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The applicability of the electronegativity equalization method (EEM) is investigated for the fast calculation

of atomic charges in organic chemistry, with an emphasis on medicinal chemistry. A large training set of
molecules was composed, comprising H, C, N, O, and F, covering a wide range of medicinal chemistry.
Geometries and atomic charges are calculated at the B3LYP/6-31G* level, and from the calculated charges,
effective electronegativity and hardness values are calibrated in a weighted least-squares fashion. The optimized
parameter set is compared to other theoretical as well as experimental values and origins of the differences
discussed. An approach toward extension of EEM to include new atoms is introduced. The quality of the
EEM charges is assessed by comparison with B3LYP/6-31G* charges calculated for a set of medicinal
molecules, not contained in the training set. The EEM approach is found to be a very powerful way to obtain
ab initio quality charges without the computational cost of the ab initio approach.

Introduction The scope of this series of articles is to test the application
f the electronegativity equalization principle as a tool for
enerating atomic charges, adhering to the following require-
) . . ments. The procedure should be sufficiently fast, allowing the
algorithms an'd methods in quantum chemistry. A.S a CONS€- caiculation of atomic charges in large sets of (large) molecules
quence, the size of the molecules that can be studied quantump, 5 jimited time frame (in the order of 1.5 million molecules
chemically has mcreasgd, as vv_eII as the number of CaICUIatICmsof medium size an hour on a current PC). The charges obtained
that Car,‘ be performeq in a limited tlme.frame. from the electronegativity equalization scheme should reproduce
Despite this evolution, there are still many areas where gy jnitio quality charges and should exhibit the ab initio
quantum ch_empal calculgtlons are har_dly feasible. The exampleqnformation dependence of the charges. The scheme should
addressed in this paper is the screening of many thousands of¢ extendable to include new elements and should be applicable
molecules for potentially interesting properties, as is routinely o, every element over a wide range of chemical configurations.
performed in pharmaceutical research. Usually, only a limited In the first part of the series, the theoretical background is

amount of time is available in such screenings, and quantumaddressed and the calibration process described, the quality of
chemical calculations are not an option. On the other hand, the resulting charges is assessped and the chemié:al m(lanin)g] of
quantum chemistry gives access to many highly interesting the parameters obtained from the calibration is discussed. In

molecular properties. Consequently, there lies great promise in . . o . .
ways to obtain these descriptors with quantum chemical quality _the second part of .th.'s Series, th? suitability for |mplem(_antat|on
in the electronegativity equalization method (EEM) of different

at great speed. L . o ;
. . ab initio charge evaluation schemes is investigated.
Atomic charges are quite often used as tools for the
interpretation of e.g., molecular reactivity. As such, they are )
valuable parameters in a QSAR environment, and the fast 1heoretical Background
calculation of atomic charges for large molecules, or for a large
number of molecules could be very useful.

In recent decades, the speed of computers has increaseg
dramatically together with the continuing development of

The electronegativity equalization principle formulated by
Sandersoh? states that when molecules are formed the
To whom corresbondence <hould be  addressed.  E.mail e_Iect_ronegativities of the c_onstituent atoms become eqqal,
Patrick.Bultinck@rug.ac.ge. Faxt 32/9/264.49 83, : - yielding the mo!ecular, equalized (Sandersop) elgctronegatlwty.
* Department of Inorganic and Physical Chemistry, Ghent University. Several formalisms have evolved from this principle. Well-
*Johnson & Johnson Pharmaceutical Research and Development.  known examples are the partial equalization of orbital elec-

f Er“ggfij’scefgt;”gf%f:&es-els (VUB) tronegativity by Gasteiger et &lthe charge equilibration method
5 Laboratory of Theoretical Physics, Ghent University. (Qeq); the atom-bond electronegativity equalization method
#Utrecht University. (ABEEM),® and chemical potential equalization meth&ds.
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The present study is based on the EEM of Mortier étlal. will be judged by testing it on a validation set consisting of
EEM, the electronegativity of an atomin anN-atom molecule molecules with known medicinal use.
is shown to be
Computational Methods

