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A new methodology is described for the study of the electron density shift in intramolecular interactions.
The methodology has been tested in an intermolecular complex and compared to the electron density
shift obtained as the difference between the complex and the isolated monomers. The molecular frag-
mentation procedures and its application to hydrogen bonds, chalcogen–chalcogen interactions, nitro-
gen–boron interactions, dihydrogen interactions and silicon–nitrogen interactions are described. A
careful selection of the fragmentation scheme is necessary in order to describe correctly the electron den-
sity shift in the intramolecular interactions. For this reason, different orders of fragmentation have been
studied and analyzed pointing out the problems and limitations which are inherent to the methodology.
It has been found that this methodology is a new tool which provides a good qualitative description of the
electron density shift within the interacting region between two or more contacts, in both inter and intra-
molecular contacts with a reasonable low computational cost.
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1. Introduction the first one a non-covalent interaction should be broken while
Non-covalent interactions are the subject of many studies, some
of them very recent. The reason is that they are present in almost
every biological system, from small and simple molecules as H2O
[1–4] to large and complex systems as DNA [5,6], from gas phase,
liquids and even in solids those interactions play an important role
in the structure of matter [7]. The number of non-covalent interac-
tions is quite large, including hydrogen bonds [8–10], halogen
bonds [11], ion-p [12,13], pnicogens [14,15], chalcogens [16,17],
stacking [18–20], and several others.

These interactions can be classified according to the systems in
which they occur as inter- or intra-molecular interactions. As in
other partition schemes, the intermolecular case is much simpler
than the intramolecular one. For this reason, intermolecular inter-
actions have been extensively studied with different approaches
like supramolecular [21,22], and SAPT methodologies [23,24]. The
intramolecular interactions have been much less studied due to
the difficulties in their description [25]. Nevertheless, the impor-
tance of intramolecular hydrogen bonding in medicinal chemistry
has been recently stressed [26].

In order to obtain a description of the intramolecular interac-
tion, one has to separate the interacting part from the rest of the
molecule. This is a problem which can be approached by the frag-
mentation of the system in smaller interacting parts. In Fig. 1 we
have schematized the inter- and intra-molecular situations: in
All rights reserved.
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in the second one, a covalent bond has to be broken. However, if
we consider that all bonds, covalent and non-covalent, share some
common properties, i.e. that there is a continuum [27,28], then we
could consider a third possibility when both bonds will be broken
(new model).

In order to face the molecular scaling problem, some ap-
proaches based on molecular fragmentation have been proposed
[29,30], in which different approximations are used to describe
the molecular energy through the interaction energies between
individual molecular fragments. The molecular tailoring approach
proposed by Deshmukh et al. [31,32] allows the estimation of the
hydrogen bond energies in polyhydroxy compounds and polypep-
tides [33].

Among all techniques that provide information of the interac-
tion between two different systems, the study of the electron den-
sity is one of the most useful, and provides an ideal tool to
understand these interactions [34–36]. The study of the electron
density in molecules has been in the scope of the scientific commu-
nity for several decades. Different approaches have been proposed
to describe the electron density and its bonding properties [37].
The analysis of the electron transfer within the formation of the
complexes as the difference between the electron density of the
complex and the isolated monomers provides information in order
to characterize these interactions [38–40]. In fact, the electron den-
sity shift has been used to analyze the non-bonding intermolecular
interactions for different types of complexes as hydrogen bonds
[40,41], pnicogen interactions [15,42], p-halogen interactions
[43], halogen–hydride interactions [44] and other non-covalent
interactions [45,46].
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Fig. 2. Schematic representation of first and second order fragmentation in a
generic system.

intermolecular intramolecular new model

Fig. 1. Three different situations for interactions (the arrows point to the bonds that
have to be broken to characterize the interaction).
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The main aim of this article is to describe a fragment based
method to estimate the electron density shift (EDS) within inter-
molecular and intramolecular interactions. With this objective in
mind, it is very important to perform a partition of the molecule
that allows representing properly the electron density shift be-
tween the interacting groups.
2. Computational details

