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Abstract 

We attempt to analyze whether experimental entropies, enthalpies and free energies of hydration of small 
uncharged molecules can he quantitatively rationalized with a continuum model including a classical reaction field 
formalism. We find that a simple proportionality to accessible surface with five different atom types allows 
satisfactory (within l-l.5 kcal/mol) reproduction of hydration entropies (TAS) of over 40 solutes. The agreement 
with experiment can possibly be improved if proximity effects and configurational contributions to transfer entropies 
are taken into account. In calculations of hydration enthalpies a reasonable agreement with experimental data can 
be obtained only when solute polarizability is taken into account. Electrostatic contributions to calculated hydration 
enthalpies exhibit strong dependencies on both the magnitude and the direction of molecular dipole moments. We 
demonstrate that for 20 molecules with experimentally measured vacuum dipole moments density functional 
calculations with DZVPD basis set including diffuse functions on d-orbitals allows prediction of experimental dipole 
moments within 0.1 Il. At a fixed direction of the molecular dipole moment, p, the electrostatic component of 
hydration enthalpy varies as EL*. Thus an uncertainty of 0.1 D corresponds to uncertainties of 0.5-0.7 kcal/mol in 
hydration enthalpies of most small dipolar solutes. A 30” change in the direction of the molecular dipole together 
with the corresponding change in the quadrupole moment can result in a change of hydration enthalpy of 3 
kcal/mol. Changes in the quadrupole moment alone can result in hydration enthalpy changes of over 1 kcal/mol. 
Representations of multipole expansions by point charges on nuclei fitted to molecular electrostatic potentials 
cannot accurately reproduce all these factors. Use of such point charges in calculations of hydration enthalpies 
predictably leads to discrepancies with experiment of = 3 kcal/mol for some solutes. However, errors in hydration 
enthalpies and hydration entropies are usually compensating leading in most cases to agreement between calculated 
and experimental free energies of hydration within 1.5 kcal/mol. 
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1. lntroductioIl 

Many chemical and most biochemical reac- 
tions occur in solution, and thermodynamics of 

hydration plays a critical part in all such reactions 
(e.g., see refs. [l-5]). Thus a quantitative under- 
standing of the thermodynamics of hydration is 
crucial for understanding a multitude of impor- 
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tant phenomena including protein folding and 
protein-drug interactions. A variety of empirical 
schemes, integral equation and computer simula- 
tion techniques exists for evaluation of the ther- 
modynamics of hydration (see refs. [l-51 for re- 
views). Most of the methods can be used for 
evaluation of only one thermodynamic character- 
istic of hydration (often the free energy). Empiri- 
cal schemes are usually designed for evaluations 
of the free energy alone, however, in the molecu- 
lar dynamics or Monte Carlo perturbation meth- 
ods the inability to calculate thermodynamic 
characteristics other than the free energy comes 
from large errors (of the order of the result itsed 
in calculated enthalpies and entropies of hydra- 
tion [l]. Integral equation techniques, which can 
be used for the evaluation of free energies, en- 
thalpies and entropies of hydration, have not 
been tested on a large number of solutes, and in 
a number of cases yielded results that signifi- 
cantly deviate from experimental values [l]. A 
very successful empirical scheme for evaluation of 
a variety of thermodynamic characteristics of hy- 
dration based on group additivity has been re- 
ported [6,7]. A closer look shows, however, that 
the very good agreement with experimental data 
in this scheme comes at a price of physically 
unreasonable values of hydration entropies and 
enthalpies of some groups. In particular, en- 
thalpies and entropies of hydration of tetragonal 
CH and C, and of trigonal C are assigned rather 
large positive values. It is difficult to imagine that 
transfer of any of these groups from vacuum to 
water could be significantly unfavourable en- 
thalpically, or would increase the entropy of wa- 
ter. These non-physical parameters probably re- 
flect an inadequacy of the group-additive ap- 
proach. However, they also lead to an important 
question: “Is a physically reasonable and accu- 
rate method with a small number of parameters 
feasible?” 

In the last eight years a physically transparent 
reaction-field .approach based on classical contin- 
uum electrostatics became increasing popular 
[l&12]. This approach uses numerical solutions 
of the Poisson (or Poisson-Boltzmann) equation 

for a system of charges inside a dielectric bound- 
ary of an arbitrary shape. Numeric solutions can 
be obtained with finite difference (FDM) [10,13], 
boundary element (BEM) 18,141 or finite element 
(FEM) WI methods. The reaction potential due 
to polarization of the continuum medium by 
charges can be easily extracted from the numeric 
solutions. Half of the energy of interaction of 
charges with this reaction potential is usually 
taken as the electrostatic part of enthalpy [8] or 
free energy [lo,121 of hydration (see ref. [16] in 
this Issue for a discussion). This is, however, 
correct only for spherically symmetric systems 
[1,8]. For solutes that are not spherically symmet- 
ric effects of a mutual polarization of the solute 
and the solvent can make significant contribu- 
tions (up to 30%) to the thermodynamics of hy- 
dration [1,8,12]. Solute polarization can be incor- 
porated into the continuum formalism through 
point atomic polarizabilities within BEM [8], and 
through an assignment of a dielectric constant to 
solutes and an artificial scaling of their charges 
within FDM [12] (and, possibly, FEM). As the 
reaction field incorporates only electrostatic com- 
ponents of the solute-medium interactions, em- 
pirical terms are required to account for ‘non- 
electrostatic’ terms [8,12]. Continuum approaches 
based on classical electrostatics demonstrated a 
degree of success in predicting hydration energies 
(within = 2 kcal/mol of experimental values) 
similar to that of molecular simulations [8,12]. 
This leads to two major questions: (1) How far 
physically clear albeit simplified continuum theo- 
ries can go in reproducing physically meaningful 
picture of hydration phenomena? (2) How close 
can these theories come to accurately reproduc- 
ing experimental thermodynamics of hydration? 
The first question is addressed in ref. [161 in this 
Issue. An attempt to consider the second one is 
the subject of this report. While we have not 
arrived at a final answer, we identify a number of 
factors critical for achieving a high accuracy by 
continuum methods. Disregard for these factors 
may disqualify claims for accuracy from some 
continuum as well as molecular studies of hydra- 
tion. 
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2. Methods 

2.1. Electrostatic contribution to hydration energet- 
its 

Details of BEM used here for the numeric 
solution of the Poisson equation can be found 
elsewhere [1,8,171. Here we present only a brief 
summary of the method. The effects of mutual 
polarization of a polar solute and a solvent can be 
expressed through the density of the surface po- 
larization charges, u;, that can be determined 
from the boundary conditions for the normal 
components of the electric field and the electric 
displacement 

l Din -Dottt 
‘=z D, 

E 0Ut ’ ni9 (1) 

and through dipoles, pm, induced on atoms, char- 
acterized by point polarizabilities, (Ye, 

is,, = s,(E,, +Et,+E,), (2) 
where D, = 1 and DO,,t = 78 are ‘inside’ and 
‘outside’ dielectric constants characterizing ‘so- 
lute’ and solvent parts of the system; gi character- 
izes the surface density of polarization charges 
that is approximated by a constant on the surface 
of ith element of the dielectric boundary (1 < i G 
ne); ni is a normal to the i-th boundary element 
directed to the outside medium at some ‘repre- 
sentative’ point, ri, of this element, and Eout is 
the electric field at the ‘representative’ point, Ti, 
on the surface of the boundary element [8,17]. 
Eout has contributions from the charge distribu- 
tion of the solute, E,, and from polarization 
charges on all boundary elements, E,,, and from 
dipoles induced on solute atoms, E,. Eqs. (1) and 
(2) can be transformed into a system of linear 
algebraic equations for densities of surface polar- 
ization charges on all boundary elements and for 
components of induced dipoles on all atoms of 
the solute, 
I,ne 1,na 1,3 
CKijc+ &,CLQO,= - g Ef,n4, (3) 
i m a a 

i j#m a 

where ne is the number of surface elements, na is 
the number of atoms, the superscript a denotes 
components of a vector, and all summations over 
repeating indeces are explicit. More detailed ex- 
pressions for the coefficients of these equations 
can be found in ref. [8]. After gi and pi are found 
from simultaneous solution of Eqs. (3) and (4), 
the total electrostatic contribution to the free 
energy of hydration, AG,,, can be calculated as 111 

