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The topological analyses of the electrostatic potengi@) and the electron density distributiqsfr) have
been performed for a set of 20 neutral complexes with weak and moderate ddnds. In all cases, a zero

flux surface of the electrostatic potential containing a saddle point analogous to the bond critical point of the

electron density distribution is observed. These surfaces define an equivalent of the atomic p&3ifoof

the electrostatic potential, which exhibits zero net charge and can be regarded as an electrostatically isolated

region if its volume is finite. Thep(r) and p(r) zero flux surfaces divide the hydrogen-bonding region in

three parts, being the central one related to the electrostatic interaction between donor and acceptor. This

central region exhibits a relative size ofl3—14% of the N--H distancedyy, it belongs to the outermost
shell of the nitrogen and is mainly associated with its lone pair. Topological properties gf(optmde(r),
as well as the electron kineti&] and potential {) energy densities, show similar dependences dithat
both bond critical pointsg-BCP ando-BCP). Phenomenological proportionalities betweerpilngcurvatures

and G andV are also found at the electrostatic potential critical point. The curvatures of the electrostatic
potential, which are interpreted in terms of the electrostatic forces in the bonding region, present the same
exponential dependency as the electron density distribution, to which they are related by Poisson’s equation.

1. Introduction

The molecular electrostatic potentia{r)12 has been exten-
sively used in the analysis of molecular reactivity due to the

electrostatic character of long range interactions between
molecules. In most cases, relevant features of this scalar field

are found outside the molecule, its outer envelop being
commonly set at 0.001 au of its electron density distribution
p(r). For this reason, the topological analysis¢gf) focuses
in the location of critical poinfs* and zero-flux surfacésin

the surroundings of the molecule, outside the bonding regions.

Other molecular properties are preferred for the study of atomic
binding. This is the case qf(r), whose topological analysis,
performed within the framework of the atoms in molecules
(AIM) theory ® has been successfully applied to a wide range
of interatomic interactions.

The topological analysis of the electrostatic potential in
binding regions reveals the presence of bond critical points
analogous to those of the electron densityading to a saddle
point corresponding to a minimum @f(r) along the interaction
bond path and a maximum in the plane perpendicular to this
direction. Both the electrostatic potential at the critical point
@-BCP and the position of this point in internuclear regions

appear related to properties of bonded atoms. For instance

atomic properties like atomic radius or electronegativity have
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been derived from the topological analysis of the electrostatic
potential®~1° Moreover, these critical points are related to the
existence of zero-flux surfaces @fr) which define a partition

of the space in basing{basins) different from those obtained
for the electron densityptbasins) as experimentally observed
in crystalst!

In the case of hydrogen bonding interactions, the presence
of ¢(r) bond critical points has been reported for one experi-
mentally determined electron density distributiénTo our
knowledge, there are no more studies on the topology of the
electrostatic potential, neither experimental nor theoretical, in
hydrogen bonds (HB'’s) that this previously referenced. This
situation contrasts with the extensive number of topological
analyses of the electron distribution that have been undertaken
for studying this type of interaction. Thus, former experimental
analyses revealed the close relationship between pling
distribution at the HB critical point and the local electron kinetic
and potential components of the energy at the same poiftt.
Topological properties op(r) have been also appeared to be
related to the interaction enerdy1%17a result that has been
used to retrieve an interaction potential for weak and moderate
H---O hydrogen bond% Moreover, in the theoretical study of
the H--F interaction, the dependence of the topological proper-
ties with the internuclear distance has been proved helpful to
understand the transition from weak van der Waals interactions
to strong covalent bond8:2°

As the main contribution to the hydrogen bond energy is
electrostati@! the analysis of the electrostatic potential can be
a useful complement to the rich information provided by the
electron distribution. With the aim of providing insight on the
electrostatic properties of the HB interactions, bein) and
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p(r) have been determined fap initio methods for a set of 20 TABLE 1: N ---H Distances of the Studied Complexes

X—N-+*H—=Y complexes, and their respective topological Observed from r?Oth Cc:mputational LeV;3|S %ﬂd from
properties have been analyzed. Experiments Where Values Are Sorted for the MP2/

o ; . 6-311++G(d,p) Calculation
This is the first study on the topology of the electrostatic MP2/6-311 1 G(d.o) MP2/ Tz - |
potential in hydrogen-bonded complexes. In order to avoid the R @p) a“(i')cc‘p eXpe(r/}\r)nema
effect of the significant covalency that is shown up in strong

hydrogen bonds, and therefore to make the interpretation easier{'f'\‘"'HF 1.703 1.681 1.7

