1 and figures showing structures discussed below, intermo-
lecular hydrogen bonds are visualized (as dashed lines) only
between water ligands of different solvent shells in order to
emphasize solvent shell growth. In all cases, these donor−
acceptor hydrogen bonds between solvent shells have been
measured as less than 2.0 Å, suggesting relatively strong
electrostatic interactions. Longer-range, weaker electrostatic
hydrogen-bonding interactions between ligands within a single
solvent shell (2.9−3.6 Å) can be inferred from the orientation
of the water molecules with respect to each other. (These
longer range interactions are not explicitly shown as they make
the shell structure difficult to see.)
To verify these qualitative conclusions, we determined the

relative transition state energy for breaking these intermolecular
hydrogen bonds within a single solvent shell compared to those
between solvent shells using the (6,0) versus (6,1) GSs. The
highly symmetrical (6,0) GS with Th molecular symmetry
exhibits long hydrogen bonds (3.0 Å) between the ligands of its
single solvent shell (Figure 1). Rotating a single water ligand in
this isomer breaks these interactions with two adjacent water
ligands and requires 8.6−10.5 kJ/mol of energy at four levels of
theory. In the analogous (6,1)_AA GS (Figure 2a), breaking a
single hydrogen bond between the first and second shell ligands
to form the (6,1)_A isomer required 13.3−15.3 kJ/mol. All
levels of theory predict the long interactions within a solvent
shell to be weaker than the shorter intersolvent shell hydrogen

Table 1. Theoretical Relative Enthalpy (ΔH0) and Free Energies (ΔG298) (kJ/mol) for Distinct Ni2+(H2O)x Isomersa

x complex (x,y,z) B3LYP B3LYP-GD3BJ M06 MP2(full)

3 (3,0) 0.0(0.0) 0.0(0.0) 5.0(7.0)b 0.0(0.0)
(2,1)_A 86.9(86.5) 90.6(90.3) 68.1(69.7) 100.9(100.5)

4 (4,0) Cs 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0)
(4,0) D4 95.1(94.4) 94.3(93.6) 38.5(37.8) 109.0(108.3)
(3,1)_A 48.6(46.7) 53.5(51.5) 59.5(57.6) 71.8(69.9)
(3,1)_AA 61.2(57.8) 62.4(59.0) 64.4(60.9) 72.3(68.9)

5 (5,0) 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0)
(4,1)_AA 25.1(21.7) 28.8(25.4) 38.3(34.9) 36.6(33.2)
(4,1)_A 28.6(27.8) 35.4(34.7) 48.5(47.7) 43.3(42.6)

6 (6,0) 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0)
(5,1)_AbAb 15.3(10.6) 20.5(15.8) 33.3(28.6) 29.1(24.3)
(5,1)_Ab 22.6(20.2) 30.5(28.0) 45.8(43.3) 38.6(36.2)
(4,2)_4D_2AA 33.4(26.1) 42.5(35.2) 63.3(55.9) 59.3(51.9)
(4,2)_3D_AA,A 61.1(55.5) 73.6(68.1) 104.3(98.8) 91.3(85.7)

7 (6,1)_AA 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0)
(5,2)_2D,DD_2AbAb 2.9(0.5) 8.6(6.1) 19.2(16.7) 15.5(13.1)
(4,3)_2D,2DD_3AA 30.3(25.1) 39.3(34.1) 55.5(50.3) 56.8(51.6)

8 (6,2)_4D_2AAg 1.2(0.0) 0.9(0.0) 1.4(0.0) 2.4(0.0)
(6,2)_2D,DD_2AA 0.0(1.1) 0.0(1.5) 0.0(1.0) 0.0(0.03)
(5,3)_4D,DD_3AAggg 4.3(2.1) 9.9(8.1) 22.0(19.7) 17.8(14.5)
(4,4)_4DD_4AA 29.3(24.5) 38.6(34.2) 51.8(46.9) 57.4(51.5)

9 (6,3)_6D_3AA 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0)
(5,4)_4DD_4AA 4.2(2.8) 9.8(8.4) 20.6(19.2) 16.0(14.6)
(4,5)_D,3DD_2AA,3A 56.0(58.5) 74.8(77.3) 105.9(108.2) 89.4(92.0)

10 (6,4)_4D,2DD_4AA C2 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.2(0.5)
(6,4)_5D,DD_2AA,AAD2,AA2 2.9(2.5) 2.5(2.1) 4.8(4.4) 0.0(0.0)
(5,5)_D,4DD_4AA,A 4.2(6.1) 14.6(16.5) 27.3(29.2) 19.2(21.6)

11 (6,5)_D,4DD_3AA,AAD2,AA2 0.0(1.3) 0.5(2.4) 0.0(0.6) 0.0(1.6)
(6,4,1)_4D,2DD_3AA,AAD_A 1.0(4.2) 6.6(10.5) 6.2(8.7) 6.4(10.0)
(6,5)_4D,2DD_AA,2AAD2,2AA2 0.6(0.0) 0.0(0.0) 1.4(0.0) 0.3(0.0)

aΔG298 values are given in parentheses. Values are single point energies calculated at the level shown using a 6-311+G(2d,2p) basis set from
geometries optimized at the B3LYP/6-311+G(d,p) level. Zero point energy corrections are included. Bold values represent the predicted ground
structures (GS). bFor these calculations, the (3,0)_C3h isomer is the ground structure. See Table S2.
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bonds; B3LYP and MP2(full) levels predict a difference of 5.1
and 5.9 kJ/mol, respectively, whereas the B3P86 and M06
levels find 3.9 and 4.1 kJ/mol differences, respectively.
As complex sizes become larger than x = 6, we find that all

ground structures have a coordination number of 6 and that
additional water molecules do not interact directly with the
nickel dication but begin forming outer solvent shells as
hydrogen bonding between the water molecules becomes
preferable. Nevertheless, structures having 4, 5, and 6 water
inner shells were also investigated for cluster sizes x ≥ 5. It can
be noted that all levels of theory predict the same lowest energy
isomers for x = 1−9 at both 0 and 298 K. However, for
complexes of x = 10 and 11, the complexity of the possible
arrangements of the large number of water ligands in the outer
shells leads to differences among different levels of theory in
their prediction of the ground structure. Thus, as shown in
Table 1, there are two and three potential ground structures for
x = 10 and 11, respectively.
We use an (x,y,z) nomenclature to describe the number of

water molecules in the first (x), second (y), and third (z)
solvent shells of each unique structure. To describe the
hydrogen bonding of waters in the cluster, isomers are further
denoted using an A/D nomenclature where a water molecule
can be a single (A) or double (AA) hydrogen bond acceptor
and/or single (D) or double (DD) hydrogen bond donor. To
indicate waters that bridge between two different solvent shells,
a subscript “2” is denoted on both the donor and acceptor
(which is more easily visualized by example, see below). To
further distinguish between structures with similar bonding
schemes but differing geometric parameters, additions to the
nomenclature may include: point group symmetries; the
subscripts “a” or “b” to indicate if the bond connects to an
axial or base ligand, respectively; series of oxygen−nickel
dication−oxygen angles denoted as subscript “c” (cis) for
angles <45°, “g” (gauche) for angles between 45° and 135°, and
“t” (trans) for angles >135°.
Theoretical Geometries for Ni2+(H2O)x Complexes.

Figure 1 shows the ground structures (GSs) for x = 3−6.
Excited isomers are discussed in the Supporting Information,
where they are shown in Figures S1. At x = 3, all levels of
theory predict a (3,0) geometry for the ground structure (GS).
B3LYP, B3LYP-GD3BJ, B3P86, and MP2(full) all calculate the
C3 isomer to be lowest in energy (Table 1). This GS exhibits a
trigonal pyramidal geometry with ∠O−Ni−O of 115° as the

water molecules tilt to participate in long (3.6 Å) hydrogen
bonding with one another. The C3h isomer lies 42−57 kJ/mol
higher in energy at these levels of theory and exhibits no such
H-bonding scheme as it is a trigonal planar geometry
(∠O−Ni−O of 120°) with the water molecules perpendicular
to the plane. M06 levels prefer this higher symmetry geometry
and calculate the C3h isomer as the lowest energy isomer by 7.0
kJ/mol energy at 298 K, Table S2.
For x = 4, the calculated GS geometry is (4,0) with Cs

symmetry at all levels of theory. In this isomer, the water
ligands have a seesaw structure with respect to the oxygen
atoms, and the orientation of the ligands is dictated by long
(3.1−3.2 Å) hydrogen bonding interactions. In the (3,1)_A
structure (Figure S1), the fourth water ligand does not interact
with the nickel dication but rather is promoted to a second
solvent shell by accepting a single hydrogen bond. This
structure was calculated as the GS according to Castro et al.;20

however, the present study finds this isomer to be 46−70 kJ/
mol higher in energy than (4,0) Cs at 298 K (Table 1).
It can be imagined that the 3d8 nickel dication might bind to

four water molecules in a square-planar geometry, as favored
for a singlet spin state, as opposed to the calculated seesaw
geometry found for the triplet state GS. The triplet planar (4,0)
isomer has D4 symmetry (Figure S1), which increases the
energy of the system with respect to the Cs isomer by 38−108
kJ/mol at 298 K. However, examination of the occupied
molecular orbitals of the triplet state seesaw (4,0) GS shows
that the singly occupied molecular orbitals (SOMO) put the
electron density in octahedral eg orbitals. Therefore, the best
description of the (4,0) GS is a distorted octahedral geometry,
which allows weak H-bonding interactions between adjacent
ligands, as can be seen by the orientations of the waters in
Figure 1. Thus, it would be expected that the inner shell ligands
of the Ni2+(H2O)x complexes up to x = 6 will also adopt
octahedral molecular geometries (as verified below), consistent
with the triplet spin state compared to a square-planar singlet
spin.
The Ni2+(H2O)5 complex has a GS of (5,0) with C2v

symmetry at all levels of theory. This ground isomer has the
water ligand oxygens in a square pyramidal structure with
orientations determined by long hydrogen bonding interactions
with all adjacent water ligands (2.9 Å for base-to-base, and 3.1
Å for axial-to-base). The SOMO for the (5,0) GS agrees with
the evaluation made above for x = 4, where the hydrogen
bonding orientation puts the electron density in the octahedral
eg MOs. Isomers where the fifth water is in the second
hydration shell are higher in relative 298 K energy than the
(5,0) isomer by 22−49 kJ/mol (Figure S1).
The calculated GS for Ni2+(H2O)6 is a pseudo-octahedral

(6,0) isomer with Th symmetry at all levels of theory. In this
octahedral configuration, Figure 1, the orientations of the
ligands are again determined by long (3.0 Å) interligand
hydrogen bonding occurring between the hydrogen atom of
one ligand and the oxygen atom of a neighboring water unit.
The lowest energy excited isomer is 5-coordinate, (5,1)_AbAb,
and is higher in energy than the GS by 10−30 kJ/mol at 298 K.
Figure 2 shows the predicted ground structures for the

Ni2+(H2O)7‑11 complexes. For the x = 7 complex, all levels of
theory predict the ground structure to be (6,1)_AA with the
oxygen of the seventh water doubly bound via two hydrogen
bonds from neighboring octahedral inner shell water ligands,
Figure 2a. The Ni2+(H2O)8 ground isomer has a (6,2)
geometry, but as the number of water ligands increases, so

Figure 1. Geometries for the predicted ground structures of
Ni2+(H2O)x complexes, where x = 3−6, as optimized at the B3LYP/
6-311+G(d,p) level of theory.
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does the complexity in the arrangement of added water
molecules, and temperature effects become apparent. At 0 K, all
levels of theory calculate the (6,2)_2D,DD_2AA as the GS (by
0.3−2 kJ/mol), whereas at 298 K, all levels of theory predict the
(6,2)_4D_2AAg isomer to be the lowest energy isomer, but
only by 0.03−2 kJ/mol. As shown in Figure 2b, both of these
(6,2) structures have two second-shell water ligands doubly
hydrogen bonded to the inner solvent shell, but in the (6,2)
_2D,DD_2AA structure, the two outer shell waters bind to the
same inner shell water (DD). In Ni2+(H2O)9, all levels of
theory predict the GS to be a (6,3)_6D_3AA geometry with
each of the six inner solvent shell waters donating only a single
hydrogen bond to an outer solvent shell water, such that the
second solvent shell water distances are maximized and bind in
equivalent locations, Figure 2c.
Figure 2d shows the calculated lowest energy Ni2+(H2O)10

complexes, both predicted to be 6-coordinate configurations.
All levels of theory excluding MP2(full) predict that the GS
structure is the (6,4)_4D,2DD_4AA isomer. This isomer has
C2 symmetry with the outer shell waters oriented in such a way
that two of the outer solvent shell water ligands are adjacent to
each other in plane with one inner solvent shell water shared
between the two on the xy plane, while the other two water
ligands are bound in the same adjacent fashion but in the xz
plane. The MP2(ful l) GS configuration is (6,4)
_5D,DD_2AA,AAD2,AA2, which is similar in geometry to the

x = 9 (6,3)_6D_3AA isomer but the tenth water ligand (AA2)
accepts hydrogen bonds from both a first (A) and second (A2)
solvent shell water ligand. Both of these isomers are low-lying
at all levels of theory, within 2 kJ/mol of one another.
For the Ni2+(H2O)11 complex, three possible GSs are

predicted depending on the level of theory and temperature,
Figure 2e. All levels of theory predict that the 298 K GS isomer
is the (6,5)_4D,2DD_AA,2AAD2,2AA2 structure where the two
AA2 ligands accept hydrogen bonds from both first and second
solvent shell ligands of the (6,3)_6D_3AA structure. At 0 K,
however, there is less agreement between the levels of theory as
to the lowest energy isomer: B3LYP, M06, M06-GD3, and
MP2(full) predict the (6,5)_D,4DD_3AA,AAD2,AA2 isomer,
which has four in-plane second solvent shell water ligands and
one AA2 water binding to a second shell water and axial metal
coordinated inner shell water. B3LYP-GD3BJ calculates the
(6,5)_4D,2DD 298 K GS to also be the 0 K GS. B3P86
predicts the GS is the (6,4,1)_4D,2DD_3AA,AAD_A isomer,
which is the (6,4) GS with the 11th water singly bound in a
third solvent shell. An expanded detailed description of
additional geometries for x = 3−11 can also be found in the
Supporting Information.
Overall, all levels of theory predict coordination numbers of

six for the first solvent shell for Ni2+(H2O)x, x = 6−11. This
agrees with previous hydration studies, including an infrared
photodissociation study of Ni2+(H2O)5−8 complexes performed

Figure 2. Geometries for the predicted ground structures of second solvent shell Ni2+(H2O)x complexes, where x = 7−11 are shown in parts (a)−
(e), respectively, as optimized at the B3LYP/6-311+G(d,p) level of theory.
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at 215 and 331 K, in which no indication of lower CN
contributions were found at either temperature.19

Cross Sections for Threshold Collision-Induced Dis-
sociation of Ni2+(H2O)7−11. Experimental cross sections for
the collision-induced dissociation of Ni2+(H2O)x with Xe (∼0.2
mTorr) are shown in Figure 3 for x = 7−11. The major isotope

of 58Ni was used throughout the study. In all cases, the
dominant dissociation pathway is the loss of a single water
molecule, reaction 1. As the kinetic energy increases, this
process is then followed by the sequential loss of additional
water molecules. In all cases shown (as well as for the smaller
complexes discussed below), the total cross sections reach a

Figure 3. Cross sections for collision-induced dissociation of Ni2+(H2O)x where x = 11−7 (parts a−e) with Xe (∼0.2 mTorr) as a function of kinetic
energy in the center-of-mass frame (bottom x-axis) and applied voltage in the laboratory frame (top x-axis). Water loss products are represented by
open symbols and charge separation products by closed symbols. In part e, note that the down blue triangles change from solid to open, which
represents the cross sections for the near isobaric products H+(H2O)3 (55.05 m/z) and Ni2+(H2O)3 (55.98 m/z).
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plateau, consistent with sequential dissociation processes. For x
= 11 and 10, cross sections for losses of up to five and six water
ligands, respectively, were characterized. For x = 9, cross
sections for losses of six water molecules were again found. For
both x = 9 and 10, it can be noted that the Ni2+(H2O)6 product
has a slightly enhanced cross section relative to its neighbors. In
addition, products corresponding to the charge separation (CS)
process, reaction 2, were observed for x = 9. It can be seen that
the NiOH+(H2O)3 and H+(H2O)2 products rise from similar
thresholds with similar magnitudes, meaning that these species
must come from dissociation of the Ni2+(H2O)6 product in
reaction 7.

→ ++ + +Ni (H O) NiOH (H O) H (H O)2
2 6 2 3 2 2 (7)

The apparent threshold for this CS reaction clearly exceeds that
for loss of a water molecule from this complex to form
Ni2+(H2O)5, which explains why the CS cross section is so
much smaller and rises less sharply than the cross section for
water loss. In this regard, it is also useful to recognize that the
CS processes are entropically disfavored as they must pass over
a rate-limiting transition state corresponding to bringing the
two incipient singly charged product ions together over a
Coulombic barrier, whereas water loss processes always involve
loose transition states.

For CID of Ni2+(H2O)8, Figure 3d, loss of five water ligands
and CS products was again characterized. The CS products are
similar to x = 9, but now both NiOH+(H2O)2 and H+H2O are
observed at higher energy. Note that the sum of the
NiOH+(H2O)3 and NiOH+(H2O)2 cross sections matches
that of the sum of H+(H2O)2 and H+(H2O) in both magnitude
and shape, suggesting that the smaller complexes are formed
mainly by loss of water from the initially formed product ions
of reaction 7. (Close inspection shows that the former sum is
approximately 50% bigger than the latter, which we have
previously demonstrated is because the products have
appreciable kinetic energy that is released once they pass
over the Coulombic barrier.13 Momentum conservation
dictates that the lighter products have a higher kinetic energy,
such that they are less efficiently collected and detected.) The
increased magnitude of the NiOH+(H2O)2 cross section here
compared to that formed from Ni2+(H2O)9 suggests that there
are contributions of both sequential loss of water from
NiOH+(H2O)3, and possibly the CS reaction 8

→ ++ + +Ni (H O) NiOH (H O) H (H O)2
2 5 2 2 2 2 (8)

which becomes more evident for smaller reactant complexes.
Again, the apparent threshold for the CS process is well above
that for the competing loss of water from the dication complex.

Figure 4. Cross sections for CID of Ni2+(H2O)6 with Xe as a function of kinetic energy in the center-of-mass frame (bottom x-axis) and applied
voltage in the laboratory frame (top x-axis). (a) Reaction conditions of 0.0 V electrodes and ∼0.2 mTorr Xe. (b) Reaction conditions of −15.0 V
electrodes and ∼0.2 mTorr Xe. (c) Water loss product cross sections with Xe (∼0.2 mTorr) with −15.0 V electrode (open symbols) and
corresponding product cross sections using 0.0 V (dashed lines) reduced by a factor of 50. (d) Zero-pressure extrapolated and electrode extrapolated
GS (open symbols) and ES (crossed symbols) for the primary and secondary product cross sections.
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Figure 3e shows the CID of Ni2+(H2O)7, which follows the
same product pathways as Ni2+(H2O)8, exhibiting the loss of
four water ligands and the same CS channels. Again, the
dominant CS process is reaction 7, but close inspection (more
evident on a linear cross section scale) shows that the
NiOH+(H2O)2 cross section has two components. The first is
a higher energy feature starting near 3.2 eV that tracks with the
decline in the NiOH+(H2O)3. The second component is a
lower energy feature that has an energy dependence that
matches that for H+(H2O)3 (with a magnitude of about 1/3).
The H+(H2O)3 and Ni2+(H2O)3 products are nearly isobaric
(within 1 m/z) and were not resolved experimentally. The
single cross section collected for them, Figure 3e, has two
features: the low energy onset attributed to formation of
H+(H2O)3 (55.05 m/z) and a higher energy feature starting
near 4 eV attributed to Ni2+(H2O)3 (55.98 m/z). These
observations are evidence for the CS reaction 9.

→ ++ + +Ni (H O) NiOH (H O) H (H O)2
2 6 2 2 2 3 (9)

Again, none of the CS reactions observed have apparent
thresholds below those for the competing water loss channels.
Notably the data shown in Figure 3e was obtained by applying
−10.0 V to the in-source electrodes, which maximized the

signal of the x = 7 complex; however, similar results were
obtained with no voltage on these electrodes.

Cross Sections for Threshold Collision-Induced Dis-
sociation of Ni2+(H2O)4−6. For Ni

2+(H2O)6, the CID results
depend critically on the voltage applied to the in-source
electrodes. Figure 4a,b show results obtained for 0 and −15.0
V, respectively. With no electrode voltage, Figure 4a, cross
sections for losses of up to four water ligands were
characterized and no CS channels were observed. If the
electrode voltage is tuned to maximize the reactant signal,
Figure 4b, the product channels for CID of Ni2+(H2O)6 now
exhibit the product pathways expected on the basis of the
results for larger complexes, loss of up to three water ligands,
and the same CS channels as seen for Ni2+(H2O)7 with the
addition of the higher energy NiOH+(H2O).
A cursory inspection of the apparent thresholds for loss of

water suggests they are somewhat higher in Figure 4b than a;
however, it can be noticed that the shapes of these cross
sections are identical at their lowest energies, such that the data
at the high-electrode voltage have low energy features. This is
illustrated in Figure 4c, where the 0 V electrode data for water
loss have been reduced by a factor of 50 to compare directly
with the same channels obtained at −15 V. These low-energy
features are not the result of any pressure-dependent effects.

Figure 5. Cross sections for CID of Ni2+(H2O)5 with Xe as a function of kinetic energy in the center-of-mass frame (bottom x-axis) and applied
voltage in the laboratory frame (top x-axis). (a) Reaction conditions of 0.0 V electrodes and ∼0.2 mTorr Xe. (b) Reaction conditions of −16.5 V
electrodes and ∼0.2 mTorr Xe. (c) Water loss product cross sections with Xe (∼0.2 mTorr) with −16.5 V electrode (open symbols) and
corresponding product cross sections using 0.0 V (dashed lines) reduced by a factor of 7. (d) Zero-pressure extrapolated and electrode-extrapolated
GS (open symbols) and ES (crossed symbols) for the primary and secondary product cross sections.
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Indeed, they become more prominent when the data at ∼0.05,
0.10, and 0.20 mTorr of Xe are extrapolated to zero pressure.
We interpret this observation as follows. With no in-source

fragmentation, the ion population is dominated by an ES of the
complex that loses water readily, thereby suppressing the CS
product channels. In-source fragmentation removes these
excited structures leaving behind more stable structures,
presumably the GS, which does permit the CS channels to
occur, albeit inefficiently. We believe that both the ES and GS
populations are thermalized, as many collisions occur past the
fragmentation electrodes. Evidence for this conclusion comes
from the zero-pressure extrapolated cross sections at 0 V on the
electrodes, which again has a low-energy feature that is smaller
in magnitude by a factor of 60 compared with that for −15 V
electrode data (Figure S2). In this case, the low-energy feature
is distinct in shape from the dominant feature, evidence that
this feature cannot be explained simply by hot ions, but rather
by a distinct population of excited species. In order to evaluate
the true CID cross sections of these populations, one can
simply subtract the cross sections shown in Figure 4c, leaving
behind the CID cross sections for the GS. An equivalent but
more comprehensive approach takes advantage of the fact that
the cross sections shown in parts a and b of Figure 4 both
comprise different populations of the ES and GS, with their
ratios defined by the scaling factor used to make the cross
sections equal at the lowest energy (in this case, 50:1 at 0.20
mTorr of Xe). In order to avoid the effects of secondary
collisions, the 0 and −15 V electrode data were first
extrapolated to zero-pressure conditions, yielding rigorous
single collision cross sections. Then the zero-pressure data were
extrapolated to 0% and 100% ES and GS, as shown in Figure
4d. Although this procedure is somewhat speculative,
verification that it provides reasonable thermochemistry results
can be obtained by comparison with the theoretical results, as
discussed in detail below.
Figure 5 shows a similar evaluation of the Ni2+(H2O)5 CID

cross sections, with comparison of results taken at source
electrode voltages of 0 V (part a) and −16.5 V (part b), which
maximizes the reactant signal. Again, in the absence of in-source
fragmentation, Figure 5a, losses of sequential water ligands
down to the bare nickel dication were observed but no CS
pathways. Increasing the negative electrode voltage was
accompanied by the appearance of CS pathways, Figure 5b, a
decrease in the magnitudes of the water loss product cross
sections, and an increase in the apparent thresholds for water
loss. The CS reaction 7 is no longer available such that the
lowest energy CS channel is reaction 8 forming NiOH+(H2O)2
+ H+(H2O)2 starting near 1 eV. The dominant CS process is
reaction 10, which starts slightly higher in energy.

→ ++ + +Ni (H O) NiOH (H O) H H O2
2 4 2 2 2 (10)

As seen for larger complexes, water loss is still the dominant
pathway, but loss of the second water to form Ni2+(H2O)3 has a
threshold and magnitude similar to that for the CS reactions.
This comparison demonstrates that the CS reaction 10
probably has a lower threshold energy than water loss from
Ni2+(H2O)4; otherwise, this entropically disfavored reaction
could not have a magnitude matching that of the more
favorable water loss process. As for the Ni2+(H2O)6 complex,
the onsets for water loss cross sections in parts a and b of
Figure 5 have the same shape, but now differ in magnitude by a
factor of 7, as shown in Figure 5c. Using the same extrapolation
procedure discussed above, zero-pressure extrapolated cross

sections for ES and GS populations can be extracted and are
shown in Figure 5d.
Dissociation of Ni2+(H2O)4 is shown in Figure 6. This

complex could only be generated in sufficient abundance for

CID study by using the in-source electrodes, with maximum
signal at −18.0 V. Here, only the loss of sequential water
molecules down to the bare nickel dication are observed, and
the CS processes do not appear. Results from the x = 5
complex suggest that the CS process 10 should be a
competitive process with the loss of a single water from the
Ni2+(H2O)4 reactant ion. Clearly, the behavior shown in Figure
6 matches that for the x = 5 and 6 complexes without electrode
voltages applied, suggesting that this reactant ion is also
dominated by an ES complex. However, the ES and GS
extrapolation method was not possible for the Ni2+(H2O)4
reactant isomer as no x = 4 reactant ions were experimentally
observed at 0 V electrode voltage.

Thermochemical Results for Primary Water Loss.
Equations 3 and 4 were used to model the total reaction
cross sections for water dissociation products for all
Ni2+(H2O)x complexes observed. As noted above, the
complexes are believed to be thermally equilibrated in the
source, such that the model generally assumes the reactant
isomer is the 298 K GS (or a specific excited structure) with an
internal energy distribution of 298 K. The product isomer is
assigned as the 0 K GS because previous studies have found our
threshold analyses to be dominated by the lowest energy 0 K
enthalpy species.9,12 For this study, we analyzed the data using
the appropriate GS complexes predicted by single point
energies at any level of theory (Table 1), such that several
different possibilities are explored for dissociation of x = 10 and
11. The optimum modeling parameters obtained are listed in
Table 2, with all variations in the isomer possibilities for x = 10
and 11 included in Table S3. These different assumptions
change the threshold energies obtained by only 0.01 and 0.02
eV, respectively. Threshold E0 values were determined for the
primary dissociation of each complex from modeling with (eq
4) and without (eq 3) including RRKM theory, which takes
lifetime effects into account. Without including lifetime effects,

Figure 6. Cross sections for collision-induced dissociation of
Ni2+(H2O)4 with Xe (∼0.2 mTorr) as a function of kinetic energy
in the center-of-mass frame (bottom x-axis) and applied voltage in the
laboratory frame (top x-axis). An in-source fragmentation electrode
voltage of −18.0 V was employed.
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the primary threshold values are higher because of a kinetic
shift that gradually increases from 0.03 eV for x = 4 to 0.53 eV
for x = 11. These models reproduce the data nicely over
extended energy ranges (at least 2 eV) and magnitudes (over 1
order of magnitude). This is shown in Figure 7 for x = 5 and 6
and in Figure S3 of the Supporting Information for x = 4, 7−11.
For the cases of Ni2+(H2O)5 and Ni2+(H2O)6, the total

collision-induced dissociation cross sections for water loss from
both the extrapolated ground structure (GS) and excited

structure (ES) primary cross sections were modeled using eqs 3
and 4. Both sets of modeling parameters are included in Table
2. Further, our analysis of the CID of Ni2+(H2O)4 is assigned to
an ES species, for reasons described above.
For the GS reactant species, as the complex size increases

from Ni2+(H2O)5 to Ni2+(H2O)11, the reaction thresholds for
loss of a single water molecule consistently decrease. The
largest decrease in consecutive GS threshold E0 values is 0.31
eV for the x = 6 to x = 7 complexes, potentially consistent with

Table 2. Optimized Parameters of eq 4 from Analysis of Total, Primary, and Secondary Cross Sections for Collision-Induced
Dissociation of Ni2+(H2O)x

a

x reactant product σ0
b nb E0

b (PSL) (eV) E0
c (eV) ΔS†1000 (J/mol K)

4(ES) (3,1)_Ad (3,0) 81.7(8.0) 0.8(0.3) 1.04(0.08) 1.07(0.13) 38(25)
(3,1)_Ae (2,0) 63.2(9.3) 0.8(0.2) 2.58(0.07) 43(24)

5(GS) (5,0)d (4,0) 56.7(5.9) 0.8(0.1) 1.33(0.05) 1.46(0.12) 56(26)
(5,0)e (3,0) 38.2(6.3) 0.8(0.1) 2.94(0.09) 61(34)
(5,0)f TS[2 + 2] 38.6(2.7) 0.8(0.1) 1.76(0.06) 2.96(0.08) 46(16)

5(ES) (4,1)d (4,0) 60.9(5.6) 1.1(0.2) 0.88(0.06) 0.90(0.10) 75(4)
6(GS) (6,0)d (5,0) 71.4(6.0) 0.9(0.2) 1.17(0.07) 1.39(0.08) 49(22)

(6,0)e (4,0) 95.5(8.6) 0.9(0.1) 2.65(0.06) 58(36)
(6,0)f TS[3 + 2] 47.2(5.6) 0.9(0.2) 1.46(0.07) 2.75(0.10) 44(24)

6(ES) (4,2)d (5,0) 85.1(4.3) 1.5(0.6) 0.51(0.10) 0.59(0.12) 84(31)
7 (6,1)d (6,0) 66.4(7.7) 0.9(0.2) 0.86(0.06) 1.00(0.11) 53(5)

(6,1)e (5,0) 66.5(4.7) 0.9(0.1) 2.20(0.09) 60(43)
8 (6,2)d (6,1) 67.3(9.5) 1.0(0.2) 0.72(0.09) 0.92(0.12) 71(12)

(6,2)e (6,0) 63.3(4.9) 1.0(0.1) 1.57(0.06) 63(49)
9 (6,3)d (6,2) 73.3(5.0) 1.0(0.1) 0.51(0.07) 0.87(0.10) 50(8)

(6,3)e (6,1) 69.5(2.8) 1.1(0.1) 1.32(0.04) 63(56)
10 (6,4)_4D,2DDd (6,3) 82.5(2.4) 1.0(0.1) 0.47(0.03) 0.84(0.09) 66(4)

(6,4)_4D,2DDe (6,2) 80.4(5.1) 1.0(0.1) 1.18(0.05) 46(5)
(6,4)_5D,DDd (6,3) 80.9(5.0) 1.0(0.3) 0.46(0.03) 0.84(0.06) 51(38)

11 (6,5)_4D,2DDd (6,4)_4D,2DD 97.4(3.7) 1.3(0.1) 0.42(0.04) 0.95(0.06) 71(29)
(6,5)_4D,2DDe (6,3) 96.3(29.0) 1.2(0.3) 1.18(0.10) 68(29)
(6,5)_4D,2DDd (6,4)_5D,DD 97.7(3.7) 1.2(0.1) 0.41(0.05) 0.94(0.06) 66(21)

aUncertainties in parentheses. bParameters for modeling with lifetime effects considered. cParameters for modeling where lifetime effects are not
included. dSingle channel modeling of total cross section using eq 4. eSequential modeling of primary and secondary cross sections using eqs 4 × 6.
fCompetitive analysis modeling of primary water loss and charge separation cross sections using eq 4.

Figure 7. Analysis of zero-pressure and electrode extrapolated primary product cross sections for the excited state (ES, gray crossed circles) and
ground state (GS, red circles) for collision-induced dissociation of Ni2+(H2O)6 (left) and Ni2+(H2O)5 (right) as a function of kinetic energy in the
center-of-mass frame (bottom x-axis) and applied voltage in the laboratory frame (top x-axis). Solid lines show the best fits to the water loss cross
sections convoluted over the kinetic and internal energy distributions of the neutral and ion. Dashed lines show the models in the absence of
experimental kinetic energy broadening for reactants with an internal energy of 0 K. Optimized parameters for these fits are found in Table 2.
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the onset of the second solvent shell. Notably, the x = 5(ES)
and 6(ES) threshold E0 values are significantly lower than those
of the GS species, as is evident in Figure 7. The reaction
thresholds for the ES complexes also decrease monotonically
from Ni2+(H2O)4 to Ni2+(H2O)6. These threshold energies are
comparable to those for x = 7−11, which is consistent with the
idea that these higher energy ES complexes may be assignable
to structures containing a second-shell water ligand. In the case
of Ni2+(H2O)4, modeling parameters using several possible ES
isomers are provided in Table S3 of the Supporting
Information. These different isomer assumptions make little
difference in the threshold energies obtained with a range of
1.04 to 1.14 eV. The (3,1)_A isomer was chosen as it provided
the most positive entropy of activation, ΔS†, which represents
the measure of looseness for the transition state for loss of
water. Further, as will be seen below, the theoretical energetics
for this isomer agree reasonably well with the experimental
result.
To ascertain further information about all reaction pathways,

we used competitive modeling procedures to obtain threshold
information for the charge separation reactions 7 and 8 in
competition with primary water loss channels from the
corresponding thermalized reactants, x = 6 and 5, respectively.
The optimum modeling parameters obtained are also listed in
Table 2. The primary water loss PSL thresholds are unaffected
when competing with the charge separation products.
Consistent with the appearance of the CID cross sections,
the competing charge separation products for reactions 7 and 8
are measured to have higher thresholds than their correspond-
ing competing water loss products by 0.44 and 0.29 eV,
respectively. These models are shown in Figure S4. Without
including lifetime effects, the water loss products shift to higher
threshold energies by only 0.13−0.22 eV (consistent with the
loose PSL TS), whereas the charge separation products are
significantly affected by lifetime and competition effects as they
shift to higher thresholds by 1.2−1.3 eV (consistent with the
tight TSs involved).
Thermochemical Results for Sequential Dissociation.

Thermochemical results using the sequential model for analysis
for x = 4−11 are also presented in Table 2. The sequential
secondary water losses for all Ni2+(H2O)x complexes observed
in this study were not complicated by any primary charge
separation product thresholds, and thus, cross sections for
primary and sequential dissociation products were simulta-
neously analyzed using eqs 4 and 4 × 6. The difference between
the primary and secondary thresholds is used to calculate an
independent measurement for the bond dissociation energy for
Ni2+(H2O)x−1 dissociating to Ni2+(H2O)x−2 + H2O. Figure 8
shows the sequential analysis of the GS primary and secondary
cross sections for Ni2+(H2O)5 and Ni2+(H2O)6, as well as
models of the total, primary, and secondary cross sections for
Ni2+(H2O)8, with those for x = 4, 7, 9−11 shown in Figure S3
of the Supporting Information. The figures show that the
sequential analysis reproduces the product cross sections well
over extended energy and magnitude ranges. Direct comparison
of the models for the total cross sections versus the sequential
models of the primary cross sections show that the analogous
σ0, n, and E0 values are nearly identical with the threshold
values within 0.03 eV in all cases. Thus, threshold energies for
the primary water loss channels are basically unaffected by
consideration of the secondary loss channel.
Conversion of 0 K Hydration Energies to 298 K. In all

cases, the threshold energies obtained including lifetime effects

are assigned as the 0 K bond energies. A rigid rotor/harmonic
oscillator (RR/HO) approximation used the vibrational
frequencies (scaled by 0.989) and rotational constants
calculated at the B3LYP/6-311+G(d,p) level of theory to

Figure 8. Zero pressure extrapolated cross sections for the CID of
Ni2+(H2O)x with Xe for x = 5, 6, and 8. Solid lines show the best fits to
the primary (open circles), secondary (open triangles), and total
(closed circles) water loss cross sections using eqs 4 and 4 × 6
convoluted over the neutral and ion kinetic and internal energy
distributions. The dashed lines show the model cross sections in the
absence of experimental kinetic energy broadening for reactants with
an internal energy of 0 K. Optimized parameters for these fits are
found in Table 2.
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calculate ΔH298−ΔH0 and TΔS298 values for dissociation.
These conversion factors were used to convert the 0 K bond
energies into 298 K bond enthalpies (ΔH298) and to determine
free energies (ΔG298) of dissociation. These values are listed for
Ni2+(H2O)x, x = 4−11 in Table 3. The uncertainties in these
conversions were obtained by scaling the vibrational
frequencies up and down by 10%. It should be noted that
some of the low vibrational frequencies correspond to torsional
motions of the water ligands, and thus, the RR/HO
approximations may not be accurate. The 298 K hydration
enthalpies (ΔH298) and free energies of dissociation (ΔG298)
track the 0 K hydration enthalpies (ΔH0) as the values decrease
monotonically with increasing number of water ligands.
Comparison of Experimental and Theoretical Bond

Enthalpies for Ground Structures. Primary and secondary
experimental 0 K hydration bond enthalpies for the loss of
water from Ni2+(H2O)x (x = 3−11) complexes are compared in
Table 4. Secondary bond enthalpies (obtained from differences

between the primary and secondary thresholds) are higher than
the values obtained from the corresponding primary thresholds.
Specifically, the secondary bond enthalpies for x = 5(GS) and
6(GS) agree within 14−16 kJ/mol of their primary values,
whereas x = 7 and 8 are nearly identical with the primary values
(less than 10 kJ/mol difference) and the larger complexes x = 9
and 10 differ by larger amounts, 22 and 28 kJ/mol, respectively.
Notably, the primary and secondary BDEs for x = 4 cannot be
directly compared because these values are believed to
correspond to different isomers. Namely, the sequential
dissociation of Ni2+(H2O)5 is presumed to reflect (5,0) →
(4,0) + H2O → (3,0) + 2H2O, whereas the primary
dissociation of Ni2+(H2O)4 is believed to correspond to the
(3,1) → (3,0) + H2O. This assumption can be checked via
comparison with theory, as detailed below.
Table 4 also includes theoretical 0 K hydration bond

enthalpies for the loss of water from Ni2+(H2O)x (x = 1−11)
complexes. Theoretical values at the B3P86//B3LYP and M06-

Table 3. Conversion of 0 K Thresholds to 298 K Enthalpies and Free Energies (kJ/mol) for Ni2+(H2O)x
a

x reactant product ΔH0
b ΔH298−ΔH0

c ΔH298 TΔS298c ΔG298

4(ES) (3,1) (3,0) 100.0(7.8) 3.3(0.7) 103.4(1.6) 33.6(3.8) 69.8(2.2)
5 (5,0) (4,0) 128.4(5.1) 2.9(0.6) 131.3(2.3) 41.9(5.4) 89.4(3.1)

TS[2 + 2] 140.5(6.8) 1.4(0.4) 141.9(0.5) 17.3(1.3) 124.7(2.4)
5(ES) (4,1) (4,0) 84.7(6.2) 5.9(0.6) 90.7(2.1) 45.6(1.2) 45.1(0.8)
6 (6,0) (5,0) 113.1(6.6) 1.9(0.5) 115.0(0.6) 40.2(1.3) 74.8(0.8)

TS[3 + 2] 170.2(5.7) 2.2(0.4) 172.5(0.6) 17.5(0.5) 154.6(2.1)
6(ES) (4,2) (5,0) 49.4(10.1) 7.9(0.5) 57.3(4.0) 46.6(6.0) 10.6(4.5)
7 (6,1) (6,0) 83.2(4.3) 4.8(0.4) 88.0(0.4) 39.8(0.9) 48.1(0.5)
8 (6,2) (6,1) 69.3(8.9) 4.2(0.4) 73.5(0.4) 43.3(1.0) 30.2(0.6)
9 (6,3) (6,2) 49.3(6.3) 3.5(0.4) 52.8(0.5) 42.7(1.1) 10.1(0.7)
10 (6,4)_4D,2DD (6,3) 45.5(2.7) 4.0(0.4) 49.6(0.4) 44.2(1.0) 5.4(0.6)
11 (6,5)_4D,2DD (6,4) 40.4(3.5) 3.4(0.4) 43.8(0.5) 40.2(1.1) 3.6(0.7)

aUncertainties in parentheses. bValues from Table 2. cValues are calculated from the vibrational frequencies and rotational constants calculated at the
B3LYP/6-311+G(d,p) level of theory. Uncertainties are found by scaling the vibrational frequencies up and down by 10%.

