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Quantum molecular similarityQMS) techniques are used to assess the response of the electron
density of various small molecules to application of a static, uniform electric field. Likewise, QMS

is used to analyze the changes in electron density generated by the process of floating a basis set.
The results obtained show an interrelation between the floating process, the optimum geometry, and
the presence of an external field. Cases involving the Le Chatelier principle are discussed, and an
insight on the changes of bond critical point properties, self-similarity values and density differences

is performed. ©1997 American Institute of Physids$s0021-960607)01129-X]

INTRODUCTION lyze the response of the electron dengity) to the floating
process and to electric field application by means of quantum
'molecular similarity techniques. In particular, this work in-
vestigates the dependence of the position of the bond critical

The theory of molecular structure proposed by Bade
and co-workers? uses the topological properties of the elec-

tron density to define certain properties of atoms in mo"point, as well as the changes j{(r.) and V2p(r.), upon
ecules. The charge densiyy), is a physical quantity which - ey rhation of the molecular system by a static, uniform
has a definite value at each point in space. Its topologicaligcyric field or by floating a basis set. Another purpose of
prqpertl_e_s are c_haracterlzed n term; of the numk_J_er and kinghg paper is to assess the changes in self-similarity with the
of its critical points. Such points satisfy the condition variation of field strength or with floating. This study will
Vp(r)=0, deal with the systems HF,J9, NH;, CH,, and H, although

special attention will be paid to HF, because the behavior of

its electron density is more easily analyzable and thus the
Atheoretical insight can be deeper

where the first derivatives gi(r) vanish and determine the
position of extreme in the charge density, namely maxim
minima, or saddle points.

The bonding interaction between two atoms leads to for-
mation of a critical point on the charge density surface. Criti-METHODOLOGY
cal points on the bond pathithe paths between bonded at-
oms along which the charge density is maximum with

respect to a lateral displacemprire called bond critical tron densitiegor differences between moleculeBuring the

points, . _last years, quantum molecular similarity measu@MSM)

. The elect.ron dgnsny, upon which this theorY is based, fhave been shown to be an efficient tool to compare two dif-
uniquely defined in terms of the wave function for any terent one-electron densitié&. Two molecules,A and B,

N-electron system, and as a one-electron property it is Corz 1 oo described by one-electron densitiedr) and

rect to first order in the Hartree—Fock theory. This electron (), respectively, can be compared using a OQMSM which
density changes when the system is perturbed, for instan def’ined as the ir;tegral

when an external uniform electric field is applied. Such a
change (relaxation of the electronic clolidis better de- Zpg(P)=pa(r)P(rq,ry)pg(ry)drqdry,

scribed, w?en using mi_dsized _basis sets, if floating fumtion%here(b(rl,rz) is a positive definite operator which depends
are used—° These basis functions are characterized by Nob, the electron coordinatést*When this operator is a dirac

being centered on any atomic nucleus, and by their positioggi4 functiond(r, — r,), it becomes an overlaplike QMSM,
in space being optimized. One of their properties is that they, yije whend is the Coulomb operator{ — r,) "%, Z,s be-
mimic the behavior of polarization functions. Furthermore, .o mes the so-called Coulomb-like QMSM. ’

they _a'llow for better determination of electric properties by e quantum molecular self-similarity measure of a par-
ab |n|'t|o method§ ) . . ticular molecule,Z,5, can be obtained from the diagonal
Since evaluation of electron properties relies many t'me§imilarity matrix elements. From a quantum-mechanical
on calculations involving application of an electric field, un- point of view, the overlaplike self-similarity measure can be
derstanding the relationship between the floating process, thg,sigered as the expectation value of the density operator,

field strength, and the density topological properties is Ofynq therefore as an observabdurthermore, it can also be
great importance. The goal of the present research is 10 anggnsidered as an indicator of the concentration of charge.

Likewise, the Coulomb-like self-similarity measure is the ex-
dElectronic mail address: quel@stark.udg.es pectation value corresponding to the electronic term of the

This paper makes use of molecular similarity techniques,
which is a novel, nice way to assess the changes in the elec-
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1530 S. Simon and M. Duran: Basis set flotation

TABLE I. Bond critical points ¢.) of hydrogen fluoride at different field strengttis), and derivative of the
bond critical point position with respect to electric field strengjth a.u). No floating function[ HF(G)],
function-only optimizatiorf HF(F)] and floating functions calculation$iF(FG)].

