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ABSTRACT
Charge-displacement (CD) analysis has recently proven to be a simple and powerful scheme for quantitatively analyzing the profile the
charge redistribution occurring upon intermolecular interactions along a given interaction axis. However, when two molecular fragments
bind through complex interactions involving multiple concurrent charge flows, ordinary CD analysis is capable of providing only an averaged
picture of the related charge-flow profiles and no detailed information on each of them. In this article, we combine CD analysis with a
Hirshfeld partitioning of the molecular charge redistribution for a local analysis on focused portions of the molecule, allowing for a detailed
characterization of one charge flow at a time. The resulting scheme—the local charge-displacement (LCD) analysis—is tested on the intriguing
case of the dimethyl sulfide–sulfur dioxide complex, characterized by concurrent charge flows relating to a sulfur–sulfur homochalcogen
interaction and a pair of hydrogen bonds. The LCD scheme is then applied to the analysis of multiple hydrogen bonding in the acetic acid
dimer, of base-pairing interactions in DNA, and of ambifunctional hydrogen bonding in the ammonia–pyridine complex.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0095142

I. INTRODUCTION

Since Lewis’s original work on electron-pair sharing in 1916,1
chemical bonding is commonly associated with a redistribution of
the electrons around the involved atoms. While in Lewis’s diagrams
the electrons are schematically depicted as dots and lines, modern
electronic-structure calculations coupled to state-of-the-art molec-
ular graphics make it possible to effectively model, visualize, and
analyze the redistribution of electron clouds within a full quan-
tum mechanical framework. In fact, as shown by the pioneering
works of Bader on diatomics in his late-60s works,2,3 a static pic-
ture of the electron-charge redistribution occurring upon chemical
bonding can be conveniently obtained by computing a suitably for-
mulated electron-density difference between a bound adduct and
its unbound fragments, thus obtaining a three-dimensional func-
tion Δρ(r), with r ≡ (x, y, z), that is negative in regions of electron
depletion and positive in regions of electron accumulation. This
electron-density difference is typically obtained by subtracting from

the electron density of an adduct AB that of a “reference,” unbound
system made up of a superposition of the densities of the two
constituent (non-interacting) fragments A and B frozen at their
in-adduct geometries,

Δρ(r) = ρAB
(r) − [ρA

(r) + ρB
(r)]. (1)

A visual analysis of Δρ(r) often offers remarkable qualitative
insight into the nature of the chemical bond at hand. For the pur-
pose of quantitative analysis, however, it is convenient to compact
such three-dimensional information into a more manageable lower-
dimensionality function. Accordingly, if a privileged axis can be
recognized as the one along which the intermolecular interaction
develops, a one-dimensional “profile” of the overall charge redistri-
bution along this interaction axis—which we shall notate as z—can
be computed by means of the following integration:

Δρ(z) = ∫
∞

−∞
∫

∞

−∞

Δρ(x, y, z) dx dy. (2)
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The information conveyed by Eq. (2) can be recast in a more conve-
nient form by performing the following progressive integration:

Δq(z) = ∫
z

−∞

Δρ(z′) dz′ (3)

which, by definition, quantifies at any point z the exact amount of
electron charge that, upon the fragment–fragment interaction, has
moved from right to left [or from left to right, for negative val-
ues of Δq(z)] across a plane perpendicular to the interaction axis
through the z point. These two functions are the analog of the planar
density and electron count function, respectively, defined by Brown
and Shull4,5 by integration of ρ(r) rather than Δρ(r). The second
function [Eq. (3)], in particular, is the so-called charge-displacement
(CD) function first introduced in Ref. 6 to study the chemical
bond between gold and the noble gases, and providing, as already
mentioned, a z-resolved quantitative picture of the charge transfer
associated with the intermolecular interaction (see also Chap. 14 of
Ref. 7 for an introduction to CD analysis).

In spite of being very simple in its formulation, the CD function
has proven to be a versatile tool for the analysis of intermolecular
interactions, especially when combined with the Natural Orbitals
for Chemical Valence in the so-called NOCV-CD scheme.8,9 It has,
in fact, offered remarkable qualitative and quantitative insight into
coordination bonding of organometallic complexes10–13 and in the
context of more elusive, including non-covalent, interactions.14–19

Moreover, CD analysis has been recently generalized on one hand to
the case of curvilinear interaction paths (leveraging on a Voronoi
tessellation technique),20 and on the other hand to the fully rel-
ativistic framework9,21,22 for the analysis of charge redistributions
obtained by four-component Dirac–Kohn–Sham calculations.23,24

CD analysis, however, has an intrinsic limitation, which arises
from its own peculiar formulation and prevents one from apply-
ing it to a potentially important class of systems. In particular,
it inescapably fails to properly characterize complex intermolec-
ular interactions where there are multiple bonding pairs and,
thus, several associated concurrent charge flows running in par-
allel between the fragments. Consider, for instance, the dimethyl
sulfide (DMS)–sulfur dioxide (SO2) complex depicted in Fig. 1
and featuring a sulfur–sulfur homochalcogen interaction (yellow
dashed line) and a pair of concurrent hydrogen bonds (gray dashed
lines).

In this case, due to its peculiar formulation, the integration of
Eqs. (2) and (3) returns information on the overall charge flow along
z, resulting from all three interactions, thus providing an “averaged”
picture of these interactions and no detailed information on each of
them.

FIG. 1. Sulfur–sulfur homochalcogen interaction and hydrogen bonds in the
DMS–SO2 complex.

The purpose of this work is to illustrate a novel strategy for
overcoming the above outlined shortcomings by devising a scheme
for a “local” analysis of charge flows on focused portions of a molec-
ular system. The scheme—the local charge-displacement (LCD)
analysis—is based on a Hirshfeld partitioning25 of the electron-
charge redistribution and allows for a decomposition of the overall
redistribution into additive terms localized in relevant molecular
regions and relating to the different charge flows. Accordingly, the
article is structured as follows: In Sec. II, the method is described.
Section III summarizes the computational details adopted for the
reported calculations. In Sec. IV, LCD analysis is performed on
the above-mentioned DMS–SO2 complex and the features of the
method are discussed in relation to the obtained results. The anal-
ysis is then extended to the case of multiple hydrogen bonding in
the acetic acid dimer and in DNA base pairs, and of so-called amb-
ifunctional hydrogen bonding in the ammonia–pyridine complex.
Finally, in Sec. V, some conclusions are drawn and perspectives are
outlined.

