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Abstract

We propose an efficient and accurate non-iterative method, dubbed uESE, for calcu-

lating solvation free energies. Apart from a COSMO-like electrostatic term, the model

takes into account non-electrostatic contributions, which depend on atomic surfaces,

induced surface charge densities, and the molecular volume. uESE is tested on

35 polar and 57 non-polar solvents. The calculated and experimental solvation free

energies are compared for 2892 systems. The method exhibits an excellent perfor-

mance, which is superior to major solvation methods. The mean absolute error of

predicted solvation energies is found below 1 kcal/mol for neutral solutes and below

3 kcal/mol for ions. The calculated data are almost independent of the quantum-

chemical method or/and basis sets employed.

K E YWORD S

atomic charges, continuum solvation methods, solvation free energies

1 | INTRODUCTION

Continuum solvation (CS) models are widely used to obtain reliable

information about the energy and electronic properties of molecular

systems in aqueous and non-aqueous solutions.1–3 In most

approaches, the total solvation free energy is evaluated as a sum of

electrostatic energy and non-electrostatic correction:

ΔG�
solv = Eelst +ΔG�

corr, ð1Þ

Concerning the electrostatic problem, two CS methodologies are

predominantly used: (1) polarizable-continuum model (PCM),1–4 in

which the solute placed in a cavity interacts with the solvent repre-

sented by a continuum having certain electric properties; and (2) gen-

eralized Born (GB) method (see References 5 and 6 and references

therein).

In the PCM-type methods, the polarization of the solvent by the

solute is modeled by the induced charge density σ(r) on the cavity

surface; Eelst is calculated as the interaction energy of σ(r) with the

electrostatic potential of the molecule V(r), plus the self-repulsion

energy of the surface charges of σ(r). The details of various versions

of the PCM-type methods were reviewed elsewhere.1–3

In COSMO7,8 and closely related C-PCM9,10 – particularly effi-

cient PCM-type methods – the cavity surface is typically constructed

as a superposition of overlapping atom-centered spheres,11 often

smoothed near the seam of two spheres.12,13 In the original COSMO

formulation,7 the solvent is first considered as a conductor with an

infinite dielectric constant ε = ∞. Hence, the electrostatic potential V

(r) outside the cavity vanishes, and the induced surface charge density

σ(r) provides complete screening of the electrostatic field of the sol-

ute. If the entire solute charge density is inside the cavity, the com-

plete screening condition leads to the following integral equation:

ð
d2r0

σ r0ð Þ
j r−r0 j = −V rð Þ, ð2Þ

where Ðd2r0 is a surface integral over the cavity. In practical calcula-

tions σ(r) is replaced by a discrete surface charges {qi} located atDedicated to Professor Gernot Frenking on the occasion of his 75th birthday.
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positions ri on the cavity surface, thus leading to a simple working

equation:

X
j ≠ið Þ

qj
j ri−rj j +1:0694

ffiffiffiffiffiffi
4π
Si

s
qi = −V rið Þ=Vi: ð3Þ

The second term in Equation (3) describes the self-repulsion

energy of the surface charge qi; Si is the area corresponding to the

charge qi. Usually each atomic sphere is divided into spherical triangu-

lar tesserae,11 with the induced charges {qi} placed in the center of

each tessera. The electrostatic energy Eelst is calculated as Coulomb

interaction between the electrostatic potential of the solute V and

induced surface charges:

Eelst =
1
2
f εð Þ

X
i

qiVi: ð4Þ

The factor ƒ(ε) = (ε − 1)/(ε + x) is determined by the dielectric con-

stant ε of the solvent. The parameter x ranges from 0 to 1 and is often

set to zero. In more recent formulations of the COSMO8 and C-

PCM9,10 methods, the factor ƒ(ε) is included directly into the right-

hand side of Equation (3) rather than into Equation (4). Many efforts

have been devoted to extending the COSMO model. Recently

Lipparini et al.14,15 proposed the ddCOSMO linear scaling algorithm

which enables an approximate solution of the COSMO equation for

extended systems. It is two orders of magnitude faster than the stan-

dard techniques to solve the linear system by matrix inversion.

The nonelectrostatic term ΔG�
corr in Equation (1) accounts for

cavitation, repulsion, and dispersion contributions to the solvation

energy.2 Often a simple formula ΔG�
corr =

P
AκASA is used,3 where SA

is the exposed surface area of atom A and κA is an element-specific

adjustable parameter. More elaborated schemes are also used for esti-

mating ΔG�
corr.

2,5,16,17 Andreussi et al. in their SCCS scheme16,18

introduced a simple linear volume-dependent term to account for sol-

ute polarization effects. Hille et al. (the model19) achieved a significant

improvement of accuracy by replacing the volume by the solute polar-

izability. In the CMIRS model,20–22 the dispersion and exchange con-

tributions are expressed through the electron density of the solute; an

extra term, referred to as the short-range correction (SRC) is used to

describe strong hydrogen bonds between the solute and solvent.

