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Abstract: Topological analyses of the
theoretically calculated electron densi-
ties for a large set of 163 hydrogen-
bonded complexes show that H--X in-
teractions can be classified in families
according to X (X =atom or & orbital).
Each family is characterised by a set of
intrinsic dependencies between the
topological and energetic properties of
the electron density at the hydrogen-
bond critical point, as well as between
each of them and the bonding distance.
Comparing different atom-acceptor

fied as a function of the van der Waals
radius ryx or the electronegativity yx,
which can be explained in terms of the
molecular orbitals involved in the inter-
action. According to this ordering, the
increase of yx leads to a larger range of
H--X distances for which the interac-
tion is of pure closed-shell type. Same
dependencies observed for H-O inter-
actions experimentally characterised by

Keywords: Bond theory - electron
density - hydrogen bonds - topology

means of high-resolution X-ray diffrac-
tion data show a good agreement with
those obtained from theoretical calcu-
lations, in spite of a larger dispersion of
values around the expected fitting
functions in the experimental -case.
Theoretical dependencies can thus be
applied to the analysis of the experi-
mental electron density for detecting
either unconventional hydrogen bonds
or problems in the modelling of the ex-
perimental electron density.

families, these dependencies are classi-

Introduction

The topological analysis of the electron density distribution
po(r), performed in the framework of the quantum theory of
atoms in molecules (QTAIM)," is extensively used for the
study of all kinds of interatomic interactions.”) According to
QTAIM, any bonding interaction between atoms exhibits a
p(r) saddle topology in the internuclear region, and the con-
comitant bond critical point (BCP) at the interatomic sur-
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face S, as a consequence of the bond path formation. The
bond path connects the nuclei and is defined as the trajecto-
ry where p(r) is a maximum with respect to any neighboring
line linking the nuclei. The bond path is thus formed by two
gradient lines /po(r) starting at the BCP and ending at the
nuclear positions. At the BCP, p(r) is a minimum along the
bond path and a maximum in the perpendicular plane,
therefore leading to 7p(r)=0. Hence, the BCP appears at
the intersection of the bond path with S, which behaves as a
zero-flux surface of p(r) (i.e., S is not crossed by any gradi-
ent line: \7o(r)n(r)=0 Vr € S, n being the unit vector per-
pendicular to S at r). The bond path and the concomitant
BCP at S have been proposed as universal indicators of
bonded interactions.”!

Electron properties at the BCP are extensively used for
the characterisation of interatomic interactions from the
electron density distribution,” which can be theoretically
calculated from quantum wavefunctions® or experimentally
determined from single crystal X-ray diffraction.! Com-
monly reported properties of p(r) at the BCP are: i) the
total electron density (p), ii) the three main curvatures (A;,
i=1, 2, 3) that correspond to the eigenvalues of the Hessian
matrix &p/0x;0x; (A; is positive and associated to the bond
path direction, and A, and A, are negative and associated to
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two directions parallel to S), iii) the Laplacian /*0=3; A (it
indicates the regions where p(r) is locally concentrated
V20 <0, or depleted 7’0 > 0) and iv) the local electron ki-
netic, potential and total energy densities (G> 0, V <0 and
H=G + V, respectively). Hereafter, (i) to (iii) and (iv) will
be respectively referred as the topological and the energetic
properties of p(r) at the BCP. It should be noted that while
the former can be experimentally determined from high-res-
olution X-ray diffraction data, the latter are not straightfor-
wardly accessible from experiments.

Closed shell interactions, such as hydrogen bonds (HB),
are recognised in the topology of p(r) by a positive Lapla-
cian at the BCP (/0> 0). In this case, the energetic prop-
erties can be estimated from the experimental p(r) by using
the Abramov functional of the kinetic energy density,”!
which is based on the semi-classical Thomas-Fermi equa-
tion with gradient quantum corrections,”'”) and the local
form of the virial theorem."" This method was applied for
the first time to a large set of 83 experimentally determined
X-H--O (X=0, N, C) hydrogen bonds!'” and its validity
tested against a set of 32 theoretically calculated X—H--F—Y
interactions.!™!

Dependencies between topological properties and bond-
ing distances were first observed for HBs,'" and after for
other interactions,!"” by means of theoretical calculations on
molecules and complexes in gas phase. Since then, many de-
pendencies involving p(r) properties at the BCP have been
reported and used in theoretical analyses of complexes in
the gas phase, such as those given in the detailed study of
N—H--N interactions.'*'"! Similar dependencies for HBs
have been observed in crystals from experimental electron
density distributions determined by using high-resolution X-
ray diffraction data>'®2" of from theoretical calculations.”*"!

