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Highlights

* Classical steric clashes might have the same topological features as bonding interactions.

* An AIL can be observed for highly attractive or repulsive interactions.

* An AIL might be a result of either an inflow or outflow of density.

* Locally accumulated density does not imply an attractive interaction or an inflow of density.
* Nature of an interaction can change with molecular environment.
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Abstract

Nine kinds of inter- and intramolecular interactions were investigated by exploring the topology of
electron density in the interatomic regions using standard protocols of QTAIM, IQA and NCI
techniques as well as in-house developed cross-sections of the electron and deformation density
distributions. The first four methods provide the properties of the resultant density distribution in a
molecular system whereas the later illustrates the process, inflow or outflow of density from
fragments to the interatomic region of an interaction on its formation in a molecular system. We

used (i) the QTAIM-defined atomic interaction line, AIL (presence or absence), (ii) IQA-defined

interaction energy, E/®, and its components, classical V*® and exchange-correlation V2° term,

int
(iii) NClI-defined isosurfaces to identify local regions of accumulated ( A, < 0) or depleted ( A, > 0)
density relative to immediate environment, and (iv) deformation density for which Ap(r) > 0
indicates an inflow or otherwise an outflow of density on the interaction formation to explore the
nature of the interactions. We found (i) AlLs for highly attractive and repulsive interactions,
regardless whether an inflow (Ap(r) > 0) or outflow of density into the interatomic region, (ii) no

correlation between the signs of A, and EA®; both, highly repulsive and attractive, interactions

int
might have locally depleted density and vice versa, (iii) locally accumulated density (A, < 0) does
not imply that this is the result of an inflow (Ap(r) > 0) of density and this equally applies to
attractive and repulsive interactions either with or without an AIL. Results obtained demonstrate
that the molecular environment can change the character of an interaction radically, from (i)
attractive to repulsive, (ii) A, < 0 to A, >0, or (iii) Ap(r) > 0 to Ap(r) < 0; hence, none of the
topological indices used here, either separately or combined, can be used to definitely predict the
(de)stabilizing nature of an interaction except highly repulsive ones for which the absence of AL,

interatomic density depletion and outflow of density on interaction formation are observed.

Keywords: QTAIM; IQA; NCI; deformation density; chemical bonding; atomic interaction line;
bond path.



1. Introduction

The analysis of the topology of the electron density, for instance as it is used in the Quantum
Theory of Atoms in Molecules (QTAIM) [1] and the more recent Non-Covalent Interactions (NCI)
[2—4] method, is commonly used to identify and classify inter- and intramolecular interactions in
molecular systems. Due to the relatively low computational costs, these methods (under the
umbrella of Quantum Chemical Topology (QCT) [5]) have found widespread use in all fields of
chemistry, ranging from drug-design [6] to catalysis [7] to large biological systems [8]. In QTAIM,
the presence of a bridge of maximal electron density between two atoms, commonly referred to as a
bond path or an atomic interaction line (AIL), is observed for most cases where a classical chemist
would expect a chemical bond. Consequently, many chemists commonly use the presence of an
AIL as an indication of a chemical bond [9-12] or, at the very least, a bonding interaction [13,14].
Numerous cases exist, however, where either (i) classical chemists expect a bonding interaction (or
it is shown through other methods, such as energy decomposition schemes) but no AIL is present
[15], or (ii) steric repulsion is believed to exist, but an AIL is seen regardless [16-26]. These
problem cases have resulted in a very long debate, questioning on one hand the validity and
interpretation of QTAIM results [27-31] and on the other hand the nature of classical chemical
concepts, such as steric repulsion [32-36]. The chemical bond itself also came into question since,
as Bader put it, ‘Why should a bond path, which recovers all Lewis structures, not be associated
with bonding in other cases?’ [28]. Although many regard the debate to be stale [37, 38], new
papers are still being published regarding the interpretation and physical nature of AlLs [39-46].

