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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. lon-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 AHsu(H*) or Gibbs
energy AGsi(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 AHsq(e™) or
Gibbs energy AGsq(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; Mejias 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; Rottmannova et
al. 2013; Markovi¢ et al. 2013; Skortia 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 (Markovic¢ 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) *so Or (S-€)7sol,
which is embedded in dielectric continuum (Fifen et al. 2011; Rottmannova et al. 2013;
Markovié et al. 2013; Skorfia et al. 2014):

H+gas + S0l &> (S'H)+sol (1)
€ gas t Ssol = (S'e)f.sol (2)

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

AHsol(H) = H(S-H)*so1 = H(Sso1) — H(Hgas) 3)
AGsol(H) = G(S-H)*so1 — G(Ssor) — G(Hgas) 4)

The solvation enthalpy AHsol(e”) and Gibbs energy AGsol(e™) of the electron are defined
analogously:
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AHso1(e7) = H(S-€)*so1 — H(Ssor) — H(egas) (5)
AGsoi(e7) = G(S-€)*so1 — G(Ssol) — G(€7gas) (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 € = 17.33), acetic acid (¢ = 6.25), acetone (¢ = 20.49), acetonitrile (¢ =
35.69), aniline (¢ = 6.89), benzaldehyde (¢ = 18.22), benzene (¢ = 2.27), chlorobenzene (& =
5.70), cyclohexane (¢ = 2.02), diethylether (¢ = 4.24), dimethylformamide (DMF, ¢ = 37.22),
dimethyl sulfoxide (DMSO, & = 46.83), ethanol (¢ = 24.85), methanol (¢ = 32.61), nitrobenzene
(e = 34.81), pentylethanoate (¢ = 4.73), quinoline (¢ = 9.16), tetrahydrofuran (THF, € = 7.43),
toluene (e = 2.37), and water (¢ = 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
Paand 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 (Markovi¢ 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):

hibrid HF DFT
Exc =cnrEx +CprrExc ()

where EfF and EQET stand for the non-local Hartree-Fock exchange energy, and local DFT

exchange-correlation energy, whereas cur and cper are parameters. A widely used B3LYP
method (Becke 1993) combines the Hartree-Fock exchange functional with the exchange
functionals g%P~ and EZ®®, correlation functionals gt and gYWN, and exchange-

correlation functional gL24.

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

EE(Z:PLYP — EE(Z:LYP + (1—ac)E('\:/IP2 (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:

Ebrr-p = Eper + Edisp 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:

4 X X
Efyrid 106 ELF +(1—RJEQFT +EQT (10)

where X represents the percentage of the Hartree-Fock exchange in the hybrid functional, and
EQTT and g2Tare 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(Hgs),
H(egas), G(H¥qas), and G(egas), the commonly accepted values were used: 6.197 kJ mol* for the
proton enthalpy, 3.146 kJ mol* for the electron enthalpy, -26.255 kJ mol* for the proton Gibbs
energy, and -3.633 kJ mol? 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)

