Advances in Physics Theories and Applications www.iiste.org
ISSN 2224-719X (Paper) ISSN 2225-0638 (Online) [LLE]§

Vol.25, 2013 STE

Topology of Charge Density from Pseudopotential Density
Functional Theory Calculations

Nawzat Saeed Saadi
School of Physics , Duhok University, Duhok, Kutdis Region, Iraq

* E-mail of the corresponding authgrawzat@uod.ac

Abstract

The absence of core electrons in pseudopotentedtrehic structure calculations poses some impbrtan
problems on determining the topology of densitye kKey feature of valence-only densities is the lafcritical
points (CPs) at the nuclear positions affected bge cemoval, which are sometimes substituted bwalloc
minimum CPs, the substitution of a maximum by aimirm must be necessarily accompanied by the creatio
of other compensating CPs, including at least eittree maximum or one ring CP. As density is retdtiv
unaffected at distance points far enough the rethowees, these new CPs are expected to lie inrthemity of

the latter, and the topology of density to closedgemble that of the AE density in the chemicadlievant
valence regions. This difficulty is well-known iitdrature, and several works have been devotedutidate
how to bypass it (Cioslowski and Piskorz, 1996).e Ttorrect topologies may be obtained from core-
reconstructed pseudo-AE densities. This paper stibw how the correct topology can be obtained from
pseudopotential calculations. In order to analyeeproblems that arise from the core electronsiltesbtained
for Alanine (CHCH (NH,) COOH), Aminophenol (gH, (OH) NH,), Ethene (gH,), and Propanone ((GHCO)
using all-electron, pseudo-valence wavefunctioesr@ported.

Keywords. Pseudopotential, core electrons, all-electron (&éf)sity, QTAIM, charge density topology.

1. Introduction

Pseudopotential (PP) techniques allow core elestr@moval. Valence electrons then move in a smoothe
(nonlocal) potential in core region and exhibit @h&vior same as in an all-electron outside the.ddsing
pseudopotentials in electronic structure calcutegtiovould contribute in numerical advantages whewirsp
Kohn-Sham equations and reduce the time requinedafoulations. On the other hand, the absencerefschas

an obvious drawback within the Quantum Theory o0bms$ in Molecules (QTAIM), Electron densityr)
constructed from pseudo-valence orbitals lacksrhgima (cusps) at the nuclear positions that defieeatomic
basins. This means that despite PP energeticslid&l®ved, the topology of the valence-only dgnsit, (r)

may be completely different from that obtained withe all-electron (AE) densityn,.(r) (Phillips and
Kleinman, 1959).

2. Atomic char ges, atomic charge analysis schemes and packages

Atomic charges in molecules or solids are not oladg@es and, therefore not defined by quantum mecéan
theory. The output of quantum mechanics calculatisrcontinuous electronic charge density and ribisclear
how one should partition electrons amongst fragmefthe system such as atoms or molecules.

There are many ways to partition the total net ghaf a molecule into the charges of the atoms osing the
molecule,but the most three commonly used methosi§$Jansen, 2006): Partitioning the wavefunctioterms
of the basis functions, Fitting schemes, and Rantiig the electron density into atomic domains.

Analysis based on basis functions include Mullik@pulation analysis, which is one of the oldest stiltimost
frequently cited charge decomposition schemes. ddnisbe a fast and useful way of determining pgastiarges
on atoms,but it has the major drawback that théyaisas sensitive to the choice of basis se t (Meih, 1955).
Analysis based on the electron density include B&Bader, 1994), Voronoi (Rousseau, Peeters andnalg
2001), Hirshfeld (Hirshfeld, 1977) ,and Stewart rgjeaanalysis scheme (Fonseca Guerra et al., 28@#haps
the most rigorous way of dividing a molecular vokurimto atomic subspaces is QTAIM developed by R.
Bader,in bader analysis the space is divided iatpons by surfaces that run through minima in tharge
density (Bader, 1994).

Analysis based on the electrostatic potential is area where the concept of atomic charges is yleepted is
in force field methods. A significant part of themabonded interaction between polar molecules seriteed in
terms of electrostatic interactions between fragséaving an internal asymmetry in the electronrithigtion.
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The fundamental interaction is between ElectrostBidtential (ESP) (also called the Molecular Elesttic
Potential (MEP)) generated by one molecule (ortibacthereof) and the charged particles of ano{Reancl
and Chirlian, 2007).