Table 4. Comparison of Experimental,a Theoretical,b and Literature 0 K Hydration Enthalpies (kJ/mol) for Ni2+(H2O)x

x reactant product primary secondary BIRDc HPMSd B3LYP B3LYP-GD3BJ M06 MP2(full) BPW91e

1 (1,0) Ni2+ 428 434 423 370 472
2 (2,0) (1,0) 340 345 346 324 347
3 (3,0) (2,0) 224 234 225 223 222

(2,1) (2,0) 148 ± 8 137 143 162 122
4 (4,0) (3,0) 157 ± 9 177 187 191 185 [206]f

4(ES) (4,0) D4 (3,0) 111 ± 6 87 97 152 80 98
4(ES) (3,1)_A (3,0) 100 ± 8 128 133 127 113 148
5 (5,0) (4,0) 128 ± 5 142 ± 6 130 142 150 138 197 [139]f

5(ES) (4,1) (4,0) 85 ± 6 85 92 84 80
6 (6,0) (5,0) 113 ± 7 129 ± 9 101 ± 4 108 121 132 118 103
6(ES) (4,2) (5,0) 49 ± 10 47 48 28 27
7 (6,1) (4,2) 83 ± 6 83 ± 5 74 ± 3 75 83 80 73 82
8 (6,2) (6,1) 69 ± 9 78 ± 5 72 ± 3 73 78 85 84 77 82
9 (6,3) (6,2) 49 ± 6 71 ± 5 73 74 81 80 75 74
10 (6,4)_4D,2DD (6,3) 46 ± 3 74 ± 10 73 58 68 67 59 58
11 (6,5)_4D,2DD (6,4) 40 ± 5 68 53 57 52 49 59
MADsg primary 23 8 15 10 13 18 14 24 [14]

secondary 15 8 11 8 11 12 16 [10]
B3LYP 0 8 13 11 15 [11]
MP2(full) 11 15 17 0 24 [19]

aValues from Table 2. bTheoretical values with cp correction. Single point energies calculated at the indicated level of theory using 6-311+G(2d,2p)
basis set and zero point corrected. cEnthalpy values taken from ref 11 and adjusted to 0 K. dFree energy values taken from ref 12 and adjusted to 0 K.
eBPW91/6-311+G(d,p) values taken from ref 15. fBracketed values have been corrected by our excitation energy for the (3,1)_A isomer, see text.
gMean absolute deviations (MAD). Bracketed values include the x = 4 and 5 values corrected for (3,1)_A isomer excitation energy.
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GD3//B3LYP levels and all levels without BSSE corrections
can be found in Table S4 of the Supporting Information. Our
experimental values agree well with B3LYP//B3LYP, B3LYP-
GD3BJ//B3LYP-GD3BJ, B3P86//B3LYP (Table S4),
MP2(full)//B3LYP calculated 0 K hydration enthalpies with
MADs of 10−14 kJ/mol for primary water loss, as shown in
Figure 9 for the B3LYP and MP2(full) values. Agreement is

improved by 1−4 kJ/mol when BSSE corrections are included
(Table S4). The M06 level of theory with and without
empirical dispersion corrections has higher MAD values as this
level of theory typically overestimates the BDEs across the
cluster sizes. Interestingly, Table S4 shows the addition of
dispersion forces to both B3LYP and M06 degrades the
agreement with experiment by 2−3 kJ/mol. Examining the
overall trends in Figure 9, the experimental BDEs for primary
water loss decrease as the complex size increases, an almost
linear trend for x = 5−9 and then flattens for x = 9−11. In
comparison, the secondary and theoretical BDEs exhibit a
similar decrease for x = 4−7, remain relatively constant from x
= 7−9, and then the theoretical values decrease again for x = 10
and 11. Notably, the largest difference in BDEs for both
experiment and theory is between x = 6 and 7, consistent with a
change from the primary hydration shell to a second solvent
shell.
Comparison of Experimental and Theoretical Bond

Enthalpies for Excited Structures. Table 4 also includes
experimental and calculated 0 K hydration bond enthalpies for
the excited structures produced for x ≤ 6. For x = 6(ES), the
most reasonable agreement between experimental and
theoretical bond enthalpies is for the (4,2)_3D_AA,A isomer
(Table S2, Figure S1). Here B3LYP predicted values are within
2 kJ/mol of the measured bond enthalpy, whereas the M06 and
MP2(full) levels are lower by ∼21 kJ/mol. The best assignment
for x = 5(ES) is (4,1)_AA C2 (Table S2, Figure S1), as
theoretical values for this isomer are within 0.5−7 kJ/mol of the
experimental result. As for the ground structures, BSSE

corrections generally improve the agreement, although
MP2(full) without BSSE agree better with the experimental
value for x = 6(ES) by 10 kJ/mol. Notably, these assignments
appear sufficiently good that the MADs between experiment
and theory improve by ∼2 kJ/mol when the ES isomers are
included.
As discussed above, there are no primary experimental values

for x < 4 as these smaller complexes could not be formed in the
ESI source. Also, the primary x = 4 and secondary x = 3 values
are determined from analysis of the data using molecular
parameters for an assumed ES isomer. Table 4 provides
calculated theoretical hydration enthalpies of multiple high
energy isomers for x = 4 and x = 3 for comparison to the
modeled experimental values. For x = 4, Table 4 shows that the
primary hydration enthalpy obtained lies between 100−111 kJ/
mol depending on the reactant isomer used to model the data.
Accordingly, we find the (4,0) planar and (3,1)_A (shown in
Figure S1,Table S2) excited isomers compare reasonably well
with these thresholds, with the (3,1)_A ES agreeing nicely with
the MP2(full) calculation. We also find that the resulting
secondary bond enthalpy for x = 3 (148 ± 8 kJ/mol) is
significantly lower than those calculated for the (3,0) GS (222−
234 kJ/mol) by 75−87 kJ/mol (Table 4), but deviates from
those calculated for the higher energy (2,1)_A isomer by only
11−26 kJ/mol. Because multiple high-energy isomers were
possibly present experimentally, the isomer assignments for x =
3 and 4 are clearly more speculative.

Comparison of Present and Literature Values.
Ni2+(H2O)x hydration enthalpies have been previously reported
by other experimental techniques for x = 6−13, as well as one
theoretical study. Figure 9 and Table 4 compare our
experimental and theoretical bond enthalpies at 0 K for
Ni2+(H2O)x with reported experimental literature results.
Williams and co-workers16 have previously reported BIRD
Ni2+(H2O)x 298 K hydration enthalpies for x = 6−8, and their
reported values in Table 4 have been adjusted to 0 K using
information in Table 3. Our experimental results agree within
combined uncertainties with the BIRD results for x = 6−8.
Notably, the x = 6 BIRD value agrees better with our primary
BDE compared with the secondary BDE. Kebarle and co-
workers17,18 previously measured Ni2+(H2O)x hydration free
energies at 298 K for x = 8−13 using HPMS. They then
estimated hydration enthalpies at 298 K by assuming a uniform
change in entropy of 96 J/mol K. Here we utilize our
theoretical entropy changes listed in Table 3 (71−51 J/mol K)
to correct the HPMS ΔG298 values to obtain more accurate 298
and 0 K hydration enthalpies. Compared to corrected HPMS
results, there is excellent agreement among all three
experimental bond enthalpies for x = 8. For x = 9−11,
HPMS results are 24−28 kJ/mol higher than the primary
GIBMS values, outside of experimental uncertainties. Interest-
ingly, the HPMS values agree nicely with the secondary BDEs
determined here. Although we firmly believe that the primary
values are the best reference, one cannot rule out the possibility
that the primary BDE values for these large weakly bound
complexes may correspond to ions hotter than the assumed
300 K. Whereas the secondary BDEs are relative measure-
ments, this excitation energy influences both thresholds equally
such that a more accurate 0 K value is extracted.
Castro and co-workers20 have previously performed DFT

calculations on the Ni2+(H2O)x system for x = 1−24, and their
results are also included in Table 4. Their calculations were at
the BPW91 level of theory with 6-311+G(d,p) and 6-31G(d,p)

Figure 9. Comparison of experimental primary (black solid triangles)
and secondary (red solid inverted triangles) 0 K bond energies with
theoretical B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (open
pink squares) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G-
(d,p) values (open purple diamonds) with BSSE corrections, BIRD
results from ref 11 adjusted to 0 K (solid blue circles), and HPMS free
energies from ref 12 adjusted to 0 K (solid green circles). The x = 10
and 11 structure notations refer to (6,4)_4D,2DD_4AA C2 and (6,5)
_4D,2DD_AA,2AAD2,2AA2, respectively.
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basis sets. They found that the formation of the inner hydration
shell consisted of six water molecules binding directly to the
nickel ion, except for Ni2+(H2O)4, where a (3,1)_A isomer was
calculated to be about 50 kJ/mol more stable than their
calculated square planar (4,0) D4 cluster. They apparently did
not locate the seesaw (4,0) conformation found to be the GS in
this study (46−70 kJ/mol more stable at 298 K than (3,1)_A,
and 38−108 kJ/mol more stable than (4,0) D4, Table 1).
Except for the x = 4 and 5 values (where the (3,1)_A isomer
was the assumed reactant and product, respectively), their
BPW91 dissociation enthalpies agree well with our DFT
calculated values, whereas the MP2(full) values are almost
consistently lower than BPW91, in particular, the MADs for x =
2, 3, 6−11 are less than 10 kJ/mol. If we correct their values for
x = 4 and 5 by our calculated excitation energy of ∼43 kJ/mol,
the MAD for x = 1−11 becomes 11 kJ/mol compared to our
B3LYP calculations. Comparing our experimental values for
primary water loss to their BPW91 calculated values, we find
good agreement particularly for x = 6 and 7 values (within 10
kJ/mol). Overall, the MADs for primary and secondary water
loss compared to the BPW91 values are 24 and 16 kJ/mol,
respectively. If the x = 4 and 5 values are corrected by our
calculated excitation energies, the MADs improve to 14 and 10
kJ/mol, respectively.
Charge Separation: Energetic Barriers. Table 5 presents

the predicted barrier heights for the charge separation (CS) of
Ni2+(H2O)x, where x = 4−6, corresponding to reactions 7−10.
The structures of each of the rate-limiting transition states are
shown in Figure S5 of the Supporting Information, and, in each
case, correspond to heterolytic cleavage of an O−H bond
leading to the incipient products. The dominant CS channel of
Ni2+(H2O)6 is NiOH+(H2O)3 + H+(H2O)2, which occurs
through the TS[3 + 2] transition state (where the numbers in
brackets refer to the number of water ligands in the products).
Theory finds that this barrier height is 100−150 kJ/mol. Here,
the experimental value of 141 ± 7 kJ/mol agrees best with M06
and MP2 results. The alternative CS channel forming
NiOH+(H2O)2 + H+(H2O)3 occurs through TS[2 + 3],
predicted to be slightly higher with barrier heights of 103−
183 kJ/mol (3−33 kJ/mol above TS[3 + 2]). Notably, the
reverse Coulomb barriers for each of these channels are nearly
equivalent to each other, ∼157 kJ/mol for DFT levels of theory
and ∼145 kJ/mol for MP2(full), consistent with the largely
electrostatic origins of the Coulomb barrier.

For x = 5, the predicted TS[2 + 2] barriers range from 82−
145 kJ/mol, compared to an experimental value of 170 ± 6 kJ/
mol, with the MP2 result agreeing the best. Interestingly, the
TS[2 + 2] predicted barrier height is smaller than that for
TS[2 + 3] and comparable to TS[3 + 2] at the MP2 level. The
reverse Coulomb barrier is again comparable to those for x = 5.
For x = 4, the experimental reactant is believed to be the (3,1)
_A isomer such that barriers are tabulated relative to this
species. The predicted barrier heights for TS[2 + 1] are
relatively consistent for all levels of theory at 46−75 kJ/mol.
Here, the Coulomb barrier is about the same as the larger
systems for the various DFT calculations, near 160 kJ/mol, but
larger at the MP2(full) level, 200 kJ/mol. In previous studies of
the hydrated Fe2+, Zn2+, and Cd2+ systems, the reverse
Coulomb barriers generally decreased as x increased, more
consistent with the MP2(full) results here.9,13,15

Comparison of Water Loss and Charge Separation
Energetics: x = 5−6. Experimental and theoretically predicted
energies for water loss dissociation pathways are compared to
those for the barrier heights of the charge separation pathway
TSs in Table 5. For the x = 6 complex, B3 DFT levels of theory
predict the TS[3 + 2] barrier height to be lower in energy than
the single water loss BDE by 4−14 kJ/mol, with the higher
energy TS[2 + 3] lying 8 kJ/mol below to 5 kJ/mol above
water loss. In contrast, the M06 and MP2(full) levels calculate
that water loss is the lowest energy pathway by 2−21 kJ/mol
compared to TS[3 + 2] and by 16−54 kJ/mol compared to
TS[2 + 3]. These latter predictions are consistent with our
experimental observations, Figure 4b, where the apparent
threshold of the NiOH+(H2O)3 product in reaction 7 is ∼1 eV
higher in energy compared to the water loss product. Modeling
of these processes to include the effects of competition between
these two channels shows that the threshold for charge
separation is only 28 ± 7 kJ/mol higher than that for water loss
(Table 5), in reasonable agreement with the MP2(full)
difference of 21 kJ/mol.
For x = 5, DFT levels of theory predict the barrier height of

TS[2 + 2] to be lower in energy than the water loss BDE by
47−54 kJ/mol, whereas the MP2(full) level predicts a much
higher barrier height for reaction 8, such that there is only a 3
kJ/mol energetic preference for CS over water loss dissociation
pathway. As discussed above, the experimental results of Figure
5b suggest that reaction 8 is enthalpically disfavored over
reaction 1, in better agreement with the MP2(full) predictions.
Here, modeling of the data suggests that the threshold for

Table 5. Comparison of 0 K Transition State Energies and Hydration Enthalpies (kJ/mol)

x reactant product experiment B3LYPa B3LYP-GD3BJa B3P86a M06a M06-GD3a MP2(full)a

4 (3,1)_A (3,0) 100 ± 8b 132 137 138 131 132 124
(3,1)_A TS[2 + 1] 55 60 59 46 46 75

NiOH+(H2O)2 + H+H2O −111 −106 −106 −109 −109 −125
5 (5,0) (4,0) 128 ± 5b 134 146 139 153 156 148

TS[2 + 2] 170 ± 6c 82 99 85 105 107 145
NiOH+(H2O)2 + H+(H2O)2 −80 −61 −79 −60 −56 −2

6 (6,0) (5,0) 113 ± 7b 111 124 115 135 138 129
TS[3 + 2] 141 ± 7c 100 120 101 137 141 150
NiOH+(H2O)3 + H+(H2O)2 −56 −34 −58 −23 −17 4
TS[2 + 3] 103 129 107 151 156 183
NiOH+(H2O)2 k −54 −26 −51 −8 −2 39

aSingle point energies corrected for zero point energy calculated at the indicated level of theory using 6-311+G(2d,2p) basis set with geometries and
vibrational frequencies calculated at the B3LYP/6-311+G(d,p) level. bValues taken from Table 2 using the primary dissociation channel model.
cValues taken from Table 2 calculated by competitive analysis model with primary water loss channel.
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charge separation is 42 ± 6 kJ/mol higher than that for water
loss.
In an effort to address the experimental observation that

excited isomers of x = 4−6 complexes do not readily undergo
the charge separation reactions, we thoroughly explored the
complete potential energy surfaces for decomposition of
Ni2+(H2O)5. Reaction coordinate pathways for Ni2+(H2O)5
GS decomposing by both water loss and charge separation to
NiOH+(H2O)2 + H+(H2O)2 (reaction 8) are shown in Figures
S6 and S7, where these utilize singly (A) and doubly (AA)
coordinated outer shell water ligands, respectively. The latter
pathway proceeds through the excited (4,1)_AA isomer (ES),
but is higher in energy than the former pathway. Ultimately,
both GS and ES reactants must pass over the same rate-limiting
TSs for charge separation and for water loss, such that the only
difference comes from the different density of states of the two
reactants (denominator in eq 5). Because the (4,1)_AA ES
must have a lower density of states compared to the (5,0) GS,
the rate of decomposition of the ES should be higher than that
of the GS such that we might have expected the ES to
decompose via both pathways more readily, in contrast to our
observations, Figure 5a. One possible explanation is a
dynamical one that hypothesizes that the second shell water
ligand of (4,1)_AA (ES) provides a larger collision cross
section compared to the more compact (5,0) structure.
Collisions at larger impact parameters with the ES will
preferentially excite this ligand leading to direct water loss,
whereas smaller impact parameters leading to more general
vibrational excitation are needed for the system to explore the
tight TSs leading to charge separation.
The experimental cross sections show that charge separation

occurs at x = 4−6. From the previous definition of critical size,
the maximum x at which CS and water loss become
competitive, we would assign xcrit = 6. Modeling of these
processes show that the CS processes are energetically
disfavored over water loss for x = 5 and 6, whereas Figure 5b
suggests the opposite is true for x = 4, such that the energetic
definition of critical size would assign xcrit = 4. This assignment
is in agreement with theory where the barrier height for
TS[2 + 1] is predicted to be lower than water loss by all levels
of theory including MP2 (Table 5) and corresponds with the
conclusions of the HPMS studies by Kebarle and co-workers.18

A value of xcrit = 4 would also explain why we could never
generate ground state complexes of Ni2+(H2O)x smaller than x
= 5, as fragmentation of the larger complexes would
preferentially lead to charge separation products rather than
water loss.

■ CONCLUSION
The kinetic energy-dependent cross sections for collision-
induced dissociation of Ni2+(H2O)x complexes where x = 4−11
are determined using guided ion beam tandem mass
spectrometry. The dominant CID pathway in all systems
observed is the loss of a single water molecule from the reactant
ion followed by sequential losses of additional water ligands.
We observe through experiment and theory that the bond
dissociation energies progressively increase as each water
molecule is removed from a hydrated nickel dication complex.
Charge separation processes are also observed as higher energy
product pathways, but are not competitive with primary or
secondary water loss, with evidence suggesting that the critical
size for competition between these two processes is probably at
xcrit = 4. These studies also made liberal use of in-source

fragmentation electrodes, which proved advantageous as we
could tune the conditions of the reactant ions to control the
population of higher or lower energy reactant ion isomers
present. Utilizing this fragmentation method, the CID data
under different source conditions allowed for extrapolation to
both ground and excited isomer cross sections, such that
modeling yielded reaction thresholds for both isomers.
Our experimental results for the Ni2+(H2O)x (x = 6−8)

systems agree with other experimental techniques.16−18 For
larger complexes (x = 9−11), our primary BDEs fall below
HPMS results, potentially because thermalization of the larger
complexes may not be complete. Over this range, both our
results and the HPMS results vary within a few kJ/mol as x
increases, suggesting these water ligands bind to the inner
hydration shell in a similar fashion. Our theoretical calculations
of geometries and energetics for the Ni2+(H2O)x (x = 1−11)
find unambiguously that six water molecules bind directly to
the nickel ion, leading to a coordination number of 6, which
agrees with conclusions of previous theoretical work20 and is
consistent with the present experimental findings. As the
number of water ligands increases past the coordination
number, the second solvent shell waters prefer to hydrogen
bond to pairs of the inner shell water molecules as double
acceptors in similar structural motifs. In comparison with our
experiment, the present theoretical results indicate that accurate
calculations of the binding energies are best represented by
B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) and
MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) calcula-
tions including counterpoise corrections. Additionally, model-
ing of the charge separation pathways indicates that MP2(full)
theory more accurately predicts the experimentally observed
CID pathways and relative energetics of the Ni2+(H2O)x
systems compared to DFT methods employed in this study.
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CHAPTER 4 

BINDING ENERGIES OF HYDRATED COBALT(II) BY COLLISION- 

INDUCED DISSOCIATION AND THEORETICAL STUDIES:  

EVIDENCE FOR A NEW CRITICAL SIZE 

4.1 Abstract 

The experimental sequential bond energies for loss of water from Co2+(H2O)x 

complexes, x = 5 – 11, are determined by threshold collision-induced dissociation (TCID) 

using a guided ion beam tandem mass spectrometer with a thermal electrospray 

ionization source. Kinetic energy dependent TCID cross sections are analyzed to yield 0 

K thresholds for sequential loss of neutral water molecules. The thresholds are converted 

from 0 to 298 K values to give hydration enthalpies and free energies. Theoretical 

geometry optimizations and single point energy calculations at several levels of theory 

are performed for the reactant and product ion complexes. Theoretical bond energies for 

ground structures are used for direct comparison with experimental values to obtain 

structural information on these complexes. In addition, the dissociative charge separation 

process, Co2+(H2O)x → CoOH+(H2O)m + H+(H2O)x-m-1, is observed at x = 4, 6 and 7 in 

competition with primary water loss products. Energies for the charge separation rate-

limiting transition states are calculated and compared to experimental threshold 



measurements. Results suggest that the critical size for charge separation is xcrit = 6, in 

contrast to lower values in previous literature reports. 

4.2 Introduction 

Transition metals play important roles in many chemical and biological systems. 

Although metals can be essential for life, they can also become toxic in high 

concentrations from excessive intake. Humans mainly obtain transition metals from the 

environment through breathing air, drinking water, and eating food that contains such 

metals. As such, metal ion interactions with these media have become the subject of 

extensive research in order to understand the fundamentals of these intermolecular 

interactions. For the past several years, the Armentrout group has studied the 

thermochemistry of the hydration of many transition metal dications, M2+(H2O)x where M 

= Fe,1 Ni,2 Cu,3 Zn,4-5 and Cd,6-7 and MOH+(H2O)x where M = Co8 and Cu9 in the gas-

phase using threshold collision-induced dissociation (TCID) complemented by theoretical 

calculations. Such thermochemistry has also been explored by several other research 

groups using different techniques including blackbody infrared radiative dissociation,10-11 

collision induced dissociation,12-14 and ion equilibria.15-17 

The present study extends our TCID studies to complete the late 3d transition 

metal dication hydration energies by examining the sequential dissociation of Co2+(H2O)x 

complexes, where x = 5 – 11. Understanding the hydration of Co2+ is vital as cobalt is an 

essential element for life, e.g., the core of vitamin B12,18 yet can be toxic if consumed in 

excess of 1 mg/kg.19 In agreement with our previous M2+(H2O)x studies, the dominant 
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process observed upon activation of the cobalt complexes studied is reaction 4.1, loss of a 

single water ligand,  

M2+(H2O)x → M2+(H2O)x-1 + H2O           (4.1) 

followed by sequential loss of additional water molecules. In addition, M2+(H2O)x 

complexes of particular sizes that depend on the metal identity are found to undergo 

dissociative charge separation processes, reactions 4.2. 

M2+(H2O)x → MOH+(H2O)m + H+(H2O)x-m-1      (4.2) 

Some interest in reaction 4.2 has focused on determining the minimum size at which 

water loss is favored over charge separation. This critical size, xcrit, has been defined as 

“the maximum number of ligands at which dissociative charge transfer is competitive 

with simple ligand loss.”14 For hydrated cobalt dications, Kebarle and coworkers reported 

that the largest complex size for which dissociative charge separation occurred was a 

lower limit of 4,12,16-17 whereas Shvartzburg and Siu suggested xcrit = 5.14 By more 

precisely defining the critical size as “the largest value of x at which the charge 

separation is energetically favored over the loss of one water ligand,”5 previous studies in 

our laboratory have determined the energy-dependent xcrit for late 3d transition metals: 4 

for Fe2+,1 4 for Ni2+,2 8 for Cu2+,3 and 7 for Zn2+.5 As will be shown below, the present 

study determines xcrit for Co2+(H2O)x using the energy-dependent definition as xcrit = 6.  

As detailed below, TCID experiments with complementary theoretical 

calculations are used in the present work to establish hydration energies and the threshold 

energies for charge separation, which allows identification of the critical size and 

coordination number (CN) of hydrated Co2+. In contrast to our previous hydrated 3d 
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transition metal dication studies,1-7 the present work shows evidence for Co2+(H2O)x 

complexes in which H2O molecules start to occupy the second shell even though the first 

shell is not completely closed. Such detailed understanding of the hydration structure, 

aqueous reactivity, and periodic trends of transition metals can provide insight into the 

roles and transport of these metals in biological systems. 

4.3 Experimental and Computational Methods 

4.3.1 Experimental procedures.  Cross sections for the CID of hydrated cobalt 

dication complexes are measured using a guided ion beam tandem mass spectrometer 

(GIBMS), which has been described in detail previously.20-21 The hydrated cobalt 

dications, Co2+(H2O)x, are created from a 10-4 M solution of CoCl2 in pure water using an 

electrospray ionization (ESI) source.22 The solution is pumped through a stainless steel 

needle at a low flow rate of 0.08 – 0.10 L/h and an applied voltage of 2.0 – 2.2 kV. Ions 

then enter the vacuum system through an inlet cap and drift through a capillary heated to 

80 °C to promote desolvation of large droplets. The ions that emerge from the capillary 

are collected and focused into an 88 plate radiofrequency (rf) ion funnel (IF),23 with a DC 

gradient typically 8 – 12 V. Ions are injected from the IF into an rf-only hexapole ion 

guide (6P) that traps the ions in the radial direction with an rf amplitude of 250 V peak-

to-peak. An in-source fragmentation technique utilizing negatively biased dc electrodes 

in between the hexapole rods, as described in detail elsewehere,24 was used to effectively 

enhance the signal intensity of smaller M2+(H2O)x complexes by fragmenting larger 

complexes. However, increasing the voltage beyond the peak intensity for the x = 5 

complex resulted primarily in dissociation to form charge separation products rather than 
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water loss. This phenomenon was also seen previously for Ni2+(H2O)x,2 Cu2+(H2O)x,3 and 

Zn2+(H2O)x complexes.4 It has been postulated this is partly a result of the relatively high 

second ionization energies (IEs) for these late 3d transition metals, 17.1 – 20.3 eV.25 As a 

result, we were unable to create Co2+(H2O)x complexes where x ≤ 4 with appreciable 

intensity for further study. Once past the electrodes, the ions undergo >104 collisions with 

ambient gas as they drift through the hexapole ion guide. Previous studies have shown 

that under the proper conditions, the ions emerging from the hexapole are thermalized to 

room temperature.2,6,24,26-30 To further investigate the thermalization of the ions, a 5.1 cm 

long nitrogen gas cell that surrounds the hexapole (15.2 cm total length) starting 2.5 cm 

from the inlet was added to the ESI/IF/6P source. Various pressures of nitrogen gas were 

added to the cell to alter the thermalization conditions, but no changes in the cross 

sections for Co2+(H2O)x, where x = 5 and 6, were observed.  

The ions generated and thermalized in the source were extracted from the 

hexapole ion guide and focused into a magnetic sector momentum analyzer for mass 

selection of the reactant ion. These reactant ions were then decelerated to a known kinetic 

energy and injected into an rf octopole ion guide31 where the ions were trapped radially 

and passed through a collision gas cell containing Xe at varying pressures (0.05 – 0.20 

mTorr). The pressures are low enough that single collision conditions dominate. Xenon 

was used as the collision gas to induce dissociation because it is heavy, monoatomic, 

polarizable, and chemically unreactive, all of which increase the efficiency of the transfer 

of kinetic energy to internal modes.32-34 After collision, product ions and remaining 

reactant ions drifted to the end of the octopole where they were extracted, mass analyzed 

using a quadrupole mass filter, and detected using a Daly detector.35 
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4.3.2 Data analysis.  Ion intensities were converted to absolute cross sections 

using a Beer-Lambert law analogue, as described in detail elsewhere, with an uncertainty 

of ± 20% (10% uncertainties each in pressure measurement and collision cell length).21 

The laboratory ion potential, Vlab, was converted to the relative kinetic energy in the 

center-of-mass (CM) frame by ECM = Elab × m/(m + M), where Elab = 2Vlab because the 

ions are doubly charged, m is the mass of the neutral collision gas, and M is the mass of 

the reactant ion. The absolute zero of energy and the kinetic energy distribution of the ion 

beam were determined using a retarding potential technique, in which the derivative of 

the normalized ion intensity was fit to a Gaussian distribution (~0.12 eV FWHM).21 All 

energies below are reported in CM frame, unless noted otherwise. 

To produce accurate thermochemical data from the modeling of the CID process, 

several effects must be considered: multiple collisions, lifetime effects, and energy 

distributions. To ensure rigorous single collision conditions, cross sections were obtained 

at multiple Xe pressures, about 0.20, 0.10, and 0.05 mTorr, and linearly extrapolated to 

zero pressure cross sections.36-37 The zero-pressure extrapolated cross sections for loss of 

a single ligand were modeled using the empirical threshold model shown in eq 4.3: 

𝜎𝜎𝑗𝑗(𝐸𝐸) = 𝜎𝜎0 ∑𝑔𝑔𝑖𝑖�𝐸𝐸 + 𝐸𝐸𝑖𝑖 − 𝐸𝐸0,𝑗𝑗�
𝑛𝑛

/𝐸𝐸     (4.3) 

where σ0 is an energy independent scaling factor, E is the relative translational energy of 

the reactants, E0,j is the reaction threshold for channel j at 0 K, and n is an adjustable 

fitting parameter that describes the efficiency of the energy transfer upon collision.20 The 

summation is over the ro-vibrational states of the reactants with excitation energies, Ei, 

and populations, gi, where Σgi = 1. The number of ro-vibrational states was directly 
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counted by the Beyer−Swinehart−Stein−Rabinovich algorithm to evaluate the internal 

energy distribution for the reactants.38-41 A Maxwell-Boltzmann distribution at 300 K was 

used to compute the relative populations, gi. The number of accessible ro-vibrational 

states increases as the size of the reactant ions increases, such that those with energy in 

excess of the dissociation threshold may not have time to dissociate on the time scale of 

the experiment, τ ≈ 5 × 10−4 s.20 This can lead to a kinetic shift in the energy threshold, 

which can be accounted for by incorporating Rice−Ramsperger−Kassel−Marcus 

(RRKM) statistical theory41-43 for unimolecular dissociation into eq 4.3, as shown in eq 

4.4.44 

𝜎𝜎𝑗𝑗(𝐸𝐸) = �𝑛𝑛𝑛𝑛0,𝑗𝑗

𝐸𝐸
�∑𝑔𝑔𝑖𝑖 ∫ � 𝑘𝑘𝑗𝑗

(𝐸𝐸∗)

𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸∗)� (𝐸𝐸 − 𝜀𝜀)𝑛𝑛−1𝑃𝑃𝐷𝐷1𝑑𝑑(𝜀𝜀)𝐸𝐸
𝐸𝐸0,𝑗𝑗−𝐸𝐸𝑖𝑖

 (4.4) 

In eq 4.4, ε is the energy transferred into internal degrees of freedom of the reactant ion 

during collision, such that the energized molecule (EM) has an internal energy of E* = ε 

+ Ei, and ktot(E*) is the total unimolecular dissociation rate coefficient. The rate

coefficient was used to calculate a probability of dissociation, PD1 = 1 – exp[-ktot(E*)τ]. 

The RRKM unimolecular dissociation rate coefficient is defined by eq 4.5, 

𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸∗) = ∑𝑘𝑘𝑗𝑗(𝐸𝐸∗) = ∑𝑑𝑑𝑗𝑗𝑁𝑁𝑗𝑗
†�𝐸𝐸∗ − 𝐸𝐸0,𝑗𝑗�/ℎ𝜌𝜌(𝐸𝐸∗)        (4.5) 

where kj(E*) is the rate coefficient for a single dissociation channel j, dj is the reaction 

degeneracy calculated from the ratio of rotational symmetry numbers41 of the reactants 

and products of channel j, Nj
†(E* − E0,j) is the sum of the ro-vibrational states of the 

transition state (TS) at an energy (E* - E0,j) above the threshold for channel j, and ρ(E*) is 

the density of ro-vibrational states for the EM at the energy available, E*. When the rate 
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of dissociation is much faster than the average experimental time scale, eq 4.4 reduces to 

eq 4.3. Eq 4.4 also accounts for the competition between multiple dissociation pathways 

using the kj(E*)/ktot(E*) ratio.44-45 

Cross sections for the first and second water losses were modeled by combining 

eq 4.4, the cross section of the primary dissociation product, with the probability for 

further dissociation given by eq 4.6, 

𝑃𝑃𝐷𝐷2 = 1 − 𝑒𝑒−𝑘𝑘2(𝐸𝐸2∗)𝜏𝜏 (4.6) 

where E2
* is the internal energy of the product ion undergoing sequential dissociation. 

This energy is determined by energy conservation, E2
* = E* – E0,j – T1 – EL, where T1 is 

the translational energy of the primary products and EL is the internal energy of the 

neutral product. As discussed elsewhere, the distributions in these energies are assigned 

on the basis of statistical considerations.46 For the remainder of this paper, representation 

of this sequential dissociation model that combines eqs 4.4 and 4.6 will be notated as eq 4 

× 6. The BDE for the Co2+(H2O)x-1 complex is the difference between the thresholds of 

these two product cross sections. 

Calculation of the RRKM unimolecular rate coefficients requires the ro-

vibrational states of the EM and TS. The molecular parameters for the EM were taken 

from quantum chemical calculations of the reactant ion. Water loss from a metal cation 

species, reaction 4.1, is a heterolytic bond cleavage with all the charge remaining on the 

cobalt containing fragment complex. As such these TSs were assumed to be loose with 

no reverse activation barrier47 and were treated in the phase space limit (PSL), such that it 

used molecular parameters taken from quantum chemical calculations of the products.44 

Because the charge separation processes 4.2 produce two singly charged species, there 
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must be an associated Coulomb barrier along the reaction coordinate for this dissociation 

channel such that the charge separation TSs are tight. The rate-limiting TSs for charge 

separation are labeled according to the products formed in reaction 4.2, i.e., TS[m + (x – 

m – 1)] where m is the number of waters attached to the CoOH+ product and (x – m – 1) 

is the number of waters attached to the H+ product. Molecular parameters for these TSs 

were taken directly from the calculations described below. 

The CID cross sections of eq 4.4 and eq 4 × 6 were convoluted over the relative 

kinetic energy distributions of the Co2+(H2O)x and Xe reactants for comparison with the 

experimental cross sections.21 A nonlinear least-squares fitting procedure was used to 

optimize the fitting parameters in each model. The uncertainties associated with the 

fitting parameters, σ0,j, n, and E0,j, were determined from modeling multiple data sets (at 

least eight zero pressure extrapolated cross sections for each system) and additional 

modeling of the cross sections by scaling the vibrational frequencies by ±10%, varying 

the best fit n value by ±0.1, scaling the experimental time-of-flight up and down by a 

factor of 2, and including the absolute uncertainty of the energy scale, 0.05 eV (Lab). 

Because all sources of energy are accounted for in these analyses, the measured 

thresholds, E0,j, equal the BDE at 0 K for the Co2+(H2O)x complex dissociating as in 

reaction 4.148 or the height of the charge separation barrier of reaction 4.2. 

4.3.3 Computational details.  Geometry optimizations for multiple isomers of 

the Co2+(H2O)x system were performed at the B3LYP/6-31G(d) level of theory49-50 for 

CN = 4, 5, and 6 at each x. The optimizations were refined at a B3LYP/6-311+G(d,p) 

level, which was used for the final geometry optimizations and to provide vibrational 

frequencies and rotational constants for the data analysis. Geometry optimizations 
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utilizing empirical dispersion corrections were also determined at the B3LYP-GD3BJ/6-

311+G(d,p) level.51 Single point energy calculations using the B3LYP/6-311+G(d,p) 

optimized geometries were performed at B3LYP, B3P86,52 and MP2(full)53 (where full 

indicates correlation of all electrons) levels of theory using a 6-311+G(2d,2p) basis set 

and also at the B3LYP-GD3BJ/6-311+G(2d,2p)//B3LYP-GD3BJ/6-311+G(d,p) level. 

For brevity, these levels of theory will simply be referred to as B3LYP, B3P86, MP2, and 

B3LYP-GD3BJ throughout the rest of the paper. 

Vibrational frequencies were scaled by 0.98954 before being used in the modeling 

process and to calculate zero point energies to yield 0 K values as well as thermal 

corrections to 298 K. Basis set superposition errors (BSSE) were calculated for 

dissociation of the lowest energy structures at each level of theory in the full counterpoise 

(cp) limit.55-56 

4.4 Results 

4.4.1 Collision-induced dissociation cross-sections of Co2+(H2O)x.  

Experimental cross-sections for the collision-induced dissociation with Xe were acquired 

for Co2+(H2O)x, x = 5 – 11, and are shown in Figure 4.1. In all cases, the loss of a single 

water molecule, reaction 4.1, is the dominant pathway, followed by the sequential loss of 

additional water molecules as the kinetic energy increases. In all cases, the total cross 

sections reach a plateau with a magnitude that increases with x, consistent with sequential 

dissociation processes. As seen in Figure 4.1(a) and (b), for x = 11 and 10, respectively, 

cross sections for losses of up to six water ligands each were characterized. In addition, 

products corresponding to charge separation (CS) processes, reaction 4.2, were observed 
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for x = 10. It can be seen that the CoOH+(H2O)3 and H+(H2O)3 products rise from similar 

thresholds, meaning that these species must come from dissociation of the Co2+(H2O)7 

product in reaction 4.7. 

Co2+(H2O)7 → CoOH+(H2O)3 + H+(H2O)3    (4.7) 

The apparent threshold for this CS reaction clearly exceeds that for loss of a water 

molecule from the x = 7 complex to form Co2+(H2O)6, which explains why the CS cross 

section is so much smaller and rises less sharply than the cross section for water loss. It is 

also useful to recognize that the CS processes are entropically disfavored as they must 

pass over a rate-limiting TS corresponding to bringing the two incipient singly charged 

product ions together over a Coulombic barrier, whereas water loss processes always 

involve loose TSs. The cross section for H+(H2O)2 rises with a similar magnitude as the 

CoOH+(H2O)3 at a somewhat higher threshold than H+(H2O)3. The apparent threshold of 

the H+(H2O)2 product is much lower than that expected for sequential loss of water from 

H+(H2O)3, where the BDE for H+(H2O)2-H2O is 0.86 ± 0.06 eV.48 Thus, the H+(H2O)2 

must come from the dissociation of the Co2+(H2O)6 product in reaction 4.8. 

Co2+(H2O)6  → CoOH+(H2O)3 + H+(H2O)2    (4.8) 

The apparent thresholds for reaction 4.8 and that for loss of a water molecule to form 

Co2+(H2O)5 are competitive with the apparent CS threshold ~0.3 eV higher.  