In the analysis of these dependencies, typically through
least squares fits, the values of the properties at the BCP
present some degree of dispersion around the fitting curves.
When using experimental data, this dispersion is usually at-
tributed to observational errors, which correspond to the dif-
ference between the experimentally determined and the
exact magnitude of p(r) and affect the derived topological
and energetic properties at BCP. These errors can be impor-
tant because of the difficult modelling of the electron distri-
bution in the intermolecular regions, where po(r) is flatter
than within molecules and the relevance of the experimental
noise is relatively more important. On the other hand, theo-
retical calculations of properties at BCP carried out on large
families of complexes presenting H--F and H-+N HBs
strongly suggest that deviations from the expected depend-
encies are also related to the effect of the environment on
the atoms directly involved in the interaction.’>*! However,
as far as this dispersion is small enough, the set of depend-
encies associated to these families of complexes appears
well defined. Accordingly, the set of dependencies obtained
for a given family can be taken as fundamental descriptors
of the interaction, and can be used for its characterisation,
independently of the individual systems used for the deriva-
tion of the dependencies.
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It has been shown that these dependencies are a conse-
quence of the electronic shell structure of the atoms, their
existence being hence a universal trait of the interatomic in-
teraction.”” Herein, the case of HBs is studied in detail
through theoretical calculations carried out for a large set of
163 hydrogen-bonded complexes, revealing that H--X HBs
can be classified in families depending on the acceptor
entity X (X=atom or m system, see Table 1).

Table 1. Distribution of the 163 hydrogen-bonded complexes in families
of n members according to the acceptor X.
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The complexes belonging to the family X=H correspond
to DH---HA interactions, with D=C, N and A=Li, Na, Be,
Mg. In these complexes, H(—A) presents a negative charge
due to the electropositive character of A. Thus, the reported
H--H interactions correspond to dihydrogen bonds,”! where
one of the hydrogen atoms acts as donor and the other as
acceptor. This kind of hydrogen bonding should be distin-
guished from a van der Waals interaction between two simi-
larly charged hydrogen atoms,” not included in this study.

When the acceptor is an atom, these dependencies can be
classified with atomic properties like the van der Waals
radius rx or the electronegativity yx. The theoretical de-
pendencies presented here validate those derived from X-
ray diffraction data, and can be useful in the analysis of the
experimental electron density.

Results and Discussion

Dependencies of the electron density properties at the BCP
with the hydrogen bond distance: The values of p, A5, |\ +
M|, G and | V] for all calculated complexes are represented
against dyg in Figure 1. Log-linear plots were preferred to
underline the exponential behaviours observed for each
family. For a given distance, the magnitude of the property,
as seen from the represented fitting functions, increases
along the series H <F <O <N <C <Cl <§, following
the van der Waals radius (rx) of these atoms (1.20 <1.47
<152 <155 <1.70 <1.75 <1.80 A).?") This classification
can be observed in Figure 2 for p, A; and |\, + A, ].

A HB picture arising from the topology of p(r) suggests
that properties at the BCP are governed by both the repul-
sion between the closed shells of the hydrogen and the ac-
ceptor atoms, dominated by the requirements of the Pauli
exclusion principle, and by the stabilizing effect of the elec-

2443

www.chemeurj.org


www.chemeurj.org

CHEMISTRY E. Espinosa et al.

A EUROPEAN JOURNAL

a) Y b) .
T, i
- - ot
2 107 ¢ <2
Q ]
~<
100 L
1.4 1.6 1.8 2.0 22 2.4 2.6 2.8 3.0 1.4 1.6 18 2.0 2.2 2.4 2.6 2.8 3.0
dyp (A) dyp (A)
C) T T T T T d) T T T T T T T
10° | 1
#
o &
= Ta
<]
= =1
~< |
+ k]
= £
=
&)
10" | 1
10’1 1 i L i L L L I L L L L L L
1.4 1.6 18 2.0 2.2 2.4 2.6 2.8 3.0 14 16 18 2.0 2.2 2.4 2.6 2.8 3.0
dyp (A) dyp (A)
e)
&
e
-]
T
[=]
£
=
=

1.4 1’.5 1‘.3 2‘.0 2.2 2.4 2‘.5 2‘.8 3.0
dyp (A)

Figure 1. a) p, b) A3, ¢) |A + N[, d) G, e) | V| versus dyg. For these properties, the families are classified along the series X=H, F, O, N, C, Cl and S
(X=m being a particular case, see text) and they are respectively represented by the coloured symbols: black squares, magenta left-triangles, red circles,
green up-triangles, blue down-triangles, cyan diamonds, orange right-triangles and dark green hexagons. Solid lines are the linear regressions on linear-
ised data given in Table 2. Dashed lines stand for least squares fits against the original (non-linearised) data.
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Figure 2. a) p and b) A; (a) and |A;, + A,| (V) versus van der Waals
radius of X in H-X at dy =2.3 A. Topological values have been interpo-
lated from the fits given in Table 2 (solid lines in Figure 1).

tric field on the H--X region, dominated by the H-nucleus
contribution.”™ An important parameter in this description
of hydrogen bonding is the mutual penetration of the closed
shells,”! which can be quantified by the difference between
the sum of the van de Waals radii of the interacting atoms
and the HB distance.