II. LOCAL CHARGE-DISPLACEMENT ANALYSIS
With an eye on Fig. 1, essentially all we want to do is disen-

tangle from the overall charge redistribution Δρ(r) upon interac-
tion of DMS with SO2, a “local” contribution relating to the S⋅ ⋅ ⋅S
interaction, and two analogous local contributions relating to the
two CH⋅ ⋅ ⋅O hydrogen bonds. Ideally, these three contributions,
if summed up to a fourth contribution accounting for the charge
redistribution around the remaining four H atoms, should yield
the overall charge redistribution Δρ(r). In other words, we seek
a decomposition of Δρ(r) in terms of additive local components
relating to charge flows occurring around well-defined areas of the
molecule. This can be easily achieved through a Hirshfeld partition-
ing25 of Δρ(r) that, for the reader’s convenience, we shall briefly
review in the following. It is worth noting here that, as known, the
Hirshfeld partitioning scheme has a certain degree of arbitrariness.
Not only that it is not, in fact, the only possible way to partition
the electron density of a molecule, but also it relies on the introduc-
tion of a reference system and on the particular choices adopted for
its definition (see Ref. 26 for a critical analysis). It should thus be
stressed that the methodology presented herein shares some of the
criticalities of the Hirshfeld partitioning scheme, which nonetheless
represents a popular and well-established interpretative tool. Refine-
ments have been proposed to the original Hirshfeld partitioning
scheme, such as the iterative Hirshfeld partitioning procedure (also
known as Hirshfeld-I), which mitigate some of its shortcomings (the
reader is referred to Ref. 27 for a recent interesting review on the sub-
ject). While these refined approaches can easily be integrated in our
methodology, for the purpose of conveying the basic ideas of this
work, it will suffice to base our discussion on Hirshfeld’s original
scheme.

Within Hirshfeld’s partitioning scheme, a so-called promolec-
ular electron density is defined as the superposition of all spherically
averaged atomic densities centered on the atoms that make up the
molecular system,

ρpro
(r) =

Natoms

∑
i

ρat
i (r). (4)
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This promolecular density, which per se has no physical meaning,
refers, thus, to the density of the constituent atoms in an “unrelaxed
state” prior to molecular formation. Then, a share or weight function
wi(r) is defined for each atom, returning at each point in space its
relative share in the promolecular density,

wi(r) =
ρat

i (r)
ρpro(r)

. (5)

The several resulting overlapping weight functions are all positive
and they sum up to one in every point of space. These weight func-
tions, which are calculated on the basis of the peculiar shapes of the
atomic densities, represent, thus, an efficient “chemically” grounded
partitioning criterion and can be readily used to evaluate the share
of atom i in other quantities such as, for instance, the molecular
electron density ρ(r),

ρi(r) = wi(r)ρ(r). (6)

Due to the already mentioned properties of the weight functions of
being positive and summing up to one in every point of space, the
total electron density may thus be decomposed in additive atomic
contributions as follows:

ρ(r) =∑
i

ρi(r) =∑
i

wi(r)ρ(r). (7)

In other words, at each point in space, the molecular density is
divided among the atoms of the molecule in proportion to their
respective contributions to the promolecular density.

Now, the same partitioning scheme can as well be used for
the electron-density difference Δρ(r) [rather than the electron den-
sity ρ(r)] for the purpose of evaluating atomic contributions to the
overall charge redistribution. As a consequence, in order to extract
from Δρ(r) a “local” contribution ΔρI(r) relating to a portion of
the molecule identified by a given subset I of atoms, one can simply
group together the related atomic weight functions as follows:

wI(r) =∑
i∈I

wi(r) (8)

and use this quantity to “filter” the overall charge redistribution as
follows:

ΔρI(r) = wI(r)Δρ(r). (9)

Provided that the molecule is partitioned in portions I in such a way
that all atoms are included and each of them appears only in one of
the portions, the following additivity relation holds:

Δρ(r) =∑
I

ΔρI(r). (10)

In other words, the overall charge redistribution is decomposed in
terms of additive contributions describing local charge flows occur-
ring in focused portions of the molecule, which is exactly what we
were looking for in the opening of this section.

The combination of such partitioning scheme with CD analysis
is straightforward. In fact, CD analysis can be easily transferred on
each local ΔρI(r),

ΔρI(z) = ∫
∞

−∞
∫

∞

−∞

ΔρI(x, y, z) dx dy, (11)

ΔqI(z) = ∫
z

−∞

ΔρI(z′) dz′, (12)

with the several ΔqI(z)—provided, again, that all atoms are included
in the molecular portions and that each of them only appears in one
of the portions—summing up to the total CD function,

Δq(z) =∑
I

ΔqI(z). (13)

Equations (11) and (12) form the basis of the LCD analysis
scheme. In practice, in the LCD analysis scheme, one divides the
molecular system in several relevant portions (for instance, relating
to a particular interaction, such as the S⋅ ⋅ ⋅S homochalcogen interac-
tion or the hydrogen bonds of Fig. 1), evaluates the weight function
for that portion [Eq. (8)], and uses the resulting wI(r) to calculate
the related contribution ΔρI(r) to the overall charge redistribu-
tion Δρ(r) [Eq. (9)]. The weight function wI(r) in Eq. (9) ensures
that focus is made only on the relevant portion of the molecule by
smoothly “turning off” the information localized in the surround-
ing environment. Quantitative analysis can then be performed by
calculating the CD functions related to these local contributions.

In order to provide the reader with a direct feeling of how LCD
analysis works, in Sec. IV A of the article, we shall test the method-
ology on the same case that has driven the discussion so far, the
DMS–SO2 complex, and illustrate the features of the method on the
basis of the obtained results. The analysis will then be extended in
Secs. IV B and IV C to other challenging systems.

