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Abstract 

A comprehensive examination of the solvation enthalpies and Gibbs energies of the proton and 
electron in twenty solvents of different polarities was carried. Eleven quantum mechanical 
methods were applied in conjunction with the 6-311++G(d,p) basis set and C-PCM solvation 
model.  

It was found that different methods produce consistent values for the solvation enthalpy and 
Gibbs energy of the proton in all solvents, while the corresponding values for the electron are 
mutually notably different. The fact that the Minnesota functionals often produced inconsistent 
solvation enthalpy and Gibbs energy values of the electron indicates their unreliable 
performance without the corresponding SMD solvation model, whereas other studied methods 
only slightly depend on solvation models. 

A comparison of the results of the present investigation to those obtained by employing SMD 
reveals that C-PCM produces slightly more negative (less positive) solvation enthalpies and 
Gibbs energies of the electron, and less negative values for the proton. These results are also in 
accord with the literature data where the IEF-PCM solvation model was used. 
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1. Introduction

Information about the effects of solvent on ion structure and, conversely, how ions influence 
solvent organization is fundamental to understanding the molecular structure and stability of 
ions in solution. Ion-solvent interactions are important to the structural, thermodynamic, and 
dynamic characteristics of many chemical, biological, and atmospheric processes, such as 
charge transfer reactions, antioxidative processes, catalysis, radiolysis, ion nucleation events, 
etc. 
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The proton and electron are the fundamental charged species. The solvation enthalpy and 
Gibbs energy of the proton and electron are very important properties that characterize the 
stability and reactivity of these solvated species. The solvation enthalpy ∆Hsol(H+) or Gibbs 
energy ∆Gsol(H+) of the proton is the enthalpy (Gibbs energy) difference between a solvated 
proton and the proton at rest under vacuum. Accordingly, the solvation enthalpy ∆Hsol(e−) or 
Gibbs energy ∆Gsol(e−) of the electron is the enthalpy (Gibbs energy) difference between a 
solvated electron and the electron at rest under vacuum. The enthalpy and Gibbs energy values 
of the solvated proton and electron can be calculated from the corresponding solvation 
enthalpies and Gibbs energies. 

Much work has been devoted to achieving accurate hydration enthalpies of the proton 
(Halliwell and Nyburg 1963; Conway 1964; Marcus 1987; Rashin and Namboodiri 1987; 
Atkins 1998; Bockris and Reddy 1998; Tissandier et al. 1998; Mejías and Lago 2000; Coe 
2001) and electron (Han and Bartels 1990; Schwarz 1991; Shiraishi et al. 1994; Donald et al. 
2010). A few results for the hydration Gibbs energies of the proton (Tissandier et al. 1998; Coe 
2001) and electron (Han and Bartels 1990) are also available in literature. 

On the other hand, the results for solvation enthalpies and Gibbs energies of the proton and 
electron in other solvents are still limited (Fifen et al. 2011; Fifen et al. 2013; Rottmannová et 
al. 2013; Marković et al. 2013; Škorňa et al. 2014). In a recent paper, a comprehensive 
examination of the solvation enthalpies and Gibbs energies of the proton and electron in twenty 
solvents of different polarities was carried out (Marković et al. 2016). Eleven methods (ab initio 
and density functionals) were applied in conjunction with the 6-311++G(d,p) basis set and 
SMD solvation model. The enthalpy and Gibbs energy values for the solvated proton and 
electron, obtained at the B3LYP/Aug-cc-pVTZ level of theory, were recommended for 
application in the examinations of antioxidative activity in different solvents. 

The aim of this paper is to examine the solvation enthalpies and Gibbs energies of the 
proton and electron using the same theoretical models in combination with the C-PCM 
solvation model. The obtained data will allow one to compare and discuss the results from the 
two sets of calculations. 