A well-known approximation is a direct mapping of gas-phase

molecular properties of a solute on the condensed phase. In this

approach, the molecular geometry and electron density calculated for

an isolated (“gas-phase”) solute is used. In many cases such an

approach provides quite accurate results since a geometry relaxation

of a solute often has a minor effect on the computed solvation free

energies (see, e.g., Reference 19). The small energy uncertainty

resulted from the geometry difference as well as the effect of the sol-

ute polarization by environment can be accounted for by fitting of

tunable parameters of the model.23,24 This approximation essentially

decreases computational cost of the CS model and is of a great advan-

tage when the solvation free energy of a solute is computed in several

solvents. Note that such estimations are important for modeling of

biochemical and technological processes including the drug design.

Recently, several pharmaceutical industries pointed out the lack of

accurate methods to estimate the solvation free energy of drugs and

called on the academic world for the development of new low-cost

quantitative approaches.25

Recently we proposed an efficient and accurate method (ESE/

xESE, Easy Solvation Estimation23,24) for evaluating hydration energies

from gas-phase atomic charges based on a COSMO-like electrostatic

contribution augmented by a number of simple correction terms. In

this article, we report a new universal non-iterative method of calcu-

lating solvation free energies in various solvents, referred to as uESE1

that provides a balanced treatment of the solute–solvent interactions.

The model is tested for a large number of solvents. We provide a

comparison to the PCM-based SMD method,17 which is widely

employed26 by the computational-chemistry community for routine

solvation energy calculations. Whenever possible, we also compare

the uESE ΔG�
solv values with the results of SM126 and CMIRS20–22

methods.

2 | METHOD

In the uESE method, we follow the approach formulated in our previ-

ous papers for the ESE23 and xESE24 schemes. The total solvation free

energy is defined by Equation (1). The details of the procedure are

outlined below.

The calculation of the electrostatic term Eelst is based on a non-

iterative version of COSMO.7 The initial data are atomic charges {QA}

and atomic coordinates {RA} extracted from the gas-phase electron

density of the solute calculated by a suitable quantum-chemical pro-

gram such as Gaussian.27 Here, we keep using the CM5 atomic

charges,28 even though our previous estimates23 indicate that other

atomic charge schemes29–31 may also be suitable. From {QA} and {RA},

we evaluate the induced charges {qi} by solving the following system

of linear equations:

X
j
Aijqj = −Vi ,

with the electrostatic potential Vi calculated from the atomic charges

using Equation (5) and the Aij matrix elements defined by Equa-

tions (6)–(7).7,9

Vi =V rið Þ=
X
A

QA

jRA−ri j , ð5Þ

Aij =1= j ri – rj j for i≠j, ð6Þ

Aii =1:0694 4π=Sið Þ1=2: ð7Þ

The final electrostatic energy is computed by Equation (4). Here,

we have maintained the “Born-type” factor ƒ(ε) = (ε–1)/ε for all the
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polar solvents regardless of the total charge of the solute for compati-

bility with the previous ESE/xESE methods, as well as to ensure the

continuity of the potential energy surface. For non-polar solvents we

employ the “Onsager-type” factor ƒ(ε) = (ε–1)/(ε + ½) recommended

for neutral solutes.7,32 The molecular van der Waals surface is con-

structed using unscaled Bondi radii33 and the GEPOL93 algorithm11

with 32 tesserae per atom; no smoothing spheres (i.e., spheres not

centered on atoms) are added. Thus, every surface point is located

exactly at a distance of the Bondi radius to one of the nuclei. This is

slightly different from the xESE method, which uses a smoothed

solvent-excluded surface. The induced charges {qi} are also used to

compute ΔG�
corr according to Equations (8)–(12), see below.

The correction term ΔG�
corr is defined in the same fashion as in

our previous works23,24 However, adaptation to a large number of

quite different solvents requires some modification of the ESE/xESE

model. First, we divide all the solvents into four classes: (A) water; (B)

non-aqueous polar protic solvents; (C) polar aprotic solvents; (D) non-

polar solvents. For compatibility with the xESE model,24 water forms

its own class A. Class B includes mainly alcohols and phenols. Class D

comprises solvents with a dielectric constant below 9, even though

they are potentially capable of forming hydrogen bonds.

(Class A). ΔG�
corr in Equation (1) is defined as in xESE24:

ΔGo
corr waterð Þ=

X
A
κASA +

X
A
pAq

2
A +SRC, ð8Þ

where SA is the surface area of atom A; κA and pA are element-specific

adjustable parameters; qA is the induced charge of surface area of

atom A. The first term describes the cavitation energy and the disper-

sion contribution to the solvation energy,17,34 while the second term

in Equation (8) accounts for interactions not covered by Equa-

tion (4).23,24,35,36 The SRC is the short-range correction:

SRC=Cerf A σminj j3 +B σmaxj j3
� �

, ð9Þ

where σmin = minA (qA/SA) and σmax = maxA (qA/SA) are minimum and

maximum values of the averaged induced-charge density. The error

function in Equation (9) does not allow the SRC to exceed a fixed

value of C. This form of the SRC is inspired by the field-extremum

model37,38 introduced within the framework of Pomogaeva and

Chipman's CMIRS method.20–22 The positions of σmin and σmax simu-

late the location of proton donor and proton acceptor, respectively.

