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Within the framework of the molecular orbital (MO) theory, the addition of one electron todtambonding

orbital of the neutral (F-H) system or the removal of one electron fromstsionbonding orbitals, leading

to (F--H)~ and to (F--H)™, has permitted the investigation of these charge perturbations on the bond properties
of the hydrogen fluoride molecule by using the topological analysigrgf For (F--H), (F---H)~, and (F--H)*,

the topological and energetic properties calculated at tiéiFbond critical point (BCP) have been related

to the 3 bonding molecular orbital (BMO) distribution, as this orbital is the main contribut@(itbat the
interatomic surface. The analysis has been carried out at sevetidlifternuclear distances, ranging from

0.8 to 3.0 A. As far as the BMO distribution results from its interaction with the average Coulomb and
exchange potential generated by the charge filling the other MOs, and in particulariwiiteds electrons,

1. Introduction

From the quantum mechanics theory, the physical and
chemical properties of a material are related to the wave function
of the system. The appearance of the density functional theory
reduced this strong requirement and demonstrated that knowl-
edge of the electron distribution is enough for deducing the
materials behaviot-3 The electron density in solids can be
separated in two parts, namely inner and valence atomic shells.”
While atomic inner shells are dominated by strong interactions

the comparison between the BCP properties calculated for the charged systems and those corresponding to
the neutral one permits the interpretation of the differences in terms of the charge perturbation on BMO.
Along with the BCP properties of ¢~H), (F---H)~, and (F--H)*, the interaction energy magnitudes of these
systems have been also calculated within the same range of internuclear distances, indicating that the applied
perturbations do not break the-FH bond but soften it, giving rise to the stable specieskfy~ and (FH)".
Comparing the three systems at their equilibrium geometries, the most stable configuration, which corresponds
to the unperturbed (F~H) system, shows the highest quantity and the most locally concentrated charge density
distribution, along with the largest total electron energy density magnitude, at the interatomic surface as a
consequence of the BMO contraction toward the fluorine nucleus snHF and of the BMO expansion

toward both nuclei in (F-H)~. On the other hand, if the comparison is carried out at the equilibrium distance

of (F+++H) (ded), this one exhibits both the smallest total energy density magnitude and the largest quantity
of bonding charge at the interatomic surface. Hence, being the signature of the most stable configuration, the
characteristic magnitudes of the neutral sysggthy"), V2o(des), andH(des’) appear as boundary conditions

at the interatomic surface of its unperturbed and relaxed electron distribution.

The “atoms in molecules” (AIM) methodolo@llows the
characterization of interatomic interactions by using the topo-
logical analysis op(r). Within this methodology, atomic basins
are separated by zero flux surfac¥s) of p(r) (Vp(r)-n(r) =
0, Or € ), n being the unit vector orthogonal ®atr) and
the bond critical points (BCPs) are defined as the saddle points
of the p(r) distribution at the interatomic surfacg8s) (Vp(recp)
=0, rgcp € 9. In a series of papefst® we have shown that
the topological properties evaluated at BCPs can be regarded
as boundary conditions in the electron density distribution that,

with nuclei, the valence shells are easily affected by the <> i
environment, regarded at (i) other atoms or ions, (ii) crystal or If it does not completely define the system, at least they
external fields, or (iii) any other perturbation. Although most introduce a very important constraint on the possible distribu-

of spectroscopic techniques give insight of valence states, thetions. We have alsq observed that t.here are Qirect relationships
most fruitful ways to reach their precise electron density connecting topological and energetic properties of the electron

distribution p(r) are computational quantum methods and density at BCPs. Moreover, exponential dependencies of
accurate diffraction experiments. topological and energetic properties at BCPs on the internuclear