, ) , CN-+-HF 1.731 1.699
only weak and moderate interactions have been considered. IngjcN---HNC 1.796 1.770
addition, this range of interactions is particularly of interest for HsN---HNC 1.801 1.797
a later experimental study in crystals, where weak and moderateE_ac’:\"\'l"Hﬁ(ljl i-ggg i;gi
| von . .
N---H hydrogen bonds are by far much more common than the = /.= 1 888 1835 1879
strong ones. HCN---HNC 1.982 1.932
LICN-+-HCN 2.088 2.024
2. Computational Details HCN:+-HCI 2.106 2.014 2.171
H3N-+-HCN 2.127 2.106 2.156
Calculations were performed for 20 complexes formed by “2:5(: g;gg é(l)gi 2.165
one hydrogen donor (D) and one hydrogen acceptor (A) LiZCN---HCCH 5 262 5181
molecules linked by a N-H interaction, the hydrogen and  HcN---HCN 2265 2.188 2294
nitrogen atoms belonging to the D and A molecules, respec- HzN---HCCH 2.291 2.262 2.333
tively. The studied systems are the combinations of four acceptor Nz**HCI 2.360 2.297 24197
(HCN, LICN, N, and NH;) with five donor (GH,, HCI, HON, ~ HCN-~HCCH 2417 2321 249
CNH, and HF) molecules, all of them chosen in order to obtain \...4ccH 2.620 2.498 2.604

a cylindrical symmetry in the bonding region.
y y y 9reg . aReference 34° Reference 27¢Reference 29 Reference 33.
The geometry of the complexes has been optimized at theéReference 30\ Reference 289 Reference 317 Reference 35.Ref-

MP2/6-311+G(d,p) and MP2/aug-cc-pVTZ computational erence 32i Reference 36.
levels implemented in the Gaussian-03 paclkéiges, symmetry

has been imposed to the complexes where; iHinvolved, TABLE 2: ¢(r) and p(r) Topological Properties of the
andC.,, for the rest. The equilibrium geometry of the structures MOnomers Acting as Electron Donors

has been confirmed by frequency calculations. The electrostatic da (A) g (eAY qa (e) ud(eh)
potential has been evaluated within the Gaussian-03 facilities | jcN 1.315 —0.25 —1.22 1.94

at both computational levels. The electron density distribution ~ NH, 1.283 —-0.21 —1.04 0.36(0.31)
obtained at both levels has been analyzed with the AIMPAC HCN 1.390 -0.13 -1.02 0.62(0.62)
and MORPHY98® programs within the AIM framework. The N2 1.573 —0.04 0.00 0.00(0.00)

quality of the atomicp(r) integrations has been tested by  2Distance from the nitrogen nucleus to the minimum of electrostatic
checking the value of the integrated Laplacian within the potential.® Value of ¢(r) at this point.c Net charge of the nitrogen.

p-basins, which must be 0. For each monomer, the sum of ¢ Dipole moment of the monomer. Values in parenthesis correspond to
atomic charges was smaller than-2@, indicating that only experimental determinations from ref 38. The last two magnitudes have

small errors are present on the integrated propetties. been calculated by integration pfr) within the atomic basins.

dvy distances are systematically smaller for MP2/aug-cc-
pVTZ than for MP2/6-31++G(d,p) (Table 1), being the largest
relative difference 4.9% in the case of*NHCCH. The axial
geometry of the studied complexes has been proved in 11 case
by microwave spectroscopy, 36 being the experimentalyy
distance closer to the values obtained with the MP2/6+3#®-
(d,p) calculation in ten cases. In spite the variation on the
calculated distancéyy from one to other computational level,

the dependence of thgr) ande(r) properties oty are similar For the acceptor molecules, the presence of a lone pair
in both computational levels. Thus, only the results from one suitable for the formation of a hydrogen bond is revealed by a

of the basis sets (6-3#:G(d,p)) will be discussed in the local minimum in the electrostatic potential (Table 2). For the
following section (results for a{ug-cc-pVTZ are given in Sup- four studied acceptor molecules, the electrostatic potential is
porting Information). In addition, the smaller size of the deeper at the minimum position as the negative charge of the

6-311++G(d,p) basis set makes it more suitable to study larger n?trogen is larger. On the _other side, the distance f“’”.‘ the
systems. nitrogen nucleus and the dipole moment does not classify as

these properties, as the shortest distance corresponds 40 NH
and the dipole moment of HCN is larger than that of NHh
spite the absence of a good correlation, both the position and
3.1. Zero Flux Surfaces in the Hydrogen-Bonding Region. the depth of the electrostatic potential well appear related to a
In some aspects, the electrostatic potentia) and the electron  larger electron population of the negative atom, favoring stronger
densityp(r) topologies show equivalent features, as both scalar N-**H interactions. According to Table 1, as the minimum is
fields present important similarities. Indeed, both exhibit (i) local closer to the nitrogen, the-NH distance tends to be shorter, a
maxima at the nuclear positiciignd (ii) (3,—1) critical points result previously observéd that has been used to define
between bonded atomsndicating that topological bond critical ~ hydrogen bond radi?
points show up for the electrostatic potentigtBCP’s) and Upon formation of the complexes, the local minima of these
for the electron density distributiop{BCP). On the other hand, = monomers disappear, giving rise teé&) (3, —1) bond critical
there are also important differences between them. Thus, while point between the nitrogen and the hydrogen atom involved in

p(r) can present local maxima outside the nuclear positions,
this is not possible forp(r). Another important difference is
that, while the electron density distribution is found positive
%verywhere, local accumulations of electrons (as, for example,
in lone pair regions) lead to negative electrostatic potential
values, appearing negative local minimagdf) that have no
counterpart ino(r).

