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Abstract 

The heats of formation of the carbonate, bicarbonate and bicarbonate/hydroxide metal complexes, 

including hydrates, of Mg2+, Ca2+, Fe2+, and Cd2+, and the oxides, dichlorides, and dihydroxides 

are predicted from atomization energies using correlated molecular orbital theory at the CCSD(T) 

level extrapolated to the complete basis set limit following the Feller-Peterson-Dixon (FPD) 

approach. Using the calculated gas phase values and the available experimental solid state values, 

we predicted the cohesive energies of selective minerals. The gas phase decomposition energies 

into MO, CO2 and H2O follow the order Mg ~ Ca > Cd ~ Fe, and correlate with the hardness of 

the metal +2 ions. Gas phase hydration energies show that the order is Mg > Fe > Ca ~ Cd. There 

are a number of bulk hydrated Mg and Ca complexes that occur as minerals but there are few if 

any for Fe and Cd, suggesting that a number of factors are important in determining the stability 

of the bulk mineral hydrates. The FPD heats of formation were used to benchmark a range of 
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density functional theory (DFT) exchange-correlation functionals, including those commonly used 

in solid state mineral calculations. None of the functionals provided chemical accuracy agreement 

(± 1 kcal/mol) with the FPD results. The best agreement to the FPD results is predicted for ωB97X 

and ωB97X-D functionals with average unsigned errors of 10 kcal/mol. The worst functionals are 

PW91, BP86, and PBE with average unsigned errors of 32 to 36 kcal/mol.   
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Introduction 

 Metal carbonates play an important role in geological and industrial processes, including 

paleoindicators of conditions relevant to mineral deposition,1,2,3,4,5,6 biomineralization7,8,9,10 large 

scale sinks for CO2,11,12,13,14 environmental remediation,15 precursors for the synthesis of complex 

nanostructures,16,17,18 scale formation in pipelines and oilfields,19 and  properties of cement and 

concrete.20 Although divalent Ca, Mg, Fe, and Cd all exhibit the same oxide structure (NaCl) and 

most stable anhydrous carbonate structure (calcite), their ability to form hydrated carbonate 

minerals is significantly different. Mg2+ forms the largest number of hydrated carbonate minerals 

of all the divalent cations (barringtonite MgCO3•2H2O, nesquehonite MgCO3•3H2O, lansfordite 

MgCO3•5H2O, hydromagnesite Mg5(CO3)4(OH)2•4H2O, dypingite Mg5(CO3)4(OH)2•5H2O, 

pokrovskite Mg2(CO3)(OH)2, and artinite Mg2(CO3)(OH)2•3H2O), whereas Fe2+, which has nearly 

an identical size,21 does not exhibit any known hydrated carbonates. Two hydrated Ca carbonates 

are known in nature (monohydrocalcite CaCO3•H2O, and ikaite CaCO3•6H2O), but no hydrated 

Cd carbonates are known. Although Ca forms the most abundant carbonates found in nature, Mg 

has been shown to play a key role in their formation, likely through the greater ability to bind and 

incorporate water.22,23 Hence quantifying binding energies of coordinated species is important to 

understanding the basis of geochemical observations. 

 Understanding and controlling the formation and transformation of divalent carbonates and 

their hydrates in geological and industrial processes is aided by knowledge of the underlying 

thermodynamics. Whereas thermodynamic data exists for the most common minerals, it is not 

available for mixed carbonates such as Cd incorporation into Ca carbonates, which is important 

for remediation, or for intermediates such as clusters and amorphous species that may form along 

nucleation pathways. Hence, theoretical calculations based on methods such as density-functional 

Page 3 of 42

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 
 

theory (DFT) can be used to address this gap. Unfortunately, widely used DFT methods for total 

energy calculations of crystalline minerals or materials, such as the generalized gradient 

approximation (GGA), have been shown to exhibit nonsystematic errors for reaction enthalpies of 

formation from the metal oxides (MO), water, and CO2,24,25 even with the addition of empirical 

dispersion corrections.26,27,28 (See Table 1) For use in thermodynamic calculations, the DFT-GGA 

calculated heats of formation require corrections for these errors. In order to assess the 

thermodynamic viability of species such as the Fe analogue of nesquehonite FeCO3•3H2O or the 

Cd analogue of ikaite CdCO3•6H2O to address the question of why they have not been observed 

in nature, reliable heats of formation are needed. Moreover, there is a need for benchmarking 

density-functional methods against accurate correlated molecular orbital theory based calculations 

on model complexes that address the range of coordination in hydrated and carbonated complexes 

of Mg, Ca, Fe, and Cd. 

 

Table 1. Error compared to experiment for reaction enthalpies, ΔH (0K) for formation from the 

oxides (MO, CO2, H2O) normalized per metal cation in the stoichiometric formula (kcal/mol) 

PBE+G06 (with empirical dispersion). 

Structure Stoichiometry Mg24 Ca25 Fe 

Brucite (Mg) M(OH)2 0.9 2.8 11.8 

Calcite (Ca) MCO3 6.2 6.9 5.5 

Monohydrocalcite (Ca) MCO3•H2O  2.5  

Nesquehonite (Mg) MCO3•3H2O -1.8   

Lansfordite (Mg) MCO3•5H2O -12.9a   

Ikaite (Ca) MCO3•6H2O  -9.0  

Pokrovskite (Mg) M2(OH)2CO3•3H2O -0.7   

Hydromagnesite (Mg) M5(CO3)4(OH)2•4H2O -19.1   
a Estimated using ab initio thermodynamics and experimental data 
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A variety of computational studies of carbonates and other simple ions such as hydroxide 

have been reported.29,30,31,32,33 Most of these studies have been done on bulk systems using density 

functional theory. In a few cases,34,35 the energetics of smaller clusters have been benchmarked 

against correlated molecular orbital theory. In general, however, it is not clear how accurate such 

methods are for the prediction of thermodynamic quantities of the simple species that make up the 

monomers in mineral systems. We have previously reported reliable calculated gas phase 

thermodynamic properties for a number of simple alkali and alkaline earth compounds in the gas 

phase35,36, 37,38 and then, we used these values to predict the cohesive energy of different solid 

materials using the Feller-Peterson-Dixon (FPD) approach.39,40,41,42 This approach is based on 

extrapolating CCSD(T) energies to the complete basis set limit and including additional 

corrections to the total atomization energy with the goal of achieving chemical accuracy of ± 1 

kcal/mol in the predictions. 