distance have been shown for the closed- and shared-shell
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(cation and aniom!21t has been used as a test case for the 7 nonbonding orbitals and (ii) the o4 nodal plane cuts
validation of a number of theoretical developments on (i) the orthogonally in that direction very close to the interatomic
analysis of the electron distribution and energetics within the surface (Figure 1). As a consequence, thand 4 electron
AIM methodology*3~%® (ii) the ELF (electron localization  distributions cannot directly contribute fr) at BCP, which
function) description of its polar borid(iii) hydrogen bonding mainly accounts for the participation of theo land 2r
properties’ (iv) atomic charge comparison between different nonbonding orbitals and thes3bonding molecular orbital
partition methods? and (v) dynamic polarizabilitie¥’ etc. In (BMO), because they recover the-H internuclear region and
our research, the-FH system and several neutral, positively, therefore BCP. However, since thesr land 2 MOs are
and negatively charged XH--F—Y complexes have been respectively built from the 1s and mainly from the 2s fluorine
studied to some extef?.From this work, the dependences of electrons, which are the deepest in energy for the three systems,
the topological and energetic properties calculated at thélF  the dependences of their distributions on the internuclear
BCP over a long range of internuclear distances have beendistance and on the charge perturbation will not be as important
characterized from long hydrogen bonding geometries to short as that of the 8 BMO, and the latter will be therefore considered
covalent ones. as the main contributor to the dependences observed for the
More knowledge in the relationship between these BCP BCP properties. In particular, the self-consistency property of
properties and the chemical bond can be obtained by the studythe electronic structure, implying that each orbital is determined
of perturbed systems. With this aim we have analyzed the py its interaction with the average Coulomb and exchange
influence of a total unbalanced charge in the hydrogen fluoride potential generated by electrons in other occupied orbitals, leads
molecule, as either one-electron addition to or one-electron tg the obvious conclusion that the BMO electron distribution is
removal from the neutral (~H) system, by means of the  notindependent from these of theand 4 MOs. Hence, when
evaluation of the (F-H)~, (F-+-H)*, and (F--H) BCP properties  comparing the BCP properties calculated for the charged systems
from long to short internuclear geometries. The calculated tg those of the neutral one, the differences will be interpreted
properties were the electron densipP¢?), the Laplacian of i terms of their BMO electron distributions as resulting from
the electron density\?p®F), the perpendiculaing®F, 1,59, the perturbations associated to either the one-electron removal
and the parallel4s®°F) curvatures with respect to the bond path  from ther nonbonding orbitals or the one-electron addition to
direction, and the local kineti€@®"), potential {°°F), and total  the 45 antibonding orbital.
(HBP) energy densities. In the following discussion the
superscripts”, ¥, and? identify the (F+-H)~, (F---H)* , and
(F---H) systems, respectively. In addition, as far as all topologi-
cal and local energetic properties analyzed in this work have
been calculated at the bond critical point, hereafter we will omit
the superscript BCP for clarity. Along with the BCP properties,
we have also characterized the interaction energy dependence
of these systems on the-FH distance.

The three selected systems are stable species with different
equilibrium distance&ieq0 < deg < deg" (Table 1). This
classification indicates that either adding or removing one
electron from the neutral system lengthens the bond and
therefore points to a softening of the-fH interaction as shown

y the calculated interaction energies at these geometries (Table

)- While deg < deq is in accord with the predictions of the
MO theory when one electron is added to an antibonding
orbital 2223the fact that (F+H)™ exhibits the largest equilibrium
distance among the three systems is an unexpected result taking

For an adequate description of the wave function in a broad N0 _account that the removed electron is coming from a

range of interatomic distances, multireference CASSCF (com- nonbonding orbital. This particular behavior is interpreted in
plete active space self-consistent figfdalculation with the terms of the high electronegativity of fluorine compared to that

6-311++G** basis set has been carried out. All the valence Of hydrogen. Thus, as a consequence of ionization, the bonding
electrons (eight, seven, and nine in the neutral, positively, and charge is attracted by fluorine, leading to a contraction of BMO
negatively charged systems, respectively) and eight orbitals asthat (i) reduces the electron density distribution at the interatomic
active space have been considered. The wave function has beefitrface and (ii) induces an effective weakening of the interaction.
optimized with the GAMESS prograf. The dissociation of ~ Indeed, inspection of the BMO populations (NBO method)