~q~~qSj/lrm-rjl 
m j 

++ C’IT C Pmsj(rm-rn> ( 
,,Qr$” (5) 

Here we use a simple scheme of non-interacting 
induced point dipoles [8] which is reasonable for 
small molecules. In this scheme atomic charges 
obtained by a quantum mechanical calculation of 
the entire solute do not interact with induced 
dipoles on atoms of this solute [81. Therefore, the 
second term in Eq. (5) is set to zero [81. Atomic 
polarizabilities, [Ye, are taken from ref. [18]. It 
should be noted that the electrostatic part of the 
enthalpy of hydration equals the electrostatic part 
of the free energy of hydration within = 1.77% 
[8]. Thus, AG,, increased by 1.77% is used here 
as the electrostatic part of hydration enthalpy, 
AH,,. Radii of atomic cavities used here for the 
positioning of the dielectric boundary are taken 
from ref. [17] and reproduced in Table 1. It can 
be noted that only 5-6 experimental van der 
Waals radii or corresponding water-solute equi- 
librium distances are used to calculate all geo- 
metric parameters of atoms (e.g., cavity radii are 
derived from them as described in refs. [8,171X 
All hydrogens are treated explicitly in electro- 
static calculations (note that cavity radii are dif- 
ferent for hydrogens of polar and of hydrocarbon 
groups [8,17]). 

2.2. Entropies of hydration 

Entropy calculations with a semicontinuum ap- 
proach [16,19-211 yield TAS per unit of accessi- 
ble surface area, SA, between -26 cal/(mol k) 



362 

Table 1 
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Atomic radii used in calculations tb;, a 

N/N-H Oc OH’ H, HON C tetr C trig CG SH Computation of 

1.4 1.4 1.4 1.7 1.7 1.725 1.84 WI* 
1.4 1.4 1.4 1.0 1.7 1.7 1.84 TAS 
1.5 1.5 1.5 1.71 1.16 2.46 2.46 1.97 AH,, 

’ Atomic radii used for calculations of AH,, and TAS correspond to the values widely used in the literature. Radius of ‘united 
atom’ CH, is taken from ref. [17]. Cavity radii used for calculations of AH,, are obtained from those in grtious lines as described 
in ref. [17]. Accessible surface area, SA, in Eqs. (6) and (7) were calculated with the probe radius 1.4 A as described in ref. [17]. 
Atom types are explained in legend to Table 2. 

for a non olar sphere of 2 8, radius and -35 
cal/(mol w *I for a sphere of 10 %, radius [211. A 
polar hydrogen-type sphere with a positive charge 
0.3 e yields TAS of -39 cal/(mol A2> [161. 
Spheres with a negative charge of -0.5 e and 
radii 1.4-2.0 A yield TAS of - 18 cal/(mol A*), 
and can drop to -13 cal/(mol A*“> for larger 
spheres [ 161. These results indicate that hydration 
entropies per unit surface area can be more nega- 
tive for polar groups with positively charged hy- 
drogens (e.g., OH or NH), or less negative for 
polar negatively charged groups (e.g., 0 in CO) 
than for non-polar groups. A linear fit of alkane 
TAS of hydration at 298 K [7] yields: TAS = 
- 1.3884 - 0.0284 x SA (five data points from 
ethane to hexane are included). A similar fit of 
seven TAS for alcohols (data points from ethanol 
to loctanol [71 are included) yields: TAS = 
- 1.0833 - 0.0351 x SA. A fit of five TAS for 
amines (data points from ethanamine to lhexane- 
amine [7] are included) yields: TAS = - 2.1616 - 
0.0310 x SA. All three linear fits are shown in 
Fig. 1. The slopes of these fits qualitatively agree 
with magnitudes and trends obtained in semicon- 
tinuum calculations of hydration entropies of 
spherical particles [16,21]. As our goal is to con- 
struct a physically reasonable model with a small 
number of parameters, we assume a simple ex- 
pression for calculations of hydration entropies 

SA-types 

TASmo,ecu,e =T c Asi SA,, (6) 
I 

where i denotes types of accessible surface area 
for different types of groups, and Asi is not 

allowed to be far beyond the range obtained in 
semicontinuum calculations of hydration en- 
tropies. Atom/group types used in our calcula- 
tions of hydration entropies of = 50 molecules 
are listed in Table 2. Note that there are only 
four different values of Asi - s. The (TAs,.) value 
of -25 cal/(mol A*.‘> for trigonal carbons, that is 
less negative than the corresponding value for 
tetragonal carbons, can be quantitatively justified 
by polarity (and small negative charge on aro- 
matic carbons). The value for OH and NH groups 
(- 45 cal/(mol A*)) is somewhat more negative 
than the estimate from semicontinuum calcula- 
tions of hydration entropies (-39 cal/(mol kgz>> 
[16,19]. We discuss it further in section 3 below. 

-ZI 
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ST -1.5 
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9 -12.5 

-15 

-” I I 
160 180 200 220 240 260 280 300 

ASA (A*) 
Fig. 1. Linear plots of hydration entropies versus accessible 
surface areas for alkanes (o), alcohols co), and amines (A 1. 
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Contributions of accessible surfaces of individual atoms to TAS of hydration (kcal/(mol A*)) 

N/NH” OCb OH’ HCd HON' c * c,;,g tctx CHmh SH’ Computation of 

0.045 0.015 0.045 0.035 0.035 .0.025 0.035 TAS 

a Nitrogen or NH group. 
b Oxygen of a carbonyl group or non-hydrogen bearing oxygen of carboxyl group. 
’ Hydrogen-bearing oxygens of hydroxyl and carboxyl groups. 
d Hydrocarbon hydrogen. 
’ Hydrogen-bonding hydrogens on oxygen or nitrogen. 
f Tetragonal carbon. 
’ Trigonal carbon. 
h United atom for methyl ar methylene groups. 
i Sulphhydryl group. 

2.3. Non-electrostatic parts of the enthalpy of hy- 2.4. Quantum mechanical calculations and fitting 
dration of atomic charges 

A transfer of molecules from vacuum to water 
leads not only to electrostatic interactions be- 
tween solute molecules and the solvent but also 
to dispersion interactions [17]. Assuming that for 
non-polar solutes all of the enthalpy of hydration 
is equal to the energy of solute-solvent disper- 
sion interactions (which is a somewhat simplistic 
assumption, see section 31, one can estimate the 
magnitude of non-electrostatic part of the en- 
thalpy of hydration. A linear ihting of hydration 
enthalpies of alkanes as a function of their acces- 
sible surface area yields AHnr,,= -0.369 - 0.0252 
SA (kcal/mol). A similar frttmg of total hydra- 
tion enthalpies of alcohols and amines yield slopes 
of -0.0367 kcal/(mol k) and -0.0269 
kcal/(mol k>, correspondingly. We take the av- 
erage value of the slope for all these solutes as a 
measure of the magnitude of non-electrostatic 
contribution to hydration enthalpy of methyl and 
methylene groups and assume that 

AH,,, = -0.369 - 0.02986 SA. (7) 

In calculations of SA for this contribution hydro- 
gens were not taken into account, and a ‘united 
atom’ is used for CH, groups (see Table 1). The 
validity of this approximation is further discussed 
in section 3. 