All geometries were fully optimized at MP2 computational level
[47]. We have used Dunning basis set, aug-cc-pVTZ [48,49] for the
heteroatoms (O, Cl, F, N, B), cc-pVDZ for C, and H and pseudopoten-
tial LANL2DZ for Te in order to have a good compromise between
accuracy and low computational cost. All the calculations have
been carried out using the Gaussian-09 program [50]. The topolog-
ical analysis of the electron density within the atoms in molecules
(AIM) methodology [34] has been used to characterize the interac-
tions. For this purpose, the AIMAll program has been used [51].

In order to have a quantitative measurement of the similarity of
the electron density shifts (EDSs) generated, for the same system in
different ways, the Hodgkin similarity index [52] has been used.
Based in this index (HXY), the similarity of two EDSs, X and Y, is cal-
culated as expressed by the following equation:

HXY ¼
2
PA

i¼1EDSðXÞiEDSðYÞiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPA
i¼1EDSðXÞ2i

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPA
i¼1EDSðYÞ2i

q ð1Þ

where EDS(N) (N = X or Y) is the value for the EDS for each molecule
at the same point (i) of the three-dimensional grid with A points
generated for the same system with two different methods. The
maximum value of this index is 1, indicating that both electron den-
sities are identical. It should be noted that the original definition of
the Hodgkin index was computed analytically [in Eq. (1) the sum-
mation symbols should be changed to integral symbols]. However,
in this work all the indexes have been computed numerically. This
is for practical reasons, to allow straightforward computation of the
molecular properties on a cubic grid and the generation of the
three-dimensional maps.

The EDS are constructed using a 3D rectangular grid of approx-
imately 106 points in the three directions of the space, in which the
molecule is located in the center of the grid and the limit of the
generated cube are 5 Å larger than the dimensions on the molecule.
The quality of this grid has been checked in some test cases using a
denser grid of 8 � 106, obtaining identical results.

The effect of the BSSE correction on the EDS has been explored
using the same basis set for all the fragments of a given systems,
1,4-butanediol. The results obtained are identical considering or
not the BSSE correction.
3. Methodology

The main aim of the present work is to describe a new tool
which allows representing the electron density shift in those
regions where non-bonding interactions are expected. The
methodology can be applied to both inter and intramolecular inter-
actions. However, since the evaluation of the intermolecular elec-
tron density shift can be easily obtained by subtracting the total
electron density of the system and the sum of the isolated mole-
cules that form it, we consider that the methodology described
here is more suitable for intramolecular interactions.

The first step of the procedure corresponds to the fragmentation
of the system of interest in different subsystems. In this case, we
will consider that the fragmentation of the system will be carried
out at the same bond distance of the interacting moieties, A and
B. The fragments will maintain the geometry of the original sys-
tem, except for the addition of hydrogen caps at fixed distances
and maintaining the orientation of the bond broken.

Depending on the bond distances between the broken bond and
the interacting moieties, the fragmentation order will be defined.
First order fragmentation corresponds to the case where the bond
broken is the one connecting the interacting moieties with the rest
of the system (Fig. 2). Second order fragmentation is when two
bonds separate the interacting moieties and the rest of the system
and so on. In each case, three fragments are generated named as
AHn, BHn and HHn. The superscript n represents the order of the
fragmentation and AHn and BHn correspond to the fragments with-
out B and A moieties, respectively and HHn the one without A and B
simultaneously.