 Our goal in the current work is to provide a set of accurate thermodynamic properties of 

divalent Ca, Mg, Fe, and Cd for carbonates and using the FPD approach where possible. We have 

then benchmarked a set of density functional theory (DFT)43,44,45 functionals that span a range of 

types including those often used in bulk calculations. 

Computational Methods 

All structures were optimized at the DFT level using the B3LYP46,47 hybrid exchange-

correlation functional. These calculations were done with the aug-cc-pVTZ basis set for H, C, and 

O,48,49 as well as for Mg and Ca,50,51 and with the aug-cc-pVTZ-PP basis sets with effective core 

pseudopotential (ECP)52 for Fe53 and Cd.54 We denote these basis sets as aT. For the simple Mg 

and Ca carbonates and bicarbonates, the B3LYP optimized geometries were reoptimized at the 
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MP2 level 55 , 56  using aT basis sets. All of the above calculations were performed using the 

Gaussian16 software package.57 The geometries for the small molecules (MO, MCl2 and M(OH)2) 

for M = Fe and Cd were optimized at the CCSD(T) level following our previous reported approach 

for the corresponding molecules for M = Mg and Ca.37 

 Coupled cluster R/RCCSD(T) or R/UCCSD(T)58,59,60,61,62,63,64 single point calculations 

were performed at the above optimized geometries to predict accurate thermodynamic properties 

of these molecules. All CCSD(T) calculations were performed using the MOLPRO 2015.1 

program package.65,66 For Fe and Cd carbonates, bicarbonates and the hydrated structures, the 

CCSD(T) calculation were performed using aug-cc-pVnZ basis sets (n = D, T, Q) for H, C and O, 

and aug-cc-pVnZ-PP basis sets for Fe and Cd. The 10 electrons in the 1s2s2p orbitals for Fe and 

the 28 electrons in the 1s2s2p3s3p3d orbitals for Cd67 are modeled by relativistic pseudopotentials 

(PPs). For Mg and Ca carbonates, bicarbonates and the hydrated structures the CCSD(T) 

calculation were performed using aug-cc-pVnZ basis sets for H, C and O, and cc-pwCVnZ basis 

sets for Mg and Ca;50,51 the electrons in the 1s orbitals for the first row elements (C and O) and Mg 

and 1s2s2p orbitals for Ca were not correlated in the calculations. The CCSD(T) energies were 

extrapolated to the complete basis set (CBS) limit by fitting to a mixed Gaussian/exponential (Eq. 

1):68 

E(n) = ECBS + A exp[−(n − 1)] + B exp[−(n − 1)2]      (1) 

where n = 2, 3, and 4 (D, T and Q). 

The extrapolation to the complete basis set limit and additional small corrections were 

calculated following the Feller-Peterson-Dixon (FPD) approach.39,40,41,42 Total atomization 

energies (TAEs or ΣD0) at 0 K were calculated from the following expression (Eq. 2) with Δ 
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referring to the difference between the molecule (reactant) and the atomic products for each energy 

component: 

ΣD0 = ΔECBS + ΔESR + ΔECV + ΔEZPE + ΔESO      (2) 

Additional corrections to the CCSD(T)/CBS energy (ΔECBS) are necessary to reach chemical 

accuracy. The zero point energies (ZPEs) were taken from MP2/aT or B3LYP/aT calculations for 

the new M = Mg and Ca, and from B3LYP/aT level calculations for M = Fe and Cd as these are 

the levels at which the geometries were optimized. The ZPEs for the Mg and Ca diatomics, 

triatomics, and di-hydroxides are from our previous work37 as is that for CdO69 (see Table S43 for 

a summary). The additional core-valence corrections (ΔECV) were calculated at the CCSD(T) level 

with the aug-cc-pwCVTZ basis set70,71 for C and O, cc-pwCVTZ for Mg and Ca atoms,50,51 and 

cc-pwCVTZ-PP (denoted wCVTZ(-PP)) basis sets for M = Fe and Cd.53,54  The electrons in the 1s 

orbitals for C, O and Mg, and the electrons in the 2s2p orbitals for Ca were correlated in the 

calculations. Scalar relativistic corrections (ΔESR) including the pseudopotential corrections (Eq. 

3) were calculated at the second order Douglas-Kroll-Hess (DK)72,73,74 level with the all-electron 

(aug-)cc-pwCVTZ-DK basis sets51,75 (denoted as wCVTZ-DK): 

ΔESR = ΔEwCVTZ-DK - ΔEwCVTZ(-PP)        (3) 

where ΔEwCVTZ-DK and ΔEwCVTZ(-PP) are the valence electronic energy differences calculated at the 

CCSD(T)-DK/awCVTZ-DK and CCSD(T)/awCVTZ(-PP) levels respectively for Cd. This 

correction may involve a minimal amount of double counting for the Cd scalar relativistic effect 

as discussed below; as noted above, this does include a pseudopotential correction. For Fe 

molecules, due to computational reasons, ΔESR was included at the CI-SD (configuration 

interaction singles and doubles) level of theory using the aug-cc-pVTZ basis set. ΔESR is taken as 

the sum of the mass-velocity and 1-electron Darwin (MVD) terms in the Breit-Pauli Hamiltonian.76 
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A potential problem arises in computing the scalar relativistic correction for the molecules with a 

PP present. There is the possibility of “double counting” the relativistic effect on the Fe when 

applying a MVD correction to an energy that already includes most relativistic effects via the 