The InteGriTy package analyses experimentally abthielectron densities sampled on 3D grids. Theracy

of the topological analysis of electron densitieglg has also been investigated.This approach depen a
careful interpolation of the electron density fbe twhole molecule or crystal (Katan et al., 20@3jtic2 is a
topological analysis of solid state electron déasiprogram. its applies a new algorithms for titegration of
properties in atomic basin (de-la Roza et al., 200%e ToPMoD allows the calculation of the elentro
localization function (ELF) on a 3-dimensional grile assignment of the basins and the calculatidine basin
populations, and of variance (Stephane et al., L99DRPHY, a program to perform topological anatysis
formulated by the theory of "Atoms in Molecules"If4 developed by Bader and co-workers (Bader, 1984)
can analyze wavefunction of a molecule or compteterms of charge transfer, hydrogen bonding, edstitic
moments, bond topology, etc. (L.A. and Popelier96)9 Recently, Henkelman et al. developed an od-gri
method to divide an electron density grid into Bagelumes. This method can be applied to the DFT
calculations of large molecules or materials. THisgretize the trajectory to lie on the grid, emgat the local
maximum point of the electron density. The poirltsg each trajectory are assigned to the atom sideethe
end point. This method is robust, and scales llgegith the grid size (Henkelman, Arnaldsson ang2QD6).

3. Quantum theory of atomsin molecules (QTAIM)

Bader's Quantum Theory of Atoms in Molecules (QTAIBader, 1994)is based on the assumption, that the
properties of a molecule can be described as timeofithe properties of its atoms. Therefore, armilriguous
definition of an atom is compulsory. Mathematicaliige densityn(r) of a molecule is a scalar field and its
topology is best examined by an analysis of itglgmt vector field. The gradient is defined as:

oner) = 2N 9N, L 9ng (1)

ox oy o0z

Here, i , ] , andk are the unit vectors of the cartesian coordingséesn. A gradient path (also called trajectory)
is always perpendicular to the contour lines ofsityrand follows the largest increase in densitherefore, it
must originate from a minimum or saddle point (migm in at least one direction) and terminate agaimum
or saddle point (maximum in at least one directminjensity. All trajectories ending at one maximbaiong to
the same basin, which represents an atom in a oielethe definition of the atomic basins alreadntemed
another crucial element of Bader's QTAIM. The startl end points of a gradient path are extremeesaiu
density. These extrema (maxima, saddle points,ioimm in the electron density) all have a vanishgngdient
of density. They are called critical points (CPs)l @an be divided in core, bond, ring, and cagtcatipoints,
depending on the nature of the extremity. The ioSpe of the nature of the extremity can be perfednmvith
the help of the second order derivative of the ign3he nine second order derivatives (i) form the
Hessian matrix .In its diagonalized form (equat{@}), the Hessian matrix provides the three eigkresd , A,,
and A, (with A, <A, < A,), which indicate the curvature of{(r) along the main curvature axes at the pointr.

azn(r) 0 0 _A]_ 0 O_
x>
a’n(r
D(rep) = |0 —ay(z) 0/=({0 2, 0 )
2
0 o0 aa”(zr) 0 0 A
i zz | - N

A critical point inn(r) is classified by the rank m (the number of norbzeigenvaluesi ) and the signature n
(the algebraic sum of the signs of the eigenvalyj¢®f the Hessian matrix. For a rank m = 3, theeeanly four
possible types of CPs with (m,n) (Table 1).
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Table 1 Classification of critical points ir)
(m, n) | Topology inn(r) A Interpretation Type
(3,-3) | local maximum ah <o atomic position atom position
(AP)
(3,-1) | maximum in two directions | two 4 > 0 chemical bond bond critical
minimum in one direction | oneA < 0 point (BCP)
(3,+1) | maximum in one direction | one A > 0 centre of a ring of | ring critical
minimum in two directions | two A < 0 connected atoms | point (RCP)
(3,+3) | local minimum alh >0 centre of a cube of cage critical
connected atoms | point (CCP)