NCI managed to solve one branch of QTAIM-associated problems, by showing that the absence
of an AIL does not imply that electron density cannot be concentrated in the bonding region of an
interaction. NCI identifies inter- and intramolecular interactions by finding regions of low electron
density between atoms where the reduced density gradient (RDG) tends to zero [2]. These regions
are then classified as either “stabilizing”, when electron density is concentrated, or “destabilizing”,
when electron density is depleted [2-4,47,48]. NCI therefore supplements typical QTAIM analysis
in three ways: (i) it identifies an interaction in 3D space, whereas QTAIM only shows bridges, (ii)
it can detect electron density concentration, despite the absence of an AIL, and (iii) it can also
identify interactions due to regions of electron depletion. NCI can also be used to approximately
analyse interactions based only on the geometries (without the need for an electronic structure
calculation) thereby allowing it to be used for very large systems. However, NCI will always show
a region of concentration wherever an AlL is present [49], and is thus marred by the same problem

of interpretation with regards to controversial interactions (such as the CHes+HC interactions in the



bay of biphenyl). Both NCI and QTAIM are very attractive tools for a computational chemist to
use, for their relative simplicity, insight and low computational cost but interpreting the results of
these methods, especially in the realm of potentially new and not-yet-understood interactions, is

still very unclear.

The so-called orthodox interpretation of an AIL, as given by Bader [50], is that it signals a
bonding interaction, and only at equilibrium geometries (when no net forces are acting on the
atoms) it can be related to a chemical bond. Bader arrived [50] to this statement by first pointing
out that the sign of the eigenvalues A1, A, and A3, of the Hessian matrix (the ordered matrix of
second derivatives in 3D space), as well as the sum of eigenvalues, the Laplacian (V2o(r)), can be
related to the concentration or depletion of electron density in a specific axis or at a point,
respectively. Specifically, when V2p(r) > 0, the second-order change in the electron density is
positive at r, the density at r is less than the average of its surrounding density, and the electron
density is said to be depleted; similarly, electron density is concentrated at r when VZp(r) < 0. The
same applies to the individual component eigenvalues of the Hessian matrix, but along a specific
axis. The topological condition for an AIL to be present is that density is depleted along the AIL
(A1 > 0), but concentrated across it (A, and A3 < 0). By convention, A; > A, > A3, and A1 > 0 between
any two atoms, hence X, is of particular importance because its sign will determine whether
electron density is concentrated or depleted across an interaction; this is also the base of
classification used by NCI. Bader then linked [1,50] the concentration of density (as measured by
the second-derivative of the electron density) through the local statement of the virial theorem, to a
concept of bonding: that a “build-up” of charge is observed in the bonding region upon formation
of a chemical bond [51-55]. Through this reasoning Bader then suggested that a concentration and
depletion of electron density is stabilizing and destabilizing, respectively, and therefore that the
presence of an AIL (a maximal concentration of density) can be regarded as a bonding interaction.
The same interpretation was then applied in NCI, with regions of concentration deemed as

stabilizing and attractive, and regions of depletion often referred to as steric strain [2,47-49].

While there have been debates with regards to the nature of the energetic stabilization which
occurs upon bond formation (whether it is potential [1,51,52] or kinetic in origin [56,57]), there can
be little doubt that one of the key features of any form of chemical bonding is increased charge
density in the bonding region. This is true even for atoms bound only by dispersion, where, as
Feynman [53] puts it, “each atom is attracted to the distortion, centred in the bonding region, of its
own charge density”, as well as very electrostatic or ionic interactions, where the increased density

is mainly localized to one atom (but still more so within the bonding region). However, it is not
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clear how this “build-up” of charge can be measured. Is the concentration or depletion of density,
as used by the orthodox interpretation of an AIL or NCI regions of interactions, truly indicative of
increased or decreased electron density in the bonding region, respectively, and thus synonymous
with energetic stabilization or destabilization? Is it a measure of the electron density of a small
region relative only to its environment, or can it be linked with the electron density relative to an
unbound state? Finally, Pendas et al [38] have provided an alternative interpretation of an AIL,
which suggests that an AIL signals a privileged exchange-correlation channel. Their interpretation
provides an elegant alternative to the orthodox QTAIM interpretation of AILs as bonding
interactions. Their interpretation has been put to the test by Tognetti and Joubert [58] who
measured the QTAIM-defined delocalization indices as well as the exchange-correlation
contribution to the IQA-defined diatomic interaction energy between competing (close) pairs of

atoms, and found that Pendas’ interpretation holds with a small margin of ambiguity.