3. Results and Discussion
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Figure 1. Electric field lines for (a) the LICN-HNC complex and (b) the HNC monomer. (c) Gradient vector fiéfdr) for the LICN---HNC
complex, showing the atomic basins. Ticks are in angstroms and1(B¢ritical points are denoted by black squares. Electric field lines starting
at the nuclei are confined to volumes that correspong-tmsins and are enclosed by zero-flux surfaceg (0. ¢-basins are colored according
to the type of nucleus: C (grey), N (blue), H (black), and Li (red). Green lines in part a correspond to the zero-flux surface bridging both molecules.
For the Li-nucleus in part a and for the H-nucleus in part b,¢Heasins extend formally up to infinity.

the hydrogen bond. In contrast to the parallel trend observedfield lines start atp-BCP within this plane, defining a zero-
between the position of the electrostatic potential minimum in flux surface forE between the nuclei.

the monomers and the-NH distance in the dimers, there is no These last features are shown for the Li&NINC complex
clear correspondence between the velg(r) in the monomers in Figure 1. Thus, in Figure la, we observe the internuclear
and that ofg(r) at the ¢-BCP in the dimersg-BCP’s in zero-flux surface in the N-H region, and the concomitant
hydrogen bonds were also found in a previgys) topological @-BCP. Moreover, the comparison of Figure 1b and Figure la
analysis derived from an experimental electron density stéidy. reveals the formation of a zero-flux surface bridging donor and
Like for the electron density distributiog(r) decays from both acceptor molecules and surrounding the H atom. This last atom

nuclear positions along the bond direction, where the«(B) presents a finitep-basin in the dimer, while in the monomer
bond critical point is situated. As the electric field is defined as its g-basin extends to infinity. A similar situation is observed
E = —Vg, two electric field lines starting at each nuclei and in the experimental electron density of ibuprofényhere the

ending atp-BCP define forp(r) an analogous of the(r) bond hydrogen of the carboxylate group presents an infipigasin
path!! Moreover, asp(r) at ¢-BCP exhibits a local maximum in the isolated molecule, and a finigebasin in the hydrogen-
in the plane perpendicular to the bond path, a set of electric bonded dimer.



6428 J. Phys. Chem. A, Vol. 111, No. 28, 2007 Mata et al.

The Gauss theorem states that a closed surface being crossed 0.7 [g—————————————————

by the same quantity of electric field lines outward than inward E"*ﬁl_.l_~

encloses a region with zero net charge 0. A particular case ﬂa‘*-E\

is a zero-flux surface ap(r), being impermeable to all the field %65 “"Eh@\._uﬂu 1
lines € = —Vg) growing inside and outside the enclosed ...Tj‘ﬁ-.__ﬁh ]
region. This kind of surface is not therefore crossed neither 06 | [ m SN ]

outward nor inward bye lines. Closed surfaces obtained from
the topological analysis @f(r) in molecular systems (hereafter
g-surfaces) are of this last type. They always enclose a unique 5,
positive punctual charge (namely, the nucleus) and each electric
field line starting at its position is finishing at a critical point

lying on the ¢-surface, which does not belong to the formed o5
basin (hereafterg-basin). Thus, the existence ofgasurface
enclosing allE lines within its associated finite-basin can be
regarded as an electrostatic shield, avoiding the accessibility of 045 b—rueto—o—t—o —1 11

any external charge to this region (inward) and of any internal 1.8 2 22 24 2.6 28
charge to the external zone (outward). In this waybasins dnn (A)
behave as electrostatically isolated regions. Figure 2. Relative positions of-BCP (black symbols and solid line)

It must be noticed that, according to quantum mechanics, thereand p-BCP (white symbols and dashed line), respectively defined as
is a fluctuation on the electronic population of a finite volume SZTé ?.IT;I :(;‘?rg%’/ ?ﬁ;llilr;sé ;rr‘%e’\"gr:':jedr:ifg;‘; fr’:g)a TCV?thc‘ér"es are
of the system kept fixed and two possible interpretations can P ’ Ne NH-
be given. In the first case, it is only on a time average that sero-flux surface surrounding aniohsin spite the donor
finite p-basins, considered as fixed regions, have zero net chargemolecule is onlv partiall ch%r ed TIr:is Zurface has been
and are electrostatically isolated. The zero-flux surfaces and the_ """ nly partially charged. 1h
electron populations are defined from the expectation values assimilated to ionic radfibut this assumption seems not to hold

: . . for ionic crystalst!

of the electrostatic potential and the electron density operators. For all complexes. the-surface and-BCP in the HB redion
Thus, any fluctuation of the electron density around its expecta- piexes, the-su @ : 9!
tion value can produce a nonzero net charge orytiasin if are closer to the nitrogen nucleus than gheurface ang-BCP

the zero-flux surface is kept fixed. In the second interpretation, ggfh g:ggl ni?nigvﬁj:rigfizzal;gethzf dtizltzr?(:g;nf.r(;rmhethgor?iltt;gne?]f
the fluctuation on the electron population, and therefore on the P ’ y 9

L . . nucleus @n, anddy,), show a linear dependence with the bond
electron density distribution, leads to a concomitant fluctuation . N P _
of the zero-flux surfaces limiting finite-basins. The volumes distance duw): dvg = 0.358(8Jin + 0.33(2) andly, = 0.468-