2. Calculations

the systems produces the neutral atoms for-€, the neutral shows that the total bonding charge does not significantly vary
fluorine atom and a proton for (FH)*, and the negatively ~ from (F--H) to (F-+-H)* (¢° = 1.979e andq" = 1.981e at
charged fluorine and the neutral hydrogen for-{R)~. The their respective equilibrium distances), indicating thaf <

BCP properties and interaction energies calculated for the threedeq” is not due to a diminution of the BMO population (we

systems within the 0:83.0 A range of F+-H distances are given ~ 0bserve the expected population=e8 e for the 7 nonbonding
as Supporting Information. orbitals of (F--H)™). In addition, the calculation of the relative

position of BCP with respect to the middle of the equilibrium
geometry feq= [d(F:--BCP) — d(F--H)/2]/d(F---H)) for both
(F++-H) and (F+*H)™ (Aeq® = 34.0% andA¢q™ = 35.9%) points

In the framework of the molecular orbital (MO) theory, the to the expansion of the fluorine atomic basin in-(R)*, which
neutral (F--H) molecule in the ground state is represented by corresponds to the contraction of BMO toward the F-nucleus
the configuration (&)2(20)?(30)%(1)%(27)%(40)°, where all but and the concomitant diminution of the electron density at the
10 are MOs involving valence electrons. Accordingly, while interatomic surfac@™(deq") < p%de’) (Table 1). In the case
the vertical ionization of the system leads to--¢H)* by of (F+++H)~, the valueAq = 34.0% indicates that, compared
removing one electron from the nonbonding orbitals, the  to the neutral system, the relative position of BCP does not
(F---H)~ system is obtained by adding one electron to the 4 change and, going from {FH) to (F--H)~, the classification
antibonding orbital. de® < deg Should be associated with an expansion of BMO

To understand the influence of the charge perturbation on toward both nuclei in (F-H)~. Because the BMO populations
the BCP properties, several points should be stressed. First, (i)are not significantly differente® = 1.979e andq™ = 1.981e),
the F--H internuclear direction lies on the nodal planes of the the observed BMO expansion should be responsible for the

3. Molecular Orbitals and Equilibrium Geometries
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(b)

(d)

Figure 1. Molecular orbitals of the neutral (FH) system at the equilibrium geometry: (a},4b) 3o, (c) 1w, and (d) 4. Fluorine and hydrogen

atoms are represented in red and white colors, respectively. #IMC, not shown here, possesses the same energy asd can be represented

by rotating the latter 90clockwise around the internuclear direction-H. Within a cubic grid of 80x 80 x 80 points, the 4 nodal plane is found

to cut the internuclear direction at 0.786 A from the F-nucleus, and therefore it is separated 0.015 A from the BCP position. In the neutral system,
the 4 antibonding MO is empty and represents the LUMO. All MOs have been plotted using the same constant value (0.05) for the wave function.

diminution of the electron density along the internuclear region in both cases. Thus, as a consequence of a lahg¥F---BCP)
of the negatively charged system, and thereforef@dey) < distance in the perturbed systerds{(F---BCP)= 0.796, 0.775,
0%(de®). According to the BM®, BMO™, and BMO™ polariza- and 0.771 A for (F+H)*, (F---H)~, and (F--H), respectively),

tions, the local concentration of the electron densit$p) and the repulsive interaction between the electron distribution at the
the total energy densityH) magnitudes exhibit similar clas- interatomic surface and that accumulated around the fluorine
sifications than this found fqg (0°(det®) > p(deq) > pT(deg?), nucleus is weaker for (<H)™ and (F--H)~ than for (F--H) at
[V20%(de)| > [ V20~ (deg )| > V20T (degh)I, IHA(ded)| > [H™(deq ) de’, leading to a stabilization of the electron distribution at the

> |H*(deg")I), indicating that the most stable electron config- interatomic surface of the charged system$(flec?) < H™(ded?)

