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Brief Introduction to Bader’s
Theory

The molecules are: (a)-(f ) the normal alkanes from methane to hexane

(r)en(r) =0

Bader, Atoms in Molecule: A Quantum Theory 1990




Brief Introduction to Bader’s
Theory

Ethene molecule in the plane containing the nuclei. Values of p(r)
above an arbitrarily chosen value are not shown

o(r) = charge density

Bader, Atoms in Molecule: A Quantum Theory 1990



Brief Introduction to Bader’s
Theory

y-f(x) (3, -3) all curvatures are negative - maximum

(3, -1) two curvatures are negative —
maximum; one curvature positive — minimum

(3, +1) two curvatures are positive —
minimum; one curvature negative -
maximum
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! 1 (3, +3) all curvatures are positive - minimum
X1=AX  Xq  XrAX Xp-AX Xy Xp+AX

Definition of curvature as the limiting difference (Ax — 0) in the tangent lines

which bracket a given point; at x: where f(r) is a minimum and the curvature is

positive and at x2 where f(x) is a maximum and the curvature is negative

> X

Bader, Atoms in Molecule: A Quantum Theory 1990



Brief Introduction to Bader’s
Theory

'F }' "\ "/ Molecular graphs for some
¢ \ molecules in their equilibrium
geometries. A bond critical
point (BCP) is denoted by a
black dot.

Bader, Atoms in Molecule: A Quantum Theory 1990



Introduction to the Source
Function (SF)

p(r):ja“qoaceLS(r r ) ':ZQj LS(r, Yod £ SF (,Q .

T— Op(r)en(r) =0 Or O &

Local Source Zero Flux Surface

L) == 02 )

r-r

_ (I/47) Green Function determines the weight of the
W cause 2p(r')dr' to contribute to the effect, p(r)

Bader and Gatti, Chem. Phys. Lett. 1998, 287, 233



Source Function of Spin Density
S(r) = pa(r)-pB(r) SPIN DENSITY

s(r) = ja”spa =) j LSr(r, HEd £>° S (,Q )

T— Op(r)en(r) =0 Or O &
Zero Flux Surface
LS, (r,r) =- (4reCr - r'D)2 0%S(r")  Local Source for the Spin density

Local cause :  02g(r")dr’ = 02[p,(r")-pg(r)] dr’
Global Effect: S(r)

Effectiveness: the same as for p, being a purely geometrical factor

Gatti, Orlando, Lo Presti Chem. Sci. 2015, 6, 3845-3852



p(r’) [(?p(r’) | LS(r) | Effects on p(r)
p(r) 02p(r')dr’
>0 >0 <0 decrease p . )
LS(r,r’)
>0 <0 >0 increase p
s(r) 02s(r")dr
[ ) [ J
LS,(r,r’)
s(r') | O2py(r') | O2pp(r) [0%s(r’) | LS4(r") | Effects on s(r)
o >0 >0 Fpa> [Py >0 <0 — B
[2p, < O%pg <0l >0 bl
% >0 <0 >0 <0 —C
+ <0 >0 <0 >0 —p(l
2 2
= <0 <0 |D2pa|>|D2pB| <0| >0 —0
| O0%p, | <1 O%pgl >0 <O —p




SF applied to plane wave charge
density

reciprocal lattice vector

: 1% 1 N
M. » For a periodic system ¢ (7) = EZ Ck,ae‘("@”
G

— The plane waves that appaer in this expansion can be represented as a grid in k-space

» Only true for » In practice, the

L §§ contribution from
periodic o higher Fourier
system but 80 components (large

]( . O(HA .
+ the grid used 908 g |k+G|) is small
it is discrete 835 ¢ » So the

000 expansion at some

» In principle, value of |k+G]|

still need » Traditional to
infinite express this cut off
number of h2|k + G| in energy unit
plane waves — =< Eqye<




SF applied to plane wave charge
density

Pseudopotential

In the chemical bond the core electrons don't interact, thus in the

Wpseudo /7 first approximation it is possible to consider the core electrons
ST frozen

PAW, NC, US

DFT functionals: PBE, PW91, BLYP, B3LYP




Different Approximation of E.