N Choice of the Training Set.In view of the investigation of

B
Yeq™ %o = Xg T Ayt 2(’72 + A7)0, + ;_ @) the applicability of EEM to organic molecules, a large training
7Rus set of small molecules was constructed containing hydrogen,
. .0 0 . carbon, nitrogen, oxygen, and fluorine atoms. Our main concerns
In this expressiony, and 7, represent the isolated atom j, the design of this set were that it contained all of the most
electronegativityand hardnes¥,respectivelyg, represents the  jrhortant functional groups used in medicinal chemistry and
atomic charge on atorm, and Ry; represents the interatomic 4 jt was well “equilibrated”. This means that the calibration
distance between atonosand. Ay, and A, are Corrections — get should hold a significant number of atoms of the five
to the respective isolated atom values due to the incorporation,«|uded elements. This aspect, which is especially important
of the atom in a molecule (or crystal). The external potential i respect to the mathematical stability of the ensuing
represen.ted by the last term accounts for the influencg of the calibration process and the chemical relevance, has been
surrounding atoms (or molecules). For the actual derivations jnqfficiently stressed in the applications presently available.
of the EEM f(?rmUIaS' the readero is referred to Mortier et al. 116 jist of molecules used is available as Supporting Informa-
Using x;, (=%, + Axo) andny(=n, + Azy) for the effective tion. The calibration set consists of 138 molecules, holding 930

atomic electronegativity and hardness values, respectively, thepydrogen atoms, 602 carbon, 105 nitrogen, 101 oxygen, and
operational, simplified formula used throughout the study is g5 fiyorine atoms.

given by Quantum Chemical Calculations. The geometries of all
molecules were optimized at the B3LYP/6-31G* level, using
. . N Og the Gaussian 98 prograthMulliken charges were calculated
Xeq= Yo =Xt 2140, T /Z_ @ at the same level. It may be argued that Mulliken population
=Ry analysis is not an optimal way to calculate atomic charges. In

o ] ) this context, the question, however, may be raised what an
The EEM approach exhibits a number of interesting features. ohiimal way of calculating atomic charges would be like. In
First of all, a solid proof has been provided within the context previous studies, the Mulliken population analysis was also most
of Hohenberg-Kohn density functional theory for Sandersons  gften ysed, and because we want to compare results with these
electronegativity equalization principle by Parr et Politzer studies, only Mulliken atomic charges are considered in the
and Weinsteitt later confirmed this. _ present study. Admittedly, there are other ways to obtain atomic
Second, EEM holds the potential of generating, at a Very charges, some of which have a more sound theoretical back-
modest computational cost, atomic charges that are bothgroung. In this study, attention is drawn mainly to the calibration

connectivity- and geometry-dependent. InNkatom molecule,  process, and the quality of calibrations, whereas a following
the atomic charges and the (molecular) electronegativifiire  reportS will focus on the capability of EEM to calculate other
the unknowns, the actual values of which can be determinedypes of atomic charges.

by solving a set oN + 1 linear equationsN of these equations Calibration of Parameters. The approach adopted by
are obtained by equilibrating the individual atomic electrone- \ortier et all617 when calibrating the effective atomic elec-
gativities to the molecular electronegativityed = xa = 15 = tronegativity and hardness consists of first choosing a specific

), whereas one supplementary equation is obtained byejectronegativity and hardness scale for gieand ,° values.
constraining the sum of'\;[he atomic charges to equal the total consequently, the effective electronegativity and hardness scale
molecular chargeQ = X, qy). In matrix form, this may be s “fixed” by arbitrarily assigning the effective atomic elec-

written as tronegativity d O a value of 8.5 eV. The remaining seven
1 11 1 I parametersAy and Ay for H, C, and N, andAy for O) are
277 MRy, -+ 1Ry —1]|q, -1 then determined using multiple regression. Fluorine parameters
Ry 2y -+ 1Ry —1]|a, - were not calibra_ted previously. In the present study, no
: : . . — . 3) restrictions were imposed on any of the parqmeters. Software

N N was developed in-house to calibrate the optigtal- and n*

Ry Ry, - 27y 1 A XN values from the B3LYP/6-31G* molecular equilibrium geom-
I1 1 eee 1 0 | IXeq IQ | etries and atomic charges for the molecules included in the

training set. The goal of the calibration is to determine the

Finally, in addition to the molecular electronegativity and SPecific set of ten parameterg*@ndy* for H, C,N, O, and F,
atomic charges, the EEM framework also allows a straightfor- respectively) that, when inserted in the EEM matrix eq 3, will
ward and transparent calculation of other fundamental propertiesyi€ld EEM charges that differ minimally from the corresponding
such as the total electronic energy, hardness, and reactivityduantum chemically calculated charges in the training set.
indices, such as Fukui functions and local softrfiégs recent The quality of the fit between the B3LYP/6-31G* and the
overview of the status and theory of EEM within the broad EEM charges must be evaluated in some fitness function. The

context of conceptual DFT can be found in Geerlings ééal.  Simplest such function is a least-squares fit, minimizing