The electron density shift of fragmentation order n due to the
interaction of the A and B moieties can be calculated using the fol-
lowing equation:

EDSn ¼ qAB � qn
AH � qn

HB þ qn
HH ð2Þ

where qAB, qn
AH, qn

HB and qn
HH are the electron densities of the whole

system, AH, BH and HH fragments using the fragmentation of n or-
der, respectively.
4. Results and discussion

4.1. Intermolecular interactions

As a test of the methodology proposed, the EDS in an intermo-
lecular complex using the procedure described before has been
compared to the one calculated directly from the subtraction of
the total electron density from the sum of the isolated molecules.
In order to do that, the system chosen has been a dimer of n-pro-
panol due to (a) it allows calculating the intermolecular EDS, (b)
if we consider it as a whole linked system the intramolecular
EDS can be calculated up to the third order of fragmentation, (c)
both inter- and intra-molecular EDS can be compared.



Fig. 3. Intermolecular EDS (±0.001 a.u. isosurfaces) for the dimer of propanol calculated as the difference of the electron density of the dimer minus the sum of the isolated
monomers within the conformation of the dimer at MP2/aug-cc-pVTZ level computational level. Blue and yellow regions correspond to negative and positive values of the
electron density shift, respectively.
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In Fig. 3, the intermolecular EDS is shown. The HB donor and
acceptor density shift pattern is shown for the intermolecular di-
mer. On one hand, a blue1 region is observed surrounding the
hydrogen corresponding to the HB donor, which represents a de-
crease of the electron density on this area. On the other hand, there
is an increase in the intermolecular density on the zone located be-
tween that hydrogen atom and the oxygen one which act as a HB
acceptor. This increase on the density is shown as a positive yellow
region. The remaining blue and yellow areas in the molecules
stress the transmitted effect of the HB along the carbon backbone.
In Fig. 4, the EDS for the same system using the fragmentation
scheme previously indicated is presented.

The comparison between Figs. 3 and 4 indicate that the first or-
der EDS provides a good estimation of the variation of the electron
density in the region containing the three atoms involved in the
hydrogen bond interaction (OH� � �O). The calculated Hodgkin sim-
ilarity index between the EDS shown in Fig. 3 and those of the first
order fragmentation show value of 0.926.

The second order EDS provides not only a good description of
the variation in the interaction area but in the bonds attached to
the interacting moieties. In fact, as the order of the fragmentation
increases, the better is the description of the EDS. These results are
corroborated by the values of the similarity indexes which are
0.980 for the second order fragmentation EDS and 0.998 for the
third order one.

In practice, the fragmentation order does not affect significantly
the description of the intramolecular EDS within the area located
between the interacting moieties. Nevertheless, if one wants to ob-
tain the most accurate EDS, the higher order fragmentations are
recommended.

Finally, in order to extend the methodology to larger systems, it
has been checked the results obtained with a smaller basis set.
Thus, the aug-cc-pVTZ basis set has been used for the oxygen
atoms while the rest of the atoms (C and Hs) have been described
with the cc-pVDZ (this basis set will be named as aug0-cc-pVTZ
from now in the present article). The similarity indexes between
1 For interpretation of color in Figs. 3–9, 11–13, the reader is referred to the web
version of this article.
the EDS calculated at the MP2/aug-cc-pVTZ and MP2/aug0-cc-pVTZ
for the three fragmentation orders considered in this system are
between 0.997 and 0.998. These results indicate that both basis
sets provide very similar results.

4.2. Intramolecular interactions

4.2.1. Case 1: 1,4-butanediol
In order to check the performance of the methodology de-

scribed before to study EDS in intramolecular interactions, a rela-
tively simple system, 1,4-butanediol, has been chosen. The most
stable configuration of this molecule presents an OH� � �O hydrogen
bond, as described by Jesus et al. [53] at MP2/6-311++G(d,p) com-
putational level.

The analysis of the electron density of the mentioned conformer
optimized at the MP2/aug0-cc-pVTZ computational level shows the
presence of a bond critical point (BCP) which can be associated to
an intramolecular HB. The interatomic distance between the two
atoms involved (oxygen and hydrogen) is 1.833 Å and the value
of the electron density at the BCP is 0.034 a.u.