El4[n] = f €xc (MIN(F)d3r

PRl atT]= f €xc (0 4, n Dn(F)d3r

ESEAnlin 1] = f e (n L, n1,Vp L, Vp Dn(@d3r
EMGGAy L n 1] = f €xc (n 4,0 1,Vp L,Vp 1,V2p L, V2p Mn(F)d>r

Ba = Ex™ + a(EJF — EL™) + b(E; "V — ELP4) + EEPA 4 o(E; VN — EEP4)



SF applied to plane wave charge
density

# Laplacian of Charge Density
file *.out & file *.cube ) 0

= |r-r| <10°7

YES

NO
I

I

Accepted

Integrated with
YT or BADER

SF for each Q



SF applied to plane wave charge
density

m B3LYP-yt
W B3LYP-bader
H BLYP-MC-yt o
B BLYP-NC-bader

B BLYP-US~yt

B BLYP-US-bader

M PBE-NC-yt

® PBE-MC-bader

W PBE-US-yt

B PBE-US-bader

M PBE-PAW-yt

¥ PBE-PAW-bader

m PW21-NC-yt

B PWO1-NC-bader

¥ PWO1-US-yt

B PWal-Us-bader

W PWS1-PAW-yt

5 PWol-PAW-bader

SF% hydrogen atomic average values obtained with YT and BADER integration methods with all permutations of DFT
functional + pseudo-potential, values are compared to LBS values as reference (red line), for ethane molecule.



SF applied to plane wave charge
density

40,00 -r-"’——__———__ S= B B3LYP-yt

| D B B3LYP-bader
W BLYP-MNC-yt

W BLYP-US-yt

W BLYP-US-bader
B PBE-NC-yt

B PBE-NC-bader

o PBE-US-yt

== B PBE-US-bader

W PBE-PAW-yt

¥ PBE-PAW-bader
B PWOL-NC-yt

B PWo1-NC-bader
® PWO1-US-yt

W PWO1-Us-bader
B PWOL-PAW-
I PWol-PAW-bader

./

Average atomic SF% values for ethane carbon atoms. Values have been obtained with both the YT and BADER
integration methods with all available DFT functional + pseudo-potential permutations. Values are compared to LBS
based values as reference (red), for ethane molecule.

W BLYP-NC-bader I



SF applied to plane wave charge
density

PBE-PAW vs PBE/6-311G(d,p)



Pseudopotencial
“Pseudo

rOJector ugmented Waves
orbltals

@ w)l) £ Z(lgoz) - |(01))(B1|1/)l)
“True”

Linear
orbitals .
trasformation

B Bm) = Sim = T3 =
Pseudo {True” atomic

waves state
— The pseudo-orbitals are the variational parameters of the calculation

Core region |1/jl) ~ Zl(ﬁl)(ﬁthﬁl)




SF applied to plane wave charge
density

— Cyclohexene

— 1,3-cyclohexadiene

— Benzene Aromaticity

— Cyclopentadienyl
— Tropylium

— B:Hs e 3-center-2-electron



SF applied to plane wave charge

density

80,00
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(Left) SF% average value of ortho carbon vs Ry of kinetic energy, in red the reference obtained with LBS. (right)
Difference in absolute value between ortho carbon SF% average value and reference, for cyclohexene molecule.




SF applied to plane wave charge

density

1,32
0,10
1,30 0,09
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1,28 0,07
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0,05
126 —o—PBE-PAW o.04
’ H PBE-PAW

— | BS 0,03
1,24 0.02
/\ 0’01
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1,20 T T T ]

70
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(Left) SF% average value of metha carbon vs Ry of kinetic energy, in red the reference obtained with LBS. (right)
Difference in absolute value between metha carbon SF% average value and reference, for cyclohexene molecule.




SF applied to plane wave charge
density

30

0,12
0,054
0,10 o ‘
0,052 ’
0,051 ’
0,08 0,050 ’
0,049 ’
0,06 —4— PBE-PAW 0,048
¢ -t 0,047 -  PBE-PAW
. — 185 ’ L
0,046 L
0,04 iy
0,045 - ew
0,044 I
0,02 0,043
70
0,00 . , | t 80
70 75 80 85 90

(Left) SF% average value of para carbon vs Ry of kinetic energy, in red the reference obtained with LBS. (right)

Difference in absolute value between para carbon SF% average value and reference, for cyclohexene molecule.