All quantum mechanical calculations in this 
work have been performed with ab initio 
GAUSSIAN 92 [22] and density functional (DFI) 
DGauss [23] #r programs. Calculations utilizing 
GAUSSIAN 92 were performed with 6-31G* ba- 
sis set, and Merz-Kolhnan fitting procedure was 
used to fit charges to electrostatic potentials 
[24,251. Calculations utilizing DGauss were per- 
formed with DZVP2 [26] basis set for the struc- 
ture optimization and with DZVPD basis set [27] 
for calculations of electric multipoles and electro- 
static potentials. Molecular structural parameters 
were optimized at the local spin density (LSD) 
level using Vosko-Wilk-Nusair (VWN) ex- 
change-correlation potential [28]. Electric multi- 
poles and electrostatic potentials were calculated 
for LSD optimized structures by self-consistent 
inclusion of nonlocal and gradient corrections to 
the exchange-correlation potential (NLSD ap- 
proximation) according to Becke (exchange) [29] 
and Perdew (correlation) [30]. In all calculations 
we used for electron density and exchange-corre- 
lation potential auxiliary Gaussian basis sets 
(8/4/4) for heavy atoms and (4/l) for hydro- 
gens. Our tests have shown that molecular dipoles 
calculated with DZVPD basis set from geome- 

Total enthalpy of hydration, AH,,, is as- 
sumed to be [17] 

AH,, = AH,,r + AH,,. (8) 
” DGaw and MNDO91 are available as a part of Unichem 

sofhvare from Cray Research, Eagan, MN. 
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tries optimized with DZVP2 or DZVPD basis 
sets are practically identical. It has been shown 
for four dipolar molecules [271 that calculations 
with DZVPD basis set lead to values of molecu- 
lar dipole moments that are within 0.1 D of their 
experimental value. DZVPD basis set contains 
diffuse functions on heavy atoms as described in 
ref. [271. 

Point charges representing molecular charge 
distributions are derived by fitting to the DGauss 
DZVPD electrostatic potential. Given a set of N 
grid points from DGauss, the electrostatic poten- 
tial at each point i (1 Q i G A9 is 

z.4 
VDGW =; ,&_I - I PC4 

Irpld”. (9) 

C, refers to the nuclei and p(r’) is the electron 
density. (The probe at ri is of unit charge.) 

Alternatively, the potential at each grid point 
can be calculated from the partial charges of the 
molecule: 

If the partial charges are unknown, they can 
be calculated by fitting to V”(ri) as follows. 
Minimization of the function 

2 (11) 
(where A is a Lagrangian multiplier for the charge 
conservation term) yields a set of II equations for 
n unknown partial charges. 

We choose the strongest condition for charge 
conservation of A = 1. All molecules in this study 
are electrically neutral. 

Since DGauss does not allow a user to request 
specific positions for the grid points, we used 
grids with cubic cells and density 5-7 points/A 
extending 3 a beyond the molecule. Van der 
Waal radii were used to remove grid points close 
to nuclei. For elongated molecules we also used 
grids with default rectangular cells. The size of 
the cells could also be changed to higher or lower 
grid density. The actual choice of the cell shape 
(cubic or rectangular) and the density of the grid 
was done as follows. Depending on the shape of 
the molecule we started with a cubic or rectangu- 
lar grid. If fitting from a low density grid led to a 
good reproduction of the DZVPD calculated 
molecular dipole and its components, then the 
fitting was considered complete, and the resulting 
charges were used in BEM calculations. If the 
fitted charges reproduced the DZVPD dipole 
reasonably well but not exactly, they were linearly 
scaled to reproduce the DZVPD dipole. If a 
DZVPD dipole or its components were repro- 
duced poorly, grids and their densities would be 
modified until a reasonable agreement was 
achieved between molecular dipoles from 
DZVPD calculations and the fitted charges. For 
pyridine and its derivatives dummy charges were 
added on lone pairs to achieve such an agree- 
ment. 

Dipole and quadrupole moments of systems of 
point charges (obtained with the fitting procedure 
described above or taken from the literature) 
were calculated with the usual formulae: 

p* = CrLqi, (13) 

e.6=~~(3~~~~-6,,lr’I*)4i. (14) 
i 

AU quantum calculations were performed on 
the Cray YMP at the Frederick Biomedical Su- 
percomputing Center. 

3. Results and discussion 

3.1. Accuracies of multipole distributions and hy- 
dration enthulpks 

Electrostatic contributions to hydration en- 
thalpies depend on the accuracy of the represen- 
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Table 3 
Effect of scaling of charges on the magnitude of the electrostatic part of hydration enthalpy (kcal/mol) of ethanol 

dipole moment, w a 1.14 1.24 1.34 1.44 1.54 1.64 1.74 1.84 1.94 2.04 2.14 
AH,, (BEM) b -2.481 -2.935 -3.430 -3.953 -4.529 -5.143 -5.114 -6.467 -7.178 -7.946 -8.743 
AHc,=AH(~o)(r.+o)2 c -2.485 -2.940 -3.434 -3.965 -4.535 -5.134 -5.790 -6.475 -7.197 -7.958 -8.757 

’ Molecular dipole moments in D: the magnitude of the dipole moment was changed by multiplying all atomic charges by the same 
constant. 
b Electrostatic part of hydration enthalpy calculated from the given geometry, atomic charges and cavity radii with BEM. 
’ Electrostatic part of hydration enthalpy calculated from ua with the equation given in this row. 

tation of molecular charge distributions by point 
charges. Thus, the first question in our analysis of 
the feasibility of a quantitative evaluation of the 
hydration thermodynamics is concerned with sen- 
sitivity of computed results to inaccuracies in 
charge representations. A dependence of the cal- 
culated electrostatic contribution to hydration en- 
thalpy on the magnitude of the dipole moment, 
CL, when its orientation is fmed is shown in Table 
3 for the example of ethanol. DFT calculations 
with a DZVPD basis set for ethanol yield the 
value of the dipole moment y0 = 1.64 D, which 
can be reproduced by some set of point charges 
on nuclei. The first line of Table 3 lists eleven 
values of the dipole moment, p (five smaller than 
pLo and five larger than it) obtained by a linear 
scaling (i.e. by multiplication of all point charges 
by a constant). The second row of the table shows 
that AH,, changes 0.4-0.8 kcal/mol when p 
changes by 0.1 D. A comparison of the second 
and third rows of the table shows that with high 
accuracy 

Table 3 shows results only for ethanol, but similar 
results were obtained for other solute molecules. 
These results show that an error in the gas phase 
dipole moment of only 0.1 D leads to an error of 
0.4-0.7 kcal/mol in calculated hydration en- 
thalpies (or electrostatic parts of hydration free 
energies). Errors of 0.5 D lead to errors of 2.5-3.5 
kcal/mol in calculated hydration enthalpies (free 
energies). A recent work [311 that varied point 
charges to achieve good agreement between FDM 
calculated and experimental free energies of hy- 
dration at the expense of up to 0.5 D differences 
between experimental and calculated vacuum 
dipole moments conceals actual errors in calcu- 
lated hydration energies of 3.5 kcal/mol or even 
larger (see below). 

The second question in our feasibility analysis 
concerns the effect of the orientation of the dipole 
moment with a fixed magnitude on the calculated 
enthalpy of hydration. Table 4 provides data for 
such an analysis using the example of meth- 
ylamine. Three sets of point charges on atoms of 
methylamine yield dipole moments of the same 
magnitude p = 1.31 D. However, they yield vastly 
different electrostatic hydration enthalpies: 
- 2.52, - 3.36 and -5.50 kcal/mol. The differ- 

Table 4 
Enthalpy dependence on dipole orientation a 

Atoms and partial charges of methylamine (e) Dipole and components (D) Components of quadrupoie AH,, 

C H H H N H H B CL, fly PI Q,, Qyu Q,, Q,, (kca”mol) 
- 0.269 0.122 0.142 0.142 -0.505 0.180 0.180 1.31 1.072 -0.752 -0.002 -3.977 1.906 2.071 3.324 -2.52 

0.228 O.ooO 0.008 0.008 -0.673 0.222 0.222 1.31 1.275 -0301 -0.002 -5.120 2.992 2.132 3.859 -3.36 
0.297 -0.058 -0.009 -0.009 -0.877 0.328 0.329 1.31 1.258 0.365 -0.802 -8.766 6.558 2.287 4.310 -5.50 

a Molecular geometry in vacuum has been obtained by DFT-‘DGauss’ optimization with DZVPZ basis set: c(O.005, - 0.005, 0.000); 
H(1.118, -0.020, 0.000); H(-0.336, -0.573, 0.885); H(- 0.336, -0.573, -0.885); Nf-0.609, 1.310, 0.000); 
H( -0.330, 1.848, -0.826); H(-0.326, 1.850,0.824). Atomic charges has been obtained by different procedu;es and linearly scaled 
to reproduce experimental dipole moment (1.31 D [321). Components of the dipole (D) and quadrupole (D A) moments have been 
calculated from coordinates and charges as described in the teat. 
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Table 5 
Enthalpy (kcal/mol) dependence on quadruple moment (D A) 

Water model Charges on water (e) Dipole Quadrupule 
charge centres Q H H LP LP CL Q Q,, Qzz 

(kcal/mol) 
XX . 

