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ABSTRACT 

The experimental hydration energies of Mn2+(H2O)x complexes, where x = 4 - 9, are determined 

by threshold collision-induced dissociation (TCID) with Xe using a guided ion beam tandem mass 

spectrometer, coupled with an electrospray ionization (ESI) source. The ESI source naturally 

produces intense beams of the x = 7 – 9 complexes, but smaller complexes, x = 4 – 6, can be formed 

using an in-source fragmentation technique. For all systems, the dominant fragmentation processes 

observed are sequential loss of water ligands, but at x = 4 and 5, charge separation (CS) reactions 

are observed where formation of singularly charged species becomes competitive. Kinetic energy-

dependent cross sections are obtained and analyzed to yield 0 K bond dissociation energies (BDEs) 

for the losses of one and two water ligands, which are then converted to 298 K binding enthalpies 

and Gibbs energies. Barrier heights for three different CS reactions are also determined. These 

thermodynamic results are compared with values obtained theoretically, with reasonable 

agreement being achieved. Theoretical geometry and single-point energy calculations are 

performed at B3LYP, B3P86, M06, and MP2(full) levels of theory.  
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INTRODUCTION  

Manganese (Mn) is a 3d transition metal that occurs naturally and exists in a variety of 

forms. Like other metals, Mn is essential for many biological processes but can be toxic in high 

concentration with excess intake causing neurological damage [1]. Mn is generally obtained 

through inhalation or ingestion. Because waterborne Mn has higher bioavailability than dietary 

Mn, drinking water becomes the most likely source of Mn toxicity [2]. As such, extensive research 

has been conducted to investigate the metal ion interactions with aqueous media in order to 

understand the fundamentals of these intermolecular interactions.  

Paul Kebarle was a pioneer in the study of the thermochemistry of metal-water complexes, 

using ion equilibria to measure a host of hydrated metal ion complexes [3-9]. Since his early work, 

additional mass spectrometry techniques have been used, such as blackbody infrared radiative 

dissociation (BIRD) [10, 11] and collision-induced dissociation (CID) by Kebarle [12-14] and 

others [15]. In the present work, thermochemical information regarding Mn2+(H2O)x, where x = 3 

– 9, is determined using threshold collision-induced dissociation (TCID) and complemented with 

theoretical calculations. This extends work conducted over the past several years in which the 

Armentrout group has studied the thermochemistry of the hydration of groups 2 and 12 [16-23] 

and late 3d transition metal dications, M2+(H2O)x where M = Fe [24], Co [25], Ni [26], Cu [27], 

Zn [18, 19] and MOH+(H2O)x where M = Fe [28], Co [29], and Cu [30] in the gas-phase. In all 

cases, TCID was carried out in a guided ion beam tandem mass spectrometer (GIBMS) to 

accurately and directly measure the hydration energies of the metal ion-water complexes. In 

agreement with previous TCID studies of M2+(H2O)x, the dominant process observed in the present 

study of Mn2+(H2O)x is loss of a single water ligand as shown in reaction (1),  

Mn2+(H2O)x → Mn2+(H2O)x-1 + H2O            (1) 

followed by sequential loss of additional water molecules. In addition, at particular sizes of 

Mn2+(H2O)x, the doubly charged complexes dissociate into two singly charged species in a process 

competitive with the loss of water. This charge separation (CS) reaction is shown in reaction (2). 
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Mn2+(H2O)x → MnOH+(H2O)y + H+(H2O)x-y-1      (2) 

The phenomenon of reaction (2) for hydrated transition metal dications has been studied to 

determine the critical size, xcrit, which has been defined as “the maximum number of ligands at 

which dissociative charge transfer is competitive with simple ligand loss” [15]. For manganese, 

Kebarle and co-workers reported that the largest complex size for which CS occurred was xcrit = 3 

[5, 6, 12], whereas Shvartzburg and Siu suggested xcrit = 4 [15]. Such dichotomies have led to a 

more precise redefinition of the critical size as “the largest value of x at which the charge separation 

is energetically favored over the loss of one water ligand” [18]. Previous TCID studies from the 

Armentrout group have determined the energy-dependent xcrit for late 3d transition metals: 4 for 

Fe2+ [24], 6 for Co2+ [25], 4 for Ni2+ [26], 8 for Cu2+ [27], and 7 for Zn2+ [19].  

In addition to the experimental work, the present study includes theory to determine the 

rate-limiting steps for the observed reactions, which gives an in-depth analysis of how the 

competitive water loss and charge separation reactions proceed. Theory also provides the 

structures of the complexes, thereby allowing evaluation of the coordination number of the metal 

center. The present work reports the experimental energies required to lose a water molecule from 

Mn2+(H2O)x, where x = 4 – 9, and the barriers to several CS processes. Theoretical values 

reproduce these experimental findings and together yield fundamental information regarding how 

Mn2+ interacts with water.  

 

EXPERIMENTAL AND COMPUTATIONAL METHODS 

Experimental Procedures. TCID cross sections of Mn2+(H2O)x with xenon (Xe) were 

measured directly using a GIBMS, which has been described in detail elsewhere [31, 32]. The 

hydrated manganese dications, Mn2+(H2O)x, were generated from a 10-4 M solution of MnCl2 in 

HPLC grade water using an electrospray ionization (ESI) source [33]. The solution was pumped 

through an electrospray needle at a low flow rate of 0.08 – 0.10 L/hr with an applied voltage of 

negative 2.0 – 2.2 kV. The ions were introduced into the vacuum system through an inlet cap 
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followed by a heated capillary (80 °C) to promote desolvation of large droplets. As the ions exited 

the capillary, they were collected by an 88-plate radio-frequency (rf) ion funnel [34], which pulled 

the ions through using a DC-gradient, typically 2 - 5 V. At the end of the funnel, ions were injected 

into a rf-only hexapole ion guide, where the ions were trapped radially with an rf amplitude of 250 

V peak-to-peak. For larger Mn2+(H2O)x complexes, x = 7 – 9, the ESI source generated sufficient 

intensity of the ions of interest; however, for smaller complexes, x ≤  6, an in-source fragmentation 

technique was needed. Here, negatively biased DC electrodes were placed in between the hexapole 

rods. The electrodes are believed to pull the ions towards the rods where collisional rf heating of 

the complexes can occur, with details described elsewhere [23, 35]. The technique was used to 

increase the intensity of the desired ions by fragmenting larger complexes. This enabled formation 

of complexes down to the x = 4 complex, where the charge separation reaction becomes more 

favorable than water loss (see below), such that smaller Mn2+(H2O)x complexes (x < 4) cannot be 

formed. Similar limitations have also been seen previously for hydrated cobalt [25], nickel [26], 

copper [27], and zinc dications [18]. After fragmentation, the ions underwent ~105 collisions with 

ambient gas as they drifted through the hexapole ion guide. As shown in previous studies, under 

proper conditions, the ions emerging from the hexapole are thermalized to room temperature (300 

K) [17, 20, 23, 25, 26, 29, 35-37]. To further investigate the thermalization of the ions in this study, 

a cooling gas cell was placed around the hexapole. A low pressure (~2 mTorr) of nitrogen gas was 

introduced into the cell to enhance the thermalization conditions, although no changes in the TCID 

cross sections of the complexes were observed. 

The ions were extracted from the hexapole ion guide and then focused into a magnetic 

momentum analyzer, where the desired complex was mass selected. These ions were decelerated 

to a well-defined kinetic energy and injected into a dual rf octopole ion guide where the ions were 

trapped radially [31, 32, 38]. In the middle of the first octopole, the ions passed through a collision 

cell containing low pressures (~0.05, 0.1, and 0.2 mTorr) of xenon (Xe) [39-41]. The unreacted 

precursor and collisionally formed product 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 [42]. 
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Data Analysis. Conversion of ion intensities into absolute cross sections has been 

described previously and uses a Beer-Lambert law analogue [31]. The cross sections have absolute 

uncertainties estimated at ±20% (10% uncertainties each in pressure measurement and collision 

cell length). The ions were accelerated in the octopole region by the laboratory voltage (VLab), 

which corresponds to half the ion kinetic energy for these doubly charged complexes. This voltage 

was converted to the relative kinetic energy in the center-of-mass (CM) frame, the maximum 

energy available to induce dissociation. The formula used was ECM = ELab  m/(m + M), where 

ELab = 2VLab , m is the mass of the neutral collision gas (Xe), and M is the mass of the reactant ion. 