RECP. Because the MVD operators mainly sample the core region where the pseudo-orbitals are 

small, we assume any double counting to be small as has been found for halogen 

thermodynamics.77 Test cases for Cd showed the MVD and DK approaches were in agreement 

within 0.2 kcal/mol. The atomic spin-orbit corrections (ΔESO) for the heats of formation were taken 

from the experimental values (C = -0.08 kcal/mol, O = -0.22 kcal/mol and Fe = -1.20 kcal/mol).78  

Heats of formation at 0 K were calculated from these TAEs and experimental heats of 

formation of the atoms at 0 K. The values for C, H, O, and Cl are from the Active Thermochemical 

Tables (ATcT)79,80,81 and are: 51.63 ± 0.00 kcal/mol for H, 170.03 ± 0.01 kcal/mol for C, 59.00 ± 

0.00 kcal/mol for O, and 28.59 ± 0.00 kcal/mol for Cl. The values for Mg, Ca, and Fe are from the 

JANAF Tables:82 34.87 ± 0.2 kcal/mol for Mg, 42.38 ± 0.2 kcal/mol for Ca, and 98.7 ± 0.3 

kcal/mol for Fe. The value for Cd is 26.73 ± 0.1 kcal/mol from the Yungman and Wagman 

compilations.83,84 Heats of formation at 298 K were then calculated by following the Curtiss et al. 

procedure85 using thermal corrections for the atoms (H = 1.01 kcal/mol, C = 0.25 kcal/mol, O = 

1.04 kcal/mol, Mg = 1.19 kcal/mol and Ca = 1.37 kcal/mol, Fe = 1.08 kcal/mol and Cd = 1.49 

kcal/mol). The heats of formations of the larger molecules, (mostly for M = Fe) were calculated 

using the hydrolysis energies at CCSD(T)/aT or aD levels as described below. 

The following functionals were used in the DFT benchmarking: PW91,86,87  BP86,88,89 

M06, 90  PBE, 91 , 92  PBE0, 93   B3LYP,46,47 HCTH407, 94 , 95 , 96  HSE06, 97  M06L, 98  τ-HCTH, 99  τ-

HCTHhyb,99 TPSSh,100 ωB97X,101 and ωB97X-D.102,103 The DFT functionals were chosen to span 

a range of types as well as those often used in solid state calculations relevant to geochemical 
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systems. The ZPEs for all of the DFT benchmarks were taken from the DFT (B3LYP/aT) 

calculations (see Table S43). 

All calculations were performed on local parallel high-performance Xeon and Opteron 

based Penguin Computing clusters at The University of Alabama, the DMC computer at the 

Alabama Supercomputer Center, and the large computer in the Molecular Science Computing 

Facility in the William R. Wiley Environmental Molecular Sciences Laboratory at Pacific 

Northwest National Laboratory.  

Results and Discussion 

Molecular Geometries The optimized geometry parameters are reported in the Supporting 

Information (SI) and the pictures are shown in Figure 1 (see Table S44 for a summary of the 

geometries used for each calculation). Some general trends are discussed below. The small 

molecules (MO, MCl2 and M(OH)2) do not show geometry variations with the metal. The 

geometries of MCO3, M(HCO3)2, and M(OH)(HCO3) all have bidentate carbonate binding with 

bite angles (OMO) that vary from 58° to 76° (See table in the SI). The M(HCO3)2 have the two 

bicarbonate groups in approximately perpendicular planes with torsion angles of around 84° to 

86°. The HOC bond angles are ~ 107° bent in M(HCO3)2 and in M(OH)(HCO3). The HOM bond 

angles are bent in M(OH)(HCO3), except for M = Ca, where ∠HOM is calculated to be linear, and 

for M = Mg where ∠HOM is close to being linear.  

The addition of a single H2O to M(HCO3)2 changes the structures, with the smallest change 

observed for the hardest and smallest metal (Mg2+) and the largest geometry changes are observed 

for Cd2+. The hardness was calculated using the formal density functional theory definition of η = 

(IP – EA)/2 where IP is the ionization potential and EA is the electron affinity. The experimental 

values104 for the electron affinity and ionization potential were used (See SI) for the hardness and 
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Shannon radii105 were used for the ionic size. Note that IP = IP3 and EA = IP2 for a +2 ion. The 

largest metal ion is Ca2+, and Cd2+ is just slightly smaller. The softest metal is Fe2+ followed by 

Cd2+. The bicarbonates for M = Mg, Ca, and Fe remain bidentate but for M = Cd, one of the 

bicarbonate ligands becomes monodentate with a hydrogen bond between the H2O and the free O 

on the bicarbonate. For M = Mg, Ca, and Fe, the O-H bond length in H2O and the asymmetric and 

symmetric stretch vibrational frequency and infrared intensities for the bound water molecule are 

similar to each other and to free H2O. For M = Cd where the H2O breaks the bidentate bonding of 

a bicarbonate ligand, a hydrogen bond forms between the water and the free oxygen. For 

Cd(HCO3)2(H2O), the water OH bond distance lengthens by 0.05 Å to 1.01 Å as compared to the 

corresponding OH bond in the water in the Mg(HCO3)2(H2O) complex. For M(HCO3)2(H2O), for 

M = Cd as compared to M = Mg, one O-H stretch of the water decreases by 51 cm-1 but the O-H 

stretch for the hydrogen bonded H decreases by 913 cm-1. The shift is due to the partial proton 

transfer in the Cd structure from the H2O to the HCO3
- ligand with an increase in the O-H distance 

of 0.05 Å and a substantial decrease on the O-H…O hydrogen distance from 2.69 Å to 1.57 Å as 

compared to the Mg structure. There is a substantial increase in the IR intensity for the hydrogen 

bonded mode due to the partial proton transfer.  