III. COMPUTATIONAL DETAILS
The calculations reported in this article were performed using

density-functional theory (DFT) with the Gaussian suite of pro-
grams (G16 Rev. C.01),28 adopting the double-hybrid B2PLYP29

exchange-correlation functional in conjunction with the m-aug-cc-
pVTZ-dH30 basis set in which d functions in hydrogen atoms were
removed. Semiempirical dispersion contributions were taken into
account by means of Grimme’s D3BJ31 model as implemented in
Gaussian. The molecular geometries of the DMS–SO2 complex, the
DNA base pairs, and the ammonia–pyridine complex, which are
provided in the supplementary material in XYZ format, were taken
from Refs. 18, 32, and 33, respectively. Those of the water dimer and
of the acetic acid dimer, also reported in the supplementary material
in XYZ format, were obtained by geometry optimization at the
above-mentioned level of theory. LCD analysis was performed on
the electron-density difference between the adduct and its constitut-
ing fragments, computed as per Eq. (1) at the optimized geometry
of the adduct. It is worth mentioning here that in some cases, the
choice of neutral (A and B) or charged (e.g., A+ and B−) fragments
for the construction of the reference density is not a trivial one.
All of the herein considered systems pose, however, no significant
problem in this respect, as the neutral fragments are the natural
and most appropriate choice. Hirshfeld partitioning and numeri-
cal integration of the discretized electron-density difference and its
local contributions in the form of Gaussian cube files was conducted
using in-house developed software based on the CUBES library and
program suite.34
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IV. RESULTS AND DISCUSSION
A. The DMS–SO2 complex

The DMS–SO2 complex has recently been thoroughly charac-
terized by combining rotational spectroscopy in supersonic expan-
sion (capable of unveiling the genuine nature of non-covalent
interactions in an environment free from solvation, matrix, and
crystal-packing effects) and quantum-chemical calculations in Ref.
18. As shown therein, a dominant role in the binding of DMS to
SO2 is played by the electrostatic interaction between the negatively
charged sulfur atom of DMS and the strongly positive sulfur atom
of SO2, and a marked charge transfer is observed between the sul-
fur atoms. It should thus be stressed here that the calculations on
DMS–SO2 reported in this article are meant to illustrate the features
of the developed methodology, while a comprehensive characteriza-
tion of the DMS–SO2 interaction is out of the scope of the present
paper. Accordingly, we will here mainly limit the discussion to the
results of the LCD analysis on the complex, making reference, where
opportune, to the findings reported in Ref. 18 for further compar-
ison, and referring the interested reader to that work for further
details.

1. The overall charge redistribution
We will start our discussion by performing ordinary CD anal-

ysis on the DMS–SO2 complex. The overall charge redistribution
Δρ(r) upon binding of DMS to SO2, computed as per Eq. (1),
is shown in the left panel of Fig. 2 as a double colored electron
cloud, with red color identifying electron depletion and blue color
identifying electron accumulation.

As expected, the atoms most involved in the charge redistribu-
tion taking place upon formation of the complex are the S–S couple
and the two CH–O groups engaged in the two hydrogen bonds.
Focusing on the H–O pairs of the hydrogen bonds, electron deple-
tion is seen to occur around the H atoms of DMS (resulting in an
increase of their positive partial charge) while electron accumula-
tion is observed on the O atoms of SO2 (resulting in an increase of
their negative partial charge). As to the S–S couple, instead, charge
accumulation is observed in the region between the atoms, indicat-
ing electron sharing as an important part of their interaction. On the
other hand, the charge redistribution around each S atom is found to
be “asymmetric”: While the sulfur atom of DMS mostly undergoes
electron depletion, that of SO2 features electron depletion on the side

facing DMS and electron accumulation in the opposite (rear) side.
Note that the terms “rear” and “front” will in a few occasions be used
to indicate regions of space around a given atom with respect to the
interaction locus.

As mentioned above, a quantitative picture of the charge-flow
profile along a directional axis can be obtained via the integration
of Eqs. (2) and (3). For the purpose of analyzing the interaction
between DMS and SO2, a natural choice for the reference frame
(x, y, z) to be used for that integration is that of the principal
axes of inertia of the resulting complex (precisely those shown in
the left panel of Fig. 2), naturally accounting for the overall three-
dimensional shape of the complex. As the reader can intuitively
get by inspecting Fig. 2, one of these axes, namely the z one, joins
the fragments through the center of mass of the adduct, while the
remaining two identify a plane xy, which naturally adapts between
the planar orientations of the two fragments. Further analysis pro-
vided in the supplementary material shows that the results of the
CD analysis remain essentially unchanged if alternative definitions
of the interaction axis (i.e., the normal vector of the C–S–C plane of
DMS, the normal vector of the O–S–O plane of SO2, and the S⋅ ⋅ ⋅S
internuclear axis) are adopted.

The charge-redistribution profile along the interaction axis z,
Δρ(z), and the related CD function, Δq(z), are shown as gray
dashed line and blue solid line, respectively, in the right panel of
Fig. 2, where for the reader’s convenience the position of the two S
atoms along the z axis is also marked. The dashed gray line [Δρ(z)]
exhibits, from left to right, (i) a negative peak associated with elec-
tron depletion from the rear side of DMS, (ii) a small positive peak
associated with electron accumulation in the region of the sulfur
and carbon atoms of DMS, (iii) a negative peak associated with elec-
tron depletion from the front side of DMS (involving both the sulfur
and the two hydrogen atoms engaged in the hydrogen bonds), and
(iv) two positive peaks associated with electron accumulation on the
front and rear side of SO2, interleaved by a very small negative peak
associated with electron depletion in a narrow region encompassing
the SO2 molecular plane.