) >
of the latter are thus time dependent and, at each time, they(8)OINH + 0.36(2) (correlation factorB® = 0.9907 and 0.9942,

enclose a zero net charge, as stated by the Gauss theorem fc)rrespectlvely). As the interaction becomes stronger, the electronic

this kind of systems. In this way, each obsergyebasin is the shel!s of thg hitrogen and h.yd“’geT‘ atoms are more compressed
. . . . - within the internuclear region. This compression pushes both
time average region over all its possible fluctuations.

the electrostatic and the atomic surfaces toward the hydrogen

The electric field lines surrounding the complex (Figure 1a) ,cleus, as shown by the shift of the relative positions of both
and the isolated donor monomer (Figure 1b) clearly indicate gcprg given bydy,/duy and dy,/dyy in Figure 2.
the electrostatic character of these entities. Thus, for each of  5g s,een in this I;st figure thg distance between both relative

them, E lines flowing from one side to the opposite one of the -, qitiong remains approximately constant in spite of their shift
chemical unit typically characterize their electric dipoles, in (-4 the hydrogen nucleus when strengthening theHN
accordance W'th their elec;trpstatm descrlpthn (@among the jyieraction. The relative size of the region comprised between
coTpIexes,AucN.-HNC exh|bEs the gr;atest dipole moment i critical points (@, — dy,)/d) ranges between 0.13 and
u=3.05eA, and for HNC,u = 0.69¢ A). 0.14 for our data set. The last result indicates thaB—14%

In addition, it should be noted that the absence of monopolar of the internuclear region, which belongs to t#hasin of the
moment in both cases is revealed by the flugdines observed nitrogen atom and is mainly populated by its lone pair, is
outside the molecule or complex, as the total flux of any surface involved on the electrostatic interaction with the positively
far enough to enclose all the electron density in the system is charged hydrogen atom (Figure 3). Thus, the attractiveHN

zero. For thep-basins extending to infinity, we observEdines electrostatic interaction takes place mainly inside ¢hbasin
flowing from positively charged sources to negatively charged enclosing the H-nucleus.
traps. As shown in Figure 3, the(r) zero-flux surface is closer to

On the other hand, due to the formation ap#asin with a the N-nucleus than that @fr), and the full N--H internuclear
finite volume enclosing the hydrogen nucleus in the complex, space can be therefore divided in three regions. Region I, which
the donor molecule in LICN-HNC is surrounded by a zero- is limited by the ¢-surface, involves the region whepdr)
flux surface ofg(r) (Figure 1a). This appears related to the screens completely the N-nucleus. Regions Il and Ill, which
charge transfer between the interacting molecules in the enclose the H-nucleus, correspond to th) distribution
complex, which charges negatively the donor and leads to the comprised between the zero-flux surfaceg@f) andp(r), being
formation of a molecularp-surface enclosing the electron mainly associated with the nitrogen lone pair, and to the
distribution that completely screens the positive charge of the positively charged basin of the hydrogen atom. As far as the
nuclei. As seen in the electrostatic potential of ionic crystals, complete volume occupied by these two last regions is limited
the g-basins of the anions appear contracted while most of the by a ¢(r) zero-flux surface, and region Il is associated with a
volume of the crystal is filled by the-basins of the cations, as  negative charge distribution, thep < 0 and this net charge
a consequence of the charge transfer between ions. The zeromust be the exact counterpart of that of region Il (ig.= —
flux surface enclosing the donor molecule is analogous to the qy). It is pointed out that formallygy, = q (N) andq, = q (H),



Properties of the Electrostatic Potential

N-atom H-atom
8- N Electrostatic force 3.0
>t |
=25
6 L
2.0
P 44 F15p
1.0
2 L
0.5
0 0.0
N ¢-BCP p-BCP H

Figure 3. ¢(r) (solid line) andp(r) (dashed line) profiles along the
N---H bond axis in the LICN--HCN complex. The complete ‘NH
internuclear space can be divided in two electrostatimsins and three
regions: region |, corresponding to the fikgtbasin, and regions Il
and I, corresponding to the second one. As fagas fq p(r) dQ =

0 for the finitegp-basins (Gauss theoremg; = 0 andqgy = — qu. The
intermediate region Il comprised between both BCP’s is in grey and
represents a relative sizéng — dng)/dwn Of ~ 0.13— 0.14. The electron
distribution occupying region 1l is responsible for the attractive
electrostatic force exerted on the positively charged hydrogen basin at
the p-surface. Atp-BCP the electrostatic force vanishes,ag = 0.

@(r) andp(r) are given ine A-1 ande A3, respectively.

as the N-basin extends out tebasin and the latter extends
out the H-basin in the complex (see Figure 1, parts a and c),
even if close correspondencgs ~ q(N) andqy ~ q(H) can

be established.

3.2. The Curvatures of the Electrostatic Potential.The
molecular electrostatic potential is the superposition of the bare
nuclear potential¢f(r)), defined as the electrostatic potential
generated by the nuclei, and the contribution of the electrons.
The attraction of the nuclei is the main force conditioning the
electron distribution in the molecule, to the point that a close
similarity exists between the topologies @f(r) and p(r).**
Thus, @n(r) presents a (3;-1) critical point in all the studied
complexes that is found at a distance less than 0.1 A from
p-BCP, the atomic basins almost matching with the electrostatic
influence zones of the interacting nuclei in the hydrogen-bonding
region.

