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Accurate dipole moments from Hartree—Fock calculations
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Charge Model 2 (CM2) is parameterized for Hartree—Fock calculations with the
correlation-consistent polarized valence double ZetapVDZ2) basis set. The resulting charge
model has an RMS error of 0.18 D over a training set of 198 polar molecules. The charge model is
additionally applied to 8 nucleic acid bases and methyl azide to test its performance for
nitrogen-containing compounds not found in the training set. The results demonstrate that this new
CM2 model based orab initio Hartree—Fock calculations is robust in predicting the charge
distributions of such molecules. Comparison of CM2 results for the nitrogen-containing test set with
those from a previous charge model, charge mod&M1) based on AM1(Austin model ) and

PM3 (parameterized mode) 8vave functions, indicate that the CM2 charges are more accurate than
those from the previous model. @399 American Institute of Physid&§0021-960609)30125-3

I. INTRODUCTION in further developments based on correlated cc-pVDZ charge
distributions.

Partial atomic charge is a very useful concept for the  Section Il discusses the parameterization itself. Section
interpretation of molecular propertiéddowever, the partial 11l summarizes the results of the parameterization for the 198
atomic charge on an atom in a molecule cannot be unanmolecules in the CM2 training set. Section IV provides a
biguously defined. Instead, to discuss the partial chargediscussion of the results and a test of the CM2 charge model
within a molecule, some model must be specified. Two offor methyl azide and 8 nucleic acid bases. These compounds
the most widely used schemes for assigning partial chargespntain several different kinds of nitrogen atofirscluding
their popularity owing in part to their simplicity, are nitrogen—nitrogen bonds in methyl azjdend were not in-
Mulliken?? and Lovdin* population analysis. Because of the cluded in the training set.
mathematical(rather than physicalbasis of these models,
partial charges derived from them can be more sensitive t§ cvm2 PARAMETERIZATION
basis set size and composition than is warranted by the varia-
tion in the three-dimensional electron density functions cor- ~ Since the concept of class IV charffeand_the formal-
responding to the wave functions. |sr_n.for CM2 have aIready been presented in detail in 'the

We have previously presented a new class IV chargé’”g'nal papers, we recapitulate here only thglr .most critical
model, namely charge modek2M2), for calculating partial aspects. A class IV charge _model take_s as its input a se_t of
atomic charges in molecul@snd we parameterized for four charges from some population analysis of a wave function

basis sets withab initio Hartree—FockHF) theory® for two (or any class Il or class I scher)w_and, in a parameterized
semiempirical molecular orbital modelsAM1’~!! and procedure, maps them to optimally reproducharge-

PM3'), for four basis sets with density functional theory d_epgndent observables obtained from _expenr(mzrm]n spe-
(DET),’38 and for one basis set with hybrid Hartree—FockC'al instances, highly accurate theoretical calculatiomte

density-functional theory’ We have alstf parameterized parameterization procedure is designed to correctijays-

the model for the intermediate neglect of differential overlapg?gigcoter:;?risnZE[)”?nu;;b;z t:\)nt;i?)psa;r:[((:;::ﬁartirc):ogrlilc?riogtt?irlfly-

01/%20 8

for spectroscopy models IND and INDO/S.ZI’ where utable to an incomplete basis set and/or level of electronic
its performance was robust for molecular excited states. In tructure theory
the _present paper we present a parameterization for a fiftﬁ There are tWo choices that define a specific Class IV
basis set for Hartree—Fock theory for ground states, namelé’harge mode? (i) The method for obtaining the lower-level
the cc-pVDZ basiél?? Unlike the previous basis sets em-

. . charges to be mapped aril) the functional form of the
ployed with Hartree—Fock theory for which CM2 has beenmapping itself. Charge model (CM123) was the first Class

defined, the cc-pVDZ basis set has polarization functions ony charge model to be developed and was based on mapping

hydrogen atoms. Moreover, the cc-pVDZ basis set has beelUIuIIikenz charges of Austin model 1AM17-1Y or param-

develop.edsztlozzprovide high-quality results in correlatedgarized model 3PM3') wave functions(Mulliken charges
calculations,““so a Hartree—Fock model may prove useful ;.o <o called Class % charges because they are derived

from an arbitrary population analysis of a wave functjon.
dElectronic mail: truhlar@umn.edu Charge model ZCM2) represents the second generation of
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Class IV charge model, and it differs from CM1 for each of TABLE I. CM2 parametersa.u) for HF/cc-pVDZ calculations.
the two major choices associated with a Class IV charge
model. First, the input charges are based onadin* popu-