uration (i.e., that corresponding to the unperturbed system) < H%dey)), which shows as a function af(F:--BCP). In

shows (i) the largest quantity, (ii) the most locally concentrated, addition, while the bonding charge is more concentrated in

and (iii) the deepest energetically stabilized bonding charge (F-+-H)" than in (F+-H) (V2o (des®) < V2p%(ded)), mirroring a

distribution at the interatomic surface. weaker repulsive interaction in the former case due to a fewer
On the other side, comparing the systemd.gt we observe quantity of &7 nonbonding electrons, the bonding electron

that while the most stable configuration still exhibits the largest distribution is similarly concentrated in both +fFH) and

p magnitude, that is no longer the case ¥ andH (Table (F-+-H)™ (V?0%(de’) ~ V20~ (de’)) because the latter system

1). Indeed, at this geometry, the fluorine basin expands in both compensates the additional repulsive interaction due to the extra

(F---H)* and (F:-H)~ when compared to the F-basin of the electron by contracting BMO toward the fluorine basin, therefore

neutral system A™(de) = 36.7%, A~ (des”) = 34.4%, and leading to a fewer quantity of charge at the interatomic surface

A%de) = 34.0%) and also to their corresponding F-basins at (0™ (ded’) < p%(ded))-

their equilibrium geometriesA(*(deq") = 35.9% andA™(deq) To show up the characteristic BMO polarization along the

= 34.0%). Accordingly, the BMO of the charged systems at F---H internuclear region for (F-H)*, (F-+-H)~, and (F--H)~,

dec is more contracted toward the fluorine nucleus, and therefore we have represented the dependences ofAtheA~, and A°

the interatomic surface expands toward the hydrogen nucleusmagnitudes on the-F~H distance in Figure 2. For all systems,
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TABLE 1: Selected BCP Topological and Energetic
Properties of the (F--H)*, (F---H), and (F---H)~ Systems
Calculated at Their Equilibrium Geometries (de) and at the
Equilibrium Geometry of the Neutral System (de¢?)?

(F...H)+ (F...H) (F...H)*
Ueq 0.999 0.918 0.941
Jef(F++*BCP) 0.858 0.771 0.790
ded(F+-BCP) 0.796 0.771 0.775
Eini(Ceq) —335.7 —578.4 ~150.5
p(deo) 1.78 2.50 2.28
p(dedd) 2.33 2.50 2.45
V20(0eg) -52.5 -69.3 —-61.3
V2p(0ecd) -86.8 ~69.3 —69.2
H(deg) ~10256 ~14302 —-12720
H(ded) —16892 —14302 —14316
d(v2p=0) 2.80 1.60 1.35
d(H=0) 2.83 1.95 2.50
A(V20ma) 2.97 1.90 1.60
V2Pmax <0.01 1.1 2.8

aFor each systemdeq(F+--BCP) andde(F-:-BCP) represent the
distance from the fluorine nucleus to the BCP position at its equilibrium
geometry and ade’, respectivelyEi represents the interaction energy
of the system. The characteristic distand@$=0) andd(V?p=0) define
the boundaries between regions | and Il and between regions Il and
I, and d(V?omay is the geometry corresponding to the maximum
Laplacian valueV2pmax, Which exhibits in region Il for (F-H) and
(F---H)~ and in region | for (F--H)*. Units are as follows:d, A; deg,
A; o, elR3, V2p, elA5; H, (kIImol)/A3; Eiy, k/mol.
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Figure 2. A dependence od(F---H) (A) for the (F+-H)* (--), (F-+-H)
(—), and (F--H)~ (— - —) systemsA is defined as the relative position
of BCP with respect to the middle of the internuclear distance:
A = [d(F-+-BCP) — d(F---H)/2]/d(F---H). Target points correspond to
the values observed at the equilibrium geometdgd < deq™ < deg"
(Table 1).