4. Topology of density from pseudopotential calculations

The absence of core electrons in pseudopotentedtrehic structure calculations poses some impbrtan
problems on determining the topology of density. kKeg feature of valence-only densities is the latk3,-3)
critical points (CPs) at the nuclear positions etifel by core removal, which are sometimes substitby (3,+3)
CPs. Since the Poincaré-Hopf (or Morse) topologimahriant must retain its value and the indice$3p3) and
(3,+3) CPs are of opposite sign, the substitutiba maximum by a minimum must be necessarily aceomgul

by the creation of other compensating CPs, inclyidinleast either one maximum or one (3,+1) ring &%
density is relatively unaffected at r points fabpegh the removed cores, these new CPs are exgediedn the
proximity of the latter, and the topology of degdib closely resemble that of the AE density in ¢hemically
relevant valence regions. In their paper, Vyboigtmh (Vyboishchikov, Sierraalta and Frenking, 198%wed
that correct topologies may be obtained from cewmmnstructed pseudo-AE densities. Hence review two
different procedures . In the first, called augneeint,,(r), the pseudo-AE density is obtained adding a core
density of single-atom AE core density,.(r) (generated in an independent atomic calculatiorthé coreless
density n, () obtained in a pseudopotential calculatiog; (r) =n,,(r)+n,, . In the second, the core orbitals
are orthogonalized to the valence ones, and thedps&E density,n,,.,(r) is derived from the orthogonalized
determinant. On the other hand, one might encouttiféculties if the attached atomic core orbitase not
orthogonal to the valence molecular orbitals. Qgthtalized densities yielded no clear-cut improvetmoer
either the local properties at critical points log integrated ones over atomic basins. Indeed,iafoopulations
and bond orders were shown to worsen consideraltly respect to AE values, this effect being tratedhe
diffuse tails induced in the core orbitals uporhogonalization. Hence it was not considered.

4.1 Electronic density and Density of an isolated atom

During the last five decades, an alternative walpoking at the quantum theory of atoms, molecudes| solids
in terms of the electron density in three-dimenaldBD) space, rather than the many-electron wangtfon in
the multidimensional conifiguration space, has gaiwide acceptance (Popelier and Bultinck, 2009).

The charge density of an atom is given by

n(l') = anlm |wnlm(r !6!¢7)F:anlm |Rnl ( )(Im 6¢)1
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where f,., is the occupancy of atomic orbite,.(r,6,¢) . We have split the density into core and valeraxsp

as shown in equation (3). As the core subshelludiseoccupied, the occupancies,,(r,6,¢) are the same for
each value ofn, so that in equation (3) we repladg, with f, for the core orbitals. As a result, we can apply
the Spherical harmonic addition theorem :

Lo 21+1
Y, "(6,9\,"(6,p) =—— 4
;l(@l(@ o (4)
to obtain the following form for the core chargensi¢y
Neore n-1 2 r
Nael0)= 2 3.1, @ + D) ©)
n=01=0 T

But the spin up and down are treated equally sacdfficients f, have to be multiplied by 2 giving the final
equation for the core charge density in the atom

)= 33, 2@+ 080 Ly g ) ©®)

where f, =2(2 + 1)f, .

5. Calculations
Ab initio quantum chemical calculations were cair@it to obtain the necessary electron densities.

5.1 Valence density Na () .

For the valence density, the calculation was masleguONETEP (Skylaris et al., 2005)(Order-N Elentco
Total Energy Package), which is a linear-scalingecéor quantum mechanical calculations based orsiben
FunctionalTheory being used to get the density) .Since ONETEP uses norm-conserving ab initio
pseudopotentials, the density is a coreless deasidyconsidered as a valence densjfy(r) :
n(r) =ny (r) (7)
5.2 Core density M) .
The erratic behavior of the PP electronic dengifyears to be the main reason for the difficultiesogintered in
the topological analysis of such densities. Onesipdiy of solving this problem lies in the additi of single-
atom AE core density,.(r) .to the coreless density, (r) obtained in a pseudopotential calculation to get a
augmented density,, () made up of:

Nag (1) = Ny (1) + Ny (8)
In principle, it would be better to use the corasity obtained by numerically solving the atomicrtiee-Fock
or Dirac-Fock equation, because they are used psdudopotentials. Therefore, the core densitgigged in an
independent atomic calculation: first the AE wavefipons for the core electron of the neutral atonthe
corresponding ion being calculated using OPIUM c@@pium, n.d.), which is also used to generate rdast
Fock pseudopotentials that are used in the ONET& ¢o get the PP density.Then a FORTRAN program
CoRe (Core Reconstruct) is written to calculate atemic core density using equation (6). Thus, ¢bee
densitiesn,,.(r) of the atoms were obtained.