In this work we will investigate Bader’s claim, as it is commonly used in QTAIM and NCI
literature, by careful investigation of the electron density and its changes in a wide range of
interactions in various molecular systems, ranging from equilibrium to non-equilibrium geometries,
as well as several controversial CHes<HC interactions in different environments. QTAIM and NCI
analyses, as well as the changes observed with changing geometries and environments, will be
compared with results from the Interacting Quantum Atoms [59,60] (IQA) energy decomposition
technique, as well as investigated carefully with one dimensional cross-sections of the electron
density. We also investigate the use of the deformation density as an alternative measure of the

“build-up” of charge in the bonding region.

2. Methods and Computational Details

All geometry optimizations and electronic structure calculations were performed in Gaussian 09,
revision D [61] at the RMP2/6-311++G(d,p) level of theory in solvent (PCM/UFF) except water
dimer where RMP2/6-31+G(d,p) in the gas phase was used. QTAIM and IQA analyses were
carried out in AIMAII [62] using the Proaim integration algorithm with very high angular
quadrature outside the beta sphere for IQA calculations. NCI calculations were carried out using
NCIPlot 2.0 [4] and corresponding isosurfaces were visualized in VMD 1.9.1 [63]. Finally, one-
dimensional cross-sections of the electron and deformation densities along A, eigenvectors were

performed using in-house software.

In order to calculate the cross-sections of the electron and deformation densities, the geometric

interaction point (GIP) was determined which corresponds to the point of lowest density directly



between two nuclei. The eigenvector corresponding to the A, eigenvalue of the Hessian matrix was
then calculated, and two new coordinates were generated at a specific distance (usually 0.05 au) in
both directions along this vector. The electron densities were then recorded at these points and new
coordinates generated based on the eigenvectors corresponding to the A, eigenvalues at these points.
This process was repeated until a pre-determined length (usually 2 A in both directions) was
reached. For brevity, the entire path followed through this process is referred to the A,-eigenvector.
The A,-eigenvector therefore will always originate from the GIP (which occasionally may coincide
with a QTAIM-defined bond critical point, BCP) and will pass through any corresponding NCI-
defined interaction critical point (ICP) or BCP, ring critical point (RCP) and cage critical point
(CCP). However, in congested molecules the A,-eigenvector corresponds to the cross-sections of
multiple interactions and in such cases the path followed for the cross-section was calculated as a
straight line along the initial A,-eigenvector at the GIP. In order to calculate the cross-sections of
the deformation density, the electron density for each fragment was calculated along the same A;-
eigenvector as for the cross-section of the molecular electron density. The cross-section of the
molecular density was then subtracted from the sum of fragment densities to give the cross-section
of the deformation density.

To generate a wide range of structures for water dimers in four different conformations, selected
interatomic distances in each conformer were fixed at preselected values and the structures were
optimized with geometrical constrains shown in Table S1 of the SI. The deformation density was
generated from single point calculations (SPCs) carried out on each monomer.

Two conformers of (un)protonated 2,2'-bipyridine were generated by keeping the N,C,C,N
dihedral angle (DA) fixed at DA(N,C,C,N) = 0° and 180°, corresponding to s-cis and s-trans forms,
respectively. Deformation densities were calculated by fragmenting each structure into two radical
pyridine fragments and carrying out SPCs at UMP2 level with duplet multiplicities, as shown in
Figure S1 of the SI.

