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Various quantum chemical approaches including ab initio, density functional theory (B3LYP, CAM-B3LYP,     
ωB97X-D, M06HF) and semiempirical (PM7) methods with different basis sets and various solvation models (SMD, 
IEFPCM, COSMO), as well as a supermolecular approach, and the basis set superposition error (BSSE) corrections, used 
to analyze the solvation effects are compared for polar (water, ethanol, dimethylsulfoxide, acetonitrile, acetone), weakly 
polar (chloroform) and nonpolar (benzene, n-hexane, carbon tetrachloride) solvents per se and interacting with 
unmodified and modified silicas. The DFT methods give smaller errors in the Gs values than the PM7 method with 
various solvation models. For the molecular clusters with water alone or water with organics, the interaction energy 
decreases with enhanced amorphism of the systems. The supermolecular approach with PM7 gives worse results (in 
comparison to the experimental data) than those of SMD/PM7 or COSMO/PM7. An increase in the basis sets can give 
worse results than that at smaller ones because the parameters in the SMD model were calibrated using the experimental 
data and ab initio or DFT calculations of the same systems with relatively small basis sets.  

Keywords: solvation effects, solvation models, quantum chemical methods, ab initio and DFT methods, 
semiempirical methods 
 

INTRODUCTION 

Energetic characteristics of solvation (e.g. 
Gibbs free energy of solvation, Gs) of various 
solutes in aqueous or organic media are of 
importance because they determine the solubility 
of the compounds, the behavior upon co-
adsorption with water, and these effects are 
especially interesting for organic solvents/solutes 
interacting with water [1–6]. There are different 
methods for theoretical analysis of the solvation 
effects and estimations of the Gs values. 
Typically, ab initio (Hartree-Fock (HF) or HF 
with Møller-Plesset perturbation theory (MP/HF) 
improving HF by adding electron-correlation 
effects with Rayleigh–Schrödinger perturbation 
theory) or density functional theory (DFT) 
methods give the results with relatively small 
errors, which, however, depend on several 
factors such as method (HF, MP/HF, or DFT), 
MP order and DFT type, basis sets, and solvation 
methods [2, 4–11]. However, the application of 
the ab initio and DFT methods to large 
molecules is rather difficult due to clear 
computer restrictions [6, 12]. Therefore, the use 
of semiempirical methods (e.g. PM6, PM7, etc.) 
[12] could be preferable for large and complex 
systems. For example, the values of binding 
constant Ka = exp(G/RT) (where G is the 

free energy of the complex formation, R is the 
gas constant, and T is the temperature) for 
doxorubicin molecules (12 molecules 
simultaneously bound to a hydrated molecule of 
human serum albumin (HSA) with a number of 
atoms ~11000) interacting with various sites of 
hydrated HSA molecule were calculated using 
the semiempirical method PM7 with COSMO 
(COnductor-likeScreeningMOdel) applied for 
aqueous media [13]. Clearly, the use of ab initio 
or DFT methods to study similar large systems is 
very difficult. The aim of this work is 
comparison of results of DFT and ab initio (HF 
with MP) methods to those of experimental data 
and semiempirical PM7 method for various 
solutes in aqueous and organic media using 
different models of solvation to search an 
optimal approach to analyze the solvation and 
intermolecular bonding effects for high-
molecular weight compounds (e.g. proteins) 
interacting with water and low-molecular weight 
solutes or solvents and the interfacial effects for 
complex systems including two-three co-
solvents, co-solutes or co-adsorbates at a silica 
surface initial and partially hydrophobized with 
trimethylsilyl groups. As a whole, this 
investigation direction is original and was 
stimulated by theoretical analyses of huge 
number of experimental investigations using 1H 
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nuclear magnetic resonance (NMR) 
spectroscopy, differential scanning calorimetry, 
thermal stimulation depolarization current 
(TSDC), evaporation of free and adsorbed 
liquids, thermogravimetry (TG), cryoporometry, 
relaxometry, thermoporometry and other 
methods that were described in detail in 
monographs [4, 14, 15], reviews [16–22] and 
original papers [13, 23–25]. 