Parameter type Zy Ly Parameter value

lation analysis of the relevant wave functions. For semi- Czz, H-C —0.050
empirical methods assuming a unit overlap matrix, as most H-N 0.063
: S : ) H-O 0.083
do, Mulliken and Lavdin charges are identical; both reduce H_Si _0.084
to what we call zero-overlap Mulliken charges and what H-S 0.117
some others call Coulséhcharges; but this is not the case C-N 0.010
when ab initio Hartree—Fock or DFT wave functions are c-0 0.041
employed. Second, a simpler and more stable mapping func- %:_—Ssl _8'(?55
tional was a(_jopted. Such a mapping functional is expected to N—O 0.085
be more reliable when applied to molecules outside of the D2z, H_P 0.073
training set. C-N 0.046
The CM2 charge on atork is defined as Cc-0 —0.042
C-F -0.019
S c-P 0.040
asM?=qk+ >, T (Bik), (1) c-s 0.229
K’ #k c-Cl 0.121
L - i C-Br 0.260
where gy is the Lavdin charge on atonk. The mapping Cc—| 0.320
function Ty, transfers charge between atokandk’ ac- o-P 0.165
cording to F-P 0.282
N-O -0.082
Tuk =B (Dzz,, +Cz,2,Buk), 2 0-S 0.186
P-S 0.000
where Dzz,. and Cz,z,, are parameters depending on the
atomic numberZ, andZ,, of atomsk andk’, andB,,: is
the Mayer generalizatidn of the bond order of Armstrong The cc-pVDZ basis set was employed wiltsubshells
et al,?® defined between atonisandk’ as consisting of five functions, consistent with the manner in
which it was originally defined>?? The cc-pVDZ basis set
Biw=2 2 2 (PYim(PS)mj. (3)  was not available for Br and I, so we substituted the MIDI!
ek jek’ m basis sé&t for these elements.

The present paper also includes semiempirical AM1 and
PM3 calculations for comparison.
Semiempirical calculations were carried out using

wherei, j, andm run over basis function indice®, is the
density matrix, andS is the overlap matrix. Equation&)

and (3) dictate that charge redistribution effectively takesAP/lSOL-VerSion 6.5.3 and GAMESSVersion 06JANO® as
place only between chemically bonded atoms, and make tha : 1 .
extended bycAMEsoOL-version 2.0** HF calculations were

redistribution quadratic in bond order. In order to preserve_ . ; 2
. . carried out using GAUSSIAN9A? as extended by
the total charge, the relatlonshucrszkzk,:—Czk,zk and

MN-GSM98.2.3%2
Dzz,=—Dz,z, are enforced.

Parameterization thus consists of fi.nding optimal values;; RESULTS AND DISCUSSION
for Cz 2, andDzzz , for a set of atomic numbers. In the . o .
present paper and Ref. Z,takes on values 1,6,7,... corre- ~ 1able 1 lists the parameters defining this new CM2
sponding to H, C, N, O, F, Si, P, S, Cl, Br, and |, aIthoughmOdel- Note that certain parametdls 7 , do not have cor-
not all pairwise combinations are considered. As described ifesponding parametets; , , and vice versa. Values for the
more detail previousl§,parameters are optimized in a non- missing parameters were found to be statistically indistin-
linear fashion so as to minimize the root-mean-squBMS) guishable from zero.
deviation between experimental molecular dipole moments Note also that not all possible atom—atom combinations
and those computed from the CM2 partial atomic chargeare present in the training set. Thus, for instance, there are no
after fixing C—H parameters based on an analysis of thgparameters foZ,,Z,,=N,F, and this is also the case, with
guadrupole moment of benzene and the C and H partiabne exception, for all other combinations that fail to appear
charges in a set of prototype aromatic molecules. The parananywhere in Table |. The exception & ,Z,,=P,S; while
eterization set consists of 198 polar molecules spanning #nereare P—S bonds in the training set, the mapping does not
wide range of molecular functional groupSMolecular ge- require any charge redistribution between these two
ometries are optimized at the HF/MIDI! level; the MIDI! atoms—a value of 0.000 is recorded in Table | fpgto
basis sét was designed in part to permit reliable prediction emphasize that P—S bonds were considered in the parameter-
of geometries at the HF level. The MIDI! basis is defined asization.
the MIDI basis to which specially optimized polarization Experimental and computed CM2/HF/cc-pVDZ dipole
functions are added for all atoms except H and’The  moments for the complete training set are provided as
MIDI basis set is in turn defined as a mid-sized split-valencesupplementary material. Results for various classes of func-
basis set by Tatewaki and Huzinada. tionalization are provided in Table Il. This table illustrates
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TABLE Il. RMS errors(D) for dipole moments of polar compounds in the training set organized by functional

