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The theory of atoms in molecules is used to examine the nature of anti-hydrogen bond (anti-H bond) interaction.
Contrary to what is found in normal hydrogen bond (H bond) complexes, which are characterized by lengthening
of the X—H bond and a red shift of its stretching frequency, the anti-H bond leads to a shortening of the
X—H bond length and a blue shift of its vibrational frequency. The topological properties of the electron

density have been determined for a series oHz--r complexes, which exhibit either anti-H bond or normal
H bond character, as well as for the complexebl4E---HCCl; and GHe:--HF, which are representative
cases of anti- and normal H bonds. Inspection of the set of topological criteria utilized to characterize
conventional H bonds shows no relevant difference in the two classes of Ebmplexes. Analysis of the

results suggests that the specific features of the anti-H bond originates from the redistribution of electron

density in the G-H bond induced upon complexation, which in turn evidences the different response
dispersion versus electrostatiof the interacting monomer for stabilizing the complex.

Introduction to another hydrogen (XH---H—Y), the latter being negatively
charged® These interactions have been described in systems

The hydrogen bond (H bond) is a key interaction in molecular ¢ontaining transition metals and boron, which can accommodate
recognitiont? From an energetic point of viewa H bond the hydridic hydrogea?

typically contributes a few kilocalories per mole to the stabiliza-
tion of H-bonded complexes, even though it can be as large as
—50 kcal/mol in complexes such as (FHE) The H bond
presents an interesting set of properties such as cooperativit
and directionality, which are relevant for determining a wide
range of structural properties, like the aggregation states o
watef and the stability of biomoleculédndeed, the distribution

of H bond donors and acceptors has a functional role in
modulating the specificity of recognition and binding in
chemical and biological systemsThis feature has been

exploited, for instance, to design new agents in the context of attraction is proportional to the higher power of the reciprocal

antigen angl antisense th-erapqes.. . distance of the centers of mass of both subsystems. To minimize
Conventional H bond interactions £-:-Y) involve two the distance and thus optimize the dispersion attraction, it is

electron-withdrawing atoms (X,Y are usually nitrogen, oxygen, advantageous to compress the & bond of the proton donor.

or fluorine), one being attached to a hydrogen atom and the porces causing shortening of the-8 bond are responsible

other bearing lone eleg:tron pairs. These complexes are characi,, making the C-H stretching potential deeper and narrower,

terized by a lengthening of the donor=K bond and by @ anq thus allow for a blue shift of the corresponding stretching

concomitant red shift in the XH stretching frequency. Never- frequency. Recently, the predicted anti-H bond nature of the

theless, recent studies have shown that such a concept ofomplex between chloroform and fluorobenzene has been
hydrogen bonding is not complete and can be extended to other.onfirmed experimentall{2

complexes, like those involving the interactions witltharge
distributions (Y: z-electron systenf)or with carbon atoms
acting as hydrogen donors (X: carbdihdeed, a new type of

H bond, called a dihydrogen bond, has been introduced to
explain certain interactions where a hydrogen is directly donated

Recently, Hobza et &k have suggested the existence of a
new type of bonding, termed anti-hydrogen bond (anti-H bond),
which has been identified in the T-shape structure of the benzene
Ydimer and other benzene complexes interacting with carbon
fproton donors. In contrast to the features observed in conven-
tional H bonds, the anti-H bond is characterized by a shortening
of the C-H bond and by a blue shift of the-€H stretching
frequency. Stabilization in these complexes originates domi-
nantly in the London dispersion energy and no (or very small)
stabilization is found at the Hartred-ock level*! Dispersion

To gain insight into the nature of anti-H bond, this study
reports a comparative analysis of the electron density topology
in complexes corresponding to normal H bonds and anti-H
bonds for a series of €H---;r complexes. The theory of “atoms
in molecules” (AIMY= offers a rigorous way of partitioning any
system into its atomic fragments considering the gradient vector