QUANTUM CHEMICAL METHODS 

Quantum chemical calculations were carried 
out using ab initio (HF method with second-
order MP (MP2)) and DFT methods with several 
hybrid functionals such as ωB97X-D, B3LYP, 
CAM-B3LYP, and M06HF [26] with the         
cc-pVDZ, aug-cc-pV6Z, 6-31G(d,p), and          
6-311++G(3d,2p) basis sets [26–28] using the 
Gaussian 09 [26], GAMESS 2017 R1 [29, 30], 
and MOPAC 2016 [12] program suits. The 
solvation effects were analyzed using several 
solvation models such as a continuum solvation 
model based on the quantum mechanical charge 
density of a solute molecule interacting with a 
continuum description of the solvent (SMD) 
[10, 11] and Polarizable Continuum Model 
(PCM) using the integral equation formalism 
variant (IEFPCM) [26], COSMO [12, 31], and a 
supermolecular approach. Practically all 
calculations taking into account the solvation 
effects were performed with the parallel 
geometry optimization. Visualization of 
molecular structures was performed using the 
ChemCraft (version 1.8/523) [32] or 
GaussView 5.09 [33] programs. 

Analysis of the solvation effects was started 
from a set of molecules and ions (water, organic 
solvents, etc.) alone calculated using several 
methods and compared to the experimental data 
to evaluate better approaches. Then various 
clusters of water (from 3 up to 5000 molecules), 
water with organic solvents (e.g. DMSO and 
acetonitrile), as well as initial and partly 
hydrophobized silica clusters, were calculated to 
analyze the effect of inter-cluster and outer-
cluster interactions and to explain such effects 
as, e.g., better dissolution of organics in water 
than water in the same organics.  

RESULTS AND DISCUSSION 

For simplicity, small molecules and ions 
were studied using SMD/DFT and PM7 methods 
(Table 1). Much larger systems (up to 15000 

atoms) were calculated using PM7 method 
(Table 2). Selected systems were also calculated 
using SMD/MP2/HF with the 6-31G(d,p) and 
6311++G(3d,2p) basis sets, 
PCM(IEFPCM)/ωB97X-D/cc-pVDZ, and 
SMD/ωB97X-D/aug-cc-pV6Z methods. The 
calculated values of the Gibbs free energy of 
solvation (Gs) were compared to the 
experimental data collected from [10, 11]. 

Typically, an overestimation (by the 
modulus) of the values of Gs (Table 1) was 
smaller (from 0.7 to 2.61 kcal/mol) than the 
underestimation (from +1.8 to +12.4 kcal/mol). 
This is especially characteristic for the PM7 
results, which were obtained in direct 
calculations of a molecule or ion surrounded by a 
water cluster with 100 H2O. An increase in the 
basis set could result in decreased or increased 
errors (Table 1). For example, for solvated anion 
OH, which was calculated using 
SMD/B3LYP/6-31G(d,p), the error is smaller 
than that of SMD/CAM-B3LYP/6-
311++G(3d,2p), or Gs = 107.3 kcal/mol 
(SMD/MP2/6-31G(d,p)) and 99.0 kcal/mol 
(SMD/MP2/6-311++G(3d,2p)), and 
92.7 kcal/mol (SMD/ωB97X-D/aug-cc-pV6Z), 
which are worse than that by SMD/ωB97X-
D/cc-pVDZ. Typically, SMD gives better results 
(i.e. smaller errors with respect to the 
experimental data) than PCM(IEFPCM), since 
for H3O