5.3 Augmented density Mg (1) .
The FORTRAN program CoRe is used to add the camsityen,,.(r) to the valence densitg,, (r) to obtain the
augmented density for isolated atany (r) . Using equation (6), the molecule augmented d;ertg'gm(r) can be
obtained, which is the sum of the augmented atal@isitiesn,, (r) of the molecule components.

Matom

naugm (r) = Z naugk (r - rk)

n,

(9)

atom

ncorq( rk) + nvalk (r - rk)
k=1

wherer, is the atomic position of atork

6. Results
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6.1 Charge density

As mentioned earlier, one of the principal disadagas of pseudopotential density is the absenctheof
contribution of core electron density. Figure (hpws the difference betweey, (), n,, (1) and n,.(r) derived
from electron density of nitrogen atom in alaninelecule.

100 — | i —

\

n(r) (electron/A *)

Figure 1 electron density versus distance fromeugfor nitrogen
atom in Alanine

As expected, pseudopotential dengity(r) displays a smoothed local minimum at the nucleumversely,
n,(r) density exhibits a very distinct maximum at theclaus. The densities,(r) and n,(r) behave
differently up to r 0.5 A, and this area penetradesply into the chemically interesting regiog,(r) has a
maximum at r = 0.28 A in 3D space this corresporda continuum of degenerate (1,-1) critical poims
perturbation such as the presence of another diorimates the degeneracy and results in a set,df)(3and (3,-
3) critical points. Thus, in a molecule there wobh&lan unpredictable number of such critical patidse to the
nucleus. The behavior of the internuclear regiothiwithe framework of topological analysis of chadgnsity

is of particular interest. Hence, the spurious togy of n,(r) in nuclear region does not necessarily affect the
results. However, the existence of the approp(i&td) critical point inn, (r) between chemically bound atoms
depends on whether the expected critical pointrigeddo the ascending or descending pam of) . shown in
Figure 1.

Consider the augmented density obtained by thiiedaf core density to pseudopotential densiiyd the all-
electron density for the carbon atom in propandrigure 2 a displays electron density distribution
logarithmic scale fom, (r), and augmented density, (r) . Figure 2 b displays all-electron density. At the
nucleus the smoothed local minimum mwf(r) is replaced by a very distinct maximum and resalté3,-3)
critical point. The maximum of,(r) at r = 0.33 A which corresponds to a continuundegenerate (1,-1)
critical points in pseudopotential density (r) have been vanished. Thus, a significant improveiseschieved
by usingn,, (r) instead ofn,(r).
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Figure 2 Electron density versus the distance fitmemucleus for carbon (C 1) atom in
Propanone ((CH) CO).

Figure (3) shows density distribution between oaf 1) and carbon(C 2) atom in etheng{£ For all-
electron densityn,.(r) a pattern typical for two atoms connected by aribal bond obtained. It contains two
sharp maxima located at the nuclei and a saddi fimat corresponds to (3,-1) bond critical pomBD space
for all-electron density distribution.The pseudaptials densityn,(r) obtained using pseudopotentials for
same atoms is completely different. There is nelf3ritical point between C1 and C2 atom. Therefar is
reasonable to suppose that the lack of core degisigg rise to the absence of bond critical pdihie failure of
PP density to reproduce carbon-carbon bond cripoaits can be corrected by adding atomic core itletts
pseudopotentials density . Figure (3) also showsdinsity distribution between carbon and carbomatin
ethene (gH,) for n,, (r) density.The shape of, () is qualitatively identical ta,.(r) . Sharp maxima at the
nuclei are separated by a(3,-1) critical poimg,(r) is quite close ta.(r) except for a small interval.
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Figure 3 Electron density versus distance fromeuglof carbon (C 1) carbon (C 2)
atom in ethene ({H, ).