:gg V;T&Tngr?{ rgipé’igqﬁ]?cci isg?olff itz)ael\iglr:atéular field of its electron density. By means of a topological analysis
1], ,ﬁeyrovsky msmm‘;‘_. of physica|gchemistry_ ' of the electror) density, features su_ch as bond c_r_itical points and
8 Departament de Fisicoguica. paths of maximum electron density can be utilized to draw a
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TABLE 1: Length (bl; A) and Harmonic Stretching Frequency (v; cm~1) of the C—H Bond in the Isolated Monomer (m) and
in the Dimer (d), and the Interaction Energy (kcal/mol) of the Complex

compound bl(m) bl(d) Abl v(m) v(d) Av AE?
CH,4 1.0855 1.0846 —0.0009 3278 3293 +15 —0.4 (-1.5)
HCCl; 1.0829 1.0806 —0.0023 3256 3307 +51 —3.2(—6.5)
CsHs 1.0827 1.0793 —0.0034 3283 3325 +42 —-1.2(-3.5)
HCCH 1.0625 1.0633 0.0008 3588 3586 -2 —1.6 (—=3.7)
HCN 1.0652 1.0667 0.0015 3531 3515 —16 —3.2(-5.4)
HF 0.9211 0.9239 0.0028 4194 4153 —41 —2.8(=5.3)
HCCI° 1.0829 1.0802 —0.0027 3256 3309 +53 —2.5(-5.8)

aThe interaction energy estimated without correction for the basis set superposition error and geometry distortion of the monomers upon
complexation is given in parenthes€omplex of chloroform with fluorobenzene.

molecular graph (i.e., the network of bond paths that connectsand F-H bonds to be oriented along the normal line passing
linked atoms). In particular, an H bond is evidenced in the through the center of the benzene ring. Even though the final
charge density by a bond path linking the proton and the structures presented nonzero negative frequencies, they were
acceptor atom. AIM has been successfully used to characterizeused in the analysis because they exhibit a common topological
H bonds in a variety of molecular complex@ge.8¢.9.15everal pattern with the other benzene complexes (vide infra). However,
studies have also shown a clear relationship between thecomparison is also made of the topological properties of the
topological properties of the charge density in H-bonded Csoptimized structures. The interaction energies were corrected
complexes with both the interaction energy and the internuclear for the basis set superposition error using the counterpoise
distance of the complexés1>Therefore, AIM seems well suited  correctiont® The G-H stretching frequency shifts induced upon

to examine the very nature of the anti-H bond in molecular complexation were determined within the harmonic approxima-

clusters. tion because the introduction of anharmonicity does not
substantially modify the resulid.All these calculations were
Methods performed with Gaussian 94 The topological analysis and the

H integration of selected atomic properties (vide infra) was

To examine the electron density topological properties in
y topologica’ prop performed with the programs EXTREME and PROATM.

bonds and anti-H bonds, the benzene complexes with, CH
CHCl;, CgHg, and HCN were considered. These complexes were
chosen following Hobza et al',who used them to discuss the
C—H---sr anti-H bonds for the proton donors GHCHCl, and Table 1 reports the lengths and harmonic stretching frequen-
CsHs, which exhibited changes (shortening of the-l& bond cies of the C-H bond in the monomer and the dimer, and the
and blue shift in the stretching frequency) opposite to those interaction energy of the dimer, for the benzene complexes with
expected for a normal H bond, as was found in the complex of CH,;, CHCl;, CsHs, HCN, HCCH, and HF, as well as of
benzene with HCN (lengthening of the-El bond and red shift chloroform with fluorobenzene. In all cases, the-l& (F—H)
in the stretching frequency). In addition, we considered the bond is pointing toward the center of the ring. Upon complex-
interaction of benzene with HCCH and HF. Because HCCH ation, the G-H bond length decreases for G+0.0010 A),
can be viewed as an apolar isoster of HCN, inspection of the CHClz (—0.0023 A; —0.0027 A for the complex with fluo-
topological properties can be of interest for a comparative robenzene), anddEls (—0.0034 A)!l whereas the reverse effect
analysis. On the other hand, inclusion of the complex between occurs in HCN ¢0.0153 A) and HCCH £0.0008 A). This
benzene and HF is useful as a reference model because thigtter trend is also found in the complex with HF, where the
complex is expected to behave as a prototypical normal H bond.H—F bond length increases 0.0028 A. The lengthening/
Finally, the analysis was extended to the H bond interaction in shortening of the €H bond upon complexation is also reflected
the complex of chloroform with fluorobenzene because the blue in the change of the corresponding stretching frequency. Thus,
shift in the C-H stretching frequency predicted by theory has whereas benzene complexation leads to a blue shift in the range
been confirmed experimentally. 415 to +51 cnt! for CHs, CHCL, and GHs, the G-H