For a given dyg the increase of ry leads to a larger pene-
tration of the H--X closed shells. This effect is similar to
that observed when shortening the hydrogen bond distance
and, therefore, the same interpretation given for the expo-
nential dependencies of p, A3, [N 4+ A;|, G and |V| with
dyg can be applied, to a first approximation, to the varia-
tions with ry at the same H--X distance. Hence, the larger
the penetration the higher value of the electron density
(larger p) and the stronger repulsion (larger G) in the bond-
ing region, meaning that p(r) is steeper in this region (larger
A\3). Moreover, as the hydrogen atom is depopulated by the
polarisation of its electron density towards the donor D,
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the hydrogen nucleus follows a partial de-screening, leading
to an increase of its associated electric field that pushes the
electron density toward the bond axis™ (larger |A; + A,|),
with the concomitant stabilisation of the electron density
(larger | V). According to this view, A; and G appear relat-
ed to the closed-shell repulsion, while |A;, + A,| and | V|
show the effect of the electric field in the internuclear
region.*!

However, it should be noted that there is an important
difference between the ry variation at a fixed dyg distance
and the dyg variation for a given ry radius. Indeed, this is in-
dicated by the grouping of families according to the row of
the acceptor atom in the periodic table (i.e., as a function of
the number of shells of this atom). This trend shows in the
exponential dependencies of Figure 1, in particular for A;
and G, where it is observed the grouping of the fitting func-
tions by the period of the acceptor atom.

The grouping of the exponential dependencies by the ac-
ceptor atom properties (rx and period) explains the behav-
iour of 7’0 and H (Figure 3). The dependency of these two
properties with dyg shows a more complex form than a
simple exponential, reflecting qualitative changes of the mo-
lecular orbitals involved in the hydrogen bond.?*3" Thus, at
long hydrogen bond distances, both properties are positive
and increase slowly as dyg is reduced until a maximum is
reached, then drop quickly to negative values. As H is
bounded by the condition H < /%0, three regions can be
established according to the signs of both properties.” They
correspond to i) shared interactions (short dyp, /%0 <0 and
H <0), ii) pure closed-shell interactions (long dy, 720> 0
and H> 0) and iii) closed-shell interactions of intermediate
character that belong to a transition region between the two
former and are associated to distances in the range
dyp(V’0=0) <dyp <dyp(H=0)."

According to this interpretation, HBs in the calculated
complexes fall in the pure closed shell and transition re-
gions, being all interactions of closed shell type (/70> 0).
The transition region deserves special attention as it has
been seen that most of the molecular orbital reorganisation
related to the transformation of the interaction from pure
closed- to shared-shell takes place here.”? HBs belonging to
the intermediate region present a significant shared charac-
ter, which makes them stronger than those of pure closed-
shell type. H <0 is also observed in other closed-shell inter-
actions where the orbitals of the interacting entities are sig-
nificantly perturbed as a result of the interaction. This is the
case of metal-metal® or metal-ligand bonds .*

To model the behaviours of 7?0 and H with dyp in the
whole range of interaction distances, their dependencies
have been fitted to functions containing exponential
terms.*?% For closed shell interactions, the 7’0 depend-
ency can be approximated to an exponential for all families
but H--H (Table 2), as in this last case the effect of the tran-
sition to a shared interaction appears for shorter dyg distan-
ces. The corresponding data, represented in Figure 3, have
not been fitted. Instead of this, plotted lines are calculated
from the exponential dependencies given in Figure 1 for A3,
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Figure 3. a) v/’ and b) H versus dyp. Plotted lines have been calculated
from the linear regressions on linearised data (solid) or from exponential
fittings (dashed) carried out for data depicted in Figure 1 (see Table 1)
and by using the correspondences /20=3A; and H=G + V. Colours and
symbols are defined as in Figure 1.

|\ + Ay|, G and |V]. Using the least squares method, an
apparently better agreement is observed for exponential
than for linear fittings, feature which is related to the bias
toward higher values that is observed in the first case. How-
ever, these differences are not relevant as they do not affect
the classification pointed for the calculated dependencies.
The dependencies of /%0 and H with dyy are grouped for
acceptor atoms belonging to the same row of the periodic
table, appearing an ordering with the atomic number Z
inside each row (equivalent to a classification with ry) that
is analogous to that observed on the behaviour of A; versus
dyp and G versus dyy. This is clearer for s7%0, where data be-
longing to different rows or periods are neatly separated,
than for H, where they appear superposed. The ordering
inside each period suggests that the transition from a closed
shell to a shared interaction is favoured as rx increases.
Indeed, this is clearly shown by the shift of H=0 to larger
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distances with ry, indicating that the transition region ex-
tends to longer dyp For each period, the v7%0 dependencies
with dyg appear grouped and superposed, making the clas-
sification unclear in a wide range of distances. However, it
can be seen that at long dyy the Laplacian value increases
with ry, while at short dyg values the slope of the curve de-
creases with ry. Whereas the behaviour at long dy values is
explained by the penetration of the closed shells within the
H-X region (in the same terms as previously pointed for
the exponential properties), that at short dyp values suggests
that the 7’0 maximum, which is outside the range of dyp
distances considered here, moves to larger dyg with rx. This
feature also indicates that the transition to a shared interac-
tion takes place at longer dyi when ry increases.