It is clear that when the parametgfsandy;, are known one Ne M Nis
can use standard matrix algebra to calculate the atomic charges Ad = - . EEM _ _DFT\2 4
* * q= (qaiz qaiz ( )

from eq 3.y, andn,, however, are unknown and cannot be H45E

calculated directly. Hence, the need for calibration. In the present
study, x; and n; are calibrated using a large training set, wherez refers to a specific element (here H, C, N, O, oriF),
consisting of small organic molecules. The performance of EEM to a molecule from the training set, ando an atom of element
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z in moleculei. The upper summation indices are the total TABLE 1. Optimized Values of y* and »*, as Compared to
number of elementd\ = 5 in this case)M is the number of ~ the Parameters from the Work of Mortier et al. 16~

molecules, and\;; is the number of atoms of elementin atom present study Mortier et al.

molfec_ulei. E_q_uation 4 is, however, not optimal, becausg in any H 7 1.00 44

realistic training set the number of atoms of the different n 17.95 13.8

elements will always differ substantially. As an example, the N 930 65

population of hydrogen atoms in any realistic training set will c X 5.25 5.7

always be substantially larger than that of any of the other ’Kl* 6 092-00 391

elements. Furthermore, the average charge of the atoms belong- o 8.80 10.6

ing to the different elements is also expected to differ signifi- W 9.39 13.2

cantly. Consequently, the contributions of the different elements N 105 1

to the minimization criterion (4) may vary substantially from ) x> 14.72 8.5

element to element. As a result, the “weight” of a particular n* 14.34 111

element can be artificially altered in the calibration process, N* 101 26

which may jeopardize the determination of chemically meaning- F x 15.00 not calibrated
‘ ; . Wy et n* 19.77 not calibrated

ful values. To alleviate this problem, a weighted minimization N 65 not calibrated

criterion is used. The most efficient way proved to be a least-
squares fit with the population of each element, where the
notationNy; denotes the number of atoms of elem&nt

aAll values are in eV.N is the number of atoms of a particular
element in the training set of 138 molecules.

TABLE 2: Optimized x* Values (This Work and

M Niz Mortier 1617 as Compared to Electronegativity Values from

(qEEM _ qD.FT 2 Other Scales (All Values in eV, Unless Indicated Otherwise,
Nej IZ 0; iz iz n/a = Not Available)
Aq= Z N %) scale H c N O F
= z this work 1.00 5.25 8.80 14.72 15.00
] o ) ) Mortiert6-17 44 57 106 85 n/a
The actual calibration is a stepwise process. Fystand ;* (EEM-based)
values for all elements are assigned randomly. These valuesvan Duin et af? 596 s§858 nla n/a nla
are then used to calculate EEM charges on all atoms through (EEM-based) sp8.24
. . . . Njo et al?° 3.12 4.30 756 850 nla
standard matrix algebra (see eq 3). Equation 5 is used as fltnes:iEEM_based)
function to evaluate the quality of the fit between the DFT Sanderson (Pauling unitsy 2.31 2.47 2.93 3.46 3.92
charges and the EEM charges. This fitness function is then Boyd, Edgcombe (Pauling unit) n/a 2.6 3.08 3.62 4.00
minimized by updating thg* and »* values by means of a gaug”%bA“fled (Patlgl}ng unitdj~=* gig ggg g-g‘l‘r 2-2‘71 g-gi
. . P . ordy (Pauling uni . . . . .
combination of a local and global optimizer. Fu_rst mMany  Ajred. Rochovd® 220 250 307 350 410
randomly chosen sets of parameters were submitted to theackner, zweid’ 717 6.24 696 7.59 1040
simplex method in multidimensiod8.Each time 10000 sets  (Mulliken ground-state version)
were submitted to the simplex method, the 100 best unique sets?hifslilrﬂani H:nzéﬁ on) 7.18 8.07 9.68 11.91 13.66
H H 0 H ulliken valence state version
(i.e., those sets that give the lowest value for the fitness function) Allen (Pauling unitsi® 230 254 306 361 4.19

were used as input in a genetic algorithm. The new sets of

Farameters_ found b3|’ ma|1|t|ng of the dparer;]t sets olr orlglnﬁtlgg molecular electronegativity value (see eq 3 adding a constant
rom mutations are local y 0pt|m|Ze in the simplex metho to all X* Only has an effect on the equalized molec%ﬁ).