Addition of a second H2O to Mg(HCO3)2 to form Mg(HCO3)2(H2O)2, leads to approximate 

octahedral coordination around the metal. Addition of the second H2O to the Ca(HCO3)2 leads to 

a very distorted octahedral environment consistent with the fact that Ca2+ prefers a larger 

coordination number than 6. 106  For Fe, two different structures were optimized, one with 

octahedral coordination and one with two monodentate bicarbonate ligands, each of which is 

bonded to a different H2O molecule. At the CCSD(T) level, the structure with octahedral 

coordination is lower in energy by 1.9 kcal/mol (ΔHf,0K). For Cd(HCO3)2(H2O)2, only one structure 
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was optimized, where both bicarbonates are monodentate and form hydrogen bonds with the H2O 

molecules.  

The addition of two H2O molecules to M(OH)(HCO3) leads to different type of structures 

depending on the M. For M = Mg, Ca, and Cd, the structures are similar with penta-coordination 

at the metal. For M = Fe, tetra-coordination at the metal is predicted with the bicarbonate ligand 

becoming monodentate with a hydrogen bond between the H2O and the free O on the bicarbonate. 

 

 

 

M(HCO3)(OH)(H2O)2M(HCO3)2(H2O)2M(HCO3)2(H2O)

M = Mg

M = Ca

M = Fe

M = Cd
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Figure 1. Optimized structures of the carbonate, di-bicarbonate and bicarbonate/OH- complexes 

with additional water molecules (O = red, H = white, and C = gray). 

 

Water binding to MCO3 leads to different geometries (Figure 1). When one water binds to 

MgCO3 the structure is planar with C2v symmetry. For addition of one H2O to FeCO3 and CdCO3, 

the hydrogen atoms from the water molecules slightly distort out of the plane to give a structure 

with Cs symmetry. For CaCO3, the H2O prefers to bind with an angle of about 130° to the metal-

carbonate plane and one of the H2O hydrogens is oriented toward a ligand oxygen to form a 

hydrogen bond (r = 1.74 Å). This structure is 6.0 kcal/mol (ΔH298(B3LYP)) more stable than the 

corresponding planar C2v structure. The addition of two waters leads to approximate axial binding 

with the (H2)O-M-O(H2) angle varying from 120° to 180°. Addition of a third water leads to 

different orientation of the H2O molecules depending on the metal. M = Fe in MCO3 can take up 

to two waters in the first solvation shell, with the high spin Fe(II) being tetra-coordinate with this 

MCO3(H2O) MCO3(H2O)3MCO3(H2O)2 MCO3(H2O)4

M = Mg

M = Ca

M = Fe

M = Cd
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combination of ligands. The third H2O goes into a second solvation shell. Addition of a fourth H2O 

leads to approximate octahedral bonding at Mg and formation of Ca and Cd complexes with open 

sites. 

Gas Phase Heats of Formation The CCSD(T) heats of formation for the gas phase species are 

given in Table 2. The error bars in the atomic heats of formation of the metals are all smaller than 

estimated errors in the electronic structure calculations. The values for Mg. Ca, and Fe are well-

established as is the value for Cd. We have previously reported FPD values37 for MgO, Mg(OH)2, 

and MgCl2 and the corresponding Ca compounds as well as CdO. Most of the experimental gas 

phase values for MgO are incorrect with only one value,107 36.0 ± 5.0, in agreement with all of the 

calculations as discussed previously. The experimental results for CaO are in better agreement 

with the calculations given the experimental error bars. For MgCl2 and CaCl2 as well as Mg(OH)2 

and Ca(OH)2, good agreement between experiment and the FPD results was found. The heat of 

formation for FeO is in good agreement with the value derived from the experimental dissociation 

energy from spectroscopy108,109 and other calculations.110 The heats of formation of Fe(OH)2 and 

FeCl2 are in good agreement with the JANAF values.83 For CdO, our value for the dissociation 

energy is in good agreement with Peterson’s value111 obtained at the MRCI level but the heat of 

formation from the Russian compilation and another experimental report112 is not consistent with 

our value. Although the agreement for CdCl2 with the Russian compilation value83 is outside of 

what we expect, it is still closer than the CdO value. Overall, the calculations show that we predict 

good values for the metal oxides, chlorides and hydroxides. We have previously shown that we 

can make reliable predictions of the heat of formation of HCO3
- and H2O.113,114,115116 

 

Page 13 of 42

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14 
 

Table 2. Calculated gas phase heats of formation at 0K and 298 K, experimental heats of formation 

of the solid, and calculated cohesive energies all in kcal/mol. 

Molecule Calculationa ΔHf,0K 

gas 
ΔHf,298K 

gas 
ΔHf,298K 

solid 
Cohesive 

E 
MgO FPD37 32.5 32.4 -143.7 176.1 
MgCl2 FPD37 -95.0 -95.1 -153.3 58.2 
Mg(OH)2 FPD37 -130.4 -132.7 -221.0 ± 0.2 88.3 
MgCO3 FPD35 -110.4 -111.7 -265.7 154.0 
Mg(HCO3)2 FPD -356.9 -360.9   
Mg(HCO3)(OH) FPD -242.3 -245.0   
Mg(HCO3)2(H2O) FPD -431.0 -435.6   
Mg(HCO3)2(H2O)2 Hydration -501.9 -507.8   
Mg(HCO3)(OH)(H2O)2 FPD -391.9 -397.8   
MgCO3(H2O) FPD -200.6 -202.9   
MgCO3(H2O)2 FPD -285.9 -290.0   
MgCO3(H2O)3 FPD -363.5 -369.0 -472.5 ± 0.1 103.5 
MgCO3(H2O)4 FPD -438.9 -446.1   
CaO FPD37 5.0 4.7 -151.8 156.5 
CaCl2 FPD37 -113.9 -114.9 -190.2 75.3 
Ca(OH)2 FPD37 -144.0 -146.5 -235.7 89.2 
CaCO3 FPD -148.1 -149.5 -288.5 ± 0.2 139.0 
Ca(HCO3)2 FPD -379.0 -382.6   
Ca(HCO3)(OH) FPD -260.8 -263.4   
Ca(HCO3)2(H2O) FPD -453.9 -458.4   
Ca(HCO3)2(H2O)2 FPD -521.8 -527.4   
Ca(HCO3)(OH)(H2O)2 FPD -411.8 -417.3   
CaCO3(H2O) FPD -229.6 -232.3 -357.8 ± 0.2 125.5 
CaCO3(H2O)2 FPD -310.9 -314.9   
CaCO3(H2O)3 FPD -385.2 -390.9   
CaCO3(H2O)4 FPD -465.2 -471.9   
5FeO FPD 61.8 61.8 -65.0 126.8 
5FeCl2 FPD -32.9 -32.7 -81.9 49.2 
5Fe(OH)2 FPD -80.7 -81.8 -137.2 55.4 
5FeCO3 FPD -50.8 -51.8 -179.4 127.6 
5Fe(HCO3)2 FPD -271.7 -275.1   
5Fe(HCO3)(OH) FPD -172.5 -174.8   
5Fe(HCO3)2(H2O) Hydration -346.5 -350.7   
5Fe(HCO3)2(H2O)2