There are several effects that can contribute to the shift
of the transition region with ry within a period. A larger rx
value means that the penetration will increase faster when
approaching the H-bonded molecules, thus favouring the
transition to a shared interaction at longer distances. More-
over, the observed dependencies for a given period are not
ordered by ry only but also by other atomic properties, such
as electronegativity (yxx) or the number of electrons in the
valence shell (n,,x), both of them increasing as ry decreases.
Given the increased shared character and the concomitant
dative nature of the bonding interaction that appears when
two hydrogen bonded molecules approach to each other, a
larger yx of the acceptor atom leads to a more difficult for-
mation of the H--X bonding molecular orbital, and the tran-
sition starts hence at shorter distances. Moreover, it has
been shown that electrons belonging to the valence shell but
not being involved in the hydrogen bond hinder the transi-
tion towards a shared interaction,* n,, x having therefore
an effect analogous to Yy in the transition.

Among the H--X families treated in this work, H-m
shows up as a particular case. This feature is clearly related
to the fact that here the HB interaction involves a delocal-
ised molecular orbital as acceptor. The calculated fitting
functions for the H--m dependencies cross those of several
families belonging to the second period. It should be noted
however that H--m data are plotted against the distance be-
tween H and the bond critical point associated to the =
system. As expected, all H--m interactions are of pure
closed shell type® and no evidence of transition to shared
interaction is observed. Even with this particularity, it is
noteworthy that the H- s family follows the same kind of
dependencies than any other analysed here, in spite the hy-
drogen does not interact with electrons belonging to a
unique atom. In this way, the observed dependencies be-
tween the topological and energetic properties with dyg are
not only universal for interatomic interactions, as previously
pointed out,? but they also appear in intermolecular inter-
actions involving molecular orbitals that are delocalised
over several atoms.

Dependencies between the electron density properties at

BCP: The dependencies |A; + A,| versus A; and | V| versus
G are shown in Figure 4a and 4b for all H--X families. Both
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Table 2. Fitting parameters a and b, root mean square deviations (RMSD), normalised RMSD (NRMSD) and correlation coefficient (R?) for all linear
regressions. R* in first column has been calculated with data from the eight families. Values in column X =0 (Exp) have been calculated from experi-
mental data taken from references [12,18,19].