+Gs = 77.9 kcal/mol (PCM/ωB97X-
D/cc-pVDZ) is worse than that by SMD/ωB97X-
D/cc-pVDZ (see Table 1). From these 
comparisons, it is possible to recommend such 
models/methods for calculations of the solvation 
effects for simple molecules as SMD with 
ωB97X-D/cc-pVDZ, B3LYP/6-31G(d,p), or 
MP2/HF/6-31G(d,p), i.e., there is no need to use 
large basis sets for calculations of the solvation 
effects. Additionally, for simpler semiempirical 
approaches, calculations of the molecules and 
ions surrounded by the 100 H2O shell using the 
PM7 method give worse results than those with 
the COSMO or SMD methods (see errors in 
Table 1). Among DTF calculations the worse 
results (larger errors in Table 1) were obtained 
with M06HF/6-311++G(3d,2p) despite a large 
basis set. The errors depend also on the solute 
types, e.g., it is larger for H3O

+ than for OH or 
NH4

+ (Table 1). 
In the case of semiempirical methods, there 

are  several  possibilities to analyze the solvation 
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Table 2. Average interaction energy per a water molecule in water clusters from 10 to 5000 molecules (PM7) 
 
 

Structure Et (kJ/mol) 

 
10H2O 

14.2 

  
16H2O 

15.1 

 
44H2O 

14.4 

 
100H2O 

14.2 

 
692H2O 

14.1 

2000H2O 

13.4 

5000H2O 

14.5 
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effects. First, the use of the SMD (implemented 
in Gaussian and GAMESS) or other (e.g. 
COSMO in MOPAC 2016) solvation methods 
with no a real solvation shell of a molecule. 
Second, it is possible to construct a real solvation 
shell surrounding a solute molecule using 
various water clusters (Table 2). Note that the 
interaction energy (per a molecule) in the water 
clusters depends weakly on their size (Table 2, 
clusters with 10–5000 water molecules), but it 
becomes greater if a structure is closer to that of 
ice (Ih), but it is lower than the experimental 
value (Table 1). In other words, enhanced 
amorphism of the water clusters leads to 
diminution of the average interaction energy. A 
similar effect is observed for the 1H NMR 
spectra of water and ice, since the values of H 
are greater for ice (~7 ppm) than for bulk liquid 
water possessing amorphous structure            
(~4–5 ppm) [4]. 

Interaction of water molecules with a silica 
surface is similar (slightly stronger) to that for 
water per se [4]. Therefore, the value of Gs per 
a silanol (Table 3) is close to that for 100 H2O 
(Table 1) or other water clusters (Table 2). 
Partial hydrophobization (especially with small 
values of TMS  0.041–0.125 determined a 
relative value of substituted silanols by 
trimethylsilyl (TMS) groups) weakly affects the 
hydration energy of silica clusters (Table 3, 
Fig. 1). The solvation energy vs. a number of 
TMS groups in clusters Si8O12(OH)n(OSi(CH3)3)8-n 
(n = 8, 7, 6,… 0) calculated using SMD/B97X-
D/cc-pVDZ//cc-pVDZ for water, ethanol, and   
n-hexane as solvents (Fig. 1) shows that an 
increase in the degree of hydrophobization leads 
to stronger solvation of the functionalized silica 
clusters only in n-hexane, but the solvation 
effects decrease not only in water but also in 
ethanol. The latter is due to weaker                 
van-der-Waals interactions for nonpolar 
fragments/groups than the hydrogen bonds of the 
O-H…O type between polar fragments/groups. 
Adsorbed water molecules onto a silica cluster 
with a TMS group slightly enhance the hydration 
energy (Table 3) due to an increase in 
electrostatic contributions into solvation energy. 
Some ions or polar molecules can be adsorbed 
close or between TMS groups at a surface of 
partially hydrophobized silicas. In such places, 
the hydration shells cannot be formed as that at a 
hydrophilic surface that can lead to adsorption of 

ions or small polar molecules (e.g. amino acids) 
onto the partially hydrophobized silicas in 
contrast to the absence of the adsorption onto 
initial hydrophilic nanosilica. These features of 
hydrophilic, partially and completely 
hydrophobized nanosilicas can lead to changes in 
the organization of the nanoparticles in aqueous, 
water-ethanol or other dispersion media [4, 24]. 