Field strength HFG) HF(F) HF(FG)
—0.04 0.3719 0.3861 0.3825
—0.03 0.3647 0.3789 0.3755
—-0.02 0.3575 0.3718 0.3685
—0.01 0.3503 0.3648 0.3616

0.00 0.3431 0.3577 0.3547
0.01 0.3360 0.3508 0.3479
0.02 0.3288 0.3438 0.3410
0.03 0.3216 0.3369 0.3342
0.04 0.3145 0.3299 0.3273
d(r)/dF -0.7177 —0.7013 —0.6890

molecular electrostatic potential and can be considered as & ESULTS AND DISCUSSION
indicator of the amount of repulsion between electron pairs.

Different indexes can be defined from the matrix ele-  This section is organized as follows: First, we examine
ments of the optimaimaximum with respect to mutual ori- the change in properties of the bond critical poin)(in the
entation) similarity Z,g. Two classical, well-characterized HF molecule when a uniform electric field is applied as well
indexes are the Carbimdex,® |55, which represents the as its change in other hydrides; second, we perform an analy-
generalized cosines between fhieandpg vectors, as given sis of the quantum molecular self-similarity measures ob-
by tained in a series of test molecules; and third, density differ-

7 ence maps in HF are analyzed.
AB

IAB:—! . .. .
m ﬁ;g%s; of the bond critical point of HF and other

d th lidean distan@,g,"® which is defined b L
and fne euclidean distant®g, = which 1S defined by In order to calculate the electric-field dependence of the

Dag=VZap+Zgg—2Zpp. bond critical point, single-point calculation®o geometry
The GAUsSIAN9Z series of programs was used for all com- reoptimization were performed on different hydrides per-
putations, which were made at Hartree—Fock level of theory!UrP€d by an electric field having different strengths, in a
Floating function calculations were carried out using ghosfj'rec'“On parallel to the chemical bond A-H. Tables | and
atoms as function centers. The different floating schemedables Il gather the bond critical point positions);, the
used in the research are described in the text when requweﬁ'eCtron density values[p(r;)] and the Laplacian
The Huzinaga-Dunning DZ basis ¥twas used every- [VZp(rc)] values found for the hydrogen fluoride molecule.
where. Overlaplike QMSM and Coulomb-like QMSM were Three different floating situations are considered: first, a non-
calculated starting fronsAUSSIAN92 electron densities using floating (fixed) basis sefHF(G)], second, function flotation
the MESSEM™® program. Bader topological properties of the at non-floating-optimized geometfyiF(F)], and finally, si-
charge density were determined using thecTral® series  multaneous optimization of the nuclei positidire., geom-
of programs developed in our research group. etry) and basis function positiofi.e., floating [HF(FG)].

TABLE II. Electron-density[ p(Ur.)] and its LaplaciangV?(r.)] for hydrogen fluoride for different field
strengths(in a.u). No floating [HF(G)], function-only optimizationHF(F)], and floating plus geometry
optimization calculationHF(FG)].

HF(G) HF(F) HF(FG)
Field
strength p(re) Vz(rc) p(re) V2(rc) p(re) Vz(rc)
—-0.04 0.3623 —1.6574 0.3618 —1.5956 0.3672 —1.6324
—-0.03 0.3597 —1.6886 0.3594 —-1.6197 0.3649 —1.6583
—-0.02 0.3568 —1.7223 0.3568 —1.6452 0.3623 —1.6857
—-0.01 0.3537 —1.7592 0.3540 —-1.6726 0.3594 —-1.7152
0.0 0.3503 —1.8001 0.3510 —1.7025 0.3564 —1.7476
0.01 0.3468 —1.8453 0.3477 —1.7356 0.3532 —1.7832
0.02 0.3431 —1.8959 0.3444 —1.7724 0.3498 —1.8228
0.03 0.3392 —1.9522 0.3408 —1.8135 0.3462 —1.8669
0.04 0.3351 —2.0151 0.3371 —1.8596 0.3425 —1.9160
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FIG. 1. Bond critical point positioria.u) vs electric field strengtifa.u).