A conformational analysis of nitrilotri-3-propionic acid (NTPA) was carried out using Spartan
’10 [64] and the MMFFaq force field. Deformation densities were obtained from SPCs carried out
on four radical fragments, three duplet «(CH,),COO™ and one quartet N-tom fragment as shown in
Figure S2 of the SI.

Deformation densities of monoprotonated aliphatic polyamine, triethylaminetetramine (2,2,2-tet)

were calculated by fragmenting each conformer into three radical fragments (corresponding to two



duplet fragments, ¢«(CH;)2(NH3) and «(CH,)2(NHy), and a triplet «(NH)(CH2)(NH)* fragment, as
shown in Figure S3 of the SI.

Cross-sections of the electron and deformation densities of selected interactions were calculated
along the Ap-eigenvector at the GIP except water dimers for which BCP was used to generate the

initial value of the eigenvector.
3. Results and Discussion
3.1 Water dimers

Figure 1 shows four water dimers, d1 to d4, where water molecules were arranged in various
relative configurations to test different competing intermolecular interactions. Dimer d1 represents
the lowest energy equilibrium structure, with the molecules bonded with a classical intermolecular
O-H hydrogen bond. The remaining dimers were selected with the aim to simulate intermolecular
interactions in a crowded (strained) environment: (i) dimer d2 was prepared to test an QOe¢eO
interaction, with hydrogens (and oxygen lone-pairs) arranged in a perpendicular manner, (ii) dimer
d3 was constructed to study the competition between O+s¢H and O<+*O interactions in the same
space, with water molecules approaching in the plane, and (iv) in dimer d4, the head-on approach of
hydrogens in a planar arrangement allowed for studying HeeeH interactions. In each dimer, the
distance of the primary interaction was varied: d(H5--O1) in d1, d(O1--O4) in d2 and d3, and d(H2-
-H4) = d(H5--H6) in d4.
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Figure 1. Ball-and-stick representation of water dimers considered in this work.

Energy Profiles and Molecular Graphs. The electronic energy of dimer d1 exhibits a global
minimum at d(O--H) = 1.946 A but the electronic energy of dimers d2, d3 and d4 (as shown in
Figure 2) continuously increases as d(A--B) decreases, demonstrating that these dimers are truly in
unfavourable conformations (with constraints removed in the optimization operations, dimers d2-d4

revert to the d1 configuration). The variation in QTAIM-defined molecular structures is also



shown in Figure 2. AlLs are found for the OeseH and O<++O interactions in d1 and d2, respectively.
Whilst the AIL between O1 and H5 in d1 is entirely expected and easily interpreted as a classical
(stabilizing) H-bond, the interaction between O1 and O4 in d2 is clearly destabilizing the dimer,
hence the significance of the AIL between these atoms is difficult to interpret. It is important to
note that the general feature of topology of the electron density between A and B in d1 as well as in
d2 remains essentially the same at all d(A--B) distances — a single AIL is always observed. A
different picture is observed for d3 where initially a single and straight AIL is seen at d(O--O) <
~2.4 A, which splits into two AlLs at d(O--O) ~2.4 A and as a result two BCPs and a RCP are

present.
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Figure 2. Variation in E with interatomic distance for the indicated water dimers also showing representative molecular
graphs.

However, regardless of the interatomic distance, AlLs are always linking oxygen atoms. Finally, in
d4, AlILs are initially observed for the HeesH interactions at d(H--H) < ~2.0 A, with a RCP between
oxygen atoms in the middle of the intermolecular six-membered ring. At distances larger than
about 2.0 A, AlLs are rather seen between oxygen atoms; initially, at d(H--H) ~2.4 A a bifurcated
AIL (including RCP) is observed which changes to a single AIL at d(H--H) > 2.8 A.