6.2 Bader analysis

In order to quantify the effect of core electrosafices in toplogical analysis of charge densiBader analysis
has been performed using Henkelman code (Henkelwargldsson and J, 2006)the analysis include all-
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electron, valence, and augmented density.

Valence density of ethene has been obtained usNiTEP code using the kinetic energy cutoff of 2@80 for
carbon atoms the normconserving pseudopotentialddan used while for hydrogen a pure Coulomb piaten
has been used to see the cusp corrections in detioall-electron density (Windus et al., 2003)dedas been
used, Gaussian basis sets with the use of the{sglt valence basis 6-31TGhas been used for carbon and
hydrogen.

Calculation for aminophenol valence density hasmbgerformed using ONETEP with kinetic energy cutwfff
2000 eV, , again for carbon, oxygen, nitrogen atomassmconserving pseudopotentials has been usedoand
hydrogen a pure Coulomb potential has been used.al@lectron density Nwchem code has been used,
Gaussian basis sets with the use of the triplé-gplénce basis 6-311Gfor all atoms.

Propanone valence density obtained using ONETER edth 2000 eV cutoff energy and normconserving
pseudopotentials has been used carbon, oxygemgaitr atoms the and for hydrogen a pure Coulomb
potential. Nwchem code using Gaussian basis selsthét use of the triple-split valence basis 6-31%6r all
atoms.

The intial significant improvement in valence déydby adding core density and constructing augntente
density is the number of electrons and number griiicant maxima in density of a molecule. Tablstbws
this improvement for different molecules. Numberetdctrons for valence density calculation showrthgsing

of core electron (the core electrons have beenetleaithin the framework of pseudopotentials) aegrot the
total number of valence electron, while augmentedsdy calculation Leds to addition of core electrto
valence and produce correct total number of elastmwhich can be ea sly noted compared to total eurab
electrons for all electron density calculations.r®l@ccurate total number of electron can be acHiesing a
fine grid box in calculation but then segmentafianlt problems arise with the the Henkelman code .

Table 3 shows the number of significant maxima ensity, again the augmented density shows the
improvement achieved by the core electrons additiothe valence density. In general, number of iaant
maxima of valence density are larger (about twoesinthan all-electron and augmented density argd ishi
expected due to the fact that in a molecule thevaldvbe unpredictable number of (3,-1), and (3¢i3jcal
points close to the nucleus. Adding core electrensity to valence density participate in the elemion of the
maximas close to nucleus and produce a single shagal maxi ma. As a result number of significarsxima

of augmented density give identical value to afleéion density so that the Bader code will coryeickbntify the
maximas and produce the correct Bader volumes.

Table 2 Number of Electrons

Molecule All-electron Augmented | Valence
density density density
Propanone 31.9 32.0 24.0
Ethene 15.9 15.9 11.9
Aminophenol 57.9 58.0 42.0

Table 3 Significant Maxima

Molecule All-electron Augmented | Valence
density density density
Propanone 10 10 18
Ethene 6 6 10
Aminophenol 15 15 31

Bader defines the atomic charges as integrals Bader volumeson(r). Each Bader volume contains a single
electron density maximum and is separated fromrotbumes by a zero flux surface of the gradierftshe
electron density, Each volunmn(r) is defined by a set of points where following ajdéctory of maximizing
n(r) reaches the same unique maximum (fixed point).
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Figure 6 shows Bader's volume for ethene moledtig %), Bader's volume with sharp boundaries betwee
atoms in bonding regions, identical atomic volunfigs both carbon and hydrogen atoms with very smooth
volume boundaries for the all-electron density (60g,valence density (Fig 6b) and augmented (F)gBaaler's
volume are with rough boundaries between atomsoimdimg regions. Overall, good agreement is obtained
between augmented and all-electron density.

The charge enclosed within the Bader volume isagpproximation to the total electronic chargeuofatom,
table (4) report the Bader analysis electronic ghaof atoms for ethene using both Voronoi and Batharge
analysis scheme.