The geometries of complexes and isolated monomers werefrequency is red shifted very slightly in HCCH-2 cnT1) and
optimized at the second-order MghePlesset levéf using the more remarkably in HCN-£16 cnt?), as it is also found in
6-31G(d,p}” basis set and the frozen core approximation. No the complex with HF, where the +F stretching frequency is
symmetry constraint was imposed in the optimization. In the red shifted by 41 cmt. In summary, in contrast to the behavior
starting geometry, the complexes were built up with the donor exhibited by conventional complexes, such gsl¢&--HCN and
C—H group oriented along the line normal to the plane of CgHe:--HF, the reverse features found for other complexes
benzene passing through the center of the ring. For the complexprovides the basis for the concept of the anti-H béhd.
of chloroform with fluorobenzene, we used as starting geometry  In the true minimum energy structures of the complexes of
the MP2/6-31G(d) optimized one reported by Hobza in ref 12. benzene with methane and hydrogen fluoride (de¢hod$ the
The minimum energy nature of the optimized structures was C—H and F—H bonds are pointing toward a carbon atom of
verified from vibrational frequency analysis. With exception of the ring (the CG-H or F—H axis forms an angle of15° with
the benzene complexes with methane and hydrogen fluoride,the line normal to the benzene passing through the center of
the optimized geometries present the donetgroup pointing the ring). The optimized geometry forgs---HF differs from
toward the center of the benzene ring. In th#lg--HCH3z and the minimum energy structures reported in previous studies,
Ce¢He-*HF complexes, the €H and F-H bonds are pointing  where aCs, symmetry was found at the RHF/6-31G(d) lev&l,
toward a carbon atom of the ring, and the optimized geometry and where the HF molecule points toward the middle point of
has aCs symmetry. To compare the topological properties of one of the G-C bonds at the MP2/6-333+G(d,p) level*c The
the electron density, additional energy minimization calculations energy of the MP2/6-31G(d,p)sGtructures differ only by a
were performed for these two complexes imposing theHC few hundredths of a kilocalorie/mole from the values reported

Results and Discussion
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in Table 1, indicating that the energy surface is very flat and
that the energy minimum is very shallow. For the purposes of
our study, it is worth noting that in thesGtructures the €H
bond of methane is shortened by 0.0008 A and theHC
stretching frequency is blue shifted by 13 Thwhereas in
contrast the HF bond length is enlarged 0.0034 A and a red
shift of =59 cnT! occurs in the vibrational frequency. Therefore,
despite the different geometrical arrangement, the changes in
bond length and stretching frequency observed in @kt HF
reflect the same differential trends already mentioned.

As noted before by Hobza et al.the stabilization in anti-H
bond complexes originates dominantly in the London dispersion
energy. Thus, decomposition of the interaction energies reported
in Table 1 into their HartreeFock and MP2 components
indicate that the former term is repulsive, varying frerd.7
kcal/mol for the complex of benzene with chloroform-d.9
kcal/mol for that with benzene. In contrast, the Hartr€eck
component is stabilizing for the complexes of benzene with
HCN and HF, where it contributes to around..9 kcal/mol to
the total interaction energy.

In a series of studies, Popelier proposed a set of eight
concerted effects occurring in the electron density that are
indicative of hydrogen bonding:°® These criteria comprise a
set of local topological properties of the electron density and a
set of integrated atomic properties related to the hydrogen atom
involved in hydrogen bonding. With regard to the former set,
the existence foa H bond implies (1) a correct topological
pattern (a bond critical point and a bond path) for the proton
donor and acceptor, proper values of (2) the electron density
and (3) the laplacian of the electron density at the bond critical
point, and finally (4) the mutual penetration of the hydrogen
and acceptor atoms. The criteria concerning the integrated
properties of the hydrogen atom involve (5) an increase of the
net charge, (6) an energetic destabilization, (7) a decrease i
the dipolar polarization, and finally (8) a decrease in the atomic
volume. These properties have been determined for the differen
complexes considered in this study and are used to comparg
the AIM features in normal H bond and anti-H bonds.