The original formulation by Pomogaeva and Chipman37,38 is in terms

of electric field und uses sharp cutoffs. In our version (Equation (9))

we employ the density of the induced charges, which is proportional

to the electric field but directly accessible. Unlike the original FESR,

we use a smooth cutoff imposed by the error function that prevents

the SRC from exceeding a fixed C value. Note that this form of the

SRC term is mathematically slightly different from, but numerically

quite close to that employed in the xESE method.24

(Class B) Assuming that polar protic solvents such as alcohols are

sufficiently similar to water, we augmented Equation (8) by an

additional term ζV proportional to the total volume V of the molecular

cavity:

ΔGo
corr proticð Þ=

X
A
κASA +

X
A
pAq

2
A +SRC+ ζV: ð10Þ

The ζV term absorbs implicitly the solute polarization

effects16,18,19 and offers additional flexibility of the method through

the adjustable parameter ζ.

(Class C). For polar aprotic solvents, the SRC term given by Equa-

tion (9) is not applicable. Instead, we use a linear induced-charge

dependent term
P

AgAqA and a solvent-dependent shift ξsolvS

(Equation (11)):

ΔGo
corr aproticð Þ=

X
A
ξsolv + κAð ÞSA +

X
A
gAqA +

X
A
pAq

2
A + ζV: ð11Þ

(Class D). For non-polar solvents,
P

ApAqA
2 is replaced by

P
ApAjqAj

because typical solutes in this case are non-polar and have quite small

values qA
2. This, in turn, can give rise to large errors in calculated ΔG�

solv

for some solutes with large qA
2. An jqAj-based model is found to be

more stable. Thus, the ΔG�
corr expression for non-polar solvents is:

ΔGo
corrðnonpolarÞ=

X
A
ξsolv + κAð ÞSA +

X
A
pAjqAj+ ζV ð12Þ

The parameter ζ (Equation (10)–(12) as well as the parameters A,

B, and C (Equation (9)) are element- and solvent-independent, while

κA, gA and pA (Equations (8) and (10)–(12)) are element-specific. The

parameters ξsolv are solvent-specific, but element-independent.

3 | RESULTS AND DISCUSSION

The parameters κA and pA, and, where applicable, gA, ξsolv, ζ, A, B, and

C were fitted for each of the models (A)–(D) independently using as

experimental reference values from the Minnesota Solvation Data-

base.39,40 The parameters were optimized by a combination of a linear

and non-linear least-squares methods. The solvent-dependent shifting

parameters ξsolv were found for each solvent by a simple one-

dimensional linear least-squares after having fitted the other parame-

ters. The CM5 atomic charges {QA} for each solute were computed at

B3LYP/Def2-TZVP 41 level using the Gaussian program.27 The opti-

mized parameters for each solvent class are reported in Table 1. The

shifting parameters ξsolv for individual solvents are provided in the

Supporting Information (Table S1).

The complete set of solvation energies ΔrefG�
solv includes all suit-

able entries (a total of 2892 entries) available from the Minnesota

Database. The SMD calculations were carried out using the Gaussian

program27 at the B3LYP/Def2TZVP level as described in the

Supporting Information (Part 7). Note that SMD was originally param-

eterized at M05-2X/6-31G* level, but works similarly with other func-

tionals such as B3LYP.

In Tables 2–5 we provide a comparative statistical evaluation of

the uESE scheme for various solvents with respect to the SMD
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method. Table 2 also gives statistical data for xESE.24 For aqueous

solutions, xESE and uESE employ the same solvation model. They

differ in the definition of the molecular surface (see above) and a

minor change in the SRC term. According to Table 2, xESE and uESE

perform similarly, albeit not identically: xESE works a bit better for

neutral molecules, whereas uESE is slightly better for ions. Both

models are superior to SMD. For neutral molecules and cations, the

xESE and uESE results exhibit a strong correlation, with R = 0.988

and 0.997, respectively. For anions, the deviation is somewhat larger

(R = 0.951, see the Supporting Information, Figure S1). With respect

to the SM12 method,6 the xESE and uESE results are noticeably

superior for ions when compared on an equivalent dataset (see the

bottom of Table 2), while for neutral solutes SM12 appears to be

marginally better. The uESE also supersedes the CMIRS method, as

shown in the rightmost columns of Table 2.

To independently test the performance of the xESE and uESE

methods, we computed ΔG�
solv of the molecules from Guthrie’s Blind

challenge for computational solvation free energies 42 that contains

63 neutral molecules, mainly pharmacologically important, which are

structurally different from those from the Minnesota 390-set.