In Fig. 5, left, the intramolecular electron density shift corre-
sponding to the first fragmentation order is represented. It is inter-
esting to notice that a similar pattern to the one shown in the
inter- and intra-molecular EDS of the dimer of n-propanol (Figs.
3 and 4) is observed. Thus, the map indicates a reduction of the
electron density around the hydrogen atom of the HB donor and
an increment in the interatomic region closed to the hydrogen
bond acceptor oxygen atom.

In the second order fragmentation EDS, Fig. 5, right, it can be ob-
served that the electron variation is extended in the molecular
framework in closed similarity to what is observed in the n-propa-
nol dimer already described. The value of the Hodgkin similarity
index between the first and second order fragmentation EDS of
the intramolecular interaction of the 1,4-butanediol is 0.928.

The fragmentation pattern proposed here presents some limita-
tions. Thus, if the third order fragmentation (Fig. 6) is applied to
the 1,4-butanediol molecule, the HH3 fragment corresponds to
the H2 molecule. This drives to a spurious EDS between C2 and
C3 where the system is fragmented twice. This is because the



Fig. 4. Intramolecular EDS (±0.001 a.u. isosurfaces) for the dimer of propanol at aug-cc-pVTZ level using the fragmentation scheme presented here. The fragmentation order
(first, second, and, third order) is indicated in the right side of the figures. Blue and yellow regions correspond to negative and positive values of the electron density
respectively. The bond broken in each fragmentation order is indicated.
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First order fragmentation Second order fragmentation 

Fig. 5. Intramolecular electron density shift (±0.001 a.u. isosurfaces) for 1,4-butanediol at MP2/aug0-cc-pVTZ computational level. Blue and yellow colors correspond to
negative and positive values of the electron density, respectively.

Fig. 6. Intramolecular electron density shift (±0.001 a.u. isosurfaces) at third order
fragmentation for 1,4-butanediol at MP2/aug0-cc-pVTZ computational level. Blue
and yellow regions correspond to negative and positive values of the electron
density respectively.

Fig. 7. Intramolecular EDS (±0.001 a.u. isosurfaces) for the interaction of the
hydroxyl groups in positions 2 and 4 of 1,2,4-pentanetriol calculated at MP2/aug0-
cc-pVTZ computational level. Blue and yellow regions correspond to negative and
positive values of the electron density, respectively.
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electron density of the C2AC3 bond is not properly compensated
with the fragments obtained. Thus, it is observed a non-realistic
loss of the electron density in the C2AC3 bonding region while a
gain in the surroundings of the hydrogen atoms.

We have also analyzed the charge density shift in between the
fragments and the complete molecule. We have perform the basin
integration of the atoms within fragments AH and HB and in the AB
molecule obtaining the charge associated to each atom. The H of
the OH group (hydrogen bond donor) shows a lost of charge
(+0.575 to +0.620 a.u.) as it was suggested for intermolecular
hydrogen bonds by Koch and Popelier [54].
4.2.2. Case 2: 1,2,4-pentanetriol
The next molecule considered, 1,2,4-pentanetriol, corresponds

to a larger system which incorporates multiple HBs. This molecule
was previously studied by Deshmukh [31], where the molecular
tailoring approach was used to evaluate the intramolecular hydro-
gen bonds of such molecule. In the present work, the structure has
been optimized at MP2/aug0-cc-pVTZ level and afterward an AIM
analysis has been performed, finding a BCP between the OH located
in C2 and C4, with a OH distance of 2.003 Å, and a electron density
of 0.022 a.u. The absence of the OH� � �O BCP between the hydroxyl
groups in C1 and C2 was reported by Klein [55], and discussed by
Deshmuhk [31].
The representation of the EDS for the interaction of the hydroxyl
groups in positions 2 and 4 of the 1,2,4-pentanetriol is shown in
Fig. 7, with ±0.001 a.u. isosurfaces. Note that the region where
the OH� � �O BCP is located presents similar features than those
found in the 1,4-butanediol, the electron density shift description
of both systems being basically the same. This means that the
intramolecular EDS tool may isolate properly the interaction zone
of electron density from the entire molecule giving a clear descrip-
tion of it.