b Hydration -410.9 -417.4   
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5Fe(HCO3)2(H2O)2
 Hydration -412.8 -418.4   

5Fe(HCO3)(OH)(H2O)2
 Hydration -314.0 -319.3   

5FeCO3(H2O) Hydration -137.8 -139.7   
5FeCO3(H2O)2

 Hydration -213.5 -217.0   
5FeCO3(H2O)3

c
 
 Hydration -290.5 -295.8   

CdO FPD69 64.9 64.6 -61.7 126.3 
CdCl2 FPD -50.2 -50.4 -93.6 43.2 
Cd(OH)2 FPD -68.8 -70.5 -134.1 63.6 
CdCO3 FPD -47.3 -48.5 -179.4 130.9 
Cd(HCO3)2 FPD -278.2 -281.7   
Cd(HCO3)(OH) FPD -171.8 -174.4   
Cd(HCO3)2(H2O) Hydration -348.1 -353.2   
Cd(HCO3)2(H2O)2 Hydration -418.3 -425.0   
Cd(HCO3)(OH)(H2O)2 Hydration -310.4 -313.1   
CdCO3(H2O) Hydration -129.5 -131.4   
CdCO3(H2O)2 Hydration -201.3 -205.2   
CdCO3(H2O)3 Hydration -276.7 -282.2   
CdCO3(H2O)4 Hydration -349.7 -356.5   

a All calculations at the CCSD(T) level. For the description of FPD, see the text. Heats of formation 

from hydration energies calculated from the reaction energy for Reaction (4) using the heat of 

formation of water and the calculated heat of formation of the metal complex. b Both bicarbonates 

are monodentate. c Only 2 H2O in 1st solvation shell. 

 
For a number of hydrated compounds, the calculations become too large for full FPD. Thus, 

we used a different methodology to predict the heats of formation; first we calculated the hydration 

energy using reaction (4), 

metal complex + n H2O → (metal complex)(H2O)n    (4) 

and, second, we use the heat of formation of H2O and of the metal complex to obtain the heat of 

formation of the hydrated complexes. The hydration energies as a function of basis set are given 

in the SI and do not exhibit a large basis set dependence. In all cases, the largest error from aD to 

CBS in the hydration energies is at most 3 kcal/mol, except for CaCO3(H2O)3 with an error of 4 

kcal/mol and for Ca(CO3)(H2O)4 with an error of 6 kcal/mol. In all cases, the largest error between 
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the aT basis set and the CBS limit in the hydration energies is at most 3 kcal/mol. Thus, our Fe 

heats of formation based on hydration energies at the aD level should be good to 3 kcal/mol 

assuming no error in the heats of formation of the dehydrated simpler clusters. Any errors in the 

dehydrated clusters would increase the errors in the hydrated values for the Fe species. The aT 

values should be significantly closer to the CBS limit. 

Cohesive Energies One can obtain information about cohesive energies of solid materials by 

combining the calculated heats of formation of the gaseous species with the experimental heats of 

formation of the solid.35,117 The cohesive energy of a solid is the energy required to convert the 

solid into the gas. The cohesive energy is usually applied to monoatomic metals and is equivalent 

to the sublimation energy. All that is required to calculate the cohesive energy are the heat of 

formation of the solid and that of the gas phase species. Our focus is vaporization to the particular 

molecular monomer. The cohesive energies for the oxides follow the order Mg > Ca > Fe ~ Cd 

and are usually the largest. The cohesive energies for the carbonates follow the order Mg > Ca > 

Cd > Fe and are usually the second largest. For Fe, the cohesive energy for the oxide and carbonate 

are comparable. The chlorides tend to have lower cohesive energies than the other compounds 

followed by the hydroxides.  

The compilation of Yungman83 reports the heats of formation of the solid metal 

bicarbonates to be -304, -331.4, -224.6, and -207 kcal/mol, for Mg, Ca, Fe, and Cd, respectively. 

The corresponding cohesive energies are -57.1, -51.4, -50.7, and -75.5 kcal/mol for Mg, Ca, Fe, 

and Cd, respectively. The cohesive energies for the M(HCO3)2 are all negative so these species are 

not expected to be stable, consistent with the lack of observation of these species. This suggests 

that the heats of formation of the solid that have been reported are not for the pure bicarbonate 

composition.  
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Reaction Energies Gas phase decomposition reactions are reported in Table 3 for decomposition 

into the solid metal oxide, carbon dioxide, and water, as appropriate. The experimental values for 

the heats of formation at 298 K of H2O of -57.8 kcal/mol, (the calculated value is in good 

agreement) and of CO2 of -94.1 kcal/mol were used.83 The decomposition reaction for MCO3 is 

the least endothermic and the order for the carbonates is Ca > Mg > Cd ~ Fe. The decomposition 

for the bicarbonates Mg(HCO3)2 requires the most energy and the order is Mg > Ca > Cd > Fe. 