group?
RMS error
Type of compound No. Mulliken Lowdin Density CM2
H,C,N,O compounds
Alcohols, water 12 0.40 0.30 0.26 0.18
Esters, lactones 8 0.34 0.26 0.32 0.17
Aldehydes, ketones 16 0.44 0.39 0.33 0.18
Acids 9 0.69 0.31 0.36 0.14
Ethers 10 0.34 0.29 0.18 0.19
Amines, ammonia 13 0.51 0.25 0.17 0.17
Nitriles, HCN 17 0.74 1.12 0.28 0.17
Amides 3 1.01 0.40 0.28 0.16
Imines, N-aromatics 7 0.84 0.65 0.26 0.30
Multifunctional N 7 1.08 0.97 0.18 0.24
subtotal 102 0.63 0.61 0.27 0.19
Other polar compounds
Fluorides 31 0.99 0.51 0.19 0.17
Chlorides 22 0.81 0.80 0.33 0.12
Bromides 10 0.31 1.75 0.09 0.17
lodides 5 1.08 1.27 0.10 0.24
Silicon compounds 6 0.56 0.12 0.08 0.10
Sulfur compounds 9 0.49 1.20 0.33 0.16
Phosphorus compounds 13 1.38 1.43 0.43 0.18
All polar compounds 198 0.78 0.73 0.28 0.18

2All results in this table are based on HF/cc-pVDZ calculations at HF/MIDI! geometries. Errors are with respect
to experiment.

how robust the CM2/HF/cc-pVDZ model is. In particular, it improvement as compared to Wwdin charges. Table I
exhibits an RMS error that is at least a factor of 1.5 lowershows that this is large iboth absolutg(0.55 D) and relative
than that obtained by Class Il Mulliken or alin analysis (75% terms. This comparison is more apt because
for all 17 classes of compounds. Furthermore the overalélectrostatic-potential-fitted charges do not lend themselves
RMS error(0.18 D) over all 198 polar compounds is a factor readily to use in dynamics and are unstable for buried
of 4.1 lower than obtained by edin analysis and a factor charges, whereas CM2 charges retain three major advantages
of 4.3 better than obtained by Mulliken analysis. It is also aof Lowdin charges, namely low cost, easily coded analytic
factor of 1.6 lower than is obtained from application of the gradients, and equal applicability to atoms in the interior of a
dipole moment operator to the HF/cc-pVDZ wave functionmolecule or on its perimeter.
(0.28 D, column labeled “Density” in Table JI This new We note that our goal is not merely the prediction of
CM2 model is very similar in accuracy to previous CM2 dipole moments, but rather the prediction of whole charge
models—on the same test set, RMS errors for eight othedistributions. We use the dipole moment, which is only one
CM2 models based oab initio and density functional meth- component of the multipole series, just as a convenient way
ods using basis sets that like cc-pVDZ do not contain diffuséo compare theory to experiment.
functions are between 0.17 and 0.2F D.

The accuracy of the CMZ m.od.el is not particularly de- V. CM2 ANALYSIS OF NUCLEIC ACID BASES AND
pendent on molecular functionality; the smallest RMS eIToN \E Ty AZIDE
is 0.10 D for silicon compounds, and the largest RMS error
is 0.30 D for the class of compounds consisting of imines  One test of the quality of any parameterization is its
and nitrogen-containing aromatics, i.e., a range of only 0.2 Dperformance on a test set of molecules not used in the pa-
in RMS error over disparate functionalities. By comparison,rameterization process. To test the new CM2 model, we
the ranges over functionality of density-, Mulliken-, and chose a particularly demanding test set comprised of eight
Lowdin-derived dipole moment RMS errors are 0.35, 1.07nucleic acid bases and methyl azide. The nucleic acid bases
and 1.63 D, respectively. Note that the CM2 mapping par<ontain several functional groups each, and, moreover, this
ticularly corrects for the rather large errors in dipole mo-test set includes nitrogen atoms having a variety of hybrid-
ments exhibited by Class Il charges for multifunctionalizations. Methyl azide uniquely contains nitrogen—nitrogen
nitrogen-containing molecules, and for molecules containindgonds.
halogen atoms, sulfur, or phosphorus. The nucleic acid bases were chosen because of the avail-