(i.e., it approaches the H atgnhaplacian values become
The optimized bond lengths turn out to be 0.9196FAand  more negative, which means there is an increase in the
G) and 0.9146 A FG), which can be compared to the ex- charge concentration.
perimental value of 0.917 A’ Comparing fixed-function @) with function-only ()
When a uniform electric field is applied and no geometryand simultaneous function and nuclei optimization calcula-
optimization is allowed, the position of the bond critical tions (FG), one can observe an example of the quantum
point (r.) exhibits a linear behavior, as shown in Fig. 1. chemical Le Chatelier princip When functions are al-
Fixed-function and floating-function calculation have morelowed to move independently from nuclei., p(rc),
or less the same slope, the bond critical point position at zer§2p(r.), andd(r.)/dF change in one direction, while when
field are the only to change. Figure 2 plots the relationshipne reoptimizes the geometry using a floating basis set, the
between charge density at the bond critical point and fieldralues change in the opposite direction, and are able to re-
strength, whereas Fig. 3 depicts the Laplacian values at thedjust thus fulfilling the quantum chemical Le Chatelier prin-
bond critical point vs different electric field strengths. Theseciple.
figures show that densities at the bond critical point and La-  For other hydrides,AH), Table Il collects the partial
placian valuegp(r.),V2p(rc)] exhibit an opposite behavior derivative of the bond critical point position with respect to
when strong positive electric field are applied: While theelectric field strengththe slope of the straight lingelec-
charge density decreases due to the factrthatso decreases tronegativities, bond length, the distance between the bond
critical point and the hydrogen atom, and the electron density
at this point. Furthermore, an interesting logarithmic rela-
tionship between the type of heavy atom and the position of
0.37 ~ the bond critical point is found. Fig. 4 plots the electronega-
tivity xa of the heavy atom vd(r.)/dF, the following for-
mula being obtained:

LaaE g

o

w

o
1

drC —-2.3
3F ~18.707xa 5.

TABLE lll. Derivative of bond critical point positions of HA systems with
respect to electric field strengffa.u), along with electronegativity x),
HF(fg) bond length €,y A), bond critical point distance from H(; A) and charge

Density at the BCP

0.34 density at the bond critical poilipp(rc)] in a.u.
HF(f)
HF(g) d(rc)/dF XA I aH My p(re)
0.33:..x..,.................,.....‘. llllllll B -F -0.718 4.0 0.9196 0.181 0.3503
—0.06 —-0.04 -0.02 0.00 0.02 0.04 —-OH —0.892 3.64 0.9513 0.211 0.3482
Field (au) ~NH, ~1.290 310 09944 0262  0.3257
—Cl -1.922 3.05 1.2952 0.402 0.2072
FIG. 2. Charge densitya.u) at the bond critical point vs electric field -CH, —2.040 2.56 1.0834 0.418 0.2581

strength(a.u,).
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TABLE IV. Exact ab initio Hartree—Fock overlap and Couloniin italic)

4.40 4 guantum molecular self-similarities for different molecules computed with
] the DZ basis setin a.u).
4.00 7 H, CH, NH; H,0 HF
3 G 0.171 31.888 52.515 81.401 119.934
360 _ 2.636 65.406 78.578 93.592 111.560
'S E F 0.175 31.877 52.493 81.372 119.911
= ] 2.661 65.466 78.628 93.647 111.612
gﬁ 20 _: FG 0.171 31.876 52.509 81.379 119.915
o ] 2.636 65.462 78.600 93.692 111.655
g 3 G4 0.168 31.883 52.547 81.342 119.866
s 280 2.621 65.279 78.315 93.711 111.641
o E F4 0.174 31.880 52.471 81.306 119.857
o ] ) 2.656 65.421 78.681 93.821 111.802
L ] FG4 0.173 31.871 52.531 81.327 119.849
2.40 7 2646 65335  78.397 93741 111.731
3
2'00 TTTT T TP T I T T TP I TR T TP T[T TR T T T T T TPy rgrrTeT]
0.00 0.40 0.80 1.20 1.60 2.00 2.40

BCP derivative difference in the number of electrons. As to first-row hy-

FIG. 4. Derivative of bond critical pointa.u) vs electric field strength drides, the values czAA increase W_ith the atomic number of
(a.u). the heavy atom, because of the increase of electron charge
concentration around its nucletfs.
, , Although the trend with both types &, 4 is the same,