The CD function, whose value at each z equals the signed area
bounded by Δρ(z) from −∞ up to that z, is negative along the
whole molecular region, thus indicating a z-resolved net flow of elec-
trons always in the left-to-right (DMS→ SO2) direction. [It is worth
recalling here that, by definition, positive values of Δq(z) quantify
a charge flow from right to left, i.e., the direction of decreasing z,

FIG. 2. Overall charge redistribution
Δρ(r) [isosurface layers between
±0.005 (e/a3

0), red: electron depletion,
blue: electron accumulation] upon
binding of DMS to SO2, and associated
charge-redistribution profile Δρ(z) and
CD function Δq(z).
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while negative values quantify a charge flow in the opposite direc-
tion.] To aid the reader in visually grasping the meaning of the CD
function, for two of its points (marked as blue dots on the related
curve), the relation with Δρ(z) is made explicit: The first point indi-
cated along the Δq(z) curve quantifies the (signed) area bounded by
Δρ(z) from −∞ up that z, which is filled with the darker blue color,
while the second indicated point quantifies the signed area bounded
by Δρ(z) from−∞ up to the related z point and filled with the lighter
blue color. It is worth noting here that the CD function Δq(z) [as
well as Δρ(z)] goes to zero for z →∞, meaning that, as expected,
the overall molecular charge is conserved upon the intermolecular
interaction.

Now, by fixing a plausible dividing xy plane between the frag-
ments, an estimate of the net charge transfer between the fragments
can be obtained by taking the value of Δq(z) at the z point iden-
tifying such plane. A suitable choice for this z point is where
equal-valued isodensity surfaces of the electron densities of the two
isolated fragments [ρA

(r) and ρB
(r) of Eq. (1)] become tangent.

Such a z point is called the “isoboundary,” zib, and is marked by
a gray vertical line in Fig. 2. For the herein considered case, the
isoboundary is zib = 0.1a0 and the value of the CD function at the
isoboundary is 0.114 e, thus indicating a net charge transfer of about
0.11 e from DMS to SO2. Note that this value is slightly lower than
that reported in Ref. 18 (0.12 e) owing to slight differences in the
definition of the reference density describing the unbound frag-
ments, which is a superposition of the simple electron densities of
the isolated fragments here [see Eq. (1)], while it involves a prelim-
inary orthogonalization of the fragment orbitals in the NOCV-CD
scheme adopted in Ref. 18.

As evident, ordinary CD analysis offers a clear and compact
quantitative picture of the charge flow along the interaction axis z
occurring upon binding of DMS to SO2, and of the associated net
charge transfer between the fragments. However, it provides no way
of discerning neither qualitatively nor quantitatively the role of the
individual charge flows associated with each of the three interactions
present in DMS–SO2 and highlighted in Fig. 1, as they get inevitably
mixed upon the integration in Eqs. (2) and (3). This is where LCD
analysis comes into play.

2. Targeting the sulfur–sulfur interaction

Leveraging on the partitioning scheme described in Sec. II, we
might attempt a first partition of the molecule so as to isolate the
charge-redistribution component associated with the sulfur–sulfur
interaction from the rest. Accordingly, we group the atoms in a
subset S–S containing the two sulfur atoms, and in another one
[(CH3)–O]2 containing the remaining atoms, calculate the weight
function wI(r), and use this weight function to evaluate the local
charge redistribution ΔρI(r) and the CD function ΔqI(z) related to
each of the two portions of the molecule. The resulting two local
charge redistributions for the S–S and [(CH3)–O]2 portions of the
complex are shown in the bottom and top (respectively) left panel
of Fig. 3, while the associated CD functions are shown as solid blue
line and dashed blue line (respectively) in the right panel of the same
figure.

As the two molecular portions include all atoms of the molecule
and each atom only appears in one of the two portions, the two
curves sum up to the total Δq(z), which is also shown for reference
as gray solid line in Fig. 3.

The graphical representations of the local charge redistribu-
tions (left panel) show that the Hirshfeld partitioning of the over-
all charge redistribution leads to local contributions which clearly
describe the local charge flows relating to the two selected por-
tions of the molecule. Focusing now on their quantitative analysis
(right panel), the related CD curves are—as expected—negative in
the bonding region, thus both indicating a charge flow in the DMS
→ SO2 direction. However, a first apparently puzzling eye-catching
feature is that they do not go to zero as z →∞ but tend to the
same absolute value appearing with opposite sign in the two curves.
This means that there is no balance in the electron loss and gain
described by each of the two curves. Focusing, for instance, on the
S–S local charge redistribution, the related CD function tends to
−0.019 e, meaning that the associated charge flow features a defect
of charge due to electron-charge migration toward regions of the
molecule other than the two sulfur atoms. Arguably, this is due to
the fact that, as charge was transferred from the sulfur atom of DMS
to the sulfur atom of SO2, the latter atom became a better donor,

FIG. 3. Additive charge-redistribution
components [isosurface layers between
±0.005 (e/a3

0)] and CD functions asso-
ciated with the [(CH3)–O]2 and S–S
portions of the complex.
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TABLE I. Values of Δq(z) at the so-called isoboundary (zib = 0.1a0 in the present
case) and at z =∞ for the overall CD function (“tot”) and its local components S–S,
[CH3–O]2, the two CH–O, and [H]4 displayed in Figs. 2–4.

Δq(z = zib) (e) Δq(z =∞) (e)

Tot −0.114 0.000
S–S −0.037 −0.019
[CH3–O]2 −0.077 0.019
CH–O −0.025 0.023
CH–O −0.025 0.023
[H]4 −0.027 −0.027

thus inducing an intramolecular charge shift toward the O atoms.
As already mentioned, the amount of the transferred charge can be
inferred by the value of the CD function at the so-called isobound-
ary, which coincides with z = 0.1a0 in the present case (gray vertical
line in Fig. 3). Accordingly, the charge depleted by the sulfur atom of
DMS amounts to 0.037 e. However, as just discussed, only a fraction
of this amount equal to 0.037 − 0.019 = 0.018 e is found on the sulfur
atom of SO2. Note that, for the reader’s convenience, the values of
Δq(z = zib) and Δq(z =∞) for all the CD functions computed for
the DMS–SO2 system are summarized in Table I.

Looking now at the [(CH3)–O]2 curve, this describes a charge
transfer Δq(z = zib) of 0.077 e from the methyl groups of DMS to the
oxygen atoms of SO2, on which an additional fraction Δq(z =∞) of
0.019 e is found.

Summing up, these results suggest that the net DMS → SO2
charge transfer of 0.114 e is partitioned in 0.077 e deriving from
the methyl groups of DMS and 0.037 e deriving from the sulfur
atom of DMS and that a peculiar feature of the interaction is an
intramolecular charge shift from the sulfur to the oxygen atoms of
SO2.