2. Methodology

Our concept is based on the following assumptions: Each molecule of a certain solvent is 
solvated by the molecules of the same kind (Ssol). When a proton or electron is surrounded by 
the solvent molecules, it will bind to Ssol, thus yielding a charged particle (S-H) +

sol or (S-e)−sol, 
which is embedded in  dielectric continuum (Fifen et al. 2011; Rottmannová et al. 2013; 
Marković et al. 2013; Škorňa et al. 2014): 

H+
gas + Ssol → (S-H)+

sol (1) 

e−gas + Ssol → (S-e)−•sol (2) 

Then, the solvation enthalpy ∆Hsol(H+) and Gibbs energy ∆Gsol(H+) of the proton can be 
calculated as follows: 

∆Hsol(H+) = H(S-H)+
sol – H(Ssol) – H(H+

gas) (3) 

∆Gsol(H+) = G(S-H)+
sol – G(Ssol) – G(H+

gas) (4) 

The solvation enthalpy ∆Hsol(e−) and Gibbs energy ∆Gsol(e−) of the electron are defined 
analogously: 
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∆Hsol(e−) = H(S-e)−•sol – H(Ssol) – H(e−gas) (5) 

∆Gsol(e−) = G(S-e)−•sol – G(Ssol) – G(e−gas) (6) 

The equations (1) – (6) were used to compute the solvation enthalpies and Gibbs energies 
of the proton and electron. For this purpose the following quantum mechanical methods were 
applied: MP2, B2PLYP, B2PLYP-D3, B3LYP, B3LYP-D2, B3LYP-D3, M05-2X, M06, M06-
2X, M06-HF, and TPSS. The calculations were performed for the following solvents: 1-butanol 
(dielectric constant ε = 17.33), acetic acid (ε = 6.25), acetone (ε = 20.49), acetonitrile (ε = 
35.69), aniline (ε = 6.89), benzaldehyde (ε = 18.22), benzene (ε = 2.27), chlorobenzene (ε = 
5.70), cyclohexane (ε = 2.02), diethylether (ε = 4.24), dimethylformamide (DMF, ε = 37.22), 
dimethyl sulfoxide (DMSO, ε = 46.83), ethanol (ε = 24.85), methanol (ε = 32.61), nitrobenzene 
(ε = 34.81), pentylethanoate (ε = 4.73), quinoline (ε = 9.16), tetrahydrofuran (THF, ε = 7.43), 
toluene (ε = 2.37), and water (ε = 78.35). 

2.1 Computational details 

The Gaussian 09 program package was employed for all calculations within this paper (Frisch 
et al. 2013). All applied methods were combined with the split-valence triple-zeta 6-
311++G(d,p) basis set. The geometries of all parent solvent molecules and corresponding 
protonated molecules and radical anions were fully optimized, and frequency calculations were 
carried out. For this purpose the conductor-like polarizable continuum solvation model (C-
PCM) was applied (Cossi et al. 2003). An analysis of the results of the frequency calculations 
showed that there were no imaginary vibrations, implying that all revealed stationary points are 
equilibrium geometries. The enthalpy and Gibbs energy values were calculated at P = 101325 
Pa and T = 298.15 K. 

Note that exactly the same quantum mechanical methods and basis set were used in the 
present work and in the recent related study (Marković et al. 2016). Such approach will enable a 
comparison between the performances of the two solvation models: SMD and C-PCM. 

2.2 Survey of the applied quantum mechanical methods 

In MP2 (Head-Gordon et al. 1988), the Hartre-Fock method is corrected by means of the 
second-order perturbation theory, thus introducing the effects of electron correlation. 

Hybrid exchange-correlation functionals are constructed as linear combinations of the exact 
exchange functional, as defined within the Hartree-Fock theory, and the exchange and 
correlation functionals, as defined within the DFT theory. The hybrid exchange-correlation 
energy can be presented by equation (7): 

DFT
XCDFT

HF
XHF

hibrid
XC cc EEE += (7) 

where HF
XE  and DFT

XCE  stand for the non-local Hartree-Fock exchange energy, and local DFT 
exchange-correlation energy, whereas cHF and cDFT are parameters. A widely used B3LYP 
method (Becke 1993) combines the Hartree-Fock exchange functional with the exchange 
functionals LDA

XE  and B88
XE , correlation functionals LYP

CE  and VWN
CE , and exchange-

correlation functional LDA
XCE . 