The same order is found for the bicarbonate/hydroxide complexes. Fe2+ and Cd2+ are softer than 

Mg2+ and Ca2+, which are relatively hard acids. The three bases CO3
2-, OH-. and HCO3

- are all 

considered to be hard bases.118  

 

Table 3. Gas phase reaction energies from FPD values at 298 K in kcal/mol.  

 Reactant Products Reaction energies 
MgCO3 MgO + CO2 50.0 
CaCO3 CaO + CO2 60.1 
FeCO3 FeO + CO2 19.5 
CdCO3 CdO + CO2 19.0 
Mg(HCO3)2 MgO + 2 CO2 + H2O 147.3 
Ca(HCO3)2 CaO + 2 CO2 + H2O 141.3 
Fe(HCO3)2 FeO + 2 CO2 + H2O 90.9 
Cd(HCO3)2 CdO + 2 CO2 + H2O 100.3 
Mg(HCO3)(OH) MgO + CO2 + H2O 125.5 
Ca(HCO3)(OH) CaO + CO2 + H2O 116.2 
Fe(HCO3)(OH) FeO + CO2 + H2O 84.7 
Cd(HCO3)(OH) CdO + CO2 + H2O 87.1 

 

The gas phase hydration reaction energies are in Table 4.  As shown in the SI, there is not  

a strong dependence of the hydration energies on the augmented correlation-consistent basis sets 

in use here at the CCSD(T) level. Generally, for the same reactant, addition of a water molecule 

becomes easier as more water molecules are added because addition of more water molecules 
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makes the ions less basic. For the bicarbonates, M(HCO3)2, the hydration energies are smaller than 

for the carbonates and are not that dependent on the metal. For the mixed bicarbonate/hydroxide, 

the hydration energies follow the order Ca ~ Mg > Fe > Cd. For MCO3, the hydration energies are 

in the order Mg > Fe > Ca > Cd.  

 

Table 4. Gas phase hydration reaction energies from heats of formation, ΔHf,298K, in kcal/mol. 

Product ΔH ΔH /H2O 
MgCO3(H2O) -33.4 -33.4 
MgCO3(H2O)2 -62.7 -31.4 
MgCO3(H2O)3 -83.9 -28.0 
MgCO3(H2O)4 -103.2 -25.8 
Mg(HCO3)2(H2O) -16.9 -16.9 
Mg(HCO3)2(H2O)2 -31.3 -15.7 
Mg(HCO3)(OH)(H2O) 2 -37.2 -18.6 
CaCO3(H2O) -25.0 -25.0 
CaCO3(H2O)2 -49.8 -24.9 
CaCO3(H2O)3 -68.0 -22.7 
CaCO3(H2O)4 -91.2 -22.8 
Ca(HCO3)2(H2O) -18.0 -18.0 
Ca(HCO3)2(H2O)2 -29.2 -14.6 
Ca(HCO3)(OH)(H2O)2 -38.3 -19.2 
5FeCO3(H2O) -30.1 -30.1 
5FeCO3(H2O)2 -49.6 -24.8 
5FeCO3(H2O)3 -70.6 -23.5 
5Fe(HCO3)2(H2O) -17.8 -17.8 
5Fe(HCO3)2(H2O)2 -27.7 -13.9 
5Fe(HCO3)(OH)(H2O)2 -28.9 -14.5 
CdCO3(H2O) -25.1 -25.1 
CdCO3(H2O)2

 -41.1 -20.6 
CdCO3(H2O)3

 -60.3 -20.1 
CdCO3(H2O)4

 -76.8 -19.2 
Cd(HCO3)2(H2O) -13.7 -13.7 
Cd(HCO3)2(H2O)2

 -27.7 -13.9 
Cd(HCO3)(OH)(H2O)2 -23.1 -11.6 
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The fact that the strongest water binding energies are for MgCO3 is consistent with the 

wide array of hydrated carbonates observed in nature. The water binding energies for FeCO3 

complexes are from 3.3 to 6.5 kcal/mol less than those for MgCO3, which is noteworthy but not 

large. The Fe hydration energies are greater than for Ca, which does exhibit hydrates. Hence other 

reasons for the lack of hydrated FeCO3 minerals observed in nature should be considered, namely 

kinetic aspects of the crystallization or dissolution process, larger thermodynamic differences that 

arise due to the crystal packing arrangements or solvation energies, or greater metastability relative 

to siderite than the hydrated Mg carbonates to magnesite.   

 CdCO3 overall has the lowest hydration energies, with the exception of the monohydrate, 

which is a bit higher than the CaCO3 complex. Hence monohydrootavite CdCO3•H2O may form 

in nature, but the low concentration of Cd in the Earth’s crust and the metastability of the 

monohydrate relative to otavite may make it extremely rare. The lower hydration energies 

compared to the CaCO3 complex as the number of waters in the coordination sphere increases 

indicate that the crystal packing environment also contributes to greater metastability of 

monohydrootavite, as Cd is much softer than Ca.  This softness is also reflected in the differences 

in the heats of formation between calcite and otavite. The relatively strong binding of the first 

water molecule to the CdCO3 complex indicates that the presence of Cd will not significantly 

inhibit the crystallization pathways of calcium carbonates that utilize monohydrocalcite in 

environmental remedial applications. 

Benchmark of DFT Functionals Because of the need to model larger systems, we benchmarked 

a number of DFT functionals. We first show examples for the simple models: H2O, CO2, HCO3
- 

and the O2 bond dissociation energy. The results are shown in Table 5 and Figure 2. An important 

result is that most of the functionals provide a reasonable treatment for H2O but there are errors of 
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up to 9 kcal/mol. The GGA functionals are known91 to exhibit significant errors in the O2 ΔHf,0K 

and this is reflected in our results, namely that these functionals can have errors of up to 23 

kcal/mol (almost 1 eV). These same functionals with errors in the O2 ΔHf,0K have large errors in 

predicting the heats of formation of CO2 and HCO3
-. These functionals include PW91, BP86 and 

PBE. The error distributions for the heats of formation of O2, H2O, CO2 and HCO3
- are shown in 

Figure 2. The breadth of the distributions follow the order of HCO3
- > CO2 > O2 > H2O. H2O has 

the narrowest distribution. 