X=H X =F X=0 X =N X=C X =0a X =S X=mn X =0 (Exp)
In(y)=In(a) —b-x
A3 vs. dyg
In(a) 4.36(6) 6.31(9) 6.04(6) 6.03(9) 5.68(13) 5.82(9) 5.5(1) 5.08(8) 5.93(14)
a 79(4) 550(46) 421(25) 415(39) 294(38) 335(30) 232(26) 161(13) 375(53)
b 2.08(3) 2.66(4) 2.44(3) 2.41(5) 2.22(6) 2.16(4) 1.97(4) 2.04(2) 2.33(7)
RMSD 0.041 0.038 0.032 0.052 0.057 0.025 0.039 0.025 0.169
NRMSD 0.019 0.019 0.017 0.023 0.028 0.022 0.029 0.020 0.051
R*=0.9963 0.9949 0.9960 0.9967 0.9939 0.9915 0.9952 0.9913 0.9966 0.9305
[M+2| vs. dig
In(a) 5.1(1) 5.8(1) 5.9(1) 6.5(2) 6.2(3) 5.7(2) 6.0(2) 4.3(1) 5.7(3)
a 158(18) 332(43) 378(51) 650(140) 510(140) 295(53) 396(85) 71(7) 269(95)
b 2.81(6) 2.93(6) 2.82(7) 3.03(14) 2.83(12) 2.51(7) 2.52(9) 2.14(4) 2.77(16)
RMSD 0.086 0.058 0.072 0.119 0.119 0.051 0.077 0.030 0.385
NRMSD 0.028 0.026 0.032 0.043 0.046 0.037 0.045 0.024 0.078
R*=0.9891 0.9879 0.9922 0.9881 0.9804 0.9778 0.9859 0.9798 0.9955 0.7856
P vs. dyg
In(a) 1.9(2) 2.5(1) 2.4(1) 2.8(2) 2.6(2) 2.1(2) 2.5(2) 1.5(2) 2.0(2)
a 6.6(10) 12.1(15) 10.7(13) 16.1(32) 13.9(34) 8.2(15) 11.7(26) 4.5(8) 7.6(18)
b 2.22(8) 2.38(6) 2.16(6) 2.30(9) 2.1(1) 1.85(7) 1.89(9) 1.70(7) 2.05(12)
RMSD 0.110 0.057 0.063 0.109 0.108 0.053 0.079 0.050 0.286
NRMSD 0.045 0.032 0.036 0.051 0.054 0.051 0.061 0.047 0.087
R*=0.9790 0.9692 0.9887 0.9846 0.9716 0.9685 0.9724 0.9630 0.9810 0.7853
VP vs. dyg
In(a) 2.0(2) 5.59(7) 4.92(9) 4.4(2) 3.9(2) 4.84(9) 3.7(1) 4.5(2) 51(2)
a 7(1) 267(19) 138(12) 80(12) 48(9) 127(12) 42(6) 92(14) 164(27)
b 1.21(9) 2.52(4) 2.15(4) 1.90(7) 1.68(8) 1.96(4) 1.52(6) 1.98(6) 2.14(8)
RMSD 0.129 0.032 0.046 0.081 0.081 0.026 0.051 0.046 0.197
NRMSD 0.095 0.017 0.027 0.045 0.054 0.025 0.048 0.038 0.069
R*=0.9838 0.8725 0.9968 0.9914 0.9769 0.9714 0.9937 0.9753 0.9878 0.8921
G vs. dyg
In(a) 6.78(6) 9.1(1) 8.79(8) 8.8(1) 8.4(1) 8.3(1) 8.2(2) 7.4(1) 8.8(1)
a 0.88(5)10°  8.8(9)10° 6.6(6)10° 6.4(6)10° 4.3(6)10° 3.9(5)10° 3.6(6)10° 1.6(2)10° 6.5(9)10°
b 1.97(3) 2.69(5) 2.47(4) 2.46(5) 2.26(6) 2.09(5) 2.01(6) 1.89(5) 2.40(7)
RMSD 0.046 0.048 0.045 0.053 0.061 0.036 0.054 0.035 0.165
NRMSD 0.022 0.024 0.023 0.023 0.029 0.031 0.039 0.030 0.049
R*=0.9949 0.9929 0.9937 0.9939 0.9941 0.9909 0.9896 0.9842 0.9921 0.9377
[V vs. dug
In(a) 8.0(1) 9.4(2) 9.4(2) 9.9(3) 9.6(3) 8.5(3) 9.5(3) 6.6(2) 9.3(2)
a 3.0(3)10° 11.821)10°  12.4(21)10°  20.2(50)10°  15.4(50)10°  5.0(14)10°  12.8(38)10°  0.8(1)10° 10.8(2)10°
b 2.62(6) 2.92(8) 2.84(8) 3.07(12) 2.88(14) 2.31(11) 2.56(12) 1.72(7) 2.77(10)
RMSD 0.083 0.078 0.090 0.137 0.145 0.080 0.106 0.055 0.236
NRMSD 0.030 0.035 0.040 0.049 0.055 0.060 0.060 0.051 0.057
R*=0.9842 0.9871 0.9860 0.9819 0.9748 0.9688 0.9593 0.9633 0.9771 0.907
In(y) =In(a)—b-In(x)
[A+Ro| vs. 2
In(a) —0.85(1) —1.15(1) —1.07(3) —-1.11(3) -1.01(3) —1.07(1) —0.98(2) —1.07(1) —1.40(8)
a 0.429(5) 0.318(3) 0.343(9) 0.331(11) 0.364(10) 0.343(4) 0.375(6) 0.342(4) 0.248(19)
b 1.36(2) 1.10(1) 1.16(2) 1.26(3) 1.28(3) 1.16(2) 1.28(3) 1.05(3) 1.21(5)
RMSD 0.052 0.026 0.053 0.080 0.071 0.035 0.049 0.047 0.291
NRMSD 0.017 0.011 0.024 0.029 0.027 0.025 0.029 0.037 0.059
R*=0.9953 0.9956 0.9958 0.9935 0.9910 0.9920 0.9934 0.9918 0.9894 0.8779
[V]vs. G
In(a) —0.98(6) —0.51(4) —0.70(7) —1.04(12) —1.06(13) —0.62(9) —1.00(9) —0.07(9) —0.81(10)
a 0.37(2) 0.60(3) 0.50(4) 0.35(4) 0.35(4) 0.54(5) 0.37(3) 0.93(8) 0.44(5)
b 1.33(2) 1.09(1) 1.16(2) 1.25(3) 1.28(4) 1.11(3) 1.28(3) 0.91(3) 1.15(3)
RMSD 0.057 0.030 0.052 0.091 0.088 0.048 0.053 0.047 0.148
NRMSD 0.020 0.014 0.023 0.033 0.033 0.036 0.030 0.043 0.036
R?*=0.9941 0.9939 0.9979 0.9939 0.9888 0.9885 0.9855 0.9907 0.9838 0.9631
y=a + bx
G vs. by
a 1.5(2) —-0.93) —1.2(5) —1.9(6) -1.7(7) 0.3(3) —-1.1(5) 0.9(2) —3.0(16)
b 12.5(2) 15.6(1) 14.9(1) 14.8(2) 14.5(3) 13.7(2) 14.7(2) 13.3(2) 15.8(3)
RMSD 0.551 0.569 1.002 1.373 1.365 0.425 0.759 0.312 6.054
NRMSD 0.013 0.008 0.011 0.015 0.021 0.016 0.021 0.017 0.032
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Table 2. (Continued)