prior to gsing them as parents in_ the next generation. This gyen it a common value for the effective electronegativity of
comb!natlon of a global minimization technique and a local hydrogen is chosen, one is still confronted with the same
optimizer proved the best approach for the very cumbersome gigerences. The following factors are expected to play a role
calibration. The parameter set giving the best fit between the ;. ose observations: (i) Mortier et al. used HF/STO-3G
EEM and DFT charges is recorded and considered to representy e jations to obtain charges to calibrate effective electro-

the optimal set of calibrated parameters.

Results and Discussion

Calibrated Parameters. The calibration of the parameters
proved to be a highly cumbersome task. This is mainly due to

negativities and hardnesses, whereas in the present study,
B3LYP/6-31G* calculations are used, (ii) a different fitness

function is used, and (iii) a different training set is used to
calibrate the parameters.

Table 2 presents a number of values from different well-

the sensitivity of the fitness function for the parameters, as well established electronegativity scales. Included are scales based
as to the existence of a very large number of local minima. In on previous EEM calibratiod%17.19-20 and scales based on
Table 1, the calibrated effective atomic electronegativities and atomic electron densitiés? topological properties of electron
hardness parameters calibrated in the procedure described abowensity distributions of moleculé$,bond dissociation (BD)

are presented, together with the original parameter-valuesenergie# (introduced by Paulirig), the electrostatic potentfél
obtained by Mortiet5~17 First of all, it is seen that the Mortier ~ and force as experienced by the valence electfortee
parameters show large discrepancies with respect to our valuesionization potential (IP) and electron affinity (E®R)as ground-

At first glance, it may look as this may be due to the fact that staté@” and valence-state properti®sand the average energy
Mortier et al. constrained the effective electronegativity of of valence shell s and p electrons (free-atom spectroscopic
oxygen to 8.5 eV (0.3124 au). However, the effective elec- electronegativity$?

tronegativity parameters for all elements can be calibrated only ~ We focus on the trends observed in the different classes, rather
up to a certain constant. Consequently, a constant may be addethan on the quantitative numbers. In general, the same trend is
to all effective electronegativities, without influencing the observed in almost all of the electronegativity scales, including
resulting charges as it will merely influence the equalized our scheme. When comparing values from the EEM calibrations
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by Mortier et al*61” and the developers of the DMM force  TABLE 3: Optimized 5* Values (This Work and
field,'®-20 a number of clear differences are found. These are X‘Of_tl'eglm’? Cor_nparedl o Pther'ElE\’f lBase_d V\a}'Ue/S and
in part due to the fact that the ab initio charges were obtained ~\Vailable Experimental Values (All Values in eV, nfa=

Value Not Available
using different quantum chemical methods and basis sets and )

the fact that different calibration sets were used. This makes a scale H c N ¢) F
quantitative comparison impossible, but a striking discrepancy this \{voglsg17 17.95 9.00 9.39 14.34 19.77
between the parameters sets given by Mortier et al. and ours?gl’_:rﬁ'/ﬁrbased) 138 91 132 111 nla
lies in the inverted sequence for the electronegativity and yapn pyin et ar® 1563 s813.77 nla nla  nia
hardness for N and O. Njo et al. used HF/STO-3G calculations (EEM-based) sh12.48

similar to those by Mortier, and found no such inversion. Njoetal? 11.99 9.69 11.69 13.66 n/a

- . : e (EEM-based)
Equation 2 shows that if only a single atom of a specific element Lackner, Zweid’ 6.45 4.99 759 614 7.07

is present in the calibration set any change in the effective (uuliiken ground-state version)

electronegativity (denotedy*) can perfectly be compensated Bergman, Hinz& 6.42 6.35 7.29 826 9.19
by an opposite change in the effective hardness (the magnitude(Mulliken valence state version)

of the change im* is then —Ay*/q,). This is the case for N in

the calibration by Mortier et al. With an increasing number of
valencies for the nitrogen atoms, such a compensation gives