Data collected in Table Ill show clearly that the deriva- . gifference between HE and GH, , values depends on
tive of the bond critical point position, with respect to the the operator being used: actually, overlap- and Coulomb-
electric field strength, increases with the electronegativity onAA values are quite similar for HF, whereas they are quite
the heavy atom and with the decrease(n;). This may be jjirarent for CH, The reason is found in the values of the
due to the decrease in charge concentration at the bond Critl o measures which stand for: Overlap QMSM measure the

i 19 '

c?l pglnt, hsorcdha; more .freedom to move. _Bo?ld aI.. hi amount of charge concentration, whereas Coulomb QMSM
aref‘l yS SW? ht ap(r_c)dllncreballses mhonotonlc;a y W'tt) N measure the amount of electron—electron repulsion. Similar
each period o tbe ;:;]erlo |cdta € adst;il € a/tdom'g NUMDET Ntrends were already shown in an earlier paper by our Group,
creases. It can be thus understood tiiit;)/dF decreases where first- and second-row hydrides and other molecules

along the period. Moreover, bond critical point distance formWere studied® In fact. the values for the Ne atom were
H atom (ry) decreases upon increase of electronegativity of ’

A because of the greater tendency of the electron cloud to
migrate toA, thus causingy to be smaller.

QMSM of small molecules F

So far, we have dealt with an important, yet local prop-
erty. In this part of our research, we will proceed to a more F
global analysis of the modifications ip(r.) caused by an H H = . @
externally applied field. [_{ \H
In Table IV we present the exadt.e., Hartree—Fock
densities not fitted to a series of auxiliary functipoeserla- H—F <——E——
plike and Coulomb-like QMS measures for the hydrogen
molecule and a series of four isoelectronic hydrides contain-
ing 10 electrongthe DZ basis set has been used throughout
For these systems, three different situations have been con: ‘
sidered:G stands for plain fixed-basis geometry optimiza- 1
I
- C

tion; F stands for function floatingnuclei fixed in space
using the previously optimized geometry; and finaliyG EF
stands for simultaneous function and geometry optimization.
Furthermore, similar calculations have been performed with O
each molecule being perturbed by a static, uniform electric N
field having a strength of 0.04 a.u., as depicted in Fig. 5. By \I-I Hl:l/ AN

Table IV can be analyzed in several ways. First of all, H H
the value for overlap- and Couloni#tyx, is indeed much
smaller for H than for the other molecules, because of theFiG. 5. Directions of the electric field in the different molecules studied.

F
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computed in that papef170.127 for overlapZ,, and 100,02 —
132.172 for repulsiorZ,,), which are consistent with the
values found in the present paper. -
A consequence of the different behavior of overlap and
Coulomb-based QMSM is that the effects of perturbations  -100.04 — (> OPLOATF=090 aw) retstas A
like the electric field, which polarizes the electronic cloud, or
the floating process of the basis functions, are more reflecte:
in the Coulomb-like measures. Let us consider first the field-
free measures. Except for,Hoverlap-based QMS measures
show that floating the basis functionE)( after fixed-basis MR &G
geometry optimization G) decreases th&,, values, be-
cause the electronic cloud becomes more diffuse, i.e., the
electron charge becomes more disperse. However, further re

I:‘ (FLOAT,F=0.00 au), r=0.9146 A

(O (NOFLOAT,F=0.04 au}, r=0.9345 A

ENERGY (au)

-100.06 ~— w210 /\  (FLOAT,F=0.04 au), r=0.9286 A

-100.08 [ : I . |

I . . 119.84 119.88 119.92 119.96
optimization FG) again increases the valuesf,, so as OVERLAP SELF-SIMILARITY
to approach the origindb (plain, fixed functiongvalues. In
a sense, new forces appear on nuclei that tend to move them FIG. 6. Total energya.u) vs overlap self-similarity.

and therefore concentrate charge again.