For CID of x = 9 and 8, sequential loss of water ligands down to Co2+(H2O)4 and 

the CS products found in reactions 4.7 and 4.8 were again characterized. It is now 

apparent that the magnitude of the H+(H2O)3 cross section is smaller than those for 

CoOH+(H2O)3 and H+(H2O)2. Onsets of these CS reactions relative to H2O loss products 
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remain similar to those described for the x = 10 complex. Figure 4.1(e) shows the CID of 

Co2+(H2O)7 follows the same product pathways as Co2+(H2O)8, exhibiting the loss of four 

water ligands, although the cross section for Co2+(H2O)3 is quite small. The CS products 

are also similar to those for x = 8 – 10, but now CoOH+(H2O)2 and H+H2O are also 

observed at higher energies, starting near 1.5 and 3.0 eV, respectively. Indeed, the 

threshold for CoOH+(H2O)2 relative to that for CoOH+(H2O)3 in Figure 4.1(e) is 

comparable to the BDE for CoOH+(H2O)2-H2O measured previously as 1.12 ± 0.07 eV.8 

As such, the CoOH+(H2O)2 product at its threshold is a result of sequential loss of water 

from CoOH+(H2O)3 and its cross section exhibits evidence of contributions from the 

CoOH+(H2O)3 precursors formed in both reactions 4.7 and 4.8. At higher energies (above 

about 3 eV), the CoOH+(H2O)2 cross section increases, paralleling the onset in the H+H2O 

cross section. This observation suggests that CS reaction 4.9 is occurring. 

Co2+(H2O)4 → CoOH+(H2O)2 + H+H2O  (4.9) 

If so, it can be seen that the apparent threshold for the H+H2O product from CS reaction 

4.9 is similar in both threshold energy and magnitude to that for formation of Co2+(H2O)3, 

Figure 4.1(e), suggesting these are competitive dissociation pathways of the Co2+(H2O)4 

product. The CS reaction 4.9 has previously been identified in the photodissociation of 

Co2+(H2O)4 by Metz and coworkers.57 They found that simple water loss was at least an 

order of magnitude less probable, which differs from the very similar probabilities of the 

two pathways observed here. This difference may simply be attributable to the differing 

activation methods. In addition, Kebarle and coworkers12,16-17 used high pressure mass 

spectrometry (HPMS) to observe CoOH+(H2O)2, CoOH+(H2O), and H+H2O, assigning 

54



these observations to reaction 4.9, although there is nothing in this work that allows them 

to definitively link the products observed as coming from the same reaction.  

The presence of reaction 4.8 is confirmed by the results for Co2+(H2O)6, Figure 

4.1(f), which can no longer dissociate by reaction 4.7. Now the H+(H2O)3 product is no 

longer observed and the cross sections for CoOH+(H2O)3 and H+H2O have similar energy 

dependences. Further, the sum of the CoOH+(H2O)3 and CoOH+(H2O)2 cross sections 

matches that of the sum of H+(H2O)2 and H+H2O in shape, consistent with sequential loss 

of water ligands from the former to produce the latter at their thresholds. Relative 

thresholds are also consistent with this conclusion. The magnitudes of these two sums 

differ by approximately 50%. We have previously demonstrated that this can occur 

because the products of charge separation reactions have appreciable kinetic energy that 

is released once they pass over the Coulombic barrier.5 Momentum conservation dictates 

that the lighter products have a higher kinetic energy, such that they are less efficiently 

collected and detected. Reaction 4.9 is also more easily observed in Figure 4.1(f) as a 

large increase in the CoOH+(H2O)2 and H+H2O cross sections compared to those for 

CoOH+(H2O)3 and H+(H2O)2 (very evident on a linear cross section scale). Again, it can 

be seen that these cross sections follow a similar energy dependence and magnitude as 

formation of Co2+(H2O)3. 

Unexpectedly, the dissociation of Co2+(H2O)5, Figure 4.1(g), exhibits only loss of 

water ligands and no CS reactions were observed from x = 5 or from smaller complexes 

(e.g., reaction 4.9). The failure to observe a CS reaction from Co2+(H2O)5 is consistent 

with no evidence for such a reaction in the larger complexes. In contrast, on the basis of 

the results described above for dissociation of the x = 7 and 6 complexes, one might have 
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expected to observe CoOH+(H2O)2 and H+H2O products of reaction 4.9 with cross section 

magnitudes similar to that of the Co2+(H2O)3 product. These products were specifically 

looked for but never seen with appreciable intensity above the signal-to-noise level 

(~0.01 Å2). At this point in time, we have no ready explanation for the failure to observe 

reaction 4.9 in Figure 4.1(g) although this result is discussed further below.  

4.4.2 Overview of theoretical results.  Relative energies at 0 and 298 K of 

Co2+(H2O)x (x = 4 – 11) complexes calculated at different levels of theory are given in 

Table 4.1, with geometries of ground structures (GSs) shown in Figure 4.2. For all 

complexes, the quartet spin state of the 3d7 configuration on cobalt was found to be much 

more favorable energetically (by over 1.0 eV) compared to a doublet or sextet spin state.  

We use an (x,y,z) nomenclature to describe the number of water molecules in the 

first (x), second (y), and third (z) solvent shells of each unique structure. To describe the 

hydrogen bonding of waters in the cluster, isomers are further denoted using an A/D 

nomenclature where a water molecule can be a single (A) or double (AA) hydrogen bond 

acceptor and/or single (D) or double (DD) hydrogen bond donor. To indicate waters that 

bridge between two different solvent shells, a subscript “2” is denoted on both the donor 

and acceptor (which is more easily visualized by example, see Table 4.1 and Figure 4.2). 

To further distinguish between structures with similar bonding schemes but differing 

geometric parameters, additions to the nomenclature may include point group 

symmetries; the subscripts “a” or “b” to indicate if the bond connects to an axial or base 

ligand, respectively; series of oxygen – cobalt dication –oxygen angles denoted as 

subscript “g” (gauche) for angles between 45° and 135° and “t” (trans) for angles >135°. 

56



T
ab

le
 4

.1
. T

he
or

et
ic

al
 R

el
at

iv
e 

En
th

al
py

 (∆
H

0)
 a

nd
 F

re
e 

En
er

gi
es

 (∆
G

29
8)

a  (k
J/

m
ol

) f
or

 H
yd

ra
te

d 
C

ob
al

t C
om

pl
ex

es
 a  

co
m

pl
ex

 (x
,y

,z)
b  

B3
LY

P 
B3

LY
P-

G
D

3B
Jc  

B3
P8

6 
M

P2
(fu

ll)
 

C
o2+

(H
2O

) 4 
(4

,0
) 

0.
0 

(0
.0

) 
0.

0 
(0

.0
) 

0.
0 

(0
.0

) 
0.

0 
(0

.0
) 

(3
,1

)_
A

 
52

.8
 (5

2.
7)

 
56

.6
 (5

6.
5)

 
50

.8
 (5

0.
6)

 
80

.5
 (8

0.
4)

 
C

o2+
(H

2O
) 5 

(4
,1

)_
A

A
 

0.
0 

(0
.0

) 
0.

0 
(0

.0
) 

0.
0 

(0
.0

) 
0.

0 
(0

.0
) 

(4
,1

)_
A

 
2.

0 
(6

.2
) 

5.
1 

(9
.3

) 
1.

8 
(6

.1
) 

6.
4 

(1
0.

7)
 

(5
,0

)  
17

.0
 (2

6.
4)

 
13

.5
 (2

2.
8)

 
16

.4
 (2

5.
8)

 
7.

8 
(1

7.
1)

 
C

o2+
(H

2O
) 6 

(4
,2

)_
4D

_2
A

A
 

0.
0 

(0
.0

) 
3.

0 
(0

.0
) 

0.
0 

(0
.0

) 
19

.5
 (1

2.
7)

 
(4

,2
)_

3D
_A

A
_A

 
5.

3 
(8

.8
) 

11
.2

 (1
1.

6)
 

5.
1 

(8
.6

) 
29

.6
 (2

6.
2)

 
(4

,2
)_

2D
,D

D
_2

A
A

 
11

.1
 (1

0.
0)

 
13

.7
 (9

.6
) 

11
.6

 (1
0.

6)
 

31
.8

 (2
4.

0)
 

(5
,1

)_
A

aA
b 

7.
1 

(1
0.

1)
 

6.
9 

(6
.8

) 
7.

5 
(1

0.
5)

 
39

.2
 (3

5.
4)

 
(5

,1
)_

A
bA

b 
16

.5
 (1

7.
9)

 
16

.2
 (1

4.
5)

 
15

.6
 (1

6.
9)

 
27

.3
 (2

1.
9)

 
(6

,0
) T

h 
6.

3 
(1

0.
5)

 
16

.6
 (1

7.
8)

 
7.

2 
(1

1.
4)

 
17

.5
 (1

4.
9)

 
(6

,0
) D

2h
4.

9 
(1

1.
7)

 
0.

0 
(3

.7
) 

5.
8 

(1
2.

5)
 

0.
0 

(0
.0

) 
C

o2+
(H

2O
) 7 

(4
,3

)_
3D

,D
D

_2
A

A
,A

 
0.

0 
(0

.0
) 

4.
5 

(0
.0

) 
0.

0 
(0

.0
) 

20
.3

 (1
7.

4)
 

(4
,3

)_
2D

,2
D

D
_3

A
A

 
8.

3 
(5

.2
) 

9.
0 

(4
.1

) 
9.

1 
(6

.0
) 

20
.3

 (2
0.

7.
) 

(4
,3

)_
4D

_A
A

_2
A

 
1.

0 
(2

.0
) 

8.
0 

(7
.4

) 
0.

5 
(1

.6
) 

26
.7

 (2
0.

7)
 

(5
,2

)_
2D

,D
D

_2
A

A
 

9.
2 

(8
.4

) 
7.

2 
(4

.6
) 

8.
0 

(7
.2

) 
11

.6
 (9

.0
) 

(5
,2

)_
4D

_2
A

A
 

5.
2 

(3
.7

) 
3.

3 
(2

.7
) 

3.
6 

(2
.0

) 
9.

3 
(4

.9
) 

(6
,1

)_
A

A
  

6.
8 

(9
.7

) 
0.

0 
(1

.1
) 

7.
0 

(9
.9

) 
0.

0 
(0

.0
) 

C
o2+

(H
2O

) 8 
(4

,4
)_

2D
,2

D
D

_2
A

,2
A

A
 

5.
7 

(8
.6

) 
15

.0
 (1

8.
0)

 
6.

6 
(9

.6
) 

20
.8

 (2
0.

6)
 

(4
,4

)_
2D

,2
D

D
_2

A
A

,A
D

2,A
A

2 
19

.0
 (1

8.
2)

 
23

.5
 (2

2.
8)

 
20

.4
 (1

9.
6)

 
32

.1
 (2

8.
2)

 
(4

,4
)_

3D
,D

D
_A

,A
A

,A
D

2,A
A

2 
12

.9
 (1

4.
9)

 
21

.2
 (2

3.
2)

 
13

.9
 (1

5.
9)

 
28

.9
 (2

7.
6)

 
(4

,4
)_

4D
D

_4
A

A
 

10
.0

 (7
.2

) 
12

.6
 (9

.8
) 

12
.2

 (9
.4

) 
20

.3
 (1

4.
4)

 
(5

,3
)_

2D
,2

D
D

_3
A

bA
b 

0.
0 

(0
.0

) 
4.

3 
(0

.0
) 

0.
0 

(0
.0

) 
16

.1
 (1

2.
9)

 
(5

,3
)_

2D
,2

D
D

_2
A

bA
b,A

aA
b 

6.
8 

(5
.6

) 
6.

7 
(5

.5
) 

5.
4 

(4
.2

) 
8.

4 
(4

.0
) 

57



T
ab

le
 4

.1
. c

on
tin

ue
d 

co
m

pl
ex

 (x
,y

,z)
b  

B3
LY

P 
B3

LY
P-

G
D

3B
Jc  

B3
P8

6 
M

P2
(fu

ll)
 

C
o2+

(H
2O

) 8 
(5

,3
)_

4D
,D

D
_3

A
A

 
9.

3 
(8

.6
) 

9.
2 

(8
.4

) 
8.

2 
(7

.5
) 

10
.2

 (6
.2

) 
(6

,2
)_

2D
,D

D
_2

A
A

 
21

.7
 (2

4.
9)

 
16

.7
 (1

9.
9)

 
21

.4
 (2

4.
7)

 
7.

6 
(7

.7
) 

(6
,2

)_
4D

_2
A

A
g 

9.
9 

(1
3.

1)
 

4.
9 

(8
.1

) 
10

.4
 (1

3.
6)

 
15

.9
 (1

5.
9)

 
(6

,2
)_

4D
_2

A
A

t 
13

.8
 (1

7.
0)

 
0.

0 
(2

.0
) 

13
.9

 (1
7.

0)
 

0.
0 

(0
.0

) 
C

o2+
(H

2O
) 9 

(4
,4

,1
)_

2D
,2

D
D

_2
A

A
,2

A
D

_A
A

 
16

.1
 (1

8.
4)

 
28

.1
 (2

7.
1)

 
18

.2
 (2

0.
5)

 
45

.7
 (4

4.
8)

 
(4

,4
,1

)_
2D

,2
D

D
_A

,2
A

D
_2

A
A

 
14

.2
 (1

8.
1)

 
28

.6
 (2

9.
3)

 
15

.8
 (1

9.
7)

 
47

.5
 (4

8.
1)

 
(4

,5
)_

2D
,2

D
D

_A
A

,2
A

,A
D

2,A
A

2 
8.

9 
(1

4.
4)

 
24

.1
 (2

6.
3)

 
11

.1
 (1

6.
6)

 
41

.1
 (4

3.
3)

 
(4

,5
)_

D
,3

D
D

_2
A

A
,3

A
 

2.
4 

(8
.9

) 
18

.7
 (2

1.
9)

 
4.

5 
(1

0.
9)

 
34

.0
 (3

7.
2)

 
(4

,5
)_

D
,3

D
D

_2
A

A
,A

,A
D

2,A
A

2 
11

.7
 (1

5.
1)

 
23

.4
 (2

3.
5)

 
14

.2
 (1

7.
6)

 
45

.4
 (4

5.
4)

 
(5

,4
)_

2D
,3

D
D

_4
A

A
 

0.
0 

(0
.0

) 
4.

5 
(1

.3
) 

0.
0 

(0
.0

) 
16

.7
 (1

3.
4)

 
(5

,4
)_

3D
,2

D
D

_A
,3

A
A

 
6.

4 
(9

.2
) 

12
.9

 (1
2.

5)
 

6.
3 

(9
.1

) 
24

.5
 (2

4.
1)

 
(5

,4
)_

4D
,D

D
_2

A
A

,A
D

2,A
A

2 
14

.1
 (1

5.
9)

 
20

.0
 (1

8.
5)

 
13

.9
 (1

5.
7)

 
33

.6
 (3

2.
1)

 
(5

,4
)_

4D
D

_4
A

A
 

1.
2 

(1
.7

) 
4.

9 
(2

.1
) 

0.
7 

(1
.2

) 
16

.1
 (1

3.
4)

 
(6

,3
)_

2D
,2

D
D

_3
A

A
 

6.
5 

(1
1.

1)
 

5.
3 

(6
.6

) 
7.

7 
(1

2.
2)

 
6.

3 
(7

.6
) 

(6
,3

)_
4D

,D
D

_3
A

A
 

2.
6 

(6
.6

) 
1.

8 
(2

.6
) 

3.
9 

(7
.9

) 
1.

9 
(2

.7
) 

(6
,3

)_
6D

_3
A

A
 

0.
6 

(3
.9

) 
0.

0 
(0

.0
) 

1.
7 

(5
.0

) 
0.

0 
(0

.0
) 

C
o2+

(H
2O

) 10
 

(4
,4

,2
)_

4D
,4

A
D

_2
A

A
 

20
.7

 (2
2.

5)
 

36
.8

 (3
7.

2)
 

22
.1

 (2
3.

9)
 

55
.9

 (5
6.

3)
 

(4
,4

,2
)_

4D
D

,2
A

A
_2

A
A

D
,2

A
 

17
.2

 (1
6.

2)
 

29
.1

 (2
6.

6)
 

18
.4

 (1
7.

4)
 

48
.1

 (4
5.

6)
 

(4
,5

,1
)_

2D
,2

D
D

_2
A

A
,A

,2
A

D
_A

A
 

11
.5

 (1
3.

1)
 

25
.7

 (2
5.

9)
 

14
.1

 (1
5.

8)
 

41
.3

 (4
1.

5)
 

(4
,5

,1
)_

D
,3

D
D

_2
A

,A
A

,A
A

D
,A

D
_A

A
 

19
.9

 (2
2.

0)
 

34
.0

 (3
4.

6)
 

21
.6

 (2
3.

7)
 

50
.6

 (5
1.

2)
 

(4
,6

)_
4D

D
,2

A
A

_4
A

 
0.

2 
(6

.7
) 

18
.8

 (2
3.

8)
 

3.
1 

(9
.6

) 
31

.3
 (3

6.
4)

 
(5

,4
,1

)_
4D

D
,4

A
A

_A
 

7.
3 

(6
.4

) 
13

.2
 (1

0.
8)

 
6.

0 
(5

.1
) 

24
.0

 (2
1.

6)
 

(5
,5

)_
D

,4
D

D
_3

A
A

,A
A

D
_A

A
 

9.
5 

(6
.7

) 
10

.3
 (6

.1
) 

9.
3 

(6
.5

) 
20

.4
 (1

6.
2)

 
(5

,5
)_

D
,4

D
D

_4
A

A
,A

 
0.

0 
(0

.0
) 

5.
9 

(4
.5

) 
0.

0 
(0

.0
) 

15
.8

 (1
4.

4)
 

58



T
ab

le
 4

.1
. c

on
tin

ue
d 

co
m

pl
ex

 (x
,y

,z)
b  

B3
LY

P 
B3

LY
P-

G
D

3B
Jc  

B3
P8

6 
M

P2
(fu

ll)
 

C
o2+

(H
2O

) 10
 

(6
,4

)_
4D

D
,4

A
A

 
17

.4
 (1

9.
8)

 
14

.8
 (1

5.
7)

 
18

.7
 (2

1.
0)

 
14

.1
 (1

5.
0)

 
(6

,4
)_

5D
,D

D
_2

A
A

,A
A

D
2,A

A
2 

5.
7 

(6
.3

) 
2.

3 
(1

.4
) 

30
.1

 (3
0.

7)
 

1.
2 

(0
.3

) 
C

o2+
(H

2O
) 11

 
(4

,4
,3

)_
4D

D
,A

A
_3

A
A

D
,3

A
 

19
.6

 (1
6.

6)
 

35
.3

 (3
5.

2)
 

17
.3

 (1
6.

8)
 

55
.4

 (5
5.

4)
 

(4
,6

,1
)_

4D
D

,4
A

_A
A

,A
A

D
_A

 
6.

1 
(9

.8
) 

28
.4

 (3
4.

9)
 

5.
4 

(1
1.

5)
 

42
.6

 (4
9.

1)
 

(5
,4

,2
)_

4D
D

,2
A

A
_2

A
A

D
,2

A
 

10
.5

 (7
.0

) 
20

.0
 (1

9.
4)

 
5.

4 
(4

.4
) 

32
.4

 (3
1.

8)
 

(5
,5

,1
)_

D
,4

D
D

_A
,3

A
A

,A
A

D
_A

 
3.

8 
(1

.3
) 

13
.4

 (1
3.

8)
 

0.
0 

(0
.0

) 
24

.6
 (2

5.
0)

 
(5

,6
)_

5D
D

_4
A

A
,2

A
 

0.
0 

(0
.0

) 
9.

3 
(1

2.
2)

 
0.

6 
(3

.1
) 

34
.4

 (3
7.

3)
 

(6
,5

)_
4D

,2
D

D
_A

A
,2

A
A

D
2,2

A
A

2 
8.

5 
(3

.1
) 

3.
6 

(1
.1

) 
6.

1 
(3

.1
) 

23
.7

 (2
1.

2)
 

(6
,5

)_
D

,4
D

D
_4

A
A

,A
 

22
.2

 (2
1.

7)
 

22
.4

 (2
4.

9)
 

20
.5

 (2
2.

6)
 

22
.6

 (2
5.

1)
 

(6
,5

)_
3D

,3
D

D
_3

A
A

,A
A

D
2_

A
A

2 
6.

2 
(1

.9
) 

3.
4 

(2
.0

) 
3.

9 
(2

.1
) 

30
.6

 (2
9.

3)
 

(6
,5

)_
2D

,4
D

D
_5

A
A

 
3.

5 
(0

.5
) 

0.
0 

(0
.0

) 
1.

3 
(0

.9
) 

0.
0 

(0
.0

) 
(6

,4
,1

)_
4D

,2
D

D
_3

A
A

,A
A

D
_A

 
17

.6
 (1

5.
9)

 
19

.1
 (2

0.
3)

 
13

.7
 (1

4.
5)

 
21

.1
 (2

2.
3)

 
a ∆

G
29

8 
va

lu
es

 a
re

 g
iv

en
 in

 p
ar

en
th

es
es

. V
al

ue
s a

re
 si

ng
le

-p
oi

nt
 e

ne
rg

ie
s c

al
cu

la
te

d 
at

 th
e 

le
ve

l s
ho

w
n 

us
in

g 
a 

6-
31

1+
G

(2
d,

2p
) b

as
is

 se
t 

fro
m

 g
eo

m
et

rie
s 

op
tim

iz
ed

 a
t 

th
e 

B3
LY

P/
6-

31
1+

G
(d

,p
) 

le
ve

l 
ex

ce
pt

 a
s 

no
te

d.
 Z

er
o 

po
in

t 
en

er
gy

 c
or

re
ct

io
ns

 a
re

 i
nc

lu
de

d.
 b To

 
di

ffe
re

nt
ia

te
 o

th
er

w
is

e 
si

m
ila

r s
tru

ct
ur

es
, s

ev
er

al
 a

dd
iti

on
s t

o 
th

e 
no

m
en

cl
at

ur
e 

w
er

e 
m

ad
e:

 1
) t

he
 p

oi
nt

 g
ro

up
 sy

m
m

et
ry

 m
ay

 b
e 

ad
de

d;
 

2)
su

bs
cr

ip
ts

 “
a”

 a
nd

 “
b”

 re
fe

r t
o 

ap
ex

 a
nd

 b
as

e 
si

te
s 

in
 a

n 
in

ne
r s

he
ll 

of
 fi

ve
 w

at
er

s;
 3

) O
 –

 M
2+

 –
 O

 a
ng

le
s 

de
no

te
d 

as
 s

ub
sc

rip
t “

g”
(g

au
ch

e)
 fo

r a
ng

le
s 

be
tw

ee
n 

45
° 

an
d 

13
5°

, a
nd

 “
t”

 (t
ra

ns
) f

or
 a

ng
le

s 
>1

35
°;

 4
) w

at
er

s 
th

at
 c

an
 b

e 
as

si
gn

ed
 to

 tw
o 

sh
el

ls
 a

nd
 a

lw
ay

s
in

di
ca

te
 a

 c
yc

lic
 st

ru
ct

ur
e 

ar
e 

de
no

te
d 

w
ith

 a
 su

bs
cr

ip
t “

2”
. c G

eo
m

et
rie

s o
pt

im
iz

ed
 a

t B
3L

Y
P-

G
D

3B
J/

6-
31

1+
G

(d
,p

) l
ev

el
.

59



Figure 4.2. Possible rate-limiting charge separation transition states for reactions 4.7 – 
4.9 and those for x = 5. Structures were optimized at the B3LYP/6-311+G(d,p) level of 
theory. Brackets denote TS[x+y] naming scheme where x indicates the number of waters 
directly bound to the CoOH+ center and y indicates the number of waters bound to the 
leaving H+. Bond lengths for the O-H+ bond being broken (dashed line) are provide in 
Angstroms (Å). 
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4.4.3 Theoretical geometries for Co2+(H2O)x ground structures.  As seen in 

Table 4.1, there is discrepancy among the different levels of theory as to the coordination 

number (CN), the number of ligands that directly bind to the metal and form the first 

solvent shell, for Co2+(H2O)x. The progression of the GS solvent shell growth at the 

different CNs are displayed in Figure 4.2. The B3LYP and B3P86 levels predict that CN 

= 4 for x = 4 – 7, and then CN= 5 for x ≥ 8 at 0 and 298 K. MP2 predicts four-coordinate 

GSs for x = 4 and 5 and then CN = 6 for x ≥ 6 at 0 and 298 K. Temperature becomes a 

factor for B3LYP-GD3BJ. For x = 4 – 8, the B3LYP-GD3BJ 298 K GSs are the same as 

B3LYP and B3P86, whereas the 0 K GSs agree with MP2 GSs. At x = 9 – 11, the 

B3LYP-GD3BJ GSs are CN = 6 at both 0 and 298 K GS, agreeing with MP2.  

All levels of theory predict GSs with four waters directly binding to Co2+ for x = 4 

and 5 (Table 4.1). The (4,0) Co2+(H2O)4 GS isomer exhibits a distorted tetrahedral 

geometry with ∠O-Co-O of 105° and 112° and four Co-O bond lengths of 2.012 Å. The 

nonsymmetrical orientation of the water ligands results from their participation in long-

range hydrogen bonding interactions (~3.6 Å between H and O). The x = 5 GS, 

(4,1)_AA, is the (4,0) isomer with addition of the fifth water ligand promoted to a second 

solvent shell by accepting a single hydrogen bond from two inner shell waters. Table 4.1 

shows the (5,0) isomer is 17 – 26 kJ/mol higher in 298 K energy than the (4,1) GS. These 

four-coordinate structures are similar to those predicted and identified spectroscopically 

for CoOH+(H2O)x,8,58 where the CoOH+(H2O)3 GS complex had three water ligands and 

the hydroxide bound directly to the cobalt ion. The fourth water ligand in CoOH+(H2O)4 

was also promoted into the second solvent shell where it accepted a single hydrogen bond 

from an inner shell water and donated a hydrogen bond to the inner shell hydroxide. It 

61



can be realized that in both the Co2+ and CoOH+ complexes the metal ion has a 3d7 

electron configuration such that a tetrahedral geometry is favored, as this gives an orbital 

occupation of (e)4(t2)3 for a quartet spin state. 

At Co2+(H2O)6, levels of theory diverge for predicting the lowest energy isomer. 

The B3LYP, B3P86, and B3LYP-GD3BJ (298 K) levels of theory continue to predict a 

four-water inner solvent shell GS with the (4,2)_4D_2AA isomer. This isomer has the 

sixth water ligand accepting hydrogen bonds from two inner shell water ligands of the 

(4,1)_AA complex, such that the two second solvent shell water molecules are opposite 

each other. MP2 and B3LYP-GD3BJ (0 K) predict the lowest energy x = 6 isomer to be 

the six-coordinate (6,0) complex, where all six water molecules directly interact with the 

metal center in a pseudo-octahedral geometry with Co – O bond lengths of 2.126 Å (4) 

and 2.128 Å (2). In the (6,0) complex, the orientations of the ligands are again 

determined by long (3.0 – 3.1 Å) interligand hydrogen bonding occurring between the 

hydrogen atom of one ligand and the oxygen atom of a neighboring water unit (Figure 

4.2) such that the symmetry is D2h. The Co – O bond lengths determined here are ~0.016 

Å shorter than predicted by Akesson et al.59 using MCSCF methods for their (6,0) 

complex with Th symmetry (where all Co-O bond lengths are equal and the hydrogen 

bonding dictates the high symmetry), predicted to be 11 – 18 kJ/mol higher in relative 

298 K energy than GS here. Note that the six-coordinate geometry has an orbital 

occupation of (t2g)5(eg)2 for a quartet spin state, such that a Jahn-Teller distortion from the 

octahedral Th symmetry is expected. 

Theory also predicts both four- and six-coordinate ground structures at x = 7, 

Figure 4.2. B3LYP, B3P86, and B3LYP-GD3BJ (298 K) levels predict the lowest energy 
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isomer of Co2+(H2O)7 to have a four water inner shell structure, (4,3)_3D,DD_2AA,A 

which is similar to the (4,2)_4D_2AA isomer where the third outer shell water accepts a 

single hydrogen bond from an inner shell water. The six water inner shell isomer, 

(6,1)_AA, is predicted by MP2(full) and B3LYP-GD3BJ (0 K) levels to be the lowest 

energy isomer. In this isomer, the seventh water is in the second solvent shell, doubly 

bound via two hydrogen bonds from neighboring inner-shell water ligands. 

At Co2+(H2O)8, theory stops predicting a four-coordinate ground structure. Here, 

the B3LYP, B3P86 and B3LYP-GD3BJ (298 K) levels predict the lowest energy isomer 

to have a five water inner solvent shell, (5,3)_2D,2DD_3AbAb. Figure 4.2 shows this 

isomer has a distorted square pyramidal inner shell geometry with the three outer shell 

ligands adjacent to each other in the plane of the pyramid base. For MP2 and B3LYP-

GD3BJ (0 K) levels, the (6,2)_4D_2AAt isomer is predicted to be the GS. As shown in 

Figure 4.2, this structure has two second-shell water ligands doubly hydrogen bonded to 

the inner solvent shell opposite each other (t = trans). 

The five-coordinate GS predicted by B3LYP and B3P86 levels for x = 9 is 

(5,4)_2D,3DD_4AA. This structure is similar in geometry to the x = 8 (5,3) GS but the 

eighth water accepts hydrogen bonds from two inner solvent waters, one in the axial 

position and one in the base. If all four second shell waters bind symmetrically to inner 

shell base waters, (5,4)_4DD_4AA, this isomer lies 0 - 2 kJ/mol higher in 298 K relative 

energy. The six-coordinate GS predicted by MP2 and B3LYP-GD3BJ (0 and 298 K) is a 

(6,3)_6D_3AA geometry with each of the six inner solvent shell waters donating only a 

single hydrogen bond to an outer solvent shell water. In this complex, the second solvent 

shell water ligands bind in equivalent locations, Figure 4.2. 
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The two predicted lowest energy Co2+(H2O)10 complexes are shown in Figure 4.2. 

B3LYP and B3P86 levels predict the (5,5)_D,4DD_4AA,A geometry to be the GS. In 

this structure, four second solvent shell waters form two hydrogen bonds with the base of 

the square pyramidal inner solvent shell and the fifth second shell water accepts a single 

hydrogen bond from the axial inner solvent shell water. The (6,4)_4D,2DD_4AA isomer 

is predicted to be the MP2 and B3LYP-GD3BJ GS. This isomer has the outer shell waters 

oriented in such a way that two of the outer solvent shell water ligands are adjacent to 

each other with one inner solvent water shared between the two in the xy plane, while the 

other two outer water ligands are adjacent to each other with one inner solvent water 

shared between the two in the xz plane.  

Figure 4.2 shows the three possible GSs for the Co2+(H2O)11 complex, two five-

coordinate and one six-coordinate, depending on the level of theory. B3LYP predicts the 

(5,6)_5DD_4AA,2A isomer as the GS, similar in structure to the x = 10 (5,5) GS with the 

addition of another water ligand accepting a single hydrogen bond from the inner shell 

water ligand in the axial position. The B3P86 level of theory predicted a GS of 

(5,5,1)_D,4DD_A,3AA,AAD_A, which is also similar to the x = 10 (5,5) GS, with the 

eleventh water in a third solvent shell singly bound to a second solvent shell water in the 

base of the square pyramid. MP2 and B3LYP-GD3BJ continue to predict a six-coordinate 

GS with the (6,5)_2D,4DD_5AA structure where the  five second shell waters are all 

adjacent to each other in different planes with four double donating (DD) inner shell 

waters shared between them. 

In agreement with the MP2 and B3LYP-GD3BJ results predicting CN = 6, Gilson 

and Krauss60 used CAS-MCSCF and MCQDPT calculations to interpret the absorption 
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spectrum of aqueous Co2+ and found that the dominant species in solution is six-

coordinate with some evidence of five-coordinate species. Metz and coworkers57 reported 

that their photodissociation spectrum of Co2+(H2O)6 was only consistent with the (6,0) 

structure, which suggests that the relative energies predicted by MP2 are more accurate 

than the other methods explored here. This conclusion is consistent with previous 

infrared multiple photon dissociation (IRMPD) spectroscopy experiments of Zn2+(H2O)x, 

x = 6 − 12,29 where the MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) level of theory 

gave good agreement with experiment whereas B3LYP and B3P86 levels did not. 

4.4.4 Theoretical geometries for charge separation transition states.  The 

transition states for the charge separation reactions 4.7 – 4.9 involve the heterolytic 

cleavage of an O-H bond leading to the incipient products, CoOH+(H2O)m and 

H+(H2O)x-m-1. Molecular parameters for these rate-limiting TSs are needed for 

thermochemical analysis. Optimized geometries of these tight TSs are shown in Figure 

4.3 and include possible pathways for CS reactions of Co2+(H2O)5 as well (both TS[3+1] 

and T[2+2]). The (O – H+) distances between the hydroxide oxygen and leaving proton in 

these TSs is generally near 3.2 Å, although TS[2+2] has an O–H+ distance of only 2.94 

Å. Such variations in these TS geometries have been observed previously for the 

analogous complexes of Fe2+ and Ni2+.1-2 

4.4.5 Thermochemical results.  Primary and secondary dissociation product 

cross sections for all Co2+(H2O)x complexes observed were modeled in several ways, 

with average optimum modeling parameters obtained listed in Table 4.2. All complexes 

are believed to be thermally equilibrated in the source, such that the modeling assumes 

the reactant isomers are the 298 K GS with an internal energy distribution of 298 K. The 
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Figure 4.3. Geometries for the predicted ground structures of Co2+(H2O)x complexes, x = 
4 – 11, as optimized at the B3LYP/6-311+G(d,p) level of theory. 
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Table 4.2. Optimized Parameters from Analysis of Cross Sections for Collision-Induced 
Dissociation of Co2+(H2O)x 

a 
 

x Reactant Product σ0
b nb E0

b (eV) 
(PSL) 

E0
c (eV) 

(No RRKM) 
ΔS†

1000 
b  

(J/mol K) 
5 (4,1) (4,0)d 7 (2) 0.8 (0.1) 1.02 (0.07) 1.12 (0.09) 50 (21) 
  (3,0)e 10 (3)   2.76 (0.10)   38 (14) 
6 (4,2) (4,1)d 58 (3) 0.8 (0.1) 1.10 (0.08) 1.21 (0.10) 75 (31) 
 (6,0) (4,1)d 59 (4) 0.8 (0.1) 1.11 (0.07) 1.26 (0.11) 52 (32) 
  TS[3+2]f 4 (3)   0.97 (0.06) 1.56 (0.08) 58 (10) 
  (4,0)g 65 (4)   2.22 (0.09)   58 (5) 
7 (4,3) (4,1)d 79 (7) 1.0 (0.1) 0.77 (0.07) 0.95 (0.09) 13 (18) 
 (6,1) (6,0)d 73 (5) 1.0 (0.2) 0.80 (0.08) 0.99 (0.11) 62 (22) 
  TS[3+3]f 1 (1)   0.82 (0.10) 1.43 (0.15) 43 (15) 
  (4,1)g 74 (10)   1.93 (0.09)   24 (4) 
8 (5,3) (4,3)d 62 (7) 1.0 (0.1) 0.68 (0.07) 0.90 (0.10) 55 (14) 
8 (6,2) (6,1)d 62 (7) 1.0 (0.1) 0.70 (0.06) 0.94 (0.10) 61 (43) 
  (6,0)e 60 (4)   1.56 (0.08)   50 (5) 
9 (5,4) (5,3)d 88 (3) 1.0 (0.1) 0.58 (0.08) 0.92 (0.10) 55 (5) 
 (6,3) (6,2)d 88 (3) 1.0 (0.2) 0.60 (0.07) 0.82 (0.10) 67 (5) 
  (6,1)e 84 (8)   1.36 (0.09)   51 (12) 
10 (5,5) (5,4)d 99 (7) 0.9 (0.1) 0.45 (0.08) 1.00 (0.14) 7 (10) 
 (6,4) (6,3)d 100 (6) 0.9 (0.1) 0.48 (0.07) 0.98 (0.15) 30 (15) 
  (6,2)e 102 (9)   1.08 (0.09)   65 (14) 
11 (5,5,1) (5,5)d 74 (9) 1.2 (0.3) 0.40 (0.08) 0.99 (0.14) 32 (10) 
 (5,6) (5,5)d 75 (8) 1.2 (0.3) 0.40 (0.08) 0.98 (0.15) 2 (8) 
 (6,5) (6,4)d 75 (9) 1.2 (0.3) 0.42 (0.07) 1.01 (0.15) 64 (22) 
  (6,3)e 77 (16)   1.05 (0.10)   34 (14) 

aUncertainties in parentheses. bParameters for modeling with lifetime effects (PSL) 
considered. cParameters for modeling where lifetime effects are not included. dSingle 
channel modeling of total cross section using eq 4.4. eSequential modeling of primary and 
secondary cross sections using eqs 4 × 6. fCompetitive analysis modeling of primary 
water loss and charge separation cross sections using eq 4.4. gCompetitive sequential 
analysis modeling of primary water and charge separation losses and secondary water 
loss cross sections using eqs 4.4 and 4 × 6. 
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product isomer is assigned as the 0 K GS because previous studies have found that our 

threshold analyses are dominated by the lowest energy 0 K enthalpy species.1,4 Threshold 

E0 values were determined for the primary dissociation of each complex from modeling 

with (eq 4.4) and without (eq 4.3) including RRKM theory, which takes lifetime effects 

into account. The primary threshold values without lifetime effects are higher because of 

a kinetic shift, which increases as the complexes get larger (from 0.1 eV for x = 5 to 0.6 

eV for x = 11) because of the increased dissociation lifetime. Table 4.2 also includes 

values of the entropies of activation, ∆S†
1000, which represent the measure of looseness of 

the transition states. All of these values are positive, consistent with a loose PSL TS.  

The predicted GSs differ for the x = 6 − 11 complexes depending on the level of 

theory, and in several cases, there are low-energy isomers at 298 K energies such that 

multiple isomers could be present in the source. In these cases, the data were modeled 

using each of these possible isomers individually, Table 4.2. Changes in the reaction 

thresholds are a consequence of differences in the kinetic shifts of the model. This 

becomes more evident for reactant complexes with more outer shell waters and more 

single hydrogen bound waters (A) with low torsional frequencies that lead to a higher 

density of states, lowering the rate of dissociation, thereby increasing the kinetic shift and 

lowering the 0 K reaction threshold.4 Consequently, we observed very minimal changes 

in the reaction thresholds when the data were modeled using different CN assumptions, 

with differences of only 0.01 – 0.03 eV for x = 6 – 11, where isomers with higher 

densities of states (CN = 4 and 5) have lower thresholds than CN = 6. In general, as the 

complex size increases from Co2+(H2O)6 to Co2+(H2O)11, reaction thresholds for loss of a 

single water molecule decrease. The largest decrease in consecutive E0 values is 0.31 – 
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0.33 eV for the x = 6 to x = 7 complexes. This large change is potentially consistent with 

the onset of the second solvent shell and evidence for the (6,0) → (6,1) isomers (MP2 and 

B3LYP-GD3BJ) as opposed to the (4,2) → (4,3) (B3LYP and B3P86).  

Uncharacteristically, the measured BDEs increase by 0.09 eV for x = 5 to 6. We 

attribute this increase to a change from (4,1) with a weakly bound second solvent shell 

water ligand to (6,0), where all ligands bind directly to the cobalt ion. Again, this increase 

is consistent with geometries predicted by MP2 and B3LYP, but not for B3LYP, B3P86, 

and B3LYP-GD3BJ, which suggest geometries of (4,1) and (4,2). Because MP2 theory 

predicts several aspects of this thermochemistry more correctly, additional 

thermochemical analysis below is based on the GS structures predicted by the MP2 

energetics. 