SPC-type -0.64 0.32 0.32 0.00 0.00 1.80 0.32 2.60 -2.92 - 8.26 
Rowlinson 0.32 0.32 -0.32 - 0.32 1.80 1.14 3.42 - 4.58 -9.63 

’ The geometry, coordinates of charges and their magnitude are taken from ref. [33] (the oxygen of water is at the origin of the 
coordinate system, and hydrogens are in the XY plane at equal distances from the positive X axis). For SPC-type water model 
charges similar to that of Rowlinson’s model are olaces on centers of three atoms to make results comparable. Atomic 
polaizabilities are taken from ref. [la] as in the rest 0; this work. 

ence between the second and third orientations 
of the dipole is only about 30” which leads to the 
difference in hydration enthalpies of 2.14 
kcal/mol. It should be noted that changes in the 
orientation of the dipole moment also lead to 
changes in the quadrupole moment. 

Thus, our third question concerns the effect of 

changes in the quadrupole moment at fixed mag- 
nitude and orientation of the dipole moment on 
the calculated enthalpy of hydration. Table 5 
provides data for an estimation of the magnitude 

of this effect for the example of Rowlinson’s 
four-charge model of water [331 and of its modifi- 
cation with only three charges. This example 
shows that the hydration enthalpy difference due 
to the difference in quadrupole moments alone 
can easily reach 1.3 kcal/mol. The importance of 
quadmpole moments in accurate calculations of 
intermolecular interaction energies has been rec- 
ognized [1,34]. This leads to our next question: 
‘How well can we predict dipole and quadrupole 
moments?’ 

Table 6 
Gaussian-calculated, DFT-calculated and experimental dipole moments (D) 

No. Molecule Dipole moment (D) ’ 

631-G* DZWXA2)/VWN DZVPDLU)/BP exp. 

1 ammonia 1.80 1.83 1.48 1.47 
2 water 2.35 2.16 1.86 1.85 
3 acetamide 4.27 4.04 3.84 3.76 
4 iV-methylacetamide 4.09 3.99 3.76 3.73 
5 methanol 1.90 1.85 1.59 1.70 
6 ethanol 1.89 1.90 1.64 1.69 
7 l-propanol 1.91 1.92 1.68 1.68 
8 1 butanol 1.92 1.94 1.69 1.66 
9 2-propanol 1.76 1.78 1.52 1.58 

10 methylamine 1.42 1.47 1.21 1.31 
11 ethylamine 1.38 1.37 1.15 1.22 
12 1-propaneamine 1.34 1.31 1.11 1.17 
13 2-propanone 3.35 3.20 3.00 2.88 
14 2-butanone 3.20 3.01 2.82 2.78 
15 acetic acid 2.00 1.75 1.72 1.70 
16 propanoic acid 2.11 1.81 1.78 1.75 
17 methylbenzene 0.25 0.47 0.43 0.38 
18 ethylbenzene 0.20 0.43 0.44 0.59 
19 phenol 1.51 1.41 1.28 1.22 
20 pyridine 2.35 2.42 2.20 2.22 

’ Calculations with 6-31G* basis set were performed with GAUSSIAN 92 [22]. Calculations with DZVP2 and DZVPD basis sets 
were performed with DGauss DFT program [231; results of geometry optimizations with DZVP2 basis set were used in single point 
DZVPD [27] calculations (see the text). 
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3.2. Accuracy in predictions of vacuum ,di@ole mo- 
ments 

Experimental and calculated (with different 
quantum mechanical methods) dipole moments 
of 20 molecules are listed in Table 6. A compari- 
son of dipole moments in the first two columns 
shows that dipole moments calculated with the 
GAUSSIAN 92 6-31G* basis set and with 
DGauss DZVP2 basis set are similar. However, 
their comparison with experimental dipole mo- 
ments in the fourth column shows that dipole 
moments calculated with these basis sets deviate 
from experimental values by 0.15-0.35 D. Thus, 
according to our arguments above, these dipole 
moments would lead to errors in calculated elec- 
trostatic contriiutions to hydration enthalpies 
(free energies) of 1-2 kcal/mol. Dipole moments 
calculated with DGauss DZVPD basis set that 
includes diffuse functions on heavy atoms agree 
with experimental values within 0.1 Debye, with 
only a few exceptions where the deviation is only 
slightly larger (the deviation of 0.15 Debye for 
ethylbenzene cannot lead to significant errors in 
hydration enthalpies because the magnitude of 
the dipole moment is small). To the best of our 
knowledge such accuracies in calculated dipole 
moments have not been reported previously. Ac- 
curacies of dipole moments calculated with the 
DFT DZVPD basis suggest a possibility of accu- 
racies of 0.4-0.7 kcal/mol in calculated hydra- 
tion enthalpies. It should be noted, however, that 
we do not know how accurately directions of the 
dipole moments are predicted, and this, as we 
have shown above, can also lead to significant 
errors. In addition, representation of actual 
charge distributions with point charges on nuclei 
usually leads to arbitrary values of quadrupole 
moments introducing additional uncertainties. 
Note also that ‘experimental’ dipole moments can 
vary form one edition of Handbook of Chemistry 
and Physics [321 to another: The 1991 edition 
gives for phenol p = 1.45 while the 1992 edition 
gives I_L = 1.22 D. 

3.3. Calculations of hydration enthalpies 

The analysis above leads to an expectation that 
hydration enthalpies cannot be predicted with 

high accuracy until multipole expansions used in 
the calculations are accurate enough. Of course, 
we are not guaranteed that our or any other 
available method will lead to accurate enthalpy 
predictions even with accurate multipoles. How- 
ever, then we at least will know that the problem 
is not caused by incorrect multipoles. Here we 
analyze results of computations of hydration en- 
thalpies with representations of molecular charge 
distributions by atomic charges and with other 
techniques described above in section 2. 

Tables 7 and 8 summarize results of our calcu- 
lations of enthalpies, entropies and free energies 
of hydration for = 50 solutes. Table 7 contains 
results obtained with structures and charges from 
DFI optimizations, and Table 8 contains corre- 
sponding results obtained with Gaussian 92. In 
both cases atomic charges were fitted to electro- 
static potentials as described in section 2. Thus, 
results of Table 7 are obtained with atomic 
charges reproducing experimental dipole mo- 
ments within = 0.1 D, while results of Table 8 
are obtained with 6-31G* molecular dipole mo- 
ments that can significantly deviate from experi- 
mental values (e.g., see Table 6). In this subsec- 
tion we concentrate on columns 2-6 of Tables 7 
and 8 concerning hydration enthalpies and leave 
analysis of results of calculations of entropies and 
free energies of hydration to subsections below. 