The most striking result to emerge from the datthé a significant improvement in atomic charge dthene
atoms using core electron density addition to wa@dedensity, for carbon atoms using Bader chargéysina
scheme results (Table (4)shows an excellent agmtebetween augmented and all-electron atomic charge
compared with valence density atomic charge, tfecedf core electron can be clearly shown fromvthleles of
carbon atomic charge, for example, carbon (C 1ygehdrom valence density Bader results report 2048
electron while all-electron density report 6.0736cton since the core electrons have been treaiiih the
framework of pseudopotentials this difference i€epted, augmented density atomic charge report08.05
electron for C 1 and this a strong evidence of ebeetron improvement of valence density if thengitocharge
compared to all-electron density. Hydrogen atorhiarges for all densities in general is in good agrent due

to the fact that hydrogen atom has been treated) aspure Coulomb potential in DFT calculation & galence
density and that insure to have the correct at@micge. In general, the Voronoi charge is diffenfrthe Bader
charge due to the the fact that Voronoi chargesased on dividing the physical space according déstance
criterion, i.e. a given point in space belongshe hearest nucleus, and again the augmented dextsityic
charge confirm the effect of the core electron wbempared to all-electron and valence density.

For aminophenol molecule (Fig. 7) the Bader's va@wmoundaries between atoms shown in Fig 8c, boiexar
between atoms in bonding regions between all atomthe all-electron density (Fig 8c), augmented) (§a),
and valence density (Fig 8b). The results, indicht¢é augmented density atomic charge using Baldarge
analysis scheme shows improvement as compared-éteatron density atomic charge and this can eargt
shown from the smooth in Bader's volume boundarasveen C 1 and O 1, for all-electron volumes shows
straight cut (a plane perpendicular to the bonaveen them) and that has been achieved in augmdstesity,
while for valence density there is a curved linedeo between those two volumes and this meansatpatt of
carbon (C 1) atomic charge been emerged into oxy@eh) atomic volume, this can be highlighted frtime
atomic charge of each atom in table (5) for C Imathe atomic charges is 5.0633 electron from &ittebn
density and 5.1708 electron for augmented densityle the valence density atomic charge is 2.3160tmn
which is too small compare to all-electron and aegtad densities,and it is clear that after addivey dore
electron the the correct atomic charge partitios li@en made between these two atoms and the atbarige
become in good agreement.

Atomic charge density for propanone molecule (Bijgshow a very good example on the effect of cteeteon

on the correct partition between atom in molecuimg Bader analysis, figure( 10 ) shows the Badexrismes

of atoms between carbon (C 2) and oxygen (O 1) steimilarity can be ea sly noted between all-etec{fig

10c ) and augmented density (fig 10a ), atomic gdaolumes with straight cut in Bader's volume lmaries
and the curved line border with the valence denffity 10b) atomic charge volumes, again this can be
highlighted from the atomic charge of each atorfiable (6) for C 2 atom the atomic charges is 5.5286tron
from all-electron density and 5.6748 electron fogmented density, while the valence density atarharge is
3.1642 electron and it is clear that after addimgdore electron the the correct atomic chargatiparhas been
made between these two atoms and the atomic chaa®me in good agreement, this can be more clear fr
the oxygen (O 1) atomic charge there is an exdelgmeement between augmented and all-electroni@atom
charge compared with valence density atomic chaatibpugh the valence density atomic charge is4R80
electron and the core electron augmentation shioglgéase the atomic charge by 2.00 electron anrasudt a
atomic charge of 9.8049 electron belong to oxygepropanone molecule but the correct volume pantitf
charge in molecule produced by the correct of teesdy toplogy from pseudopotential by adding tloeec
electron density leds to the excellent agreememtden augmented and all-electron atomic charge.
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Figure 4 Ethene (H,).

(a) addition of the core to the

pseudopotential density

(b) ymdepotential density

Figure 5 Bader Volumes of Ethene,(d,) atoms.