According to Table 2, the uESE and xESE methods perform signifi-

cantly better than SMD, with xESE being the best.

TABLE 1 Optimized parameters κA, pA, and gA for main-group elements for various classes of solventsa

Solvent class A – water

H C N O F P S Cl Br I

κA 0.024 −0.003 0.0 0.012 0.054 0.03 −0.022 −0.006 −0.016 −0.025

pA −16.5 35.4 65.8 14.2 14.5 0.0 29.2 28.3 29.8 23.0

A = 68500 Å−6; B = 87700 Å−6; C = −8.87 kcal/mol

Solvent class B – polar protic

κA 0.045 0.03 0.0 0.072 0.077 0.11 0.0 0.019 0.0 −0.008

pA −14.6 5.5 73.0 17.4 3.0 10.0 24.0 24.0 25.6 26.0

A = 186000 Å−6; B = 78500 Å−6; C = −2.36 kcal/mol; ζ = −0.07

Solvent class C – polar aprotic ζ = −0.236

κA 0.151 0.17 0.239 0.052 0.20 0.122 0.086 0.083

pA −17.21 12.89 77.5 14.56 0.0 7.6 0.0 0.0

gA 7.19 9.27 0.0 21.82 12.0 21.35 32.1 32.7

Solvent class D – non-polar ζ = −0.166

κA 0.106 0.115 −0.092 0.056 0.1 0.6 0.05 0.087 0.072 0.077

pA −6.15 1.54 23.1 9.52 6.17 −70.0 12.5 1.94 4.95 −4.33

aκA in kcal�mol−1�Å−2, pA and gA in kcal/mol, ζ in kcal/mol�Å−3.

TABLE 2 Mean signed error (MSE) and mean absolute error (MAE) of the hydration free energya in kcal/mol calculated by SMD, uESE, xESEb,
and SM12c methods

SMD uESE xESEb SM12c CMIRSd

Solutes MSE MAE MSE MAE MSE MAE MSE MAE MSE MAE

neutrals(390) 0.57 1.15 −0.14 0.99 −0.07 0.89

cations(60) 3.44 3.76 0.12 2.73 −0.16 2.90

anions(83) 8.09 8.10 0.19 2.83 −1.39 3.06

All solutes (533) 2.06 2.53 −0.06 1.47 −0.28 1.46

neutrals(274)e 0.47 0.74 −0.21 0.73 −0.19 0.64 −0.27 0.59 −0.57 1.00

cations(52)e 2.46 2.83 −0.23 2.33 −0.34 2.62 2.25 3.0 1.98 3.20

anions(60)e 7.41 7.43 −0.38 2.59 −1.81 3.08 0.46 3.1 0.84 3.01

Blind challenge(63)f −0.46 2.37 −0.78 2.05 −0.45 1.83

aThe complete list of hydration free energies is given in the Supporting Information (Tables S2–S4).
bData from Reference 24.
cData for SM12(CM5) at B3LYP/6-31G* level extracted from the original Reference 6.
dAdopted from Reference 24 based on data from Reference 20. Note that the CMIRS dataset is very similar to, but distinct from the SM12 dataset.
eSubsets from Reference 6.
fDataset of drug-like molecules from Reference 42.
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Tables 3 and 4 provide a similar comparison for other polar sol-

vents. For protic solvents, the uESE method gives an MAE below

1 kcal/mol. In particular, a MAE is about 0.6 kcal/mol for neutral sol-

utes and about 2 kcal/mol for ions. The uESE method is superior to

SMD for most solvents, with the exception of butanol and isobutanol,

as well as for methanol in the case of cationic solutes. For anions in

methanol uESE clearly outperforms SMD. A similar situation is

observed within the SM12 method,6 for which the MAE is 1.9 kcal/

mol; 2.7 and 2.4 kcal/mol for cations, anions, and all the ions in meth-

anol, respectively. The results for individual molecules and ions are

illustrated in Figure 1. Of the 467 molecules and ions tested, 222 (just

145 in the case of SMD) show a deviation below 0.5 kcal/mol. uESE

exhibits only 11 outliers (29 for SMD) with an error beyond 4 kcal/

mol marked by red points in Figure 1.