The addition of the negative electronic contribution to the
always positivepy(r) distribution results in a decrease of the
potential that becomes negative in the hydrogen-bonding region
for three complexes (4N---HCCH, HCN--HCCH, and
LICN---HCCH). As observed in most caséshe electronic
contribution has no qualitative effect on the topology in the
bonding regions, and bott(r) and ¢(r) present a (3;-1)
critical point in the internuclear region. However, due to the
largest screening of the N-nucleug;BCP is shifted toward
this atom, resulting in the separation betwegeBCP ando-BCP
and in the formation of the intermediate region described in
the previous section.

As in the case of the electron density, diagonalization of the
Hessian matrix ofp(r) at any point of the bond axis, and in
particular atp-BCP and afo-BCP, yields to one positivey()
and to two negative eigenvalues (here both are equal thue
to the actual symmetry of the systems), which represent the
three main curvatures @f(r) at that given point. Atp-BCP
andp-BCP,y andyp decay exponentially withyy (Figure 4),
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Figure 4. yy, yo (squares), andp (circles)vs dwn at p-BCP (black
symbols, solid lines) and @BCP (white symbols, dashed lines). For
yiandyp, the exponential curves have been obtained from the fitting
parameters given in Table 3, while forrd they have been derived
from the exponential dependenciesyafandyr and eq 2. The curves
derived for 4rp from the fittings indicated in Table 3 match exactly
those represented here.

TABLE 3: Fittings of Topological and Energetic Properties
at Both Critical Points

#-BCP p-BCP
ya a b(A-) R2 a b(A-) R2
v (€A 440(20) 2.22(3) 0.998 20(2) 10 2.91(6) 0.996
yo(eA- —190(70) 2.9(2) 0.956-11(2) 1¢ 3.2(1) 0.989
—733) 0.953 —680(10) © 0.986
p (A3 13(3)  1.9(1) 0.960 19(4) 2.4(1) 0.969
23.2(6) 0.960 50(1) b 0.959
i (eA9) 126(9) 1.59(4) 0.992 400(30)  2.40(5) 0.996
Ao (eA-9) —160(40) 2.4(2) 0.972-5(1)1¢ 3.2(2) 0.979
G (kd mollag?) 20(2)1G 1.64(5) 0.989 7570(70) 2.54(5) 0.995
V(kJmolta;3) —8(2)1¢" 2.3(1) 0.969—9(3)10' 3.8(2) 0.988

a Properties fitted to unweighted exponentials of the formr a
exp(- bdwn), wherea and b are the fitted parametersb parameter
fixed to the value ofy,.

being the correlation factor of the fitted exponentials much better
for the parallel than for the perpendicular curvature (Table 3).

The negative ofy and ofyy are the derivatives of the electric
field in the directions parallel and perpendicular to the bond.
At shorterdyy distances, variations of the electric field are more
important because (i) the distances to the nuclei are reduced
and (ii) since the electrons are confined in a smaller volume,
the electron density is larger. The relationship between the
electron density and the curvaturesgf) is given by Poisson’s
equation (Gauss system)

Vip(r) = —4x § 2,00 =) +dmp(r) (1)

whereZ, andr, are the atomic number and the position of the
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atoma andd(r) is the Dirac delta. According to this relation-
ship, at positions other than nucle@fy(r) is always positive
and hence no local concentrationse(ir) can appear. At the
critical points, Poisson’s equation leads, after diagonalization
of the VZp Hessian matrix, to

)

wherep is the electron density magnitude. The electron density
at bothg-BCP andp-BCP presents an exponential dependence
with the internuclear distance that appears closely related to
the dependences of botp, and vy (Figure 4). Thus, the
exponential increase gf; andyp asdyy decreases implies a
larger split of the valueg, and 2y that results, according to
eq 2, in an exponential increase mft the critical points.
If p, 1 and yg present ay = ae P dependence, thb

Arp =y, + 2y

Mata et al.

0in all the space but the nuclear positions. Therefore, the nuclear
contributions toy; and yg (yny and ynn) must fulfill the
condition

()

at ¢-BCP. As a consequence, bath; and 2y, must show

You = 2lYnpl

the same dependency withyy. According to the sign of the

curvatures and to eq 6, the electrostatic force exerted by the
@-basins points outwardp-BCP along the hydrogen bond
direction and inward in the perpendicular plane to that direction,
being the force constant in the parallel directjon twice than
yn,0 in the perpendicular one.

The contribution of the electron density distribution outside
the bonding region reduce the curvatures originated by the nuclei
at@-BCP, as the electrostatic force resulting from the interaction

parameter for the three magnitudes should be the same accordingyith these electrons points in opposite direction to the interaction

to eq 2. As the correlation factor is clearly better fqrin the
exponential fits of Table 3 at both critical points, a new
exponential fit was performed fgrg andp with b fixed at the
value fory,. As seen in Table 3 and in Figure 4, a single

with the nuclei. On the other side, the electrostatic force exerted
by the electron distribution aroung-BCP points outward the
latter in all directions, therefore increasipgwhile decreasing

g. Following this description, the contribution of the nuclei

parameter can be used for describing the exponential decay ofand the electron distribution outside the bonding region produces

the three magnitudes, yo andp. Moreover, their corresponding
coefficientsa (&, ap, anda,, respectively) fulfill the condition
4ma, = @ + 2ap, according to Poisson’s equation. Thus, an

the increase ofy andyn asdyy decreases, while the contribution
of the electron distribution in the bonding region produces the
splitting of y, and 3ygl required by eq 2, making the

exponential dependence that successfully describe the evolutiorlectrostatic potential (i) flatter in the perpendicular plane, and

of p for the studied complexes can be derived frgnandyn.