4.4.6 Thermochemical results for competitive water loss versus charge 

separation.  For the Co2+(H2O)6 and Co2+(H2O)7 complexes, water loss and charge 

separation processes are competitive primary dissociation pathways (Figure 4.1 parts e 

and f, respectively). These dissociative pathways are modeled simultaneously using eq 

4.4 with optimum modeling parameters also included in Table 4.2. The primary water 

loss thresholds are essentially unaffected by including competition with the CS products. 

Competitive analysis of the x = 6 CID cross sections (assuming a (6,0) reactant) measures 

a dissociation threshold for H2O loss of 1.11 ± 0.07 eV and a threshold for TS[3+2] of 

0.97 ± 0.06 eV. The CS dissociation pathway is energetically favored by 0.14 ± 0.04 eV 

over the water loss channel and they have similar entropies of activation. These results 

help explain why the relative magnitudes of the two pathways differ by only about an 

order of magnitude, Figure 4.1(f). For competitive analysis of the x = 7 dissociation cross 
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sections (assuming a (6,1)_AA reactant), H2O loss is measured as 0.80 ± 0.08 eV and the 

threshold for TS[3+3] is 0.82 ± 0.10 eV, with a difference of only 0.02 ± 0.03 eV. Loss of 

H2O is energetically and entropically more favorable at x = 7 with its lower threshold for 

dissociation and larger ∆S†
1000 value. As a consequence, here the water loss channel is 

favored by about two orders of magnitude compared to the competing CS reaction 

pathway, Figure 4.1(e). 

4.4.7 Thermochemical results for sequential dissociation.  Thermochemical 

results for the secondary water loss thresholds using the sequential model for analysis are 

also reported in Table 4.2. The sequential secondary water losses were modeled by 

simultaneously analyzing the primary and secondary dissociation product cross sections 

using eqs 4.4 and 4 × 6, where the difference between the primary and secondary 

thresholds is used to calculate an independent measurement for the bond dissociation 

energy for Co2+(H2O)x-1 dissociating to Co2+(H2O)x-2 + H2O. This difference in thresholds 

can be measured with more precision than the absolute values for each threshold because 

many systematic sources of uncertainty cancel; however, their accuracy can suffer from 

the additional assumptions needed in the modeling. Figure 4.4 shows the sequential 

analysis of primary and secondary cross sections for x = 8 as well as the model of the 

total cross section. Figure 4.4 shows the sequential analysis reproduces both product 

cross sections and their total well over extended magnitude and energy ranges (~ 2.5 eV). 

Direct comparison of the models for the total cross sections versus the sequential models 

of the primary cross sections show that the analogous σ0, n, and E0 values are nearly 

identical with the threshold values within 0.06 eV in all cases. Thus, threshold energies 
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Figure 4.4. Zero-pressure extrapolated cross sections for the CID of Co2+(H2O)8. Solid 
lines show the best fits to the primary (open circles) and secondary (open triangles) water 
loss cross sections using eq 4 × 6 for the sequential model convoluted over the neutral 
and ion kinetic and internal energy distributions. Dashed lines show the models in the 
absence of experimental kinetic energy broadening for reactants with an internal energy 
of 0 K. Optimized parameters for these fits are found in Table 4.2. 
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for the primary water loss channels are basically unaffected by consideration of the 

secondary loss channel. 

The sequential dissociation at x = 6 is modeled as a (6,0) → (4,1) + H2O → (4,0) 

+ 2 H2O process; however, the primary dissociation to form the (4,1) product is

complicated by competition with the CS process, reaction 4.8. Analyzing this sequential 

process including competition, Figure 4.5, we measure thresholds of 1.08 ± 0.07 eV and 

2.22 ± 0.09 eV for the first and second water losses, respectively. The difference between 

thresholds, 1.13 eV ± 0.08 eV, gives the sequential BDE for Co2+(H2O)4-H2O, which is 

within combined experimental uncertainty of the threshold for single water loss from 

Co2+(H2O)5, 1.02 ± 0.07 eV. Similarly, sequential modeling of the x = 7 reactant of the 

CS reaction 4.7 gives a sequential BDE of 1.13 ± 0.06 eV, which is in excellent 

agreement with the primary dissociation threshold of 1.11 ± 0.08 eV determined for x = 

6.  

4.4.8 Comparison of experimental and theoretical bond enthalpies.  Primary 

and secondary experimental 0 K hydration enthalpies for the loss of water from 

Co2+(H2O)x (x = 5 – 11) complexes are compared in Table 4.3. As discussed above, there 

is evidence that our most accurate interpretations of the data are from the relative 

energies and GSs predicted at the MP2 level of theory. Therefore only the BDEs from the 

MP2 predicted GSs are given in Table 4.3 (although alternative interpretations give very 

similar values, within 3 kJ/mol). Secondary bond enthalpies (obtained from differences 

between the primary and secondary thresholds) are systematically higher than the values 

obtained from the corresponding primary thresholds, but agree fairly well. Specifically, 

the secondary BDE for x = 5 agrees within 10 kJ/mol of the primary value, the x = 6 – 9 
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Figure 4.5. Zero-pressure extrapolated cross sections for the CID of Co2+(H2O)6. Solid 
lines show the best fits to the primary water loss (open circles), the competing charge 
separation products (closed circles), and secondary water loss (open triangles) using eq 
4.4 and eq 4 × 6 for the competitive sequential model convoluted over the neutral and ion 
kinetic and internal energy distributions. The dashed lines show the models in the 
absence of experimental kinetic energy broadening for reactants with an internal energy 
of 0 K. Optimized parameters for these fits are found in Table 4.2. 
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secondary BDEs are similar to the primary values (less than 7 kJ/mol difference), and the 

largest complex studied, x = 10, has primary and secondary BDEs that differ by a larger 

amount of 14 kJ/mol.  

Table 4.3 also includes theoretical 0 K hydration bond enthalpies for the loss of 

water from Co2+(H2O)x (x = 1 – 11) complexes with and without cp corrections. Our 

experimental values agree well with calculated 0 K hydration enthalpies at all levels of 

theory considered here, with MADs of 9 – 14 kJ/mol for primary BDEs and 7 – 9 kJ/mol 

for secondary BDEs, Table 4.3. When cp corrections are not included, agreement is 

worsened by 2 – 8 kJ/mol for primary BDEs. Interestingly, Table 4.3 shows the addition 

of dispersion forces to B3LYP degrades the agreement with experiment by ~5 kJ/mol. 

Figure 4.6 graphically compares the primary and secondary experimental Co2+(H2O)x 

BDEs for x = 4 – 11 with theoretical values. BDEs decrease very sharply from x = 4 to 5, 

attributed above to putting the fifth ligand in the second solvent shell. The increase in 

BDEs from x = 5 and 6 results from putting all ligands back into the first solvent shell of 

the (6,0) complex. This leads to a relatively large decrease from x = 6 to 7, which again 

involves addition to the second solvent shell. The almost linear trend for x = 7 – 10 

emphasizes no changes in coordination number over this range of complex sizes. Figure 

4.6 shows that MP2 predicts a slightly larger decrease in BDEs from x = 6 to 7 compared 

to that experimentally observed and a significantly larger decrease compared to the DFT 

levels, which do not predict a solvent shell growth here. MP2 results also predict a small 

increase in BDEs from x = 7 and 8, whereas experiment and DFT results show decreases. 

This difference is attributed to MP2 being more sensitive to long range hydrogen 

bonding. Here attachment of the second shell ligand in the (6,1)_AA complex perturbs 
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Figure 4.6. Comparison of experimental primary (black solid circles) and secondary (red 
solid circles) 0 K bond energies with theoretical B3LYP (open black up triangles), 
B3LYP-GD3BJ (open red down triangles), B3P86 (open blue squares) and MP2 values 
(open green diamonds), and with cp corrections. 
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the network of these interactions established in (6,0), Figure 4.2. Addition of the eighth 

water takes advantage of the already perturbed network such that the (6,2) GS has a 

larger BDE. 

4.4.9 Comparison to Fe2+ and Ni2+ hydration enthalpies.  Figure 4.7 plots the 

experimental 0 K bond enthalpies for Co2+(H2O)x (3d7) with those previously determined 

for Fe2+(H2O)x (3d6)1 and Ni2+(H2O)x (3d8),2 to highlight the trends for each value of x 

where x = 4 - 11. Figure 4.7 illustrates that the BDEs for larger complexes (x ≥ 7) are 

essentially equivalent, within experimental uncertainty of each other. This trend is not 

unexpected as all three metals are predicted to have similar octahedral inner-shell GSs for 

x ≥ 6 with similar second solvent shell growth. Thus, the BDEs for all three metals at the 

large x values are governed by loss of a water accepting hydrogen bonds from one or two 

inner shell waters. An interesting diversion from this similarity of BDEs occurs at x = 5 

and 6, where the BDE for Co2+ is lower than that of Fe2+, which is lower than that of 

Ni2+, whereas values for x = 6 increase steadily from Fe2+ to Co2+ to Ni2+. The latter 

changes can be assigned to the expected trend for (6,0) complexes as the metal dication 

gets smaller (because of the increasing nuclear charge as one moves across the periodic 

table), 0.78 to 0.75 to 0.69 Å for Fe2+ to Co2+ to Ni2+, respectively.61 The very different 

trend for x = 5 can be attributed to the differing coordination numbers of the different 

metals, as iron and nickel have all five water ligands directly bound to the metal ion in 

(5,0) GSs and follow the same increasing BDE trend exhibited for x = 6. In contrast, for 

cobalt, the fifth water is more weakly bound in the second solvent shell in a (4,1) GS.  

At x = 4, all geometries are predicted to be (4,0), but the BDEs do not follow the 

nuclear charge trend seen for x = 6 because the geometries are actually distinct. For Ni2+ 
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Figure 4.7. Comparison of experimental primary 0 K bond energies for Fe2+(H2O)x 
(black triangles, reference 1), Co2+(H2O)x (red circles, present work), and Ni2+(H2O)x 
(blue squares, reference 2). All x = 4 values are secondary 0 K BDE values. 
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(3d8), calculations showed triplet state (4,0) GS had a see-saw geometry with singly 

occupied molecular orbitals (SOMOs) in octahedral-like eg MOs.2 For Co2+ (3d7), the 

quartet state (4,0) GS SOMOs are the three tetrahedral t2 MOs, in agreement with that 

found for the (3,1) GS of CoOH+(H2O)4.8 Thus, the Co2+ (4,0) GS has a distorted 

tetrahedral molecular geometry with ∠O-Co-O of 105° and 112°. This scheme is similar 

for Fe2+ (3d6), where the quintet state (4,0) GS also exhibits distorted tetrahedral 

geometry, but distorts to a lesser degree than Co2+ with ∠O-Co-O of 108° and 110°. The 

distortion and increased ligand-ligand repulsion for Co2+ and to a greater extent for Ni2+ 

explain the decreasing BDE trend at x = 4.  

4.4.10 Conversion of 0 K hydration energies to 298 K. In all cases, the 

threshold energies obtained including lifetime effects are assigned as the 0 K bond 

energies. A rigid rotor/harmonic oscillator (RR/HO) approximation using the vibrational 

frequencies (scaled by 0.989) and rotational constants calculated at the B3LYP/6-

311+G(d,p) level of theory was used to calculate ∆H298-∆H0 and T∆S298 values for 

dissociation. These factors were used to convert the 0 K bond energies into 298 K bond 

enthalpies (∆H298) and to determine free energies (∆G298) of dissociation. These values 

are listed for Co2+(H2O)x, x = 4 – 11 in Table 4.4. The uncertainties in these conversions 

were obtained by scaling the vibrational frequencies up and down by 10%. It should be 

noted that some of the low vibrational frequencies correspond to torsional motions of the 

water ligands and thus the RR/HO approximations may not be accurate. The 298 K 

hydration enthalpies (∆H298) track the trends from the 0 K hydration enthalpies (∆H0) 

discussed above. The free energies of dissociation (∆G298) decrease with increasing 

number of water ligands for all complexes observed. Note that the x = 11 free energy of 
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dissociation is only 0.04 ± 0.9 kJ/mol, which indicates that at room temperature its 

dissociation is nearly spontaneous. This explains why our source does not make larger 

clusters (with weaker hydration energies) efficiently. 

4.4.11 Charge separation: Energetic barriers. Table 4.5 presents the predicted 

barrier heights for the charge separation processes of Co2+(H2O)x, where x = 4 – 7, 

including reactions 4.7 – 4.9, and also compares the experimental and theoretical barrier 

heights of the charge separation pathways to the experimental and predicted energies for 

water loss dissociation pathways. The structures of each of the likely rate-limiting TSs 

are shown in Figure 4.3, and in each case correspond to heterolytic cleavage of an O-H 

bond. The dominant CS channel of Co2+(H2O)7 is CoOH+(H2O)3 + H+(H2O)3, reaction 

4.7, which occurs through TS[3+3]. Theory finds that this barrier height is 60 – 94 

kJ/mol, such that the B3LYP-GD3BJ value agrees best with the experimental value of 79 

± 9 kJ/mol. DFT levels of theory predict the TS[3+3] barrier to be lower in energy than 

the single water loss BDE by 4 – 23 kJ/mol; however, the MP2 level calculates water loss 

to be lower in energy than the TS[3+3] pathway by 28 kJ/mol. Modeling the competitive 

channels determines the threshold for charge separation is indeed higher than that for 

water loss but by only 2 ± 3 kJ/mol (Table 4.5). This energetic difference is closest to that 

predicted by B3LYP-GD3BJ. However, the MP2(full) level best represents the enthalpic 

preference for water loss over CS as determined experimentally here. The predicted 

reverse Coulomb barriers for CoOH+(H2O)3 + H+(H2O)3 to TS[3+3] are nearly 

equivalent, 146 – 150 kJ/mol for the DFT levels of theory and slightly lower for MP2 at 

139 kJ/mol. Note that the overall CS reaction 4.8 is strongly exothermic. 
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Table 4.5. Comparison of 0 K Transition State Energies and Hydration Enthalpies 
(kJ/mol)  

x Reactant Product Experiment B3LYPa B3LYP-
GD3BJb B3P86a MP2(full)a 

4 (4,0) (3,0) 168 ± 8c 177.4 186.0 181.1 200.6 
TS[2+1] 126.0 134.6 127.2 156.9 

CoOH+(H2O)2 + 
H+H2O -37.3 -27.8 -35.8 7.7 

5 (4,1) (4,0) 100 ± 6c 104.2 112.2 108.3 108.1 
TS[(3,2)-(3,1,1)] 109.0 116.6 110.2 117.8 

TS[2+2] 77.2 89.3 77.5 117.3 
CoOH+(H2O)2 + 

H+(H2O)2 -79.6 -65.9 -79.7 -47.6

TS[3+1] 123.6 132.1 125.6 142.3 
CoOH+(H2O)3 + 

H+H2O -30.2 -21.2 -29.8 -4.1

6 (6,0) (4,1) 107 ± 7c 94.8 110.3 97.4 124.1 
TS[3+2] 94 ± 6d 66.5 86.2 65.9 117.0 

CoOH+(H2O)3 + 
H+(H2O)2 -81.9 -61.2 -84.7 -23.5

7 (6,1) (6,0) 77 ± 8c 80.1 87.8 83.5 65.6 
TS[3+3] 79 ± 9d 59.8 83.3 60.5 93.5 

CoOH+(H2O)3 + 
H+(H2O)3 -87.9 -63.1 -89.0 -45.9

aSingle point energies corrected for zero point energy calculated at the indicated level of 
theory using 6-311+G(2d,2p) basis set with geometries and vibrational frequencies 
calculated at the B3LYP/6-311+G(d,p) level. bSingle point energies corrected for zero 
point energy calculated 6-311+G(2d,2p) basis set with geometries and vibrational 
frequencies calculated at the B3LYP-GD3BJ/6-311+G(d,p) level. cValues taken from 
Table 4.2, using the primary dissociation channel model for x = 5 – 7 and the sequential 
model for x = 4. dValues taken from Table 4.2 calculated by competitive analysis model 
(eq 4.4). 
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For x = 6, the dominant CS channel of CoOH+(H2O)3 + H+(H2O)2 occurs through 

TS[3+2] with predicted barrier height of 66 – 117 kJ/mol. Again, the experimental value 

of 94 ± 6 kJ/mol agrees best with B3LYP-GD3BJ results, which also predicts the 

threshold for reaction 4.1 well. All levels of theory predict the barrier height of TS[3+2] 

to be lower in energy than the water loss BDE by 24 – 32 kJ/mol for DFT levels and 7 

kJ/mol for MP2. Modeling of the data suggests that the threshold for charge separation is 

13 ± 4 kJ/mol lower in energy than that for water loss, most closely agreeing with the 

enthalpic predictions of the B3LYP-GD3BJ and MP2 levels. The predicted values for the 

reverse Coulomb barrier are nearly identical to those for x = 7, with values only ~ 1 

kJ/mol higher. Again, the overall CS reaction is exothermic. 

For x = 5, the predicted barrier heights for TS[2+2] range from 77 – 117 kJ/mol 

and 124 -142 kJ/mol for TS[3+1]. DFT levels of theory predict the TS[2+2] barrier to be 

lower in energy than the single water loss BDE by 23 – 31  kJ/mol; however, the MP2 

level calculates TS[2+1] to be higher in energy by 9 kJ/mol. All levels of theory predict 

the TS[3+1] barrier height to be higher in energy than water loss by 17 - 34 kJ/mol. These 

results and the MP2 results for TS[2+2] are consistent with no primary dissociative CS 

pathways being observed directly from the CID of x = 5. To investigate this further, a 

complete reaction coordinate for the decomposition of Co2+(H2O)5 by water loss or 

charge separation to CoOH+(H2O)2 + H+(H2O)2 was investigated theoretically and is 

shown in Figure 4.8. Here we find that the rate-limiting transition state for this process is 

not TS[2+2], but TS[(3,2)-(3,1,1)] in which a second solvent shell water must be 

promoted to the third solvent shell. TS[(3,2)-(3,1,1)] is found to be higher in energy than 

water loss for all levels of theory (Table 4.5). Hence, all levels of theory agree that both 
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charge separation processes available for the x = 5 complex are enthalpically disfavored 

compared with water loss in reaction 4.1. 

The predicted barrier heights for the x = 4 rate-limiting TS[2+1] range from 126 

to 157 kJ/mol, with a reverse barrier height predicted to be ~ 163 kJ/mol for DFT levels 

and 149 kJ/mol for MP2. The complete potential energy surface is shown in Figure 4.9 

and confirms that TS[2+1] is rate limiting. This particular system (x = 4) has been 

examined theoretically before by Beyer and Metz, who obtained a TS[2+1] barrier height 

of 145 kJ/mol and a reverse barrier of 166 kJ/mol.62 Compared to water loss, all levels of 

theory predict that the barrier height for TS[2+1] is 44 – 54 kJ/mol lower in energy than 

water loss. As x increases, the reverse Coulomb barriers increase for all levels of theory 

here, consistent with observations from previous studies of hydrated Fe2+, Ni2+, Zn2+, and 

Cd2+ systems. 1-2,5,7 

The theoretical conclusion that TS[2+1] lies below the energy for formation of 

Co2+(H2O)3 + H2O is consistent with the observation of reaction 4.9 by Metz and 

coworkers57 as well as observation of this process in the dissociation of the Co2+(H2O)6 

complex here. The question remains why no signs of this reaction were observed for 

dissociation of Co2+(H2O)5, Figure 4.1(g). Notably, this complex could only be generated 

in the source in sufficient abundance for CID study by use of the in-source electrodes, 

with maximum ion signal at -17.0 V on the electrodes. It seems possible that these 

conditions perturb the behavior of the Co2+(H2O)5 complex formed, but this conclusion is 

not consistent with the reasonable thermochemistry that analysis of these data provided 

above. Further, as noted in the experimental section, additional experiments designed to 
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test complete thermalization by adding nitrogen gas in a collision cell in the source region 

led to no changes in the observed behavior of either x = 5 or 6 complexes.  

Discussed above and seen in Figure 4.1, the experimental cross sections show that 

charge separation occurs for Co2+(H2O)x complexes of x = 4, 6, and 7. From earlier 

definitions of critical size, we would assign the maximum x at which CS and water loss 

become competitive to be xcrit = 7. In contrast, modeling the competitive processes for x = 

7 shows that the CS process is energetically disfavored over water loss. The largest value 

of x at which the charge separation is energetically favored over the loss of one water 

ligand for Co2+(H2O)x is xcrit = 6, as determined by modeling the competitive pathways of 

TS[3+2] and water loss. This assignment also agrees with theory where the barrier height 

for TS[3+2] is predicted to be lower than water loss by all levels of theory investigated 

here (Table 4.5). This xcrit value for Co2+ is greater than found by Kebarle and coworkers, 

xcrit = 4,12,16-17 and Shvartzburg and Siu, xcrit = 5, although in both of these reports, their 

observations do not permit both partners in the charge separation pathways to be linked 

together, thereby prohibiting a definitive assignment.14 A value of xcrit = 6 would also 

explain the difficulty of generating smaller complex sizes, and potentially contribute to 

the lack of evidence of expected CS pathways at x = 5. A similar lack of CS pathways 

phenomenon was observed for Ni2+(H2O)4,
2
 in which larger complex sizes of x showed 

evidence for a CS pathway from x = 4, yet none were observed when this ion was 

selected as the reactant for CID. This observation was explained by a dynamical 

hypothesis that the second shell water ligand of (4,1)_AA provides a larger collision 

cross section compared to a more compact structure, i.e. (5,0). Collisions at larger impact 

parameters with an outer shell water ligand will preferentially excite this ligand leading 
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to direct water loss, whereas smaller impact parameters leading to more general 

vibrational excitation are needed for the system to explore the tight TSs leading to charge 

separation. 

4.5 Conclusion 

Complementing our previous transition metal dication hydration studies,1-7 the 

kinetic energy dependent cross sections for collision-induced dissociation of Co2+(H2O)x 

complexes were determined using guided ion beam tandem mass spectrometry for x = 5 − 

11. The dominant CID pathway for all values of x studied is the loss of a single water

molecule from the reactant ion. The data were analyzed to yield primary and secondary 

bond dissociation energies (BDEs) for the loss of one or two ligands from the reactant 

complexes. There is excellent agreement between the primary and secondary BDEs along 

with good agreement with theoretical hydration enthalpies for all levels examined here. 

Our best experimental results are believed to correspond to the measurement of primary 

dissociation thresholds as they have fewer uncertainties regarding the distribution of 

energy available to the dissociating species.  

There are four distinct trends in the experimental and theoretical BDEs for the 

Co2+(H2O)x systems. The BDEs decrease rapidly from x = 4 to 5 as all waters are directly 

bound to the metal center in x =4, whereas a second solvent shell is formed with a double 

accepting (AA) water in x = 5. The slight increase in BDEs from x = 5 to 6 indicates a 

change of coordination numbers (from 4 to 6) as all waters become bound directly to the 

metal center again at x = 6. Another large decrease indicating second solvent shell 

formation is observed from x = 6 to 7. For larger complexes, x = 7 – 11, the waters lost 
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are all AA in the second shell, such that their BDEs decrease slowly. MP2 theory is 

believed to account for the trends in these BDEs more accurately than DFT levels. 

Charge separation (CS) processes are also observed as higher energy product 

pathways compared to water loss and become competitive primary dissociative pathways 

for x = 4, 6, and 7. The molecular parameters for the tight TSs associated with charge 

separation are calculated and used to analyze the product cross sections for the CID of 

Co2+(H2O)6 and Co2+(H2O)7 by including the competition between water loss and charge 

separation reactions to obtain accurate bond energies and CS barriers. Oddly, the charge 

separation reaction 4.9 is not observed in our CID of x = 5, an observation for which 

there is no ready explanation. Experimental thresholds, in agreement with theory, 

determine that the Co2+(H2O)x critical size (according to the energetic definition) for 

competition between the CS and water loss pathways is xcrit = 6.  
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The sequential bond energies of CoOH+(H2O)x complexes, where x = 1–4, are measured by threshold
collision-induced dissociation using a guided ion beam tandem mass spectrometer. The primary dis-
sociation pathway for all reactants consists of loss of a single water molecule. This is followed by the
sequential loss of additional water molecules at higher collision energies for the x = 2–4 complexes,
whereas the x = 1 reactant loses the OH ligand competitively with the H2O ligand. The kinetic energy
dependent cross sections for dissociation of CoOH+(H2O)x complexes are modeled to obtain 0 and
298 K binding energies. Our experimental results agree well with theoretically determined bond dis-
sociation energies (BDEs) at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2(full) levels of theory with
a 6-311+G(2d,2p) basis set using geometries and vibrational frequencies determined at the B3LYP/6-
311+G(d,p) level. Thermochemical information for the loss of OH from CoOH+(H2O)x where x = 0–4
is also derived by combining the present experimental HO–Co+(H2O) and water loss BDEs from
CoOH+(H2O)x with those for Co+(H2O)y from the literature. These BDEs are also compared to
theory with mixed results. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4991557]

INTRODUCTION

Cobalt is a naturally occurring element that has both ben-
eficial and harmful effects on human health. Cobalt is vital for
humans because it forms part of the active site in vitamin B12.1

It has been shown that the metal stimulates erythropoiesis, the
production of red blood cells.2 However, the amount of cobalt
we need is very small as the body typically contains less than
1 mg/kg of body weight.3 Thus, large doses of cobalt are toxic
and can be carcinogenic.1 Sources of environmental cobalt are
both natural and anthropogenic. Industrial plants and mines
may leak cobalt and other toxic metals into the environment.
Once mobile, cobalt particles enter the atmosphere, sediment,
and water supply. Most of the population is exposed to cobalt
through food and drinking water. Cobalt cannot be destroyed
as it makes its way through the environment but may eas-
ily become ligated especially in its ionic form.4 Because of
cobalt’s mobility and toxic consequences, an important inter-
action to fully understand is that involving the hydration of
cobalt ions in their normal oxidation state.

One way to study hydrated metal ions is in a controlled
fashion in the gas-phase. Previously, our group has inves-
tigated such systems using threshold collision-induced dis-
sociation (TCID) in tandem with theoretical calculations to
investigate the hydration of singly and doubly charged tran-
sition metal cations: M+(H2O)y where M+ = Ti to Cu;5 and
M2+(H2O)y where M = Fe,6 Ni,7 Cu,8 Zn,9,10 and Cd.11,12 In
these M2+(H2O)y studies, the dominant processes observed are
loss of a single water ligand, reaction (1),

M2 +(H2O)y → M2 +(H2O)y−1 + H2O, (1)

a)Author to whom correspondence should be addressed: armentrout@
chem.utah.edu

followed by sequential loss of additional water molecules
when y > 1. In addition, particular sized complexes (depend-
ing on the metal identity) are found to undergo dissociative
charge separation processes, reaction (2),

M2+(H2O)y → MOH+(H2O)x + H+(H2O)y−x−1. (2)

Some interest in the latter reaction has focused on determin-
ing the minimum size at which water loss is favored over
this charge separation process. For instance, Kebarle and co-
workers reported that the largest complex size for which
dissociative charge separation occurred (ycrit) for Co2+ was
a lower limit of 4,13–15 whereas Shvartzburg and Siu found
ycrit = 5.16

Reaction (2) can occur during the formation of M2+(H2O)y

complexes such that independent experimental studies of the
binding energies and structures of hydrated metal hydroxides,
MOH+(H2O)x, are feasible. Formally, transition metal hydrox-
ide cations can be viewed as either M2+ bound to OH� or as M+

bound to neutral OH. To probe the magnitude of this charge
transfer, Garand and co-workers used vibrational spectroscopy
of MOH+(H2O) complexes where M = Mn, Fe, Co, Ni, Cu,
Zn.17 They found that the interaction between the hydroxide
ligand and the metal center was relatively covalent in charac-
ter for the CoOH+(H2O) complex. In a complementary study,
Garand and co-workers used density functional theory calcu-
lations and vibrational spectroscopy to determine the solvation
shell motifs of MOH+(H2O)1-4 for the same six metals.18 They
found that cobalt hydroxide cations form a second solvent shell
upon the addition of the fourth water, determining CoOH+ to
have a coordination number (CN) of four ligands (three water
molecules and hydroxide). The CN is the maximum number of
ligands that bind directly to the metal center in the first ligand
shell.

0021-9606/2017/147(6)/064305/13/$30.00 147, 064305-1 Published by AIP Publishing.
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Recently in our laboratory, a comprehensive investiga-
tion of the thermochemistry for hydrated copper hydrox-
ide, CuOH+(H2O)x (x = 1–4), complexes was investigated by
TCID and ab initio calculations.19 In this investigation, it
was found that the CuOH+(H2O) complex loses both neutral
H2O and OH competitively to form CuOH+ and Cu+(H2O),
respectively. In addition, by combining this thermochemistry
for CuOH+(H2O)x with Cu+(H2O)y bond dissociation ener-
gies (BDEs) determined by Dalleska et al.,5 BDEs for the
loss of hydroxide from the CuOH+(H2O)x complexes were
determined for x = 0–4. The present study obtains analogous
thermodynamic data for water and hydroxide binding ener-
gies for another solvated 3d transition metal hydroxide cation,
as we investigate CoOH+(H2O)x for x = 1–4. Using TCID in
conjunction with theoretical calculations, the present study
provides an in-depth look at the structures and binding inter-
actions that form the inner and second hydration shells of the
cobalt and cobalt hydroxide cations.

EXPERIMENTAL AND COMPUTATIONAL METHODS

Experimental procedures

Cross sections for the collision-induced dissociation
(CID) of hydrated cobalt hydroxide monocation complexes
were measured using a guided ion beam tandem mass
spectrometer (GIBMS), which has been described previ-
ously in detail.20,21 The hydrated cobalt hydroxide ions,
CoOH+(H2O)x , were generated by electrospray ionization
(ESI)22 techniques from a 10�4 M CoCl2 dilute water solu-
tion with a low flow rate of 0.08–0.10 l/h and a voltage of
∼2 kV applied to the electrospray needle. Once in the gas
phase, the ions entered the vacuum system through a stainless-
steel inlet cap followed by a heated capillary (80 �C) to promote
desolvation of large droplets. The ions were collected and
focused by an 88-plate radio frequency (rf) ion funnel with
a dc gradient field,23 and then injected into an rf hexapole
ion guide where the ions were trapped in the radial direc-
tion with an rf amplitude of 250 V peak-to-peak. The ions
underwent cooling by >104 collisions with ambient gas as
they drifted through the hexapole ion guide. An in-source frag-
mentation technique using electrodes in the hexapole region24

was used to preferentially enhance the signal intensity of the
smaller CoOH+(H2O)x complexes by fragmenting the larger x
complexes.

Previous studies have shown that under the proper condi-
tions, the ions emerging from the hexapole are thermalized to
room temperature even when the fragmentation electrodes are
used.7,11,24–28 The ions generated and thermalized in the source
were extracted from the hexapole ion guide and focused into a
magnetic sector momentum analyzer, where the desired reac-
tant ion was mass selected. The reactant ions were then deceler-
ated to a known kinetic energy and injected into an rf octopole
ion guide,29 where they were trapped radially and passed
through a collision cell containing xenon at varying pres-
sures (0.05–0.20 mTorr). The Xe pressures were low enough
that single collision conditions dominate. Xenon was used as
the collision gas to induce dissociation because it is heavy,
monoatomic, polarizable, and chemically unreactive.5,30 After

collision, product ions and unreacted reactant ions drifted
to the end of the octopole where they were extracted, mass
selected using a quadrupole mass filter, and detected using a
Daly detector.31

Thermochemical analysis

Ion intensities measured were converted to absolute reac-
tion cross sections with an uncertainty of ±20% as described
previously.20 The laboratory ion potential, Vlab, was converted
to the relative kinetic energy in the center-of-mass (CM) frame
by

ECM = qVlab × m/(m + M) , (3)

where m is the mass of the neutral collision gas, M is the
mass of the reactant ion, and q is the charge of the ion. The
absolute zero of energy and the kinetic energy distribution
of the ion beam were determined using a retarding potential
technique.20 The derivative of the normalized ion intensity was
fit to a Gaussian distribution (∼0.12 eV FWHM) to determine
the absolute energy zero and ion kinetic energy distribution.
All energies below are reported in the CM frame, unless noted
otherwise.

To produce accurate thermochemical data from the mod-
eling of the CID process, several effects must be considered:
multiple collisions, lifetime effects, and energy distributions.
To ensure rigorous single collision conditions, cross sections
were obtained at multiple Xe pressures, about 0.05, 0.10, and
0.20 mTorr, and linearly extrapolated to zero-pressure cross
sections.32,33 The zero-pressure extrapolated cross sections
for the dissociation of a reactant CoOH+(H2O)x complex are
modeled using the empirical threshold model shown in the
following equation:

σj (E) = σ0,j

∑
gi
(
E + Ei − E0,j

)n
/E, (4)

where σ0,j is an energy independent scaling factor for product
channel j, E is the relative translational energy of the reac-
tants, E0,j is the reaction threshold at 0 K for channel j, and
n is an adjustable fitting parameter that describes the effi-
ciency of the energy transfer upon collision.21 The summation
is over the ro-vibrational states of the reactants with exci-
tation energies, Ei, and populations, gi, where Σgi = 1. The
number of ro-vibrational states was directly counted by the
Beyer–Swinehart–Stein–Rabinovich algorithm to evaluate the
internal energy distribution for the reactants.34–37 A Maxwell-
Boltzmann distribution at 300 K was used to compute the
relative populations.

As the CoOH+(H2O)x ions become larger, those with
energy more than the dissociation threshold may not have
time to dissociate on the time scale of the experiment, τ≈ 5
× 10�4 s. This can lead to a kinetic shift in the energy thresh-
old obtained from our modeling, which can be accounted for
by incorporating Rice–Ramsperger–Kassel–Marcus (RRKM)
statistical theory37–39 for unimolecular dissociation into Eq.
(4), as shown in the following equation:

σ (E) =
(nσ0,j

E

)∑
gi

∫ E

E0,j−Ei

[
kj (E∗)

ktot (E∗)

]
(E − ε)n−1PD1d (ε).

(5)
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Here ε is the energy transferred into internal degrees of free-
dom of the reactant ion at a relative translational energy, E, such
that the internal energy of the energized molecule after colli-
sion is E* = ε + Ei, and ktot(E*) is the total unimolecular disso-
ciation rate coefficient. The rate coefficient is used to calculate
a probability of dissociation, PD1 = 1� exp[�ktot(E*)τ].40,41

The RRKM unimolecular dissociation rate coefficient is
defined by the following equation:

ktot
(
E∗
)
=
∑

kj
(
E∗
)
=
∑

djN
†
j

(
E∗ − E0,j

)
/hρ
(
E∗
)
, (6)

where kj(E*) is the rate coefficient for channel j, dj is the
reaction degeneracy calculated from the ratio of rotational
symmetry numbers37 of the reactants and products of channel
j, N†j (E*�E0,j) is the sum of the ro-vibrational states of the
transition state (TS) at an energy (E* �E0,j) above the thresh-
old for channel j, and ρ(E*) is the density of ro-vibrational
states for the energized molecule (EM). When the rate coeffi-
cient is much faster than the average experimental time scale,
Eq. (5) reduces to Eq. (4). Calculation of the RRKM uni-
molecular rate coefficients in Eq. (6) requires the ro-vibrational
states of the EM and TS. The molecular parameters for the
EM were taken from quantum chemical calculations of the
reactant ion. For water loss, the TS was assumed to be loose
with no reverse activation barrier, as the bond cleavage is het-
erolytic with all the charge remaining on the cobalt containing
fragment complex.42 Thus, the TS is product-like and treated
in the phase space limit (PSL), such that it uses molecular
parameters taken from quantum chemical calculations of the
products.40

For CoOH+(H2O)x complexes where x = 2–4, a sequential
dissociation model was employed to simultaneously analyze
cross sections for the first and second water losses.43 Thresh-
olds for sequential dissociation of two water ligands were mod-
eled with a statistical approach that has been shown to provide
reasonable threshold energies for singly and doubly charged
systems.5–9,12,19,40,43 The BDE for the CoOH+(H2O)x�2–H2O
complex is the difference between the thresholds of these two
product cross sections. The model for sequential dissociation
combines Eq. (5), the cross section of the primary dissocia-
tion product, with the probability for further dissociation in
the following equation:

PD2 = 1 − e−k2(E∗2)τ , (7)

where E2
* is the internal energy of the product ion undergo-

ing sequential dissociation. This energy was determined by
energy conservation, E2

* = E*
�E0,j � T1 �EL, where T1 is

the translational energy of the primary products and EL is the
internal energy of the primary neutral product. For the remain-
der of this paper, representation of this sequential dissociation
model that combines Eqs. (5) and (7) will be notated as Eq. (5)
× (7).

The cross sections of Eq. (5) and (5)× (7) for both primary
and secondary processes were convoluted over the relative
kinetic energy distributions of the CoOH+(H2O)x (x = 1–4) and
Xe reactants for comparison with the experimental cross sec-
tions.20 A nonlinear least-squares fitting procedure was used
to optimize the fitting parameters (σ0,j, n, and E0,j) in each
model. The 0 K BDE of the metal–ligand complex is equivalent
to the E0,j threshold energies obtained or the difference in the

threshold energies for sequential dissociation. The uncertain-
ties associated with these fitting parameters were determined
from modeling eight independent zero-pressure extrapolated
cross sections and additional modeling in which the vibra-
tional frequencies were scaled by ±10%, the best fit n value
was varied by±0.1, the experimental time-of-flight was scaled
up and down by a factor of 2, and the 0.05 eV (lab) absolute
uncertainty of the energy scale was included.

Computational details

Geometry optimizations for CoOH+(H2O)x and
Co+(H2O)y complexes were calculated utilizing the Gaus-
sian09 suite of programs44 at the B3LYP/6–31G(d) level of
theory45,46 using the “loose” keyword to utilize a large step
size of 0.01 a.u. and a rms force constant of 0.0017 a.u. to
ensure a rapid geometry convergence. These structures were
refined by geometry optimization at a B3LYP/6-311+G(d,p)
level, which was used for the final geometry optimizations
as well as providing vibrational frequencies and rotational
constants. Vibrational frequencies were scaled by 0.98947

before being used in the modeling process and to calculate
zero point energy (ZPE) and thermal corrections. Basis set
superposition error (BSSE) corrections were calculated in
the full counterpoise (cp) limit.48,49 Single point energy cal-
culations using the B3LYP/6-311+G(d,p) optimized geome-
tries were performed at B3LYP, Coulomb attenuating method
(cam) B3LYP,50 B3P86,51 M06,52 M06-GD3, and MP2(full)53

(where full indicates correlation of all electrons) levels of
theory using a 6-311+G(2d,2p) basis set. Calculations utiliz-
ing empirical dispersion corrections at the B3LYP-GD3BJ/6-
311+G(2d,2p)//B3LYP-GD3BJ/6-311+G(d,p) level were also
performed.54 The relative energetics calculated from these
single point energy calculations include ZPE corrections to
yield 0 K values as well as thermal corrections to the source
temperature at 298 K.

RESULTS

Overview of theoretical results

Important structural parameters of the B3LYP/6-
311+G(d,p) predicted ground structures of CoOH+(H2O)x (x
= 0–4) complexes are provided in Table S1 of the supple-
mentary material. For all complexes, the quartet spin state
(corresponding to Co2+, which has a 3d7 atomic configuration)
was found to be energetically favorable compared to a doublet
spin state. Structures and relative energies at 0 and 298 K at all
levels of theory for all investigated isomers of CoOH+(H2O)x

are given in Fig. S1 and Table S2 of the supplementary
material, respectively. All levels of theory unambiguously pre-
dict the same ground structures (GSs) for each complex size,
shown in Fig. 1 for x = 0–4. We use an (x,y) nomenclature
to describe the number of water molecules in the first lig-
and shell (x), where x + 1 = CN, and second ligand shell (y)
of each unique structure. To describe the hydrogen bonding
of waters in the cluster, isomers are further denoted using an
A/D nomenclature where a water molecule can be a single (A)
or double (AA) hydrogen bond acceptor and/or single (D) or
double (DD) hydrogen bond donor. Binding to the OH ligand
rather than a water ligand is specified by an “OH” subscript. To
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FIG. 1. Ground isomers of CoOH+(H2O)x complexes where x = 0–4 opti-
mized at the B3LYP/6-311+G(d,p) level of theory. Co–O bond lengths are
provided in Å.

further help distinguish between structures with similar bond-
ing schemes but differing geometric parameters, additions to
the nomenclature may include point group symmetries and
series of O–Co–O angles denoted as subscript “c” (cis) for
angles <45�, “g” (gauche) for angles between 45� and 135�,
and “t” (trans) for angles >135�.