A retarding potential on the octopole was used to determine the absolute zero of energy and the 

kinetic energy distribution of the ion beam by taking the derivative of the normalized ion intensity 

versus kinetic energy and fitting to a Gaussian distribution (0.10 – 0.15 eV FWHM) [31]. All 

energies below are reported in the CM frame.  

In order to extract accurate thermochemical information from the kinetic energy dependent 

cross sections, several factors have to be taken into consideration: multiple precursor-neutral 

collisions, lifetime effects, and additional energy distributions. Thus, the TCID experiments were 

performed at various pressures of Xe [43, 44], and the resulting cross sections were extrapolated 

to zero-pressure to ensure rigorous single-collision conditions. The zero-pressure extrapolated 

cross sections for loss of a single ligand were modeled using the empirical threshold model shown 

in Eq. (3): 

𝜎𝑗(𝐸) = 𝜎0,𝑗 ∑ 𝑔𝑖(𝐸 + 𝐸𝑖 − 𝐸0,𝑗)
𝑛

/𝐸     (3) 

where σ0,j is an energy-independent scaling factor for product channel j, E is the relative 

translational energy of the reactants (ECM), 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 

[32]. 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 [45-47]. A Maxwell-Boltzmann distribution at 300 K was used to compute the relative 
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populations, gi. Regarding lifetime effects, as the ions become larger and more complex, those 

with energy in excess of the dissociation energy may not have enough time to dissociate on the 

time scale of the experiment, τ ≈ 5 × 10−4 s [32]. This can result in a kinetic shift (or a delayed 

onset) in the apparent threshold for CID. To account for this effect, 

Rice−Ramsperger−Kassel−Marcus (RRKM) statistical theory [48-50] for unimolecular 

dissociation is incorporated into the empirical threshold model, as shown in Eq. (4) [51]: 

𝜎𝑗(𝐸) = (
𝑛𝜎0,𝑗

𝐸
) ∑ 𝑔𝑖 ∫ [

𝑘𝑗(𝐸∗)

𝑘𝑡𝑜𝑡(𝐸∗)
]

𝐸

𝐸0,𝑗−𝐸𝑖
(𝐸 − 𝜀)𝑛−1 𝑃𝐷1𝑑(𝜀)   (4) 

In Eq. (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 constant. The rate constant was used to calculate a 

probability of dissociation, 𝑃𝐷1 = 1 − exp [−𝑘𝑡𝑜𝑡(𝐸∗)𝜏], and is defined in Eq. (5),  

𝑘𝑡𝑜𝑡(𝐸∗) =  ∑ 𝑘𝑗(𝐸∗)𝑗 = ∑ 𝑠𝑗𝑁𝑗
†

𝑗 (𝐸∗ − 𝐸0,𝑗)/ℎ𝜌(𝐸∗)   (5) 

where kj(E*) is the rate constant for a single dissociation channel j, 𝑠𝑗 is the reaction degeneracy 

calculated from the ratio of rotational symmetry numbers of the reactants and products of channel 

j [48], Nj
†

 (E*- E0,j) is the sum of ro-vibrational states of the transition state (TS) at an energy 

(E* - E0,j) above the threshold for channel j, h is Planck’s constant, and 𝜌(E*) is the density of 

states of the EM at the available energy, E*. When the rate of dissociation is much faster than the 

average experimental time scale, Eq. (4) reduces to Eq. (3). Eq. (4) also accounts for the 

competition between multiple dissociation pathways using the kj(E*)/ktot(E*) ratio [51, 52]. 

Calculation of the RRKM unimolecular rate constants in Eq. (5) 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 heterolytic with all the charge remaining on the 

manganese containing fragment complex [53]. Thus, the water loss TS is product-like and treated 

in the phase space limit (PSL) [51], such that it uses molecular parameters taken from quantum 

chemical calculations of the products. Because the charge separation processes produce two singly 
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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[y + (x – y 

– 1)] where y is the number of water molecules attached to the MnOH+ product and (x – y – 1) is 

the number of water molecules attached to the H+ product. Molecular parameters for these TSs 

were taken directly from the calculations described below. 

A sequential dissociation model [54] was employed to simultaneously analyze cross 

sections for the first and second water losses for a given Mn water complex size. Thresholds for 

secondary water loss cross sections were modeled with a statistical approach that has been shown 

to provide accurate thresholds for singly and doubly charged systems [16, 19, 24, 26, 27, 30, 40, 

51, 54]. The BDE for the Mn2+(H2O)x-1 complex is the difference between the thresholds of these 

two product cross sections. The sequential threshold model combines Eq. (4), the cross section of 

the primary dissociation product, with the probability for further dissociation given by Eq. (6),  

𝑃𝐷2 = 1 − 𝑒−𝑘2(𝐸2
∗)𝜏                                                        (6)   

where k2(E2
*) is the rate constant for sequential dissociation of a primary product ion having an 

internal energy of E2
*. 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 (here, H2O). As discussed elsewhere, the distributions in these energies 

are assigned on the basis of statistical considerations [54]. For the remainder of this paper, 

representation of this sequential dissociation model that combines Eqs. (4) and (6) will be notated 

as Eq. (4 × 6).  

The CID cross section models of Eqs. (4) and (4 × 6) were convolved with the relative 

kinetic energy distributions of the Mn2+(H2O)x and Xe reactants for comparison with the 

experimental cross sections [31]. 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 
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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 Mn2+(H2O)x complex 

dissociating as in reaction (1) [55] or the height of the charge-separation barrier of reaction (2). 

Computational Details. Possible geometries for Mn2+(H2O)x complexes were taken from 

previous M2+ hydration studies [18, 19, 24-27]. The geometries were optimized at the B3LYP/6-

31G(d) level of theory using the Gaussian16 suite of programs [56]. The structures were then 

refined at a B3LYP/6-311+G(d,p) level [57, 58], where vibrational frequencies and rotational 

constants were also calculated. Vibrational frequencies were scaled by 0.989 [59] before use in the 

modeling process or to calculate the zero-point energy and thermal corrections. Single-point 

energy calculations were performed at B3LYP, B3P86 [60], M06 [61, 62], and MP2(full) [63] 

levels of theory using a 6-311+G(2d,2p) basis set. The relative energies were calculated from the 

single point calculations including zero-point corrections to yield 0 K values and thermal 

corrections to yield 298 K values. 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 [64, 65]. In some cases, complexes were also calculated after including empirical dispersion 

corrections [67, 68] with geometries calculated at the B3LYP-GD3BJ/6-311+G(d,p) level 

followed by single point energies calculated at B3LYP-GD3BJ level of theory with the 6-

311+G(2d,2p) basis set. MP2 single point energies using these geometries were also calculated but 

yield essentially identical values as those obtained using B3LYP geometries. 

We also calculated reaction coordinate diagrams for the dissociations of two complexes at 

the B3LYP/6-311+G(d,p) level with single point calculations using these geometries and zero-

point energy corrections conducted at the B3LYP and MP2(full) levels using the 6-311+G(2d,2p) 

basis set. All transition states had a single imaginary frequency and connections to intermediates 

on either side were confirmed by intrinsic reaction coordinate (IRC) calculations.  
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RESULTS  

Collision-Induced Dissociation Cross-Sections of Mn2+(H2O)x. Experimental cross-

sections for the collision-induced dissociation with Xe were acquired for Mn2+(H2O)x, x = 4 – 9, 

and are shown in Fig. 1. In all cases, the dominant pathway for dissociation is the loss of a single 

water, reaction (1), followed by loss of additional water molecules as the kinetic energy increases. 

The total cross section for each complex reaches a plateau and remains constant with increasing 

energy, consistent with sequential dissociation processes. The magnitude of the total cross section 

increases as the complex size increases, consistent with the increasing physical size of the 

complexes. As seen in Fig. 1a – 1e, x = 5 – 9, the smallest water loss product observed with ~0.2 

mTorr of xenon is Mn2+(H2O)2. For x = 4, Mn2+(H2O) can also be observed, simply because the 

smaller reactant complex provides more sensitivity for observing this product.  

One unusual feature in the low-energy regions of the cross sections for TCID of x = 6 – 9 

complexes is the “exothermic” tail observed in the primary products as well as any sequential 

products having appreciable intensity near zero collision energy. Such features have not been 

observed in our previous studies of other hydrated metal dications [16-27], although they have 

been seen previously for hydrated singly-charged metal ions [40]. As in that study, we attribute 

these barrierless processes to metastable ions, i.e., long-lived ions generated in the source that have 

sufficient energy to dissociate without the need for adding more energy. In most studies, such 

energetic ions (associated with the high energy tail in the 300 K Maxwellian distribution formed 

in the source) dissociate during the time they travel from the source to the collision region, but if 

their lifetimes are longer than usual, they can be observed. The origins of these metastable species 

in the Mn2+ system are not entirely clear, although we suspect that the high-spin half-filled 6S (3d5) 

electron configuration may be a contributing factor. 