(1) Topology of the Electron Densitifhe first necessary
condition for the existence of an H bond is the identification of
a (3;-1) bond critical point between the hydrogen atom and
the acceptor associated with a bond path linking the corre-
sponding atoms. In the-€H---benzene complexes considered
here, the acceptor is the set of attractors formed by the carbon
atoms in the benzene ring, and the formation of the H bond is
reflected in the appearance of six{3,) critical points linking
the hydrogen atom to each carbon atdf(see Figure 1). In
addition, a common feature to all the complexes is the

occurrence of six (3;1) ring critical points, which are placed ] ] ]
between each pair of bond critical points. Finally, the Figure 1. Representation of the dimer between benzene and methane

T P : : (top) and fluorobenzene and chloroform (bottom) showing the location
C=Hrm |nteract_|(_)n IS al_so che_lractenzeq by the formation of of the bond (dark circles), ring (white circles), and cage (square) critical
a (3/+3) cage critical point. This topological pattern has also points formed upon complexation.

been described in complexes involving the interaction of cations
with benzeng® arrangement has also been found in the complex of fluoroben-
The complex between chloroform and fluorobenzene is zene with the N& catior’® and reflects the influence of the
peculiar because just one bond critical bond exists, and thefluorine atom on the electron density of the benzene ring. It
corresponding bond path connects the hydrogen atom insuggests that the surface of the ring critical point extends from
chloroform with the carbon in positiopara of fluorobenzene the Cpara)-H bond path all around the ring back to the same
(see Figure 1). Indeed, the interaction is characterized by thebond path and, as a result, the topology of the electron density
appearance of a ring critical point near C1 and by a cage critical exhibits a cage critical point in the complék.
point over the center of the ring. It is worth noting that such ~ The G structures for the benzene complexes with,GiHd
topology satisfies the Poincarélopf relationship, which relates  HF also exhibit a different pattern. In these cases, a single bond
the number and type of critical points that can coexist in a path links the hydrogen atom with the carbon atom to which
system with a finite number of nuclei. This topological the C-H (F—H) bond is pointing. In addition, a ring critical
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TABLE 2: Topological Properties (au) of the Electron 0 [T T T T T
Density at the Bond, Ring, and Cage Critical Points (CP)
Originated upon Formation of the C—H---x Complexes

compound CP o V2o M Az As

CH, (3-1) 0.0049 0.0169 —0.0028 —0.0001 0.0197
(3+1) 0.0048 0.0169 —0.0028  0.0001 0.0196
(3+3) 0.0043 0.0180 0.0028 0.0028 0.0125 27

HCCl; (3-1) 0.0102 0.0357 —0.0075 —0.0004 0.0435
(3+1) 0.0101 0.0358 —0.0075  0.0004 0.0429
(3+3) 0.0084 0.0383 0.0090 0.0090 0.0202

CeHs (3-1) 0.0077 0.0271 —0.0051 —0.0002 0.0325 -3
(3/+1) 0.0077 0.0272 —0.0052  0.0002 0.0321 HCN
(3/+3) 0.0065 0.0290 0.0059  0.0059 0.0172 CHCI,
HCCH (3-1) 0.0075 0.0266 —0.0050 —0.0002 0.0138 I
(3+1) 0.0074 0.0265—0.0049 0.0002 0.0312 04 05 06 07 08 09 1 1.1
(3/+3) 0.0064 0.0281  0.0055 0.0055 0.0171 s
HCN (3—1) 0.0086 0.0302 —0.0059 —0.0003 0.0363 10°p
(3/+1) 0.0085 0.0302 —0.0059  0.0002 0.0359
(3/43) 0.0072 0.0320 0.0067 0.0067 0.0185 0 A Aanasananns
HF (3—1) 0.0083 0.0319 —0.0059 —0.0002 0.0381

(3+1) 0.0083 0.0319 —0.0059  0.0002 0.0377
(3+3) 0.0072 0.0321 0.0063 0.0063 0.0194
HCCl2 (3,—1) 0.0108 0.0365 —0.0088 —0.0016 0.0470
(3+1) 0.0089 0.0341 —0.0061  0.0011 0.0391
(3+3) 0.0078 0.0379 0.0085 0.0092 0.0202

aComplex of chloroform with fluorobenzene.