Grimme proposed the B2PLYP method (Grimme 2006a), where the expression for the 
exchange-correlation energy Exc is given as follows: 

MP2
CC

B2LYP
XC

B2PLYP
XC )1( EaEE −+= (8)
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where the exchange-correlation energy from the B2PLYP functional is combined with the MP2 
correlation energy which is scaled by (1-aC). aC is a parameter determined by a parameterization 
where the heats of formation of the G2/97 set (Curtiss et al. 2000) were used. 

The DFT-D functionals of Grimme contain additional terms in the formulae for the total 
energy, whose purpose is to take into account dispersion forces: 

dispDFTDDFT EEE +=− (9) 

Thus, dispersion-corrected methods are not new methods. Actually, B3LYP-D2, B3LYP-
D3, B2PLYP-D2, and B2PLYP-D3 denote calculations with the usual B3LYP and B2PLYP 
methods, plus a D2 or D3 dispersion correction energy terms. These energy terms are functions 
of interatomic distances. Adjustable parameters of these functions are fitted to the energies 
computed using the CCSD(T)/CBS model. The DFT-D2 energy correction considers all pairs of 
atoms, whereas DFT-D3 correction considers all triplets of atoms (Grimme 2006b; Grimme et 
al. 2010). 

In the theory of the hybrid meta-GGA functionals the hybrid energy is given by the 
formula: 

DFT
C

DFT
X

HF
X

hybrid
XC 100

X1
100
X EEEE +






 −+=  (10) 

where X represents the percentage of the Hartree-Fock exchange in the hybrid functional, and
DFT
XE  and DFT

CE are the local DFT exchange and correlation energies. M05-2X (Zhao et al. 
2006), M06, M06-2X, and M06-HF (Zhao and Truhlar 2008) are global hybrid functionals with 
52, 27, 54, and 100 % Hartree-Fock exchange, respectively. TPSS is a meta-GGA non-
empirical exchange-correlation functional (Tao et al. 2003). 

3. Results and discussion

Following the above described procedure, the solvation enthalpies and Gibbs energies of the 
proton and electron in twenty commonly used solvents are determined. As for H(H+

gas), 
H(e−gas), G(H+

gas), and G(e−gas), the commonly accepted values were used: 6.197 kJ mol-1 for the 
proton enthalpy, 3.146 kJ mol-1 for the electron enthalpy, -26.255 kJ mol-1 for the proton Gibbs 
energy, and -3.633 kJ mol-1 for the electron Gibbs energy (Bartmess 1994). The results of our 
calculations are illustrated with Fig. 1, and summarized in Tables 1 – 4. 

The electrostatic potential maps, as well as the partial charges, of solvated methanol and 
corresponding charged species satisfy one’s expectations. The red and blue regions in the 
electrostatic potential map of methanol correspond to the polarized O–H group. The surfaces for 
the protonated methanol and radical anion are almost fully coloured blue and red, thus revealing 
that the positive and negative charge are delocalized over the entire species. In the radical anion 
the hydroxyl hydrogen bears appreciable large negative charge of -0.554. This finding supports 
our selection of the basis set that includes the diffuse functions on the hydrogens. 
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Fig. 1. Electrostatic potential maps of solvated methanol molecule (top), its radical anion (left), 
and protonated methanol (right) 

Table 1. Solvation enthalpies of the proton (kJ mol–1) in the studied solvents. RSD (%) denotes 
the relative standard deviation 
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Table 2. Solvation Gibbs energies of the proton (kJ mol–1) in the studied solvents. RSD (%) 
denotes the relative standard deviation 

Table 3. Solvation enthalpies of the electron (kJ mol–1) in the studied solvents. RSD (%) 
denotes the relative standard deviation 