Theoretical geometries of ground
structures: CoOH+(H2O)x

Table I reports relative energetics at 0 and 298 K for dis-
tinct low energy isomers of CoOH+(H2O)x where x = 2–4.
Values for B3LYP-GD3BJ (very similar to B3LYP results) and

M06-GD3 (very similar to M06 results) can be found in Table
S2 of the supplementary material. All levels of theory predict
that up to three waters bind directly to cobalt for structures with
the lowest relative energies. At the B3LYP level, the CoOH+

structure has a Co–O–H bond angle of 150� with a Co–OH
bond length of 1.68 Å, Fig. 1. The GS for CoOH+(H2O) has
a slightly bent geometry with a ∠OCoO bond angle of 171�
and all hydrogens in the same plane. This permits the out-
of-plane lone pair electrons on both oxygens to interact with
a half-filled π-like orbital on Co. In this complex, the
Co–OH bond length is 1.72 Å, and the Co–OH2 bond length is
1.96 Å.

The calculated GS for CoOH+(H2O)2 is the (2,0) struc-
ture, Fig. 1, where cobalt is three-coordinate with all ligands
bound to the metal center at all levels of theory. This GS
exhibits a near trigonal planar geometry with ∠OCoO of 101�
between the two waters and ∠OCoO angles of 127� and 131�
between the waters and the hydroxide, and a 174� ∠OCoOO
dihedral angle. In this GS isomer, the water molecules and
hydroxide tilt to participate in long-range hydrogen bonding
(3.4–4.1 Å) with one another and the Co–OH and Co–OH2

bond lengths increase from those in the x = 1 GS to 1.75 and
2.03 Å, respectively.

Table I shows that at x = 3, all levels of theory predict
a (3,0) geometry for the GS, Fig. 1. This GS is 4-coordinate
with three water molecules and one hydroxide bound directly
to the metal center in a distorted tetrahedral geometry with
respect to the oxygen atoms. Examination of the molecular
orbitals for this isomer shows that the singly occupied molec-
ular orbitals (SOMOs) are the 3dxy, 3dxz, and 3dyz orbitals
that point towards the ligands, consistent with ligand field the-
ory for a tetrahedral complex. The orientation of the ligands

TABLE I. Theoretical relative enthalpies (ΔH0) and free energies (ΔG298) (kJ/mol) for hydrated cobalt
complexes.a

x B3LYP B3P86 M06 MP2(full) cam-B3LYP

CoOH+(H2O)2 (2,0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
(1,1) A 74.6 (74.2) 74.8 (74.4) 42.5 (42.1) 85.1 (84.7) 49.0 (48.7)

(1,1) AOH 107.1 (107.9) 108.2 (109.1) 75.4 (76.2) 126.9 (127.7) 112.8 (113.6)
CoOH+(H2O)3 (3,0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

(2,1) A 29.2 (30.2) 31.7 (32.7) 18.4 (19.4) 48.5 (49.5) 34.9 (36.0)
(2,1) AOH 62.8 (64.7) 67.0 (68.6) 50.1 (52.1) 88.1 (90.0) 71.7 (73.7)

CoOH+(H2O)4 (3,1) ADOH 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
(3,1) AA 4.4 (5.0) 7.4 (8.0) 0.9 (1.5) 7.9 (8.6) 6.0 (6.7)

(4,0) 20.7 (22.5) 22.1 (23.9) 12.2 (14.0) 12.4 (14.2) 19.9 (21.7)

Co+(H2O)2 (2,0) D2h 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
(2,0) D2d 9.0 (9.7) 10.0 (10.8) 10.0 (10.8) 0.1 (0.8) 16.8 (17.5)

Co+(H2O)3 (3,0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
(2,1) A 1.8 (0.8) 3.8 (2.7) 13.8 (12.8) 12.9 (11.8) 5.9 (4.8)

Co+(H2O)4 (2,2) 2At 0.0 (0.0) 0.0 (0.0) 19.8 (17.1) 48.6 (45.9) 0.6 (0.0)
(2,2) 2Ac 0.1 (0.6) 0.1 (0.6) 20.2 (17.9) 49.6 (47.2) 4.2 (4.0)
(3,1) At 3.5 (5.9) 1.6 (4.0) 11.4 (11.1) 53.3 (52.9) 20.9 (22.7)
(3,1) Ag 12.9 (16.3) 11.4 (14.7) 20.2 (20.9) 63.9 (64.9) 23.0 (25.8)
(3,1) AA 11.9 (13.0) 10.3 (11.4) 15.9 (14.3) 13.0 (11.3) 17.7 (18.2)

(4,0) 6.4 (11.8) 4.9 (10.3) 0.0 (0.0) 0.0 (0.0) 0.0 (4.8)

aΔG298 values are given in parentheses. Values are single-point energies calculated at the level shown using a 6-311+G(2d,2p)
basis set from geometries optimized at the B3LYP/6-311+G(d,p) level. Zero point energy corrections are included. Bold values
represent the predicted ground structures (GSs).
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is dictated by long hydrogen bonding interactions, where an
adjacent water molecule donates a 2.37 Å hydrogen bond to the
hydroxide. Again, we see metal–ligand bond lengthening as
the complex size increases for Co–OH (1.80 Å) and Co–OH2

(2.06 Å, 2.07 Å, 2.10 Å).
The lowest energy isomer for CoOH+(H2O)4 is similar to

the 4-coordinate x = 3 GS with addition of the fourth water
molecule in the second solvent shell, where it accepts a single
hydrogen bond from an inner shell water and donates a hydro-
gen bond to the hydroxide, (3,1) ADOH (Fig. 1). The Co–OH
bond length is 1.83 Å, with Co–OH2 bond lengths of 2.05,
2.07, and 2.07 Å. Overall, all levels of theory predict three
waters and a hydroxide directly bound to the cobalt dication
for the first solvent shell for CoOH+(H2O)x, x = 3–4, suggest-
ing Co(II) has a CN = 4. An expanded description of additional
geometries for high and low energy isomers of CoOH+(H2O)x,
x = 1–4, can also be found in the supplementary material.

Garand and co-workers performed a theoretical study
using the cam-B3LYP/def2-TZVP level to assign coordination
structures to CoOH+(H2O)x, x = 1–4, complexes by compar-
ing computed linear infrared (IR) spectra with experimental
IR vibrational predissociation spectra.18 In agreement with
the present work, they determined that a maximum of three
waters directly coordinate to the metal in CoOH+. Addition-
ally, their assigned structures are equivalent to the structures
we have determined to be GSs in the present study for all
complex sizes (Fig. 1). CAS-MCSCF/DZP calculations per-
formed by Gilson and Krauss examined the geometries of
CoOH+(H2O)x complexes for x = 3–5.55 They found the low-
est energy isomer of x = 4 to be (4,0) trigonal bipyramidal
but do not seem to have investigated the possibility of a sec-
ond solvent shell as was found to be the GS in this study
and by Garand and co-workers.18 In agreement with these
studies, they found a similar four-coordinate x = 3 structure
also exhibiting water–hydroxide hydrogen bonding. Gilson
and Krauss also performed a detailed investigation of the
CoOH+(H2O)x spin states and found the quartet to be favored,
in agreement with our theoretical investigations as well as
Co(OH)x

+ calculations performed by Bauschlicher and co-
workers.56 In the quantum chemical investigation for the
transition state of the charge separation of Co2+(H2O)4 into
CoOH+(H2O)2 and H3O+, Beyer and Metz used B3LYP/6-
311++G(d,p) calculations and found that CoOH+(H2O)2 had
a geometry57 in agreement with our (2,0) GS, having analo-
gous bond lengths and angles (Table S1 of the supplementary
material).

Theoretical geometries of ground
structures: Co+(H2O)y

Relative energetics at 0 and 298 K for distinct low energy
Co+(H2O)y isomers of y = 2–4 complexes are also included
in Table I. For all hydrated monocation complexes, the triplet
spin state of Co+ (with a 3d8 atomic configuration) was found
to be energetically favorable. The ground structures for y = 1–4
are shown in Fig. 2, and geometric parameters are included in
Table S1 of the supplementary material. The Co+(H2O) struc-
ture has a ∠CoOH bond angle of 126� and a Co–O bond length
of 1.95 Å, 0.27 Å longer compared to that of CoOH+. All levels

FIG. 2. Ground isomers of Co+(H2O)y complexes where y = 1–4 optimized
at the B3LYP/6-311+G(d,p) level of theory. Co–O bond lengths are provided
in Å.

of theory predict the linear (2,0) structure with D2h molecular
symmetry to be the lowest energy isomer for y = 2 with a Co–O
bond length of 1.95 Å. (This planar geometry is driven by dona-
tion of electron density on the out-of-plane oxygen lone pair
electrons into a singly occupied 3dπ orbital on Co+.) The y = 3
GS is a T-shaped (3,0) isomer with two 1.99 and one 2.20 Å
Co–O bond lengths. Similar to the CoOH+(H2O)2 GS, this
(3,0) geometry has long-range hydrogen bonding (2.8 and 3.3
Å) between the water ligands, which slightly distorts the sym-
metry leading to ∠OCoO bond angles of 89�, 102�, and 170�.
For the Co+(H2O)4 complex, two possible GSs are predicted
depending on the level of theory, Fig. 2. B3LYP, B3LYP-
GD3BJ (298 K), B3P86, and cam-B3LYP (298 K) predict
(2,2) 2At to be the lowest energy isomer. This two-coordinate
structure is similar to the linear (2,0) GS, where the two inner
shell waters each donate a single hydrogen bond (1.63 Å) to an
outer shell water, in a trans-configuration with respect to the
oxygens. The M06, M06-GD3, and MP2(full) levels of theory
predict this (2,2) isomer to be 17–46 kJ/mol higher in energy
at 298 K than the square-planar (4,0) geometry GS (Table I).
B3LYP-GD3BJ and cam-B3LYP predict that (4,0) is the 0 K
GS. The triplet (4,0) isomer aligns the water ligands along the
x and y axes, with the SOMOs in 3dz2 and 3dx2−y2 orbitals
(Fig. S2 of the supplementary material), consistent with lig-
and field theory for a square planar complex. The (4,0) isomer
has distorted D4h symmetry with Co–O bond lengths of 2.09
(2) and 2.25 (2) Å, 0.18–0.33 Å longer than the (2,2) GS. The
symmetry of the (4,0) isomer is distorted by the orientation
of the water ligands as they participate in long-range hydro-
gen bonds with each other (two 2.6 and two 3.4 Å). With the
exception of the ambiguity for the y = 4 GSs, theory predicts
that Co+ also has a coordination number of four ligands in
the first solvent shell, similar to the results for CoOH+(H2O)x

complexes.
Molecular orbital analysis for geometry assignments by

Dalleska et al. concluded that Co+(H2O)4 should be the square
planar (4,0) GS,5 in agreement with the M06 and MP2(full)
results of the present study. Furukawa et al. performed
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calculations using the B3LYP functional and basis sets of
6-311+G(2df) for cobalt and 6-31+G(d) for oxygen and hydro-
gen to assign structures of the Co+(H2O)y, y = 4–6, complexes
by comparing computed linear IR spectra with IR photodisso-
ciation spectra in the OH-stretch region, 2900–3800 cm�1.58

In agreement with our y = 3 assignment, they determined a
T-shaped (3,0) GS exhibiting long-range hydrogen bonding
between water ligands. They also found a similar (4,0) square
planar isomer as the present study, but predicted it to be
7 kJ/mol higher in energy than their assigned GS (3,1) AA iso-
mer, similar to our B3LYP and B3P86 results where the calcu-
lated difference is about 6 kJ/mol. However, they did not men-
tion locating any (2,2) isomer, which is found to be the B3LYP
and B3P86 GS in the present study (Table I). Furukawa also
measured the IR photodissociation spectrum for Co+(H2O)4,
observing broad bands at about 3140, 3310, and 3660 cm�1,
where the former two must correspond to hydrogen bonded
interactions and the latter to free OH stretches. Compared to
their calculated theoretical linear IR spectra, they concluded
that the experimental spectrum was best reproduced by (3,1)
theoretical spectra.58 A reevaluation of this conclusion in light
of the (2,2) isomers was conducted here. We find that the broad
band at 3660 cm�1 is consistent with all the isomers, such that
the presence or absence of the (4,0) isomer cannot be con-
firmed or denied. The 3140 cm�1 band can be reproduced
by either the (2,2) A or (3,1) Ag isomer, in which the sec-
ond shell water binds in a gauche configuration to one of the
axial inner shell waters. In agreement with Furukawa et al.,
the (3,1) At isomer [which they call (3+1s)], in which the sec-
ond shell water binds to the more weakly bound side inner
shell water ligand, can be assigned to the band at 3310 cm�1.
This band is not found in the (2,2) nor (4,0) spectra. Thus,
their experimental results are consistent with our B3LYP and
B3P86 calculations, but none of the other levels of theory. It
is also notable that upon tagging with N2, the experimental
spectrum obtained is readily assigned to (3,1) AA. Furukawa
et al. suggest that this is because of the lower temperature;
however, this isomer is never the 0 K GS at any level of theory,
suggesting that the tag is perturbing the relative energies of the
different isomers. CID and photofragmentation experiments of
Co+(H2O)y complexes performed by Poisson et al. also were
interpreted as providing evidence of populated isomers hav-
ing second solvent shells, CN = 2 (dominant and presumed
to be kinetically trapped) and 3 for y = 3 and only CN = 3
for y = 4.59 The latter result is not consistent with any lev-
els of theory explored here unless their complex is actually
CN = 2.

Experimental results

TCID cross sections for CoOH+(H2O)x complexes with
Xe were obtained for x = 1–4 and are shown in Fig. 3. In all
cases, the primary dissociation pathway is the loss of a single
water molecule and is followed by the sequential dissocia-
tion of additional water molecules at higher energies until
CoOH+ is reached for x = 2–4. In all cases, the total cross
section rises sharply with energy thresholds that gradually
decrease as x increases. Note that in Fig. 3(a) the probability for
CoOH+(H2O)4 dissociating into CoOH+(H2O)3 exists even at

0 eV collision energy, indicating that the BDE of x = 4 is com-
parable to the internal energy of the complex. This explains
why we were unable to experimentally observe any complexes
of x > 4 with appreciable intensity as any additional waters are
expected to be even more weakly bound. At higher energies,
the total cross sections for all complexes plateau indicating
the sequential nature of the water loss products. The mag-
nitude of these cross sections increases as the complex size
increases and are similar to those found for CuOH+(H2O)x.19

For x = 1, Fig. 3(d), competitive primary dissociation pathways
were observed as the loss of a single water molecule to form
CoOH+ [reaction (8)] and the loss of a hydroxyl radical to form
Co+(H2O) [reaction (9)],

CoOH+(H2O) + Xe→ CoOH+ + H2O + Xe, (8)

→ Co+(H2O) + OH + Xe. (9)

Clearly, reaction (8) is strongly favored. At sufficiently high
energies, a small cross section was observed for the monoca-
tion, Co+, which must be formed in a secondary process from
either of the primary products.

Zero-pressure extrapolated CID cross sections for the
x = 1–4 reactants were modeled to ascertain dissociation
thresholds at each complex size. For all complexes, the total
cross sections for water dissociation, reaction (1), were mod-
eled using Eq. (4) (without lifetime effects) and Eq. (5) (with
lifetime effects). For the x = 2–4 systems, cross sections for the
primary and sequential dissociation products were simultane-
ously analyzed using Eq. (5) and Eq. (5) × (7) to obtain 0 K
BDEs. For x = 1, competitive analysis using Eq. (5) was used
to model the H2O and OH loss cross sections of reactions (8)
and (9) to acquire accurate 0 K thresholds. As noted above,
all complexes are believed to be thermally equilibrated in the
source, such that the model assumes the reactant isomers are
the 298 K GS with an internal energy distribution of 298 K.
The product isomer is assigned as the 0 K GS because previous
studies have found that our threshold analyses are dominated
by the lowest energy 0 K enthalpy species.6,9 As mentioned
above, all levels of theory for this study unambiguously pre-
dicted the same GSs at 298 K and 0 K for each complex size
of CoOH+(H2O)x.

The optimum modeling parameters are listed in Table II
for primary and sequential dissociation products being simul-
taneously analyzed using Eq. (5) and Eq. (5) × (7). Figure 4
shows these models compared to zero-pressure extrapolated
cross sections. The sequential analysis reproduces the prod-
uct cross sections well over extended energy and magnitude
ranges. Differences in threshold energies for the primary prod-
ucts obtained with (PSL) and without lifetime effects are
the kinetic shifts, which Table II shows are relatively small
(0.02–0.04 eV). When modeling the hydroxide loss from
CoOH+(H2O) [reaction (9)], competition with the dominant
primary loss of water is illustrated by the significant shift of
0.76 eV. Direct comparison of the models for the total cross
sections versus the sequential models of the primary cross sec-
tions shows that the σ0, n, and E0 values are nearly identical.
Threshold energies for the primary water loss channels are
basically unaffected by consideration of the secondary loss
channel, within 0.04 eV in all cases (Table II). The entropies of
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FIG. 3. Cross sections for collision-induced dissociation of CoOH+(H2O)x where x = 1–4 [parts (a)–(d)] with Xe (∼0.2 mTorr) as a function of kinetic energy
in the center-of-mass frame (bottom x-axis) and applied voltage in the laboratory frame (top x-axis). Water loss products are represented by open symbols, and
hydroxide loss products are represented by closed symbols [part (d)].

activation, ΔS†1000, which represent the measure of looseness
of the transition state, are positive and increase with increasing
complex size, Table II.

The difference between the primary and secondary thresh-
olds is used to calculate an independent measurement for the
bond dissociation energy for CoOH+(H2O)x�1 dissociating to

TABLE II. Optimized parameters of Eqs. (4) and (5) from analysis of total, primary, and secondary cross sections
for collision-induced dissociation of CoOH+(H2O)x .a

Reactant Product ion σ0
b (Å2) nb E0

b (PSL) (eV) E0
c (eV) ΔS†1000

b (J/mol K)

CoOH+(H2O)d CoOH+ 9 (1) 0.8 (0.1) 2.37 (0.08) 2.41 (0.12)e 25 (5)
Co+(H2O) 9 (1) 3.66 (0.10) 4.42 (0.19)e 33 (7)

CoOH+(H2O)2
f CoOH+(H2O) 33 (4) 1.1 (0.1) 1.30 (0.09) 1.34 (0.11) 26 (13)

CoOH+(H2O)2
g CoOH+(H2O) 34 (7) 1.1 (0.1) 1.34 (0.19) 23 (5)

CoOH+ 12 (3) 3.62 (0.15) 32 (5)
CoOH+(H2O)3

f CoOH+(H2O)2 44 (2) 1.0 (0.1) 1.12 (0.07) 1.15 (0.09) 45 (19)
CoOH+(H2O)3

g CoOH+(H2O)2 44 (4) 1.0 (0.1) 1.10 (0.10) 51 (5)
CoOH+(H2O) 33 (5) 2.54 (0.06) 22 (17)

CoOH+(H2O)4
f CoOH+(H2O)3 119 (7) 1.0 (0.1) 0.65 (0.08) 0.67 (0.11) 54 (5)

CoOH+(H2O)4
g CoOH+(H2O)3 119 (9) 1.0 (0.1) 0.65 (0.06) 54 (3)

CoOH+(H2O)2 112 (4) 1.81 (0.05) 43 (3)

aUncertainties in parentheses.
bParameters for modeling with lifetime effects considered, Eq. (5).
cParameters for modeling where lifetime effects are not included, Eq. (4).
dCompetitive analysis modeling of primary water and hydroxide loss cross sections using Eq. (5).
eModeling of individual channels without competition.
fSingle channel modeling of the total cross section using Eq. (5).
gSequential modeling of primary and secondary cross sections using Eqs. (5) and (5) × (7).

102



064305-8 R. A. Coates and P. B. Armentrout J. Chem. Phys. 147, 064305 (2017)

FIG. 4. Zero-pressure extrapolated cross sections for the CID of CoOH+(H2O)x x = 1–4. Solid lines show the best fits to the primary (open circles), and secondary
(open triangles) water loss cross sections using Eq. (5) × (7) convoluted over the neutral and ion kinetic and internal energy distributions. The dashed lines show
the model cross sections in the absence of experimental kinetic energy broadening for reactants with an internal energy of 0 K. Optimized parameters for these
fits are found in Table II. Part (d) shows best fits for competitive water loss (open circles) and hydroxide loss (solid circles) using Eq. (5).

CoOH+(H2O)x�2 + H2O. This difference can be measured
with more precision than the absolute values for each thresh-
old because many systematic sources of uncertainty cancel;
however, their accuracy can suffer from the additional assump-
tions needed in the modeling. For the x = 4 complex, Fig.
4(a), analysis with the sequential model, Eq. (5) × (7), finds
the thresholds for loss of one and two water molecules as
0.65 ± 0.06 eV and 1.81 ± 0.05 eV, respectively. The differ-
ence of 1.16 eV ± 0.06 eV between these thresholds equals
the CoOH+(H2O)2–(H2O) bond energy, which agrees well
with the 1.12 ± 0.07 eV threshold for the CoOH+(H2O)3 pri-
mary dissociation channel. Sequential modeling of the x = 3
reactant, Fig. 4(b), gives thresholds of 1.10 ± 0.10 and 2.54
± 0.06 eV for the first and second water losses, respectively.
The difference between thresholds, 1.44 eV ± 0.07 eV, is
within combined experimental uncertainty of the threshold for
single water loss from CoOH+(H2O)2, 1.30 ± 0.09 eV. Com-
paring sequential modeling of CoOH+(H2O)2, Fig. 4(c), to
the primary water loss threshold analysis of CoOH+(H2O),
we find good agreement between 2.28 eV ± 0.10 eV and
2.37 ± 0.08 eV, respectively. Competitive analysis of the
CoOH+(H2O) dissociation cross sections, Fig. 4(d), reveals
a dissociation threshold for H2O loss of 2.37 ± 0.08 eV and a

threshold for OH loss of 3.66± 0.10 eV, with a difference mea-
sured as 1.29 ± 0.10 eV. Loss of H2O is energetically more
favorable at x = 1 with its lower threshold for dissociation;
however, it can be seen in Table II that the OH loss is entrop-
ically more favorable with its larger ΔS†1000 value. At first,
this observation is unexpected because the Co+(H2O) (3B2)
+ OH (2Π) product channel has one less rotational degree of
freedom than the CoOH+ (4A′′) + H2O (1A1) channel; how-
ever, it can be noted that the electronic degeneracy of the
former channel is 12, whereas that for the latter channel is
only 4.

Comparison of experimental and theoretical bond
enthalpies: CoOH+(H2O)x

Primary and secondary experimental 0 K bond dissoci-
ation enthalpies for the loss of water from CoOH+(H2O)x

(x = 1–4) complexes are compared in Table III. As men-
tioned above, there is good agreement between the primary
and secondary (obtained from differences between the pri-
mary and secondary thresholds) bond enthalpies, with a
mean absolute deviation (MAD) of 8.6 kJ/mol, compara-
ble to the experimental uncertainties. It should be noted
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TABLE III. Comparison of experimentala and theoreticalb 0 K bond enthalpies (kJ/mol) for CoOH+(H2O)X�1–
H2O.

cam-B3LYP/
x Primary Secondary B3LYP B3P86 M06 MP2(full) def2-TZVPc

1 228.4 ± 7.9 219.6 ± 16.5 245.1 (248.1) 249.2 (252.6) 183.8 (188.6) 258.2 (265.4) 223.0 (226.3)
2 125.7 ± 8.7 138.5 ± 7.7 114.7 (118.0) 118.0 (121.4) 146.7 (151.5) 121.3 (128.5) 129.9 (133.2d)
3 107.6 ± 7.0 111.8 ± 5.5 105.1 (108.1) 99.1 (102.3) 86.0 (89.4) 109.2 (119.9) 109.8 (112.9d)
4 63.1 ± 7.7 63.0 (65.9) 68.2 (71.2) 66.1 (69.7) 66.3 (76.5) 77.4 (80.5d)
MADe 7.8f 8.6 7.6 (7.7) 10.5 (10.5) 22.6 (22.6) 9.7 (16.3) 6.5 (8.1)
MADg 9.9f 18.7 (17.7) 20.9 (19.9) 23.3 (22.1) 19.5 (21.3) 4.7 (4.4)

aValues from Table II.
bTheoretical values with (and without) cp corrections. Single point energies calculated at the indicated level of theory using the
6-311+G(2d,2p) basis set using B3LYP/6-311+G(d,p) geometries and zero point energy corrected.
cGeometries optimized at the cam-B3LYP/def2-TZVP level of theory consistent with calculations of Garand and co-workers.18

dValues reproduced from Ref. 18.
eMean absolute deviations from primary experimental BDEs.
fMean experimental uncertainty.
gMean absolute deviations from secondary experimental BDEs.

that in general the primary bond enthalpies from the total
cross section models provide the best experimental informa-
tion as fewer assumptions associated with the modeling are
needed.

Table III lists theoretical BDEs calculated at the B3LYP,
B3P86, M06, and MP2(full) levels of theory using a 6-
311+G(2d,2p) basis set and structures and zero point energy
corrections calculated at the B3LYP/6-311+G(d,p) level
with and without counterpoise (cp) corrections. (Table S3
of the supplementary material lists values for M06-GD3
and cam-B3LYP levels as well.) Additional values were
calculated at the B3LYP-GD3BJ/6-311+G(2d,2p)//B3LYP-
GD3BJ/6-311+G(d,p) level (Table S3) and cam-B3LYP/def2-
TZVP level (Table III). These latter calculations match the
level used by Garand and co-workers and were performed
to augment their results with cp corrections, a value for the
x = 1 complex, and for the loss of OH from CoOH+(H2O)x.
Counterpoise corrections for each complex size were rela-
tively small for DFT levels (≤5 kJ/mol), whereas corrections
for MP2(full) were larger, 7–11 kJ/mol. Overall, cp corrections
make very little difference in MADs from experimental val-
ues for all levels of theory, except cp corrections for MP2(full)
level improve MADs by 7 kJ/mol for primary but only by 2
kJ/mol for secondary BDEs. All further comparisons between
experimental and theoretical BDEs will be made with the cp
corrected values.

The MAD values in Table III and Table S3 of the supple-
mentary material show that our primary water loss experimen-
tal values agree well with calculated 0 K hydration enthalpies
for B3LYP, B3LYP-GD3BJ, B3P86, MP2(full), and cam-
B3LYP/def2-TZVP with MADs of 7.6, 10.1, 10.5, 9.7, and 6.5
kJ/mol, respectively. The M06, M06-GD3, and cam-B3LYP
levels do not agree as well with a MAD of ∼23 kJ/mol. Fig-
ure 5 shows the comparison of theoretical BDEs with experi-
ment for loss of water from CoOH+(H2O)x where x = 1–4. For
x = 1, the cam-B3LYP/def2-TZVP value agrees with exper-
iment, M06 levels underestimate the BDE, while the other
levels overestimate this BDE. For x = 2 and 3, the BDEs at
the B3LYP, B3P86, MP2(full), and cam-B3LYP/def2-TZVP
levels of theory maintain reasonable agreement among each

other and with experiment. For x = 4, most levels of theory
yield a BDE in very good agreement with experiment, whereas
the cam-B3LYP/def2-TZVP value overestimates the BDE by
14.3 kJ/mol, outside of the experimental uncertainty, Table III.
Table III and Fig. 5 also include the secondary water loss BDEs
for comparison with theory. In general, MADs from secondary
BDEs are larger than those from the primary BDEs by 0.7–11.1
kJ/mol for all levels of theory except cam-B3LYP/def2-TZVP,
where agreement is improved by 1.8 kJ/mol.

Comparison of experimental and theoretical bond
enthalpies: Co+(H2O)y

The BDEs of the hydrated transition metal monocations
were previously studied in this group, where y = 1–4 for
Co+(H2O)y.5 Table IV and Fig. 6 provide these 0 K hydra-
tion BDEs along with selected theoretical results with and

FIG. 5. Comparison of 0 K BDEs for neutral H2O loss from CoOH+(H2O)x
as a function of complex size (x): experimental primary (black solid cir-
cles) and secondary (red solid circles) values with theoretical values cal-
culated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (open black
up triangles), B3P86/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (open red down
triangles), M06/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (open blue squares),
MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) values (open green dia-
monds), and cam-B3LYP/def2-TZVP//cam-B3LYP/def2-TZVP (open pink
hexagons) levels with cp corrections.
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TABLE IV. Comparison of experimental and theoreticala 0 K bond enthalpies.

cam-B3LYP/
x/y Expt. B3LYPb B3P86b M06b MP2(full)b def2-TZVPc

Co+(H2O)y-1–(H2O)
1 161.1 ± 5.8d 159.6 (162.6) 162.0 (165.0) 160.5 (164.0) 156.1 (166.1) 172.2 (182.1)
2 162.1 ± 6.8d 157.5 (160.5) 160.6 (163.6) 163.2 (166.7) 152.5 (162.4) 175.3 (185.2)
3 64.6 ± 4.8d 63.2 (66.2) 67.8 (70.9) 75.5 (79.0) 57.3 (67.3) 84.9 (94.9)
(4,0) 57.9 ± 5.8d 49.4 (52.7) 51.3 (54.7) 63.0 (67.8) 52.0 (59.2) 58.1 (65.3)
MADe 5.8f 4.0 (2.5) 3.0 (3.7) 4.4 (7.9) 6.9 (2.3) 11.2 (20.4)

HO–Co+(H2O)x

0 285.8 ± 13.8g 234.7 (238.0) 245.6 (249.0) 280.9 (285.7) 159.4 (166.5) 305.7 (308.8)
300 ± 4h

1 353.1 ± 9.8i 329.3 (332.5) 341.9 (345.4) 314.2 (319.0) 257.4 (264.6) 358.6 (361.6)
2 316.7 ± 14.7g 285.1 (288.4) 298.1 (301.5) 297.3 (302.1) 376.2 (383.4) 304.9 (307.9)
3 359.7 ± 17.0g 319.4 (322.5) 333.0 (336.2) 312.3 (315.8) 268.6 (279.3) 326.1 (329.2)
4 365.0 ± 19.5g 338.4 (341.4) 355.3 (358.3) 319.6 (323.2) 292.0 (302.2) 347.0 (350.0)
MADe 13.2f 37.5 (34.3) 24.1 (20.8) 34.0 (29.7) 92.0 (86.4) 14.9 (14.3)
Overall MADj 6.7f 12.3 (11.1) 9.4 (8.7) 15.3 (15.1) 27.2 (26.3) 8.2 (10.7)

aTheoretical values with (and without) cp corrections.
bSingle point energies calculated at the indicated level of theory using the 6-311+G(2d,2p) basis set using B3LYP/6-311+G(d,p)
geometries and zero point energy corrected.
cGeometries optimized at the cam-B3LYP/def2-TZVP level of theory.
d Values from the work of Dalleska et al.5
eMean absolute deviations from experimental BDEs. HO–Co+(H2O)x MAD values are calculated with x = 0 value from the work
of Chen et al.60

fMean experimental uncertainty.
gDerived values from thermodynamic cycle (Fig. 7).
hValue from the work of Chen et al.60

iTable II.
jIncludes all values in this table and Table III.

without cp corrections performed in the present study (and
Table S4 of the supplementary material for all levels of the-
ory). Comparison of the experimental and present theoretical
values show that B3LYP, B3P86, and M06 levels of the-
ory yield the best results, with MADs less than the mean
experimental uncertainty (5.8 kJ/mol), and MP2(full) results
are only slightly worse (MAD = 6.9 kJ/mol). In contrast, the

FIG. 6. Comparison of 0 K BDEs for neutral H2O loss from Co+(H2O)y
as a function of complex size (y): experimental values (black solid circles)
and theoretical values for B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p)
(open black up triangles), B3P86/6-311+G(2d,2p)//B3LYP/6-311+G(d,p)
(open red down triangles), M06/6-311+G(2d,2p)//B3LYP/6-311+G(d,p)
(open blue squares), MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) val-
ues (open green diamonds), and cam-B3LYP/def2-TZVP//cam-B3LYP/def2-
TZVP (open pink hexagons) with cp corrections.

cam-B3LYP/def2-TZVP theoretical results overestimate the
y = 1–3 Co+(H2O)y experimental BDEs leading to a MAD of
11.2 kJ/mol.

Table S4 of the supplementary material includes the theo-
retical BDEs for the two Co+(H2O)4 predicted GSs, (4,0) and
(2,2), for comparison with experiment. The B3LYP, B3LYP-
GD3BJ, B3P86, and cam-B3LYP/def2-TZVP levels all predict
that the (4,0) structure is low-lying such that calculated BDEs
for either structure agree with experiment within the uncer-
tainty [with differences of 0.1–8.5 kJ/mol for (4,0) and 1.9–2.1
kJ/mol for (2,2)]. In contrast, the M06 and MP2(full) levels cal-
culate a (4,0) GS with (2,2) lying much higher in energy. Here,
the BDEs for the (4,0) structure are in good agreement with
experiment, within 6.6 kJ/mol, and BDEs for the (2,2) struc-
ture are much too small. In previous work, we have found
that the MP2(full) level properly predicts the ground state
structures of Zn2+(H2O)x and CuOH+(H2O)x complexes,9,19

such that it seems more likely that (4,0) is the experimen-
tal ground structure; however, this conclusion appears at
odds with the spectroscopic evidence from Furukawa et al.58

discussed above.

Derived thermochemical values for dehydroxylation

Using the experimental BDEs for CoOH+(H2O) dehy-
droxylation, CoOH+(H2O)x dehydration, and Co+(H2O)y

dehydration, Hess’s law can be used to derive values for the
loss of the OH ligand from CoOH+(H2O)x, where x = 0, and
2–4, Fig. 7. The derived BDE for loss of OH from CoOH+

is 285.8 ± 13.8 kJ/mol, which is in good agreement with the
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FIG. 7. Comparison of present experimental results (blue arrows, left side)
with those of Dalleska et al. (red arrows, right side, Ref. 5). Derived BDEs
for the loss of OH lie in between (green arrows), with the experimental value
from Chen et al. in parenthesis (Ref. 60).

0 K BDE value of 300 ± 4 kJ/mol,60 obtained from previ-
ous studies in our laboratory of the endothermic reaction Co+

+ H2O → CoOH+ + H. This helps confirm the accuracy of
the present measurements for this reaction. As is clear from
the dissociation behavior observed in Fig. 3(d), the BDE for
Co+–OH is much stronger than that for Co+–OH2. Indeed, the
analysis indicates that the former is ∼80% larger than the lat-
ter. In an examination of the periodic trends in the BDEs of
first-row transition metal hydroxide cations, it has been found
that these MOH+ BDEs are 120 ± 21 kJ/mol stronger than
those for the analogous metal-methyl cations for the late tran-
sition metals (Mn, Fe, Co).61 This has been attributed to the
ability of the lone pairs of electrons on oxygen to donate into
half-filled 3dπ orbitals on the metal center, leading to a bond
order for these dative π bonds of one-half. For the 4A′′ state
of CoOH+, there are two such acceptor orbitals, effectively
allowing the formation of two half-dative π bonds, in addi-
tion to the covalent sigma bond (the only bond for MCH3

+).
As the bonding in Co+(H2O) is primarily the donation of the
oxygen electrons into an empty 4s-3d (sd) hybrid orbital, only
a single dative sigma bond is formed here, consistent with
the observation of the strong increase in bonding observed for
CoOH+.

The HO–Co+(H2O)x BDEs for x = 0–4 are also compared
to theoretical BDEs determined at the same levels used above
with (and without) cp corrections in Table IV and Fig. 8. Figure
8 indicates that all levels of theory except MP2(full) qualita-
tively predict the trends in these BDEs, including the decrease
at x = 2. (The MP2(full) level also did not accurately predict
the dehydroxylation BDEs for the copper system.19) Table IV
shows that theory has more difficulty accurately predicting
the HO–Co+(H2O)x BDEs compared to those for dehydration,
with much larger MADs, 24–38 kJ/mol, substantially greater

FIG. 8. Comparison of 0 K BDEs for neutral OH loss from CoOH+(H2O)x
as a function of complex size (x): experimental values (black solid cir-
cles), literature values (red solid circle, Ref. 60) and theoretical values
for B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (open black up trian-
gles), B3P86/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (open red down tri-
angles), M06/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (open blue squares),
MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) values (open green dia-
monds), and cam-B3LYP/def2-TZVP//cam-B3LYP/def2-TZVP (open pink
hexagons) with cp corrections.

than the average experimental uncertainty, 13.2 kJ/mol. The
exception is the cam-B3LYP/def2-TZVP results, which have
a MAD of only 15 kJ/mol.

Table IV also includes overall MADs from
CoOH+(H2O)x�1–(H2O), Co+(H2O)y�1–(H2O), and HO–
Co+(H2O)x BDEs for all levels of theory. Compared with
the overall experimental uncertainty (6.7 kJ/mol), the B3LYP,
B3LYP-GD3BJ, B3P86, and cam-B3LYP/def2-TZVP levels
of theory have comparable overall MADs of 8–12 kJ/mol,
whereas the M06, M06-GD3, MP2(full), and cam-B3LYP
levels have higher overall MADs of 15–31 kJ/mol.

Trends in bond enthalpies

Co2+ and Co+ have 3d7 and 3d8 configurations, respec-
tively. The CoOH+(H2O)x complexes have a preference for
CN = 4 with a tetrahedral geometry. As this is the preferred
ligand field coordination for Co2+ (3d7), this shows that the
hydroxide acts as a strong electron withdrawer effectively
inducing more Co2+ character. Indeed, examination of the
molecular orbitals for CoOH+ finds the holes (SOMOs) to be
in the 3dxy (δ), 3dyz (π), and 3dxz (π) orbitals (where the z
axis lies along the Co–O bond, Fig. S3 of the supplementary
material), which become the t2g orbitals in the near tetrahedral
CoOH+(H2O)3. The Co+(H2O)y complexes also show a pref-
erence for CN = 4 but with a square planar geometry, described
above. Here the SOMOs are the 3dz2 and 3dx2−y2 orbitals for
the Co+(H2O)4 system (where the ligands lie along the x and
y axes, Fig. S2 of the supplementary material).

Comparison of the experimentally determined dehy-
dration energies for CoOH+(H2O)x and Co+(H2O)y (where
x/y = 1–4) values can be seen in Fig. 7. The BDEs for
Co+(H2O)y are nearly identical for y = 1 and 2, followed by a
large decrease (98 kJ/mol), and then the values for y = 3 and 4
are again similar. This sequence has been explained in terms of
sd orbital hybridization.5,62 Here, the first water ligand induces
sd hybridization, which empties the sd orbital along the Co–O
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bond axis and puts electron density in an sd orbital perpendic-
ular to this axis. A second water can also donate into the empty
sd orbital at 180� relative to the first water ligand, resulting in a
comparable BDE because the energetic cost of promotion has
already been paid by the first ligand. If the third water adds
directly to the metal, it must approach the sd orbital containing
the electron density, leading to a much weaker bond (consis-
tent with the T-shaped geometry shown in Fig. 2 and the longer
bond length for the side water ligand). The fourth water is
similarly behaved, and sd hybridization explains why the (4,0)
complex has two short and two long Co–O bonds. Depend-
ing on the strength of the hydrogen bonding, the weaker third
and fourth bonds to the metal allow the (2,2) complex to be
competitive with (4,0) at some levels of theory.