On the contrary, Coulomb-type QMS values follow an
opposite trend: They increase with flotation of the basis sefength, floating and field application have been turned on
(F), whereas they decrease or stay constant with simultaand off, so 16 calculations have been performed. Thus, Figs.
neous floating and geometry optimizatidrG). The reason 6 and 7 plot the total-energy values overlap- or Coulomb-
why the Coulomb-likeZ,, follows a trend opposite to the Zaa values. Each of the 16 situations has been labeled and
overlaplike Z,, may be found in the fact that floating in- characterized in Table V, which also reports dipole mo-
creases the repulsion between lone pairs of the heavy atom®ents.

These trends along the-F-GF series are preserved if a Comparison of Figs. 5 and 6 shows that overlap and
static, uniform electric field is applietG4, F4, and GF4 repulsion self-similarity values follow the trend already
cases in Table 1Y although the variations i@, are much  hinted by Table IV: They behave oppositely. For each bond
larger, because of the concentration of chai@echange in  length, there are four situations, leading to four quite differ-
repulsion the field causes on all molecules. Furthermore, itent energies, the lowest one always corresponding to field
is worth to note the different effect of field application on application and maximum freedofme., simultaneous opti-
Zaa Values: For overlaplikeZ, ., application of the field mization of the basis function positions and nuclei positions
(G4) always decreases the QMSM values, except fo.NH However, whereas overlag,, values decrease upon de-
On the contrary, for Coulomb-type QMSM, the field in- crease in energy, the corresponding repulgigp values in-
creases th&,, values for HO and HF, while it decreases crease when energies lower, in complete agreement with the
them for H,, CH,, and NH;. The reason of this apparrently values collected for HF in Table IV.
erratic behavior can be understood by looking at two possi- Regarding energies, it is clear that the effect of the field
bly opposite effects. For instance, let us compag®tnd  application (dependent on field strength, which is clearly
NH;. For the former system, application of the field alongvery strong hergis much higher than that of floating. Thus,
the symmetry axis causes a dispertion of the electron cloudhe serieg1,5,9,13 is close to serie$3,7,11,1%, since they
which more than compensates the possible increase in chargéfer only in the floating process. Likewise, the other two
concentration around the oxygen inner core electrons. At the
same time, overall repulsion is increased because repulsion

between the two lone pairs of oxygen is favored when elec- e 5w
000z — &k

1 9
tric filed is applied. For NH, the second effect is reversed, ~ oU
. K 15 31 <> (NOFLOAT,F=0.00 au), r=0.9196 A
because the repulsion decreases since the electrons on t ] o4 9o o
. FLOAT,F=0.00 au), r=0.9146 A
N—H bond become more separated in space; on the contrar ‘ ’
the dispersion of charge far than compensates for the in 5,0, _ O MOFLOATE=00¢ ) 1209245

/A (FLOAT,F=0.04 au), r=0.9286 A

crease in core contraction of the inn@ore electrons of
nitrogen. Thus, the different behavior of these two molecules
can be explained.

A further, deeper insight into the effect of floating and -100.06 —
field application orZ, values can be made from Figs. 6 and
7, where theZ, 5 values for HRcalculated with the DZ basis g
sed are plotted. For this molecule, four different optimized
geometries(minima in four different potential-energy sur- +100.08 f > ‘ | ‘ l
faces have been considered, depending(@rfloating being 111.40 o Lp Sy 112.00
allowed or forbidden, an¢b) an electric field being absent or
applied. For each of the four geometriéactually bond FIG. 7. Total energya.u) vs Coulomb self-similarity.

ENERGY (au)
1

Oa-
o= p=
2

O
o= 0=
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TABLE V. Bond length(A), total energy(a.u), overlap and Coulomb quan-
tum molecular self-similarity and dipole moments of hydrogen fluoride
(a.u) for different floating cases and field strength.

r Float,Field E Zan  Zaar ™ 2

1 09196 NoNo —100.021979 119.934 111.560-0.9374
2 No,Yes —100.062527 119.882 111.757—1.0858
3 Yes,No —100.027 628 119.911 111.612—0.9412
4 Yes,Yes —100.068 243 119.857 111.802—1.0856
5 0.9348 No,No —100.021733 119.920 111.430—0.9461
6 No,Yes —100.062 765 119.866 111.641—1.1012
7 Yes,No —100.027 209 119.899 111.483—0.9495
8 Yes,Yes —100.068294 119.845 111.687—1.1005
9 09146 No,No —100.021950 119.938 111.603-0.9346
10 No,Yes —100.062338 119.887 111.796—1.0808
11 Yes,No —100.027 657 119.915 111.655-0.9384
12 Yes,Yes —100.068117 119.862 111.842—1.0807
13 09288 No,No —100.021889 119.925 111.482—0.9427
14 No,Yes —100.062 728 119.872 111.687—1.0950
15 Yes,No —100.027 434 119.902 111.533-0.9462
16 Yes,Yes —100.068 332 119.849 111.731—1.0946

FIG. 8. Density difference mapi(floating —p(nonfloating.