Energy

point and a cage critical point are also found for the complex
of benzene with methane, they exhibit an arrangement similar
to that found for the complex of chloroform with fluorobenzene.
Again, these topologies satisfy the Poiricadopf relationship.
Thus, even though the energy difference between the C
geometries and those having the-B (F—H) group pointing 102V

toward the center of the ring is very small (vide supra), marked Figure 2. Representation of the variation in the BSSE-corrected

changes occur in the topology of the electron density. int%raction engrgy (kcal/mol) of the-€H:--benzene complexes and
(2) Charge Density at the Bond Critical Poimccording to the electron density (top) at the bond critical point and its laplacian

previous studies, the electron density at the bond critical point (bottom).

formed in hydrogen bonding varies typically in the range 0-002

0.034 atomic units (au), these values being sensibly lower thanin all the complexes (Table 2) and the values for the bond critical

those found for (3;1) critical points associated with covalent points, which are between 0.016 and 0.037 au, are similar to

bonds. Table 2 reports the values of the electron density at thethe range of values for typical H-bonded interactions, which

(3,—1), (3;+1), and (3+3) critical points formed upon com-  can vary from 0.014 to 0.139 &t.The positive value of the

plexation with benzen# The electron density at the bond laplacian indicates a depletion of electron density from the

critical points, which varies from-~0.004 au in CH to near interatomic surface toward the interacting nuclei, as noted in
0.011 au in CHG, fits within the expected range of values for the positive value ofts, which is much larger than the other
similar interaction$¢%0 two eigenvalues. Another feature of the laplacian is the large

Comparison of the density values at the{B) critical points magnitude of the ellipticity, which is defined as/l, — 1,
given in Table 2 with the corresponding interaction energies of Pecause it can be as large as 40 for the-{3,critical point
the benzene complexes (Table 1) shows the existence a lineaformed upon complexation. This feature is an indication of
relationship (see Figure 2), as noted in the correlation coefficient structural instability, as it is also revealed by the closeness
(r = 0.91) of the regression equati@= 2.716— 6.036 16p between bond and ring critical points.
(the energy is given in kcal/mol and the density in au). Following the trends just mentioned for the electron density
Analogous findings have been observed between the density a@t the bond critical point, there is a clear relationship between
the (3;-1) critical point and the interaction energy in a variety the BSSE (basis set superposition error)-corrected interaction
of complexes?® Because all the complexes exhibit the same energy of the benzene complexes and the laplacian of the
topological pattern, such a comparison can be performed electron density, as can be stated from inspection of Figure 2.
considering the density at the 431) and (3;+3) critical points. The regression equations for the bond and cage critical points
In particular, the following relationship holds for the density at areE = 2.649— 1.668 16V% (r = 0.92) andE = 2.608 —
the cage critical pointsE = 3.165— 7.797 16p (r = 0.92), 1.569 16V?%p (r = 0.92), respectively.
which agrees with similar findings recently reported for cation- (4) Mutual Penetration of Hydrogen and Acceptor Atom
complexes® These relationships allow us to generalize the The mutual penetration can be determined by comparison of
concept of bond order reported for other kinds of related the nonbonded radii { of both hydrogen and acceptor atoms
interactions' with the corresponding bonded radii (r). The nonbonded radius

(3) Laplacian of the Charge Densitit has been shown that  was estimated as the distance from the nucleus to a given charge
the value ofV?p for the (3;-1) critical point in H bonds, and  density contour (usually taken to be 0.001 au) in the direction
more generally for closed-shell interactions such as ionic bondsof the H bond, whereas the bonded radius is determined from
and van der Waals complexes, is positive. This feature is found the distance of the nucleus to the bond critical point formed
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TABLE 3: Nonbonded (r% and Bonded (r) Radii (au) of the
Hydrogen and Carbon Atom for the Series of Benzene
Complexes

compound %y ry  Arg® 1% rc  Arc? Arg+ Arc

CH, 259 224 035 395 341 054 0.89
HCCl; 252 189 0.63 4.02 3.00 1.02 1.65
CeHs 258 204 054 397 314 0.83 1.37
HCCH 244 197 047 400 318 0.82 1.29
HCN 240 189 051 4.00 3.10 0.90 141
HF 212 173 039 4.03 311 0.92 131
HCCl> 252 186 0.66 3.98 297 1.01 1.67

ard — r. b Complex of chloroform with fluorobenzene.