In addition to loss of water ligands, charge separation (CS) products from reaction (2) were 

observed for all complexes. The largest MnOH+ complex observed was MnOH+(H2O)2 (Fig. 1b – 

1f) and the largest hydronium ion observed was H+(H2O)2 (Fig. 1a – 1e). In dissociation of 
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Mn2+(H2O)5, Fig. 1e, it can be seen that these two products arise from the same threshold, 

definitively identifying them as coming from the same process, reaction (7).  

Mn2+(H2O)5 → MnOH+(H2O)2 + H+(H2O)2    (7) 

Note that the threshold for this process is well above that for losing a single H2O ligand from the 

same reactant complex, explaining why the cross section for reaction (1) is over two orders of 

magnitude larger. At slightly higher energies in Fig. 1e, the MnOH+(H2O)2 cross section continues 

to increase while the H+(H2O)2 cross section plateaus; however, the H+H2O product cross section 

can be observed to nearly match the increase in the MnOH+(H2O)2 cross section. Thus, reaction 

(8) must also be occurring. 

Mn2+(H2O)4 → MnOH+(H2O)2 + H+H2O    (8) 

It is also possible that formation of H+H2O is partially a result of sequential water loss from 

H+(H2O)2, but this process cannot occur until higher energies because D0(H
+H2O-H2O) = 1.35 ± 

0.06 eV [55]. 

Reaction (8) is more apparent in the dissociation of Mn2+(H2O)4, Fig. 1f. Here, because 

reaction (7) cannot occur (explaining why H+(H2O)2 is not observed), it is clear that the two singly-

charged products of reaction (8) arise from identical thresholds. Furthermore, they have nearly the 

same energy onset as reaction (1), which is why the magnitudes of the cross sections for reactions 

(1) and (8) are more similar. Nevertheless, because reaction (8) must pass over a tight Coulomb 

barrier that is the rate-limiting step in formation of the singly-charged species, the CS processes 

are entropically disfavored compared to water loss processes that always involve loose transition 

states. Thus, the cross section for reaction (1) reaches a larger magnitude than that for reaction (8). 

At higher energies, the MnOH+(H2O)2 cross section decreases, consistent with this product losing 

a water ligand, as shown by the increase in the MnOH+H2O cross section. 

Note that for both reactions (7) and (8), the hydronium ion products have cross sections 

that are somewhat smaller than those for the hydrated MnOH+ products, although stoichiometry 

demands they must be exactly equivalent. We have previously investigated this in detail [19] and 
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shown that the collection of the hydrated hydronium ion is less efficient because this lighter ion 

has a higher velocity (due to conservation of linear momentum) than the hydrated metal hydroxide 

cation. Because energy is released in translational modes as the system passes over the Coulomb 

barrier, these velocities can be appreciable, making it more difficult to collect the products with 

100% efficiency. Focusing conditions can be adjusted to achieve equal collection efficiency but 

require sacrificing reactant ion intensity; however, these studies show that the cross sections of the 

metal hydroxide are representative of the absolute cross sections for the CS channels.  

 The dissociation of Mn2+(H2O)4 shows two features in the H+H2O cross section, Fig. 1f. 

As noted above, the lower energy feature is attributed to reaction (8), and the higher energy feature 

can be seen to match the magnitude of the MnOH+H2O product ion. This behavior signals a third 

CS process, reaction (9). 

Mn2+(H2O)3 → MnOH+H2O + H+H2O    (9) 

Here, the threshold for this process occurs well below that for loss of H2O from Mn2+(H2O)3, hence 

the cross section for reaction (9) is larger than that for water loss. Thus, CS is enthalpically and 

entropically favored over the water loss process for x = 3. At the highest energies, the MnOH+H2O 

cross section decreases, which can be attributed to dissociation to form MnOH+, Fig. 1f.  

Examination of the CS products in Fig. 1a – 1d shows that they match those observed in 

Fig. 1e after adjusting for the differences in the required energies. Notably, the MnOH+(H2O)2 

product is not shown in Fig. 1a because the mass of this product, m/z 107.9 cannot be distinguished 

from that of the much more intense reactant Mn2+(H2O)9, m/z 108.5. For all smaller complexes, 

this is no longer an issue. Likewise, MnOH+H2O, m/z 89.9, and Mn2+(H2O)7, m/z 90.5, are nearly 

isobaric, such that the former product cannot be observed in Fig. 1a – 1c, but appears for all smaller 

complexes.  

 Overview of Theoretical Results. As described above, the geometry optimizations and 

vibrational frequency calculations for Mn2+(H2O)x (x = 1 - 10) complexes were performed at the 

B3LYP/6-311+G(d,p) level of theory. For all complexes, the sextet spin state of the 3d5 



12 

 

configuration on Mn2+ was found to be much more favorable energetically than quartet or doublet 

spin states. Although experimental data for x = 1 - 3 were not obtained, their optimized structures 

were calculated for completeness and are presented in the Supporting Information. Relative 

energies at 0 and 298 K of distinct low-energy isomers of Mn2+(H2O)x (x = 3 – 9) complexes 

calculated at different levels of theory are given in Table 1, with geometries of ground structures 

(GSs) shown in Fig. 2. A more complete listing of all investigated isomers of Mn2+(H2O)x (x = 3 

– 10) is provided in the Supporting Information.  

To identify different isomers, we use (m, n, p) to describe the number of water molecules 

in the first (m), second (n), and third (p) solvent shells of each unique structure. To describe the 

hydrogen bonding of water molecules 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 a single (D) or double (DD) hydrogen bond donor with shells separated by an underscore 

(_). To further distinguish between structures with similar bonding schemes but differing 

geometric parameters, the nomenclature may include the subscripts “a” or “b” to indicate if the 

bond connects to an axial or base ligand, respectively, of an inner shell of five water molecules.  

Theoretical geometries for Mn2+(H2O)x ground structures. Geometric parameters of 

optimized ground structures for Mn2+(H2O)x are provided in Supporting Information Table S1. All 

levels of theory predict GSs with water directly binding to the metal dication center for x ≤ 5. 

Mn2+(H2O) has a Mn-O bond length of 1.985 Å, which increases to 1.998 Å in the Mn2+(H2O)2 

complex, where the ∠OMnO bond angle is 180°. Shown in Fig. 2, the (3,0) Mn2+(H2O)3 GS 

exhibits a trigonal planar geometry with ∠OMnO of 120°, ∠MnOH of 127° and ∠HOH of 106° 

with three Mn-O bond lengths of 2.060 Å. The water ligands have a nonsymmetrical orientation 

(∠HOMnO = 34.5°) because they participate in long-range hydrogen bonding interactions (~3.8 

Å between H and O). The (4,0) GS has C1 symmetry with ∠OMnO of 107° (2) and 111° (4) and 

four Mn-O bond lengths of 2.108 Å, where the number in parentheses represents the degeneracy. 

The (3,1)_AA and (3,1)_A isomers promote a water ligand to a second solvent shell, either 

accepting hydrogen bonds from two inner shell water molecules (AA) or one inner shell water (A). 
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These isomers lie 42 – 74 kJ/mol higher in energy, Table 1. At 298 K, all levels of theory predict 

the (3,1)_A isomer is lower in energy than (3,1)_AA, whereas at 0 K, B3LYP and B3P86 finds 

(3,1)_A is lower in energy and M06 and MP2 find (3,1)_AA is favored. Entropically, the (3,1)_A 

isomer is favorable because the second shell water can rotate nearly freely, hence the differences 

between the levels of theory can be attributed to the strength of the hydrogen bonding. For x = 5, 

all levels of theory predict the GS has all water ligands directly binding to the metal center in a 

square pyramidal geometry having C2v symmetry, Fig. 2. The Mn-O bond lengths are 2.149 (2), 

2.150, and 2.201 (2) Å. There are two (4,1) isomers where one water ligand is promoted to the 

second solvent shell, but these lie 5 – 35 kJ/mol higher in energy, Table 1. 