X=H X=F X=0 X =N X=C X =da X=S X=mn X=0 (Exp)
R*=0.9986 0.9979 0.9994 0.9987 0.9977 0.9952 0.9969 0.9952 0.9974 0.9714
Vs, [M+h,|
a 21(2) —0.8(6) —0.7(4) —2.2(10) -2.6(11) 0.46(5) —1.3(7) 1.7(4) 4.2(25)
b 24.3(2) 37.4(6) 32.2(5) 31.1(5) 30.1(8) 27.6(8) 30.8(8) 25.1(10) 33.4(12)
RMSD 0.751 1.278 2.151 2.622 2.578 0.845 1.474 0.616 12.347
NRMSD 0.011 0.018 0.020 0.022 0.028 0.035 0.031 0.048 0.047
R*=0.9960 0.9984 0.9964 0.9955 0.9951 0.9907 0.9848 0.9889 0.9783 0.9055
| VIIG vs. | M+hy |0
a 0.113(7) 0.146(90) 0.048(41) —0.016(30)  —0.063(45)  0.173(82) —0.017(48)  0.54(22) 0.389(30)
b 1.79(1) 1.97(26) 2.06(10) 2.11(7) 2.13(10) 1.59(23) 2.11(11) 0.56(65) 1.26(8)
RMSD 0.008 0.025 0.021 0.025 0.032 0.025 0.027 0.041 0.076
NRMSD 0.011 0.144 0.069 0.047 0.056 0.128 0.068 0.257 0.098
R*=0.9767 0.9983 0.7734 0.9513 0.9814 0.9719 0.7327 0.9527 0.0552 0.7503
P Vs A3
a —0.0103)  0.010(2) 0.015(3) 0.002(5) —0.001(5) 0.010(2) 0.000(3) 0.012(3) 0.001(9)
b 0.0715(18)  0.0349(6) 0.0390(7) 0.0480(15)  0.0568(20)  0.0453(13)  0.0614(16)  0.0518(30)  0.0352(18)
RMSD 0.009 0.004 0.006 0.012 0.010 0.003 0.005 0.005 0.036
NRMSD 0.035 0.022 0.024 0.040 0.039 0.037 0.034 0.069 0.07
R*=0.9890 0.9833 0.9946 0.9938 0.9838 0.9834 0.9845 0.9881 0.9592 0.8247

sets of dependencies exhibit the same classification than
that observed for H and /°o (i.e., the families can be group-
ed according to the period of X, being then ordered by ry
within the same group). These dependencies show the bal-
ance between the aforementioned effects of closed shell re-
pulsion and electric field stabilisation. As seen in Figure 4a
and 4b, the slopes increase with rx along each group, indicat-
ing that |A, + XA,| and |V, related to the stabilizing effect
of the electric field, become more important as the values of
these properties increase, or similarly as the bonding dis-
tance shortens. This agrees with the shift of the transition
region to larger dyg with ryx because the stabilisation of a
higher quantity of charge induced by the electric field fa-
vours the shared character of the interaction.

A similar classification of the families is also observed for
the linear dependencies between the curvatures and the en-
ergetic properties (G vs. Ay and | V| vs. |A; 4+ A, given in
Figure 4c and 4d, respectively) and in the dependency A,
versus p (Figure 4e). In the case of G versus A; the separa-
tion is so small that a single linear function could be fitted
for all families (G =14.80(9) \;—1.2(2), R*=0.994, RMSD =
1.74, NRMSD =0.017, n=163), indicating that this depend-
ency is mostly independent of yx, rx and n,, x, as well as of
the molecular environment around the H--X interaction, in
particular for weaker interactions, where G and A; exhibit
lower values. This feature seems particularly interesting be-
cause it could be used to detect problems in the modelling
of p(r), either experimentally determined or theoretically
calculated, if significant outliers with respect to the fitting
function appear.

The dependency |V|/G versus A + A |/A; is shown in
Figure 4 f. According to the local form of the virial theorem
(2G + V=", %, in a.u.)!"! and to the definition of H, the
limits of the transition region, 720=0 and H =0, can be re-
spectively expressed as |V |/G=2 and |V|/G=1 and, there-
fore, the internuclear distances corresponding to |V|/G <1,
1 <|V|IG <2 and 2 <|V|/G indicate interactions of pure
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closed-shell, transition and shared type, respectively. When
|V]/G is plotted against |A; + A, |/As;, the well established
linear behaviours between curvatures and energy densities
lead to a linear dependency between both ratios that exhib-
its a slope close to 2 (Table 2) except for X=mn. While the
slope remains roughly similar for any X=H, C, N, O, F, S or
Cl, the | V|/G ratio increases with ry along the families for
which X belongs to the same period, again indicating that a
higher van der Waals radius favours the concentration of
electrons and therefore a starting shared character of the in-
teraction.