It is fairly clear from Figure 2 that the presence of AILs and their interpretation is not quite
obvious. This is because (i) AlLs seem to appear between atoms involved in both, classically
attractive and repulsive, interactions and (ii) in the case of d3 and d4, the change in the molecular
graphs does not seem to correlate with any significant change in the electronic energy which
decreases monotonically throughout. Also, the appearance of bifurcated AlLs in d3 and d4 cannot
be easily explained, although (following Bader [1]) they might be examples of “catastrophe points”
signalling unstable metafolds. The traditional interpretation of Bader, which states that AILs
signify “bonding” interactions [50], is difficult to apply to most of these interactions; it is only for
the equilibrium structure of d1 where the AIL can be truly interpreted as resembling a chemical

bond. We therefore turn to NCI for additional insight.

NCI analysis. The NCI regions of interaction (colour-coded blue for A, < 0 and red for A, > 0) for
each water dimer at selected d(A--B) values are shown in Figure 3; for a full set of NCI plots see
Figures S4 to S7 in the SI. Superficially, NCI correlates well with the molecular graphs: an AIL is
seen when X, <0 and the density is said to be concentrated (in the QTAIM and NCI terminology).
This is not surprising and has been pointed out before [50]. The spatial property of NCI-regions
expands the analysis and is of great help in monitoring variation in the electron density distributions
throughout a molecular system. For instance, in d3 at d(O--O) = 2.4 A, a very small region is seen
directly between O-atoms where A, > 0, whereas large regions, with A, < 0, are seen between the
Hee+O interactions. This observation clearly shows that, even though the AIL always links O-atoms
for all d(O--O) in d3, AIL might be influenced by the A, < 0 regions involving the Hee*O

interactions which, in turn, can give rise to features such as bent AlLs as well as splitting at
*P “‘9‘
o ¢
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o

Figure 3. NCI isosurfaces (with RDG isovalue = 0.9 au) for water dimers: d1) d(O--H) = 2.0 A; d2) d(0--0) = 1.6 A;
d3) d(0--0) = 2.4 A; d4) d(H--H) = 2.0 A. Isosurfaces are coloured from blue to red by —0.03 < p(r) x sign(,) < +0.03
au.



d(0--0) = 2.4 A (see Figure 2c). Furthermore, regions where A, < 0 are seen for the HeeeH
interactions, with a clear region of A, > 0 for the Oe++O interaction in d4 and in this case it
correlates with the presence of AlLs linking H-atoms at short distances. However, as d(H--H)
increases, the region where A, > 0 vanishes and is replaced by a homogeneous A, < 0 region, which

is spread out between the Hee*H and Oe++O interactions as shown in Figure S7 of the SI.

A clear interpretation of NCI-defined isosurfaces in terms of bonding interactions might be
confusing because regions where (i) A, < 0 have been described as “concentrating”, “stabilizing” or
“attractive”, whereas (ii) A, > 0 are referred to as “depletion”, “strain” or “destabilization” [2—4,47—
49]. It appears that, in the NCI interpretations, the locally increased density became synonymous
with attractive and stabilizing interaction (opposite interpretation applies to A, > 0). Using these
interpretations, however, one would have to attribute both the O¢eeH (in d1) and Oe++O (e.g., in d2),
as “attractive” interactions. Hence, it is reasonable to question whether it is correct to state that a

concentration of density (implying A, < 0) is indeed attractive or stabilizing and to gain further

insight we now turn to the IQA method.

IQA Analysis. Table 1 shows the interaction energies, EA®, as well as its components, the

int !

electrostatic term V,*® and exchange-correlation term, V4°. A few interesting patterns are
observed within the IQA analysis of the water dimers: (i) all O<e*H interactions, especially the AIL-

linked O1+s=H5 interaction in d1, are highly attractive (E/;® < 0) and electrostatic in nature (|V*®

int

>> |Ve®]), (ii) all O=s«O and HeeH interactions are repulsive and (iii) except for the OeseH

interactions in d1 and d3, IQA and NCI results do not correlate. The last observation shows that
when XA, < 0 in the bonding region of an interaction, it does not necessarily result in the two atoms
being physically attracted towards each other. To support this, let us consider interactions in d4 as
an example. At d(H--H) = 1.6 A, IQA shows a repulsion of +62.0 kcal/mol between each hydrogen
pair, despite A, =—0.0210 au. On the other hand, one observes A, = 0.0176 au in the bonding region
for the O<++O interaction and this correlates well with a large repulsion of +166.9 kcal/mol at d(H--
H) = 1.6 A as well as with a common perception of steric hindrance even though O-atoms are not
involved in a direct contact. However, at d(H--H) = 2.8 A, the large repulsion between oxygens is

still present (+126.7 kcal/mol) but now we observe A, < 0 in the bonding region as well as an AIL.