At Mn2+(H2O)6, all levels of theory predict six water ligands bind directly to the metal 

center in the GS at 0 K. The (6,0) GS is highly symmetrical with Th molecular symmetry and 

uniform Mn-O bond lengths of 2.217 (6) Å and ∠OMnO of 90° (12) and 180° (3). Note that the 

water molecules are oriented such that there are weak hydrogen bonding interactions with adjacent 

water molecules (~3.65 Å between H and O). At 298 K, the (6,0) isomers remains the GS at the 

M06 and MP2 levels of theory, but B3LYP and B3P86 levels predict the (5,1)_AbAb isomer is the 

GS. The (5,1)_AbAb isomer has the sixth water ligand accepting hydrogen bonds from two inner 

solvent shell water ligands in base positions. As shown in Table 1, the (5,1)_Aa isomer is 1 – 2 

kJ/mol higher in energy than (5,1)_AbAb for B3LYP and B3P86 at 298 K (5 – 7 kJ/mol for M06 

and MP2). This isomer has the sixth ligand accepting a single hydrogen bond from the water ligand 

at the axial position of the inner solvent shell, Fig. 2, such that the outer shell ligand can rotate 

easily.  

The near degeneracy in energy for the (6,0) and (5,1) isomers agrees with the spectroscopic 

observation by O’Brien and Williams that Mn2+(H2O)6 changes the number of water ligands from 

six (at 215 K) to include smaller coordination numbers as the temperature increases to 305 K [66]. 

Table 2 shows equilibrium population distributions calculated at these two temperatures for the 

levels of theory considered here. At 215 K, B3LYP and B3P86 incorrectly indicate that the 

dominant isomers are (5,1), whereas M06 and MP2 indicate the (6,0) isomer dominates. At room 
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temperature, M06 predicts the (5,1) isomers are too high in energy to contribute, which is not 

supported by the spectroscopic evidence. MP2 predicts a small population (~4.2%) of (5,1)_AbAb, 

which is most similar to the experimental result but seems low (although the extent of (5,1) 

population cannot be quantified in the experiments). To further investigate the diverse theoretical 

results, (6,0) and (5,1) complexes were also calculated after including empirical dispersion 

corrections as detailed above. According to this level of theory, Table 2, the (6,0) complex 

dominates at 215 K with 71% of the population, decreasing to 45% at 305 K, with the (5,1) isomers 

contributing 44%. This latter result seems relatively high compared to the description of the 

spectroscopic results by O’Brien and Williams. We conclude that MP2 is most accurate out of all 

the levels considered, but the true relative energies may fall somewhere between MP2 and B3LYP-

GD3BJ results. In this context, we have previously found that MP2 calculations are more accurate 

in predicting the structures found spectroscopically for Zn2+(H2O)x complexes than the other levels 

considered here [69]. 

For x = 7, 8, and 9, theoretical results diverge from B3LYP and B3P86 to M06 and MP2 

at 0 and 298 K. M06 and MP2 uniformly predict six inner-shell water complexes as the GSs at 

both 0 and 298 K. Outer shell ligands are added such that they each interact with two inner shell 

ligands (AA), eventually leading to the symmetric (6,3)_6D_3AA complex, Fig. 2. For x = 8, the 

eighth water ligand can add to an adjacent site (g = gauche orientation), (6,2)_4D_2AAg (Fig. 2) 

or across from the first second shell ligand (t = trans orientation), (6,2)_4D_2AAt. The latter is 

only higher in energy by 5 – 6 kJ/mol at 0 K and ~ 2 kJ/mol at 298 K. In contrast, B3LYP and 

B3P86 prefer five-coordinate GSs at 298 K. For Mn2+(H2O)7, (5,2)_4D_2AbAb is the GS at both 0 

and 298 K and has the sixth and seventh water ligands accepting hydrogen bonds from two water 

molecules in base positions of the inner shell opposite one another. For x = 8, the GS at both 0 and 

298 K is the (5,3)_4D,DD_2AbAb,AbAa complex, Fig. 2. For Mn2+(H2O)9, all four levels of theory 

predict the six-coordinate structure as the GS at 0 K, but at 298 K, B3LYP and B3P86 predict the 

five-coordinate structure is lower (although by < 2 kJ/mol). Here, the GS is (5,4)_4DD_4AbAb 

with all four second shell water ligands interacting with two inner water molecules in base 
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positions. Each inner water ligand is donating to two outer shell water and the second shell water 

ligands are located equally from the metal center. Spectroscopic results from O’Brien and 

Williams [69] indicate that the (6, x-6) complexes dominate with photodissociation kinetics 

indicating that Mn2+ has “an average CN slightly less than six” at higher temperatures (263 – 331 

K). Again, we conclude that MP2 theory is probably providing the best prediction of the relative 

energetics but destabilizes the (5, x-5) structures more than is experimentally realized. 

As detailed in Table S1 of the Supporting Information, the Mn-O bond lengths increase 

from 1.985 Å to 2.217 Å as the complex size increases from one to six water ligands that bind 

directly to the metal. For the (5,1) complex, the inner shell water molecules bind slightly more 

tightly than in (6,0), as indicated by Mn-O bond lengths of 2.126 – 2.202 Å. For larger (6,n) and 

(5,n) complexes, the inner shell bond lengths remain similar, ranging from 2.191 to 2.242 Å and 

2.130 to 2.183 Å, respectively. For these larger complexes, the second solvent shell water ligands 

have Mn-O bond lengths of 4.007 to 4.080 Å for the (6,n) complexes and 3.935 to 3.971 Å for the 

(5,n) complexes.  

Theoretical geometries for charge-separation transition states. The transition states 

(TSs) for the charge-separation reactions (7) – (9) involve the heterolytic cleavage of an O-H bond 

leading to the incipient products, MnOH+(H2O)y and H+(H2O)x-y-1. Molecular parameters for these 

rate-limiting TSs are needed for thermochemical analysis. Optimized geometries of these tight TSs 

are shown in Fig. 3 with bond lengths and angles provided in Table S2 of the Supporting 

Information. The (O-H) distances between the incipient products in these TSs are long, between 

2.9 and 3.4 Å. 

Data Analysis. Primary and secondary dissociation product cross sections for all 

Mn2+(H2O)x complexes observed were modeled in several ways, with average optimum modeling 

parameters obtained listed in Table 3. It can be seen that the σ0 values generally match the absolute 

magnitudes of the cross sections being modeled, with small variations that are tied to the influence 

of the n and E0 parameters on the model. 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 
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internal energy distribution of 298 K. The product isomer is assigned as the 0 K GS because 

previous studies have found that the threshold analyses are dominated by the lowest energy 0 K 

enthalpy species [18]. As noted above, the predicted GSs differ for the x = 6 – 9 complexes 

depending on the level of the theory, and in several cases, there are low-energy isomers at 298 K 

such that multiple isomers could be present in the source. For each possible GS, the data were 

modeled individually using each of these possible isomers, Table 3.  

Threshold E0 values were determined for the primary dissociation of each complex from 

modeling with and without including RRKM theory, which takes lifetime effects into account. The 

primary threshold values without lifetime effects are larger than those including lifetime effects 

by 0.08 – 0.27 eV. For x = 6 – 9, these kinetic shifts gradually increase as the complexes get larger 

because of the increased number of degrees of freedom. For x = 4 and 5, the lifetime effects have 

the largest threshold changes (0.27 and 0.16 eV, respectively), a consequence of the added 

complexities associated with the competing CS channels for these two systems. Table 3 also 

includes values of entropies of activation, S†
1000, which represent the looseness of the TSs. All 

of the values for water loss are positive, consistent with loose PSL TSs. Those for the CS TSs are 

also positive, a reflection of the floppiness of these structures, Fig. 3. 

Fig. 4 shows a typical example of the modeling of the total cross section (which is identical 

to that obtained for the sequential model shown, as discussed further below). As noted above, for 

most complex sizes, dissociation of metastable intermediates was observed at low energies. 

Therefore, in contrast to most systems we have studied, reactant species whose Maxwellian 

internal energy distribution included populations exceeding the threshold for dissociation were not 

truncated from the reactants. As shown in Fig. 4, this permits reasonable reproduction of the 

“exothermic tails” in these cross sections. Notably, the model shows a larger tail than the 

experiment. Because the model assumes all metastable ions survive to enter the collision cell, this 

comparison demonstrates that some of these metastable ions dissociate during their flight time 

from the ion source. 
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Thermochemical results for competitive water loss versus charge separation. For 

Mn2+(H2O)4 and Mn2+(H2O)5, water loss and charge-separation processes are competitive primary 

dissociation pathways, as shown in Fig. 1e and 1f. These dissociative pathways are modeled 

simultaneously using Eq. (4) with optimum modeling parameters also included in Table 3. The 

measured E0 values for water loss are essentially unaffected by including the competition with the 

CS products. Competitive analysis of the x = 5 cross sections measures a dissociation threshold 

for a single water molecule loss of 1.12 ± 0.07 eV and a threshold for TS[2+2] of 1.40 ± 0.07 eV, 

such that reaction (1) is energetically favored by 0.28 ± 0.03 eV compared to the CS reaction (7). 