A values rise from long to short geometries, indicating a
monotonic BMO contraction toward fluorine. The calculated
AT magnitudes are significantly larger than thoseAof and

A° | reflecting the more important BMO contraction in the
former system for all distances. In particular, as a conse-
quence of the (F-H)" dissociation in the neutral fluorine and

a proton, the highA™ values at long geometries (25%) do not
tend toward zero as those &~ and A° do (7 and 2%,
respectively). Moreover, the most important differences between
A~ and A° show for closed-shell interaction§3o > 0, d >
d(V2p=0); see Table 1), wherd~ > A indicates that the
additional contraction of BMO compared to that of BM®is

due to the extra electron in the former system when the bonding
orbital is not still completely forme# For shared-shell interac-
tions (V2o < 0, d < d(V2p=0)), the bonding orbital is formed

in both cases and the systems exhibit very small differences
(A=~ A9).
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Figure 3. p dependence ot(F-++H) for the (F+-H)™ (--), (F-+*H) (—),
and (F-+H)~ (- - —) systems. Units are in etfand in A, respectively.

Target points correspond to the values observed at the equilibrium
geometriedle < deg” < deg™ (Table 1).
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Figure 4. V?p dependence od(F-:-H) for the (F+-H)* (--), (F-+-H)
(), and (F:*H)~ (— - —) systems. Units are in ePAand in A,

respectively. Target points correspond to the values observed at the
equilibrium geometriesle® < deq < deg" (Table 1).

4. Topological Properties at the Bond Critical Point

Figure 3 shows the BCP electron density magnitudes calcu-
lated for the three systems within the range of internuclear
distances of 0.83.0 A. While the highest density corresponds
to the neutral systempf), the lowest is observed for the
positively charged onep(). The dependences observed for the
three systems appear to be very similar, the largest difference
being 0.21 e A3 atd = 1.1 A. This variation corresponds to
14% of thep® value at this distance. The perturbations on BMO
lead to the classificatiop® > p~ > p* within the full range of
distances but do not significantly affect the dependence of
on the internuclear distance. In this way, the differences
observed among theé(des), p~(deq™), @andp™(deg") Magnitudes
are mostly due to the displacement of the equilibrium position.
Thus, as a consequence of both the observed classifichtfon
< deg < degt and the exponential dependenceobn the
internuclear distance in the shared-shell redfome found
P%ded®) > p~(deg’) > pT(deg"). In particular, the decreasing of
e with the addition of one antibonding electron is in agreement
with previous workg*

A different aspect appears when representing e
magnitudes calculated for the three systems in the same range
of distances (Figure 4). In this case, the dependence of the
neutral system is intermediate between those of the charged
ones. According to the behavior observed for-(H),10 the
whole range of interactions can be divided in three regions. From
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long to short geometries, they correspongtoe closed-shell

(region 1), intermediate closed-shell (region 1), and shared-shell

(region Ill) interactions. The boundaries between regions | and

Il and between regions Il and Il are associated with the

internuclear distanced{H=0) andd(V?p=0), respectively (see <
Table 1).

The negatively charged system behaves qualitatively similar
to the neutral one, but region Il is more extended and the peak
at V2pmaxis more pronounced and displaced to a shorter distance
in (F---H)~. On the other side, (~H)* shows a very different
behavior, with region Il extending to very large distances and
exhibiting a very small region Il. According to the expected
asymptotic dependence &% in region | (V2o — 0 for d —

) and to the positivév?p magnitudes shown in regions | and
1, a local maximum should be found in region'fHowever,
while that is the case for ¢(+H) and (F--H)~, no local
maximum was observed for (+H)* within the considered
range of distances. The calculation @tp™ by using a small
enough grid of internuclear distances leads to the appearance d(F--H)
of_:g. very flat local max_lmu_m 'T‘ “.99'0” NCpmax” = 0'0202306 Figure 5. 13 (positive values) and; (negative values) dependence
A-5 atd = 2.97 A), which is significantly lower thaWZomax on d(F-~+H) distance for the (F-H)* (), (F+-H) (—), and (F+-H)-
=1.14 e A% andVpna =2.76 e ASatd=1.90 and 1.60 (- - —) systems; = 4, due to the cylindrical symmetry along the
A, respectively. bonding direction. Units are in e#&and in A, respectively. Target points
On the other hand, in the case of the-M:--F—Y com- correspond to the values observed at the equilibrium geomelydes