;Z(fatr:\)e?e[r)s?orer fitness function, making us reject that set of 3 iIIustrateg again thg differences, even in trends, that are found
B ) when considering either ground states or valence states. From
Concerning the other, non-EEM-based scales in Table 2, aTaple 3, it is found that the present calibration gives nitrogen a
relatively high value is found for hydrogen in the Mulliken scale  |gwer hardness compared to oxygen. This illustrates again the
(based on ionization potentials and electron affinities), especially importance of having the calibration set spanning a wide range
in the ground-state versictiThis might be due to the fact that  of valencies. The larger electronegativity given by Mortier et
hydrogen is a special case having only one electron in its neutralg|, for nitrogen compared to ours should give rise to a larger
form. To identify the electronic chemical potential with Mul-  effective hardness in the scale by Mortier et al. compared to
liken’s electronegativity defined as (I EA)/2, one has to  ours. As noted above, the increase of the effective hardness
assume a quadratic relation between the enegyand the  needed to compensate a larger effective electronegativity is

derivative of the energyE, with respect to the number of
electrons,n, the curvature of thde(n) curve at the point,
whereng is the number of electrons for the neutral system. Table

number of electrong), in combination with a finite difference  —Ay*/q,, where the nitrogen atom in the set by Mortier et al.
approximation to calculate the second derivativeEofvith has a negative charge.

respect tan.1? This might be too crude an approximation in the Quality of the EEM Charges. Figure la-e gives the EEM
(special) case of hydrogen. charges (using the optimal effective electronegativity and

When comparing electronegativity values determined from hardness values) versus the DFT charges. Also included are the

different schemes, it is important to note that there is a difference parameters for the best fitting linear function between both types
between ground state and valence state values. Ground-stat®f charges. There is an obvious linear correlation between both
models are determined for the isolated atom, whereas in aSets of charges. This illustrates the ability of the principle of

valence state, one considers the atom in a molecule. The valenc€!ectronegativity equalization to yield quantitative atomic

state of the atom in the molecule corresponds to the state ofcharges. It may be argued that for fluorine, and to some extent
the atom when taken out of the molecule, without reorganization for oxygen as well, the agreement is much less pronounced.
of its electronic charge distribution. The latter case represents | NiS is due to the more limited range of charge values for the

a perturbed situation, because the electron cloud of the atom"_and O atoms. This is clear from the average absolute
has adapted itself to the rest of the molecule. In the presentdifferences between the DFT and the EEM charges. For H, C,

calibration,y* and * values are determined, which are values N, O, and F, these are respectively 0.02, 0.06, 0.06, 0.04, and

for valence states. Although it might seem better justified to 0-02: showing that the accuracy of the EEM method is similar

compare our values to previously reported valence state values,for all elements. .
A few remarks should be made concerning the spread of

h mparison is still n raightforward. Val m iffer P - o
such a comparison is still not straightforward. Values may diffe charges in Figure 1. For the hydrogen atoms in the training set,

between different valence states for the same atom. DependinqWO regions exhibiting a hiaher densitv of points in the plot are
on the range of valence states included in the set of molecules 9 9 9 yorp P

used to calibratg* and 5* values, different numbers could be found. This is simply a consequence of the chemistry of the

. L ..~ training set. The high number of points in with lower charges
found. We have chosen in the first instance pot to dlstlngwsh are mainly associated with hydrogen atoms bound to carbon.
between different valence states or chemical surroundings

i T Two regions with a relatively high point density occur at higher
(meanlng tgklng Into accogpt the nature of the bonds the atom positive charges. These are mainly associated with hydrogen
IS in). In d°'“9 SO, j[he anltlongl Wo.rk of haymg t.he computa- - 5i5ms bound to nitrogen and oxygen. One could argue that
tions sp_e_nd time in trylng to Ident|fy hybridization or b_ond distinguishing between the different connectivities of hydrogen
connectivity can be avoided, allowing a faster algorithm. 4mg each with their own hydrogen effective electronegativity
Whether it is justifiable not to distinguish between different