Similarly, uESE convincingly outperforms SMD for almost all polar

aprotic solvents, although SMD also works quite well for neutral spe-

cies. The only case where its performance is noticeably better than

that of uESE, is 4-methyl-2-pentanone, while for dichloroethane and

cyclohexanone only a slightly better performance of SMD is regis-

tered. For all other polar aprotic solvents the uESE method gives a

markedly lower MAE than SMD. A big advantage of uESE is observed

for ionic solutes, since the SMD method strongly underestimates

jΔG�
solvj in particular for cations. On the contrary, the MAE for uESE

mostly remains within 2 kcal/mol. Comparison with the SM12

TABLE 3 Mean signed error (MSE) and mean absolute error
(MAE) of the solvation free energy in kcal/mol for 14 polar protic
solvents computed using the uESE and SMD methods (a total of 467
entriesa)

Solvent

SMDb uESE

MSE MAE MSE MAE

Octanol(247) 0.62 1.24 0.04 0.75

Heptanol(12) 0.72 0.74 0.25 0.47

m-cresol(7) 1.56 1.56 0.54 0.68

Benzyl alcohol(10) 0.42 0.66 0.09 0.35

Hexanol(14) 0.69 0.77 0.16 0.44

Pentanol(22) 0.40 0.72 0.29 0.66

sec-Butanol(9) −0.23 0.53 0.26 0.44

Isobutanol(17) −0.01 0.56 0.09 0.63

Methoxyethanol(6) 0.20 0.83 −0.15 0.44

Butanol(21) 0.12 0.64 0.38 0.68

Isopropanol(7) −0.91 1.02 −0.31 0.63

Propanol(7) −0.66 0.81 −0.27 0.57

Ethanol(8) −1.21 1.29 −0.60 0.82

Methanol – cations(29) −0.32 2.44 −0.62 2.77

Anions(51) 3.50 3.70 −0.07 1.73

All ions(80) 2.11 3.24 −0.35 2.13

All polar protic solvents (467) 0.74 1.44 0.02 0.93

Slope 0.966 1.001

Intercept 0.18 0.03

R 0.997 0.998

aThe complete list of solvation free energies is given in the Supporting

Information (Tables S8–S21).
bCalculated using the Gaussian program package.27

TABLE 4 Mean signed error (MSE) and mean absolute error
(MAE) of the solvation free energy in kcal/mol for 20 polar aprotic
solvents computed using the uESE and SMD methods (a total of 338
entriesa)

Solvent

SMDb uESE

MSE MAE MSE MAE

Bromoethane(7) −0.67 0.80 −0.04 0.61

2-methylpyridine(6) −0.03 0.60 0.09 0.53

o-dichlorobenzene(11) −0.85 0.85 −0.06 0.41

dichloroethane(39) −0.18 0.49 0.07 0.51

4-methyl-2-pentanone(13) −0.02 0.77 0.21 1.01

Pyridine(7) −0.19 0.65 0.07 0.48

Cyclohexanone(10) 0.28 0.96 0.31 1.05

Acetophenone(9) −0.26 0.61 0.20 0.69

Butanone(13) −0.64 0.96 0.00 0.81

Benzonitrile(7) −0.64 0.77 −0.01 0.56

o-nitrotoluene(6) −0.14 0.51 0.01 0.16

Nitroethane(7) −0.37 0.58 0.03 0.30

Nitrobenzene(15) −0.43 0.62 0.01 0.22

Acetonitrile

Neutral solutes (7) –0.56 0.74 0.65 0.69

Cations(39) 7.65 7.93 −0.28 2.01

Anions(30) −2.63 3.01 0.25 1.82

All ions(69) 3.18 5.79 −0.18 1.97

Nitromethane(7) −0.46 0.85 0.06 0.53

Dimethyl formamide(7) 0.07 0.65 0.12 0.49

Dimethyl acetamide(7) −0.01 0.76 0.11 0.54

Sulfolane(7) 1.42 1.48 0.12 0.54

Dimethyl sulfoxide

Neutral solutes (7) 0.53 0.88 0.12 0.75

Cations (4) 8.31 8.31 0.15 2.25

Anions (66) −1.69 3.55 −0.14 2.01

Methyl formamide(7) 0.23 0.86 0.17 0.85

Polar aprotic –neutrals (199) −0.18 0.73 0.10 0.59

Polar aprotic –cations (43) 7.71 7.96 −0.24 2.03

Polar aprotic –anions(96) −1.99 3.38 −0.02 1.95

All polar aprotic(338) 0.31 2.40 0.02 1.16

Slopec 0.946 1.001

Interceptc −1.20 0.04

Rc 0.989 0.998

aThe complete list of solvation free energies is given in the Data S1

(Tables S23–S46).
bCalculated using the Gaussian program package.27

cLinear correlation between ΔG�
solv obtained within a given method and

ΔrefG�
solv.
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TABLE 5 Mean signed error (MSE) and mean absolute error (MAE) of the solvation free energy in kcal/mol for 57 nonpolar solvents
computed using the uESE, SMD, and PCM methods (a total of 1554 entriesa)