Solventsa MP2c  B2PLYPao B2PLYP-D3c B3LYPo B3LYP-D2o B3LYP-D3u MO05-2Xo  MO06a  M06-2Xo M06-HFa  TPSSo  RSDax
1-Butanol= -1014.12 -1013.50 -1014.9o -1014.1z -1017.60 -1017.20 -1010.02 -1006.80 -1008.4%  -1016.28 -1022.50 04200
Acetic-acido -078.90  -980.6= -981.7a -983.4c -986.31 -986.2a -979.30 .981.80 98040 -978.00  -989.60  0.350m
Acetoner -1021.40 -1026.60 -1027.7z -1031.12 -1033.7c -1033.80 -1026.50 -1029.50 -10243z= -1020.50 -1037.70 0.500
Acetonitrilex: -997.9a2  -1003.4= -1004. 2t -1009.1=  -1009.82 -1010.9= -995.9a  -1011.0=  -99720  -990.0=  -1016.1m 0.7603
Aniliners -1079.40 -1073.72 -1075.40 -1073.1z -1076.10 -1077.00 -1066.30 -1062.90 -1065.2¢  -1066.80 -1080.60  0.5400
Benzaldehydeo  -1013.20  -1024.40 -1025.4a -1031.1a -1033.3c -1033.40 -1020.20 -1024.00 -1016.50  -1011.45 -1038.60 0.820u
Benzene™ -849.1= 8727 -872.72 -883.1= -887.4n -885. 70 -858.40  -881.0m 8569  -831.0=  -893.20  2.100o
Chlorobenzenez  -844.2m  -841.2z -842.7a -843.82 -846.2a -847.2a -828.3z  -840.8z  -827.1= -819.7=  -855.6m  1.19z2u
Cyclohexanes -755.2n -734.02 -736.00 -740.90 -745.90 -745.30 -73450 73590 -731.20 -7389a  -757.1m Llloo
Diethyletherc -990.50  -991.7= -993.72 -993.1z -998.50 -997.3a -988.7a  .981.20  -986.10  -998.0=  -1000.7% 0.5600
DMFa -1082.50 -1078.30 -1079.3c -1078.3=  -1080.8¢ -1080.54 -1077.80 -1068.50 -1076.9=  -1085.80 -1082.2c 0390
DMSOn -1100.22 -1093.9= -1095 4 -1092.90 -1094.80 -1095.50 -1093.22 -1089.4 -1093.62 -1100.1= -1092.02  0.280x
Ethanol= -1019.30 -1018.1= -1019.4a -1018.50 -1021.7= -1021.52 -1014.72 -1012.02 101342 -1019.1= -1025.92 (.370x
Methanol= -1018.20  -1014.51 -1015.52 -1013.1a -1015.40 -1015.21 -1011.32 -1008.72 -1010.52  -1018.3= -1020.20 0.330u
Nitrobenzenes -980.50  -986.3¢ -987.30 -992.72 -994.80 -995.1n -973.80 98600 97840 -969.8=  -1004.25  0.980o
Pentylethanoatez  -989.4z  -993.1x -994.3z -996.8:= -999 8z -999 4o -990.2m -990.3m  -989.3m  9883m  -1003.2m 0.49uu
Quinolinex /o -1118.62 -1120.22 -1124.60 -1129.12 -1128.20 -1111.58 -1114.80 -1108.1=  -1103.12  -1130.1o 0.7904
THFa -1020.02  -1021.62 -1023.30 -1022.52 -1027.34 -1026.42 -1018.5¢0 -1012.62 -1015.02  -1023.2a  -1028.9¢ 04700
Toluenec -874.82  -905.3 -906.52 -916.82 -921.4a -919.50 -893.1= 91530 -890.70  -863.1= 92590 2.150m
Waterdt -997.30  -992.02 -992.50 -990.72 -991.3a -992.0o -988. 70 9930z -991.9o -992.50  -998 8o 0.28a0m