3. Disentangling the two hydrogen bonds
In order to illustrate the flexibility of the LCD analysis scheme,

in this section, we further push the decomposition to isolate from
the rest of the molecule each CH⋅ ⋅ ⋅O hydrogen bond. Accord-
ingly, we further partition the previously defined [CH3–O]2 local

charge redistribution in the following three additive components:
two relating to the two portions of the molecule containing the
atoms involved in each hydrogen bond, both of which we shall
label CH–O, and one relating to a collective portion grouping
altogether the remaining four hydrogen atoms, which we shall
label [H]4.

The associated local charge redistributions are shown in the left
panel of Fig. 4 (the two CH–O contributions at the top and center,
and the [H]4 one at the bottom).

The first two of these clearly isolate the two equivalent charge
flows localized on the two hydrogen bonds, while the last one depicts
a minor contribution to the overall charge rearrangement mainly
involving charge depletion from the two hydrogens aligned with
the hydrogen bonds. The CD function related to this [H]4 compo-
nent (shorter-dashed blue line in the right panel) reaches a plateau
of −0.027 e shortly before the isoboundary (zib = 0.1a0), mean-
ing that from that z point onward, the charge depletion from the
four hydrogen atoms has been completed. On the other hand, the
two superimposed curves relating to the CH–O local charge flows
(longer-dashed and dotted blue lines) suggest that no significant
net electron gain or loss is occurring around the carbon atoms (the
curves are flat and very close to zero up to about 1 a0 past the sulfur
atom of DMS, at z ≈ −1.8 a0). A visual inspection of the charge redis-
tribution around the carbon atoms of DMS in Fig. 4 reveals indeed
that these atoms are mostly concerned with an intra-atomic reorga-
nization involving charge shift from the sp3 orbital directed toward
the sulfur atom to the sp3 orbital directed toward the hydrogen atom
involved in the hydrogen bond (this is more clearly visible in the
top left panel of Fig. 4, showing the local charge redistribution of
the CH⋅ ⋅ ⋅O bond lying in the negative-x region). On the contrary,
the charge transfer from the hydrogen atoms facing SO2 to the oxy-
gen atom of this fragment amounts to 0.025 e for each hydrogen.
The two curves at z =∞ reach a plateau of 0.023 e, meaning that the
two CH–O local charge redistributions include a fraction of electron
charge amounting to 0.023 e flowing in from other, external portions
of the molecule. In fact, as already mentioned in Sec. IV A 2, each
oxygen receives 0.019/2 = 0.0095 e from the sulfur atom of SO2, plus,
as just discussed when commenting the [H]4 CD function, an addi-
tional contribution of 0.027/2 = 0.0135 e from the hydrogen atoms

FIG. 4. Left panel: decomposition of the
charge redistribution of the [(CH3)–O]2
portion of the complex in further localized
terms [isosurface layers between±0.005
(e/a3

0)] relating to each hydrogen bond
(CH–O) and to the remaining H quadru-
ple ([H]4). Right panel: decomposition
of the overall CD function in terms of
the two CH–O, the [H]4, and the S–S
additive partial charge flows.
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not directly involved in the respective hydrogen bonds, for a total
amount of 0.023 e.

For a better assessment of the above discussed results, we per-
formed a Natural Bond Orbital (NBO) analysis35 on the DMS–SO2
complex and on its isolated DMS and SO2 constituents for the pur-
pose of obtaining NBO atomic charges and calculating the charge
loss/gain on each atom (the results were obtained through the
same software and level of theory specified in Sec. III and are fully
reported in the supplementary material). According to NBO analy-
sis, upon the DMS–SO2 interaction, the sulfur atom of DMS loses
0.055 e, and its hydrogen atoms involved in the hydrogen bonds
lose 0.028 e each. The remaining four hydrogen atoms lose on the
whole 0.032 e, while the oxygen atoms of SO2 gain 0.066 e each.
On the other hand, no significant changes are found on the car-
bon atoms of DMS (electron gain of 0.005 e) and on the sulfur
atom of SO2 (electron loss of 0.001 e). With the exception of the
charge change on this last atom (for which our results indicate
a small charge accumulation), the NBO results compare reason-
ably well on a quantitative level with the above discussed ones
obtained by LCD analysis despite the difference in spirit of the two
methodologies.

B. Multiple hydrogen bonding in the acetic acid
dimer and in DNA base pairs

Among the most iconic intermolecular interactions in chem-
istry and biology are those involved in DNA base-pairing. As
is known, these interactions involve parallel concurrent charge
flows arising from multiple hydrogen bonding between the
adenine–thymine (A–T) and guanine–cytosine (C–G) base pairs. As
a result, also in this case, ordinary CD analysis would return an
averaged picture of the multiple charge flows and no detailed infor-
mation on each of them. In this section, we will apply the analysis
LCD scheme to quantitatively characterize the charge flows associ-
ated with each hydrogen bond in both the A–T and C–G systems. In
a first stage, however, it will be beneficial to carry out a preliminary
analysis on some aspects related to charge transfer in the hydrogen
bonds of simpler chemical systems.

1. Hydrogen bonding in simpler chemical contexts
The analysis in Sec. IV A on the interaction between DMS and

SO2 revealed that the charge redistribution localized around the two

CH⋅ ⋅ ⋅O hydrogen bonds involves a DMS → SO2 charge transfer
in the direction from the hydrogen-bond donor to the hydrogen-
bond acceptor. This is in contrast with the widely accepted view
that hydrogen bonding typically involves a small amount of charge
transfer (0.01–0.03 e) from the proton-acceptor to the proton-donor
molecule.36 Before analyzing base-pairing interactions in DNA, this
aspect is worth being further examined. For this purpose, we shall
here consider hydrogen bonding in the much simpler chemical
contexts of the water dimer and of the acetic acid dimer.

The water dimer is a very simple system that can be conve-
niently treated with ordinary CD analysis by choosing the z axis
as the one joining the two oxygen atoms. The results of such
analysis on this system are collected in Fig. 5, where the overall
charge redistribution Δρ(r) upon the interaction, and the associ-
ated charge-redistribution profile Δρ(z) and CD function Δq(z), are
reported.