Water molecule or clusters are better 
solvated (i.e., Gs is lower or larger by the 
modulus) in water than in other solvents (both 
polar (ethanol, DMSO, acetonitrile, acetone) and 
nonpolar (benzene, hexane) or weakly polar 
(chloroform) ones) independent of the water 
cluster size (Table 4). However, this difference 
decreases with increasing size of the clusters. 
This explain why water and nonpolar liquids 
tend to reduce the contact area. However, for 
water molecules in aqueous media, the values of 
non-electrostatic contributions into the Gibbs 
free energy of solvation are positive (i.e. 
destabilizing) and maximal (see the SMD-CDS 
values in Table 4). This is due to strong 
interaction between water molecules per se that 
causes great energy spent on the formation of a 
cavity for a solute in the aqueous media. Note 
that all properties of water are unusual [5], and 
the main reason of that is strong hydrogen bonds 
in water, in which all atoms take part since each 
O atom forms two hydrogen bonds and each H 
atom form one hydrogen bond. However, this is 
true for the water molecules located in the 
typical structures with the hydrogen bonds in 
contrast to interstitial water molecules [5] 
located between the molecules with the typical 
hydrogen bonds. The presence of interstitial 
water in liquid water results in several effects. 
For example, the overage coordination number 
of water molecules (i.e. the number of the 
molecules in the first coordination sphere) can be 
about 4.5 in contrast to 4 for ice Ih; therefore, the 
density of ice Ih is lower than that of liquid 
water. The solvation parameters of water in 
ethanol are close to those for water in water 
(because the hydrogen bonds O-H...O are similar 
for both systems) that can explain good mixing 
of water with ethanol [5, 10, 11]. 

The difference in the values of the Gibbs free 
energy of solvation without and with the basis 
set superposition error (BSSE) corrections 
decreases with increasing size of solvated water 
clusters due to a decrease in a number of 
contacts of solvated molecules with surroundings  
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Table 3. Total solvation energy (kJ/mol) (in brackets, the values per a silanol group are shown) of a silica cluster 
with silanols and a TMS group  

Structure PM7/COSMO 

 
Si44O100H24 

-375.1 
(-15.6) 

-474.6 (PM7/SMD) 
(-19.8) 

 
Si44O100H23Si(CH3)3 

-368.2 
(-16.0) 

Si44O100H23Si(CH3)3@7H2O 

-384.7 
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Fig. 1. Gibbs free energy of solvation vs. a number of TMS groups in clusters Si8O12(OH)n(OSi(CH3)3)8-n (n = 8, 7, 

6,… 0) calculated using SMD/B97X-D/cc-pVDZ//cc-pVDZ for water, ethanol, and n-hexane as solvents 
 

 
a – 171(CH3)2SO@16H2O 

at Et = –9.1 kcal/mol per a molecule 

 
b – 132(CH3)2SO@172CH3CN@44H2O 

at Et = –2.0 kcal/mol per a molecule 

Fig. 2. Water clusters in surrounding with (a) DMSO and (b) DMSO and acetonitrile (PM7) 
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per a molecule (Tables 4 and 5). For 3H2O 
(Table 4), the BSSE correction leads to stronger 
solvation results. It should be noted that 
Gaussian 09 and GAMESS 17 R1 give slightly 
different results upon using the same DFT (with 
SMD) and basis sets, but observed relative 
changes in the values are practically the same 
(Tables 6–8). Therefore, upon analysis of the 
solvation effects (or other theoretical results) it is 
better to use only one program suit. 