) . ) e and hardness, would further improve the fit. Mortier et al.
valencies will be examined below. It is important, however, 1o ¢jowed this path for hydrogen, where they calibrated different

note that the trend in electronegativity values from the current parameters for positively charged hydrogen atoms and hydride

calibration agrees with that in most other scales. atoms. In the case of other atoms, Mortier also notes the
The calibrated parameters for the hardness are given in Table*surprisingly” good ability of a single value for the effective
3, together with values based on other EEM calibratfoRg!®-20 electronegativity and hardness to yield high quality charges in

and some experimental values calculated from the ionization many different chemical surroundingtThe charge pattern of
potentials and electron affinities for ground states and valencenitrogen also shows a number of outliers. These are mainly
states. In terms of DFT, the hardness is defined as the secondassociated with nitro compounds. In these cases, nitrogen is
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Figure 1. Comparison of EEM and DFT Mulliken point charges for all atoms in the training set (separate correlations are shown for H, C, N, O,

and F). EEM charges were obtained using the parameters calibrated in this work and listed in Table 1.

positively charged according to the DFT calculations, which  Applicability of EEM. In the section above, the EEM and
agrees with what is expected from simple Lewis structures and DFT charges for the molecules contained in the calibration set
formal charges. It is worth mentioning that the present EEM were compared showing fine agreement. However, to test the
calibration succeeds at giving positive charges for the nitrogen applicability of EEM, one needs to consider molecules that are
atoms in the nitro compounds. Previous calibrations did not not part of the calibration set. To that end, a number of medicinal
succeed in thig! This may also indicate that the necessity of molecules, more precisely neuroleptics, were used for compari-
Mortier et al. to distinguish different parameters for positively son. Structures were taken from Tollenaere e¥alnd are
and negatively charged hydrogen atoms might equally be dueshown in Figure 2. Molecules used in this study were:
to incomplete calibrations. The present medicinal chemistry fluanisone, benperidol, pipamperone, spirilene, oxypertine, and
biased calibration set does, however, not contain hydride atoms.azaperone.

The fact that EEM quantitatively predicts atomic charges for ~ Because the aim of this study is not a full conformational
very different valencies, using the same parameters, shows thastudy of these six molecules, only a relatively limited confor-
the calibrated parameters are applicable within a very large rangemational analysis of the molecules was performed, using the
of valencies. This justifies the decision not to distinguish MMFF33-37 force field and AM1 calculations. Both the global
between different valencies of atoms of the same element, minimum from the MMFF conformational analysis and that
thereby saving a lot of additional computational work to identify from the AM1 conformational analysis were further optimized
which “type” of atoms of each element are present in each on the B3LYP/6-31G* level, and Mulliken charges were
molecule. calculated at that level. Using the calibrated effective electrone-



7892 J. Phys. Chem. A, Vol. 106, No. 34, 2002 Bultinck et al.

Fu = Fo o
(0] Y (0] i N \
|
O NH,
A B
F F.
~ - Nf‘“’ > N-— \ 1
o - -~ 1T NH
— N —~/
C D )
Fo
N : v N
— — | —
o) N o N .
(o) = N
E F

Figure 2. Chemical structures of the neuroleptics used as an EEM validation set.fldanisone, B= benperidol, C= pipamperone, D=
spirilene, E= oxypertine, and F= azaperone.

TABLE 4: Calibrated Effective Electronegativity and If an even better agreement is desired, one might choose to
Hardness Pafametfrs Using the Original (f‘,ahbhratlon Set:f calibrate parameters specifically for a certain class of molecules,
and a Reduced Calibration Set Designed for the Study o in this case neuroleptics. The parameters were therefore
Neuroleptics (All Values in eV} . . - . .

calibrated again, using as a calibration set one structure of both

atom original set reduced set fluanisone and spirilene. Both the original and new parameters

H X* 1.00 1.00 are given in Table 4. The table shows how the difference
n* 17.95 15.73 between the EEM and DFT charges is reduced when using the
Slev 93% o1 5% o1 parameter sets calibrated from the fluanisone/spirilene set.