The curvatures) andy are related to the electrostatic force
Fe(r), which is a component of the total force experienced by
the electron®

r — ra —r'
A== o) Y Z———+ [ ¥ () —— (3)

T oqr =y Ir—r?

Here,p(r,r") is the electron pair density and can be decomposed
as

(4)

where exchange and correlation effects are contained in
pxc(r,r'). By using this decompositiork;(r) can be expressed

p(r.r') = p(r)e(r') + pxc(r.r')

as the sum of conservative and nonconservative terms. The

conservative term is the electrostatic force

ZCL
— [P
7/

r

p(r')
Ir —

Fn) = o) |

@ Ir

= — p(nE(r)
(®)

which vanishes ap-BCP. A more correct form df¢(r) would
include a factorll — 1)/N (N being the number of electrons of
the system) multiplying the integral of eq*5This term takes
account of the fact that an electron does not interact with itself.
In the systems considered herbdl, ¢ 1)/N factors are within
the range 0.950.97, and no important differences are expected
between both definitions of the electrostatic force.

In the immediate surroundings @f-BCP, the electrostatic
force can be expressed as

r'|

(6)

where cylindrical symmetry is supposed,is the position of
@-BCP in the bond axis, and andf are unit vectors in the
directions parallel and perpendicular to the bond, respectively.
As the nuclei behave as a set of positive point charges, their
contribution tog(r) lead to the Laplace’s equatioftgn(r) =

Fe(r) = p(r)(7 (2 — 2)Z + yrf)

(ii) sharper along the bond direction, as shown by the small
lyol and largey, magnitudes, respectively.

According to the similarity on the exponential dependences
of v, vo, andp, proportional relationships are expected between
these magnitudes, being the proportionality constants easily
derived from thea coefficients in Table 3. Thus, a linear
relationship is clearly observed betwegrandy at both critical
points (Figure 5a), being the slope in variance with the expected
value (—0.34(5) and—0.17(1) atp-BCP andg-BCP respec-
tively) and the independent term in the limit of three times its
standard deviation. On the other side, the fit for the linear
relationship ofo vsyn presents a slope smaller than the expected
values of —0.073(2) and—0.32(2) at p-BCP and ¢-BCP
respectively, a significant independent term in both cases, and
a poorR? factor atg-BCP (Figure 5b).

The dependence of the topological properties with the bonding
distance is given, in first approximation, by the pair of
interacting atoms. The rest of the system, which in the case of
the complexes corresponds to the rest of the acceptor and donor
molecules, modify the properties of these atoms, tuning the form
of these dependences. Thus, each of the studied complexes
present a slightly different set of curves describing the variation
of the topological properties witdyy. For each complex, a
single point corresponding to its equilibrium distance is included
in the derivation of the dependences wakky for the whole set
of complexes, which are therefore an average of the curves of
the individual complexes.

As in the case op(r), the perpendicular curvature of(r)
presents a larger scattering around its dependence with the
interatomic distance than the parallel one. Thus,thand
curves obtained for the individual complexes are very similar,
while larger differences between complexes are observed for
the dependences of; and 1. Accordingly, it is interpreted
that, while the parallel curvatures of baifr) ande(r) depend
mainly on the two interacting atoms, the perpendicular ones
are more affected by the environment, respresented by the rest
of the atoms in the complex.

As for yp, the electron density at both critical points presents
an important scattering around the exponential dependence with
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Figure 5. (a) yo vs yyand (b)p vs yg at -BCP (black symbols and
solid line) andp-BCP (white symbols and dashed line). Dotted lines
represent linear fittings without independent parameters.

dnu. Thus, the expected proportionality betwegnand p is
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Figure 6. (a) G vs 4, and (b)V vs Ag at ¢-BCP (black symbols and
solid line) and atp-BCP (white symbols and dashed line). Linear
functions fitted to the complexes ar& = 14.89(4), andV = 63.5-
(2)An at ¢-BCP, andG = 14.3(1) andV = 60.3(71p at p-BCP.

magnitude aslyy increases, and the total electron energy density
H exhibits a negative magnitude that also decreases when
lengthening the interaction, becoming positive for the longest
calculateddyy distances. In both cases, the behavior is too
complex to be fitted to a single exponential. It must be noticed
that, for a given complex, the sign of the energy dendityan
change fromp-BCP to ¢-BCP.

At p-BCP the curvatures op(r), 4y and An, are found
respectively proportional t&s and V.'> According to these
relationships4p is related to the concentration of the electron

difficult to retrieve, as the effect of the environment increases distribution in the bonding region, as resulting from the
the scattering around the line. Moreover, the environment effectsformation of the complex, whilg, reflects the depletion of

onypandp are expected to be correlateid eq 2, which would

o(r) for a closed-shell interaction due to the repulsion between

affect the form of the dependences between these magnitudesglectrons, as stated by Pauli’s principle for this kind of

3.3. Topological Properties of the Electron DensityThe
behavior of the topological and energetic propertiep(oj at
@-BCP is analogous to that observed mBCP1344 Indeed,
besides the magnitude qf, the curvatures ofp(r) in the
directions parallel and perpendicular to the boaglgnd A,
respectively) along with the electron kineti@)(and potential
(V) energy densities ap-BCP decay exponentially with the
distance, exhibiting similar correlation factors thanpeBCP
(Table 3). In addition, a-BCP, V?p is positive and decays in

interaction. Similar proportionalities also hold @BCP, with
similar correlation factors (fo& andV, R=0.9998 and 0.9997
at p-BCP, andR = 0.9988 and 0.9975 atBCP, respectively)
(Figure 6).