Table 4. Solvation Gibbs energies of the electron (kJ mol–1) in the studied solvents. RSD (%) 
denotes the relative standard deviation 
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It is worth mentioning that we experienced very similar problems to those that have 
appeared when the SMD solvation model has been used (Marković et al. 2016). As a 
consequence of convergence failure and undesired imaginary vibrations we were not able to 
determine the solvation enthalpy and Gibbs energy values for the electron in quinolone and 
toluene using the MP2 method, and in chlorobenzene using the TPSS functional (Tables 3 and 
4). Also, the MP2 method failed to produce the solvation enthalpy and Gibbs energy of the 
proton in quinolone (Tables 1 and 2). In addition, all methods in combination with the C-PCM 
solvation model failed to optimize protonated chloroform and carbon tetrachloride, and yielded 
the structures consisting of separated HCl and corresponding cation. The same undesired result 
has been obtained in combination with the SMD solvation model. 

At first glance, the results of the present investigation are very similar to those reported 
recently (Marković et al. 2016). On one hand, different methods produce consistent values for 
the solvation enthalpy and Gibbs energy of the proton in all solvents, where the RSD (relative 
standard deviation) values go beyond 2 % only in the case of benzene and toluene (Tables 1 and 
2). On the other hand, the solvation enthalpy and Gibbs energy values for the electron are 
mutually notably different, and the RSD values are extremely large for cyclohexane, and very 
large for benzene, diethylether, toluene, and DMSO (Tables 3 and 4). Such behaviour of the 
solvation enthalpies and Gibbs energies of the electron can be to some extent attributed to a 
well-known fact that radical anions, negatively charged species with one unpaired electron, are 
particularly challenging for computations. As expected, the results from the B2PLYP and 
B2PLYP-D3 methods are mutually consistent, but notably different from those from MP2. The 
B3LYP, B3LYP-D2, and B3LYP-D3 produced consistent results. Surprisingly, the Minnesota 
functionals often produced mutually inconsistent solvation enthalpy and Gibbs energy values of 
the electron. For example, ∆Gsol(e−) in cyclohexane vary from -14.8 kJ mol-1 (M06-HF) up to 
31.2 kJ mol-1 (M05-2X). Such behaviour of the Minnesota functionals has not been observed in 
our related work (Marković et al. 2016), and indicates their unreliable performance without the 
corresponding SMD solvation model. To put it simply, the performance of the Minnesota 
functionals is much better in combination with the SMD model, whereas other studied methods 
are only slightly dependent on solvation models. 

Recall that both SMD (Marenich et al. 2009) and C-PCM (Cossi et al. 2003) are continuum 
solvation models, implying that they approximate the solvent by dielectric continuum that 
surrounds the solute molecules outside of a molecular cavity. SMD is based on the quantum 
mechanical charge density of a solute molecule interacting with a continuum description of the 
solvent. This model employs a single set of parameters (intrinsic atomic Coulomb radii and 
atomic surface tension coefficients) optimized over the M05-2X, B3LYP, and HF methods with 
different basis sets. On the other hand, C-PCM is a polarizable model in which the continuum is 
conductor-like. The conductor-like reaction field is due to an apparent polarization charge 
spread on the cavity surface. 

In agreement with our previous findings, the least negative (most positive) values were 
produced by the MP2 method, followed by B2PLYP and B2PLYP-D3. The most negative (least 
positive) values were most often obtained by the M06-HF functional. The B3LYP, B3LYP-D2, 
and B3LYP-D3 also yielded notably low and mutually consistent ∆Hsol(e−) and ∆Gsol(e−) values. 

As there are no pure experimental data on the solvation enthalpies or free energies of the 
proton and electron, it is difficult to conclude which method provides the values which match 
best with the exact values. A comparison of the results of the present investigation obtained by 
using C-PCM to those obtained by employing SMD reveals that C-PCM produces slightly more 
negative (less positive) solvation enthalpies and Gibbs energies of the electron, and less 
negative values for the proton. These results are also in accord with those suggested by 
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(Rottmannová et al. 2013) and (Škorňa et al. 2014), where the IEF-PCM solvation model was 
used. 