C 7+ ' 525 5.06 However, the improvement is only small. Given the amount of
n* 9.00 9.03 additional work required to recalibrate the parameters and the
N 602 45 rather limited improvement of the agreement between the DFT
dev. 0.06 0.06 and EEM charges, such recalibration is unnecessary. Concerning

N x 8.80 13.72 the values for both the effective electronegativity and hardness
KI 10%39 1%'97 for the calibrations with the two sets, some clear differences
dev. 0.07 0.04 are found. This shows that the calibration set is a bias. Also,

o] o 14.72 14.25 for a smaller calibration set, certainly a specific one aimed at
7 14.34 14.27 only a limited range of valencies for all elements, the above-
N 101 3 described electronegativitthardness compensation may play

E ;va. 15?'0003 lggg’ a role. The parameters obtained from the smaller calibration
n 19.77 24.79 set therefore have less chemical relevance as those obtained from
N 65 2 the larger calibration set.
dev. 0.04 0.00 In deriving the EEM equations (as, e.g., eq 2), the parameters

aDev. describes the average absolute error between the DFT and(* @and #* clearly have a firm chemical meaning representing
EEM charges for both calibration sets. The colulgives the number the effective electronegativity and hardness, which can be
of atoms of each element in both calibration sets. considered as valence state type atoms in molecules properties.
gativity and hardness parameters from Table 1, the EEM chargesWhen the parameters are calibrated, solutions may be found
were calculated. The speed of the EEM calculation of atomic that are mathematically equivalent but chemically are highly
charges is illustrated by the fact that the calculation of atomic counterintuitive (e.g., when only a limited range of valencies
charges in all 12 structures takes less than 50 ms on a currenfor a certain element is considered). The chemical meaning of
personal computer. In Table 4, the average absolute differenceghe calibrated parameters allows the discrimination between
between the DFT charges and EEM charges is given. The resultsshemically sound and less meaningful solutions, even if these
clearly show that although the calibration set used does not holdare mathematically equivalent.
any of these neuroleptics, or fragments thereof, the charges Extension to New Atom TypesAs noted above, calibration
predicted by EEM agree very well with the DFT charges. Taking of the parameters proved not to be a simple task and required
into account the speed of the EEM calculations, it may be much effort to minimize the fitness function (5). It is clear that
concluded that EEM performs in an excellent way, costing when new atoms will be included, the dimensionality in the
several orders of magnitude less computational effort than the calibration will increase, resulting in an even more cumbersome
B3LYP/6-31G* calculations. Mulliken population analysis calibration. It would therefore be very useful if extension of
requires the SCF procedure to be carried out, which takes, forthe EEM method to include new atom types would only require
example, one single neuroleptic molecule 32 min on a PC. For calibration of the new atom types, retaining the values previously
the 12 molecules together, the EEM calculations take less thancalibrated for the other atom types. In an attempt to establish
50 ms, illustrating the impressive speed of the EEM approach. whether such an approach is feasible, independent calibrations
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TABLE 5: Changes in Calibrated Parameters (in eV, for situations (e.g., different hybridization states), it is clear that

g&m\ae;;gngg’tﬁ”*mei“(\)/g f%'reﬁtfg?ggggrt]')\/'t)é%ageéxgﬁr:g the previous paragraph and method for extension of the EEM
iz =1 Y u X i : ; ; ; ;

the Range of Elements and Valencies of Atoms in the calibration space is also vaﬁd for instances where new, separate

Calibration Sets® parameters need to be calibrated for a different valencies of an

atom. At present, however, no situations have been found where

atom CH CHN CHO CHNO _ CHNOF the predicted charges show such poor agreement with the DFT
’ M 11400 318 00 3‘11 00 9? 00 13? 00 charges that separate parameters need to be calibrated for
" 1583 1901 1806 17.95  17.95  SPecific valencies.
N 98 276 210 643 930 .
c ¥ 5.22 5.99 5.88 5.58 5.26 Conclusions
*
’,Zl 5%32 1595'35 103'32 39%17 603'00 Calibration of the effective electronegativity and hardness
N 7 10.47 956 8.80 parameters for C, H, N, O, and F was performed u_sing a large
n* 10.12 9.79 9.39 set of molecules representing a wide range of functional groups
N 34 83 105 in medicinal chemistry. It was found that, using these param-
o z 1@-04 15-81 14-;2 eters, one can calculate atomic charges in molecules at a very
KJ 124‘54 ég' 1 1311' 4 impressive speed, without important loss in accuracy compared
= o 15.00 to the DFT calculated charges. The resulting calibrated param-
7 19.77 eters were also found to be applicable over a very wide range
N 65 of valencies. As such, EEM is a promising method for the very
2N denotes the number of atoms of each element in the each setf@St calculation of atomic charges, showing ab initio quality
andM denotes the number of molecules in each set. without the cost of such calculations.