Solvent

SMDb uESE uESE* (ξsolv = 0)c

MSE MAE MSE MAE MSE MAE

Pentane(26) −0.22 0.35 −0.01 0.28 0.26 0.40

Hexane(59) −0.01 0.52 −0.01 0.36 0.21 0.42

Heptane(69) 0.22 0.55 0.02 0.37 0.29 0.44

Isooctane(32) −0.32 0.45 −0.03 0.39 0.20 0.43

Octane(38) 0.06 0.43 −0.01 0.28 0.06 0.30

Nonane(26) 0.04 0.37 −0.02 0.22 0.11 0.23

Decane(39) 0.02 0.43 −0.04 0.30 0.01 0.30

Undecane(13) 0.27 0.49 0.02 0.33 0.29 0.45

Dodecane(8) 0.06 0.30 −0.12 0.34 −0.06 0.32

Cyclohexane(92) 0.32 0.60 −0.04 0.46 0.07 0.48

Perfluorobenzene(15) 0.49 0.56 0.06 0.36 0.98 0.98

Pentadecane(9) 0.39 0.48 −0.12 0.31 −0.12 0.31

Hexadecane(198) 0.32 0.68 −0.05 0.45 −0.07 0.44

Decalin(27) 0.57 0.67 0.02 0.30 −0.15 0.35

Carbon tetrachloride(79) 0.02 0.53 0.01 0.35 0.49 0.58

Isopropyltoluene(6) 0.49 0.49 0.02 0.22 0.42 0.42

Mesitylene(7) 0.09 0.54 0.02 0.25 0.58 0.63

Tetrachloroethene(10) 0.57 0.74 0.02 0.26 0.53 0.53

Benzene(75) 0.58 0.81 0.14 0.51 0.81 0.96

Sec-butylbenzene(5) 0.12 0.25 0.04 0.16 0.27 0.27

Tert-butylbenzene(14) 0.09 0.40 0.03 0.25 0.23 0.36

Butylbenzene(10) 0.34 0.50 0.03 0.26 0.34 0.39

Trimethylbenzene(11) 0.23 0.46 0.01 0.21 0.38 0.42

Isopropylbenzene(19) −0.05 0.39 −0.02 0.25 0.26 0.39

Toluene(51) 0.35 0.58 0.01 0.30 0.59 0.65

Triethylamine(7) 0.77 0.98 −0.03 0.58 0.30 0.65

Xylene(48) 0.45 0.60 0.03 0.34 0.49 0.57

ethylbenzene(29) 0.17 0.47 −0.03 0.30 0.36 0.52

Carbon disulfide(15) 0.12 0.65 −0.13 0.43 −0.07 0.43

Tetralin(9) −1.08 1.30 −0.31 0.71 −0.84 0.89

Dibutyl ether(15) 0.61 0.79 0.06 0.60 0.12 0.59

Diisopropyl ether(22) 0.41 0.76 0.03 0.91 0.46 0.92

Hexadecyl iodide(9) −0.07 0.42 −0.03 0.23 −0.32 0.32

Phenyl ether(6) −1.05 1.05 −0.09 0.35 −0.41 0.41

Fluoroctane(6) −0.48 0.48 −0.01 0.06 −0.63 0.63

Ethoxybenzene(7) 0.08 0.45 −0.09 0.34 −0.33 0.38

Anisole(8) 0.31 0.51 −0.05 0.27 −0.18 0.28

Diethyl ether(72) 0.26 0.82 −0.01 0.78 0.21 0.76

Bromoform(12) 0.72 0.72 −0.04 0.24 −0.15 0.28

Iodobenzene(20) −0.20 0.34 −0.07 0.45 −0.60 0.62

Chloroform(109) 0.28 0.79 0.00 0.64 0.18 0.67

Dibromoethane(10) 0.63 0.70 −0.10 0.34 −0.47 0.48

Butyl acetate(22) 1.08 1.15 0.08 0.56 0.33 0.55

Bromooctane(5) −0.88 0.88 −0.04 0.16 −1.11 1.11

(Continues)
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method26 for ionic solutes also supports the uESE method, since the

SM12 errors for cations and anions in acetonitrile (7.3 and 4.4 kcal/

mol) and in dimethyl sulfoxide (2.5 and 6.9 kcal/mol) are significantly

larger than those of uESE. For neutral solutes in acetonitrile, uESE

performs substantially better (MAE of 0.69 kcal/mol) than the

CMIRS21 method (MAE of 2.1 kcal/mol). For ions, uESE also gives

more accurate estimates than CMIRS (MAEs are of 1.97 kcal/mol

and 2.2 kcal/mol, respectively). For dimethyl sulfoxide, uESE exhibits

a somewhat larger MAE (0.75 kcal/mol [uESE] vs. 0.5 kcal/mol

[CMIRS]) for neutral solutes and cations (2.25 kcal/mol [uESE]

vs. 1 kcal/mol [CMIRS]), but uESE performs better for anions

(2.01 kcal/mol [uESE] vs. 2.6 kcal/mol [CMIRS]). It worth noting,

however, that unlike uESE, CMIRS has been individually fitted for

each particular solvent.