TABLE 4: Integrated Atomic Properties? of the H Bond
Hydrogen Atom in the Isolated Monomer and In the
Complex, and the Change A) of the Corresponding
Property Arising Upon Complexation

compound monomer complex A
net charge
CH, —0.027 —0.003 0.024
HCCl; 0.097 0.128 0.031
CsHe —0.008 0.018 0.026
HCCH 0.125 0.149 0.024
HCN 0.182 0.209 0.027
HF 0.713 0.716 0.003
HCCIg° 0.097 0.133 0.036
energy
CH, —0.6395 —0.6339 0.0056
HCCl; —0.6117 —0.6021 0.0096
CsHe —0.6374 —0.6340 0.0034
HCCH —0.5730 —0.5643 0.0087
HCN —0.5466 —0.5362 0.0104
HF —0.2919 —0.2879 0.0040
HCCIz° —0.6117 —0.5950 0.0167
first moment
CH, 0.134 0.110 —0.024
HCCl, 0.132 0.107 —0.025
CsHe 0.128 0.097 —0.031
HCCH 0.114 0.096 —0.018
HCN 0.110 0.094 —0.016
HF 0.120 0.114 —0.006
HCCIz° 0.132 0.094 —0.038
volume
CH, 51.59 48.05 —3.54
HCCl, 41.72 28.97 —-12.75
CeHs 50.27 40.77 —9.50
HCCH 42.89 36.43 —6.46
HCN 40.16 31.27 —8.89
HF 14.24 9.82 —4.42
HCCI 41.72 29.70 —12.02

a2 All values in atomic units? Complex of chloroform with fluo-
robenzene.

Cubero et al.

of the hydrogen in the isolated HF that is due to the strong
electron-withdrawing nature of the fluorine atom. In all cases,
there is a charge transfer from the aromatic ring to the proton
donor molecule, which varies from only 0.004 units of electron
for CH4 to ~0.025 units of electron for the polar molecules
CHCl;, HCN, and HF.

(6) Energetic Destabilization of the Hydrogen Atohmother
feature of H bond is the energetic destabilization of the hydrogen
atom, which can be determined from the difference in atomic
energies of the hydrogen in the isolated monomer and in the
dimer. The results reported in Table 4 indicate that this quantity
is positive in all cases, ranging from 0.0034 to 0.0104 au, which
agrees with the destabilization observed in other H bond
interactiong’e:9b.14c.d

(7) Decrease of Dipolar Polarization of the Hydrogen Atom

In addition to the preceding integrated properties, the first
moment of the hydrogen atom must decrease upon formation
of a H bond. The results in Table 4 show that complexation
with benzene (and fluorobenzene) leads to a reduction in the
first moment, which decreases between 0.006 (HF) and 0.031
(CHCI3) au. Again, this range of variation compares with the
changes observed in a variety of H bond compleé®és.

(8) Decrease of the Atomic Volume of the Hydrogen Atom
The last criterion for the existencé @ H bond is the decrease
in the atomic volume of the hydrogen atom. The corresponding
values for the isolated monomer and for the dimer are collected
in Table 4. Inspection of the results indicate that the volume of
the hydrogen atom is reduced by B3 au with regard to the
volume in the isolated monomer. The change experienced by
the hydrogen atom is sensibly larger than the variations observed
in the rest of atoms within the molecule (data not shown),
leading to a net reduction of the molecular volume in all the
cases.

The preceding results indicate that the hydrogen atom
involved in H-bonding exhibits analogous topological features
of the electron density and similar changes in the integrated
atomic properties in all cases. This common pattern consists of
the appearance of a bond path linking the hydrogen atom to
each carbon atom in the benzene ring and the corresponding
bond critical point. The electron density at the-{3) critical
point and its laplacian, which is positive as expected for a
closed-shell interaction, fit within the expected range for H bond
interactions. Finally, inspection of the integrated properties
reveal a loss of electron density, which is accompanied by a
reduction in the atomic volume, an energy destabilization of
the atom, and a decrease in the atomic polarization. Therefore,
as far as the criteria defining an H bond interaction are

upon complexation. The penetration is then defined as the concerned, there is no relevant difference in the properties

difference between the nonbonded and bonded raditis=(r°

associated with the hydrogen atom for the series of compounds

—r). Table 3 shows the corresponding results, which indicate examined here, even though the results in Table 1 indicate that
that in all cases the penetrations are positive and that the carborihere is a fundamental division between complexes exhibiting
atoms of the benzene ring are more penetrated that the hydrogeﬁeatures of conventional H bond or anti-H bond behavior. This

atom, in agreement with previous studies for related systéifis.