For molecules with strongly polar groups, 
e.g., S=O in dimethylsulfoxide (DMSO), causing 
a maximal dipolar moment (Tables 6–8, µ), the 
solvation effects are strong for both own and 
aqueous solutions, since |Gs| is maximal. Great 
atomic charges on these polar bonds, especially 
for O in DMSO, lead to high location of the 
highest occupied molecular orbitals (EHOMO) and 
lower location of the lowest unoccupied MO 
(ELUMO) that correspond to enhanced 
polarizability of the bond. It is higher (HOMO) 
in aqueous solution than in own one due to 
stronger polarization effects caused by water 
molecules. Strong interactions between DMSO 
and water give a relatively large value of Et per 
a molecule of a complex cluster (Fig. 2 a). 
However, addition of acetonitrile molecules to 
the DMSO/water cluster results in diminution of 
the interaction energy per a molecule in the 
cluster (Fig. 2 b). This result can be explained by 
enhanced amorphism of the cluster with the 
molecules of three types. In the experiments, this 
leads, e.g., to complex 1H NMR spectra of 
DMSO/acetonitrile/water solutions bound to a 
surface of any adsorbent [4]. Additionally, bound 
water (i.e., water being under confined space 
effects) possesses lower activity as a solvent, i.e., 
it can dissolve smaller amounts of any solute 
than bulk free water. Therefore, the value of 
chemical shift of the proton resonance (H) of 
water/acid bound to an adsorbent is characterized 
by smaller values (by several ppm) than that for 
free bulk solution of the same acid at the same 
concentration [5]. 

There are interesting features of solvation of 
organics in water that gives lower values of Gs 
(i.e. better solution) than that in own solution 
(Tables 7 and 8). This seems as a contradiction 
to the experimental data, since hexane, benzene, 
carbon tetrachloride, and chloroform are poorly 
water-soluble, i.e., they are practically 
immiscible with water [4, 5, 10, 11]. However, 

the solubility of water in these solvents are much 
worse than the solubility of nonpolar organics in 
the aqueous media [10, 11]. One could conclude 
that nonpolar organics are poorly soluble in the 
aqueous media due to more negative effects for 
water upon dissolution in the organic solvents 
(i.e., Gs is less negative for water molecules 
dissolved in the organics), but not for these 
organics are dissolved in water since the value of 
Gs for an organic molecule in water could be 
lower than that for own solution. Therefore, the 
solubility of benzene in water is approximately 
three times greater than that of water in benzene 
[34, 35]. Thus, theoretical results can well 
explain some unexpected experimental data. 

CONCLUSIONS 

Comparison of the theoretical results on 
solvation of molecules and ions of various 
solvents with experimental data shows that DFT 
methods give smaller errors in the Gs values 
than the PM7 method with various solvation 
models. For the molecular clusters with water 
alone or water with organics, the interaction 
energy decreases with enhanced amorphism of 
the systems, e.g., transformation of ice-like 
structures to amorphous one. The supermolecular 
approach with PM7 gives worse results (in 
comparison to the experimental data) than those 
of SMD/PM7 or COSMO/PM7. The SMD/PM7 
or COSMO/PM7 could be recommended for 
applications to large systems, which cannot be 
calculated using ab initio or DFT methods. For 
relatively accurate calculations of the solvation 
effects, the DFT methods such as B3LYP (with 
the 6-31G(d,p) basis set) or ωB97X-D (with the 
cc-pVDZ basis set) with the SMD method could 
be applied. An increase in the basis sets can give 
worse results than that at smaller ones because 
the parameters in the SMD model were 
calibrated using the experimental data and ab 
initio or DFT calculations of the same systems 
with relatively small basis sets. Typically, the 
SMD results are better (i.e. close to the 
experimental values for molecules and ions) than 
that of PCM (IEFPCM). Therefore, the SMD 
model with B3LYP/6-31G(d,p) or ωB97X-D/cc-
pVDZ for relatively small systems (up to several 
hundreds of atoms) of PM7/SMD or 
PM7/COSMO (up to several tens of thousands of 
atoms) could be recommended to analyze the 
solvation effects. 
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Різні квантово-хімічні методи включно з ab initio, ТФГ та напівемпіричним наближенням з різними 

базисними наборами та моделями сольватації і супермолекулярним наближенням було використано для 
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Разные квантово-химические методы, включая ab initio, ТФГ и полуэмперические приближения с 
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