(c) all-electron density

Table 4 Atomic Charge of Bader's Volume for Ethatems

Figure 6 Aminophenol (C H (OH)NH

100

Atom | All-electron Augmented Pseudopotential

Density Density Density

Bader Voronoi| Bader Vorongi Bader Voronpi
Ccl1 6.0730 | 5.0513| 6.0502] 4.9844  4.0482  2.98R7
cz2 6.0730 | 5.0514| 6.2242] 5.1388 4.1681  3.1406
H1 0.9630 | 1.4738| 0.9327| 1.4659 0.9327 1.4658
H2 0.9630 | 1.4738| 0.9349 1.467% 0.9349 1.46y74
H3 0.9630 | 1.4738| 0.9385 1.4693 0.9391 1.4692
H4 0.9630 | 1.4738| 0.9200, 1.4746 0.9770 1.4744
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Figure 7 Bader Volumes of Ammnophenol (C H (OHINH ) atoms.
Table 5 Atomic Charge of Bader's Volume for Aminepbl atoms
Atom All-electron Augmented Pseudopotential
Density Density Density
Bader Voronoi | Bader Voronoi|  Bader Voronai

C1 5.5266 | 5.8272 5.6748 5.9251 3.1642 3.8463
01 9.0367 | 7.7244 9.1606 7.8394 7.520 5.7727
C2 5.6538 | 5.8688 5.7058 5.8944 3.6869 3.8825
N1 8.0324 | 6.1391 8.1009 6.1622 6.1160 4.1708
C?2 6.0759 | 5.5662 6.169% 5.5306 41827  3.5449
C3 5.9702 | 5.5025 5.9498 5.5261 3.9796 3.5570
c4 6.0524 | 5.5657 6.1329 5.5468 41412  3.5562
C5 6.1150 | 5.5592 6.0001 5.4962 4.0346 3.5310
H1 0.4007 | 1.3831 0.3591 1.3807 0.3591 1.3806
H?2 0.5925 | 1.4504 0.5517 1.4448 0.5517 1.4447
H3 0.6095 | 1.4420 0.5788 1.4332 0.5788 1.4331
H4 0.9530 | 1.4780 0.9224 1.4704 0.9282 1.4703
H5 0.9814 | 1.4827 0.9139 1.4776 0.9146 1.477b
H6 0.9897 | 1.4851 0.8835 1.4651 0.8885  1.4650
H7 0.9604 | 1.4758 0.9564 1.4676 0.95Y0 1.467b
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Figure 7 Propanone ((CH ) CO).

vy i,
“ “ T
[
() addition of the core tothe (b))  psendopoterdial density (o) all-electron density
peeudopotential density

Figure 9 Bader Volumes of C 2 and O 1 of Propanone ({(CH ) CO).

Table 6 Atomic Charge of Bader's Volume for Propenatoms

Atom | All-electron Augmented Pseudopotential
Density Density Density

Bader Voronoi | Bader Voronoi| Bader Vorong
C1l 6.1239 | 4.6414 5.3981 4.7089 41669 2.676
Cc?2 5.0633 | 5.6338 5.1708 5.6277 2.3160 3.635
01 8.9314 | 8.3054 8.9065 8.3686 7.8049 6.403
C3 6.1073 | 4.6715 5.3724  4.7149 42080 2.674
H1 0.9784 | 1.4459 0.9891 1.4335 0.8941 1.433
H2 0.9418 | 1.4446 0.9845  1.4347 0.8950 1.434
H3 0.9514 | 1.4446 0.9986 1.4353 0.9304 1.435
H4 0.9223 | 1.4408 0.9813 1.4299 0.9107 1.429
H5 0.9576 | 1.4582 0.9859 1.4497 0.965%2 1.449
H 6 0.9464 | 1.4376 0.9976 1.4269 0.9088 1.426

W O N NV O & 00 00 o0 & —

7. Conclusions

In this report it has been attempted to analyzeefffiect of core electrons density on topologicahlgsis of
density. It has been shown that pseudopotentiadige(valence density) is the main reason for ttigcdlties
encountered in the topological analysis of suchsifiess within the Bader quantum theory of atomsmiecules
(QTAIM). We have here described a method to bysphe erratic behavior of the pseudopotential sdadat
density that is considered appropriate to perfoopological analysis of such densities. We have doun
significant evidence that the core density addisocapable to reconstructe the correct topologgenfsity from
pseudopotent calculations. Comparession betwelealeaton and augmented density results from Bader
analysis are in excellent agreement. We have rddadccurate results proving that the augemtedtgleras be
used in topological analysis of density.
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