for different sets of molecules were performed. The sets differ ndications are that the calibration of EEM parameters can

among each other by the number of atom types included in the be extended to include new elements, without the need to repeat

calibration set. Sets were constructed comprising only C and H the entire calibration process. Previously determined values for
(set 1); C, H, and O (set 2); C, H, and N (set 3); C, H, N, and the effective electronegativity and hardness can be retained, and

O (set 4); and ultimately C, H, N, O, and F (set 5). These sets merely need to be slightly reoptimized, thereby opening the way

were derived from the full calibration set by keeping only those to effic(ije_ntlyl/EéI)\(/;[ending the number of elements that can be
molecules that only contain atoms of the types retained in the COVEred In '
reduced calibration sets. The calibrated parameters were found to depend on the

It was found that keeping the previously calibrated parameters calib_ration_ set used. Only parameters based on calibration sets
fixed, resulted in a very poor calibration. This is not surprising, "°lding wide ranges of valencies for every element should
given the sensitivity of the fitness function on the parameters. therefore be.c.on5|dered as chemically relevant. Such effectllvg
On the other hand, inclusion of a new atom type did not need electronegativity and hardness parameters were found to e_xh|b|t
the assigning of new random values for the previously calibrated the same trends as other well-established scales. The cahbrated
parameters, and thereby augmenting the calibration dimension-Parameters also depend on what charges have been used in the
ality. The most efficient approach turned out to be the use of calibration, including the quantum chemical method used, basis

the previously determined parameters, supplemented with aS€t €tC.
random choice of values for the new atom type(s) and
minimization of the entire set of parameters in the simplex
procedure or genetic algorithm. Thus, instead of having both
the random assignment step and minimization procedure work-
ing in (2X + 1) dimensions foX atom types (X parameters

for X atom types plus the fithess function), extension of the
method toward a new atom type will result in 2 additional
dimensions in the random step, followed byX2¢ 1) + 1)
dimensions in the minimization procedure. This is of course an . . . ) .

enormous reduction of the computing efforts, because if, e.g., Supportmg I_nforr_natlon _Avallabl_e. . The !'St of molecules

10 random values for each new parameter are chosen, theu_sed in the calibration. This material is available free of charge
number of resulting sets in the calibration can be reduced from via the Internet at http://pubs.acs.org.
102Xt to 1@ for the addition of a single new atom type, or
for addition of Y new atom types from 26 to 1?Y. That
the previously determined values need to be reoptimized through (1) Sanderson, R. TSciencel951 114, 670.

the minimization procedure is the consequence of, on one hand, __(2) Sanderson, R. TPolar Covalence Academic Press: New York,
the large sensitivity of the fithess function on the parameter (3') Gasteiger, J.; Marsili, MTetrahedron198Q 36, 3219.

values, and on the other hand, the necessity of letting the  (4) RappeA. K.; Goddard, W. A., I11.J. Phys. Cher1991, 95, 3358.
parameters adapt to new types of chemical surroundings. Table (5) Yang, Z.-Z.; Wang, C.-SJ. Phys. Chem. A997, 101, 6315.

5 gives the optimal values for both the effective electronegativity ~ (6) York, D. M.; Yang, W.J. Chem. Phys1996 104, 159.

and hardness when the calibration sets are extended to include gg :\t/lzé‘r(t)i‘g’:tzwp'j Bgrﬁgg:tzs' MK‘ '_‘é‘hzzﬁ‘r %12?;' é?ghl%]é 283@73'
new atom types. When comparing small calibration sets, large 105 4315, = T B '
differences in the calibrated parameters may be found, but when  (9) Parr, R. G.; Donnelly, R. A.; Levy, M.; Palke, W. B. Chem.

moving to sets with an increasing number of elements, the th’fd§953 68|'238(;0~1'P R. G, Am. Chem. Sod983 105 7512
differences grow smaller. arr, R. t.; Fearson, R. ©. Am. Lnem. S0 '

. . . . . - (11) Politzer, P.; Weinstein, Hl. Chem. Physl979 71, 4218.
Following the previous discussion on the applicability of EEM (1) parr, R. G.; Yang, WDensity Functional Theory of Atoms and

parameters for a specific element over a wide range of chemicalMolecules Oxford University Press: New York, 1989.
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