- +
plexes!® the d™ < d° < d~ classification observed for each < Geq < deq (Table 1).
characteristic distance (namelyl(V?0=0), d(H=0), and

d(V2pomay), as well as that found for the maximum Laplacian

2 + 2 0 2 - i
values Vopoma)" > (Viomay’ > (Vipma -, are different from o oo o ential decrease with an elbow within the range of 1.1

those shown here (except fdf(H=0) < d"(H=0)). Indeed,as  ; ,"& appearing more pronounced fby~. The dependence
a consequence of the absence of the X and Y chemical 9roubSyhserved forls™ shows no elbow and crosses the other two at
in the actual systems, the charge perturbation applied on the

. . S d= 1.1 A, exhibiting larger values than those/af ands™ in
I(H.t.h.F) neutra;l)sey:fﬁrlr:]_s;rongly ?ﬁects;]ts bond'n%d'ifr'btg'gn' the range of 0.85 d < 1.1 A, where a local maximum ihg*
n the case of . COMPIEXes, NoWever, the X an appears. This maximum, showndit- 0.9 A, could be related
groups permit partially absorbtion of this perturbation as a

) . o ) to the fluorine inner-shell contribution at BCP. Thus, a starting
function of their electronegativity, modulating the BCP proper- 20 dependence ord(H-F) could be responsible for the
ties. Hgncg, the different cIaSS|f|ca.1t|on observed for the char- observed 45 )mas as resulting from the addition of the actual
acteristic distances and the Laplacian plots of thetX--F—Y 20 contribution to that of BMO
complexes seem to be related to a polarization effect induced j

by the X and Y hich t take ol in th ¢ Even if a close similarity is observed for the curvatures of
tr)éat: d hi?e groups, which cannot take place in the Ssystems y, negatively charged and neutral systems, the balance between

their positive and negative contributions ¥Wp leads tovZp°

In the range of 0.81.1 A, while the positively charged < V2o~ for a large range of internuclear distances=( 0.925
system gives rise to a faste_r increase of _the negative LaplacianA)_ The addition of one electron to the neutrat<F) system
magnitude when approaching the nucleitends to be closer  produces the increase of the charge depletion in the bonding
between the three systems. In that range of internuclear region, as shown bys® < A5~ and by|i,7| < | 419 for d >
distances, which belongs to region Ill and where we filgl 0.925 A andd > 1.025 A, respectively. This effect of charge,
for the three cases, the relative differences between the extremgyhich also explains the decrease of fhmagnitude observed
Laplacian curves can be significant. For instance, at the for (F---H)~ when compared to ¢~H), mirrors the loss in
equilibrium geometry of the neutral {FH) system €y’ = 0.918 stabilization of BMO and correlates with the electron config-
A) we observeA(VZo(de)) = [V20%(ded) — V2o (de))/ uration of the (F-H)~ system, where the unbalanced electron,
V20%(deq’) = 25%. Therefore, in contrast {e(deg), the differ-  placed in the & antibonding orbital, weakens the bond. On the
ences between thép(deq) magnitudes calculated for the three  other side, as a result of a fewer number of electrons ik
systems are not only due to the displacement of the equilibrium and the subsequent weakening in the repulsion between them,
distance but also to changes in the dependence of this topologicathe charge appears, in this case, more concentratgd (<

T
24 28

the corresponding ones in the Laplacian magnitudes. The
behaviors observed for® and A3~ are very similar, showing

property. V209 for all distances (here shown B§:° < | 17| and by
The Laplacian magnitude at BCP can be decomposed inis* < A3° for d < 1.35 A and ford > 1.125 A, respectively).
positive @3) and in negativeA; andZ,) components\?p = 4 In this case, however, even if the-(FH)" bonding charge is

+ A2 + Z3), which are the parallel and the perpendicular more concentrated at the interatomic surface, the decrease in
curvatures op(r) to the bond path direction, respectively. Their magnitude ofp (o™ < p° as a consequence of the more
dependences on the-FH internuclear distance are shown in important BMO™ polarization, also weakens the bordd{ >
Figure 5. While the magnitudes of the perpendicular curvatures ded).