A competitive pathway analysis for Mn2+(H2O)4 yields a threshold for water loss of 1.77 ± 0.06 

eV and for CS over TS[2+1] of 1.48 ± 0.08 eV. Here, the CS reaction (8) is favored over reaction 

(1) by 0.29 ± 0.03 eV. As a consequence, in-source fragmentation of the x = 4 complex will no 

longer form smaller Mn2+(H2O)x complexes, as observed experimentally.  

Thermochemical results for sequential dissociation. Thermochemical results for the 

secondary water loss thresholds using the sequential model for analysis are also reported in Table 

3. The sequential secondary water losses were modeled by simultaneously analyzing the primary 

and secondary dissociation product cross-sections using Eqs. (4) and (4 × 6), where the difference 

between the primary and secondary thresholds is an independent measurement of the BDE for 

Mn2+(H2O)x-1 dissociating to Mn2+(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 [54]. As shown by the example in Fig. 4, both product cross sections and their 

total are reproduced well over extended magnitudes and energy ranges (~ 2 eV) in the sequential 

analysis. Direct comparison of the models for the total cross section versus the sequential models 

of the primary water loss cross sections show that the analogous σ0, n, and E0 values nearly match. 

Thus, threshold energies for the primary water loss channels are largely unaffected by 

consideration of the secondary water loss channel. 
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The sequential dissociation at x = 5 is modeled as the (5,0) → (4,0) + H2O → (3,0) + 2H2O 

process; however, these dissociations compete with the CS reactions (7) and (8). Thus, the 

sequential process was analyzed including competition with the CS products and the results are 

shown in Fig. 5. Thresholds measured are 1.12 ± 0.07 and 2.87 ± 0.14 eV for the first and second 

water loss, respectively, with a difference between the thresholds of 1.75 ± 0.07 eV, equal to 

D0[Mn2+(H2O)3-H2O]. This value is within the experimental uncertainties of the threshold for the 

primary water loss channel from Mn2+(H2O)4, 1.77 ± 0.06 eV. For the competitive CS processes, 

the barrier height measured for TS[2+1] is 2.70 ± 0.15 eV, 1.58 ± 0.08 eV above the primary water 

loss threshold. This value is comparable with the barrier height of TS[2+1], 1.48 ± 0.08 eV, found 

by analyzing the primary dissociations of Mn2+(H2O)4. 

The sequential dissociation at x = 4 is similar to x = 5 and is modeled as (4,0) → (3,0) + 

H2O → (2,0) + 2H2O processes. Again, these water loss dissociations compete with the CS 

processes of reactions (8) and (9). The sequential process was analyzed including competition with 

the CS products and the thresholds measured are 1.77 ± 0.06 and 3.90 ± 0.06 eV for the first and 

second water loss for x = 4, respectively. The difference between the thresholds is 2.12 ± 0.04 eV, 

which provides the BDE of Mn2+(H2O)3. For the secondary CS process forming MnOH+H2O + 

H+H2O, the threshold is measured as 3.24 ± 0.04 eV, 1.47 ± 0.03 eV above the threshold for 

primary water loss. This value is the barrier height of TS[1+1] and lies 0.67 ± 0.05 eV lower than 

the secondary water loss channel. Thus, as for x = 4, the CS process from x = 3 is energetically 

favored compared to water loss.   

Conversion of 0 K hydration energies to 298 K values. In all cases, the threshold 

energies obtained including lifetime effects are assigned as the 0 K BDEs. To convert to 298 K 

bond enthalpies (ΔH298) and Gibbs energies (ΔG298) of dissociation, a rigid rotor/harmonic 

oscillator (RR/HO) approximation using vibrational frequencies (scaled by 0.989) and rotational 

constants calculated at the B3LYP/6-311+G(d,p) level of theory was used to determine ΔH298-ΔH0 

and TΔS298 values for dissociation, Table 4. The uncertainties in the conversion factors were 

obtained by scaling the vibrational frequencies up and down by 10%. Limitations in these 
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conversions include the fact that some of the low vibrational frequencies that correspond to 

torsional motions may not be accurate. Further, the accuracy of these frequencies for tight 

transition states is not as well calibrated as for stable molecules. The 298 K hydration enthalpies 

(ΔH298) track the trends from the 0 K hydration energies (ΔH0) discussed below. The Gibbs 

energies of dissociation (ΔG298) decrease with increasing number of water ligands for all 

complexes observed.  

 

DISCUSSION 

Comparison of primary and secondary experimental bond energies. Primary and 

secondary experimental hydration enthalpies at 0 K for the loss of water from Mn2+(H2O)x (x = 3 

- 9) complexes are compared in Table 5. In previous spectroscopic and theoretical work on the 

hydration of Zn2+ [69], the most accurate interpretations of the data were from relative energies 

and GSs predicted at the MP2 level of theory. As discussed above, the same appears to be true for 

Mn2+ as well. Therefore, Table 5 lists BDEs from MP2 predicted GSs except for x = 6 where (5,1) 

is included because spectroscopic experiments [69] suggest its presence at 298 K. (Notably, GSs 

predicted by other levels of theory have experimental BDEs that are within 5 kJ/mol, so the final 

experimental values are not sensitive to which GS is assumed.) Secondary BDEs obtained from 

the difference between the primary and secondary thresholds agree fairly well with the 

corresponding primary BDEs, but are generally higher. The only exception is x = 4, where the 

threshold energy from the primary analysis is ~ 6 kJ/mol higher but within the combined 

uncertainties of the sequential threshold energy. Overall, the mean absolute deviation (MAD) 

between the primary and secondary values is 12 ± 4 kJ/mol, which is somewhat larger than the 

mean experimental uncertainties of either set of values. Such differences are comparable to those 

obtained for other metal systems, including Mg2+(H2O)x (7 kJ/mol), Ca2+(H2O)x (12 kJ/mol), 

Sr2+(H2O)x (7 kJ/mol), Ba2+(H2O)x (16 kJ/mol), Cd2+(H2O)x (7 kJ/mol), Fe2+(H2O)x (4 kJ/mol), 

Co2+(H2O)x (8 kJ/mol), and Ni2+(H2O)x (23 kJ/mol) complexes [16, 20-22, 24-26, 70]. 
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The largest discrepancy between the primary and secondary threshold energies is found for 

x = 6 (17.7 kJ/mol). It is possible this is because the two measurements actually refer to different 

isomers. As noted above, the analysis of the primary BDE for x = 6 assumes that the complex has 

the 298 K structure, which could be either (6,0) according to M06 and MP2 theory, (5,1) according 

to B3LYP and B3P86 theory, or isoenergetic according to B3LYP-GD3BJ. In contrast, the 

secondary BDE for x = 6 comes from the decomposition of (6,1), which should dissociate to (6,0), 

the 0 K GS at all levels of theory, and then to (5,0). The assignment of these BDEs is discussed 

further in the next section.  

Trends in the primary and secondary experimental Mn2+(H2O)x BDEs are shown in Fig. 6. 

In general, as the complex size increases from Mn2+(H2O)3 to Mn2+(H2O)9, the hydration energies 

decrease. BDEs decrease rapidly from x = 3 to 7, whereas for x = 7 – 9, the BDEs are fairly similar 

(within 4 kJ/mol). The latter result is consistent with putting the 7th – 9th ligands in the second 

solvent shell with similar binding, Fig. 2.  

Comparison of experimental and theoretical bond energies. Table 5 also includes 

theoretical 0 K hydration BDEs for the loss of water from Mn2+(H2O)x (x = 1 – 9) complexes with 

and without counterpoise (cp) corrections. The counterpoise corrected values are shown in Fig. 6. 

Our experimental values agree well with calculated 0 K hydration enthalpies at the B3LYP, 

B3P86, and MP2 levels of theory, with MADs of 4 – 6 kJ/mol for primary BDEs and 6 – 8 kJ/mol 

for the secondary BDEs. M06 predicts higher BDEs than the other methods for all complex sizes 

except x = 1 and 2, and as a result has greater deviations from the experimental values, 16 and 10, 

respectively. When the cp correction is not included, the agreement with primary experimental 

BDEs worsens for all levels of theory.  