A first insight comes from the analysis of non- 
polar contributions to hydration enthalpies, A& 
(third column of Tables 7 and 8). For alkanes the 
electrostatic contribution to hydration enthalpy, 
AH,,, is close to zero (see first five entries in the 
tables). The difference between calculated, 

AHi& and experimental, AH,_, hydration en- 
thalpies of alkanes are in the range 0.7-1.2 
kcal/mol indicating that the approximation for 
the non-electrostatic part of hydration enthalpy 
(Eq. (7)) is not very accurate for alkanes. This is 
due to our averaging the slopes of AH versus 
accessible areas, SA (Fig. 2) of alkanes, alcohols 
and amines. As slopes for alkanes and amines are 
very similar (0.0252 and 0.0269 kcal/(mol A”> 
respectively), the only source of error for alkanes 
can come from the slope of AH/SA plot for 
alcohols. Attributing the slope of this plot to the 
contribution of the hydrocarbon part of alcohol 
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Table 7 
Experimental and DZVF’D calculated thermodynamic characteristics of hydration (kcal/mol) ’ 

No. Molecule AH,1 AH.p AHh,, AHexD AAH TAS T*S, ATAS AG AGCXr, AAG 

1 ethane 0.00 - 4.91 -4.91 -4.12 0.79 - 5.79 -5.95 -0.16 0.88 1.83 0.95 
propane 
butane 
pentane 
hexane 
22-dimethylpropane 
methanol 
ethanol 
1-propanol 
I-butanol 
1-pentanol 
1-hexanol 
I-heptanol 
l-octanol 

2-propanol 
Z-butanol 
4-heptanol 
Z-methyl-2-propanol 
2-propanone 
2-butanone 
2-heptanone 
3-methyl-2-butanone 
4-methyl-2- 

pentanone 
33-dimethyl-2- 

butanone 
acetic acid 
propanoic acid 
methylamine 
ethanamine 
l-propanamine 
1-butanamine 
I-pentanamine 
I-hexanamine 
2-propanamine 
12-ethandiamine 
2-methyl-l- 

propanamine 
acetamide 
N-methylacetamide 
N-ethylacetamide 
N-propylacetamide 
N-butylacetamide 

benzene 
methylbenzene 
ethylbenzene 
phenol 
2-methylphenol 
pyridine 
2-methylpyridine 
2-ethylpyridine 
23-dimethylpyridine 
26-dimethylpyridine 

- 0.02 -5.74 -5.76 -5.01 0.75 - 6.76 - 6.97 -0.21 1.00 1.95 0.95 
0.00 - 6.52 - 6.52 -5.65 0.88 - 7.79 -7.72 0.07 1.27 2.08 0.81 

- 0.03 -7.30 -7.40 -6.21 1.19 - 8.91 - 8.54 0.37 1.51 233 0.82 
0.00 - 8.07 - 8.08 -6.88 1.19 - 9.88 - 9.37 0.51 1.80 2.48 0.68 
0.00 - 6.92 -6.92 -5.45 1.47 - 8.39 - 7.95 0.44 1.47 2.50 1.03 

-5.22 - 4.48 - 9.70 - 10.23 -0.54 -5.58 -5.12 0.46 -4.12 -5.11 -0.99 
- 5.03 - 5.29 - 10.12 - 12.02 -1.71 - 6.61 - 7.01 -0.40 -3.71 - 5.01 -1.30 
- 5.21 -6.14 - 11.41 - 13.23 -1.81 - 7.69 -8.40 -0.71 -3.72 - 4.82 -1.10 
-5.68 -6.91 - 12.59 - 14.19 - 1.60 - 8.70 - 9.48 -0.78 - 3.89 -4.71 -0.82 
- 6.34 -7.67 - 14.01 - 14.99 -0.98 - 9.79 - 10.52 -0.73 -4.22 - 4.47 -0.25 
- 8.29 -8.40 - 16.69 - 15.70 0.99 - 10.91 - 11.34 -0.43 - 5.78 - 4.36 1.42 
- 7.31 - 9.32 - 16.63 - 16.58 0.05 - 11.85 - 12.34 - 0.49 - 4.78 -4.24 0.54 
- 5.95 - 10.20 - 16.15 - 17.21 -1.06 - 12.80 - 13.12 -0.32 - 2.70 - 4.09 - 1.39 
-4.61 -6.14 - 10.75 - 13.36 -2.61 -7.60 -8.60 -1.00 -3.15 -4.75 -1.60 
- 4.43 -6.82 -11.24 - 14.44 -3.19 - 8.48 -9.86 - 1.38 - 2.76 -4.57 -1.81 
- 5.39 - 9.20 - 14.59 - 17.44 - 2.86 - 11.42 - 13.44 -2.02 -3.19 -4.00 -0.84 
-5.37 -6.64 - 12.01 - 14.72 -2.71 -8.36 - 10.21 -1.94 - 3.65 -4.51 -0.86 
-5.25 -6.06 - 11.30 - 9.22 2.08 -6.12 -5.37 0.75 -5.18 -3.85 1.33 
-4.43 - 6.76 - 11.18 - 10.37 0.81 -7.23 -6.74 0.49 - 3.95 -3.64 0.31 
-5.66 -9.14 - 14.80 - 13.05 1.75 - 10.35 - 10.01 0.34 - 4.45 -3.04 1.41 
- 4.76 - 7.42 - 12.18 - 10.48 1.41 -7.88 -7.54 0.34 - 4.40 -3.24 1.16 
-4.95 - 8.25 - 13.20 - 10.85 2.36 - 8.86 -7.79 1.07 -4.34 -3.06 1.28 

8 
9 

10 
11 

12 
13 
14 

15 
16 
17 
18 
19 
20 
21 
22 
23 

24 - 4.31 - 7.90 - 12.21 - 11.37 0.84 - 8.63 -3.58 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

-7.32 - 5.67 - 12.99 - 12.07 0.93 - 5.77 
6.99 6.42 - 13.40 - 12.95 0.45 - 6.87 

-6.10 - 4.58 - 10.68 - 10.30 0.38 - 5.58 
-5.14 -5.36 - 10.50 - 12.36 -1.86 - 6.70 

4.99 -6.14 -11.13 - 12.77 -1.64 - 7.71 
- 5.90 - 6.89 - 12.79 - 13.56 -0.77 - 8.69 
-6.10 - 7.71 - 13.80 - 14.29 0.49 - 9.62 
- 5.58 -8.53 - 14.38 - 15.16 -0.78 - 10.70 
- 4.15 -6.13 - 10.28 - 12.60 -2.32 - 7.59 

- 10.66 -5.74 - 16.40 - 17.63 - 1.23 - 7.58 
- 4.36 - 6.78 - 11.13 - 13.10 -1.97 - 8.44 

-5.37 0.40 
- 6.48 0.39 
-5.74 -0.16 
- 7.86 -1.16 
- 8.38 -0.67 
-9.26 -0.57 

- 10.20 -0.58 
- 11.13 -0.43 

- 7.22 
-6.53 
-5.10 
-3.80 
-3.42 
-4.10 
-4.18 
-3.68 
- 2.69 
- 8.85 
- 2.69 

-6.70 0.52 
- 6.47 0.06 
- 4.56 0.54 
- 4.50 -0.70 
-4.39 -0.97 
- 4.29 -0.19 
-4.09 0.09 
- 4.03 -0.35 

36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
41 
48 
49 
50 

- 10.57 -5.71 - 16.28 - 16.32 -0.04 -5.83 
-8.52 - 6.60 - 15.12 - 17.06 - 1.94 -7.02 
-9.43 -7.52 - 16.94 - 18.65 -1.71 - 8.08 

- 10.30 -8.25 - 18.55 - 19.88 -1.33 -9.14 
- 10.14 -8.92 - 19.06 -20.88 -1.82 - 9.98 

- 1.01 -7.00 -8.01 - 7.04 0.97 - 6.80 
-0.93 -7.55 -8.47 - 8.12 0.35 - 7.98 
-1.33 -8.52 -9.85 - 9.07 0.79 -8.92 
-5.44 - 7.18 - 12.62 - 13.06 - 0.44 - 7.73 
-4.41 - 8.24 - 12.65 - 14.43 -1.78 -8.77 
-3.75 -6.74 - 10.48 - 11.36 -0.88 -6.71 
-3.74 - 7.47 - 11.21 - 12.50 - 1.29 - 7.% 
- 1.71 -8.25 - 9.96 - 12.23 -2.27 - 8.83 
-2.13 -8.11 - 10.24 - 13.24 -3.00 - 8.85 
-2.84 -8.46 - 11.33 - 14.26 -2.93 - 9.22 