#Nonfloating and zero-field geometry.
Nonfloating and fiele-0.04 a.u. geometry.
‘Floating and zero-field geometry.

9Fjoating and fiele-0.04 a.u. geometry. and decreases later. If the final point in the path isZ,

decreases first and then increases. In other cases, the changes
depend on the case. For instance, case 2 above

lower-energy series differ in the floating process, although arﬁfleld+reopt|m|zat|on) decreases both timg,, as case 3

electric field is applied there. f|elgfﬂoatt;]ng) f(?oets. f CoulomBa » i { ite t
It is quite interesting to analyze the order of the series Ince the etiect ot oulomeiaa 1S exactly opposite to

within each (floating, field case: They always follow the that of overlapZ,,, Le Chatelier-type behaviors are mutu-

same order. To make things easier, let us concentrate on t ly exclustlve fodr ov;arle:jp and Ccl)uloll mtﬁA' Jhr:s gnalyfs;i
first series, corresponding to the field free nonfloating casg?'OWs US 1o unhderstand more ciearly the benhavior of these
easures in HF and the other molecules in Table IV.

Points 5, 13, 1, and 9 correspond, respectively, to geometri . . .
P P Y, 109 A final point worth analyzing concerns the values of the

optimized with four different schemes, as shown in Figs. 6 olecular dinole moment in Table V. Indeed. application of
and 7, and in Table V. These four different geometries hav%n P ' » app

four different bond lengths, as reported in Table V. Then, thehe field, which Iower; the total energy, also Increases the
relationship between interatomic distances and ovezigp dipole moment. Floating the basis s_et also increases, al-
emerges clearly: The longer the bond, the lower the overlal qug_h to a much lower extent, the dipole momept of HF.

Zaa, because the electron charge is more disperse. The sa Q'S increase can be understood by the separation of the

trend is shown in the repulsiofi,»: The longer the bond asis functions of F and H, so the internuclear distance is
distance the lower repulsion i?]A.the charge density Thesmaller than the distance between function centers, thus in-

change in bond length may then explain the results found'®asny the mean distance between changed centers.

above for HF and other molecules.

For both Figs. 6 and 7, one can plot an imaginary pat
connecting the field-free, nonfloating systéabeled } with
the field-perturbed, floating systetiabeled 16. Obviously, To better understand the changes in electron density
1 is the lowest energy among the highest series, whereas Hawused by floating or field application, we have drawn the
is in turn the most stable system among all 16. Moreoveryariations in electron density, at a constant geometry, caused
one can think of plotting other interesting paths involving by the floating procesd=ig. 8) or by electric field application
selected geometry optimizations. For instance, a first proceg&ig. 9).
of floating followed by geometry reoptimization is traced by The plot in Fig. 8(H being under [Fshows that floating,

a line connecting points 1, 3, and 11. Second, the process a@fhich pulls basic functions centers appart from nuclei, in-
applying an electric field followed by geometry reoptimiza- creases the electron density in the region around the H atom
tion can be traced by a line connecting points 1, 2, and 6. Aeing opposite to the F atom. Floating the basis functions
third interesting example is the process of applying a fieldeads to a distribution of the density along the chemical
and floating, traced by a line connecting points 1, 2, and 4bond. This is caused by the displacement of the functions in
Indeed, many paths between 1 and 16 can be traced dowrthis direction. The contraction of the electronic cloud leads

The existence of a Le Chatelier-type behavior can bdo a shorter electronic part of the dipole moment which re-
understood now easily: For overla », if floating is per-  sults into an increase of the total dipole moméRable V,
formed first, and another effect is takefy 5 increases first points 1 and

I]EIectron density differences
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along an isoelectronic series being discussed. Finally, the
change in bond critical point properties and self-similarity
values are analyzed from density difference maps.
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