A similar general trend is observed in the CoOH+(H2O)x

system, Fig. 5. As for Co+(H2O)y, there is a similar large
decrease in BDE (103 kJ/mol) between complexes having
CN = 2 and 3 (x = 1 and 2 for the hydroxides). Again, there is a
leveling for CN = 3 and 4 (decrease of only 18 kJ/mol), which is
consistent with sd hybridization. The larger decrease between
x = 3 and 4 (44 kJ/mol) is a result of having the fourth ligand in
the second solvent shell as the ligand–ligand hydrogen bonding
is weaker than the dative metal–ligand bonds. For complexes
having the same CN, the loss of water from CoOH+(H2O)CN�1

requires more energy than from Co+(H2O)CN , with fairly uni-
form differences of 66, 61, and 50 kJ/mol for CN = 2, 3, and
4, respectively. This enhancement can be attributed to the
Co2+OH– character of the CoOH+ species.

For the HO–Co+(H2O)x BDEs, there is an interesting
decrease at x = 2, Fig. 8. A similar observation was made for the
analogous HO–Cu+(H2O)x BDEs. We attribute this lower BDE
to the fact that the system is going from a CN = 3 complex to
a favorable CN = 2 complex. As noted above, sd hybridization
leads to weaker BDEs for the CN = 3 complexes, compared
with CN = 2. All other dehydroxylations occur between com-
plexes having comparable strong (CN = 1 → 0 and 2 → 1)
or weak (CN = 4 → 3 and 4 → 4) binding, leading to simi-
lar HO–Co+(H2O)x BDEs. Although all Co+–OH BDEs for
x = 0–4 are fairly large, >300 kJ/mol, the addition of waters
to CoOH+ increases this BDE by additional 31–79 kJ/mol.
We attribute these increases to the ionic Co2+OH� character,
which is stabilized by addition of water ligands to the metal
cation.

These results can also be compared to the analogous val-
ues for CuOH+(H2O)x complexes.19 The Cu+–OH BDE is
only 151.5 ± 8.0 kJ/mol, 148.5 kJ/mol smaller than that for
CoOH+ because the additional two electrons on Cu+ fully
occupy the 3dπ orbitals, such that the CuOH+ bond is not
augmented by dative π bonding. Interestingly, upon addition
of water molecules, the HO–Co+(H2O)x dehydroxylation val-
ues are on average 191 ± 10 kJ/mol higher than the previously
derived values for HO–Cu+(H2O)x.19 The additional 40 kJ/mol
enhancement suggests that there is more M2+OH� character for
the cobalt species than the copper system.

Conversion of 0 K hydration energies to 298 K

In all cases, the primary threshold energies obtained in-
cluding lifetime effects are assigned as the 0 K bond energies.
A rigid rotor/harmonic oscillator (RR/HO) approximation

TABLE V. Conversion of 0 K thresholds to 298 K enthalpies and free energies
(kJ/mol).a

x/y ΔH0
b ΔH298-ΔH0

c ΔH298 TΔS298
c ΔG298

CoOH+(H2O)x�1–(H2O)
1 228.4 (7.9) 3.4 (0.5) 231.8 (7.9) 36.7 (1.1) 195.1 (8.0)
2 125.7 (8.7) 2.7 (1.1) 128.4 (8.8) 34.9 (2.7) 93.5 (9.2)
3 107.6 (7.0) 2.9 (1.6) 110.6 (7.2) 41.0 (3.9) 69.5 (8.2)
4 63.1 (7.7) 4.9 (1.4) 68.1 (7.8) 43.9 (3.2) 24.1 (8.5)

Co+(H2O)y�1–(H2O)

1 161.1 (5.8)d 2.7 (0.3) 163.8 (5.8) 22.3 (0.5) 141.5 (5.8)
2 162.1 (6.8)d 2.4 (0.5) 164.5 (6.8) 38.2 (1.2) 126.3 (6.9)
3 64.6 (4.8)d 1.4 (0.5) 66.6 (4.8) 33.5 (1.3) 32.5 (5.0)
4 57.9 (5.8)d 1.7 (0.5) 59.6 (5.8) 38.4 (1.3) 21.2 (6.0)

HO–Co+(H2O)x

0 300.0 (4.0)e 3.9 (0.2) 303.9 (4.0) 27.2 (0.3) 276.7 (4.0)
1 353.1 (9.8) 3.4 (0.3) 356.5 (9.8) 37.3 (0.9) 319.6 (9.8)
2 316.7 (14.7) 2.9 (0.4) 319.6 (14.7) 33.8 (0.9) 285.8 (14.7)
3 359.7 (17.0) 4.4 (0.4) 364.1 (17.0) 38.6 (0.8) 325.6 (17.0)
4 365.0 (19.5) 7.1 (0.3) 372.0 (19.5) 45.5 (0.4) 262.6 (19.5)

aUncertainties in parentheses.
bValues from Tables III and IV.
cValues are calculated from the vibrational frequencies and rotational constants calcu-
lated at the B3LYP/6-311+G(d,p) level of theory. Uncertainties are found by scaling the
vibrational frequencies up and down by 10%.
dReference 5.
eReference 60.

using the vibrational frequencies (scaled by 0.989) and rota-
tional constants calculated at the B3LYP/6-311+G(d,p) level of
theory was used to calculate ΔH298 � ΔH0 and TΔS298 values
for dissociation. These conversion factors were used to con-
vert the 0 K bond energies into 298 K bond enthalpies (ΔH298)
and to determine free energies (ΔG298) of dissociation. These
values are listed in Table V. The uncertainties in these con-
versions were obtained by scaling the vibrational frequencies
up and down by 10%. It should be noted that some of the low
vibrational frequencies correspond to torsional motions of the
water ligands and thus the RR/HO approximation may not be
accurate for these degrees of freedom.

For the CoOH+(H2O)x�1–(H2O), Co+(H2O)y�1–(H2O),
and HO–Co+(H2O)x systems, the ΔH298 and ΔG298 values
track the 0 K hydration enthalpies (ΔH0) as the values decrease
with an increasing number of water ligands. The only excep-
tion is for Co+(H2O)y�1–(H2O) at y = 1 and 2 where the entropy
difference means that ΔG298(1) is greater than ΔG298(2) by
∼15 kJ/mol.

CONCLUSION

The kinetic energy dependent cross sections for collision-
induced dissociation of CoOH+(H2O)x complexes with Xe
where x = 1–4 are determined using guided ion beam tandem
mass spectrometry. The dominant CID pathway in all systems
observed is the loss of a single water molecule from the reactant
ion followed by sequential losses of additional water ligands
when possible. At x = 1, the loss of the hydroxide ligand is
also observed at much higher energies than the loss of water.
Statistical analysis of the TCID data is used to obtain 0 K
BDEs, and these energies are converted to 298 K using a rigid
rotor/harmonic oscillator approximation. The water loss BDEs
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decrease monotonically from x = 1–4. In addition, BDEs for
the loss of hydroxide are derived by combining the directly
measured x = 1 hydroxide BDE with dehydration BDEs for
CoOH+(H2O)x and Co+(H2O)y results taken from the liter-
ature.5 The derived BDE for CoOH+ matches a previously
determined value60 within experimental uncertainty.

In agreement with previous work, the present theoret-
ical results indicate that cobalt has a coordination num-
ber of four for the first inner solvent shell. BDEs are best
reproduced by cam-B3LYP/def2-TZVP calculations includ-
ing counterpoise corrections with the lowest overall
MADs, with B3LYP/6-311+G(2d,2p), B3LYP-GD3BJ/6-
311+G(2d,2p), and B3P86/6-311+G(2d,2p) results being only
slightly worse. MP2(full)/6-311+G(2d,2p) calculations have a
large overall MAD primarily because of discrepancies with
the homolytic bond cleavage for the HO–Co+(H2O)x BDEs.
Otherwise, this level of theory has good agreement with exper-
iment for calculating the heterolytic water loss BDEs for both
CoOH+ and Co+.

SUPPLEMENTARY MATERIAL

See supplementary material for additional tables includ-
ing structural parameters for optimized geometries of
CoOH+(H2O)x (x = 0–4) and Co+(H2O)y (y = 1–4) predicted
ground structures; a table of relative 0 K enthalpies and 298
K energies for all conformers of CoOH+(H2O)x (x = 0–4)
and Co+(H2O)y (y = 1–4) at seven levels of theory; and
two tables comparing experimental 0 K bond enthalpies
for CoOH+(H2O)x�1–(H2O), Co+(H2O)y�1–(H2O), and
HO–Co+(H2O)x with seven levels of theory with and without
counterpoise corrections. Also included is a detailed discus-
sion of high and low energy isomer geometries and figures of
all isomers of CoOH+(H2O)x (x = 0–4) and two figures of the
singly occupied molecular orbitals (SOMOs) for Co+(H2O)4

and CoOH+.
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Structural characterization of gas-phase cysteine
and cysteine methyl ester complexes with zinc
and cadmium dications by infrared multiple
photon dissociation spectroscopy†

Rebecca A. Coates,a Christopher P. McNary,a Georgia C. Boles,a Giel Berden,b

Jos Oomensbc and P. B. Armentrout*a

Structural characterization of gas-phase ions of cysteine (Cys) and cysteine methyl ester (CysOMe)

complexed to zinc and cadmium is investigated by infrared multiple photon dissociation (IRMPD) action

spectroscopy using a free electron laser in combination with density functional theory calculations.

IRMPD spectra are measured for [Zn(Cys-H)]+, [Cd(Cys-H)]+, [Zn(CysOMe-H)]+, [Cd(CysOMe-H)]+ and

CdCl+(CysOMe) and are accompanied by quantum mechanical calculations of the predicted linear

absorption spectra at the B3LYP/6-311+G(d,p) (Zn2+ complexes) and B3LYP/def2TZVP levels (Cd2+

complexes). On the basis of these experiments and calculations, the conformation that best reproduces

the IRMPD spectra for the complexes of the deprotonated amino acids, [M(Cys-H)]+ and [M(CysOMe-H)]+,

is a charge-solvated (CS) tridentate structure where the metal dication binds to the amine and carbonyl

groups of the amino acid backbone and the deprotonated sulfur atom of the side chain, [N,CO,S�]. The

intact amino acid complex, CdCl+(CysOMe) binds in the equivalent motif [N,CO,S]. These binding motifs

are in agreement with the predicted ground structures of these complexes at the B3LYP, B3LYP-GD3BJ

(with empirical dispersion corrections), B3P86, and MP2(full) levels.

Introduction

A large number of proteins have been found to exhibit metal-
dependent transcription regulation activities and contain cysteine-
rich sequence motifs capable of coordinating Zn2+ ions.1 Included
in these are zinc finger proteins, metalloproteins that utilize zinc
ions for structural integrity.2 These zinc finger proteins are charac-
terized by divalent Zn2+ centers directly coordinated to amino acid
residues, most commonly binding as Zn(Cys)4�n(His)n, where
n = 0–2.3 Zinc finger proteins are active in transcription factors
as well as in DNA-repair of enzymes. Competition from toxic metal
ions that replace the essential zinc ion center has been observed4,5

and has a profound effect on the protein’s structure and function,
essentially deactivating it.

Toxic metals that have high affinities for thiol groups make
cysteine containing zinc finger proteins particularly susceptible
to Zn2+ replacement. This includes cadmium, its group 12
congener, even in low concentrations.6 The mechanisms of
cadmium toxicity is not well understood, although cadmium is
known to target thiol groups in proteins.7 The mechanism for
zinc finger protein inactivation by toxic metal replacement is
presumed to involve structural changes of the coordinating
amino acid residues. Investigating these complexes in isolation
at the fundamental level may be beneficial to unveiling structural
evidence for how these metals coordinate with the relevant amino
acid residues. Theoretical investigations by Russo et al. of the
interactions of cysteine with Cu2+, Zn2+, Cd2+, and Hg2+ found that
zinc and cadmium both form stable complexes by coordination of
the metal to cysteine in a tridentate binding pattern involving
the amino nitrogen, carbonyl oxygen, and side-chain sulfur.8

Similarly, quantum chemical studies by Mori et al.9 examined
the interactions of Hg2+, Cd2+, and Zn2+ with deprotonated
cysteine either microsolvated by one or two water molecules or
using a polarized continuum model. For one water ligand, they
found a similar tridentate motif, where deprotonation occurs at
the thiol. When placed in solution, the Zn complex retains the
tridentate binding motif, whereas the Cd complex prefers the
bidentate conformation. For two waters (gas-phase or in solution),
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a bidentate chelation by the amino nitrogen and deprotonated
sulfur is preferred for both Zn and Cd. In the context of hydration,
we have previously studied the hydration energies of both Zn2+

and Cd2+,10,11 finding that Zn2+ binds more strongly than Cd2+ by
B8 kJ mol�1 for six through eight water ligands, but less strongly
by B5 kJ mol�1 for the ninth and tenth water ligands. It should
be realized that the solvated environment may be relevant to the
delivery of these metal ions to the zinc finger sites, but in the
protein, the metal ion remains unsolvated by water.

In previous experimental work, Bohme and coworkers examined
the collision-induced dissociation of Zn2+ bound to 12-residue
peptides containing either two cysteines and two histidines
(CCHH and CHCH) or four cysteines (CCCC).12 They concluded
that zinc binds to both residues but prefers binding to histidine.
No specific details of the binding site for these residues could
be provided. Previously, our group has examined complexes of
the single amino acid histidine (His) with Zn2+ and Cd2+ using
infrared multiple photon dissociation (IRMPD) action spectro-
scopy.13 In these cases, the simple M2+(His) complexes were not
generated directly by electrospray ionization. Thus the inter-
actions of the metal ions with histidine were mimicked by
examining the CdCl+(His) and [M(His-H)]+ systems. Structures
for these systems were determined definitively using IRMPD
spectroscopy and quantum chemical calculations, finding that
the metal ions bind to His in a tridentate conformation by
attaching to a carboxylate oxygen, the backbone amino group
(N), and the imidazole side-chain nitrogen (Np). Deprotonation
in the [M(His-H)]+ complexes was found unequivocally to be
at the carboxylic acid for both metals. The present study
approaches the metal–cysteine (Cys) binding interaction similarly
with a systematic structural investigation using IRMPD action
spectroscopy and quantum chemical calculations. Conformations
are identified by comparing the experimental IRMPD action
spectra to IR spectra derived from quantum chemical calculations
at the B3LYP/6-311+G(d,p) (Zn2+ complexes) and B3LYP/def2TZVP
levels (Cd2+ complexes) levels of theory of the low-lying structures
of the complexes. In order to definitively ascertain whether
structures of these complexes involve deprotonation of the
carboxylic acid site, as seen in the His study, metal binding
to cysteine methyl ester (CysOMe) is also examined.

Experimental and theoretical methods
Mass spectrometry and IRMPD spectroscopy

Experiments were performed at the FELIX Facility, Radboud
University, The Netherlands, using the Free Electron Laser for
Infrared eXperiments (FELIX)14 beam line. A 4.7 T Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer,
described elsewhere,15–17 was used to record the IRMPD spectra.
The metal–cysteine complex ions were generated using a Micro-
mass Z-spray electrospray ionization source. Solutions of 1.0 mM
Cys with 1.0 mM zinc nitrate or cadmium chloride in 50 : 50
MeOH:H2O solution were used with a flow rate of 3–10 mL min�1.
Ions generated from the ESI were accumulated in a hexapole trap
for 5–7 s before being pulse extracted through a quadrupole

bender and injected into the ICR cell via a radiofrequency (rf)
octopole ion guide. Ion capturing was affected by electrostatic
switching of the dc bias of the octopole to avoid collisional
heating of the ions.15 Once trapped in the ICR cell, the ions are
cooled to room temperature and the ion of interest is mass
isolated using a stored waveform inverse Fourier transform
(SWIFT) excitation pulse18,19 and irradiated with FELIX for
3–5 s at a 5 or 10 Hz macropulse repetition rate. At each
wavelength, the parent and fragment ion intensities are used
to determine the fractional yield, Y = SIF/(IP + SIF), where IP and
IF are the integrated intensities of the parent and fragment ion
mass peaks, respectively. The IRMPD spectra are generated by
plotting the yield as a function of the wavenumber of the IR
radiation.

The ESI source generated [M(Cys-H)ACN]+, [M(CysOMe-H)ACN]+

and CdCl+(CysOMe) directly for M = Zn and Cd where ACN =
acetonitrile (originally, the ACN was present adventitiously from
previous experiments, although in some cases, additional ACN was
added to the electrospray solution to enhance intensities of these
complexes). The [M(Cys-H)]+ and [M(CysOMe-H)]+ species interro-
gated here were generated by irradiation of their corresponding
ACN adduct ions with a 40 W continuous-wave CO2 laser for 0.2 s
and then allowing the resulting ions to cool for an additional 0.1 s
before isolation in the FT-ICR and irradiation with the FELIX light.

Computational details

Possible geometries for Zn2+(Cys) complexes were taken from
previously published geometries of Li+(Cys) complexes.20 Struc-
tures were optimized using density functional theory (DFT) and
the Gaussian09 suite of programs21 at the B3LYP/6-31G(d) level
of theory22,23 using the ‘‘loose’’ keyword to utilize a large step
size of 0.01 au and rms force constant of 0.0017 to ensure a
rapid geometry convergence. These structures were refined by
geometry optimization at a B3LYP/6-311+G(d,p) level. From
these optimized structures, the Cys residue was deprotonated
at likely sites (S, O, or N) yielding [Zn(Cys-H)]+ structures that
were refined again in the loose optimization step. Remaining
unique converged structures were then chosen for further
geometry optimization and vibrational frequency calculations
at the B3LYP/6-311+G(d,p) level of theory. Geometry optimiza-
tions utilizing empirical dispersion corrections were also deter-
mined at the B3LYP-GD3BJ/6-311+G(d,p) level.24 The [Cd(Cys-H)]+

complexes went through the same geometry optimization proce-
dure except the def2TZVP basis set was used, where def2TZVP is a
size-consistent basis set for all atoms and includes triple-z +
polarization functions with a small core (28 electron) effective
core potential (ECP) on Cd.25,26 The def2TZVP basis set and
affiliated ECP were obtained from the EMSL basis set exchange.27

Single-point energy calculations were carried out at the B3LYP,
B3LYP-GD3BJ, B3P86,28 and MP2(full)29 (where full indicates
correlation of all electrons) levels using the 6-311+G(2d,2p)
(def2TZVPP) basis sets for Zn (Cd) complexes. Zero point energy
(ZPE) corrections scaled by 0.989 were determined in order to
provide 0 K relative energies and thermal corrections to free
energies at 298 K. For comparison to IRMPD experimental
spectra, calculated frequencies were scaled by 0.975, as this factor
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leads to good agreement between calculated and experimentally
well-resolved peaks and is consistent with previous IRMPD studies
of metal–amino acid complexes.13,30–34 Calculated vibrational
frequencies are broadened using a 15 cm�1 full width at half
maximum Gaussian line shape for comparison with experimental
spectra.

Results and discussion
Theoretical results

Overview. As described above, low-energy structures of the
[M(Cys-H)]+, [M(CysOMe-H)]+, and CdCl+(CysOMe) complexes
were optimized at the B3LYP/6-311+G(d,p) level of theory.
Table 1 provides relative 298 K Gibbs free energies for the
low-energy conformers of [M(Cys-H)]+. Relative energies at 0 K
with respect to the ground structure (GS) calculated at three
different levels of theory are given in Table S1 of the ESI,† for
low-energy conformations of [M(Cys-H)]+, [M(CysOMe-H)]+,
and CdCl+(CysOMe) complexes. Several higher energy isomers
of these complexes, although not explicitly discussed here
because of their high energies, were also calculated and are
included in Table S1 (ESI†). Select low-lying conformations of
[Zn(Cys-H)]+ are shown in Fig. 1. Similar binding modes are
found for [Zn(CysOMe-H)]+, Cd2+ complexes with deprotonated
Cys and CysOMe, and CdCl+(CysOMe). The nomenclature used
to identify the different structural isomers is based on that
described previously for other IRMPD studies of metal–amino
acid complexes.35–37 Briefly, conformations are identified by
their metal binding site in brackets, followed by a description
of the amino acid orientation by a series of dihedral angles. The
angles are denoted as ‘‘c’’ (cis) for angles o501, ‘‘g’’ (gauche) for
angles between 501 and 1351 along with an indication of its sign

(+ or �) when needed, and ‘‘t’’ (trans) for angles 41351. For
charge-solvated (CS) structures, these dihedral angles start with
the carboxylic acid hydrogen atom (or methyl carbon atom for
CysOMe) and proceed along the molecule to the terminal
hydrogen of the amino acid side group; +HOCC, +OCCC,
+CCCS, and+CCSH. The former or latter angles are missing if
the carboxylic acid or sulfur has been dehydrogenated, respec-
tively. The deprotonation site is designated by a negative ion
symbol on the appropriate atom. In the case of salt-bridge (SB)
structures, the proton originally on the carboxylic acid terminus
is attached instead to the nitrogen. For these complexes, the first
dihedral angle starts at this bridging proton andmoves along the
molecule as above. In the case of the [M(Cys-H)]+ complexes,
both the sulfur and carboxylic acid proton sites can participate
in deprotonation and salt-bridge formation.

Theoretical results for [M(Cys-H)]+. For both metals, the GS
is a tridentate [N,CO,S�]tgg geometry, with deprotonation at the
side-chain sulfur, for all levels of theory (Table 1). This is
similar to the results of Mori et al. who find this [N,CO,S�]tgg
structure as the ground state conformer for [(H2O)M(Cys-H)]+

where M = Zn2+ (gas phase and in solution) and Cd2+ (gas
phase).9 As seen in Fig. 1 for [Zn(Cys-H)]+ [N,CO,S�]tgg, the
metal is bound to the amino nitrogen, carbonyl oxygen, and
sulfur with bond distances of 2.139, 2.141, and 2.215 Å,
respectively. For the [Cd(Cys-H)]+ GS structure, the bond dis-
tances to the metal are elongated by 0.258 Å for N–M, 0.285 Å
for CO–M, and 0.190 Å for S–M. The longer bond distances are
largely accounted for by the 0.21 Å larger ionic radius of Cd2+

compared to Zn2+.38 The [N,CO,S�]cgg conformer is 26 kJ mol�1

higher in 298 K free energy at all levels of theory for both metals
because the intramolecular OH�OC hydrogen bond is lost. DFT
predicts the bidentate species, [N,S�]tgt and [CO,S�]cgg, are
lower in energy than the tridentate [N,OH,S�]tgg (where the

Table 1 B3LYP,a B3P86, and MP2(full) relative free energies (kJ mol�1) at 298 K of low-lying conformers of [M(Cys-H)]+ and [M(CysOMe-H)]+ b

Complex Structure Zn Cd

[M(Cys-H)]+ [N,CO,S�]tgg 0.0 (0.0), 0.0, 0.0 0.0 (0.0), 0.0, 0.0
[N,CO,S�]cgg 26.6 (26.2), 26.2, 25.4 25.3 (25.1), 24.8, 26.0
[CO,S�]cgg 31.4 (36.4), 35.1, 48.7 30.0 (36.3), 32.0, 46.3
[N,S�]tgt 37.1 (41.4), 44.0, 44.3 26.6 (32.0), 31.6, 36.5
[CO�,S�]cggc 40.0 (40.9), 44.5, 46.0 45.6 (47.0), 47.0, 50.7
[N,OH,S�]tgg 41.4 (39.6), 45.4, 38.4 34.6 (33.4), 38.9, 34.9
[CO,S�]ctg 53.6 (57.4), 58.0, 71.8 43.0 (47.4), 45.8, 59.4
[N,CO�,S]ggg 62.1 (59.1), 62.3, 59.6 81.6 (78.6), 81.9, 83.8
[N,S�]cgt 70.3 (73.6), 76.6, 78.0 59.2 (63.5), 63.4, 69.0
[N�,CO,S]tggg 103.6 (104.3), 104.6, 105.9 105.8 (106.7), 107.9, 113.9
[S�]tgg 155.3 (162.2), 175.8, 191.4 85.3 (94.2), 99.8, 106.9

[M(CysOMe-H)]+ [N,CO,S�]tgg 0.0 (0.0), 0.0, 0.0 0.0 (0.0), 0.0, 0.0
[N,CO,S�]cgg 35.9 (33.1), 34.8, 35.8 37.5 (34.6), 36.4, 37.9
[N,S�]tgt 41.2 (45.5), 47.6, 50.8 30.6 (35.7), 35.1, 40.9
[N,OMe,S�]tgg 44.8 (40.0), 47.4, 38.3 38.8 (34.6), 41.6, 35.3
[CO,S�]tgg 60.7 (66.4), 69.2, 79.3 55.4 (61.8), 62.0, 74.7
[CO,S�]ctg 79.7 (80.4), 86.2, 96.3 75.1 (76.7), 79.8, 93.3
[N,S�]cgt 87.4 (87.8), 92.6, 95.9 75.6 (76.8), 78.7, 84.6
[N�,CO,S]tggg 103.2 (103.5), 104.2, 106.8 105.0 (104.9), 107.1, 113.3

a Values including empirical dispersion corrections are given in parentheses. b Calculations performed at B3LYP, B3P86, and MP2(full) levels of
theory using a 6-311+G(2d,2p) basis set for Zn-containing complexes and def2TZVPP for Cd-containing complexes. Geometries and vibrational
frequencies calculated at B3LYP/6-311+G(d,p) level for Zn-containing complexes and B3LYP/def2TZVP for Cd-containing complexes. Energies
include ZPE corrections scaled by 0.989. c Salt-bridge between NH3

+, CO2
�, and S� groups.
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hydroxyl group is bound to the metal rather than the carbonyl),
whereas MP2(full) inverts this order and places [N,OH,S�]tgg as
the lowest energy and [CO,S�]cgg as the highest energy of these
three conformers. All levels of theory predict that both metals
have similar relative energetics for the [CO,S�]cgg species (Cd
being more stable by 1–3 kJ mol�1). The [N,OH,S�]tgg species
have Cd complexes more stable by 3–7 kJ mol�1, and the
[N,S�]tgt conformer (as well as its cgt variant) is more stable by
about 10 kJ mol�1 for Cd than for Zn. These differences
are probably related to the five-membered rings in the latter
complexes (Fig. 1), which are stabilized for Cd2+ because the
longer N–M and S–M bond distances relieve torsional strain
in these rings.

Deprotonation is also possible at the carboxylic acid or
amine groups. For [M(Cys-H)]+, the lowest energy conformer
with deprotonation at the carboxylic acid is the salt-bridge
[CO�,S�]cgg lying 40–46 kJ mol�1 above the GS for Zn2+ and
46–51 kJ mol�1 for Cd2+. This is lower than [N,OH,S�]tgg
and [CO,S�]ctg for Zn2+ but not for Cd2+. The tridentate
[N,CO�,S]ggg lies another 13–22 kJ mol�1 higher for Zn2+ and

26–35 kJ mol�1 higher for Cd2+. Deprotonation at N is much
less favorable with [N�,CO,S]tggg calculated to be 104–114 kJmol�1

higher in 298 K free energy for both metals.
In general, the two DFT levels of theory predict the same

trends in relative energy with the exception of [N,CO�,S]ggg,
Table 1; whereas B3LYP-GD3BJ and MP2(full) levels greatly
favor tridentate conformations compared to the bidentate
species. There is reasonable agreement among all levels of
theory (deviations less than 10 kJ mol�1) for the relative free
energies of most conformers, Table 1. The two [CO,S�] con-
formers show larger deviations with MP2(full) results lying
16–18 kJ mol�1 above the B3LYP values (with B3P86 and
B3LYP-GD3BJ being slightly higher). The biggest differences
occur for the extended [S�]tgg structure, with deviations of
22–36 kJ mol�1. Here also, changing the metal drastically alters
the relative energies with Zn2+ being much higher in relative
energy. Here the stability appears to be related to the strength
of the S–N bond (forming a four-membered ring, Fig. 1). For the
Cd complex, this intermolecular S–N bond distance is 0.151 Å
shorter than that calculated for the Zn2+ complex (2.295 Å),
suggesting more covalent character in the former.

Theoretical results for [M(CysOMe-H)]+. Theory predicts
similar low energy structures for the substituted amino acid
complexes, [M(CysOMe-H)]+, as compared to [M(Cys-H)]+. Relative
298 K free energies for [M(CysOMe-H)]+ can be found in Table 1
(with 0 K values in Table S1 of the ESI†). As for Cys, the predicted
lowest energy structure for the metal binding to CysOMe is the
tridentate coordination, [N,CO,S�]tgg, with deprotonation at the
thiol. In these GSs, the exchange of the carboxylic acid hydrogen
for a methyl shortens the O–M bond distances by 0.028 Å for the
Zn2+ complex and 0.027 Å for Cd2+. Clearly, methylation elimi-
nates structures associated with deprotonation of the carboxylic
acid and also pushes the [N,CO,S�]cgg structure to higher energy
(now 36 kJ mol�1 above the tgg ground structure). Presumably,
this occurs because of unfavorable interactions between the
methyl group and the amino acid backbone. Indeed, most
structures for the [M(CysOMe-H)]+ complexes have relative
energies that are higher than those for the [M(Cys-H)]+ analo-
gues. This is most apparent in the [CO,S�] conformers with the
deprotonated CysOMe laying 23–34 kJ mol�1 higher in relative
energy compared to their Cys analogs. Exceptions to this
general trend are the [N,OMe,S�]tgg and [N�,CO,S]tggg struc-
tures, where the relative energies compared to their [M(Cys-H)]+

counterparts are essentially equivalent for CysOMe (lower by
o1 kJ mol�1) at the MP2(full) level.

Theoretical results for CdCl+(CysOMe). For the intact
CysOMe binding with CdCl+, the predicted GS is again tridentate
[N,CO,S]tggg+, which is the direct analogue of the GS for depro-
tonated Cys and CysOMe (Tables 1 and 2). The [N,CO,S]tggg�
conformer is only B2 kJ mol�1 higher in 298 K free energy at all
levels of theory and differs in structure from the GS only in the
orientation of the SH hydrogen. These structures are similar to
the GSs found in previous work for H+(Cys),39 M+(Cys) where
M = Li and Na,20 as well as predictions by Russo et al. of
M2+(Cys) where M = Cu, Zn, Cd and Hg.8 Previous theoretical
work in the Armentrout group has found that the CS structures

Fig. 1 Structures of select low-lying [Zn(Cys-H)]+ complexes calculated
at the B3LYP/6-311+G(d,p) level of theory. Grey = C, red = O, blue = N,
yellow = S, white = H, light purple = Zn.
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for protonated and metal cationized Cys are highly favored over
salt-bridge structures.20,36,39 It is worth noting that the lowest
energy salt-bridge structure for CdCl+(CysOMe) is [S�]tcg.
This conformer is considerably lower in relative energy at
21–25 kJ mol�1 than the similar structure for the [Cd(Cys-H)]+

system at 85–107 kJ mol�1. Similar to the [Cd(CysOMe-H)]+

complex, the tridentate [N,CO,S]cggg structure is higher in
relative energy by B40 kJ mol�1.

IRMPD action spectroscopy

Fig. 2 shows the photodissociation spectra of [Zn(Cys-H)]+ and
[Cd(Cys-H)]+ were examined from 550 to 1800 cm�1; whereas
[Zn(CysOMe-H)]+, [Cd(CysOMe-H)]+, and CdCl+(CysOMe) were
examined from 950 to 1800 cm�1. The lower energy wavelength
range was not examined for the latter species because theory
suggested there would be little diagnostic information in this
region. Dominant dissociation pathways are as follows. Photo-
dissociation of [Zn(Cys-H)]+ resulted in the loss of (H2O + CO).
Likewise [Zn(CysOMe-H)]+ dissociates by loss of (CH3OH + CO).
[Cd(Cys-H)]+ and [Cd(CysOMe-H)]+ also dissociate similarly to
each other by loss of neutral Cd resulting in formation of the
radical cations (Cys-H)+ and (CysOMe-H)+, respectively. For
CdCl+(CysOMe), the photodissociation pathway corresponded
to the loss of NH3. The IRMPD action spectra shown corre-
spond to the fractional yield of the product ions as a function of
free electron laser wavenumber.

Comparison of the IRMPD spectra in Fig. 2 shows the
similarities between the spectra of Zn and Cd containing
species for both amino acid analogues. The experimental bands
are identified on the basis of previous work36,40 as well as
comparisons to theoretical spectra. The vertical lines drawn
through the spectra at 630, 1020, 1160, 1580, and 1660 cm�1 mark
the major bands in the [Zn(Cys-H)]+ spectrum. Additional lines at

1280 and 1380 cm�1 mark bands found in the methyl ester
spectra. With [Zn(Cys-H)]+ as the standard, the major band at
1660 cm�1, the CQO stretch, shifts to the blue for [Cd(Cys-H)]+

and CdCl+(CysOMe), but shifts to the red for [M(CysOMe-H)]+.
In all cases, these CQO stretches occur in a lower frequency
range than previously observed for alkali metal cationized Cys,
1718 cm�1 for Li+(Cys) to 1745 cm�1 for Cs+(Cys).36 Clearly, inter-
action with the doubly charged metal (or nearly doubly charged
for CdCl+) weakens the CO bond more than the singly charged
metal cations. The band at 1580 cm�1, the NH2 bend, shifts little
in most spectra, but shifts to the blue for CdCl+(CysOMe). This
spectrum also shows a blue shift for the 1020 cm�1 band,
associated with NH2 wagging.

The 610 and 1160 cm�1 bands are attributed to COH
wagging and COH bending, respectively. Thus, these bands
are not expected to be observed in the cysteine methyl ester
complexes as the methyl caps the carboxylic acid terminus of
the amino acid, as found for the latter band. Conversely, the
presence of these bands in the [M(Cys-H)]+ spectra shows that
deprotonation of Cys has not occurred at the carboxylic acid.

Table 2 Relative free energies (kJmol�1) at 298 K of low-lying CdCl+(CysOMe)
conformersa

Structure B3LYPb B3P86 MP2(full)

[N,CO,S]tggg+ 0.0 (0.0) 0.0 0.0
[N,CO,S]tggg� 2.0 (2.6) 2.1 2.6
[S�]tcgc 20.8 (22.3) 21.4 24.8
[N,CO]tgtg� 22.6 (31.8) 27.4 33.6
[N,CO]tggg 23.0 (31.5) 27.6 33.0
[N,CO]tcgg 25.7 (34.7) 30.4 36.3
[N,S]tgtg 27.8 (34.6) 30.3 38.0
[N,CO]tgtg+ 28.2 (37.6) 33.1 39.7
[CO,S�]ttgc 28.5 (32.6) 29.2 33.4
[N,OMe,S]tggg+ 29.7 (34.3) 30.7 23.5
[N,OMe,S]tggg� 34.1 (29.6) 35.4 28.6
[N,CO,S]cggg 40.6 (37.9) 39.7 41.0
[CO,S]ttgt 58.3 (67.9) 64.2 80.0
[CO,S�]cggc 69.7 (70.3) 68.2 75.7
[CO,S]ctgt 87.6 (93.9) 92.7 109.3

a Calculations performed at the stated level of theory using a
6-311+G(2d,2p) basis set for Zn-containing complexes and def2TZVPP
for Cd-containing complexes. Geometries and vibrational frequencies
calculated at B3LYP/6-311+G(d,p) level for Zn-containing complexes
and B3LYP/def2TZVP for Cd-containing complexes. Energies include
ZPE corrections scaled by 0.989. b Values including empirical disper-
sion corrections are given in parentheses. c Salt-bridge between NH3

+,
CO2

�, and S� groups.

Fig. 2 IRMPD spectra of [Zn(Cys-H)]+, [Cd(Cys-H)]+, [Zn(CysOMe-H)]+,
[Cd(CysOMe-H)]+ and CdCl+(CysOMe) complexes. Solid lines at 630,
1020, 1160, 1280, 1380, 1580 and 1660 cm�1 are drawn to approximate
COH wagging, NH2 wagging, COH bending, HNCH bend, CH3 umbrella,
NH2 bending and CQO stretch of [Zn(Cys-H)]+, respectively.
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The other pronounced difference between the amino acid
derivatives is the appearance of the 1380 cm�1 band in the
three CysOMe spectra, which is primarily associated with the
methyl umbrella motion. The band at 1280 cm�1 corresponds
to an HNCH bend, but also has contributions from methyl
umbrella motions. The latter explains why the intensity of this
band is enhanced in the spectra involving CysOMe.

Comparison to theory: [M(Cys-H)]+. Fig. 3 shows the experi-
mental [Zn(Cys-H)]+ IRMPD action spectrum compared to calcu-
lated linear IR absorption spectra for selected low energy structures,
with corresponding relative 298 K free energies at B3LYP, B3P86,
and MP2(full) levels. Although the relative intensities of linear
absorption spectra offer good qualitative comparison to the experi-
mental intensities, IRMPD intensities are not always reproduced by
the single photon linear absorption spectra. Nonetheless, themajor
and minor bands predicted by the [N,CO,S�]tgg GS conformer
correspond well with the observed spectrum, in terms of both
band positions and relative intensities. A notable exception is
the NH2 bend observed at 1580 cm�1, but predicted to occur at
1606 cm�1. This vibrational mode is known to have strong
anharmonic character in amino acids, an effect that is often
manifested as a shift in IRMPD spectra.41–43 None of the other

conformers shown in Fig. 3 have predicted spectra that match
the experimental spectrum.

The band observed at 1656 cm�1 corresponds to the carbonyl
stretch, which explains its large intensity. The interaction with
the metal cation results in a large shift to the red of the CQO
stretch band with respect to free Cys, calculated at 1799 cm�1.20

The CQO stretch predicted by the ground [N,CO,S�]tgg confor-
mer at 1658 cm�1 agrees well with the experimental band. The
location of the CQO stretch in the calculated spectra of the
higher energy deprotonated sulfur structures are within 60 cm�1

of the observed band, with the exception of [N,S�] (+113 cm�1).
Nevertheless, the [N,CO,S�]tgg ground structure best replicates
the CQO stretch frequency. The alternative carboxylic acid
hydrogen orientation conformer, [N,CO,S�]cgg, lacks hydrogen
bonding within the carboxylic acid, which affects spectral
characteristics within the lower frequency range such that
the spectrum for this conformer disagrees with experiment.
The salt-bridge [CO�,S�]cgg conformer with a CQO stretch at
1716 cm�1 does not match experiment, which also does not
exhibit the intense band at 1419 cm�1 associated with the NH3

umbrella motion characteristic of this SB conformer. Although
the two bidentate species, [CO,S�]cgg and [N,S�]tgt, are also

Fig. 3 Comparison of the experimental IRMPD spectrum of [Zn(Cys-H)]+ with IR spectra of select low-energy conformers predicted at B3LYP/
6-311+G(d,p) level. Relative 298 K free energies from Table 1 are given in parentheses calculated at the B3LYP, B3LYP-GD3BJ, B3P86 and MP2(full) levels
with 6-311+G(2d,2p) basis set.
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deprotonated at the sulfur, their calculated CQO stretch fre-
quencies do not replicate this band observed in the experimental
IR action spectrum.

The bands observed at 1167 and 1016 cm�1 are also diag-
nostic bands for the [N,CO,S�] structures. These bands are
primarily associated with bending of the COH group and the
NH2 wagging motion, respectively. The predicted IR spectra
for these conformers adequately reproduce the position and
relative intensity of these bands, whereas no other conformation
does so at both of these frequencies. In the case of [N,CO,S�]cgg,
this calculated spectrum disagrees with the observed action
spectrum by the presence of strong bands calculated at
1296 and 1392 cm�1. Less intense peaks observed at 1461,
750, 703, and 633 cm�1 are well represented by the spectrum
calculated for the ground conformer. The band at 1461 cm�1

corresponds to HCH bends in the amino acid side chain,
whereas those observed at 750, 703, and 633 cm�1 correspond
to wagging motions of the carboxylic acid hydrogen atom. The
[N,S�] conformer also has bands predicted near the observed
1167 and 1016 cm�1 bands, but their relative intensities do
not agree well nor do the calculated spectra predict the other
diagnostic bands observed in the experimental IR action
spectrum. Overall, the experimental IRMPD action spectrum
can be adequately explained by the calculated spectrum of the
ground [N,CO,S�]tgg conformer. The only inadequacies in this
comparison are the inconsistent relative intensities of the
double peak predicted at 1450 cm�1 and the absence of the
side band observed near 1210 cm�1. The differences in inten-
sities may result from comparing a multiple photon experi-
mental spectrum with the predicted one-photon spectrum. The
missing side band could be an overtone of the band at 620 cm�1.