- 6.62 -0.79 - 10.31 
-8.10 
- 8.86 

- 9.41 
- 9.08 
-1.20 
- 0.49 
- 0.93 
-5.10 
-3.88 
-3.77 
- 3.25 
-1.13 
- 1.39 
-2.11 

- 9.7 0.75 

-6.18 0.62 
- 7.23 0.75 
- 8.27 0.65 
-6.44 1.29 
-8.55 0.22 
- 6.66 0.05 
- 7.87 0.09 
- 7.90 0.93 
- 8.41 0.44 
- 9.66 -0.44 

-0.86 0.34 
- 0.89 -0.40 
-0.80 0.13 
-6.61 -1.73 
- 6.87 -1.99 
-4.70 -0.93 
- 4.63 - 1.38 
- 4.33 -3.20 
-4.82 -3.43 
- 4.60 -2.49 

a Geometry optimization for all molecules in Table 7 has been done with DGauss 1231 DZVP2 basis set [261, and all partial charges 
were obtained by fitting to electrostatic potentials from DZVPD [27j calculations as described in the text. The electrostatic 
contribution to the enthalpy of hydration, AH,,, is calculated as described by Eq. (5) and the text immediately following it; 
non-electrostatic contribution to the enthalpy oa hydration, AHnP, is calculated with Eq. (7); total calculated enthalpy of hydration, 

AH,,,, is the sum of AH,, and AHnl, (Eq. (8)); TAS is calculated according to Eq. (6) with Asi from Table 2; free energy of 
hydration, AG, is calculated as AG = AHhyd - TAS; all experimental values, except that for acetamide (351, are from refs. [6,7]; al 
AAs are differences between experimental and calculated values, and they are shown in italic print. 
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Experimental and 631G* calculated thermodynamic characteristics of hydration (kcal/mol) 

No. Molecule AH,, AHnp AHhyd AHew AAH TAS TAS, ATAS AG AG,, AAG 
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1 ethane 
2 propane 

3 butane 
4 pentane 
5 hexane 

6 22-dimethylpropane 

7 methanol 

8 ethanol 

9 1-propanol 

10 l-butanol 
11 I-pentanol 

12 1-hexanol 

13 1-heptanol 

14 I-octanol 

15 2-propanol 

16 2-butanol 
17 4-heptanol 

18 2-methyl-2- 

propanol 
19 2-propanone 

20 2-butanone 

21 2-heptanone 
22 3-methyl-2- 

butanone 
23 4-methyl-2- 

butanone 

24 33-dimethyl-2- 

butanone 
25 acetic acid 

26 propanoic acid 

27 methylamine 
28 ethanamine 

29 1-propanamine 

30 1-butanamine 

31 1-pentanamine 

32 1-hexanamine 

33 2-propanamine 

34 1Zethandiamine 
35 2-methyl-l- 

propanamine 

36 acetamide 
37 N-methylacetamide 

38 N-ethylacetamide 

39 N-propylacetamide 
40 N-butylacetamide 
41 benzene 

42 methylbenzene 

43 ethylbenzene 

44 phenol 

45 2-methylphenol 
46 pyridine 

47 2-methylpyridine 
48 2-ethylpyridine 
49 23-diethylpiridine 

50 2ddimethylpyridine 

0.00 - 4.80 - 4.80 -4.12 0.68 -5.79 -5.95 -0.16 0.99 1.83 0.84 
-0.04 - 5.78 -5.82 - 5.01 0.81 -6.76 -6.97 -0.21 0.94 1.95 1.01 
-0.06 -6.52 - 6.58 - 5.65 0.94 -7.79 -7.72 0.07 1.21 2.08 0.87 
- 0.05 - 7.36 -7.41 - 6.21 1.20 -8.91 -8.54 0.37 1.50 2.33 0.83 
- 0.05 - 8.07 -8.13 - 6.88 1.25 -9.88 -9.37 0.51 1.75 2.48 0.73 
- 0.20 - 7.03 - 7.23 - 5.45 1.78 -8.39 - 7.95 0.44 1.16 2.50 I.34 

- 6.75 - 4.52 - 11.28 - 10.23 1.04 -5.58 -5.12 0.46 -5.70 -5.11 0.59 
- 6.81 -5.27 - 12.08 - 12.02 0.05 -6.61 -7.01 -0.40 -5.47 -5.01 0.46 
- 6.69 - 6.24 - 12.93 - 13.23 -0.30 -7.69 -8.40 -0.71 - 5.24 -4.82 0.42 
- 6.57 - 6.88 - 13.46 - 14.19 -0.73 -8.70 -9.48 -0.78 -4.76 -4.71 0.06 
- 6.86 -7.80 - 14.65 - 14.99 -0.33 -9.79 -10.52 -0.73 - 4.86 - 4.47 0.39 
- 6.73 -8.61 - 15.34 - 15.70 -0.36 - 10.91 -11.34 -0.43 - 4.43 -4.36 0.07 
- 6.67 -9.45 - 16.12 - 16.58 -0.46 -11.85 -12.34 -0.49 -4.27 -4.24 0.03 
- 6.68 - 10.21 - 16.89 - 17.21 -0.33 -12.80 - 13.12 -0.32 - 4.09 -4.09 0.00 
- 6.62 -6.13 - 12.76 - 13.36 -0.60 -7.60 -8.60 -1.00 -5.16 -4.75 0.39 
- 6.45 - 6.86 - 13.31 - 14.44 -1.13 -8.48 - 9.86 - 1.38 -4.83 -4.57 0.25 
- 6.34 -9.16 - 15.51 - 17.44 -1.94 -11.42 -13.44 -2.02 -4.09 -4.00 0.09 
- 6.33 -6.75 - 13.14 - 14.72 -1.58 -8.36 -10.21 -1.94 -4.78 -4.51 0.27 

- 6.65 

-6.06 

-6.40 
-6.39 

-5.99 - 12.64 - 9.22 3.42 -6.12 -5.37 0.75 -6.52 -3.85 2.67 

-6.81 - 12.86 - 10.37 2.43 -7.23 - 6.74 0.49 -5.64 -3.64 2.00 

-9.11 - 15.51 -13.05 2.46 - 10.35 -10.01 0.34 -5.16 -3.04 2.12 
-7.33 - 13.71 - 10.48 2.94 - 7.88 -7.54 0.34 -5.83 -3.24 2.59 

-5.92 -8.12 - 14.04 - 10.85 3.19 - 8.86 -7.79 1.07 -5.18 -3.06 2.12 

-5.97 -7.94 - 13.91 -11.37 2.53 -8.63 -5.28 

- 10.17 -5.71 - 15.88 - 12.07 3.81 -5.17 
- 9.45 -6.37 - 15.81 - 12.95 2.86 -6.87 
- 6.97 -4.52 - 11.49 - 10.30 1.19 -5.58 
- 7.20 -5.29 - 12.49 -12.36 O.Z3 -6.70 
- 7.53 -6.10 - 13.63 -12.77 0.86 -7.71 
- 7.43 -7.03 - 14.46 - 13.56 0.90 -8.69 
- 7.48 -7.83 - 15.30 - 14.29 1.01 -9.62 
-7.51 -8.70 -16.21 -15.16 1.04 -10.70 
- 7.58 -6.19 -13.77 -12.60 1.17 -7.59 

- 11.58 -5.97 -17.55 - 17.63 -0.08 -7.58 
- 7.32 -6.86 - 14.18 - 13.10 1.08 -8.44 