Table 1. Solvation enthalpies of the proton (kJ mol™) in the studied solvents. RSD (%) denotes
the relative standard deviation
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Solventso MP2o  B2PLYPo B2PLYP-D3o B3LYPo B3LYP-D2o B3LYP-D3u MO05-2Xo  MO06z M06-2Xo MO06-HFo  TPSSc RSDoo
1-Butanola -1013.52 -1014.50 -1015.7a -1015.8a  -1018.8z -1018.6=  -1011.4= -1008.1= -1009.4=  -1017.62 -1026.7= 0.48zn
Acetic-acida -978.50  -981.3a -982.60 -982.51 -987.4c -987.4u -979.62 984,60 9834 -979.3m 98760 03200
Acetonet -1021.8¢  -1027.30 -1028.51 -1031.90  -1034.20 -1034.50 -1026.50 -1030.10 -1024.72 -1019.40 -1039.10 0.5400
Acetonitrilea -999.20  -1004.8c -1005.6a -101332  -1014.0z -1015.12 -1000.02 -1015.1= -1001.22  -994.00  -1020.52 0.800o
Anilines -1082.62  -1075.52 -1077.22 -1075.02 -1078.0= -1079.02 -1067.92 -1064.22 -1066.8= -1067.42 -1081.82 0.57=0
Benzaldehydez  -1013.62  -1024.60 -1025.60 -1031.3z -1033.52 -1033.62 102070 -1024.52 -1016.9%  -1012.02 -1038.7= 0.8loo
Benzenet -855.90  -876.0d -875.40 -886.40 -890.80 -889.00 -862.20  -884.80  -861.3u  -835.10  -896.70 2.020m
Chlorobenzenez  -847.90  -847.20 -848.80 -850.40 -852.90 -853.70 -833.]o  -846.00  -R31.20  -823.00¢ -861.80 1.280m
Cyclohexanes -761.7= -741.82 -743.8c -749.65 -754.00 -753.9a -741.30 274240 73680 -741.83  -764.9a [ 17ono
Diethyletherc -995.3  -998.1a -1000.7a -999.1 -1003.6a -1004.92 -995.82  -987.30  -991.0¢  -999.94  -1004.5¢ 0.532n0
DMFo -1082.0a  -1080.50 -1081.8a -1079.50 -1082.0u -1081.90 -1079.40 -1070.30 -1079.02  -1087.00 -1083.30 0.3600
DMSO= -1102.1= -1098.8c -1101.2a -1098.80  -1096.6= -1097.8c -1096.2z -1094.8z -1098.0=2  -1103.90 -1101.4z  0.240o
Ethanolz -1018.82 -1018.72 -1020.0= -1019.92 -1022.6 -1022.50 -1016.60 -1014.20 -1015.52 -1020.50  -1028.9z0  0.37co
Methanolo -1019.62 -1015.92 -1016.8¢ -1014.82  -1016.8u -1016.62 -1013.12 -1010.30 -1012.22  -1020.3% -1021.82 0.3300
Nitrobenzeneo -982.10  -986.20 -987.20 -994.4a -995.00 -995.40 -975.7a  -988.20  -980.20 -971.1a -1006.50  0.980n
Pentylethanoaten  -985.0c  -98R.20 -988.50 -993.3c -997.40 -994.60 -990.25 98790 98720 -988.15 -1000.82 04700
Quinolines /o -1119.1= -1120.6a -1125.1=a -1129.5a -1128.7= -1112.08 -1115.20 -1108.62  -1103.62 -1130.50 0.79co
THF= -1018.1= -1022.50 -1024.22 -1023.92  -1028.52 -1027.7= -1018.75 -1012.92 -1014.82 -1021.30 -1027.62 04920
Toluene= -877.80  -907.92 -909.20 -917.9a -923.20 -919.20 -895.1=  -921.1o  -894.80 -868.90  -92220  1.980n
Watertt -1001.2a -996.0a -996.52 -994. 70 -995.30 -996.00 -990.05  -994.30 99320 -993.80  -1000.02  0.29=o
Table 2. Solvation Gibbs energies of the proton (kJ mol™) in the studied solvents. RSD (%)