IRMPD action spectra for [Cd(Cys-H)]+ and [Zn(Cys-H)]+ are
very similar (Fig. 2), exhibiting all of the same characteristic
spectral features. The predicted spectrum for the ground con-
former of [Cd(Cys-H)]+, [N,CO,S�]tgg, shows good agreement
with the observed IRMPD spectrum, as seen in Fig. 4. The
intense band observed at 1675 cm�1 agrees very well with the
predicted CQO for the lowest energy conformer at 1679 cm�1.
In addition, the major bands observed at 1166, 1001, and
613 cm�1 are also reproduced in the predicted spectrum for
[N,CO,S�]tgg. Another diagnostic band that is reproduced well
by the ground conformer is the side band observed at 1143 cm�1,
a feature that is not predicted for any other conformer. Consistent
with the [Zn(Cys-H)]+ spectrum, there is again a deviation in the
position of the observed 1575 cm�1 NH2 bending band compared
to 1605 cm�1 calculated for the [Cd(Cys-H)]+ GS.

Compared with [Zn(Cys-H)]+, the CQO stretch is calculated
to shift to the blue by 20 cm�1 and is observed to shift by
27 cm�1 upon substitution of Cd for Zn. Likewise, theory and
experiment agree that peaks associated with NH2 and carboxylic
acid wagging motions should shift to the blue by 30 and 20 cm�1,
respectively, upon Cd substitution.

Comparison to theory: [M(CysOMe-H)]+. There is good agree-
ment comparing the experimental spectrum of [Zn(CysOMe-H)]+

to the predicted ground structure, [N,CO,S�]tgg (Fig. 5a).
Relative intensities and peak positions discussed above are

also reproduced well, with the only exception being the NH2

bending motion observed at 1580 cm�1 because of its anhar-
monic character discussed above. This GS is similar to the GS
for the [M(Cys-H)]+ species. The [M(CysOMe-H)]+ spectra are
similar to that of the [M(Cys-H)]+ complexes as seen in Fig. 2,
with the addition of the diagnostic bands characteristic of the
methyl addition. Specifically, these are the band associated
with the methyl umbrella motion at 1380 cm�1 and the
enhancement of the HNCH bend band at 1280 cm�1 because
this also has contributions from methyl umbrella motions. The
predicted spectra for the various tridentate [N,CO,S�] com-
plexes are nearly indistinguishable. Only the relative energetics
and slight red shift of the CQO stretch band in the cgg
structure ensure the better agreement for the GS tgg spectrum.
The bidentate complex, [N,S�]tgt, does not reproduce the
experimental spectrum well with a significant CQO blue shift
and bands not characteristic of the observed experimental
spectrum.

The [Cd(CysOMe-H)]+ IRMPD action spectrum is similar to
that of its Zn equivalent in both peak shape and position
(Fig. 5b). The prominent exceptions are the enlarged gap
between the CQO stretch at 1650 cm�1 and the NH2 bend at
1575 cm�1, and the relative intensities of the 1280 and 1380 cm�1

peaks. The gap and relative intensities observed experimen-
tally are well reproduced by the predicted GS spectra of the
[N,CO,S�]tgg complexes. An interesting difference between the
Cd and Zn containing complexes is that the 1240 cm�1

shoulder predicted in the GS for both species is only observed
in the [Cd(CysOMe-H)]+ IRMPD action spectrum. As for the Zn
analogue, the [N,CO,S�]tgg calculated spectrum reproduces all

Fig. 4 Comparison of the experimental IRMPD spectrum of [Cd(Cys-H)]+

with IR spectra of ground structure conformer predicted at B3LYP/
def2TZVP level. Relative 298 K free energies from Table 1 are given in
parentheses calculated at the B3LYP, B3LYP-GD3BJ, B3P86 and MP2(full)
levels with def2TZVPP basis set.
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of the bands observed in the experimental spectrum for
[Cd(CysOMe-H)]+ better than those for any higher energy complex.

Comparison to theory: CdCl+(CysOMe). Fig. 6 shows the
experimental IRMPD action spectrum along with calculated
linear IR absorption spectra for selected low-energy struc-
tures of CdCl+(CysOMe). In analogy with the [M(Cys-H)]+ and
[M(CysOMe-H)]+ complexes, the predicted ground tridentate
[N,CO,S]tggg+ structure for the intact CysOMe binding to the
metal chloride cation is in good agreement with experiment in
both peak position and relative intensities. The CQO stretch
observed at 1677 cm�1 is reproduced well by the predicted band
at 1680 cm�1. The only noticeable variation is the predicted
NH2 bend, which is higher in wavenumber by 25 cm�1 compared
to the observed spectrum, again because of the anharmonicity
of this motion. The alternative [N,CO,S�]tggg� structure has a
predicted spectrum nearly identical to that of the tggg+ GS, which
is reasonable as the only difference between the two is the
direction that the SH hydrogen points. Because this species is
very low in energy, it is probably populated in our ion source.
At 298 K, its equilibrium population is calculated as 26–31%.

Comparison of the observed spectrum with that predicted
for the lowest energy salt-bridge complex, [S�]tcg, confirms

there are no SB spectral characteristics in the CdCl+(CysOMe)
system. Again, the most diagnostic band is the CQO stretch,
which is predicted to lie much higher in wavenumber than
observed. Likewise the strong band predicted at 1430 cm�1 is
not found experimentally. Although the bidentate [N,CO]tg�tg�
conformer has peaks in the 1370 and 1450 cm�1 range compar-
able to the observed spectrum, the CQO band is shifted to
lower wavenumber and peaks observed in the lower frequency
region do not agree with experiment. In addition, the calculated
spectrum for the other bidentate binding mode, [N,S]tgtg (not
shown), does not reproduce experiment well with a significantly
blue shifted CQO stretch and a predicted band at 1213 cm�1

that is not observed.
The CdCl+(CysOMe) spectrum is similar to that of

[Cd(CysOMe-H)]+ (Fig. 2) with respect to peak intensities and
even relative intensities of the diagnostic bands. Notable differ-
ences are the blue shifts in bands at 999 to 1032 cm�1, 1575 to
1592 cm�1, and 1650 to 1677 cm�1. These shifts are most likely
a result of the presence of the spectator Cl� ion bound to Cd2+,
lengthening the coordinating distance of the metal from the
CysOMe binding sites. This difference for the metal to OC is
calculated to be 0.02 Å. Changes in the S–M bond distances are

Fig. 5 Comparison of the experimental IRMPD spectrum of (a) [Zn(CysOMe-H)]+ and (b) [Cd(CysOMe-H)]+ with calculated IR spectra of select low-
energy conformers predicted at B3LYP/6-311+G(d,p) and B3LYP/def2TZVP levels. Relative 298 K free energies from Table 1 are given in parentheses
calculated at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2(full) levels with 6-311+G(2d,2p) and def2TZVPP basis sets.
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much more pronounced with that for the CdCl+ complex longer
by 0.36 Å, clearly because the sulfur group is no longer
negatively charged. Interestingly, the peak positions of the
CQO stretches for CdCl+(CysOMe) and [Cd(Cys-H)]+ are
observed to be very close, consistent with nearly identical Cd
to OC binding distances. Compared with the Zn complexes, the
CQO stretches for Cd containing species are systematically
higher in wavenumber as a result of the larger ionic radius,
which elongates the O–M bond lengths, weakens the bond
strengths, and decreases the perturbations on the CQO stretch.

Conclusions

IRMPD action spectra in tandem with quantum chemical
calculations were used to investigate the role of metal depen-
dence in the structural binding to cysteine and cysteine methyl
ester. Action spectra were collected for complexes of Zn2+ and
Cd2+ with deprotonated cysteine and deprotonated cysteine
methyl ester, in addition to CdCl+ with intact cysteine methyl
ester. Comparison of these experimental spectra with calculated

IR spectra at the B3LYP/6-311+G(d,p) and B3LYP/def2TZVP levels
of theory allow the conformations likely to be present in the
experiment to be identified. The deprotonated species are
unambiguously identified as charge solvated, tridentate com-
plexes that bind the metal dications to the amine and carbonyl
groups of the amino acid backbone and the deprotonated thiol
of the side chain. This assignment is in agreement with the
predicted ground structures, [N,CO,S�]tgg, of these complexes.
The assignment of the deprotonation at the thiol site is evident
from the positions of the intense CQO stretch bands and the
presence of the free OH motion of the intense COH bend band
observed in the cysteine systems. The excellent agreement
between the Cys and CysOMe observed spectra corroborates
thiol deprotonation for the cysteine systems. The comparison
of experiment and theory finds CdCl+(CysOMe) to bind in
an analogous fashion, [N,CO,S]tggg+. Thus, the presence of
the Cl� spectator ion has little effect on the observed spectra
or predicted low energy conformer.

The action spectra are very similar for both Zn2+ and Cd2+

complexed with the amino acids. Minor differences in the
positions and relative intensities were observed, most notably
at the position of the CQO stretch and NH2 wagging bands.
These differences are also predicted and observed in the IR
spectra for the ground complexes and all spectral characteris-
tics were well reproduced by the calculated ground structures.
Examination of the GS structures indicates that zinc binds
more tightly than cadmium to Cys and CysOMe. This is evident
from the differences in the metal to binding site bond dis-
tances, which are 40.2 Å larger for Cd2+. This difference is
consistent with the difference in ionic radii, 0.78 Å for Zn2+ and
0.99 Å for Cd2+.38 Upon investigating the role of metal binding
to cysteine, significant structural changes in motifs for binding
in the metal–cysteine complex do not occur when zinc ion is
replaced with the toxic cadmium ion. This similarity presum-
ably allows for facile substitution of Zn by Cd. At this funda-
mental level, the change in binding site spacing of the M2+ to a
single Cys residue may lead to the toxic effects of zinc finger
deactivation by cadmium. The weaker binding upon zinc
replacement by cadmiummay lead to misfolding of these metal
dependent proteins. In addition, it needs to be considered that
zinc finger proteins have a Zn2+ metal bound to four amino acid
residue ligands, and the additional ligands may be necessary to
understand how metal replacement influences structural
changes. Nevertheless, the present study provides important
insight to begin understanding the involvement of metal
dependence within metalloproteins and acts as a valuable first
step for future work that tries to mimic physiologically relevant
binding sites with additional amino acids.
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Correction for ‘Structural characterization of gas-phase cysteine and cysteine methyl ester complexes

with zinc and cadmium dications by infrared multiple photon dissociation spectroscopy’ by Rebecca A.

Coates et al., Phys. Chem. Chem. Phys., 2015, 17, 25799–25808.

Although the overall conclusions of the original article remain unaffected (no experimental or theoretical IR spectra are changed,
nor is any calculated thermochemistry at 0 K), the thermal corrections to the Gibbs free energy at 298 K were mistakenly
overestimated. Corrected 298 K values for Tables 1 and 2 from the original manuscript are given below. Notably, only very subtle
changes are found such that the relative order of all 298 K theoretically determined low-energy species remains the same for the
[Zn(Cys-H)]+, [Cd(Cys-H)]+, [Zn(CysOMe-H)]+, [Cd(CysOMe-H)]+ and CdCl+(CysOMe) systems. Therefore, we have not corrected the
relative energies used throughout the text.

Table 1 B3LYP,a B3P86, and MP2(full) relative free energies (kJ mol�1) at 298 K of low-lying conformers of [M(Cys-H)]+ and [M(CysOMe-H)]+b

Complex Structure Zn Cd

[M(Cys-H)]+ [N,CO,S�]tgg 0.0 (0.0), 0.0, 0.0 0.0 (0.0), 0.0, 0.0
[N,CO,S�]cgg 24.4 (24.0), 24.0, 23.2 25.1 (24.9), 24.7, 25.9
[CO,S�]cgg 27.8 (32.8), 31.5, 45.0 23.1 (28.5), 28.1, 33.0
[N,S�]tgt 30.8 (35.1), 37.7, 38.0 27.7 (34.0), 29.8, 44.0
[CO�,S�]cggc 36.0 (36.9), 40.5, 42.0 30.5 (29.4), 34.9, 30.9
[N,OH,S�]tgg 38.2 (36.3), 42.1, 35.2 41.7 (46.0), 44.4, 58.0
[CO,S�]ctg 50.2 (54.0), 54.6, 68.5 44.8 (46.2), 46.1, 49.9
[N,CO�,S]ggg 60.6 (57.7), 60.9, 58.2 55.9 (60.2), 60.0, 65.7
[N,S�]cgt 63.9 (67.2), 70.2, 71.5 77.0 (86.0), 91.5, 98.7
[N�,CO,S]tggg 100.5 (101.2), 101.5, 102.8 104.5 (108.8), 106.6, 112.6
[S�]tgg 143.8 (150.7), 164.3, 179.9 86.3 (95.2), 100.7, 107.9

[M(CysOMe-H)]+ [N,CO,S�]tgg 0.0 (0.0), 0.0, 0.0 0.0 (0.0), 0.0, 0.0
[N,CO,S�]cgg 36.2 (33.4), 35.2, 36.2 37.2 (34.6), 36.0, 37.6
[N,OMe,S�]tgg 43.7 (38.9), 46.3, 37.2 36.7 (32.8), 39.5, 33.2
[N,S�]tgt 36.9 (41.2), 43.4, 46.5 27.0 (32.4), 31.5, 37.2
[CO,S�]tgg 55.5 (61.2), 64.0, 74.1 50.7 (57.4), 57.3, 70.0
[CO,S�]ctg 76.9 (77.6), 83.5, 93.6 72.3 (74.2), 77.0, 90.6
[N,S�]cgt 84.3 (84.7), 89.5, 92.8 73.1 (74.5), 76.3, 82.1
[N�,CO,S]tggg 102.3 (102.6), 103.3, 105.9 104.4 (104.6), 106.4, 112.7

a Values including empirical dispersion corrections are given in parentheses. b Calculations performed at the B3LYP, B3P86, and MP2(full) levels
of theory using a 6-311+G(2d,2p) basis set for Zn-containing complexes and def2TZVPP for Cd-containing complexes. Geometries and vibrational
frequencies calculated at the B3LYP/6-311+G(d,p) level for Zn-containing complexes and B3LYP/def2TZVP for Cd-containing complexes. c Salt
bridge between NH3+, CO2

�, and S� groups.
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Table 2 Relative free energies (kJ mol�1) at 298 K of low-lying CdCl+(CysOMe) conformersa

Structure B3LYPb B3P86 MP2(full)

[N,CO,S]tggg+ 0.0 (0.0) 0.0 0.0
[N,CO,S]tggg� 1.1 (1.7) 1.2 1.7
[S�]tcgc 17.6 (19.0) 18.2 21.5
[N,CO]tgtg� 20.1 (29.3) 24.9 31.1
[N,CO]tggg 20.7 (29.2) 25.3 30.7
[N,CO]tcgg 21.2 (30.2) 25.9 31.8
[N,S]tgtg 23.4 (30.3) 26.0 33.7
[N,CO]tgtg+ 23.4 (32.8) 28.3 35.0
[CO,S�]ttgc 26.0 (30.1) 26.7 31.0
[N,OMe,S]tggg+ 27.7 (22.2) 28.6 21.5
[N,OMe,S]tggg� 32.2 (27.7) 33.4 26.7
[N,CO,S]cggg 38.8 (36.1) 37.9 39.2
[CO,S]ttgt 51.0 (58.8) 56.8 72.6
[CO,S�]cggc 66.2 (66.8) 64.7 72.2
[CO,S]ctgt 82.5 (88.9) 87.6 104.2

a Calculations performed at the stated level of theory using a def2TZVPP basis set. Geometries and vibrational frequencies calculated at the B3LYP/
def2TZVP level of theory. b Values including empirical dispersion corrections are given in parentheses. c Salt bridge between NH3+, CO2

�, and S�

groups.
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Zn2+ and Cd2+ cationized serine complexes:
infrared multiple photon dissociation spectroscopy
and density functional theory investigations†

Rebecca A. Coates,a Georgia C. Boles,a Christopher P. McNary,a Giel Berden,b

Jos Oomensbc and P. B. Armentrout*a

The gas-phase structures of zinc and cadmium dications bound to serine (Ser) are investigated by

infrared multiple photon dissociation (IRMPD) action spectroscopy using the free electron laser FELIX, in

combination with ab initio calculations. To identify the structures of the experimentally observed

species, [Zn(Ser-H)CH3CN]
+ and CdCl+(Ser), the measured action spectra are compared to linear

absorption spectra calculated at the B3LYP/6-311+G(d,p) level for Zn2+ containing complexes and

B3LYP/def2-TZVP levels for Cd2+ containing complexes. Good agreement between the observed IRMPD

spectra and the predicted spectra allows identification of the isomers present. The intact amino acid

interacting with cadmium chloride adopts a tridentate chelation involving the amino acid backbone

amine and carbonyl groups as well as the hydroxyl group of the side-chain, [N,CO,OH]. The presence of

two low-energy conformers is observed for the deprotonated serine–zinc complex, with the same tridentate

coordination as for the cadmium complex but proton loss occurs at both the hydroxyl side-chain, [N,CO,O�],

and the carboxylic acid of the amino acid backbone, [N,CO�,OH]. These results are profitably compared with

the analogous results previously obtained for comparable complexes with cysteine.

Introduction

Recently, the interactions of cysteine (Cys)1 and histidine (His)2

with transition metal dications, Zn2+ and Cd2+, have been studied
using infrared multiple photon dissociation (IRMPD) action
spectroscopy. These studies were motivated by the biological
relevance of zinc ions coordinating to these specific amino acids,
as is observed in metalloproteins, and by the susceptibility of
such zinc binding sites to toxic metal (Cd) replacement.3,4 A large
number of these metal-dependent proteins, such as zinc fingers,
have been found to contain cysteine-rich sequence motifs
capable of coordinating Zn2+ ions, utilizing the metal ion for
structural integrity.5 These zinc finger proteins are characterized
by divalent Zn2+ centers directly coordinated to four amino acid
residues, most commonly binding Cys and His.3 Our work is
designed to help interpret why Zn2+ preferentially binds to Cys
and His, and how replacing these residues with other amino

acids might influence the protein. We recently examined such
interactions for glutamine (Gln),6 and in the current work, we
expand our metalated amino acid examinations to include serine
(Ser), which differs from Cys only by the replacement of oxygen
for the sulfur in the side-chain. Preferential binding of Zn2+ to
Cys over Ser has been observed in metalloproteins, as is the case
in the prokaryotic zinc finger domain of the Ros protein.7 In that
study, Baglivo et al. found that when Cys is replaced by Ser in the
coordination sphere of the zinc finger domain, Cys2His2 to
Ser2His2, the protein can still fold into a functional protein, but
the zinc ion is lost. Moreover, they found that even single amino
acid mutations of Cys to Ser in the first coordinating position of
the zinc finger would transform the domain from zinc-binding to
non-zinc-binding. Thus, the presence of Cys in this domain is
essential for binding the zinc ion to the protein.7 A pairwise
examination at the fundamental level of metal binding with the
amino acid Ser compared to Cys could provide valuable information
about this strong metal-dependent binding of proteins.

In addition to the IRMPD action spectroscopy studies of the
transition metal dications Zn2+ and Cd2+ with Cys,1 His,2 and
Gln,6 complexes of alkali-metal cations, Li+, Na+, K+, Rb+, and
Cs+ with single amino acid Ser,8 Cys,9 His,10 and Asn11 have
been examined. The alkali-metal ions interacted to form
M+(Ser) and M+(Cys) directly from the electrospray ionization
(ESI) source; however, for group 12 metals, the ESI source does
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not generate M2+(Cys) complexes directly. Thus interactions of
the metal dications with deprotonated cysteine, [M(Cys-H)]+,
were examined.1 Structures for all these systems were determined
definitively using IRMPD spectroscopy and quantum chemical
calculations, finding that the transition metal dications bind to
deprotonated Cys in a charge-solvated tridentate structure where
the metal binds to the amine and carbonyl groups of the amino
acid backbone and the deprotonated thiol of the side chain,
[N,CO,S�]. Alkali metal cations were found to bind to intact Ser
and Cys amino acids also in a tridentate motif with coordination
to the amine and carbonyl groups of the backbone and to the
hydroxyl or thiol side-chain, [N,CO,OH] and [N,CO,SH]. The
present study approaches the transition metal dications binding
to Ser similarly with a systematic structural investigation using
IRMPD action spectroscopy and quantum chemical calculations.
Conformations are identified by comparing the experimental
IRMPD action spectra to IR spectra derived from quantum chemical
calculations at the B3LYP/6-311+G(d,p) (Zn2+ complexes) and
B3LYP/def2-TZVP (Cd2+ complexes) levels of theory of the low-
lying structures of the complexes. The use of IRMPD action
spectroscopy in tandem with theoretical investigation allows
examination of how the conformations of experimentally generated
metal ion–amino acid complexes change as a function of the amino
acid side-chain. Such results provide insight regarding the
preferential binding of zinc to specific amino acids in zinc
finger proteins and the propensity for replacement by cadmium.

Experimental and theoretical methods
Mass spectrometry and IRMPD spectroscopy

Experiments were performed at the FELIX Laboratory, Radboud
University, The Netherlands, using the Free Electron Laser for
Infrared eXperiments (FELIX)12 beam line. Experiments have
been described previously,1,2,8 but a brief description follows. A
4.7 T Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer13–15 was used to record the IRMPD spectra. The
metal–serine complex ions were generated using a Micromass
Z-spray electrospray ionization source. Solutions of 1.0 mM Ser
with 1.0 mM zinc nitrate or cadmium chloride in a 50 : 50
MeOH :H2O solution were used with a flow rate of 3–10 mL
min�1. Ions generated by the ESI source were accumulated in a
hexapole trap for 5–7 s before being pulse extracted through a
quadrupole bender and injected into the ICR cell via a radio-
frequency (rf) octopole ion guide. Ion capturing was affected by
the electrostatic switching of the dc bias of the octopole to avoid
collisional heating of the ions.13 Once trapped in the ICR cell, the
ions were allowed to cool radiatively to room temperature for up to
0.4 s.16 The ion of interest was mass isolated using a stored
waveform inverse Fourier transform (SWIFT) excitation pulse17,18

and irradiated with FELIX for 3–5 s at a 5 or 10 Hz macropulse
repetition rate (energy up to 45 mJ per pulse and the bandwidth is
0.5% of the central frequency).

At each wavelength, the parent and fragment ion intensities
were used to determine the fractional yield as

P
IF= IP þ

P
IFð Þ,

where IP and IF are the integrated intensities of the parent and

fragment ionmass peaks (including all isotopes as detailed below),
respectively. The IRMPD spectra were generated by plotting the
yield as a function of the wavenumber of IR radiation after
correcting for laser power. Infrared spectra obtained using IRMPD
methods are comparable to those recorded using linear absorption
techniques, in part because the spectra result from incoherent,
rather than coherent, multiple photon excitation. Previous
modeling studies have demonstrated the near-linear absorption
character of IRMPD studies.19,20 For some bands (here the high
frequency range for CdCl+(Ser)), the laser energy drops quickly,
which results in a yield higher than one after correcting for the
laser power. The application of a linear laser power correction is
well described in the literature,21 and is appropriate because the
power dependence is basically linear until saturation begins,
again because of the incoherent rather than the coherent nature
of the multiple photon excitation process. A yield greater than
unity is an indication that the band would have been saturated
if the laser power was higher.

The ESI source directly generated [Zn(Ser-H)ACN]+ and CdCl+(Ser)
complexes, where ACN = acetonitrile. (Originally, the ACN was
present adventitiously from previous experiments, although in
some experiments, additional ACN was added to the electro-
spray solution to enhance intensities of this complex.) Unlike
the previous study of Zn and Cd interacting with cysteine,
species of the metals interacting solely with deprotonated
Ser, [M(Ser-H)]+, could not be generated. Even irradiating the
[Zn(Ser-H)ACN]+ species with a 40 W continuous-wave CO2 laser
did not result in the loss of ACN, although this had been
a successful strategy for obtaining the [M(Cys-H)]+ and
[M(CysOMe-H)]+ species.1

Computational details

Possible geometries for Zn2+(Ser) complexes were taken from
the previously examined geometries of Li+(Ser) complexes,22

which were determined using a simulated annealing procedure
that combines annealing cycles and ab initio calculations.23

Structures were optimized using density functional theory
(DFT) and the Gaussian09 suite of programs24 at the B3LYP/
6-31G(d) level of theory25,26 using the ‘‘loose’’ keyword to utilize
a large step size of 0.01 au and a rms force constant of 0.0017 to
ensure a rapid geometry convergence. These structures were
refined by geometry optimization at the B3LYP/6-311+G(d,p)
level. From these optimized structures, the Ser residue was
deprotonated at the likely sites (OH, COOH, or NH2) yielding
[Zn(Ser-H)]+ structures that were refined again in the loose
optimization step. The converged structures were then chosen
for further refinement with the acetonitrile (ACN) ligand added,
optimized at the loose level. Unique [Zn(Ser-H)ACN]+ conformers
underwent final geometry optimization and vibrational frequency
calculations at the B3LYP/6-311+G(d,p) level of theory. Geometry
optimizations utilizing empirical dispersion corrections were
also determined at the B3LYP-GD3BJ/6-311+G(d,p) level.27 The
CdCl+(Ser) complexes went through the same geometry optimization
procedure except the def2-TZVP basis set was used, where def2-TZVP
is a size-consistent basis set for all atoms and includes triple-z +
polarization functions with a small core (28 electron) effective
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core potential (ECP) on Cd.28,29 The def2-TZVP basis set and
affiliated ECP were obtained from the EMSL basis set exchange.30

To determine the accurate relative energies of the isomers of
the Zn (Cd) complexes at both 0 and 298 K, single-point energy
calculations were carried out at the B3LYP, B3LYP-GD3BJ,27

B3P86,31 and MP2(full)32 (where full indicates correlation of all
electrons) levels using the 6-311+G(2d,2p) (def2-TZVPP) basis
sets. For all species, zero point energy (ZPE) corrections and
thermal corrections to free energies at 298 K utilized vibrational
frequencies scaled by 0.989. The transition states (TSs) of the
[Zn(Ser-H)ACN]+ photofragmentation processes were found through
a series of relaxed potential energy scans along the likely reaction
coordinates at the B3LYP/6-31G(d) level.25,33,34 Geometry optimiza-
tions and frequency calculations of the TSs and intermediates (INTs)
were performed at the B3LYP/6-311+G(d,p) level. Here the vibrational
frequencies of the TSs were found to have only one imaginary
frequency, and all INTs were determined to be vibrationally stable.

For comparison to IRMPD experimental spectra, calculated
frequencies were scaled by 0.975, as this factor leads to good
agreement between the calculated and experimentally well-
resolved peaks and is consistent with previous IRMPD studies
of metal–amino acid complexes.2,10,35–38 The calculated vibrational
frequencies are broadened using a 30 cm�1 full width at half
maximum Gaussian line shape for comparison with experimental
spectra. This broadening accounts for the finite laser bandwidth,
unresolved rotational structure of the ions (which are near room
temperature), anharmonicity of the vibrational mode, and broad-
ening as a result of the multiple photon absorption process.19

Results
IRMPD action spectroscopy

The IRMPD action spectra of [Zn(Ser-H)ACN]+ and CdCl+(Ser)
were examined from 550 to 1800 cm�1 (Fig. 1). The IRMPD
action spectra shown here correspond to the fractional yield of
the product ions as a function of free electron laser wavenumber.
Dominant dissociation pathways for the photodissociation of
CdCl+(Ser) resulted in the loss of H2O and (H2O + CO); whereas,
for [Zn(Ser-H)ACN]+, the photodissociation fragmentation corre-
sponded only to the loss of CH2O, agreeing with the IRMPD
dissociation channel previously observed for the deprotonated
serine anion (Ser-H)�.39 Notably, ACN loss was not observed and
these fragmentation pathways differ from those observed for the
IRMPD8 and collision-induced dissociation (CID)40 studies of
M+(Ser) where M+ = Na+, K+, Rb+, and Cs+, in which dissociation
resulted in the loss of the intact ligand to form the atomic metal
cation. Fragment mass channels of 167 and 151 m/z were also
observed during the photodissociation of [Zn(Ser-H)ACN]+; how-
ever, they were not included in the fractional yield spectrum in
Fig. 1. These fragmentation mass channels are such that they
cannot be from the parent complex as there are no Zn isotopes
for either mass channel and their spectra are very different from
that for the loss of formaldehyde from [Zn(Ser-H)ACN]+. These
fragments are most likely contaminants or formed from species
that were above the selected SWIFT mass range.

Comparison of the spectra in Fig. 1 shows that the features
observed for the intact amino acid and deprotonated system are
similar in several respects. Particularly, [Zn(Ser-H)ACN]+ and
CdCl+(Ser) have parallel spectra for the low to middle wave-
number range, less than 1600 cm�1, but obvious spectral differences
appear in the higher frequency range associated with CQO
stretching. Key differences between the Zn spectrum and that
for Cd include: the intensity growth of the 1230 cm�1 band
for Zn, the weakness of the 1430 cm�1 band for Zn, and most
obviously, the two spectral features observed in the high
frequency range from 1650–1760 cm�1 for Zn compared to only
one for Cd. As will be documented below, this is indicative of
multiple isomers present for the Zn complex.

Overview of theoretical results

As described above, the low-energy structures of [Zn(Ser-H)ACN]+

and CdCl+(Ser) complexes were optimized at the B3LYP/
6-311+G(d,p) and B3LYP/def2-TZVP levels of theory, respectively,
with single point energies calculated using slightly larger basis
sets and several levels of theory. Details of the calculated distinct
low-lying conformers of [Zn(Ser-H)ACN]+ and CdCl+(Ser) complexes
are provided in the ESI† along with their corresponding optimized
geometry structures, Fig. S1 and S2, respectively. The nomen-
clature used to identify the different structural isomers is based
on that described in previous studies of metal–amino acid
complexes.1,8,9,11,40,41 Briefly, conformations are identified by
their metal binding site in brackets, where backbone binding
sites always precede side-chain binding. In cases where the
binding site is ambiguous, ‘‘s’’ is used to specify a side-chain
group. The binding site designation is followed by a description
of the amino acid orientation by a series of dihedral angles.

Fig. 1 IRMPD spectra of [Zn(Ser-H)ACN]+ and CdCl+(Ser) complexes.
Vertical lines at 624, 1013, 1052, 1159, 1432, 1586, and 1704 cm�1 are
drawn to approximate COH wagging, COH stretching, NH2 wagging,
carboxylic COH bending, side-chain COH bending, NH2 bending, and
CQO stretching, respectively, of CdCl+(Ser).

PCCP Paper

125



This journal is© the Owner Societies 2016 Phys. Chem. Chem. Phys., 2016, 18, 22434--22445 | 22437

The angles are denoted as ‘‘c’’ (cis) for angleso451, ‘‘g’’ (gauche)
for angles between 451 and 1351, and ‘‘t’’ (trans) for angles
41351. For charge-solvated (CS) structures, these dihedral
angles start with the carboxylic acid hydrogen atom and proceed
along the molecule to the terminal hydrogen of the amino acid
side-chain,+HOCC,+OCCC,+CCCO, and+CCOH. The former
or latter angles are missing if the carboxylic acid or hydroxyl has
been deprotonated, respectively. The deprotonation site is desig-
nated by a negative ion symbol on the appropriate atom. In the
case of salt-bridge (SB) structures, the proton originally on either
the carboxylic acid or hydroxyl termini is attached instead to the
nitrogen. For SB complexes deprotonated at the carboxylic acid,
the first dihedral angle starts at this bridging proton, moves along
the H-bond toward the deprotonated site, and then includes the
same three dihedral angles as above.

Theoretical results for [Zn(Ser-H)ACN]+

The optimized structures of select and distinctive low-lying
conformations of [Zn(Ser-H)ACN]+ are shown in Fig. 2a–d with
their corresponding linear IR spectra. Energies at 0 and 298 K
of the calculated conformations of these complexes relative to
the ground structure (GS) calculated at four different levels of
theory are given in Table 1. In all [Zn(Ser-H)ACN]+ complexes,
the acetonitrile ligand binds in a near linear configuration on

the opposite side of the zinc cation away from the amino acid.
All levels of theory predict that the lowest energy structure has
deprotonated Ser binding in a tridentate fashion to Zn; however,
the preferred site of deprotonation differs with the level of
theory (Table 1). DFT levels of theory, including B3LYP with
empirical dispersion corrections, find that the lowest energy
structure at 0 and 298 K is [N,CO,O�]tgg (Fig. 2a), Zn bound to
the amino nitrogen and carbonyl of the Ser backbone with
added complexation to the deprotonated side-chain hydroxyl. In
contrast, the MP2(full) level of theory predicts that deprotonation
occurs at the carboxylic acid terminus, [N,CO�,OH]ggt (Fig. 2b),
although this conformer is lower in free energy at 298 K by only
0.2 kJ mol�1. Comparison of bond lengths in Table 2 reveals
that the [N,CO�,OH]ggt conformer has shorter M2+–OC and
M2+–N bond distances than the [N,CO,O�]tgg conformer by
0.29 and 0.07 Å, respectively. Conversely, the tridentate deprotonated
side-chain hydroxyl, [N,CO,O�]tgg, conformer binds more closely
at the M2+–Os site by 0.29 Å. This shift in coordination distances
between the two conformers can be clearly seen in the optimized
structures provided in Fig. 2a and b.

The next lowest energy conformer of [Zn(Ser-H)ACN]+ is the
deprotonated tridentate [N,CO,O�]cgg conformer (Fig. 2c). In the
tgg GS, the carboxylic hydrogen forms an intramolecular hydrogen
bond (H-bond) with the carbonyl oxygen. The cgg conformer

Fig. 2 Comparison of the experimental IRMPD spectrum of [Zn(Ser-H)ACN]+ with IR spectra and structures of select low-lying conformers calculated at
the B3LYP/6-311+G(d,p) level. Relative 298 K free energies in kJ mol�1 from Table 1 given in parentheses are calculated at the B3LYP, B3LYP-GD3BJ,
B3P86, and MP2(full) levels with the 6-311+G(2d,2p) basis set. For structures: grey = C, red = O, blue = N, white = H, and purple = Zn. Dashed lines
indicate hydrogen bonds.
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breaks this intramolecular bond, leading to a 19–21 kJ mol�1

increase in the free energy at 298 K relative to the tgg GS. The
lowest energy bidentate species is the metal bound to the amine
and deprotonated side-chain hydroxyl, [N,Os

�]tgt (Fig. 2d),
29–37 kJ mol�1 above the GS. Additional higher energy structures
located are shown in Fig. S1 (ESI†) and include [N,OH,O�]tgg,
[N�,CO,OH]tggt, [N,CO�]tgt, [CO�,O�]ctc, and various [CO2

�]
binding motifs.

Although the [Zn(Ser-H)]+ species were not observed experi-
mentally, it is valuable to compare the theoretical results for
this complex with those for the species contaminated by ACN.
Tables 2 and 3 provide direct comparison of the geometries and

relative enthalpies, respectively, of low-lying ACN-free and
ACN-contaminated deprotonated conformers. The [Zn(Ser-H)]+

[N,CO�,OH]ggt conformer is calculated to be 12–20 kJ mol�1

higher in free energy than the [N,CO,O�] GS, meaning it could
at most populate 0.8% of an ion population equilibrated at
298 K. In contrast, as seen in Table 1, the presence of the ACN
ligand stabilizes the [N,CO�,OH]ggt conformer such that it
would populate between 8 and 52% of ions at 298 K. Zn2+

prefers to adopt a 4-coordinate geometry such that the addition
of the ACN ligand binding to the metal stabilizes the complexes
(as demonstrated experimentally by the inability to remove the
ACN ligand when irradiated with a high power CO2 laser).

Table 1 Relative enthalpies at 0 K and free energies at 298 K (kJ mol�1) of [Zn(Ser-H)ACN]+ conformersa

Structure B3LYP B3LYP-GD3BJ B3P86 MP2(full)

[N,CO,O�]tgg 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 1.1 (0.2)
[N,CO�,OH]ggt 3.1 (3.9) 0.8 (1.7) 5.2 (6.1) 0.0 (0.0)
[N,CO,O�]cgg 19.4 (19.6) 18.6 (18.8) 19.0 (19.2) 21.2 (20.5)
[N,Os

�]tgt 30.3 (28.6) 34.5 (32.9) 36.0 (34.4) 39.1 (36.6)
[N,CO�]tgt 31.0 (32.4) 34.9 (36.3) 36.9 (38.3) 38.6 (39.1)
[N,CO�]gtt 35.1 (36.6) 38.8 (40.3) 41.2 (42.8) 43.2 (43.9)
[N,OH,O�]tgg 37.0 (37.6) 35.7 (36.2) 40.6 (41.1) 35.5 (35.1)
[CO�,O�]ctcb 45.9 (46.4) 48.2 (48.7) 50.6 (51.1) 52.5 (52.1)
[CO,O�]ctc 48.1 (48.7) 52.8 (53.4) 52.5 (53.1) 64.3 (64.0)
[N,CO�]tgg 51.3 (52.1) 54.8 (55.7) 56.9 (57.7) 62.1 (62.0)
[N�,CO,OH]tggt 51.9 (51.0) 53.1 (52.2) 54.3 (53.4) 50.5 (48.6)
[CO,O�]tgg 52.5 (54.0) 58.2 (59.7) 60.6 (62.1) 70.3 (70.9)
[CO,O�]tgg 52.9 (54.6) 58.9 (60.5) 61.0 (62.7) 70.0 (70.7)
[CO,O�]ttg 53.7 (55.2) 58.1 (59.6) 62.1 (63.6) 71.7 (72.3)
[N�,CO]tggg 58.2 (60.2) 63.7 (65.6) 63.4 (65.4) 66.3 (67.3)
[CO2

�]ggg 66.9 (69.4) 78.4 (80.8) 74.7 (77.2) 80.8 (82.4)
[CO2

�]ggt 68.9 (72.1) 81.8 (85.0) 78.2 (81.4) 82.0 (84.3)
[CO�,O]cgt 71.5 (72.4) 72.6 (73.5) 77.8 (78.8) 78.1 (78.2)
[CO2

�]gtg 73.4 (76.2) 86.5 (89.3) 81.5 (84.3) 92.9 (94.9)
[OH,O�]tgg 103.3 (106.0) 108.1 (110.7) 115.8 (118.5) 116.8 (118.5)

a Free energies at 298 K are in parentheses. Calculations performed at the stated level of theory using a 6-311+G(2d,2p) basis set. Geometries and
vibrational frequencies calculated at the B3LYP/6-311+G(d,p) level. Energies include ZPE corrections scaled by 0.989. s = side-chain. b Salt-bridge
between NH3

+ and COO� groups.