The analysis of the EDS due to the interaction between the hy-
droxyl groups in positions 1 and 2 is shown in Fig. 8. The disposi-
tion of these two hydroxyl groups presents an OHO angle of 111.3�
which makes the HB interaction unfavorable and thus no BCP is
found connecting them. However, a similar pattern of the EDS to
those previously found in hydrogen bonds that present BCP is ob-
served but in this case the region with gain/lost of electron density
are smaller than in the interaction of the hydroxyl groups in the
positions 2 and 4.

4.2.3. Case 3: 4-chlorobutan-1-ol
The 4-chlorobutan-1-ol molecule has been chosen in order to

show the results of the intramolecular hydrogen bond between
two different moieties. This system presents an OH� � �Cl interaction
characterized by a BCP with an electron density value of 0.021 a.u.
and Cl� � �H distance of 2.301 Å. In Fig. 9 the intramolecular EDS for



Fig. 8. Intramolecular EDS (±0.001 a.u. isosurfaces) for the interaction of the
hydroxyl groups in positions 1 and 2 of 1,2,4-pentanetriol calculated at MP2/aug0-
cc-pVTZ computational level. Blue and yellow regions correspond to negative and
positive values of the electron density, respectively.

Fig. 9. Intramolecular EDS (±0.001 a.u. isosurfaces) for the OH� � �Cl interaction in 4-
chlorobutan-1-ol at MP2/aug0-cc-pVTZ. Blue and yellow regions correspond to
negative and positive values of the electron density respectively.

Fig. 10. Fragmentation schemes for naphthalene derivatives.
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1-chloro-4-butanol with ±0.001 a.u. of isosurface values is de-
picted. The OH� � �Cl EDS shows an increase of the electron density,
as a yellow area, between the H and Cl atoms. This increase is lar-
ger than those found in the typical OH� � �O hydrogen bonds. In this
case, the chlorine transfers more density into the yellow area than
the O in the 1,4-butanodiol. Therefore, the H atom corresponding
to the HB donor suffers less negative EDS.
4.2.4. Case 4: 1,8-dihydroxynaphtalene
In cases 4 and 5, 1,8-disubtituted naphthalenes with different

groups in positions 1 and 8 (OH, F and CH3) have been considered
in order to test the suitability of the proposed methodology in aro-
matic structures. The fragmentation scheme, used here, tries to
keep the same logic as the one used for aliphatic chains, but with
some warnings. The first order fragmentation consists on an
isodesmic reaction without optimization, of the H caps, see
Fig. 10. The second order involves the rupture of double C@C
bonds. In the method proposed by Deev and Collins [29], the break-
ing of a double bond was avoided, and the study was restricted to
single bond breaks. In the present work, it is observed that the
splitting of the molecule involving double bonds in it, leads to a
wrong description of the electron density shift.

The naphthalene-1,8-diol system contains exclusively one
OH� � �O interaction, with an interatomic O� � �H distance of 1.775 Å
and a BCP with an electron density value of 0.036 a.u. In Fig. 11,
it is shown the EDS for the naphthalene corresponding to the first
and second order fragmentation, left and right respectively. At first
order, it is observed that the OH� � �O interaction presents analogous
EDS to that calculated for the 1,4-butanediol, with a similar quali-
tative description of the interaction. In the second order fragmen-
tation it is found a perturbation around the ring which distorts the
EDS. Two main effects can explain this. On the one hand, the sec-
ond order involves the rupture of multiple bond which is one of
the limitations of this tool, due to the inefficient description of
the C@C electron density. On the other hand, the aromaticity pre-
sented in naphthalene is different than the one in the benzene. The
molecular partition tries to represent naphthalene using two ben-
zene rings, and therefore, the electron density shift gives very dif-
ferent results due to the notable differences between the two
systems [56]. However, the HB interaction mainly retains the pic-
ture that we have found for 1,4-butanediol at second order frag-
mentation. Thus, to obtain a very clean description of the
interaction in this type of compounds the first order fragmentation
is recommended.
4.2.5. Case 5: F� � �F and H� � �H interactions: 1,8-difluoronaphthalene
and 1,8-dimethylnaphthalene