Close to ¢-BCP, the action of the electric field on the
polarization ofp(r) is qualitatively different along the bond axis
and in the perpendicular plane to that direction. Thus, along
the hydrogen bond direction, the electron distribution at both
sides of ¢-BCP is polarized in opposite directions by the
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electrostatic force, while outside the interaction direction the (MEC) (Projects MAT2006-13572-C02-01 and CTQ2006-
electrostatic force press the electron distribution toward the bond 14487-c02-01/BQU). I.M. thanks also the MEC by a Juan de
axis. In this way p(r) adapts to this situation by increasing the la Cierva fellowship.

parallel and the perpendicular curvaturesg@aBCP, which

become sharper. Outwarg-BCP, the opposite electrostatic Supporting Information Available: Tables of BCP calcula-
forces onp(r) along the parallel direction depletes the electron tion data. This material is available free of charge via the Internet
distribution, thus increasing the kinetic energy, while in the at http://pubs.acs.org.

perpendicular direction the electrostatic force has a concentrating Note Added after ASAP Publication. This article was

effect increasing the potential energy. released ASAP on June 21, 2007. Equation 5 has been revised.

. The corrected version posted on July 5, 2007.
4. Conclusions

The electrostatic potential in hydrogen-bonding regions References and Notes
presents similar topological features than the electron density (1) Politzer, P.; Truhlar, D. GChemical Applications of Atomic and
distribution. Through topological analysig(r) provides comple- Molecular Electrostatic Potentiajs?lenum Press: New York_, 1981.
mentary information t@(r), in particular concerning the effect ~_ (2) Murray, J. S.; Sen, KMolecular Electrostatic PotentiajsIsevi-
. . er: Amsterdam; New York, 1996.
of electrostatic forces on the bond. For both scalar fields a = (3) Gadre, S. R.; Kulkarni, S. A.; Shrivastava,dChem. Phys1992
critical point is observed in the hydrogen-bonding region, 96, 5253-5260.
indicating that eachy(r) and p(r) zero-flux surface separates 19954)11Lf11%%tgi\1/|§6§6ter, A. M.; Jug, K.; Salahub, D. R. Chem. Phys.
thls.reglon. in two parts. Fop(r), these parts are the atomlc (5) Gadre, S. R.;éhrivastava, I. BL.Chem. Phys1991 1991 4384
basins, while forp(r) they correspond to two enclosed regions 4390.
(called finiteg-basins) where the integrated net charge vanishes.  (6) Bader, R. F. WAtoms in MoleculesA Quantum TheoryClar-
As ¢(r) closed zero-flux surfaces are impermeable to all the endon Press: Oxford, U.K,, and New York, 1990.
field lines growing inside and outside the enclosed region, 519_(7) Gadre, S. R; Bendale, R. Ehem. Phys. L1986 130, 515~
@-basins can be regarded as electrostatically isolated regions. (8) Palitzer, P.; Parr, R. G.; Murphy, D. B. Chem. Phys1983 79,
The ¢ andp zero-flux surfaces divide the‘NH internuclear 3852;)33\/6_1- 3 M- Grice. M. E- M 1..: Politzer JPCh
: . . . P TR lener, J. J. M.; Grice, M. E.; Murray, J. S.; Politzer em.
space in three regions: region lis I.|m|ted by tpesurface and Phys.1996 104 5109-5111.
contains the N-nucleus, region Il is comprised between both  (10) Shuresh, C. H.; Koga, NIl. Am. Chem. So@002 124, 1790~
zero-flux surfaces, and region lll is limited by thesurface 1797.
H _ i (11) Tsirelson, V. G.; Avilov, A. S.; Lepsehov, G. G.; Kulygin, A. K.;
and Coma'”s the H nucleus. Thus, murface divides the N Stahn, J.; Pietsch, U.; Spence, J. CJHPhys. Chem. BR001, 105 5068-
atom basin in regions | and Il, the first one corresponding to go74
the volume where(r) screens completely the N-nucleus. While (12) Bouhmaida, N.; Dutheil, M.; Ghermani, N. E.; BeckerJPChem.
region | has zero charge, region Il is associated with the nitrogen Phys.2002 116 6196-6204.

lone-pair and presents a negative net charge that equals thq_7(()1_31)73ESpi”°S""’ E.; Molins, E.; Lecomte, Chem. Phys. Letl99§ 285

magnitude of the positive charge of region It}i(+ qu = 0) (14) Espinosa, E.; Alkorta, I.; Rozas, |.; Elguero, J.; MolinsClem.
because regions Il and Ill form a finite-basin. Therefore, the  Phys. Lett2001 336, 457-461.

electrostatic pairwise N-H interaction involves these opposite (15) Espinosa, E.; Lecomte, C.; Molins,Ehem. Phys. LetL999 300
charged regions, which define the electrostatic basin where the (16) B'Oyd’ R. J.; Choi, S. GChem. Phys. Letfl985 120, 80-85.
H-nucleus lies. It should be noted that, along the hydrogen-  (17) Boyd, R. J.; Choi, S. GCChem. Phys. Letl986 129, 62—65.
bonding direction, region Il exhibits an almost constant size of  (18) Espinosa, E.; Molins, El. Chem. Phys200Q 113 5686-5694.