These data can be used to determine the enthalpies and Gibbs energies of the solvated 
proton and electron. Namely, the enthalpy ΔH(H+

sol) and Gibbs energy ΔG(H+
sol) of the 

solvated proton can be obtained by adding the H(H+
gas) and G(H+

gas) values to ∆Hsol(H+) and 
∆Gsol(H+), respectively. Similarly, the enthalpy ΔH(e−sol) and Gibbs energy ΔG(e−sol) of the 
solvated electron can be obtained by adding the H(e−gas) and G(e−gas) values to ∆Hsol(e−) and 
∆Gsol(e−), respectively. For this purpose the values proposed by Bartmess can be employed 
(Bartmess 1994). 

4. Conclusions

Solvation enthalpies and Gibbs energies of the proton and electron are the quantities of 
significance in thermodynamic modeling of various natural and engineering processes. The 
enthalpies and Gibbs energies of the solvated proton and electron for a particular solvent can be 
issued from the corresponding solvation enthalpies and Gibbs energies. So far, the data on these 
quantities are still limited in the scientific literature. This work is an extension of our efforts 
aimed at providing the ∆Hsol(H+), ∆Gsol(H+), ∆Hsol(e−), and ∆Gsol(e−) values for various solvents. 
In a recent study these quantities has been determined for twenty solvents of different polarities 
by means of eleven quantum mechanical methods in combination with the SMD solvation 
model (Marković et al. 2016). Exactly the same theoretical models in combination with the C-
PCM solvation were used in the present work. 

It was found that different methods produce consistent values for the solvation enthalpy 
and Gibbs energy of the proton in all solvents, while the corresponding values for the electron 
are mutually notably different. Such behaviour of the solvation enthalpies and Gibbs energies of 
the electron can be to some extent attributed to a well-known fact that radical anions are 
particularly challenging for computations. As expected, the MP2, B2PLYP and B2PLYP-D3 
methods showed extremely bad performance in reproducing ∆Hsol(e−) and ∆Gsol(e−), whereas 
B3LYP, B3LYP-D2, and B3LYP-D3 yielded notably low, mutually consistent values which are 
comparable with the reported literature data. Surprisingly, the Minnesota functionals often 
produced inconsistent solvation enthalpy and Gibbs energy values of the electron. Such 
behaviour of these methods indicates their unreliable performance without the corresponding 
SMD solvation model, whereas other studied methods are only slightly dependent on solvation 
models. 

A comparison of the results of the present investigation to those obtained by employing 
SMD reveals that C-PCM produces slightly more negative (less positive) solvation enthalpies 
and Gibbs energies of the electron, and less negative values for the proton, implying that the 
performance of C-PCM is similar to that of the IEF-PCM solvation model. 
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Извод 

Енталпија и Гибсова енергија солватације протона и електрона – 
утицај солватационих модела 
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Резиме 

Изведено је систематично испитивање енталпије и Гибсове енергије солватације протона 
и електрона у двадесет растварача различите поларности. Примењено је једанаест 
квантно механичких метода у комбинацији са базисним скупом 6-311++G(d,p) и 
солватационим моделом C-PCM.  

Установљено је да различите методе резултирају у конзистентним вредностима за 
енталпију и Гибсову енергију солватације протона код свих растварача, док се 
одговарајуће вредности за електрон међусобно доста разликују. Минесота функционали 
често воде до неконзистентних вредности за енталпију и Гибсову енергију солватације 
електрона, што указује на њихову непоузданост када се примењују без одговарајућег 
солватационог модела SMD. Остале испитане методе веома мало зависе од 
солватационог модела. 

Поређење резултата овог истраживања са резултатаима који су добијени уз примену 
модела SMD показује да C-PCM производи нешто негативније (мање позитивне) 
енталпије и Гибсове енергије солватације електрона, док су вредности за протон мање 
негативне. Овакви резултати су у сагласности и са подацима из литературе који се односе 
на солватациони модел IEF-PCM. 

Кључне речи: солватисани протон, солватисани електрон, двадесет растварача, 
солватациони модел C-PCM 
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