The CD function (right panel) is always negative, indicating a
z-resolved flow of electrons always in the left-to-right direction, i.e.,
the direction from the hydrogen-bond acceptor to the hydrogen-
bond donor. Such flow results from a charge shift that originates
around the two hydrogen atoms bound to the proton-acceptor oxy-
gen, where electron depletion is found, and terminates on the rear
side of the proton-donor oxygen and on the hydrogen atom bound
to this oxygen, where electron accumulation is found. Moreover,
an eye-catching feature of the overall charge redistribution is the
red lobe on the hydrogen atom involved in the hydrogen bond,
which indicates charge depletion on this hydrogen. Such charge
depletion is indeed a known feature of hydrogen bonding [see cri-
terion (5) in Ref. 37], further confirmed by the fact that NMR shifts
show that protons involved in hydrogen bonding are descreened.
As already mentioned, a clear-cut estimate of the charge trans-
fer between the fragments upon their interaction is provided by
the value of the CD function at the isoboundary, Δq(z = zib), with
zib = 2.4a0 for the present case. Accordingly, hydrogen bonding in
the considered water dimer involves a charge transfer of 0.014 e
from the proton-acceptor to the proton-donor fragment. These
results, which are fully consistent, both qualitatively and quantita-
tively, with those obtained using the same methodology by other
authors in Ref. 38, are perfectly in line with the above men-
tioned widely accepted view that hydrogen bonding involves a
small amount of charge transfer from the proton-acceptor to the
proton-donor molecule.

FIG. 5. Overall charge redistribution
Δρ(r) [isosurface layers between
±0.0025 (e/a3

0)] upon hydrogen bonding
in the water dimer, and associated
charge-redistribution profile Δρ(z) and
CD function Δq(z).
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The above outlined picture, however, changes considerably if
we now move to the slightly more complex case of the acetic acid
dimer, featuring two parallel O⋅ ⋅ ⋅HO and OH⋅ ⋅ ⋅O hydrogen bonds
running in opposite directions, which cannot be independently ana-
lyzed with ordinary CD analysis. We thus applied LCD analysis on
this system in order to isolate the two local charge-redistribution
components related to each hydrogen bond. For this purpose, with
reference to the molecular structure displayed in the left panel of
Fig. 6, we partitioned the molecular system in two portions divided
by the yz plane: one (“d2”) containing the H and O atoms with posi-
tive x coordinate and one (“d1”) containing the H and O atoms with
negative x coordinate. We then assigned the four C atoms lying on
the z axis to both portions in equal share by halving their Hirsh-
feld weight used for their inclusion in both portions of the molecule.
The results of LCD analysis on this system are summarized in Fig. 6,
where the overall charge-redistribution and its local components
related to the two hydrogen bonds are reported together with the
associated CD functions (vertical dashed lines mark the isoboundary
for each hydrogen bond).

In this case, while the qualitative pattern of the local charge
redistribution on each hydrogen bond closely resembles that fea-
tured by the water dimer (with a depletion region on the hydro-
gen atom sandwiched by charge-accumulation regions), the CD
functions unequivocally indicate a charge transfer in the opposite
direction, i.e., from the proton-donor to the proton-acceptor frag-
ment. The null net charge transfer between the fragments (value of
the total CD function midway between the two marked isobound-
aries) results indeed from identical charge flows running in opposite
directions and featuring a CT of 0.042 e in the direction from the
proton-donor to the proton-acceptor oxygen. More in detail, focus-
ing on the “d2” hydrogen bond, which features the same O⋅ ⋅ ⋅HO
spatial disposition as the hydrogen bond of the water dimer analyzed
in Fig. 5, one immediately sees that while the CD curve in the O⋅ ⋅ ⋅H
segment is negative for the water dimer (indicating charge flow from
left to right), it is indeed positive for the acetic acid dimer (indicat-
ing charge flow from right to left), arguably owing to the different
chemical context and orbital hybridization of the involved oxygen
atoms.

To double check the dependence of these results on the spe-
cific adopted definition of the molecular portions, we extended the
analysis to three further possible apportionments of the acetic acid
dimer (essentially grouping the carbon atoms with the two hydrogen
bonds in different ways). The results, which are fully detailed in the
supplementary material together with additional plots also showing
the charge-redistribution profile Δρ(z) for a direct comparison with
that of the water dimer in Fig. 5, confirm in all four cases a charge
flow in the direction from the proton-donor to the proton-acceptor
oxygen, with the extent of the charge transfer ranging between 0.030
and 0.046 e.

2. Adenine–thymine
As is known, base-pairing in the A–T molecular system is due

to two concurrent hydrogen bonds, NH⋅ ⋅ ⋅N and O⋅ ⋅ ⋅HN, running
in parallel and involving charge flows in opposite directions (see
Fig. 7). We, thus, computed the overall charge redistribution upon
binding of A to T, and applied LCD analysis to disentangle the local
components relating to each of the two hydrogen bonds, plus the
residual part of the charge redistribution. These three local compo-
nents are shown in the left panel of Fig. 7, labeled as NH–N, O–HN,
and “res,” respectively.

The two NH–N and O–HN charge-redistribution components
exhibit a charge depletion/accumulation pattern very similar to
that featured by the hydrogen bonds in the acetic acid dimer,
with charge depletion on the hydrogen atom flanked by charge-
accumulation regions. The last component mainly depicts charge
rearrangement around the carbon atoms bound to the hydrogen-
bond donors/acceptors plus significant electron depletion from the
H atom of adenine with highest y coordinate.

Turning now to the quantitative characterization of these local
charge flows, the related CD functions are plotted in the right panel
of Fig. 7, where also the CD function associated with the overall
charge redistribution is shown for reference. Also, in this case, a
reference frame aligned with the principal axes of inertia is a well-
suited one for defining an interaction axis z that runs parallel to the
two main interactions. In the same plot, a gray vertical line marks
the isoboundary, here defined—more appropriately—as the z point

FIG. 6. Overall charge-redistribution and
its local components [isosurface layers
between ±0.005 (e/a3

0)] related to the
two hydrogen bonds in the acetic acid
dimer, together with the associated CD
functions.
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FIG. 7. Additive charge-redistribution
components [isosurface layers between
±0.0025 (e/a3

0)] and CD functions asso-
ciated with the two hydrogen bonds
(NH–N and O–HN) and with the residual
portion of the molecule (“res”) in the A–T
base pair.

where the planar densities (see Sec. II) of the fragments intersect, so
as to account in an averaged way for the multiple “contact” points
between the fragments, leading to zib = −0.8a0.