 

Table 5. Errors in kcal/mol from FPD values for the ΔHf,0K for O2, H2O, CO2, and HCO3
-. 

Method 3O2  H2O CO2 HCO3
- 

ΔHf,0K gas 0.0 -57.1 -94.0 -171.8 
PW91 -22.3 2.0 25.5 32.7 
BP86 -21.1 6.8 22.0 30.8 
M06 1.0 -2.9 8.2 3.3 
PBE -22.7 1.2 25.5 30.5 
PBE0 -3.6 -6.0 1.2 -1.1 
B3LYP -2.8 -2.2 -2.7 -3.3 
HCTH 407 -13.7 -2.4 9.1 7.8 
HSE06 -2.4 -6.8 -0.3 -3.5 
M06L -3.1 -8.8 8.9 -4.4 
τ-HCTH -10.3 -4.3 3.8 1.8 
τ-HCTH hyb -7.7 -4.9 4.2 3.9 
TPSSh 0.3 -6.3 -9.1 -15.6 
ωB97X -4.0 -4.3 -1.1 -1.5 
ωB97X-D -3.7 -3.1 -0.3 -2.2 
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Figure 2. ΔHf,0K (kcal/mol) distributions of DFT errors compared to the FPD results for O2, H2O, 

CO2 and HCO3
-. 

  

For Mg (Figure 3), the errors for the ionic molecules MgO, MgCl2 and Mg(OH)2, are 

generally smaller than the errors for the Mg carbonates and bicarbonates and their hydrates. MgCl2 

has the narrowest error distribution among all the Mg molecules. The largest errors for Mg(OH)2 

and MgO are 16 kcal/mol and 15 kcal/mol, respectively. For the large molecules, PW91, BP86 

and PBE share the similar error breadth from 23 kcal/mol to 55 kcal/mol. For B3LYP, the errors 

vary from 12 kcal/mol to 32 kcal/mol, and for TPSSh, the errors vary from 14 kcal/mol to 49 

kcal/mol. For the remaining functionals, the errors vary from 1 kcal/mol to 36 kcal/mol. Addition 

of water molecules to MgCO3, Mg(HCO3)2 and Mg(HCO3)(OH) generally increases the errors 

with all of the functionals, except for PW91, M06 and PBE, for which the trends in the errors vary 

as changing the number of water molecules can either increase or decrease the errors. The width 
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of the error distributions are in the order Mg(HCO3)2 > Mg(HCO3)(OH) > MgCO3. The width of 

the error distributions of MgCO3, Mg(HCO3)2 and Mg(HCO3)(OH) increases after adding water 

molecules. 

We also tested the dependence of the PBE and PW91 functionals often used in solid state 

calculations on the use of the numerical basis sets in DMol3. Two different real space cutoffs rc 

were utilized for benchmarking of the DMol3 basis sets, 4.3 Å and 5.1 Å. A rc of 5.1 Å is the most 

accurate for the gas phase isolated complexes, but can result in excessive computational time for 

periodic systems as cpu time scales as rc
6. Hence a rc = 4.3 Å is a reasonable compromise of 

accuracy and cpu time for solid state calculations. The deviations in the heats of formation for the 

Mg and Ca (see below) compounds are very similar to the Gaussian orbital results and are not 

strongly dependent on the value of rc, although the dependence cannot be completely ignored. 

Similar trends are predicted for the other metals. For Ca (Figure 4), CaCl2 has the narrowest 

distribution with most errors staying below 7 kcal/mol and the largest error being 19 kcal/mol. The 

errors are a bit larger for CaO and Ca(OH)2, and the functionals with the largest errors are PW91,  

BP86, and PBE, 26 to 28 kcal/mol for CaO, and 12 to 17 kcal/mol for Ca(OH)2. For CaO, THCTH 

also has a large error of 24 kcal/mol. For all the large molecules, PW91, BP86 and PBE have the 

largest errors from 32 to 70 kcal/mol. Addition of water molecules to CaCO3, Ca(HCO3)2 and 

Ca(HCO3)(OH) generally increases the errors for the B3LYP, HSE06 and TPSSh functionals, and 

decreases the errors with the PBE functional. For the remaining functionals, the trends in the errors 

vary as changing the number of water molecules can either increase or decrease the errors. The 

width of the error distributions are in the order Ca(HCO3)(OH)  ~ Ca(HCO3)2 > CaCO3. The width 

of the error distributions of CaCO3, Ca(HCO3)2 and Ca(HCO3)(OH) increase after adding water 

molecules.  
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For Fe (Figure 5), Fe(OH)2 has the narrowest distribution with the largest error being 15 

kcal/mol. For FeO and FeCl2, most errors are over 10 kcal/mol. The largest error for FeO is 29 

kcal/mol and for FeCl2 is 34 kcal/mol. Although MgCl2 and CaCl2 both have narrow distributions, 

that for FeCl2 is much broader. For all the larger Fe molecules, B3LYP has the narrowest 

distribution and the errors for PW91, BP86, M06 and PBE are large varying from 27 kcal/mol to 

74 kcal/mol. Addition of water molecules to FeCO3, Fe(HCO3)2 and Fe(HCO3)(OH) decreases the 

errors with the PBE, PBE0, HSE06, τ-HCTHhyb, ωB97X and ωB97X-D functionals, and increases 

the errors with the functional TPSSh. For the remaining functionals, the trends in the errors vary 

as changing the number of water molecules can either increase or decrease the errors. As there are 

two structures for 5Fe(HCO3)2(H2O)2, we use the more stable one with two bidentate bicarbonates. 

The width of the error distributions are in the order FeCO3 > Fe(HCO3)2 > Fe(HCO3)(OH). The 

width of the error distributions of FeCO3, Fe(HCO3)2 and Fe(HCO3)(OH) increase after adding 

water molecules.  