SF applied to plane wave charge

density

SF PW
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SF% LBS (triple-7)
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a5

Comparison in diborane at
the BCP of 3 center 2
electron bonding between

SF% atomic values
calculated at AE PBE/6-
311G(d,p) and PBEPAW.

The dotted line indicates
SF(PW)/SF(AE)=1.



SF applied to plane wave charge

density

SF% PW
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SF% LBS (triple-T)
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Comparison in diborane at
the BCP of 2 centre 2 electron
bonding between SF% atomic
values calculated at AE PBE/6-
311G(d,p) and PBE-PAW. The
dotted line indicates
SF(PW)/SF(AE)=1.
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Source Function and Plane Waves: Toward Complete

Bader Analysis

Christian Tantardini,® Davide Ceresoli,®*¥ and Enrico Benassi

The source function (SF) is a topological descriptor that was
introduced and developed by C. Gatti and RW. Bader in 1998.
The SF describes the contribution of each atom to the total
electron density at a given point. To date, this descriptor has
only been calculable from electron densities generated by all-
electron (AE) methods for the investigation of single molecules
or periodic systems. This study broadens the accessibility of
the SF, offering its calculation from electron densities gener-

CRITIC2

ilael

ated by plane wave (PW) methods. The new algorithm has
been implemented in the open source code, CRITIC2. Our
novel approach has been validated on a series of test systems,
comparing the results obtained at PW level with those previ-
ously obtained through AE methods. © 2016 Wiley Periodicals,
Inc.

DOI: 10.1002/jcc.24433
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PBADER

Failure

p(r)en(r) =0 Lr U

— Vanishing of atomic domains at the vibrational nodes

— Two ZFS for isolated hydrogen atom



PBADER
Virial Theorem

[E=(Ty=(")2| |y =IBpHET=2

(V) *(1+g)| (TY*(1+1/g)|

The estimation of kinetic energy was demonstrated to be less than 0.4 klJ/mol.

Bader, Atoms in Molecule: A Quantum Theory 1990
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Engineering of unsubstituted quinoid-like

frameworks enabling 2 V vs. Li*/Li redox voltage

Cite this: Phy= Chem. Chem. Phys.,
2015, 17, BE04

Received 21st December 2014,
Accepted 23rd February 2015

DOl 10,1039 /c4cp05998k

WWWL_ISCorgl poop

A criterion for redox voltage tuning (0.96-2.96 V ws. Li*/Li} was
derived from DFT calculations on quinoneazine and analogues (C/O
replacing M). As rationalized through spin—charge distributions and
energetic criteria, high=low voltage implying a bridge with delocalized-
localized bond nature mainly originates from rng stabilization.
Established guidelines serve to propose optimal derivatives.

tunability and related derivativest

D. Tomerini, ™ C. Gatti® and C. Frayret=*"

These investigations highlight the interest of looking at frontier
orbitals or electron delocalizationV™™ to account for electro-
chemical properties or to guess the direction of electron ransport.
Their impact is expected to significantly grow in the near future,
Screening new molecules through computatdonal modelling
should prevent very expensive and time consuming trial and error
experimental tests. The role played by theoretical studies is thus




PBADER

PXs 2 PXs + X2
PBADER(Q) - E(Q)/V(Q)

Table Volume (V), electronic energy (E) and Bader’s energy density (Pgaper) Of atomic basins

Atom V (Bohr3) E (a.u.) Pgaoer (a-U. per Bohr3) Atom V (Bohr3) E (a.u.) Pgaper (.. per Bohr3)

PXs

P 45.73 -339.47 -7.4239 P 14.15 -338.37 -23.9126

Heq [75.24 -0.86 -0.0114 Feq 106.95 -100.28 -0.9376

H, 83.40 -0.88 -0.0106 F. 106.95 -100.28 -0.9498 PHs PH,

PX3

P 149.82 -340.23 -2.2710 P 108.67 -339.59 -3.1251

H 76.26 -0.82 -0.0108 F 114.31 -100.21 -0.8766 Plot of atomic basins of P with charge density

X, depicted from highest concentration (white) to lowest

H  59.02 0.59 -0.0099 F 103.47 -99.65 -0.9630 concentration (black; 10°-3 e/Bohr”-3).