~13—1409 i i (19) Espinosa, E.; Alkorta, I.; Elguero, J.; Molins, E.Chem. Phys.
13—14% of t_hedNH d|stgnce for_ all studied complexe_s: 2002 117, 5520-5542.
The topological analysis af(r) is also helpful for deriving (20) Espinosa, E.; Alkorta, I.; Mata, I.; Molins, B. Phys. Chem. A

a further detailed description pfr) and the electrostatic forces 2005 109, 6532-6539.

involved in the interaction. Through diagonalization of the 13§221) Umeyama, H.; Morokuma, K.. Am. Chem. Sod977, 99, 1316~
Hessian matrix at the_crmcal points, three main curvatures of (2é) Maller, C.; Plesset, M. Shys. Re. 1934 46, 618-622.
@(r) that have dimensions of electron density are obtained. As  (23) Frisch, M. J.; et alGaussian 03, RésionC.02 Gaussian, Inc.:
these curvatures are larger, the concentrating effect of theWwallingford, CT, 2004.

electrostatic forces exerted qufr) in the bonding region is %;)_gzgler—Kmlg, F.; Bader, R.; Tang, T.-H. Comput. Chen1.982
larger. The split betweer\ the absolute valug of the curvatures™ (25) Popelier, P. L. AMORPHY98, a topological analysis program,
parallel ¢/)) and perpendicular() to the bond is, accordingto 0.2 1999.

Poisson’s equation, proportional to the electron density mag- (26) Alkorta, I.; Picazo, OArkizoc 2005 ix, 305-320.

; ; (27) Legon, A. C.; Millen, D. J.; Rogers, S. €roc. R. Soc. London,
nitude and appears related to the repulsive forces from theSer. A1980 370, 213237,

electrons in the bonding region. At the critical points, the (28) Buxton, L. W.; Campbell, E. J.; Flygare, W. Bhem. Phys1981
curvatures increase alyy decreases at the same exponential 56, 399-406.

rate thatp, being roughly proportional between them angbto 76(%3)6;-8357%A- C.; Campbell, E. J.; Flygare, W.H Chem. Physl982
While v, presents a clea_lr exponential dependen(_:y and is mostly '(30) Soper, P.D.: Legon, A. C.. Read, W. G.: Flygare, WJHChem.
unaffected by the environment of the interactiom, and p Phys.1982 76, 292-300.
present larger scattering around the exponential curve and (31) Altman, R. S.; Marshall, M. D.; Klemperer, W. Chem. Phys.
depend more on the chemical complex. 1983 79, 57—64.
(32) Goodwin, E. J.; Legon, A. Cl. Chem. Phys1985 82, 4434-
4441,

Acknowledgment. The authors are very grateful to Dr. Carlo (33) Fraser, G. T.; Leopold, K. R.; Nelson, D. D.; Tung, A.; Klemperer,
Gatti for helpful comments. E.E. also acknowledges Dr. Carlo W. J. Chem. Phys1984 80, 3073-3077.
Gatti for numerous fruitful discussions during his stay in the 80(?.1)25?2(23% G.T.; Leopold, K. R.; Klemperer, W.Chem. Phys984
University of Nancy as an invited professor. This work was '(35) Jaman" A. I; Germann, T. C.; Gutowsky, H. S.; Augspurger, J.

supported by the Spanish Ministerio de EdutacjoCiencia D.; Dykstra, C. EChem. Phys1991, 154, 281—289.



Properties of the Electrostatic Potential J. Phys. Chem. A, Vol. 111, No. 28, 2006433

(36) Legon, A. C.; Wallwork, A. L.; Fowler, P. WChem. Phys. Lett. (40) Lakshmi, B.; Samuelson, A. G.; Jovan-Jose, K. V.; Gadre, S. R;;
1991, 184 175-181. Arunan, E.New J. Chem2005 29, 371-377.
(37) Pathak, R. KJ. Chem. Phys199Q 93, 1770-1773. (41) Tal, Y.; Bader, R. F. W.; Erkku, Phys. Re. A 198Q 21, 1-11.

(38) Johnson, R. D., lll, ENIST Computational Chemistry Comparison (42) Ziesche, P.; Gfanstein, J.; Nielsen, O. HPhys. Re. B 1988 37,
and Benchmark Database, NIST Standard Reference Database Number 10B167-8178.
Release 122005; http://srdata.nist.gov/cccdbd. (43) Bader, R. F. W.; ESseH. J. Chem. Phys1984 80, 1943-1960.
(39) Gadre, S. R.; Badhane, P. K. Chem. Phys1997 107, 5625 (44) Espinosa, E.; Souhassou, M.; Lachekar, H.; LecomteAdcta
5627. Crystallogr. 1999 B55, 563-572.