-5.37 0.40 

- 6.48 0.39 

- 5.74 -0.16 
- 7.86 -1.16 

- 8.38 -0.67 

- 9.26 -0.57 
- 10.20 -0.58 
- 11.13 -0.43 

-10.11 -6.70 
- 8.94 -6.47 

- 5.91 -4.56 

- 5.79 -4.50 
- 5.92 -4.39 

-5.77 -4.29 

-5.68 -4.09 

-5.51 -4.03 

- 6.18 
- 9.97 
- 5.74 

3.41 
2.47 
1.35 
1.29 
1.53 
1.48 

1.58 
Z.48 

- 13.74 -5.71 - 19.45 - 16.32 3.13 - 5.83 
- 10.92 - 6.68 - 17.60 - 17.06 0.54 - 7.02 
- 10.34 - 7.48 - 17.82 - 18.65 -0.83 - 8.08 
- 10.30 -8.40 - 18.70 - 19.88 -LIB -9.14 
- 10.28 -8.90 - 19.18 - 20.88 -1.70 - 9.98 

- 1.55 - 6.96 -8.51 -7.04 1.46 - 6.80 
-1.29 - 7.51 -8.79 -8.12 0.68 - 1.98 
- 1.37 - 8.21 - 9.58 -9.07 0.51 - 8.92 
-7.15 - 7.02 - 14.17 - 13.06 z.z2 - 7.73 
- 6.39 -7.90 - 14.29 - 14.43 -0.14 - 8.77 
- 4.07 - 6.47 - 10.54 - 11.36 -0.82 - 6.71 
- 4.02 -7.25 - 11.27 - 12.50 -1.23 - 1.96 
-3.97 -8.04 - 12.01 - 12.23 -0.22 - 8.83 
- 4.09 - 7.96 - 12.06 - 13.24 - Z.Z8 - 8.85 
-4.04 - 8.20 - 12.24 - 14.26 -2.01 - 9.22 

- 6.62 -0.79 - 13.62 -9.7 
- 10.58 

- 9.14 

- 9.56 
- 9.20 

- 1.71 - 0.86 

-0.81 -0.82 

- 0.66 - 0.80 

- 6.44 - 6.61 
-5.52 -5.87 
-3.83 -4.70 
-3.31 -4.63 

-3.18 -4.33 
- 3.21 - 4.82 

-3.02 -4.60 

3.92 

- 6.18 0.62 
- 7.23 0.75 
- 8.27 0.65 
- 6.44 1.29 

- 8.55 0.22 
-6.66 0.05 
- 7.87 0.09 
-7.90 0.93 
- 8.41 0.44 

- 9.66 - 0.44 

0.85 

-0.01 

-0.14 

-0.17 
-0.35 
-0.87 
- 1.32 
-1.15 

-1.61 

- 1.58 

’ Geometry optimization for all molecules in Table 8 has been done with MND091 1221 AMl, and all partial charges were 

obtained by fitting to electrostatic potentials from 6-31G* calculations [24,251 as described in the text. For the rest of notations, see 
footnote to Table 7. 
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Fig. 2. Linear plots of hydration enthalpies versus accessible 
surface areas for alkanes, (01, alcohols (01, and amines (A). 

chains is justified only if we assume that such 
contributions are additive for chains longer than 
methanol (4). This, however, is not necessarily 
correct, Table 7 shows that the electrostatic con- 
tribution, AH,,, to the enthalpy of hydration in- 
creases for the larger alcohols and this may ac- 
count for larger AH/SA slope for alcohols than 
for alkanes. However, Table 8 does not show any 
such increase in AH,, for larger alcohols. Thus, 
the nature of the difference in slope for alcohols 
and alkanes remains unexplaned. One would ex- 
pect that results of Table 7 are closer to reality 
because they are based on more accurate dipole 
moments. This expectation, however, cannot be 
taken as fully justified because of the uncertain- 
ties in the quadrupole moments. Note that the 
slope under discussion is characteristic only for 
alcohols and not for amines, and, thus, cannot be 
explained by a ‘nonspecific’ difference between 
nonpolar and polar chains. Calculated hydration 
enthalpies for alcohols are in all but a few cases 
smaller in absolute value than the corresponding 
experimental values. Thus, decreasing the contri- 
bution of hydrocarbon groups, that would lead to 
a better prediction for alkanes, would make pre- 
dictions for alcohols rather poor. A resolution of 
this contradiction should await accurate dipole 

and quadrupole representations of molecular 
charge distributions. Note that alcohols with hy- 
droxyl group flanked on both sides by methyl 
groups (secondary alcohols) yield larger discrep- 
ancies between the predicted and experimental 
hydration enthalpies than alcohols with hydroxyl 
group at the end of the chain (primary alcohols). 

It is easy to see from Tables 7 and 8 that in 
most cases when absolute values of hydration 
enthalpies of dipolar molecules are larger than 
the corresponding experimental values, DGauss 
results (Table 7) are closer to experimental val- 
ues. When absolute values of hydration en- 
thalpies of dipolar molecules are smaller than the 
corresponding experimental values, Gaussian re- 
sults (Table 8) are closer to experimental values. 
This comes from consistently larger dipole mo- 
ments from Gaussian calculations leading to 
larger contributions to electrostatic part of hydra- 
tion enthalpies in Table 8. Characteristically, dis- 
crepancies between experimental and calculated 
hydration enthalpies are within the range of 
-3.2-2.4 kcal/mol for DGauss based results and 
-2.0-3.8 kcal/mol for Gaussian based results, 
reflecting a larger electrostatic contribution in 
Gaussian based results. While errors in predicted 
hydration enthalpies are within the range ex- 
pected from the analysis in the previous subsec- 
tion, they are hardly satisfactory. They under- 
score a necessity for accurate multipole expan- 
sions representing molecular charge distributions. 
Until then we cannot be sure how far the accu- 

racy of our calculations can be improved. 

3.4. Calculations of hydration entropies 

We can start our analysis of results of entropy 
calculations with an observation that thirty six out 
of forty two calculated hydration entropies (Ta- 
bles 7 and 8) agree with the corresponding exper- 
imental values within ‘chemical accuracy’ (= 1 
kcal/mol). Two deviations are near 2 kcal/mol, 
and four are between 1.07 and 1.38 kcal/mol. 
While this is satisfactory (mean absolute devia- 
tion of 0.6 kcal/mol), a further analysis of the 
results may reveal sources of discrepancies and 
can lead to further improvement in accuracies of 
predictions. 
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Analysis of discrepancies larger than 1 
kcal/mol shows that three out of six such dis- 
crepancies are for alcohols with hydroxyl group 
flanked by hydrocarbon groups. All but one cal- 
culated hydration entropies of alcohols underesti- 
mate experimental loss of entropy upon hydra- 
tion. One possible source of this underestimation 
is our use of the same constant per AZ of hydro- 
carbon accessible surface for alkanes and alco- 
hols. Fig. 1 shows, however, that the slope of 
TAS/SA plot for alcohols is larger than for alka- 
nes (0.0351 versus 0.0284 kcal/(mol k>>. The 
value of this slope for amines lies between the 
values for alcohols and alkanes. The most plausi- 
ble explanation we could find for this discrepancy 
is that conformational entropies of alkanes and 
alcohols in the gas phase or in solutions are 
somewhat different, and this difference in confor- 
mational entropies is attributed to hydration en- 
tropy. For example, it is easy to imagine that 
conformations of alcohols with hydroxyl group in 
contact with a hydrocarbon group could be ener- 
getically favourable in vacuum, but would be un- 
favourable in solution because of the loss of hy- 
dration by hydroxyl group. This would lead to a 
narrower conformational space for alcohols in 
solution than in water, and to a larger total loss 
of entropy upon transfer from the gas phase to 
water in agreement with a steeper slope of 
TAS/SA plot for alcohols. This hypothesis, that 
cannot be accepted without further detailed veri- 
fications, underscores, however, that in both cal- 
culations and experiment we should deal with a 
set of conformations with similar enthalpies and 
entropies (or free energies that are expressed 
through them). In this work we deal with a single 
conformation that is assumed to be the same in 
both vacuum and solution. This is not necessarily 
correct. A rather cumbersome alternative would 
require finding quantum mechanically different 
energy minima in vacuum and in solution. 