(5) Increase of Net Charge of the Hydrogen Atg¥nother

necessary condition for the formatiohaH bond is the loss of

result suggests that the phenomenon of the anti-H bond stems
from the electron density redistribution in the—€& bond
induced upon complexation. In an attempt to examine this

charge of the hydrogen atom. The values of the net charge forassumption, we have determined the properties of thel(3,

the hydrogen atom in the isolated monomer and in the dimer, critical point associated with the-€4 bond in the complex

as well as their difference, are shown in Table 4. The results and in the isolated monomers.

indicate that the hydrogen is descreened upon formation of the Table 5 shows the distance from the bond critical point (BCP)
complex. The magnitude of this effect is between 0.022 and to the carbon and hydrogen nuclei in the isolated monomer and
0.036 units of electron for all the complexes but the dimer in the complex. The results indicate that, as a result of
benzene-HF, where the net charge of the hydrogen atom complexation, the distance from the{3) critical point to the
increases only 0.003 units of electron upon binding. This carbon nucleus increases and the separation of the bond critical
particular behavior can be explained from the large descreeningpoint to the hydrogen nucleus decreases. The magnitude of the
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TABLE 5: Distance (au) of the (3~1) Bond Critical Point (BCP) Associated with the C—H Bond to the Carbon and Hydrogen
Nuclei in the Isolated Monomer and in the Complex

BCP—carbon BCP-hydrogen
compound m d A? m d A? net effect
CH, 1.2735 1.2825 0.0090 0.7779 0.7670 —0.0109 —0.0019
HCCl; 1.3418 1.3599 0.0181 0.7045 0.6822 —0.0283 —0.0042
CesHs 1.2783 1.2884 0.0101 0.7678 0.7512 —0.0166 —0.0065
HCCH 1.2927 1.3108 0.0181 0.7150 0.6985 —0.0165 0.0016
HCN 1.3206 1.3426 0.0220 0.6925 0.6731 —0.0194 0.0026
HF 1.4411 1.4507 0.0053 0.2996 0.2953 —0.0043 0.0053
HCCIs 1.3418 1.3607 0.0189 0.7045 0.6806 —0.0239 —0.0050

a Difference (dimer-monomer).? Complex of chloroform with fluorobenzene.

TABLE 6: Topological Properties of the Electron Density at 018 ——1
(3,—1) Critical Point of the C—H Bond in the Isolated a CHCL, (CH.F)
Monomer (m) and in the Complex (d) g )
molecule form p V2o 1 A2 A3 -
CHs4 m  0.2803 —0.9908 —0.7181 —0.7181 0.4455
d 0.2824 —1.0118 —0.7307 —0.7307 0.4496
HCCl, m  0.3028 —1.2214 -0.8586 —0.8586 0.4959
d 03062 —1.2762 —0.8832 —0.8832 0.4903
CeHs m  0.2853 —1.0399 —0.7516 —0.7392 0.4509
d 0.2899 —1.0821 —0.7753 —0.7633 0.4564
HCCH m  0.2918 —1.1637 —0.7921 -0.7921 0.4205
d 0.2930 —1.1939 —0.8077 —0.8077 0.4215 012t o
HCN m  0.2914 —1.2067 —0.8148 —0.8148 0.4229 -08 -04 0 04 038
d 0.2917 —1.2407 —0.8298 —0.8298 0.4189 Distance
HF m  0.3715 —2.6333 —2.3254 —2.3254 2.0175 ) i o
d 03658 —2.6611 —2.3238 —2.3238 1.9866 Figure 3. Profiles of electron density difference (au) computed as the
HCCh® m 0.3028 —1.2214 —0.8586 —0.8586 0.4959 difference between the electron density of the monomer in the dimer
d 0.3164 —1.3984 —0.9271 —0.9269 0.4557 and that of the isolated monomer along the bond path associated with
] the C-H bond as the distance (au) from the<3) critical point is
& Complex of chloroform with fluorobenzene. enlarged. The origin of distance is located at the bond critical point.