denotes the relative standard deviation
Solventso MP2o B2PLYPz B2PLYP-D3c B3LYPo B3LYP-D2o B3LYP-D3o MO05-2Xe M06z  M06-2Xo MO06-HFe TPSSc RSDo o
1-Butanol= -30.60 -85.9a -85.9a -101.0a -100.80 -100.9c <7352 7450 -84.1a -101.8a  .9540 2340 ©
Acetic-acida -60.3a -89.92 -89.8a -88.9c -89.1a -88.80 -97.8a -91.52 -91.3a -109.35 -108.62 13.44 o
Acetoned -110.1a -133.6a -133.50 -154.30 -154.50 -154.1 -142.20 -142.00 -137.60 -151.1a -151.8z 9.0 w
Acetonitrilex -64.20 -77.9: -77.9a -133.30 -134.00 -133.42 -114.82 -114.30 -11L6z  -120.65  -130.02 2190 o
Aniline -48.20 -48.40 -47.9a -75.10 -75.20 -75.00 =774 -83.540 -77.9a 91.7o -73.700 2050 o
Benzaldehyden  -118.6c0  -226.2c -226.0a -253.3a -253,50 -253.0c -252. 10 225130 -246.60 25560 24980 1620 o
Benzenex 9.9 2.0a 3.50 -18.2c -19.1= -17.40 -2 2260 -119a =231z 21732 9510 o
Chlorobenzenec  -31.1a -81.50 -81.3c -107.94q -108.70 -107.4c -104.80  -110.92  -104.70 -112.4a foi 2510 o
Cyclohexanex 2240 10.0= 10.1= -7.61 -6.90 -7.3a 36,12 22,90 2330 -13.20 19o 186.1uo
Diethyletherc -10.6a -19.42 -19.2a -4] .40 -41.6a -41.40 -5.0a -14.02 -20.4a -50.7a -32.00 53.82 o
DMFo -76.10 -94.90 -95.1a -79.80 -80.3c -79.80 -106.00 -107.30  -107.80 -117.0a -108.3c 1450 o
DMSO= =59 -67.12 -67.1a -83.3z -83.72 -83.40 S5l 628z -65.0a -87.02 27792 33,04 o
Ethanolx -80.51 -80.50 -89.501 -105.3a -105.10 -105.20 =771 -78.64 -88.1a -106.24 99,50 12,50 o
Methanol= -84.50 -94.8 -94.8a -111.30 -111.30 -111.32 -81.9= 833z 9350 -114.40 -104.65 12,00 ©
Nitrobenzenex -160.9c  -307.0a -309.7a -342.3a -342.7a -342.3a -348.80  -337.90  -341.50 -369.04  -32530 16.64 o
Pentylethanoate  -41.30 -66.82 -66.64 -88.20 -88.20 -87.80 -75.7a -73.1a -72.4a -86.0c -85.20 17.99
Quinolinex fa -187.50 -187.4a -208.7x -209.0a -208.3z -207.8a 212,72 220530 21050 220640 420 o
THFa -35.6a -40.72 -40.62 -39.6u -59.4u -3940 -27.6 -37.7a -40.5a -70.0u -48.40 2640 o
Toluenex fa -1.9a -1.90 -26.7c -27.18 -26.30 -16.9= 2872 -183¢ -30.42 -24.90 4950 o
Waterc -96.50  -112.20 -112.2a -134.20 -134.20 -134.2e -100.82  -99.65  -109.9a  -131.79  -121.9¢ 1219 o
Table 3. Solvation enthalpies of the electron (kJ mol™) in the studied solvents. RSD (%)
denotes the relative standard deviation
Solventsa MP2o B2PLYPz B2PLYP-D3c B3LYPo B3LYP-D2o B3LYP-D3o MO05-2Xo MO06z  M06-2Xa M06-HFz TPSSo RSDoo
1-Butanol: -31.9t -88.40 -88.3u1 -103.20 -102.80 -102.70 -75.30 -76.50 -85.70 -102.50 -97.5o0 23.000
Acetic-acida -62.30 -90.50 -90.50 -92.8a -92.4o -93.00 -98.90 -93.20 -94.0c -112.30 -107.1a 12.80n
Acetone -108.8a  -132.60 -132.52 -153.62 -154.72 -153.9c -142.30 -1424a -138.1a -15142 -151.22 93om
Acetonitrilex -67.00 -90.9a -91.0a -140.50 -140.20 -141.30 -122.0c0 -121.7a  -118.80 -127.8a -1372a  20.00m
Anilines -50.02 -50.1= -49.7a -78.1= -78.0: -78.00 -85.68  -9l.l= 875w -97.90 =763z 22.0oo
Benzaldehydeo  -118.42  -229.30 -229.20 -255.20 -255.20 -255.40 -253.90 225330 -248.40 -257.30 25192 16.300
Benzeneu 7.80 -0.7a 5.00 -26.6a -28.20 -27.20 -18.6a -29.3a -17.7a -27.1a -2220  79.60m
Chlorobenzenezt  -33.02 -88.2a -87.9a -118.02 -118.12 -118.9a -1154a -119.52 -120.92 -119.4a fa 25.6a0
Cyclohexanen 18.80 3.7a 3.80 -13.80 -12.10 -11.50 3120 17.80 18.9 -14.80 =290  431.4on
Diethylethers -12.20 -19.8a -19.7a -43.2a -43.20 -43.4o -6.60 -15.3= 2230 -52.50 -3430 51700
DMFo -74.20 -94.10 -94.20 -81.1z -81.20 -81.40 -105.10 -106.82  -106.60 -116.79 -108.53 14200
DMSOa -9.1a -68.0a -67.9a -84 4a -84 .50 -84.50 -51.51 -63.7a -66.1a -89.40 -79.20  31.8cm
Ethanola -82.32 -91.5a 91.5a -107.22 -107.12 -107.0a -7832 8052 -89.4m -lllla 10132 1205w
Methanol= -86.90 -97.4a -97.4u -113.90 -114.00 -114.00 -84.20 -86.30 -95.50 -116.40  -107.5a0  11.7oo
Nitrobenzened 216230 -308.0o -308.1z -344.30 -344 4o -343.1a -351.30  -340.0c0  -343.6a -371.6a 32763 16.600
Pentylethanoatec  -39.20 -64.7a -63.9a -86.52 -90.40 -88.30 -7492 728z 720m@ -87.62 -84.80 19400
Quinolinex lis} -193.02 -192.9a -212.4a -212.4a -212.7a -21130 2163 -208.9a1 -214.1a -210.1= 3.8un
THF= -35.82 -43.0a -42.9a -62.0a -62.0: -62.0a S3lle 239620 -43.1m -71.92 -50.1= 25300
Toluenen fo -4.20 -5.00 -26.50 -29.50 -26.80 -19.60 -32.0o0 -21.20 -32.20 -19.90 44200
Water: 984 -114.1o -114.1a -136.1a -136.1a -136.1a -102.82 -101.62  -111.8a -133.63 -1256a3 11.9am