A part of the difference between the calcu- 
lated and experimental entropies of hydration for 
alcohols is compensated by Asi = 0.045 kcal/(mol 
AZ) for hydroxyl groups, which is too large. Ap- 
plied to the water molecule it leads to TAS, = 
-4.43 kcal/mol, while the experimental value is 
- 3.65 kcal/mol. We currently see only one phys- 

ically reasonable way to correct the latter discrep- 
ancy. It is to assume that part of the hydrocarbon 
groups neighboring a hydroxyl group contribute 
more to the decrease of the water entropy than 
regular alkanes (proximity effects). This agrees 
with an observation that the discrepancy between 
the calculated and experimental hydration en- 
tropies increases for alcohols with the hydroxyl 
group more shielded from water by flanking hy- 
drocarbon groups. We have not implemented such 
a modification for this study to avoid an introduc- 
tion of additional arbitrary parameters at this 
stage. Errors in predicted hydration entropies of 
ketones (Asi = 0.015 kcal/(mol A*) for a carbonyl 
oxygen) can also be attributed to a neglect of 
proximity effects. The proximity effect cannot, 
however, extend beyond one or two methyl groups 
neighboring a hydroxyl and would not resolve the 
problem of a difference in slopes of TAS/SA 
plots (Fig. 1) for alkanes and alcohols, 

Thus we have to deal with two major problems 
in attempts to increase accuracy of calculations of 
hydration entropies: (a) multiple conformations 
in vacuum and solution and related differences in 
conformational entropies, and (b) proximity ef- 
fects. 

3.5. Calculated free energies of hydration 

We calculated free energies of hydration as 
differences between corresponding calculated en- 
thalpies and entropies (TAS) of hydration. Exam- 
ination of Table 7 shows that for 27 out of 42 
solutes calculated hydration free energies are 
within chemical accuracy (= 1 kcal/mol) from 
the corresponding experimental values; 35 out of 
42 calculated values are within = 1.5 kcal/mol 
from the corresponding experimental values. The 
success rate is only somewhat lower for Table 8 
(22 and 30 respectively). The success rate is sig- 
nificantly higher for free energies than for en- 
thalpies where only 21 out of 50 calculated hydra- 
tion enthalpies are within chemical accuracy from 
the experimental values (Table 8 has a success 
rate of 22/50). A higher success rate for pre- 
dicted free energies than for enthalpies of hydra- 
tion is due to a compensation of enthalpy and 
entropy errors. The number of cases where such 
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compensation occurs is larger than the number of 
cases where the errors add. 

Our success rate for predictions of free ener- 
gies of hydration is similar to that reported for 
free energy simulations with 6-31G* derived 
charges and OPLS Lenard-Jones parameters [35]. 
Ref. [35] reports 12 out of 13 computed free 
energies to be within 2 kcal/mol from experi- 
mental values and that for acetamide within 3.7 
kcal/mol of the experimental value (our 6-31G* 
acetamide AAG = 3.9). Analysis of Table G shows 
that in electrostatic calculations with correct 
(within 0.1 D) dipole moments and solute polariz- 
abilities taken into account we often underesti- 
mate hydration enthalpies. Simulations of ref. 
[35] do not account for solute polarizabilities and 
thus can rely only on overestimation of vacuum 
dipole moments by 6-31G* calculations to mimic 
the increase in dipole moment of solutes upon 
their polarization in solution [25]. Such compen- 
sation is not, however, uniform (see Table 6) and 
is fortuitous. It would lead to errors in situations 
where polarization is decreased (e.g., for groups 
partially buried in proteins). 

A degree of success in predicted free energies 
of hydration demonstrated in this study could be 
considered rather high by most accepted criteria 
(the average absolute error is 1.0 kcal/mol). 
However, the task of predicting protein-drug 
binding constants imposes higher demands on 
accuracies of computed free energies than those 
achieved here. Furthermore, we see that the ac- 
curacy of predicted free energies of hydration is 
often due to cancellation of errors in calculated 
enthalpies and entropies of hydration. Thus a full 
thermodynamic characterization of binding would 
be less accurate than that including only free 
energies. Lumping errors into some non-physical 
compensating parameters would lead to large er- 
rors for each changing problem. We have not 
resolved all of the difficulties yet, and this paper 
is rather a progress report than a solution of the 
problem acceptable for quantitative drug design. 
In principle, it is not guaranteed that they can be 
resolved within any existing method. However, a 
clarification of difficulties in developing quantita- 
tive methods for predictions of the thermodynam- 
ics of hydration constitute, in our opinion, an 

important step towards quantitative computer- 
ized drug design. We are currently working on 
accurate multipole representations of molecular 
charge distributions and expect to report results 
of their incorporation in our computational 
scheme in a near future. 
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Discussion to the paper by A. Rashin, L. Young 
and I. Top01 

Comments 

Y Marcus 
(1) The accessible surface area (ASA) is more 

difficult to calculate than the accessible volume. 
The latter can be obtained from the Leahy intrin- 
sic volume, adequately expressed by the additive 
atom-and-bond scheme of McGowan and Abra- 
ham (cf. ref. [l]). The accessible volume is then 
calculated by analogy with spherical molecules of 
similar volume, taking into account the exclusion 

volume (i.e. the radius of the solvent). The main 
point, however, is that the ASA is linearly corre- 
lated with the accessible volume to a good ap- 
proximation for molecules with relative molecular 
masses 60-600. (For spheres V, = (R/3)A,, V, = 
(K1i3/4a)A,; if 200 < V, < 400 then the coeffi- 
cient of A, is between 5.8 and 7.4, i.e. 6.6 k 0.6, 
i.e. within 10% constant; cf. ref. [21 for data 
showing this for practical solute molecules). In 
view of the uncertainty of the coefficient of SA in 
Eq. (7) (f 0.006 in 0.030, i.e. 20%) such a correla- 
tion is more than adequate. 

(2) The hydration enthalpy calculated for 
methylamine from the dipole moment disregards 
any enthalpy contribution from hydrogen bonding 
of the methylamine and water. Both have donor 
and acceptor H-bonding functions and I expect 
that H-bonding should be not less important than 
dipole-dipole (or other multipole and induced 
dipole) interactions in such cases. 

(3) It should be useful to have the sources of 
the experimental data for the thermodynamic 

functions of hydration of the molecules shown in 
Table 7 & 8 specified. 

[l] Y. Marcus, J. Phys. Chem. 95 (1991) 8886. 
[2] R.S. Pearlman, in: Partition coefficient determination and 

estimation, eds. W.J. Dunn, J.H. Block and R.S. Pearlman 
(Pergamon Press, Oxford, 1985). 

Responses by A. Rashin to comments 

To Y. Marcus 
(1) Computer algorithms for the numeric eval- 

uation of ASA are rather simple and are known 
for about 20 years. We programmed one around 
1980, and another with analytical evaluation of 
the surface areas a few years ago. Therefore this 
is not a problem. Your argument on the linear 
relationship between ASA and volume is proba- 
bly well applicable for small molecules we consid; 
ered but it does not apply to the sphere with 10 A 
radius that was included in the derivation of 
range of entropies/A* that you refer to. For this 
sphere V = 4000, well beyond your range. 

(2) The current wisdom (starting with S. Lif- 
son at Weizmann Institute) on the energetics of 
hydrogen bonds adopted in most empirical poten- 
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tials is that it is well described by the combination 
of the electrostatics and Lennard-Jones repul- 
sion. Quantum calculations confirm that numeri- 
cally total energy of H-bond in vacuum is nearly 
equal to the energy of electrostatic interaction 
between partial charges on the donor and accep- 
tor groups (see ref. [ll for a review). We repro- 
duce quite well experiiental hydration en- 
thalpies for water and ammonia using only quan- 

tum mechanically calculated partial charges, po- 
larizabilities, and the classical reaction field. If 
explicit account of hydrogen bonding is not nec- 
essary for these molecules, why to use it for 
others? 

(3) The data are taken from Privalov’s compi- 
lations referenced in the legend to Tables 7, 8. 

[ 11 A.A. Rashin, Progr. Biophys. Mol. Biol. 60 (1993) 73-200. 