are very similar among the three systems, that is not the case The range of intermolecular geometries associated with the
for 13, in particular for intermediate geometries. This feature (F---H) bonding molecular orbital formation has been identified
points to the differences observed in the dependences of theas that of region Il (i.e.d(V?0=0) < d < d(H=0)).1° Hence,
parallel curvaturesds?, A3, andAs~ as being at the origin of the additional electron in ¢(~H)~ would favor the formation
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" Figure 7. H dependence od(F---H) for the (F--H)* (--), (F---H)
! (—), and (F-+H)~ (— - —) systems. Units are in (kJ/mol)#&and in A,
i ] respectively. Target points correspond to the values observed at the
-3000 08 12 16 20 24 2% equilibrium geometriesle? < deq™ < deg (Table 1).

_ y d(F-H) _ region 11, producing an important rising of the electron kinetic
Figure 6. G (positive va+lues) an¥ (negative values) deeendence on energy and the concomitant charge depletion. In region I,
gS;ter';:)s fEJ;iE[Qear(eFi'r;?lz ] /r%c?l)?gnd? A(_rélssggti\il;H'I)'arg(;;t-p;i)nts where the molecular orbital populations are expected to remain
correspond to the values observed at the equilibrium geomeles stable, Fhe influence qf the antibonding elgctron is [ess important
< deg < deg” (Table 1). as the internuclear distance shortens, disappearing completely

for the shortest geometries. On the other side@henagnitudes

of the bonding orbital at larger distances than in the neutral are smaller than those @&~ and G ° for all distances. In
case (see Table 1). Shortening the internuclear distance theP@rticular,G* < G © points to the fact that the (FH)* system
interaction between the charge filling the 4nd 3 orbitals ~ Slows down the movement of electrons in BMO due to a weaker
would hinder, however, the population of the latter, extending "€Pulsion with those in ther nonbonding orbitals.

region Il to shorter distances than in the neutral case and Balancing thes andV contributions, the total electron energy

producing the observed enlargement of region II for ()~ density at BCPKl = G + V) permits to identify the geometries
In (F---H)* the removal of one electron from thenonbond- associated with a local excess of eit&or V at the interatomic

ing orbitals produces qualitative differences in the behavior of Surface (Figure 7). As previously report€tthe internuclear
this system. Thus, region Il involves an extremely short range distanced(H=0) is related to the starting formation of the BMO.

of geometries at long intermolecular distances (%80 < 2.83 For thsihree studied systems, we obsel\® = 0) < d(H"=0)
A), indicating both an earlier and a faster formation of the = d(H"=0) (Table 1). The comparison between the {H) and

bonding molecular orbital than for the two other systems k (F---H)" systems show$i® < H © within the full range of
and (F--H)~. Moreover, the neutral H-atom produced in the distances, indicating that the removal of one electron from the

dissociation of (F+H) and (F+-H)~ is much more stable than 7 nonbonding orbitals implies the concomitant gain in stabiliza-

the H" obtained from the cation dissociation. Therefore, region tion of the electron distribution at the interatomic surface. On
Il extends to larger distances in+<FH)* than in (F--H) and the other hand, a similar comparison betweerrtf) and

(F---H)", as the covalent bond is preferred to the unfavorable (F*H)~ showsH © < H™ for 0.92 < d < 1.85 A. In this case,
closed-shell interaction in the former. the addition of one electron to the antibonding orbital increases

H and leads to a diminution in the stabilization of the bonding
charge at the interatomic surface for geometries ranging from
the starting BMQO formation up to the equilibrium geometry
The local electron kinetic@) and potential ) energies at ded’.
BCP follow trends similar to the parallel and perpendicular  As previously pointed out, the comparison betweenHHg
curvatures, mainly in the closed-shell region (Figure 6), as H-, andH™ magnitudes at the equilibrium geometrief(de)
observed in our other preceding works. While the local potential < H™(deg”) < H™(deq")) indicates the deepest energetic
energy presents only small differences in the intermediate regionstabilization of the bonding charge at the interatomic surface
for the three systems, the local kinetic energy shows a broadfor the unperturbed system, paralleling its more stable config-
peak situated at 1.35 A for (FH)~, which represents the border  uration. On the other side, the opposite is observed when the
between regions Il and IlI for this system. This feature, not systems are compareddat? (H*(deq’) < H™(deq”) < HO(ded?)),
observed in the other two cases, produces important differencesand this feature points the smallest negative magnitudt ax