For x = 3 and 4, the B3LYP, B3P86, and MP2 levels of theory agree with the experimental 

values relatively well for both primary and secondary BDEs. The primary BDE for x = 5 agrees 

with B3LYP, B3P86, and MP2 within experimental uncertainty. For x = 6, it can be seen that the 

primary BDE does not change appreciably whether the data are interpreted as the (5,1) or the (6,0) 

complex, 85.9 and 87.8 kJ/mol, respectively. Both of these values agree well with the calculated 
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BDEs for the (5,1)_AbAb complex at all levels of theory, and also with the (6,0) complex for the 

B3LYP and B3P86 approaches. Likewise, the B3LYP-GD3BJ approach finds BDEs of 86.3 and 

87.9 kJ/mol, respectively, also in agreement with the primary experimental BDEs. In contrast, the 

secondary BDE of 105.5 ± 2.5 kJ/mol agrees nicely with the MP2 value for the (6,0) complex, 

101.7 kJ/mol. As noted above, the MP2 approach predicts relative energies of the (6,0) and (5,1) 

complexes that agree better with the spectroscopic observations of O’Brien and Williams. Thus, 

as discussed above, it is plausible that the primary BDE corresponds to (5,1), while the secondary 

BDE can be associated with (6,0).  

For larger complexes, x = 7 – 9, the primary BDEs are overestimated by 1 – 9 kJ/mol for 

B3LYP, 5 – 7 for B3P86, and 1 – 5 for MP2 levels, with M06 too large by 7 – 12 kJ/mol. All levels 

of theory lie below the secondary BDEs for x = 7 and 8, which could suggest that these 

experimental values may be too high. For x = 7 and 8, O’Brien and Williams saw evidence for 

(5, x-5) structures and concluded the average coordination number was slightly less than 6. As 

noted above, this observation indicates that the (6, x-6) complexes must be the GSs but that some 

(5, x-5) complexes may be present in the ion beams formed at 298 K. A small contribution of the 

less stable (5, x-5) complexes may explain the slightly lower experimental primary BDEs 

compared to the theoretical results.  

Overall, B3LYP, B3P86, and MP2 levels of theory provide comparable reproduction of 

the experimental values for both primary and secondary BDEs, with mean absolute deviations 

(MADs) of < 6 and < 8 kJ/mol, respectively, whereas M06 is generally too high. Notably, if the 

primary and secondary BDEs for x = 6 are assigned to (5,1) and (6,0), respectively, the MAD for 

MP2 calculations declines from 5.9 to 4.0 kJ/mol, whereas those for B3LYP and B3P86 remain 

the same within 0.2 kJ/mol.  

Charge separation: energetic barriers. Table 6 presents the barrier heights measured and 

calculated for the charge separation (CS) processes of Mn2+(H2O)x, where x = 3 – 5, and compares 

them with the experimental and predicted energies for water loss dissociation pathways. The likely 

rate-limiting TS structures for CS are shown in Fig. 3, and in each case, correspond to heterolytic 
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cleavage of an O-H bond. For the (3,0) complex, the water loss dissociation pathway is predicted 

to be 201 – 215 kJ/mol, in good agreement with the experimental value of 205 ± 3 kJ/mol. The CS 

process, reaction (9), has an experimental threshold of 140 ± 4 kJ/mol. This value lies somewhat 

above the calculated barrier heights of TS[1+1], although the M06 and MP2 values of 117 and 118 

kJ/mol are in reasonable agreement. Certainly, theory correctly predicts that TS[1+1] is much 

lower in energy than the water loss channel (by 83 – 109 kJ/mol), whereas experiment obtains a 

difference of only 65 ± 5 kJ/mol. Theory also predicts that the MnOH+H2O + H+H2O products lie 

54 – 87 kJ/mol below the Mn2+(H2O)3 reactant. 

 For x = 4, the CS process is reaction (8), where Mn2+(H2O)4 dissociates into MnOH+(H2O)2 

+ H+H2O via TS[2+1]. Here, B3LYP and B3P86 levels predict TS energies within experimental 

uncertainty and also closely agree with the experimental value for the water loss pathway. As for 

TS[1+1], M06 and MP2 yield TS energies about 20 kJ/mol above those for B3LYP and B3P86. 

The barrier height of TS[2+1] is 1 – 27 kJ/mol lower than the water loss dissociation pathway 

according to theory, compared with an experimental difference of 28 ± 10 kJ/mol. We also mapped 

out the reaction coordinates for this CS pathway, as shown in Fig. 7. The (4,0) GS requires 

movement of one water ligand to the second solvent shell to form the (3,1)_A complex. Cleavage 

of an OH bond in this complex leads to TS[2+1] which dissociates into MnOH+(H2O)2 and H+H2O. 

These products lie 3 – 25 kJ/mol below the reactant complex according to DFT and 6 kJ/mol above 

according to MP2, Table 6.  

The CS channel of Mn2+(H2O)5 forms MnOH+(H2O)2 + H+(H2O)2 in reaction (7) via 

TS[2+2]. B3LYP and B3P86 predict this TS lies near 90 kJ/mol, well below the experimental 

value of 135 ± 7 kJ/mol, whereas M06 and MP2 predict higher barriers, in reasonable agreement 

with experiment. In addition, B3LYP and B3P86 predict that water loss occurs at higher energies 

than the CS reaction (7), whereas M06 and MP2 predict the reverse, which agrees with 

experimental observation. Overall, formation of the final products in the CS reaction (7) is 

exothermic, with DFT levels of theory predicting the reaction to be more exothermic than the M06 

and MP2 by 42 – 50 kJ/mol. To investigate this CS process further, a complete reaction coordinate 
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for the decomposition of Mn2+(H2O)5 was investigated theoretically, as shown in Fig. 8. (It can be 

noted that the pathway shown here may not be unique.) The (5,0) GS of x = 5 moves one water 

ligand into the second solvent shell to form the (4,1)_AA complex, which then rearranges into 

(3,2)_3D_AA,A when another water ligand moves to the second solvent shell. This second shell 

water then transfers to form (3,2)_D,DD_AA,A, where the complex can rearrange further into 

(3,1,1)_AAD_A and (3,1,1)_AD_A complexes. The latter complex is the obvious precursor to 

TS[2+2]. Notably, B3LYP and B3P86 levels of theory predict that the barrier height of TS[(3,2)-

(3,1,1)] is higher than TS[2+2] by 5 – 6 kJ/mol, whereas M06 and MP2 predict the opposite by 8 

– 20 kJ/mol. All four levels of theory have the TS[(3,2)-(3,1,1)] barrier height lower than the water 

loss pathway, such that B3LYP and B3P86 still predict the CS barrier height is lower than that for 

water loss. Hence, M06 and MP2 levels of theory more accurately represent the experimental 

behavior, with MP2 reproducing the experimental values of both pathways the best, Table 6.   

As discussed above and seen in Fig. 1, the experimental cross sections show that CS occurs 

for Mn2+(H2O)x, where x = 3 – 5. From earlier definitions of critical size, the maximum value of x 

at which CS is competitive with the simple water loss, xcrit for Mn2+(H2O)x would be 5; however, 

our competitive analysis shows that the CS process is energetically disfavored over water loss for 

x = 5. Using the energy-dependent definition of the critical size [18], the largest value of x at which 

CS is energetically favored over the loss of a water ligand, xcrit for Mn2+(H2O)x is 4, Table 6. This 

xcrit value for Mn2+ agrees with that suggested by Shvartsburg and Siu [15] but differs from the xcrit 

= 3 value of Kebarle and co-workers [5, 6, 12]. In both reports, their experimental observations do 

not allow the MnOH+(H2O)y and H+(H2O)x-y-1 products to be linked to each other nor to the 

corresponding reactants; therefore, it is difficult to definitively determine the operative reaction 

pathways in those studies.  

 

CONCLUSION 

The kinetic energy dependent cross sections for collision-induced dissociation of 

Mn2+(H2O)x complexes, where x = 4 – 9, were determined using guided ion beam tandem mass 
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spectrometry to complement previous studies of the hydration of late 3d transition metal dications 

[18, 19, 24-27]. The dominant CID pathway for all complexes studied is the loss of a single water 

ligand from the reactant ion. The kinetic energy dependent cross sections were analyzed to 

determine the primary and secondary bond dissociation energies (BDEs) for losing one and two 

water molecules from the reactant complexes. The BDEs decrease significantly from x = 3 – 5, 

where the water ligands are directly bound to the metal center, whereas BDEs for x = 7 – 9 

complexes are similar to each other, consistent with water ligands being lost from the second 

solvent shells in comparable binding motifs. For x = 6, previous spectroscopic evidence suggests 

both (6,0) and (5,1) complexes are present at room temperature, such that the primary threshold 

may be assigned to the (5,1) complex, whereas the secondary threshold is almost certainly the (6,0) 

complex. Theoretical calculations of these hydration energies gave reasonable agreement with the 

experimental primary and secondary BDEs within their uncertainties. MP2 theory more accurately 

describes the relative energies of the x = 6 complexes compared to the DFT approaches and yields 

the best reproduction of the primary and secondary thresholds for this complex as well. 