Table 4. Solvation Gibbs energies of the electron (kJ mol™) 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 (Markovi¢ 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 HCI 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 (Markovi¢ 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, AGs(e”) in cyclohexane vary from -14.8 kJ mol! (M06-HF) up to
31.2 kJ mol* (M05-2X). Such behaviour of the Minnesota functionals has not been observed in
our related work (Markovi¢ 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 AHsoi(e™) and AGsqi(e7) 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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(Rottmannova et al. 2013) and (Skorfia 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 AH(H's) and Gibbs energy AG(H*so) of the
solvated proton can be obtained by adding the H(H*gs) and G(H*gs) values to AHsqi(H*) and
AGsol(H"), respectively. Similarly, the enthalpy AH(e7so) and Gibbs energy AG(e so) Of the
solvated electron can be obtained by adding the H(e gas) and G(e gas) values to AHso(e™) and
AGsoi(€7), 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 AHsoi(H*), AGsoi(H*), AHsoi(€7), and AGsoi(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 (Markovi¢ 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 AHsy(e”) and AGsqi(€7), 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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*2nasHu aymop

Pe3nme

W3BeneHo je cucteMaTHYHO NCHUTHBAEkE eHTANNMje U ' nbcoBe eHepruje coiBaTalije IpoToHa
M eJEeKTPOHa Yy JIBaJIeCeT pacTBapaya paszinvuTe MOoJapHOCTH. [IpuMemeHo je jemaHaect
KBaHTHO MEXaHMYKHX MeTofa y KoMOWHamumju ca OasucHEM ckymoMm 6-311++G(d,p) u
cosBaTtaroHuM mogeirom C-PCM.

VYCTaHOBJBCHO je [a pasiuyuTe METO/e pe3yiITHPajy Y KOH3UCTEHTHHUM BPEIHOCTHMA 3a
eHTanmujy W [ mOCOBY eHeprujy cojBaTalije IpPOTOHAa KOJ CBHX pacTBapada, IOK ce
onrosapajyhe BpeIHOCTH 3a eNIeKTPOH MeljycoOHO TocTa pasiukyjy. MuHecoTa (pyHKIMOHATH
YeCcTO BOJIE /10 HEKOH3UCTEHTHUX BPEIHOCTH 3a CHTANNHjy M ['MOCOBY eHeprujy coyiBaTaluje
€JIEKTPOHA, IITO yKa3yje Ha IbMXOBY HEMOY3JaHOCT Kaga ce NpHMemYyjy 0e3 oxromapajyher
conBaranmonor mozena SMD. Ocraje wWcnuTaHe METOAE BeoMa Mallo 3aBUCE O]
COJIBATalIMOHOT MOJIETIA.

ITopeheme pesynraTa OBOT HCTpaXKHBama ca pe3yiTaTauMa Koju Cy JOOHMjeHH Y3 IMPHMEHY
mojgena SMD mnoxkasyje na C-PCM npousBoau Hemto HeratuBHHje (Mambe MO3UTHBHE)
eHrannuje 1 ['MbcoBe eHepruje coyBaralyje eIeKTPOHA, TOK Cy BPEAHOCTH 32 MPOTOH Mame
HeraTuBHe. OBaKBH Pe3yNITATH CY Y CarJIACHOCTH H ca IoJaliMa U3 JIUTepaType KOji ce OJHOCE
Ha consaramuonn moxei |IEF-PCM.

KbydHe pewn: coNBaTucaHW TPOTOH, COJIBATHCAHHM ENIEKTPOH, [BaIeceT pacTBapauya,
coasaranuonu mozaen C-PCM
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