As previously observed for the H--m dependencies with
dyg, here this family behaves qualitatively as the others, as
shown in Figure 4a to 4e. According to the observed fea-
tures in these figures, there is no formal distinction between
this kind of interaction and conventional HBs. The only sig-
nificant difference appears in the case |V|/G versus |\, +
M | /A3, for which H--m does not present a clear dependence,
as the other families do (while the fitting parameter b exhib-
its a very large error, the RMSD and NRMSD values are
much larger than those of the other families, as shown in
Table 2). This trend can be explained from the small range
of [N, + A,|/A; values in this case, meaning that the balance
between |A; + A,| and A; tends to remain constant as dyg
varies. That is not surprising, as this ratio is indicative of the
balance between the closed shell/shared character of the in-
teraction, which should not vary significantly in the H--x
case, as this interaction is expected to remain as pure closed
shell in the whole range of possible interaction distances.

Experimental against theoretical dependencies: Most of the
dependencies calculated from experimental data for H--O
hydrogen bonds (X=0 (Exp) in Table 2) are very similar to
those theoretically calculated for the H--O family. The
agreement is very good for the exponential dependencies
with dyg (see Figure 5a for the cases A; and |A, + Ay)),
being most of the a and b parameters calculated from exper-
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imental and theoretical data equal within standard uncer- ones (Figure 5b and 5c), in spite some systematic deviations
tainties. Theoretical /%0 versus dyp and H versus dyp de- are observed. This is particularly cumbersome in Figure Sc,
pendencies provide a fair approximation to the experimental where the large dispersion of experimental values makes the
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from reference [18]. Solid and dashed lines are obtained from the linear regressions calculated with theoretical and experimental data (column X=0

(exp) in Table 2), respectively.

correspondence between the experimental data and the the-
oretical dependency unclear. This feature is similar to what
happens with the dependencies between the topological and
the energetic properties. In this last case, parameters are
close enough as to assume that theoretical dependencies re-
produce well the experimental behaviour, with the only ex-
ception of |V|/G versus |\, + A,|/A; (Figure 5d).
Dispersion of values around the expected dependencies is
much larger for the experimental than for the theoretical
data, as indicated by the larger RMSD and NRMSD and
the systematically lower R* values in the experimental case.
This dispersion is commonly attributed to observational
errors, which are related to the difference between the ex-
perimentally determined and the true magnitude of p(r). In
that case, a good estimation of the p(r) properties at the
BCP can be obtained from the fitting functions build either
from experimental datal'® or from the theoretical dependen-
cies presented here, provided that an accurate set of atomic
coordinates, including those of hydrogen atoms, is available.
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However, it must be noted that while theoretical data comes
from complexes in the gas phase formed by two molecules
joined by a single hydrogen bond, experimental data comes
from interactions between molecules that are usually in-
volved in several intermolecular interactions and embedded
in a crystal environment. Thus, it should not be excluded
that HB cooperativity or the electric field generated by the
surrounding molecules play a significant role in the larger
dispersion observed in the experimental case, to the point
that information about the effect of the environment on the
interaction could be retrieved from the topology of the ex-
perimental o(r).

While further research will be undertaken to elucidate
this last issue, the dependencies pointed out for the theoreti-
cally calculated p(r) properties at the BCP can be used in
the analysis of experimental electron densities. This can be
useful when dealing with complicated situations in the deter-
mination of crystalline p(r), as for example in the case of
large systems or when problems in the modelling of experi-
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mental data appear.® Outliers or systematic deviations
from the expected dependencies should be regarded with
special care, as they could be indicative of errors in the de-
termination of p(r) or of uncommon features in p(r) that
should be analyzed in detail.

Conclusion

The theoretical analysis of a large set of H--X hydrogen
bonded complexes reveals that hydrogen bonds can be clas-
sified in families according to the acceptor entity X, which
can be an atom or a s orbital. Each family is characterised
by a set of dependencies between the electron properties at
the H--X bond critical point, as well as between them and
the hydrogen bond distance dy. For X=H, C, N, O, F, S or
Cl, the dependencies with the bonding distance observed for
the electron density, the curvatures and the electron kinetic
and potential energy densities at the BCP appear classified
according to the van der Waals radius ry of the acceptor
atom. Other dependencies, as for example that of the Lapla-
cian with the hydrogen-bond distance, or the linear relation-
ships between the curvatures and the local energy densities,
exhibit a classification along series of acceptors belonging to
the same row of the periodic table. These orderings can be
explained in terms of the penetration of the electron shells
of the H---X interacting atoms and on the effect of the ac-
ceptor atom electronegativity, which influences the balance
between the closed shell/shared character of the interaction.
Thus, as more electronegative is the acceptor atom, the in-
teraction tends to be more of closed shell type and signifi-
cant shared character is therefore restricted to shorter bond-
ing distances, indicating that the hydrogen bond is more po-
larised and less charge is accumulated in the internuclear
region for a larger domain of H--X distances. Similarly, as
the van der Waals radius increases, the concentration of
electrons is favoured, therefore leading to a higher degree
of shared type. Thus, pure closed-shell interactions are aban-
doned at larger distances with higher r¢ values.