two effects is rather comparable: whereas the distance BCP
carbon is elongated by 0.069.022 au, the distance BCP
hydrogen is reduced by 0.064.028 au. It is worth noting,
however, that the relative magnitude of these two effects is
different in those compounds exhibiting anti-H bond behavior
with regard to those forming normal H bond complexes. Thus,
the shortening of the distance BERydrogen in CH, CHC,
and GHg is 0.0019-0.0065 larger than the elongation of the
carbon nucleus from the BCP, leading to a net reduction in the
bond length, as stated in Table 1. Contrarily, the reverse trend
is observed in HCCH, HCN, and HF, the net effect being the
increase in the bond length (see Table 1). (pc—Hicomplex - Pc—Hsolated monomar @long the C-H bond as the
The values of the electron density at the{B) critical point dlstance. from the bonq cr|t|c§I point '_S increased.
and its associated properties are given in Table 6. The electron More interestingly, inspection of Figure 3 reveals that the
density is sensibly larger than the value obtained for the electron density dlff_erencg profiles for the different comppunds
intermolecular (371) critical point (see Table 2). Indeed, in  are roughly parallel in the |ntewaio.4 au from th}e bond critical
contrast to the positive values of the laplacian reported in Table POint. The largest changes in electron density are found for
2, the laplacian is negative, which indicates that there is a CHCl (complexed to fluorobenzene), where the electron density
concentration of charge density between the bonded atoms, adt the bond critical point is enlarged by0.01 au, and for HF,
expected for a covalent interaction. In all cases, the laplacian Where itis reduced by near 0.06 au. Moreover, there is a gradual
becomes more negative upon formation of the complex, the Variationin the electron density for the benzeng complexes Wlt.h
magnitude of this effect ranging from0.021 (CH) to —0.055 the different car.b.on prot.on dor\ors, the change in electron density
(CHCl3; —0.177 for the complex with fluorobenzene) au. This @t the (3;-1) critical point being reduced from 0.0046 au for
change in the laplacian arises mainly from an increase (in CsHs to only 0.0003 au for HCN (see Table 6).
absolute value) of the curvatures in the directions normal to  Because the electron density at the bond critical point provides
the bond path Ay, 12). The only exception is the complex of a measure of the bond ord&rt31%one can reasonably assume
benzene with HF because the main change is associated wittthat the change in electron density at the bond critical point
the curvature along the bond pathy); which decreases upon induced upon complexation gives a measure of the variation in
formation of the complex. This effect is also observed in the the strength of the bond. Accordingly, such a change can be
two other polar compounds considered here, GH@H HCN, expected to reflect at least qualitatively the shifts in bond length
whereas the reverse trend is found for £BsHs, and HCCH. and stretching frequency for a series of related chemical systems.
The results in Table 6 show that the electron density at the This can be verified for the benzene complexes with carbon
bond critical point is enlarged upon complexation in all cases, proton donors in Figure 4, which shows significant correlations
but for HF, where the electron density at the—<3) critical between the change in electron density at the-{3,critical

point of the H-F bond is 0.0057 au lower in the complex than

in the isolated monomer. This effect is also found in the C
optimized structures of the benzene complexes with methane
and hydrogen fluoride: whereas the electron density at the bond
critical point of the C-H bond in the complex with methane is
enlarged 0.0021 au, that of the-H bond in the complex with
hydrogen fluoride decreases by 0.0064 au. Such a change in
the electron density at the bond critical point extends over a
wide region around the bond critical point, as can be seen in
Figure 3, which shows the profiles of electron density difference
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Figure 4. Representation of the shift in bond length (au; top) and
stretching frequency (cm; bottom) with the change in electron density
(au) at the bond critical point of the €H bond for the benzene
complexes with the different carbon proton donors.

point of the C-H bond and the corresponding variations in bond
lengths { = 0.99) and stretching frequencias= 0.94).

Cubero et al.

bonding and anti-H bonding, as demonstrated by the red and
blue shift of the respective XH stretching frequencies. AIM
facilitates discrimination between structurally different motifs
with and without participation of hydrogen between two heavy
atoms. Thus, H bonded criteria based on AIM are satisfied for
standard X-H---Y H bonding, nonconventional €H---O H
bonding, and dihydrogen-BH---H—E bonding, and provide a
basis to distinguish these interactions from van der Waals
interactions of the X-Y type. To differentiate between H
bonding and anti-H bonding, our results suggests that it is
necessary to supplement those criteria with information on the
changes in the electron density of the donorEX bond
occurring upon complexation.
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