The interpretation that AlLs and NCI regions of density concentration are stabilizing in nature
[1,2,50] rests upon the concept that an increase in charge density in the bonding region of an

interaction is associated with typical bonding mechanisms. Hence, the sign of A, gives an
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indication of bonding interactions for the most commonly accepted chemical bonds, such as the
Oe++H interaction in d1. However, since the sign of A, gives strictly the local density increase (or
decrease) relative to adjacent density regions, one might wonder whether its interpretation in terms
of attractive (or stabilizing) contribution is equally applicable for all interactions. Specifically, in
highly congested systems (such as the d3 and d4 water dimers) or isolated interactions in non-
equilibrium geometries (such as the O+++O interaction in the d2 water dimer) the use of the sign of
A2 only shows a local maximum, minimum (or inflection point) of electron density, but does not
give any indication of an increase due to an inflow (or decrease caused by an outflow) in the

density upon the formation of an interaction.

Table 1. Analysis of interactions in water dimers, d1-d4, in terms of interaction energies and electron density in the
interatomic bonding region.

Dimer Distance Interaction EA~B® VAP vAPE AL PN X Ap(Neip

" sign(2o)”
A AeeeB
d1 1.946 Ol-=H5  -1261 -1163  -98 Yes  -0.0240 +0.0010
Ol++:04 1584 1633 49 No - -
d2 2.6 Ol++:04 1572 1686 114 Yes  -0.0178 -0.0036
OleeH5 -762 761 01 No - -
d3 2.0 Ol++-04 1541 1910 -369 Yes  -0.0524 -0.0094
OleH5  -1213 -117.3  -40 No  -0.0406 -0.0069
d4 16 HSe+*H6 62.0 647  -26 Yes  -0.0210 +0.0007
Ol++:03 1669 1755 86 No  +0.0176 -0.0015
Ole-H5  -1030 -1003  -27 No  -0.0233 -0.0001
24 H5e+eH6 452 455 05 No  -0.0032 +0.0002
Ol++03 1400 1418  -1.8 Yes' +0.0037 +0.0001
OlesH5 -787 -782 04 No  -0.0036 +0.0002
2.8 H5++<H6 39.6 39.7  -02 No  -0.0013 +0.0001
Ol++:03 1267 1276 08 Yes  -0.0016 +0.0001
OleH5 -700  -69.7 01 No  -0.0015 +0.0001

“Diatomic interaction energies and decomposed components, all in kcal/mol; "Values in au at GIP; “The deformation
density in au at GIP; “The AIL is bifurcated into two Os++O AlLs, with 2 BCPs and a RCP.

Hence, we decided to investigate two aspects of the density distribution with closer focus on: (i)
the resultant distribution of density at a specific state or geometry of a molecular system and (ii) the
processes which transform the density from the initial (non-interacting fragments) to final topology
of molecular state under consideration. Within this framework, a resultant electron concentration

shows where the electron density is at a local maximum, whereas the processes at work show how
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the density contribution came to be. In order to study these phenomena, we report here the 1D
density cross-sections of specific interactions in the water dimers, as well as the 1D cross-sections
of the deformation density of each dimer, using water monomers as initial constructor states,

according to the methodology set out in Section 2.