 CS processes are observed for x = 3 – 5 complexes and involve Coulomb barriers to form 

the pair of singly charged products. Accurate analysis of these complexes requires consideration 

of the competition between water loss and the CS reactions and allows quantitative measurement 

of the Coulomb barriers for all three CS processes observed. Using the energy dependent definition 

of xcrit, we definitively determine the critical complex size is 4, which agrees with M06 and MP2 

theory, but not with B3LYP and B3P86. 
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Table 1. Theoretical Relative Enthalpies (H0) and Gibbs Energies (G298)
a (kJ/mol) for Hydrated Manganese Complexes a 

 Complex (m,n,p)b B3LYP B3P86 M06 MP2(full) 

Mn2+(H2O)3 (3,0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

 (2,1) 58.7 (58.4) 53.8 (53.5) 72.9 (72.6) 71.7 (71.4) 

Mn2+(H2O)4 (4.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

 (3,1)_AA  53.4 (59.1) 51.4 (57.2) 67.7 (73.4) 57.7 (63.4) 

 (3,1)_A 49.2 (45.0) 46.6 (42.5) 72.1 (67.9) 59.1 (55.0) 

Mn2+(H2O)5 (5,0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

 (4,1)_AA 8.9 (8.2) 7.8 (7.1) 27.1 (26.4) 18.5 (17.8) 
 (4,1)_A 10.6 (6.9) 9.3 (5.6) 35.2 (31.6) 24.5 (20.8) 

Mn2+(H2O)6 (6,0) 0.0 (4,1) 0.0 (5.5) 0.0 (0.0) 0.0 (0.0) 

 (5,1)_AbAb 2.9 (0.0) 1.5 (0.0) 26.2 (19.3) 15.0 (8.0) 

 (5,1)_Aa 10.1 (1.4) 8.9 (1.7) 38.7 (26.0) 25.5 (12.8) 

 (4,2)_4D_2AA 9.3 (13.0) 6.7 (11.8) 50.2 (49.9) 30.9 (30.6) 

Mn2+(H2O)7 (6,1)_AA 7.7 (4.2) 8.9 (5.4) 0.0 (0.0) 0.0 (0.0) 

 (5,2)_4D_2AbAb 0.0 (0.0) 0.0 (0.0) 13.5 (17.0) 4.3 (7.8) 

 (4,3)_4D_2A,AA 16.2 (3.2) 15.0 (2.0) 58.7 (49.2) 37.6 (28.1) 

Mn2+(H2O)8 (6,2)_4D_2AAg 6.1 (4.3) 7.1 (5.3) 0.0 (0.0) 0.0 (0.0) 

 (6,2)_4D_2AAt 11.1 (6.0) 11.9 (6.8) 5.8 (2.5) 5.1 (1.8) 

 (5,3)_4D,DD_2AbAb,AbAa 0.0 (0.0) 0.0 (0.0) 14.3 (16.1) 6.5 (8.3) 

 (4,4)_2D,2DD_2A,2AA 16.2 (6.4) 15.6 (5.8) 58.1 (50.1) 38.4 (30.4) 

Mn2+(H2O)9 (6,3)_6D_3AA 0.0 (1.4) 0.0 (0.9) 0.0 (0.0) 0.0 (0.0) 

 (5,4)_4DD_4AbAb 0.5 (0.0) 1.0 (0.0) 19.5 (17.5) 12.8 (10.9) 

 (4,5)_D,3DD_3A,2AA 18.2 (4.7) 17.3 (3.3) 70.0 (55.0) 48.7 (33.8) 
aG298 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. bSee text for definitions of 

the nomenclature. 
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Table 2. Theoretical Relative Gibbs Energies (G) at 215 and 305 K (kJ/mol) for Mn2+(H2O)6 and Their Boltzmann Distributionsa 

aExcept as noted, 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. Thermal corrections at 215 and 305 K included. bGeometries were optimized at the 

B3LYP-GD3BJ/6-311+G(d,p) level and values are single-point energies calculated using a 6-311+G(2d,2p) basis set. Thermal 

corrections at 215 and 305 K are included.

Temperature Complex (m,n,p) B3LYP B3LYP-GD3BJb B3P86 M06 MP2(full) 

215 K (6,0) 2.8 15.4% 0.0 71.0% 4.2 7.8% 0.0 100.0% 0.0 99.4% 

 (5,1)_AbAb 0.0 73.3% 1.7 28.0% 0.0 81.1% 20.6 0.0% 9.3 0.6% 

 (5,1)_Aa 3.3 11.3% 7.6 1.0% 3.6 11.1% 29.2 0.0% 16.0 0.0% 

            

305 K (6,0) 4.2 10.7% 0.0 44.8% 5.6 6.7% 0.0 99.9% 0.0 95.1% 

 (5,1)_AbAb 0.0 55.5% 0.0 44.3% 0.0 59.9% 19.2 0.1% 7.9 4.2% 

 (5,1)_Aa 1.3 33.8% 3.6 10.9% 1.5 33.4% 25.7 0.0% 12.5 0.7% 
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Table 3. Optimized Parameters from Analysis of Cross Sections for Collision-Induced 

Dissociation of Mn2+(H2O)x Using Eqs. (4) and (4 × 6) 
a 

x Reactant Product σ0 n 
E0 (PSL) 

(eV) 

E0 (No 

RRKM) 

(eV) 

ΔS†
1000  

(J/mol K) 

4 (4,0) (3,0)b 70 (7) 0.4 (0.2) 1.77 (0.06) 2.04 (0.15) 29 (5) 

  TS[2+1]c 1 (1)   1.48 (0.08)   32 (1) 

  (2,0)d 130 (50)   3.90 (0.06)   23 (5) 

  TS[1+1]d 22 (1)   3.24 (0.04)   17 (1) 

5 (5,0) (4,0)b 68 (3) 0.8 (0.1) 1.12 (0.07) 1.28 (0.15) 48 (5) 

  TS[2+2]c 85 (44)   1.40 (0.07)   81 (12) 

  (3,0)d     2.87 (0.14)   23 (5) 

  TS[2+1]d     2.70 (0.15)   32 (1) 

6 (5,1) (5,0)b 80 (5) 1.1 (0.1) 0.89 (0.05) 0.97 (0.07) 77 (4) 

 (6,0) (5,0)b 79 (7) 1.1 (0.2) 0.91 (0.05) 1.00 (0.08) 68 (5) 

  (4,0)e 77 (13)   2.17 (0.05)   58 (5) 

7 (5,2) (5,1)b 107 (7) 0.8 (0.1) 0.78 (0.04) 0.87 (0.05) 65 (4) 

 (5,2) (6,0)b 106 (6) 0.8 (0.1) 0.74 (0.04) 0.87 (0.05) 57 (4) 

 (6,1) (6,0)b 107 (7) 0.8 (0.1) 0.74 (0.04) 0.91 (0.05) 27 (4) 

  (5,0)e 108 (8)   1.84 (0.03)   60 (5) 

8 (5,3) (5,2)b 95 (11) 1.0 (0.1) 0.73 (0.04) 0.84 (0.07) 55 (4) 

 (6,2) (6,1)b 97 (11) 1.0 (0.1) 0.74 (0.04) 0.86 (0.07) 71 (4) 

  (6,0)e 91 (11)   1.58 (0.06)   20 (5) 

9 (5,4) (5,3)b 92 (4) 0.9 (0.1) 0.69 (0.03) 0.83 (0.04) 46 (4) 

 (6,3) (6,2)b 93 (5) 0.9 (0.1) 0.70 (0.04) 0.84 (0.05) 66 (4) 

  (6,1)e 93 (5)   1.57 (0.05)   68 (5) 
aUncertainties (one standard deviation) in parentheses. Parameters listed are those for modeling 

with lifetime effects (PSL) considered. bSingle channel modeling of total cross section using Eq. 

(4).  cCompetitive modeling of primary water loss and charge separation cross sections using Eq. 