Among the analysed hydrogen-bonding interactions, H--xt
deserves a particular consideration. Indeed, in spite the
functional dependencies of the p(r) properties at the BCP
are entirely similar for H--t and H-+X (X=H, C, N, O, F, S
or Cl) families, the fitting functions obtained for the former
cross those corresponding to the latter. This feature indi-
cates that even if the qualitative behaviour of the H--m in-
teraction can be brought close to that of H--X, it can not be
classified within the latter group, pointing to a particular
specificity for H--m interactions.

The electron properties at the H-+-X BCP (X=H, C, N, O,
F, S, Cl, m) can be determined, to a first approximation, by
the hydrogen-bond distance at equilibrium, which in turn is
fixed by the chemical environment of the interaction. At the
same time, the specific environment around the H--X
region of each complex also induces a dispersion of values
around the expected dependencies, being more pronounced
for some properties than for others.
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The theoretical results obtained in this work validate the
empirical dependencies derived from experimental high-res-
olution X-ray diffraction data, as shown by the good agree-
ment between both the experimental and the theoretical de-
pendencies determined for H--O hydrogen bonds, in spite
of a much larger dispersion of values observed in the experi-
mental case. To which extent this larger dispersion is due to
experimental errors or to the complex effect of the crystal
environment is an important issue that should be investigat-
ed in order to know which information corresponding to the
molecular environment effect on the hydrogen-bond interac-
tion can be retrieved from the experimental electron densi-
ty. As there is no reason why a similar behaviour should not
be present in the other families, the dependencies between
the electron properties at the BCP, as well as between them
and the bonding distance, for all kind of hydrogen bonds
can be used in the analysis of experimental electron densi-
ties. Thus, while it is expected that properties at the BCP
from experimental electron densities should fall close to the
expected dependencies, large deviations should be taken as
indicative of either errors in the model or uncommon fea-
tures worth of a more in-deep analysis.

Computational Methods

Calculations were performed on a large set of 163 complexes formed by
a pair of donor (FH, NCH, CHN, CIH or HCCH) and acceptor mole-
cules (see Supporting Information for a complete list of the calculated
complexes) joined by a single H--X hydrogen bond (X=H, C, N, O, F, S,
Cl or m, depending on the acceptor molecule). The distribution of the
complexes according to X is given in Table 1. Their geometries were fully
optimised at the MP2/6-311++ G(d,p) computational level (X=C, O, S,
Cl and ) or taken from previous publications®?*! for X=F, N and H,
respectively). In all cases, the topological analysis was performed on a
p(r) function calculated at MP2/6-311++G(d,p) level of theory, after
checking by frequency calculations that the geometry corresponded to a
minimum of energy. Gaussian-03°”) and AIMPACP®! programs were used
for the theoretical calculations and the topological analysis, respectively.
A complete list of complexes and HB critical point properties is given in
Supporting Information.

A set of 12 dependencies was calculated for each one of the eight fami-
lies of complexes having the same acceptor X. In order to compare with
the theoretical data, a similar set of dependencies was also calculated for
the 83 experimentally determined H:-O hydrogen bonds taken from ref-
erence [18]. Three kinds of dependencies were considered: exponential
(y(x) =ae ™), power (y(x)=ax") and linear (y(x)=a + bx). While expo-
nentials were used for the dependencies of BCP properties with dyp,
linear functions were used for the energy densities and p dependencies
with the curvatures. The power form was preferred to the exponential
function y(x) =a(1—e"), previously reported for |A, + \,| versus A; and
| V| versus G, as this is the expected dependency between two proper-
ties that decay exponentially with dy. For X =, the bond path connects
the hydrogen nucleus with the BCP of the chemical bond to which the &
orbital is involved. In this case, dyz has been taken as the distance from
this BCP to the hydrogen atom.

Exponential and power dependencies were linearised by using loga-
rithms. The a and b fitting parameters were then calculated by linear re-
gressions.*) Results are reported in Table 2, where a and b are listed to-
gether with R?, RMSD and normalised RMSD (NRMSD) values, the
latter defined as the RMSD divided by the range of values of the depen-
dent property (RMSD/(Viax—Ymin)).- This method was preferred to the
least squares fitting of an exponential or power function because it
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avoids the bias toward large values that appears in this last case. For
comparison, the dependencies were also calculated from least squares fits
against the original data. These results are not however reported here be-
cause they are mostly similar to those from linear regressions on linear-
ised data. The few significant differences are explained in the results and
discussion section.
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