Of 338 solutes in polar aprotic solvents calculated by the uESE

method, 143 (107 in the case of SMD) deviate less than 0.5 kcal/mol

from the reference values. There are 18 outliers (64 for SMD) with an

error beyond 4 kcal/mol (Figure 2). In two particular cases (MeOH2
+

“i050” and PhO− “i164”), the SMD underestimates jΔG�
solvj by >20

and > 30 kcal/mol, respectively. The linear regression data at the

TABLE 5 (Continued)

Solvent

SMDb uESE uESE* (ξsolv = 0)c

MSE MAE MSE MAE MSE MAE

Bromobenzene(27) −0.48 0.51 −0.07 0.39 −0.64 0.67

Fluorobenzene(7) −0.79 0.83 −0.13 0.51 −0.29 0.48

Chlorobenzene(38) −0.63 0.65 −0.07 0.39 −0.59 0.63

Chlorohexane(11) −1.10 1.10 −0.01 0.17 −0.88 0.88

Ethyl acetate(24) 0.99 1.10 0.10 0.85 0.54 0.87

Acetic acid(7) 2.37 2.37 0.06 0.46 −0.29 0.59

Aniline(10) 0.76 0.78 0.22 0.70 −0.10 0.76

Dimethylpyridine(6) 0.13 0.69 −0.05 0.59 −0.47 0.69

Tetrahydrofuran(7) 0.33 0.77 −0.13 0.58 −0.32 0.58

Decanol(11) 1.17 1.22 0.06 0.62 0.10 0.62

Tributyl phosphate(16) 0.38 0.56 0.04 0.54 0.52 0.70

Nonanol(10) 0.67 0.73 0.03 0.83 −0.14 0.83

Dichloromethane(11) −0.61 0.65 −0.18 0.67 −0.52 0.72

All non-polar (1554) 0.22 0.65 −0.01 0.44 0.14 0.56

Sloped 0.792 0.908 0.875

Interceptd −0.83 −0.47 −0.49

Rd 0.903 0.948 0.933

aThe complete list of solvation free energies is given in the Supporting Information (Tables S47–S102).
bCalculated using the Gaussian program package.27

cThe uESE method with the ξsolv parameter set to zero for all solvents.
dLinear correlation between ΔG�

solv obtained within a given method and ΔrefG�
solv.

F IGURE 1 Solvation free
energies (in kcal/mol) for 467
molecules and ions in non-aqueous
polar protic solvents calculated by the
uESE and SMD methods versus
experimental values. Red points
denote outliers with a deviation
greater than 4 kcal/mol

1190 VYBOISHCHIKOV AND VOITYUK



bottom of Table 3 are also convincing for the uESE method, with a

slope very close to 1 and very small intercept.

Table 5 summarizes statistical data for a wide variety of non-polar

solvents. Although the SMD method yields an MAE well below

0.7 kcal/mol, the uESE method demonstrates an even better perfor-

mance with a MAE below 0.5 kcal/mol. For all solvents, when consid-

ered individually, uESE exhibits the MAE below 1 kcal/mol. In

contrast, SMD shows an MAE above 1 kcal/mol for seven solvents.

Only for 4 of 57 solvents uESE is inferior to SMD. Just for 30 entries

does the uESE method yield an error beyond 2 kcal/mol, while there

are 74 such outliers (“red” points in Figure 3) produced by SMD. The

linear regression results (see Table 5) also indicate an advantage of

the uESE method.

As explained above, the uESE model for polar aprotic (class C,

Equation (11)) and for non-polar (class D, Equation (12)) solvents

includes an additional solvent-dependent parameter ξsolv, which was

F IGURE 2 Solvation free
energies (in kcal/mol) for 338
molecules and ions in polar aprotic
solvents calculated by the uESE and
SMD methods versus experimental
values. Red points denote outliers
with a deviation greater than
4 kcal/mol

F IGURE 3 Solvation free
energies (in kcal/mol) for 1554
molecules in nonpolar solvents
calculated by the uESE (the full (a)
and simplified (with ξsolv = 0) (b)
versions), and SMD (c) methods
versus experimental values. Red
points denote outliers with a
deviation greater than 2 kcal/mol

VYBOISHCHIKOV AND VOITYUK 1191



found by the least-squares fitting for a large variety of solvents. To

perform calculations for a solvent that is not in our fitting database,

one can set ξsolv to zero. We examined this approximation by comput-

ing solvation energies using the uESE method with ξsolv = 0 (see the

rightmost column of Table 5). The other parameters remained

unaltered. The accuracy of the method is predictably reduced, but

even with ξsolv = 0 the uESE method yields an MAE less than that of

SMD both at average and for 37 of 54 non-polar solvents considered.

For other 17 solvents SMD works better. Just 35 outliers (with an

error greater than 2 kcal/mol) are found for this simplified version of

the uESE method (Figure 3(b)).