5. Energetic Properties at the Bond Critical Point

betweenG~ and G°, which rise up to 520 kJ/molat d = corresponding to the energetic characteristic of the unperturbed

1.45 A. Out of this peak, in the shortest and largest distance electron configuration at its equilibrium geometry. Both trends

ranges, both dependences are very similar. seem to be the energetic signature at the interatomic surface of
For closed-shell interactions, the correspondence between thehe most stable electron configuration. In particular, the cor-

topological curvaturés and the local kinetic energy densi® respondence between the smallelstnagnitude in region I

has been already pointed & As in the case of;~, the G~ (H < 0) and the most stable relaxed configuration parallels with

dependence shows that the charge depletion in the bondingthe result observed in the theoretical analysis of the-ffHH
region is larger for (F+H)~ as a consequence of the antibonding complex!® where the maximum positive magnitude dfin
electron. Indeed, compared®>, the behavior o5~ indicates region | H > 0) was found to be associated with the equilibrium
that the influence of thedtelectron on BMO is significant in geometry of the system.
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6. Conclusions < deg", where both perturbed systems exhibit longer distances
o N than the neutral one.

Within the framework of the MO theory, the addition of one As a consequence of the BMO polarizations in-{R)* and
antibonding electron to or the removal of one nonbonding jn (F...H)-, the local concentration of the bonding charge and
electron from the neutral (FH) system, leading to (FH)" the total electron energy density at the interatomic surface show
and to (F--H)*, has permitted the investigation of these charge 5 gependence on the charge perturbation similar to that found
perturbations on the bond properties of the hydrogen fluoride for 5 (1v200(de )] > [V20~(deg )| > | V20" (deg")], and]HO(deld)|
molecule by using the topological analysisaff). For the three > |H~(d,;7)| > |H*(deg)]). Thus, comparing the electron
systems, the dependence of the BCP topological and energetigiensity distribution of the three systems at their equilibrium
properties on the #H internuclear distance has been related geometries, the most stable configuration (i.e., that correspond-
to the corresponding behavior of ther BMO distribution, ing to the neutral system) is identified as that which exhibits
which recovers BCP and results from its interaction with the (|) the h|ghest quantity’ (||) the most |Oca||y Concentrated' and
average Coulomb and exchange potential generated by thejii) the deepest energetically stabilized bonding charge distribu-
charge filling thex and 4 MOs. tion at the interatomic surface. On the other hand, if the

This study has shown the correspondence between thecomparison between the three systems is carried out at the
calculated BCP properties and the perturbation on the bondingequilibrium geometry of the unperturbed-(fH) system, its
charge within the full range of internuclear distances. The electron distribution shows (i) the largest quantity of bonding
observed behaviors suggest that important effects in the bondingcharge and (ii) the smallest negative magnitude of the total
region of (F+-H)~ are both a fewer quantity and a locally more electron energy densitil at the interatomic surface. Hence,
depleted electron distribution than in the case of-(f), even being the signature of the most stable configuration, the
if the starting BMO formation exhibits earlier in the former characteristic magnitudes of the neutral systéta,’), V2p(de),
(°(H°=0) < d~(H =0)). On the other side, the vertical andH(des’) appear as boundary conditions at the interatomic
ionization of the neutral system implies the formation of the surface of its unperturbed and relaxed electron distribution.
BMO at larger interaction geometries than in botk-{H) and
(F+++H)~ (d%(H°=0) < d~(H~=0) < d*(H*=0)) due to a much Acknowledgment. This work has been partially supported
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