The decrease of the RMS error from 0.28 D in theability of high-quality geometries and dipole moments.
electrostatic-potential-fitted results to 0.18 D in the CM2Johnsoret al3* have optimized the geometries of the bases
model is smal(0.10 D) in absolute terms but larg@6%) in with Mgller—Plesset second-order perturbation th&ory
relative terms. It is more significant, however, to consider thgMP2) and the 6-31Cq,p) basis set and computed dipole
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FIG. 1. CM2/HF/cc-pVDZ charges and antecedent HF/cc-pVD#dio chargesin parenthesesof (a) uracil, (b) thymine, (c) 5-fluorouracil,(d) cytosine,
(e) 5-methylcytosine(f) adenine(g) hypoxanthine(h) guanine, andi) methyl azide.

moments for these molecules at the MP2 level using a The test set molecules themselves, together with their
[5s3p2d]/[3s2p] basis set; we have also calculated a pre<computed HF/cc-pVDZ Lawdin and CM2 charges, are pro-
sumably even more accurate set of dipole moments at theided in Fig. 1. Several trends are apparent in the charge
B3LYP/cc-pVTZ level(B3LYP is a hybrid level of DFT and mappings. For instance, C—H polarities tend to be reduced
HF'*-1), a level shown by Kwiatkowski and LeszczynSki on mapping. For example, in uradiFig. 1(a)] the charge

to give very similar results to MP2 for several tautomers ofseparations across the C5—-H and C6—H bonds are reduced
cytosine and some heterosubstituted cytosine analogs. Weom 0.42 and 0.15 at the wadin/HF/cc-pVDZ level to 0.32
have employed those same geometries to explore the prediand 0.00 at the CM2/HF/cc-pVDZ level. This same trend is
tive accuracy of a number of different CM2 models, and alscseen in the methyl groups of 5-methylcytosine and methyl
the CM1/AM1 and CM1/PM3 models. For methyl azide, the azide[Figs. 1e) and Xh)]. In some instances, the bond po-
HF/MIDI! geometry was used. larity is even reversed, as is seen for cytosifey. 1(d)]

In addition to comparing the quality of CM2 to CM1 where the charge separation across the C6—H bond goes
predictions, we test whethab initio CM2 models perform from carbon being less positive by 0.12 units withvidin
better than semiempirical CM2 models. One might expéct charges to carbon being more positive by 0.04 units with
initio Hartree—Fock methods using polarized basis sets t&€M2 charges. These trends in C—H polarities can, however,
give more reliable charge distributions than semiempiricabe outweighed by larger charge redistributions between the
molecular orbital theory, particularly for cases where thecarbon atom and attached heteroatoms, so that the C—H bond
minimal basis sets employed by the semiempirical methodpolarity becomes larger in magnitude. Thus, for instance, the
are insufficiently flexible for the molecule in question, asCM2 charges on hydrogen at C8 in the purifiEmgs. Xf)—
might be the case for highly functionalized molecules. 1(h)] are always smaller than the antecedentvtim charges
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FIG. 1. (Continued)