The NH–N (light blue) curve features a large negative peak
in the H–N region, corresponding to charge flow in the NH → N
direction, while the O–HN (light red) curve features a large posi-
tive peak in the O–H region, corresponding to charge flow in the
O ← HN direction. The curve relating to the residual charge redis-
tribution (dashed gray) describes charge flow in the T← A direction
up to z ≈ 2a0 and charge flow in the opposite direction for higher
values of z. The charge gain/loss balance, however, is not perfect
in the three curves. In particular, judging from the plateau of the
three curves (0.005, 0.005, and −0.010 e, respectively), a charge frac-
tion of 0.010 e is found to flow from the atoms of the residual
region to those involved in the two hydrogen bonds, and such frac-
tion is equally distributed among the two interactions. Finally, a net
T ← A charge transfer of 0.017 e from is observed, resulting from
NH–N, O–HN, and “res” contributions of−0.031, 0.033, and 0.015 e,
respectively.

The above outlined picture is in line with results obtained
by other authors using different methodologies. In particular, both
Refs. 39 and 40, based, respectively, on Voronoi Deformation Den-
sity (VDD) analysis and on Bader’s theory of Atoms in Molecules
(AIM), indicate a net charge transfer from A to T. The reported
values (0.03 and 0.035 e, respectively) are slightly higher than that
obtained by LCD analysis, likely due to the fact that in LCD anal-
ysis the isoboundary operates an approximate separation (through
a dividing plane) between the interacting fragments, while a more
accurate choice could be the definition of an isoboundary for each
of the two hydrogen bonds. Focusing now on the in-depth picture
relating to each hydrogen bond, our results are fully compatible
with the outcome of the charge-redistribution analysis reported in
Ref. 39, whereby electron loss is found on the hydrogen atoms
involved in the hydrogen bonds, while a charge gain of 0.031 and
of 0.037 e is found on the proton-acceptor N atom of A and on the
proton-acceptor O atom of T, respectively.

3. Guanine–cytosine
LCD analysis was also applied on the analogous C–G system,

and the results are for illustrative purposes summarized in Fig. 8.

Base-pairing here results from three concurrent hydrogen
bonds, labeled O–HN, N–HN, and NH–O in the figure, plus a resid-
ual charge redistribution labeled “res.” These local components of
the overall charge redistribution are shown in the left panel of Fig. 8,
while the related CD functions are plotted in the right panel of the
same figure. The overall picture is similar to that of the A–T system,
with the curves relating to the three hydrogen bonds quantitatively
describing focused charge flows running in opposite directions. On
the contrary, the CD function associated with the charge redistribu-
tion on the residual portion of the molecule is here always negative
and thus describes a charge flow always in the left to right (C → G)
direction. Another interesting feature here is that the four local com-
ponents are virtually independent one from another, as they all
approximately tend to zero as z →∞. In particular, in contrast with
its counterpart in the A–T system, the “res” component here features
a perfect balance of charge gain/loss, probably owing to the fact that,
in contrast with A–T, no hydrogen atom bound to one of the carbon
atoms contiguous to the hydrogen bonds is here available for charge
withdrawal.

C. Ambifunctional hydrogen bond
in ammonia–pyridine

As a final example, we turn our attention to the interesting case
of the ammonia–pyridine complex. This complex, which was com-
putationally and experimentally characterized in Ref. 33, exhibits the
challenging feature of so-called ambifunctional hydrogen bonding.41

A visual inspection of Fig. 9, showing the overall charge redis-
tribution associated with the interaction of the two fragments,
reveals in fact that the interaction is due to a NH⋅ ⋅ ⋅N hydrogen
bond and to a N⋅ ⋅ ⋅HC hydrogen bond, both featuring (though the
second one less distinctively) charge depletion on the hydrogen
atoms sandwiched by charge-accumulation regions (see the charge-
accumulation region around the N atom of ammonia extending
also toward the hydrogen atom involved in the N⋅ ⋅ ⋅HC hydrogen
bond). In trying to dissect the overall interaction in its main compo-
nents, this situation is particularly challenging due to the fact that the
same N atom of ammonia is involved in both the above-mentioned
hydrogen bonds.

In approaching this complex, we firstly attempted a tenta-
tive partition isolating the NH⋅ ⋅ ⋅N hydrogen bond, the adjacent
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FIG. 8. Additive charge-redistribution
components [isosurface layers between
±0.0025 (e/a3

0)] and CD functions asso-
ciated with the three hydrogen bonds
(O–HN, N–HN, and NH–O) and with the
residual portion of the molecule (“res”) in
the C-G base pair.

HC group (involved in the second hydrogen bond), and the resid-
ual portion of the molecule. The results of LCD analysis based on
this partition are summarized in Fig. 10, showing the local charge-
redistribution components in the left panel and the related CD
functions in the right panel.

Also, in this case, a suitable reference frame is that of the
principal axes of inertia, where the z axis well represents the interac-
tion axis between the two interacting fragments (the isoboundary,
here computed in the same way as for the A–T system, i.e., as
the z point of intersection between the fragments’ planar den-
sities, is zib = −4.0a0). An analysis of the results summarized in
Fig. 10, however, suggests that such apportionment of the molecular
regions is inadequate to properly characterize the interaction. In
fact, the NH⋅ ⋅ ⋅N hydrogen bond seems poorly described, featur-
ing an almost null charge transfer (the value of the CD function at

FIG. 9. Overall charge redistribution Δρ(r) [isosurface layers between ±0.001
(e/a3

0)] upon binding of ammonia to pyridine.

z = zib is −0.004 e), while the second hydrogen bond is not charac-
terized at all, as the second portion of the molecule only focuses on
the HC group. Finally, LCD analysis on the “res” portion reveals that
a fraction of about 0.01 e accumulates, upon the interaction, on the
H atoms of ammonia not involved in hydrogen bonding.