PBADER

Domain averaged Fermi Hole

Bader like calculated values of 3-centre bond indexes for Xax—P—Xax and 2-centre

bond indexes for P—Xax in PXs

6-31G**
Hax—P—Hax -0.013
Fax—P—Fax 0.010
P—Hax 0.654
P—Fax 0.341

6-311G**
-0.013

0.643
0.434

cc-pVTZ

-0.011

0.636
0.323



Peaoer PXs - PX3 + X2
APBADER(Q)
APsaoer(Feq) = -0.0133 a.u. per Bohr”3 APsaoer(Heq) = 0.0006 a.u. per Bohr”3

APsaoer(Fax) = 0.0610 a.u. per Bohr?3 APsaoer(Hax) = 0.0006 a.u. per Bohr?3
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Topology vs. thermodynamics in chemical
reactions: the instability of PHgT

Christian Tantardini @ ** and Enrico Berassi™

The iopoicgcal approach;, based on Bader fecry, & compared o the common tienmodénemecal
methodology 1o sudy chameal reacivgy. B i shown how e formes indiesd has numernos. sdeantages
anad provifes a more detamed diése Aptcen with regeect to ithe bxtier haoort e oowres of e reaction. The
crnmesan between e two apgrosches s perfommed by consdeing a dasscal reactson, Le the
decompasition of PKa (X = H FL The topological ivvestigation wen Supporied by wsng different stae-

Heoedred 800 Septeminer ATLT,
Aconpied 25t Sentemier AOLT

DO 1 5 cTopl 50

of-the-ant topologaal ook, soch as S unce functon, Espenosa indexes, delocali=ation rdexss, and
dhorrnin -averaged Fenmi hobe anatysic Forfemmons, i thes work a new iopologe sl desonpbos, S Bader
enemy densty, Poumes. 5 nbnodieced and appied to S study cxse. For the Bt fime since Bader theony

wetrt srrodur od, e diStribaton of atarmic erergies i the atonec basns was anabphed)  detal] s wted

rsc iy

Introduction

The e decades hae seen the developiment of modem theores
toa tunely charge dendy,” Varions theorles, inched g the gueantnm
theary of mtoms In moecules EAM), hre found ingporait
applicaticie i the undesctandirg of chemical plysical and
biclogical phenomens. The deseription of exizing oomelbtions
between electmnic strocture and chemical reacthity 15 o research
feld of particular lnterest and relevance™ In this field the
menin oljestive is o predict amd o deseribe the reaction path of
an arbltrary process g prien, zimply theough analyzis of the
charge dengity. In some ractons imolviog “hemy elements
(e P, 5 e, they may change their vakence shell viokting the
socalled “octet rule;™™ an expamsion of the aom's valence
shiell iz the cause of flling empty d-obitals with energy chse (o
thige of valence ibital. This deseription - bntodueed by

DO ExiEa T ChErmio NEsc Tty 3 DT

there iz no expansion of the valence shell with violation of the
oot ik s previoush proposed by Pauling ™" Meverthelesy
tee “hyperalety” theory & ill widely evoked In many different
dhemistry tne books, being e eades way @ ghe an appane oy
anrrvinang deset ption of chermdeal bon dig, which does not reguine
arry kiwwdedipe about the guantum mechankes sl electronle
striture, as for Bader's theon. For example in 2015,"% Durrant
took inbo acoount diffrent Pauling and Musher ke miodels
o exnmiine the “hypervalency” of “heny” slements (0 some
compournis. These Andings were oom pared with theoretical amd
experimental absmic charge maps in the framework of Bader's
thenry showd g oo fundame ntal differences in chemieal bonding
for hyperalent and npon-bypervalent species. Nevertheless,
Typervalency iz assciated with ¢ bhemiboal membili, as well az
a high degree of covalent rather than lonle bonding.

In this work we consider 28 a working example 4 maodel
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