The characterization of the F� � �F interactions in 1,8-dif-
luoronaphtalene (1,8-DFN) and different derivates was previously
studied by Matta et al. [57] These authors considered a 1,8-DFN
derivative which presents two methylene groups in 4 and 5 posi-
tions, showing H� � �H interactions. Thus, the 1,8-difluoronaphtha-
lene and 1,8-dimethylnaphthalene molecules have been chosen
in order to explore the EDS in systems where some of their moie-
ties could present repulsive interactions. Both present a rigid struc-
ture which allows the groups in positions 1 and 8 to be fixed,
avoiding changes in the geometry as it will be the case for open
carbon chains.

In Fig. 12 is depicted the EDS of the intramolecular interaction
of the groups in positions 1 and 8 of 1,8-difluoronaphthalene and
1,8-dimethyl-naphthalene. In the case of the difluoro derivative,
a region with depletion of electron density between the fluorine
appears which corresponds to the repulsion between the two F
atoms. The same features can be observed for the methylene deriv-
ative where an increase in the electron density around the H atoms
and a decrease in the region between the carbon atoms are ob-
served. Those characteristics point to a repulsive interaction be-
tween the CH3 groups.



Fig. 11. Intramolecular EDS (±0.001 a.u. isosurfaces) for the OH� � �O interaction in 1,8-naphthalenediol at MP2/aug0-cc-pVTZ computational level. Blue and yellow regions
correspond to negative and positive values of the electron density respectively.

Fig. 12. First order intramolecular EDS (±0.0005 a.u. isosurfaces) for the interaction between the groups in positions 1 and 8 of 1,8-difluoronaphthalene (left) and 1,8-
dimethylnaphthalene (right) at MP2/aug0-cc-pVTZ computational level. Blue and yellow regions correspond to negative and positive values of the electron density
respectively.
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4.2.6. Other cases
In this section the intramolecular EDS have been briefly ana-

lyzed for a variety of interactions, namely: chalcogen–chalcogen,
nitrogen–bromine, nitrogen–boron, dihydrogen, and silicon–nitro-
gen interactions. It has been summarized the results of these inter-
actions in the present section. The molecules in this section have
been selected based on their simplicity and the presence of the
interaction of interest.

For chalcogen–chalcogen interactions, we have selected the 1-
hydroxy-3-propanetellurol and its fluorine derivate, studied by
Minyaev and Minkin [58], which shows a Te� � �O interaction. The
N� � �Br interaction has been studied using 3-bromocyclohexan-
amine, a molecule who is a precursor of the metabolite of ketamine
[59], and exhibit a N� � �Br contact. The nitrogen–boron interaction
in the 3-borylpropan-1-amine has been chosen in order to show
the feasibility of this method dealing with relatively strong interac-
tions. A dihydrogen interaction in the 2-boryl-1-ethanol has been
considered in analogy to those systems previously studied by Al-
korta et al. [60]. Finally, Si� � �N interactions have been studied with
this technique using two models. The first one is the (N,N-dimeth-
ylaminoxy)chlorosilane molecule which contains a SiAOAN link-
age, from the series of compounds synthesized by Mitzel et al.
[61–65] and studied by Murray et al. [66]. The second one, 3-silyl-
propan-1-amine, considers a carbon backbone.