Since the uESE method was calibrated based on atomic charges

computed at the B3LYP/ Def2TZVP level, the question arises to what

extent the results are sensitive to the basis set and quantum-chemical

method used. To address this issue, we computed the solvation free

energies using three different method/basis set combinations

(Table 6). As expected, the calculations at PBE/Def2TZVP,

B3LYP/6-31G*, and Hartree–Fock/6-31G* levels yield slightly larger

MAE than the B3LYP/Def2TZVP data, which our fitting is based

on. Nonetheless, the difference in accuracy is small. In particular,

changing the density functional to PBE leads to an increase of the

MAE within 0.02 kcal/mol, except for ionic solutes in polar protic sol-

vents. Similarly small is the effect produced by employing the 6-31G*

basis set. According to linear correlation data at the bottom of

Table 6, there is little variation of solvation energies with changing the

functional and basis set. The deviation is somewhat larger at

HF/6-31G* level (which was used extensively in the past but is now

considered substandard), but in all cases uESE performs better than

SMD at the B3LYP/Def2TZVP level (Tables 2–5). The low depen-

dence of uESE results on the method should be attributed to a high

stability of the atomic charges, which is typical of CM5 as well as of

other Hirshfeld-style charge schemes.

4 | CONCLUSIONS

We have proposed a simple, efficient, and accurate method, dubbed

uESE,2 for calculating solvation energies in water and non-aqueous

solvents, based on a COSMO-like electrostatic term and correction

contributions inherited, in a modified form, from our previous xESE

method for aqueous solutions.

The efficiency of the uESE method is due to the use of a non-iter-

ative version of the COSMO algorithm augmented by a simple correc-

tion term that depends on atomic surfaces, surface charge densities

and molecular volume, which are easily available. The high accuracy is

achieved through the adequacy of the theoretical model as well as

careful adjustment of the parameters. When tested on a large dataset,

uESE exhibits a mean absolute error below 1 kcal/mol for neutral sol-

utes and below 3 kcal/mol for ions, which is superior to such a popu-

lar solvation method applied in computational chemistry as SMD. The

uESE method also compares favorably to such advanced solvation

models as SM12 and CMIRS, in particular for ionic solutes. The uESE

TABLE 6 Mean signed error (MSE) and mean absolute error (MAE) of the solvation free energy in kcal/mol calculated by the uESE with
various density functionals and basis set for various classes of solvents

Solvent class

B3LYP/Def2TZVP PBE/Def2TZVP B3LYP/6-31G* HF/6-31G*

MSE MAE MSE MAE MSE MAE MSE MAE

(A) – water −0.06 1.47 0.17 1.57 −0.33 1.53 −1.08 1.76

neutrals −0.14 0.99 0.03 1.06 −0.40 1.09 −1.07 1.40

ions 0.16 2.79 0.57 2.98 −0.15 2.74 −1.13 2.76

(B) – polar protic 0.02 0.93 0.15 0.98 −0.16 0.93 −0.65 1.12

neutrals 0.08 0.69 0.14 0.72 −0.11 0.69 −0.42 0.83

ions −0.27 2.10 0.18 2.23 −0.41 2.07 −1.75 2.54

(C) – polar aprotic 0.02 1.17 0.06 1.19 −0.06 1.18 −0.22 1.24

neutrals 0.09 0.60 0.09 0.62 0.62 0.84 −0.14 0.70

ions −0.07 1.97 0.00 1.99 −0.12 1.99 −0.33 2.02

(D) – non-polar −0.01 0.44 −0.04 0.44 −0.09 0.46 −0.11 0.50

All data (2892 entries) −0.01 0.79 0.04 0.82 −0.14 0.82 −0.39 0.92

Slopea 0.9968 0.9922 0.9981 1.0087

Intercepta 0.05 −0.06 −0.17 −0.28

Ra 0.9979 0.9977 0.9979 0.9976

Slopeb 1 0.9954 1.0013 1.0118

Interceptb 0 0.00 −0.12 −0.23

Rb 1 0.9999 1.0000 0.9995

awith respect to reference (experimental) data.
bwith respect to B3LYP/Def2TZVP data.
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method is designed for a standalone a posteriori calculation of the

solvation free energy based on the DFT-optimized gas-phase geom-

etry and electron density (in form of atomic charges).

The calibration of our model is straightforward as almost all

parameters are linear, which makes it possible to employ the standard

non-iterative multi-linear least-squares method. Only two parameters,

A and B (Equation (9)) for polar solvents, enter a non-linear function

hence requiring an iterative non-linear least-squares fit. The uESE

method is currently calibrated for 35 polar and 57 non-polar solvents

and thus covers most common solvents. Individual properties of the

solvents are represented by just two parameters: the dielectric con-

stant ε (mandatory) and the shift ξsolv (optional). If unknown, the latter

can be omitted (set to zero) with only a minor loss of accuracy. When

needed, the parameters can easily be re-adjusted provided reference

data are available. Obviously, for treating large molecules uESE may

be well combined with ddCOSMO15.

The uESE method demonstrates a low dependence of the results

on a variation of the quantum-chemical method and basis set

employed. This is mainly due to a high stability of atomic CM5 charges

used in our model.
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