(4). dCompetitive sequential modeling of primary water and charge separation losses and 

secondary water loss cross sections using Eqs. (4) and (4 × 6). eSequential modeling of primary 

product and secondary cross sections using Eqs. (4 × 6). 
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Table 4. Conversion of 0 K BDEs to 298 K Enthalpies and Gibbs Energies (kJ/mol) for Mn2+(H2O)x
a 

x Reactant Product ΔH0
b ΔH298-ΔH0

c ΔH298 TΔS298
c ΔG298 

3 (3,0) (2,0) 204.7 (3.4) -8.1 (0.9) 196.6 (3.5) -18.7 (2.6) 215.3 (4.4) 
  TS[1+1] 140.2 (4.1) -6.9 (0.6) 133.3 (4.1) -45.7 (1.4) 179.0 (4.4) 

4 (4,0) (3,0) 170.9 (5.9) 1.6 (0.5) 172.5 (5.9) 34.6 (1.3) 137.9 (6.1) 
  TS[2+1] 142.9 (7.7) 3.3 (0.2) 146.2 (7.7) 11.9 (0.1) 134.3 (7.7) 

5 (5,0) (4,0) 107.8 (7.0) 3.1 (0.6) 110.9 (7.0) 39.5 (1.3) 71.4 (7.1) 
  TS[2+2] 135.4 (7.1) 6.5 (1.3) 141.9 (7.2) 27.5 (2.9) 114.4 (7.8) 

6 (6,0) (5,0) 87.4 (4.9) 1.7 (0.5) 89.1 (4.9) 45.7 (1.4) 43.4 (5.1) 

7 (6,1) (6,0) 71.6 (4.0) 2.9 (0.4) 74.5 (4.0) 32.3 (1.1) 42.2 (4.2) 

8 (6,2) (6,1) 71.8 (4.1) 4.3 (0.4) 76.1 (4.1)  45.9 (1.0) 30.2 (4.2) 

9 (6,3) (6,2) 67.7 (3.6) 4.2 (0.5) 71.9 (3.6) 44.3 (1.0) 27.6 (3.8) 
aUncertainties (one standard deviation) in parentheses. bValues are primary thresholds from Table 3 except for x = 3 which is a secondary 

value. cValues were calculated from the vibrational frequencies and rotational constants calculated at the B3LYP/6-311+G(d,p) level of 

theory. Uncertainties were found by scaling the vibrational frequencies up and down by 10%. 
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Table 5. Comparison of Experimental and Theoretical 0 K Hydration Energies (kJ/mol) for Mn2+(H2O)x 

x Reactant Product Primarya Secondarya B3LYPb B3P86b M06b MP2(full)b 

1 (1,0) Mn2+     336.5 (338.6) 338.4 (340.5) 322.5 (324.8) 306.3 (313.5) 

2 (2,0) (1,0)     285.0 (287.8) 288.4 (291.3) 275.5 (278.7) 268.2 (277.0) 

3 (3,0) (2,0)   204.7 ± 3.4 205.5 (208.3) 208.3 (211.1) 215.3 (218.1) 201.0 (209.8) 

4 (4,0) (3,0) 170.9 ± 5.9 164.5 ± 2.2 162.6 (165.3) 165.1 (167.9) 183.4 (186.3) 162.9 (171.8) 

5 (5,0) (4,0) 107.8 ± 7.0 121.7 ± 3.4 105.1 (108.1) 107.7 (110.8) 129.7 (133.1) 111.7 (121.7) 

6 (6,0) (5,0) 87.8 ± 4.9 105.5 ± 2.5 92.8 (96.1) 94.8 (98.2) 121.7 (125.4) 101.7 (112.6) 

 (5,1) (5,0) 85.9 ± 4.9   90.1 (93.2) 93.6 (96.6) 96.3 (99.2) 88.7 (97.6) 

7 (6,1) (6,0) 71.6 ± 4.0 80.6 ± 3.9 74.0 (77.0) 77.0 (80.1) 78.5 (81.3) 73.2 (82.0) 

8 (6,2) (6,1) 71.8 ± 4.1 83.6 ± 4.3 74.9 (77.8) 77.6 (80.6) 80.3 (83.0) 74.7 (83.2) 

9 (6,3) (6,2) 67.7 ± 3.6   73.0 (75.9) 75.4 (78.4) 79.1 (81.8) 72.8 (81.1) 

MADc   4.9d   11.8  4.5 (5.7) 5.3 (7.4) 15.8 (18.9) 5.9e (12.5) 

MADf     3.3d  7.9 (6.1) 6.4 (5.3) 9.9 (11.3) 5.9 (3.6) 
aValues from Table 3. bTheoretical values with (and without) cp correction. Single point energies calculated at the indicated level of 

theory using 6-311+G(2d,2p) basis set and B3LYP/6-311+G(d,p) geometries and zero-point energy corrections. cMean absolute 

deviations from primary experimental BDEs using (6,0) value. dMean experimental uncertainty. eValue drops to 4.0 if the primary BDE 

for x = 6 is assigned to (5,1).  fMean absolute deviations from secondary experimental BDEs using (6,0) value. 
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Table 6. Comparison of 0 K Transition State Energies and Hydration Enthalpies (kJ/mol)  

x Reactant Product Experiment B3LYPa B3P86a M06a MP2(full)a 

3 (3,0) (2,0) 205 ± 3b 205 208 215 201 

  TS[1+1] 140 ± 4c 100 99 117 118 

  MnOH+H2O + H+H2O   -85 -87 -67 -54 

4 (4,0) (3,0) 171 ± 6b 163 165 183 163 

  TS[2+1] 143 ± 8c 140 139 160 162 

  MnOH+(H2O)2 + H+H2O   -24 -25 -3 6 

5 (5,0) (4,0) 108 ± 7b 105 108 130 112 

  TS[(3,2)-(3,1,1)]   97 95 130 105 

  TS[2+2] 135 ± 7c 92 89 138 125 

  MnOH+(H2O)2 + H+(H2O)2   -63 -67 -17 -21 
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 3 using the primary 

dissociation channel model for x = 4 – 5 and the sequential model for x = 4 to yield the x = 3 values listed here. cValues taken from Table 

3 calculated by competitive analysis model, Eq. (4).
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Figure 1. (continued) 



37 

 

 
 

Figure 1. Cross sections for collision-induced dissociation of Mn2+(H2O)x where x = 4 – 9 (parts a – f) 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 the labels, w represents H2O. 
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(5,1)_Aa 

 
(6,1)_AA 

 
(5,2)_4D_2AbAb 

Figure 2. Geometries for the predicted ground structures of Mn2+(H2O)x complexes, x = 3 – 9, 

as optimized at the B3LYP/6-311+G(d,p) level of theory.   
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                     (6,2)_4D_2AAg                   (5,3)_4D,DD_2AbAb,AbAa 

 

(6,3)_6D_3AA (5,4)_4DD_4AbAb 

Figure 2. (continued) 
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Figure 3. Possible rate-limiting charge separation transition states for reactions (7) – (9). 

Structures were optimized at the B3LYP/6-311+G(d,p) level of theory. TS[x + (x – y –1)] 

designates x, the number of water molecules directly bound to the MnOH+ center, and (x – y –

1), indicates the number of water molecules bound to the leaving H+. Bond lengths for the O-

H bond being broken (dashed line) are provided in Å. 
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Figure 4. Zero-pressure extrapolated cross sections for the CID of Mn2+(H2O)8 with higher order 

products not included. 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 3. In the labels, w represents H2O.  
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Figure 5. Zero-pressure extrapolated cross sections for the CID of Mn2+(H2O)5. Solid lines show 

the best fits to the cross sections for primary water loss (open circles), the competing charge 

separation products (closed circles), secondary water loss (open triangles), and the competing 

charge separation products (closed triangles) using Eqs. (4) and (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 3.   

In the labels, w represents H2O.
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Figure 6. Comparison of experimental primary (black solid circles) and secondary (dark red solid 

circles) 0 K bond energies with theoretical B3LYP (open green up triangles), B3P86 (open blue 

down triangles), M06 (open pink squares) and MP2 values (open red diamonds), including cp 

corrections. Structures that are used for the theoretical BDE calculations are indicated in 

parentheses. For x = 7 – 9, B3LYP and B3P86 levels of theory predict (5, x-5) GSs, whereas M06 

and MP2 predict (6, x-6) GSs.  
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Figure 7. Reaction coordinates for water loss (blue) and charge separation (red) pathways of Mn2+(H2O)4 from the (4,0) GS. Single 

point energies were calculated at the B3LYP (solid line) and MP2 (dashed line) levels of theory with the 6-311+G(2d,2p) basis set and 

include zero-point energies.
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Figure 8. Reaction coordinates for water loss (blue) and charge separation (red) pathways of Mn2+(H2O)5 from the (5,0) GS. Single 

point energies were calculated at the B3LYP (solid line) and MP2 (dashed line) levels of theory with the 6-311+G(2d,2p) basis set and 

include zero-point energies. 