Table 2 Bond distances (Å) and bond angles (1) for select low-energy conformers of metalated serinea

Complex Structure r(M–N) r(M–OC) r(M–OHs) +NMO +NMOs +OMOs +NCCO

[Zn(Ser-H)ACN]+ [N,CO,O�]tgg 2.17 2.19 1.87 77.0 85.8 94.4 33.0
[N,CO�,OH]ggt 2.10 1.90 2.16 85.5 78.1 94.3 32.0
[N,CO,O�]cgg 2.19 2.15 1.87 75.9 84.8 95.7 33.4
[N,Os

�]tgt 2.08 1.83 90.4 14.9
[N,CO�]gtt 2.04 1.86 90.4 15.3
[N,OH,O�]tgg 2.13 2.37c 1.85 70.8 88.3 91.2 152.9
[CO�,O�]ctcb 1.95 1.86 100.6 32.1
[N�,CO,OH]tggt 1.88 2.24 2.23 85.0 81.4 80.6 31.6
[CO2

�]ggg 1.99/1.97 67.0d 2.2

[Zn(Ser-H)]+ [N,CO,O�]tgg 2.21 2.10 1.86 78.1 86.7 95.8 34.5
[N,CO�,OH]ggt 2.06 1.89 2.08 89.2 81.0 100.1 34.6
[N,CO,O�]cgg 2.14 2.07 1.86 79.9 88.7 101.4 34.9
[N,Os

�]tgt 2.03 1.83 96.4 14.2
[N,CO�]ggt 1.99 1.84 97.0 7.2
[N,OH,O�]tgg 2.09 2.20c 1.85 75.2 92.7 97.4 150.1
[CO�,O�]ctcb 1.88 1.84 109.8 32.0
[N�,CO,O]tggt 1.91 2.14 2.13 89.1 84.9 84.8 35.2
[CO2

�]ggg 2.04/2.03 65.3d 1.2

a Geometries calculated at the B3LYP/6-311+G(d,p) level for Zn-containing complexes. s = side-chain. b Salt-bridge between NH3
+ and COO�

groups. c Hydroxyl of backbone carboxylic acid. d +OMO backbone carboxylate oxygens.
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Interestingly, comparison of [Zn(Ser-H)ACN]+ and [Zn(Ser-H)]+

relative free energies (Tables 1 and 3) shows that the ACN
containing conformers all have a lower free energy relative to
the ground conformer than the corresponding ACN-free structures,
although [N,CO,O�]cgg and [N�,CO,OH]tggt are stabilized
comparably to the GS. This phenomenon can be explained by
examining the geometric effects of adding ACN to the [Zn(Ser-H)]+

complexes, as seen in Table 2. For most complexes, the addition
of ACN increases the metal–ligand bond lengths, a natural
consequence of electron donation from acetonitrile to the metal
center. In contrast, the Zn–N bond of both [N,CO,O�]tgg and
[N�,CO,OH]tggt decreases upon ACN addition as does the
Zn–OC bonds of [CO2

�]ggg, such that these structures benefit
less from coordination of the fourth coordination site. With the
exception of the [CO2

�]ggg conformer, all of the complexes see
a decrease in ligand binding site bond angles upon ACN
attachment, again indicating that the metal generally moves away
from the (Ser-H)� ligand. Overall, the addition of the ACN ligand
results in the [N,CO�,OH]ggt conformer becoming comparable in
energy to the [N,CO,O�]tgg GS, with an inversion in the relative
energies occurring at the MP2(full) level.

Theoretical results for CdCl+(Ser)

The optimized structures of select and distinctive low-lying
conformations of CdCl+(Ser) with their corresponding linear
IR spectra are shown in Fig. 3a–c with relative energies in
Table 4. Calculations at all four levels of theory find that the
charge-solvated tridentate [N,CO,OH]tggt structure is the
ground structure (GS) for CdCl+(Ser). As seen in Fig. 3a, in this
conformer, Cd is bound to the amino nitrogen, r(Cd–N) = 2.33 Å,
carbonyl oxygen, r(Cd–O) = 2.39 Å, and side-chain hydroxyl
oxygen, r(Cd–O) = 2.51 Å, and the carboxylic hydrogen forms an
intramolecular H-bond with the carbonyl oxygen. Similar to the
deprotonated species, when this intramolecular bond is broken,
as in the [N,CO,OH]cggt conformer, the relative free energy at
298 K is found to be 28–30 kJ mol�1 higher than the tggt
conformer.

If the metal ion interaction with the hydroxyl side-chain is
lost and only the backbone amino acid interaction is maintained,
bidentate [N,CO] conformers are formed with tcgt, tgtt, and
tgtg orientations. The lowest of these bidentate conformers is

Table 3 Relative enthalpies at 0 K and free energies at 298 K (kJ mol�1) of low-lying conformers of [Zn(Ser-H)]+ a

Structure B3LYP B3LYP-GD3BJ B3P86 MP2(full)

[N,CO,O�]tgg 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
[N,CO�,OH]ggt 16.1 (17.1) 14.5 (15.5) 18.9 (19.9) 11.1 (12.0)
[N,CO,O�]cgg 21.8 (22.0) 21.3 (21.5) 21.3 (21.4) 22.0 (22.2)
[N,Os

�]tgt 49.5 (50.5) 52.4 (53.4) 57.3 (58.4) 58.2 (59.2)
[N,CO�]ggt 63.5 (65.2) 66.1 (67.8) 71.6 (73.2) 68.4 (70.0)
[N,OH,O�]tgg 46.5 (47.1) 44.6 (45.2) 50.8 (51.4) 42.7 (43.3)
[CO�,O�]ctcb 50.3 (51.3) 52.1 (53.0) 56.9 (57.8) 56.1 (57.1)
[CO,O�]ctc 70.4 (71.3) 74.4 (75.3) 75.1 (76.0) 88.2 (89.1)
[N�,CO,OH]tggt 52.1 (53.3) 53.3 (54.5) 55.4 (56.6) 53.5 (54.6)
[CO2

�]ggg 102.8 (106.7) 114.4 (118.3) 120.9 (124.8) 156.0 (159.9)

a Free energies at 298 K are in parentheses. Calculations performed at the stated level of theory using a 6-311+G(2d,2p) basis set. Geometries and
vibrational frequencies calculated at the B3LYP/6-311+G(d,p) level. Energies include ZPE corrections scaled by 0.989. s = side-chain. b Salt-bridge
between NH3

+ and COO� groups.

Fig. 3 Comparison of the experimental IRMPD spectrum of CdCl+(Ser)
with IR spectra and structures of select low-lying conformers calculated at
the B3LYP/def2-TZVP level. Relative 298 K free energies in kJ mol�1 from
Table 4 given in parentheses are calculated at the B3LYP, B3LYP-GD3BJ,
B3P86, and MP2(full) levels with the def2-TZVPP basis set. For structures:
grey = C, red = O, blue = N, white = H, green = Cl, and yellow = Cd.
Dashed lines indicate hydrogen bonds.
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[N,CO]tcgt (Fig. 3b), which lies 15–26 kJ mol�1 higher in energy
than the tridentate GS (Table 4) and is stabilized by a NH�OHs

hydrogen bond. Although the loss of the side-chain interaction
is less favorable energetically, it allows stronger binding inter-
actions between the metal and the amino nitrogen and carbonyl
oxygen, as evidenced by shortening these bond distances by 0.09
and 0.03 Å, respectively.

The lowest energy salt-bridge (SB) structure for CdCl+(Ser) is
the [CO2

�]cggt conformer (Fig. 3c), which is 18–31 kJ mol�1

higher than the tridentate GS. Interestingly, this SB conformer
is lower by 32–39 kJ mol�1 than its corresponding nonzwitter-
ionic [COOH]cggt conformer (Table 4), where the H remains on
the carboxylic acid rather than transferring to the amino nitrogen.
Both of these structures are also stabilized by NH�OHs H-bonds.
Additional higher lying structures are shown in Fig. S2 (ESI†) and
include [N,CO,OH]cggt, [N,OH,OH]tggt, [CO,OHs]cggt, [CO,OH]tggt,
and various [N,OH], [N,OHs], and [CO2

�] structures.
These results are analogous with our previous studies of the

alkali metal cation interactions with Ser, where [N,CO,OH]
ground conformers were found for M+(Ser) where M+ = Li+,
Na+, and K+.8 The GS of CdCl+(Ser) is also similar to the ground
structure found for CdCl+(CysOMe), [N,CO,S]tggg.1

Comparison of experimental and theoretical spectra:
[Zn(Ser-H)ACN]+

Fig. 2 shows the experimental IRMPD action spectrum com-
pared to the calculated linear IR absorption spectra for selected
low-energy conformers found for the [Zn(Ser-H)ACN]+ complex.

Inmaking these comparisons, it should be taken into consideration
that the calculated IR intensities are based on single photon
absorption, which sometimes do not correspond directly to the
multiphoton process of the action spectra.

The highest frequency band observed at 1762 cm�1 corre-
sponds to the carbonyl stretch, which explains its large intensity.
Interaction with the zinc dication results in red shift compared to
that calculated for free Ser at 1791 cm�1.8 The [N,CO�,OH]ggt
conformer predicts this band lies at 1756 cm�1, in good agreement
with the action spectrum. In addition, the peaks observed at
1227 and 1047 cm�1 are consistent with the next most intense
bands in the calculated IR spectrum of this conformer. Clearly,
this conformer does not reproduce many of the other peaks
observed experimentally. The peak observed at 1667 cm�1 suggests
the presence of the [N,CO,O�]tgg conformer, which theory predicts
has a CQO stretch at 1665 cm�1 for the deprotonated carboxylic
acid. The presence of this conformer is confirmed by reproduction
of the peaks observed at 1147 and 992 cm�1. Both low-energy
conformers have vibrations in good agreement with the bands
observed at 639 and 712 cm�1 associated with COH wagging. The
band observed at 1577 cm�1 associated with the NH2 bendmotion
is predicted to be at 1606 and 1604 cm�1 for the [N,CO,O�]tgg
and [N,CO�,OH]ggt conformers, respectively. This vibrational
mode is known to have especially strong anharmonic character
in metallated amino acids accounting for the significant shift in
the action spectra, as observed consistently in IRMPD amino
acid studies.7,38–40 For instance, the 28 cm�1 shift in this mode
observed here is comparable to those seen for [M(Cys-H)]+,
between 26 and 30 cm�1,1 and actually less than those observed
for M+(Ser) where M+ = K+, Rb+, and Cs+, which exhibit shifts up
to 40 cm�1.8

Overall, we conclude that the experimental spectrum can be
explained nicely by a combination of the two lowest energy
conformers. The appearance of multiple conformers is consistent
with the relative enthalpies and free energies calculated for this
system, Table 1. The relative intensities of the two CQO stretch
bands suggest that [N,CO�,OH]ggt has a higher abundance than
the [N,CO,O�]tgg conformer. This result is consistent with the
relative free energies calculated at the MP2(full) level of theory,
which indicates that [N,CO,O�]tgg can account for 52% of an
equilibrated ion population at 298 K.

Fig. 2 also includes the predicted spectra for two conformers
that are next lowest in energy, Table 1. In both cases, all levels
of theory place these structures sufficiently high in energy that
they should not be populated if equilibrated at 298 K. The
[N,CO,O�]cgg spectrum has similarities to the [N,CO,O�]tgg
spectrum, particularly for the CQO stretch (1688 cm�1), NH2

bend (1606 cm�1), and NH2 wag (996 cm�1) vibrational modes.
However, it also predicts intense peaks at 1289 and 1396 cm�1

that are clearly absent from the experimental spectrum. The
former band is unique to this [N,CO,O�]cgg conformer as it is
from HOCC bending motion centered at the carboxylic acid
carbon, when there is no intramolecular bonding within the
carboxylic acid. The bidentate [N,Os

�]tgt spectrum also has a
band at 1759 cm�1, corresponding to the CQO stretch of an
intact carboxylic acid but no longer coordinated to the metal cation.

Table 4 Relative enthalpies at 0 K and free energies at 298 K (kJ mol�1) of
CdCl+(Ser) conformersa

Structure B3LYP B3LYP-GD3BJ B3P86 MP2(full)

[N,CO,OH]tggt 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
[N,CO]tcgt 14.8 (14.9) 20.7 (20.8) 16.5 (16.6) 25.9 (26.0)
[CO2

�]cggtb 17.1 (17.8) 28.9 (29.6) 20.2 (20.9) 30.2 (30.9)
[N,CO]tgtt 19.9 (20.2) 25.0 (25.2) 21.6 (21.8) 31.0 (31.3)
[CO2

�]cgttb 19.5 (20.6) 31.9 (33.0) 23.6 (24.7) 34.4 (35.6)
[N,CO]tgtg 21.9 (22.5) 26.6 (27.2) 23.5 (24.1) 34.1 (34.7)
[N,OHs]tgtt 27.3 (27.7) 31.6 (31.9) 30.3 (30.6) 34.6 (34.9)
[N,CO,OH]cggt 28.5 (28.8) 28.1 (28.4) 28.2 (28.5) 30.0 (30.3)
[N,OH,OH]tggt 30.3 (30.5) 28.7 (28.9) 32.6 (32.8) 27.3 (27.5)
[N,OHs]tttt 38.1 (38.7) 42.5 (43.1) 42.0 (42.6) 46.1 (46.8)
[CO,OHs]cggt 43.9 (44.5) 50.4 (51.0) 46.4 (46.9) 62.2 (62.7)
[N,CO]tcgg 44.8 (45.6) 51.4 (52.2) 47.4 (48.2) 61.7 (62.4)
[COOH]cggt 49.3 (49.8) 62.2 (62.7) 51.6 (52.2) 69.8 (70.3)
[CO2

�]cgggb 49.4 (50.6) 61.0 (62.1) 53.1 (54.3) 66.6 (67.8)
[N,OH]ttgt 56.4 (56.8) 60.6 (61.0) 60.2 (60.6) 62.2 (62.6)
[CO,OHs]ggt

b 60.4 (60.9) 65.6 (66.1) 61.7 (62.2) 73.9 (74.4)
[CO,OHs]ttgt 60.0 (61.2) 65.9 (67.1) 66.7 (67.9) 80.8 (82.0)
[N,OH]tttt 60.8 (61.5) 65.6 (66.3) 65.4 (66.2) 68.0 (68.7)
[CO,OHs]ctct 61.3 (61.5) 66.7 (66.9) 63.9 (64.1) 77.5 (77.7)
[CO,OHs]tggt 60.0 (61.7) 67.3 (69.0) 66.3 (67.9) 80.4 (82.1)
[N,OHs]cgtt 62.9 (63.2) 66.3 (66.6) 65.3 (65.6) 71.0 (71.4)
[Os

�]cggtc 64.1 (63.8) 75.7 (75.5) 67.6 (67.3) 78.8 (78.5)
[OHs]ttcc 103.1 (103.6) 115.3 (115.8) 107.9 (108.4) 128.5 (129.0)
[OH,OH]tggg 118.5 (120.9) 123.8 (126.1) 128.5 (130.8) 133.4 (135.7)
[OHs]tggc 136.4 (137.8) 148.6 (150.0) 146.4 (147.8) 159.7 (161.1)

a Free energies at 298 K are in parentheses. Calculations performed at
the stated level of theory using a def2-TZVPP basis set. Geometries and
vibrational frequencies calculated at the B3LYP/def2-TZVP level. Energies
include ZPE corrections scaled by 0.989. s = side-chain. b Salt-bridge between
NH3

+ and COO� groups. c Salt-bridge between NH3
+ and Os

� groups.
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The rest of the spectrum matches the experiment reasonably
well in the wavenumber position, but not in relative intensity.
Furthermore, the band near 630 cm�1 is much too broad com-
pared to the experiment and peaks predicted between 1300 and
1450 cm�1 that are not observed experimentally.

Comparison of experimental and theoretical spectra: CdCl+(Ser)

Compared with the experimental spectrum of [Zn(Ser-H)ACN]+

(Fig. 1), the CdCl+(Ser) spectrum retains most of the same
characteristics but there is only one CQO stretch band and
more intensity in the 1350–1500 cm�1 region. Fig. 3 shows the
experimental IRMPD action spectrum of CdCl+(Ser) compared
with theoretical predictions for the three lowest energy con-
formations, Table 4. It is clear that the bands predicted for the
consensus GS, [N,CO,OH]tggt, correspond well to the observed
spectrum. All major bands are present with comparable theoretical
and experimental frequencies. The largest difference can be found
for the band at 1586 cm�1 where there is a 26 cm�1 shift to the
blue in the predicted spectrum, a common anharmonic shift for
the NH2 bend motion, as noted above.

The intense carbonyl stretch band observed at 1704 cm�1

shows that that interaction of intact Ser with Cd2+ results in an
even larger red shift from the free Ser CQO band compared to
the interaction with Zn2+. The [N,CO,OH]tggt conformer predicts
this band at 1704 cm�1, in excellent agreement with the observed
band. The next lowest energy conformer, [N,CO]tcgt, predicts a
red-shifted carbonyl stretch at 1687 cm�1. The carboxylate CQO
stretch band for the salt-bridge conformer, [CO2

�]cggt, is shifted
even further to 1637 cm�1. The position of this band and other
spectral discrepancies with the action spectrum confirm that the
higher energy salt-bridge conformer is not present experimentally.

Except for the carbonyl stretch, the predicted spectrum of
the higher energy bidentate conformer, [N,CO]tcgt, agrees
reasonably with the observed action spectrum, although there are
additional disagreements in diagnostic bands that unequivocally
assign the CdCl+(Ser) experimental spectrum as tridentate
[N,CO,OH]tggt. Specifically, the 1013 and 1052 cm�1 bands,
which are associated with the COH stretch and NH2 wag,
respectively, match the GS spectrum well, whereas the [N,CO]tcgt
spectrum does not predict the COH stretch band and calculates
that the NH2 wag vibrational mode is shifted to the blue by
20 cm�1 compared to the experiment. Another diagnostic region
is apparent in the sequence of three bands corresponding to
carboxylic acid hydrogen wagging observed at 624, 691, and
764 cm�1. The relative intensities as well as their positions are
nicely predicted by the GS, whereas these three bands for the
[N,CO]tcgt conformer are all red shifted and the relative intensity
ratio is different from the experiment. Therefore, we assign the
[N,CO,OH]tggt ground conformer as the only structure present
experimentally. Although the possibility that small contributions
from the [N,CO]tcgt conformer cannot be completely eliminated,
its calculated relative energy suggests that its equilibrium 298 K
population is less than 0.3%.

Notably, the CdCl+(Ser) action spectrum has a band at
B1430 cm�1 band, which was not observed for [Zn(Ser-H)ACN]+,
Fig. 1. This vibrational band can be assigned to the intact

carboxylic acid HOC bend. Because the experimental ion population
of the Zn complex appears to be dominated by the deprotonated
carboxylic acid conformer, which naturally lacks this vibrational
mode, this comparison helps validate the conclusions regarding the
relative populations discerned above.

Photofragmentation pathways

Reaction coordinate calculations were performed to elucidate
the photodissociation pathways of [Zn(Ser-H)ACN]+, as two
sterically different parent ion conformers, [N,CO,O�]tgg and
[N,CO�,OH]ggt, were present experimentally yet only one distinct
fragment ion was observed. Interestingly, the only fragment ion
observed corresponds to the loss of neutral formaldehyde, which
can be imagined to be lost easily in a charge remote process from
the [N,CO,O�]tgg parent ion conformer (Fig. 2). However, as
determined above, the [N,CO�,OH]ggt conformer probably has
a higher population. Therefore it needs to be investigated how
the [N,CO�,OH]ggt conformer loses formaldehyde and why other
potential pathways, such as the loss of neutral carbon dioxide or
the ACN ligand, are not observed.

To investigate the loss of neutral CO2 from [N,CO�,OH]ggt, a
complete reaction coordinate path for this dissociation was
investigated theoretically. Fig. 4 shows the potential energy
surface generated for the loss of neutral CO2 by a charge-
remote process with relative energies at multiple levels of theory
listed in Table 5. In this mechanism, the rate-limiting barrier
TSC corresponds to breaking the amino acid backbone C–C
bond, 159–173 kJ mol�1 higher in energy than the [N,CO,O�]tgg
conformer. The loss of the M–OC interaction does not occur yet
as the CO2 ligand moves to stay coordinated with the metal ion
in INTC. The M–N coordination is lost in the process and now
the metal coordinates to the newly formed anionic carbon, such
that Zn remains 4-coordinate, [C�,OH][CO][ACN]. Complete loss
of CO2 from the metal ion from INTC requires an additional
12–23 kJ mol�1 energy.

The loss of neutral CH2O from the (Ser-H)� parent ion has
been observed in IRMPD39 and CID42 studies and investigated
by molecular modeling.43 It has been suggested that the loss of
CH2O from (Ser-H)� may occur by a charge-direct process.44 In
that study, the deprotonation site was the carboxylic acid and
fragmentation was initiated by endothermic proton transfer
from the side-chain hydroxyl to the carboxylate, resulting in a
facile and exothermic anion-induced elimination of CH2O. A
similar process was found to be the lowest energy pathway in
this study, where Fig. 4 shows the reaction coordinate for the
loss of CH2O from [Zn(Ser-H)ACN]+ [N,CO�,OH]ggt. (It can also
be noted that we also located a higher energy charge-direct
process for the loss of CH2O.) In this mechanism, the first step
is proton transfer from the side-chain hydroxyl to the carboxylate
via TS1F, which requires 84–91 kJ mol�1. Facile rotation of the
COOH group forms INT1F, [N,CO,O

�]cgg, which rearranges to
the other populated conformer, INT2F [N,CO,O

�]tgg, by rotation
of the hydroxyl group over TS2F (51–54 kJ mol�1 above the GS).
In [N,CO,O�]tgg, the side-chain is positioned to allow the
cleavage of the carbon–carbon bond to free CH2O via TS3F,
which requires 74–99 kJ mol�1 energy. The CH2O moves to stay
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coordinated to the metal ion in INT3F, [N,CO]c[CH2O][ACN],
where here c indicates a cis COOH dihedral angle. Elimination
of formaldehyde requires an additional 83–101 kJ mol�1 of energy
after INT3F. Note that this CH2O loss mechanism forms the
[N,CO]c[ACN] product, rather than the lowest energy product
conformer, [N,CO�][ACN] (Table 5), which requires proton transfer
from COOH to the alpha-carbon radical. Mechanisms for this
proton transfer were located but all contained a transition state

lying4245 kJ mol�1 above reactants (see, for example, Fig. S3 of
the ESI†).

Overall, the rate-limiting transition state for the loss of formal-
dehyde is the final products, a loose phase space limit (PSL) TS,
which lie 148–192 kJ mol�1 above the GS. Theory predicts that this
TS is below the rate-limiting TSC for CO2 loss by 11 kJ mol�1 at the
B3LYP level, but 2–28 kJ mol�1 above at the other levels examined,
Table 5. To examine how these relative energetics would influence
the competition between these two competitive channels, we
performed RRKM analysis for H2CO and CO2 loss using relative
energy differences stipulated by all levels of theory. In all cases,
the loose PSL TS for the loss of CH2O dominated the tight TS for
CO2 loss (TSC) by an order of magnitude or more at time scales
relevant to the ICR detection (B100 ms). For CO2 loss to be
observed, we calculate that TSC would need to be lower in relative
energy by 434 kJ mol�1, well over the difference predicted by any
level of theory. Thus, proton transfer between the deprotonated
side-chain hydroxyl and carboxylic acid sites over TS1F requires
only 84–91 kJ mol�1, well below either dissociation channel. Thus
proton transfer is facile and permits the loss of formaldehyde from
both [N,CO,O�]tgg and [N,CO�,OH]ggt conformers. The failure to
remove the ACN ligand can also be understood as this requires
much more energy (221–235 kJ mol�1) than the decomposition
routes shown in Fig. 4.

Discussion
Comparison with M2+(Cys)

The amino acids cysteine and serine differ only by the sub-
stitution of sulfur for the oxygen in the side-chain and have

Fig. 4 The reaction coordinate for [Zn(Ser-H)ACN]+ [N,CO�,OH]ggt and [N,CO,O�]tgg fragmenting to lose neutral CO2 (subscript C, left) or CH2O
(subscript F, right). Single point energies are calculated at B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) levels of theory including zero point energy
corrections and are relative to the [N,CO,O�]tgg conformer. Dashed lines show the bonds being broken in TSC and TS3F.

Table 5 Relative enthalpies at 0 K (kJ mol�1) for intermediates (INTs) and
transition states (TSs) along the reaction coordinates for the loss of neutral
carbon dioxide and formaldehyde from [Zn(Ser-H)ACN]+ a

Species B3LYP B3LYP-GD3BJ B3P86 MP2(full)

[N,CO,O�]tgg 0.0 0.0 0.0 1.1
TS1G 51.3 50.9 52.1 54.3
[N,CO�,OH]ggt 3.1 0.8 5.2 0.0
TSC 159.1 161.1 172.7 164.3
INTC 78.5 91.9 106.9 93.7
[C�,OH] + CO2 91.0 113.8 120.3 117.4

[N,CO�,OH]ggt 3.1 0.8 5.2 0.0
TS1F 90.8 86.6 84.1 84.0
INT1F [N,CO,O�]cgg 19.4 18.6 19.0 21.2
TS2F 86.2 85.8 101.5 111.1
INT2F [N,CO,O�]tgg 0.0 0.0 0.0 1.1
TS3F 73.9 74.6 90.9 98.6
INT3F 65.3 73.1 87.4 91.6
[N,CO]c + CH2O 148.5 170.5 174.9 192.4
[N,CO�] + CH2O 100.1 121.3 130.1 139.9

[N,CO,O�]tgg + ACN 221.1 231.5 227.8 234.7

a Calculations performed at the stated level of theory using a 6-311+G(2d,2p)
basis set. Geometries and vibrational frequencies calculated at the B3LYP/
6-311+G(d,p) level. Energies include ZPE corrections scaled by 0.989.
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proven to exchange easily in proteins.7,45 Comparison of the
present work on Ser with the corresponding study of Cys1

demonstrates that such equivalent amino acid exchange is not
as facile upon interaction with metal dications. In the previous
study of Cys and its methyl ester, CysOMe, the ESI source formed
[M(Cys-H)ACN]+, [M(CysOMe-H)ACN]+ and CdCl+(CysOMe) for
M = Zn and Cd. The ACN contamination ligand was easily
removed from [M(Cys-H)ACN]+ and [M(CysOMe-H)ACN]+ by CO2

laser irradiation, thereby forming stable 3-coordinate [M(Cys-H)]+

and [M(CysOMe-H)]+ complexes.1 Comparably for histidine, both
3- and 4-coordinate systems, [M(His-H)]+, CdCl+(His), and
M2+(His)2, could be formed. Conversely, the equivalent [M(Ser-H)]+

complexes could not be generated either in the source or by
additional laser irradiation. Instead the acetonitrile ligand (for
Zn2+) or spectator ion (Cl� for Cd2+) needs to be present, and
even after FELIX light irradiation, the [M(Ser-H)]+ deprotonated
species were never observed because fragmentation leads to the
decomposition of the amino acid instead of the loss of the ACN
ligand. The need to bind these non-amino acid ligands to the
metal and the inability to remove these ligands by irradiation
indicates that Ser binds less effectively to Zn2+ and Cd2+ than
Cys and His.

Previously, comparison of experimental and theoretical IR
spectra allowed us to conclude that Zn2+ and Cd2+ bind to
deprotonated Cys in a tridentate [N,CO,S�]tgg configuration,
with deprotonation occurring at the sulfur side-chain.1 For
CdCl+(CysOMe), a similar tridentate binding motif is found,
[N,CO,S], and likewise CdCl+ binds to intact Ser as [N,CO,OH].
These binding motifs are also found for alkali metal cations
binding to Ser40 and Cys.8 The side-chain hydroxyl is polar and
partially negative and thus interacts strongly with the metal
dications, even in the presence of spectator ions and ligands as
found in the present study. The [Zn(Ser-H)ACN]+ complex is
also found to have a tridentate ligand binding geometry,
analogous to the deprotonated Cys systems. However, unlike
the unambiguous assignment of deprotonation at the thiol for
Cys, the site of deprotonation for Ser is mixed. Deprotonation at
the carboxylic acid becomes competitive with the side-chain
deprotonation for the lowest energy conformer, as demonstrated
experimentally by the IR action spectrum. DFT levels of theory
calculate that the [N,CO,O�]tgg conformer is more favorable than
[N,CO�,OH]ggt by 2–6 kJ mol�1 at 298 K, and the reverse is found
at the MP2(full) level (energy difference of only 0.2 kJ mol�1). The
relative intensities of diagnostic CQO stretch bands in the
IRMPD action spectrum suggest that the latter level of theory is
the most accurate for this study.

The relative propensities of these deprotonation sites can be
understood by examining the thermodynamics for simple
model systems. Heterolytic bond cleavage (RH - R� + H+) of
methanethiol requires 1496 kJ mol�1,46 which is much lower
than that for methanol, 1597 kJ mol�1.47 Thus, these relative
deprotonation energies of SH and OH coincide with the relative
probability of deprotonating at the side-chain SH of Cys over
the side-chain OH of Ser. However, carboxylic acids are generally
more acidic in the gas phase than simple thiols and alcohols,48

e.g., acetic acid has a deprotonation enthalpy of 1457 kJ mol�1.49

As such, one might expect the carboxylic acid to be the preferred
site of deprotonation for both of these amino acids. However, as
we have observed in this study, interaction with Zn2+ changes
the relative probabilities for deprotonation as deprotonation of
SH in Cys is highly favored and deprotonations of OH and
COOH in Ser are competitive when binding to Zn2+. One plausible
rationale is that Zn2+ prefers bonding with more localized anion
sites, O� and S�, over the delocalized CO2

�, although the latter
coordination site remains competitive because its deprotonation is
enthalpically favored.

Theory can also be used to examine the relative energies of
low-lying conformers of [Zn(Ser-H)]+ (Table 3), which allows for
a direct comparison with the previously studied [Zn(Cys-H)]+

system.1 Deprotonation at the side-chain is predicted to be the
ground conformer for both Cys and Ser interacting with zinc,
finding each species to have a tridentate [N,CO,X�]tgg ground
conformer, where X = S or O. For Cys, all levels of theory find
that this structure is lower in energy than all other structures by
425 kJ mol�1 with deprotonation at the carboxylic acid,
[N,CO�,S]ggg, being B42 kJ mol�1 less favorable at 298 K. In
contrast, for Ser, Table 3 shows that this gap is 12–20 kJ mol�1,
with decarbonylation at the carboxylic acid, [N,CO�,OH]ggt,
lying closest in energy. Furthermore, this energy difference is
dramatically reduced upon coordination by a fourth ligand, as
in the experimentally observed [Zn(Ser-H)ACN]+ system.

Overview

The IRMPD action spectra of cationized serine have been obtained
in the region of 550–1800 cm�1 for complexes with Zn2+ and Cd2+.
Experimental spectra compared with IR spectra calculated at the
B3LYP/6-311+G(d,p) level for Zn2+ and at the B3LYP/def2-TZVP
level for Cd2+ containing complexes allow the identification of
conformations present in the experiment. Action spectra were
collected for complexes of Zn2+ with deprotonated serine and a
metal bound acetonitrile spectator ligand and Cd2+ with a chlorine
spectator anion interacting with intact serine. Thus, in both
cases, only 4-coordinate systems are formed for the Ser ligand.
Comparison of experimental and theoretical IR spectra show
that both metal dications (Zn and Cd) bind to Ser in a tridentate
motif coordinated to the amine and carbonyl groups of the
amino acid backbone and the hydroxyl group of the side-chain.
Our study finds that the CdCl+(Ser) complex can be assigned
as the predicted ground conformer, [N,CO,OH]tggt; whereas
both [N,CO,O�]tgg and [N,CO�,OH]ggt, the two lowest energy
conformers, were observed for the [Zn(Ser-H)ACN]+ complex.
Relative intensities of the diagnostic CQO stretch bands in the
[Zn(Ser-H)ACN]+ action spectra suggest deprotonation at the
carboxylic acid conformer is the more populated conformer,
in agreement with the results at the MP2(full) level of theory.
Deprotonation at this site differs from the previously studied
deprotonated cysteine complexes, where the site of deprotonation
for both Zn2+ and Cd2+ was assigned unambiguously to be the
thiol side-chain.1 Although not experimentally observed, ab initio
calculations of the [Zn(Ser-H)]+ complex show that the conformer
with deprotonation of the carboxylic acid is stabilized by the addition
of the acetonitrile ligand yielding a desirable 4-coordinate complex.
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The ACN ligand pulls electron density away from the metal, thereby
relaxing the coordination of the amino acid ligand.

The types of complexes for amino acids interacting with
metal dications, Zn2+ and Cd2+, that can be experimentally generated
change from 3-coordinate for Cys andHis to 4-coordinate complexes
for Ser, indicating that stabilization of the Ser complex requires the
extra ligand. As noted above, it is energetically more favorable for the
acidic side-chain thiol of Cys to undergo deprotonation to bind with
the metal dication, than to deprotonate the hydroxyl side-chain of
Ser. To compensate for this energetic cost, deprotonated Ser binds to
Zn only in the presence of the adventitious ACN ligand, which binds
much more tightly than in the comparable deprotonated Cys
complex. This result parallels the observation that the metal–amino
acid interaction is lost when Ser replaces Cys in zinc-finger
protein studies.7 The results presented here provide valuable
information for expanding our understanding of the fundamental
aspects of metal–amino acid preferential binding phenomena in
metal-dependent proteins.
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Correction: Zn2+ and Cd2+ cationized serine
complexes: infrared multiple photon dissociation
spectroscopy and density functional theory
investigations

Rebecca A. Coates,a Georgia C. Boles,a Christopher P. McNary,a Giel Berden,b
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Correction for ‘Zn2+ and Cd2+ cationized serine complexes: infrared multiple photon dissociation

spectroscopy and density functional theory investigations’ by Rebecca A. Coates et al., Phys. Chem.

Chem. Phys., 2016, 18, 22434–22445.

Although the overall conclusions of the original article remain unaffected (no experimental or theoretical IR spectra are changed,
nor is any calculated thermochemistry at 0 K), the thermal corrections to the Gibbs free energy at 298 K were mistakenly
overestimated. Corrected 298 K free energies are given below in Tables 1, 3 and 4 from the original manuscript. Because the 298 K
values were only slightly modified from the published values, we have not corrected the many references to relative energies in the
text, except those noted below. Using the correct values, the ion population analysis for the two lowest energy isomers of
the [Zn(Ser-H)ACN]+ complex is altered. Using the correct 298 K ion population analysis, the following corrections are made to the
publication.

Table 1 Relative free energies at 298 K kJ mol�1 of [Zn(Ser-H)ACN]+ conformersa

Structure B3LYP B3LYP-GD3BJ B3P86 MP2(full)

[N,CO,O�]tgg 0.0 0.0 0.0 1.7
[N,CO�,OH]ggt 2.4 0.2 4.5 0.0
[N,CO,O�]cgg 25.0 24.2 24.6 27.4
[N,Os

�]tgt 38.4 42.6 44.1 47.9
[N,CO�]tgt 37.5 41.4 43.5 45.1
[N,CO�]gtt 35.6 39.3 41.7 44.4
[N,OH,O�]tgg 41.2 39.8 44.8 40.3
[CO�,O�]ctcb 49.2 51.5 54.0 56.5
[CO,O�]ctc 56.6 61.5 61.1 66.6
[N,CO�]tgg 54.4 57.9 60.0 65.1
[N�,CO,OH]tggt 58.0 59.2 60.5 57.2
[CO,O�]tgg 58.8 64.5 66.9 77.2
[CO,O�]tgg 59.3 65.2 67.3 77.0
[CO,O�]ttg 59.5 63.9 67.9 78.1
[N�,CO]tggg 65.0 70.5 70.2 73.7
[CO2

�]ggg 73.9 85.4 81.7 88.5
[CO2

�]ggt 77.0 89.9 86.3 90.7
[CO�,O]cgt 72.8 73.9 79.1 80.2
[CO2

�]gtg 80.6 93.8 88.8 100.9
[OH,O�]tgg 112.3 117.1 124.8 126.4

a Calculations performed at the stated level of theory using a 6-311+G(2d,2p) basis set. Geometries and vibrational frequencies calculated at the
B3LYP/6-311+G(d,p) level. s = side-chain. b Salt bridge between NH3

+ and COO� groups.
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Page 22438, second paragraph, corrected: ‘‘In contrast, as seen in Table 1, the presence of the ACN ligand stabilizes the
[N,CO�,OH]ggt conformer such that it would populate between 14–48% of ions at 298 K.’’

Page 22440, seventh paragraph, corrected: ‘‘This result is consistent with the relative free energies calculated at the MP2(full)
level of theory, which indicate that [N,CO,O�]tgg can account for 33% of an equilibrated ion population at 298 K.’’ In the
published manuscript, we concluded that a superposition of the [N,CO,O�]tgg and [N,CO�,OH]tgg linear IR spectra best agreed
with the experimental spectrum, a conclusion that still holds true. Indeed, as the previous [N,CO,O�]tgg ion population was
calculated to be 52%, the corrected value of 33% agrees more favorably with the relative intensities observed in the experimental
spectrum.

The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers.

Table 3 Relative free energies at 298 K kJ mol�1 of low-lying conformers of [Zn(Ser-H)]+a

Structure B3LYP B3LYP-GD3BJ B3P86 MP2(full)

[N,CO,O�]tgg 0.0 0.0 0.0 0.0
[N,CO�,OH]ggt 15.0 13.4 17.9 10.0
[N,CO,O�]cgg 21.7 21.2 21.2 21.9
[N,Os

�]tgt 45.7 48.6 53.6 54.4
[N,CO�]ggt 58.1 60.7 66.1 63.0
[N,OH,O�]tgg 45.5 43.7 49.8 41.7
[CO�,O�]ctcb 47.6 49.3 54.1 53.4
[CO,O�]ctc 66.8 70.8 70.8 84.6
[N�,CO,OH]tggt 51.1 52.4 54.4 52.5
[CO2

�]ggg 95.1 106.6 113.2 148.2

a Calculations performed at the stated level of theory using a 6-311+G(2d,2p) basis set. Geometries and vibrational frequencies calculated at the
B3LYP/6-311+G(d,p) level. s = side-chain. b Salt bridge between NH3

+ and COO� groups.

Table 4 Relative free energies at 298 K kJ mol�1 of CdCl+(Ser) conformersa

Structure B3LYP B3LYP-GD3BJ B3P86 MP2(full)

[N,CO,OH]tggt 0.0 0.0 0.0 0.0
[N,CO]tcgt 12.0 17.8 13.7 23.1
[CO2

�]cggtb 13.9 25.6 16.9 27.0
[N,CO]tgtt 17.4 22.4 19.0 28.5
[CO2

�]cgttb 15.7 28.0 19.7 30.6
[N,CO]tgtg 19.0 23.7 20.6 31.2
[N,OHs]tgtt 24.5 28.8 27.5 31.8
[N,CO,OH]cggt 28.2 27.8 27.8 29.6
[N,OH,OH]tggt 29.4 27.8 31.7 26.4
[N,OHs]tttt 33.7 38.1 37.6 41.7
[CO,OHs]cggt 41.9 48.4 44.3 60.2
[N,CO]tcgg 43.6 50.2 45.3 59.7
[COOH]cggt 45.6 58.6 48.0 66.2
[CO2

�]cgggb 45.3 56.8 49.0 62.5
[N,OH]ttgt 53.6 57.8 57.4 59.4
[CO,OHs]ggt

b 58.0 63.2 59.3 71.5
[CO,OHs]ttgt 57.6 63.5 64.3 78.3
[N,OH]tttt 58.0 62.7 62.6 62.5
[CO,OHs]ctct 59.7 65.1 62.3 75.9
[CO,OHs]tggt 56.0 63.3 62.3 76.4
[N,OHs]cgtt 60.8 64.2 63.2 68.9
[Os

�]cggtc 60.8 72.4 64.3 75.5
[OHs]ttcc 99.0 111.1 103.8 124.4
[OH,OH]tggg 112.7 117.9 122.7 127.5
[OHs]tggc 131.3 143.5 141.3 154.6

a Calculations performed at the stated level of theory using a def2-TZVPP basis set. Geometries and vibrational frequencies calculated at the B3LYP/
def2-TZVP level. s = side-chain. b Salt bridge between NH3

+ and COO� groups. c Salt bridge between NH3
+ and Os

� groups.
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