Arguably, a better description of this intermolecular interac-
tion could be obtained by allowing the same N atom, or—even
better—the H2N group of ammonia with the two hydrogens being
those not involved in the hydrogen bond, to be simultaneously
present in different portions of the molecule accounting for the two
NH⋅ ⋅ ⋅N and N⋅ ⋅ ⋅HC hydrogen bonds. With this in mind, and with
aim of preserving the additivity of the LCD curves, we proceeded
as follows: With reference to the molecular geometry of the system
displayed in Fig. 9, we divided the pyridine molecule in a first part
containing all atoms with positive y coordinate and a second part
containing all atoms with negative y coordinate. To the first part, we
also added the H atom of ammonia involved in the NH⋅ ⋅ ⋅N hydro-
gen bond. Then, we included the remaining H2N fragment in both
portions of the molecule but with different weight. In other words,
we further weighed the Hirshfeld weight functions of these three
atoms with a weight coefficient c1 for the first part and c2 for the
second part such that c1 + c2 = 1. We then performed an heuristic
search of those precise values of c1 and c2 that made the CD curves
associated with the two portions of the molecule tend to zero for
z →∞, leading to c2 = 0.95 and c1 = 0.05.

While this procedure may seem somewhat intricate and arbi-
trary, it nonetheless leads to a compact picture of the interaction
summarized by the results reported in Fig. 11.

In so doing, in fact, the overall charge redistribution upon bind-
ing of ammonia to pyridine is partitioned in two “independent”
components (in the sense that each component describes charge-
conserving electron flows) clearly localized on the two (NH⋅ ⋅ ⋅N
and N⋅ ⋅ ⋅HC) hydrogen bonds. The associated curves show that the
almost null overall charge transfer between the fragments [the value
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FIG. 10. Additive charge-redistribution
components [isosurface layers between
±0.001 (e/a3

0)] and CD functions asso-
ciated with the NH⋅ ⋅ ⋅N hydrogen bond
(NH–N), with the adjacent HC group
(HC), and with the residual portion of the
molecule (“res”) in the ammonia–pyridine
complex.

FIG. 11. Decomposition of the charge
redistribution [isosurface layers between
±0.001 (e/a3

0)] upon binding of ammo-
nia to pyridine in two additive compo-
nents (see text for their definition) relat-
ing to the primary (NH–N) and secondary
(N–HC) hydrogen bonds, both involving
the same N atom of ammonia.

of the Δq(z)tot CD function at the isoboundary is 0.007 e] results
from an ammonia → pyridine transfer of 0.015 e associated with a
charge flow localized on the NH⋅ ⋅ ⋅N interaction and from an ammo-
nia ← pyridine transfer of 0.022 e associated with a charge flow
localized on the N⋅ ⋅ ⋅HC interaction.

V. CONCLUSIONS AND PERSPECTIVES
This article reports on a novel analysis scheme for a quantita-

tive characterization of local charge flows in complex intermolecular
interactions. The scheme couples a Hirshfeld partitioning of the
charge redistribution occurring around two molecular fragments
upon their mutual interaction to the charge-displacement (CD)
analysis which provides a clear and compact picture of charge-
flow profiles along a given interaction axis. In the resulting local
charge-displacement (LCD) analysis scheme, the molecular system
is partitioned in several portions relating to relevant components
of the overall interaction, and the associated partial additive con-
tributions to the overall charge redistribution are computed and
quantitatively analyzed one at a time. While the proposed methodol-
ogy shares with the original Hirshfeld partitioning scheme a certain
degree of arbitrariness, some of the shortcomings of Hirshfeld’s

scheme can be overcome by an easy integration of more refined
Hirshfeld partitioning approaches.26,27

The features of the method were illustrated and assessed
through test calculations on a simple yet interesting system, the
DMS–SO2 complex, where a homochalcogen bond and a pair of
hydrogen bonds concur in the overall interaction. By means of LCD
analysis, the charge flows related to these different interactions were
filtered out from the overall charge redistribution and quantita-
tively characterized. The analysis was then extended to hydrogen
bonding in the acetic acid dimer and to base-pairing interactions
in DNA, where individual charge flows of the multiple hydro-
gen bonds involved in the pairing of adenine and thymine and of
guanine and cytosine could be quantitatively characterized. Addi-
tionally, LCD analysis was performed on the challenging case of the
ammonia–pyridine complex, featuring ambifunctional hydrogen
bonding. The obtained results offer new insight from the unprece-
dented perspective of CD analysis on aspects related to charge
transfer in hydrogen bonding across different chemical contexts,
highlighting, in some cases, an unexpected behavior and prompt-
ing for a more systematic investigation, which we have presently
undertaken and which will be the subject of future work.

The developed scheme can easily be integrated in the several
existing flavors of CD analysis, i.e., the NOCV-CD method,8,9 the
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curvilinear CD analysis,20 and CD analysis in the relativistic frame-
work.9 Moreover, the integration of the LCD analysis scheme with
state-of-the-art immersive-virtual-reality technology in the virtual
laboratory for the analysis of chemical bonding recently developed
in our group42,43 is also easily achievable and work is ongoing in this
respect.

Summing up, the devised methodology extends the applicabil-
ity of CD analysis to a new, interesting class of systems featuring
complex intermolecular interactions resulting from multiple charge
flows, thus allowing for the exploitation of the potentialities of
CD analysis in so far unexplored contexts. Future directions in an
applicative context may, for instance, regard the in-depth charac-
terization of the so-called “spodium bond,” a term that has been
recently proposed to describe the non-coordinative interaction that
can be established between a polarized group 12 metal and a mild
Lewis base.44 Most of the systems showing short metal-donor dis-
tances compatible with spodium bonding are in fact characterized
by the coexistence of multiple weak interactions, including hydrogen
and halogen bonding, making the assessment of the real impor-
tance of the spodium bond difficult,45 and LCD analysis may reveal
a versatile tool for a thorough characterization of the intermolecular
interactions in these systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for an analysis of alternative
definitions of the interaction axis in DMS–SO2, for additional results
on DMS–SO2, on the acetic acid dimer and on the A–T base pair,
and for the molecular geometries of the systems considered in the
article.
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