Fig. 13 shows the EDS for the interaction mentioned above. As
general trend, it can be observed the blue and yellow moieties
representing the electron density decrease and increase areas.
The donor atom usually presents a yellow area followed by a blue
one in between both interacting atoms. In the case of chalcogen
interactions (Fig. 13a and b) the donation from the oxygen atom
to the TeAH antibond is observed as an increase in the density of
the atom attached to the Te, and it is more notable in the fluorine
derivate (b) that in the hydrogen substituted (a). In fact, the effect
of the F atom within the electron density of the interaction is
remarkable comparing Fig. 13a and b.

The N� � �Br interaction, as it is shown in Fig. 13c, is due to the
donation from the lone pair of the N to the Br, being depicted as
a yellow area in the N atom and a large blue region between both
interacting atoms.

Fig. 13d shows the EDS for the N� � �B interaction. This interac-
tion is relatively stronger than the previously studied. In order to
depict the EDS it has been selected a higher value of the isosurface
0.005 a.u. It can be observed a large yellow region between the N
and B atoms, due to the strong interaction which is close to the reg-
imen of a normal bond.

A dihydrogen interaction is studied and depicted in Fig. 13e. It is
shown a characteristic yellow region in the H attached to the B
atom corresponding to the electron donor atom.

Fig. 13f and g, illustrate both Si� � �N interactions. Fig. 13f corre-
sponds to a Si� � �N in with a SiAOAN linkage, and shows the blue
region around the N atom due to the electron donations, and a
yellow region between the Si and N atoms which represents an



Fig. 13. Intramolecular EDS for different cases calculated at MP2/aug0-cc-pVTZ computational level. Blue and yellow regions correspond to negative and positive values of the
electron density shift, respectively. (a) 1-hydroxy,3-propanetellurol at second order fragmentation (±0.001 a.u. isosurfaces), (b) 1-hydroxpropyl hypoflurotelluroite at second
order fragmentation and (±0.001 a.u. isosurfaces), (c) 3-bromocyclohexanamine at first order fragmentation (±0.001 a.u. isosurfaces), (d) borylpropan-1-amine at second
order fragmentation (±0.005 a.u. isosurfaces), (e) 3-boryletan-1-ol first order fragmentation (±0.0005 a.u. isosurfaces), (f) (N,N-dimethylaminoxy)chlorosilane at first order
fragmentation (±0.002 a.u. isosurfaces), (g) 3-silylpropan-1-amine at first order fragmentation (±0.002 a.u. isosurfaces).
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increase in the electron density due to the Si� � �N interaction. In
Fig. 13g, the interaction Si� � �N shows similar pattern than in the
13f, but the blue region on the N atom is not observed at this iso-
surface value of 0.01 (but 0.005). This is because in Fig. 13f the CH3

groups donate charge to the N, meanwhile in Fig. 13g the H atoms
are poor electron donors.
5. Conclusions

A new methodology for the study of the EDS in intramolecular
interaction based on the molecular fragmentation scheme is de-
scribed. The methodology has been tested in an intermolecular
HB dimer, where the EDS can be obtained as the difference be-
tween the complex and the isolated monomer. The Hodgkin simi-
larity index has been used to quantify the similarity between the
exact EDS and those obtained by the methodology proposed here.
The intramolecular EDS have been calculated for a variety of intra-
molecular interactions: hydrogen bonds, chalcogen–chalcogen,
N� � �Br, B� � �N, dihydrogen and Si� � �N interactions, and also repul-
sive halogenAhalogen and hydrogen–hydrogen contacts, providing
a qualitative description in all the cases. Based on this study the
following rules for the fragmentation scheme are recommended:
(1) select the highest order of fragmentation possible, (2) do not
chose that order in which the HHn fragment corresponds to the
H2 molecule, (3) only fragmentations which involve the rupture
of single bond are allowed.
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