For Cd (Figure 6), the largest errors for CdCl2, CdO, and Cd(OH)2 are comparable at 10 to 

13 kcal/mol.  The largest errors for CaO and FeO are more than a factor of 2 larger than that for 

CdO. The largest errors for MgO are also larger than those for CdO by a smaller amount. For all 

of the larger molecules, PW91, BP86 and PBE have the largest errors from 25 to 55 kcal/mol. 

Adding water to CdCO3, Cd(HCO3)2 and Cd(HCO3)(OH) results in an increase in the error with 

almost all the methods except for PW91 and HCTH407, where the errors do not increase or 

decrease consistently, and PBE, where the errors decrease. For CdCO3, we were unable to get the 

wavefunction to converge properly for the HCTH407 and τ-HCTH functionals. The width of the 

error distributions are in the order Cd(HCO3)2 > Cd(HCO3)(OH) HCO3> CdCO3. The width of the  
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Figure 3. ΔHf,0K (kcal/mol) distributions of DFT errors compared to the FPD results for Mg 

molecules. 

 

Figure 4. ΔHf,0K (kcal/mol) distributions of DFT errors compared to the FPD results for Ca 

molecules. 
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Figure 5. ΔHf,0K (kcal/mol) distributions of DFT errors compared to the FPD results for Fe 

molecules. 

 

Figure 6. ΔHf,0K (kcal/mol) distributions of DFT errors compared to the FPD results for Cd 

molecules. 
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error distributions of CdCO3, Cd(HCO3)2 and Cd(HCO3)(OH) increase after adding water 

molecules.  

Conclusions 

 There is significant interest in the properties of minerals containing Mg, Ca, Fe and Cd 

complexes with carbonate, bicarbonate and bicarbonate/hydroxide as well as various hydrates for 

a broad range of geochemical applications. The FPD approach based on CCSD(T) calculations 

extrapolated to the CBS limit was used to predict the heats of formation of a range of complexes 

of these metals in the +2 oxidation state. These values serve as benchmarks for more approximate 

DFT-based methods using different exchange-correlation functionals. For compounds whose heat 

of formation in the bulk is known, the cohesive energy was calculated. The cohesive energies of 

MO and MCO3 are larger than MCl2 and M(OH)2, consistent with the Coulombic interaction of a 

+ 2 and a -2 charge in the former and of two +2 and -1 interactions in the latter. The cohesive 

energies of the Mg and Ca complexes are much larger than those of Fe and Cd, consistent with the 

fact that the former +2 ions are harder than the latter +2 ions. The calculations also show that there 

are likely errors with the reported heats of formation of the bicarbonates in the solid state as the 

cohesive energies are negative, consistent with the fact that these compounds are not observed. 

From the gas phase decomposition energies of MCO3, M(HCO3)2 and M(HCO3)(OH) we can 

determine the order of reaction energies as MCO3 < M(HCO3)(OH) < M(HCO3)2 and by metal as: 

Mg ~ Ca > Cd ~ Fe. Mg2+ and Ca2+ are harder than Fe2+ and Cd2+ consistent with this order. The 

hydration energies of the complexes were also calculated. The average hydration energy per water 

decreases with additional water molecules. MgCO3 has the largest hydration energy per water 

consistent with the fact that bulk MgCO3 complexes with water are the ones most commonly 

observed in minerals. The gas phase hydration energies show the order as Mg > Fe > Ca ~ Cd. 
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There are a number of bulk hydrated Mg complexes that exist as minerals consistent with these 

observations. However, there are also a number of hydrated Ca complexes that occur as minerals 

whereas there are few if any for Fe suggesting that a number of factors are important in determining 

the stability of the bulk mineral hydrates. Hydrated Cd compounds are rarely observed in nature 

consistent with a low hydration energy per water and the low concentration of Cd in the Earth’s 

crust. The relative high hydration energy of adding the first water molecule to the CdCO3 complex 

indicates that the presence of Cd will not significantly inhibit the crystallization pathways of 

calcium carbonates with one water complexed.  

The reliable FPD heats of formation were used to benchmark various DFT exchange-

correlation functionals. Not one DFT functional could provide chemical accuracy to ± 1 kcal/mol 

for all of the compounds calculated in this study. The approach used to calculate the DFT heats of 

formation is based on atomization energies. In fact, the averages of the absolute values are all 

significant as shown in Table 6. Heats of formation involving oxygen have issues at the DFT level.  

The issue with oxygen and the O2 BDE is a well-known problem91 for many DFT functionals and 

plays an important role here. The functionals producing the largest average unsigned errors of 

34.2, 36.2, and 32.4 kcal/mol are BP86, PW91, and PBE, respectively. The latter two functionals 

are often used to model minerals in the solid state. The best functionals are ωB97X and ωB97X-

D with average unsigned errors of 9.8 and 10.2 kcal/mol, respectively for the compounds 

containing metal atoms. The O2 heat of formation errors are 4.1 and 3.7 kcal/mol for these 

functionals, respectively. 
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Table 6. Average of absolute values of differences of heats of formation from FPD values for DFT 

functionals in kcal/mol. 

Functional Metal complexes O2, H2O, CO2, HCO3
-  

PW91 36.3 20.6 
BP86 34.3 20.1 
M06 12.6 3.8 
PBE 32.6 19.9 
PBE0 11.9 3.0 
B3LYP 15.6 2.8 
HCTH 407 12.9 8.1 
HSE06 13.7 3.3 
M06L 11.7 6.3 
τ-HCTH 13.1 4.9 
τ-HCTH hyb 12.6 5.1 
TPSSh 24.0 7.9 
ωB97X 9.7 2.8 
ωB97X-D 10.0 2.4 
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TOC Graphic 

 

M MCO3 M(HCO3)2
Mg -111.7 -360.9
Ca -149.5 -382.6
Fe -51.8 -275.1
Cd -48.5 -281.7

ΔHf,298
kcal/mol
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