by 0.05 units, but the change in the C8 charge is a muclealculations for these molecules, which rely on Hartree—
larger 0.22 or 0.23 units because of charge redistributiofrock densities for the original population analysis, take only
across the two C—N bonds. a small fraction of the time required to compute the MP2
In general, CM2 heteroatom charges are larger than ardensities.
tecedent Lavdin charges, and this increase in magnitude is  For the cc-pVDZ basis set, the RMS error of dipole mo-
guite uniform, at least in the heterocycles. For example, alments determined directly from the HF Wwdin charges is
nitrogen atoms in the nucleic acid bases become more neganly 0.33 D. This suggests that the charge mapping does not
tive by 0.18 or 0.19 units, and all oxygen atoms becomeneed to make a large difference in the charges, since there is
more negative by from 0.07 to 0.09 units. only small room for improvement. This is consistent with the
Table 1l details the relative performance of the different parameter values found in Table I, all of which are fairly
models taking the B3LYP/cc-pVTZ results as the standardsmall in magnitude. Nevertheless, the CM2 model does re-
The highest accuracy is provided by the CM2/HF/6-31G duce the RMS error by almost a third, and furthermore the
model, which has an RMS error only 0.03 D larger than thaimean signed errofMSE) is reduced to 0.04; the edin-
for the MP2[5s3p2d]/[3s2p] level, where the dipole mo- charge-derived dipole moments are always underestimated
ments are determined as expectation values of the dipolend show a MSE of-0.26.
moment operator. Thus, the accuracy of this CM2 model is The other two CM2/HF models, using the MIDI! and
basically within the range of expected theoretical accuracgc-pVDZ basis sets, perform about equivalently. While it
from different high-quality methods. Importantly, the CM2 may seem surprising that the smaller MIDI! basis set is com-
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FIG. 1. (Continued)

petitive in this regard, it must be recalled that the MIDI!
basis set was designed in part to provide high-quality chargby any of the CM2/HF models. This is a difficult molecule in
distributions at low cost even prior to mapping. The resultspart because no charge redistribution is possible across
in Table Il provide further validation of the MIDI! basis set. homonuclear bondé&he charge normalization constraints re-

TABLE lIl. Dipole moments(D) of eight nucleic acid bases and methyl azide from different mdtfels.

Li et al.

040
035 -0.11 0.09
¢ N)/<-031> H.14)
N 034
(0.34)
N-o11
0.11)
(i) Methyl azide

Note that methyl azide is not particularly well handled

Molecule

Model a b c d e f g h MSE® MUES® RMS®
B3LYP/cc-pVTZ 4.47 4.38 4.13 6.41 6.75 2.53 5.28 6.57 2.08
MP2/[5s3p2d]/[3s2p] 4.34 4.32 3.94 6.32 6.78 2.69 5.13 6.40 2.16 —-0.06 0.12 0.13
Lowdin/HF/cc-pvVDZ 4.47 4.42 4.02 6.09 6.50 1.98 5.18 6.09 1.51 —-0.26 0.26 0.33
CM2/HF/cc-pvDZ 4.63 4.58 4.12 6.66 7.04 2.34 5.48 6.50 1.64 0.04 0.20 0.23
CM2/HF/MIDI'6D 4.49 4.40 3.94 6.46 6.77 2.24 5.08 6.04 1.76 —0.16 0.18 0.25
CM2/HF/6-31G 4.52 4.47 4.07 6.58 6.95 2.33 5.40 6.48 1.79 0.00 0.14 0.16
CM2/AM1 4.59 4.62 3.99 6.43 6.69 2.04 4.87 5.75 1.72 -0.21 0.30 0.38
CM2/PM3 4.25 4.26 3.79 6.22 6.50 2.13 4.79 5.74 2.16 0.19 0.30 0.38
CM1/AM1 4.22 4.26 3.56 6.22 6.47 2.34 3.81 4.22 1.98 —-0.61 0.61 0.96
CM1/AM1(opt) 4.43 4.47 3.75 6.49 6.00 2.21 3.91 4.29 2.00 —-0.56 0.60 0.94
CM1/PM3 4.06 4.00 3.78 5.84 6.10 2.12 5.01 6.30 1.85 —0.39 0.39 0.41
CM1/PM3(opt) 4.03 4.02 3.65 5.79 6.00 2.20 491 6.04 2.05 —-0.43 0.43 0.47

aMolecular geometries of the nucleic acid bases and methyl azide were optimized at the MP2#6g312B¢l HF/MIDI! levels, respectively, except for rows

marked “opt,” for which geometries were re-optimized with AM1 and PM3.
bSee Fig. 1 for molecules.

‘Errors are with respect to B3LYP/cc-pVTZ.
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quire theC and D parameters to be identically zero for the the two models are about equivalent for PM3 calculations.
homonuclear caseSince there is only appreciable bond or- Furthermore, CM2 results for the test set are found to be
der between the methyl carbon and the first nitrogen of thenore accurate when mapping\din charges from the HF
azide, it is not possible to adjust the charges of the outer twtevel than when mapping them from semiempirical wave
nitrogen atoms to any significant extefiig. 1(i)], which  functions.
somewhat limits the ability of the charge model to affect the
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