Density cross section and deformation density analysis. Figure 4(a) shows the density cross-
sections of the OeeeH and Oe<++O interactions in d1 and d2. Remarkably, there is no qualitative
difference between the density cross-sections perpendicular to the A--B axis of the d1 and d2
dimers: a local maximum is seen directly between atoms involved. Because of that, the observed
topology generates a point in space where the first order change crosses zero, resulting in a bond
critical point, and a region where the second-order change is negative, as shown in Figure S8 of the
SI. Furthermore, an almost identical variation obtained for the first and second order changes in d1
and d2 indicates that the resultant electron density distribution is qualitatively identical for these

two radically different interactions. However, the deformation density (Ap(r)) cross-sections,

0.03 - di @ 0.02 - d2 @)

p(r) / au

0.00

Distance along A,/ A

d1 (b)
2 0.001 A g?%% 3
=) s
0.000 + . :
-2 -1 0
Distance along A,/ A Distance along A, / A

Figure 4. Cross section of (a) the electron density and (b) the deformation density along X, eigenvector for d1 at d(O--
H) = 1.946 A and d2 at d(O--O) = 2.6A. The origin of the cross-sections for d1 and d2 are the BCP(O1,H5) and
BCP(01,04), respectively.
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shown in Figure 4b, uncover the different nature of these two interactions. In d1, forming the
Oe<+H interaction resulted in Ap(r) > 0 with an inflow of electron density into the bonding region
which is consistent with the concept of chemical bonding On the other hand, forming the O¢e*O
interaction in d2 resulted in a negative deformation density. This appears to correlate well with the
repulsive nature of this interaction for which it is favourable for electron density to be removed
(dissipated) from the bonding region of the O¢*+O interaction. The deformation density thus shows

two very different processes which give rise to similar final density distributions.

The understanding and interpretation of NCI plots, as well as molecular graphs, for dimers d3
and d4 is facilitated greatly by cross-sections of the electron density shown for d4 in Figure 5 and
for d3 in Figure S9 in the SI. At short d(H--H), e.g., 1.6 A, the cross-section of the electron density
in d4 shows two clear peaks, corresponding to the BCPs between hydrogen atoms, and a local
minimum, corresponding to the RCP between oxygen atoms. As d(H--H) gradually increases, the
density at BCPs corresponding to the Hee*H interactions shows a faster decline than density
attributed to the RCP of the O+*+O interaction. Finally, at d(H--H) > 2.8 A, a single local maximum
is observed which corresponds to the BCP of the Oe¢e«O interaction. The patterns observed in the
first- and second-order changes in the electron distribution of d4 show very much what one would
expect from the above analysis: the first order change crosses the X-axis three times at short d(H--
H), corresponding to two BCPs and a RCP, and the second order change shows clear regions of
concentration between H-atoms and a region of depletion between O-atoms. As d(H--H) increases,
the first order change reduces to one critical point, and only a region of concentration (spanning
over all three interactions) is seen in the 2" order change. Strikingly, the general pattern of
topology remains relatively constant across all values of d(H--H); only the relative values differ in
the second order change at d(H--H) = 2.8 A (where only concentration is observed) and at d(H--H)
= 1.6 A showing that the same mechanisms governing the electron distribution are present for the
range of d(H--H) examined in this study; the second order change is always lowest between H-
atoms. This point is emphasized by examining the cross-sections of the deformation density for d4,
as shown in Figure 6 (and for d3 in Figure S10 in the SI). At short d(H--H), a clear inflow and
outflow of density is observed for the HeesH and Oe++O interaction, respectively. As d(H--H)
increases, the interplay between an outflow of density from the interatomic region of the HeeeH
interactions and inflow of density into the bonding region of the O¢++O interaction, gradually brings
the accumulation peaks closer together which finally results in a net overall accumulation at d(H--
H) = 2.8 A. It seems that the deformation density patterns (as well as the resulting patterns

observed in the second order change of the molecular electron density) are primarily a result of the
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kind of atoms involved, with the distance between them only determining the density at critical

points and the net observed effect.
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Figure 5. Cross-section of the a) electron density, b) its first and c) second order changes, along the A, eigenvector for
d4 for indicated distances of d(H--H). The origin of the cross-section is either RCP or BCP between O1 and O3 atoms.
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Figure 6. Cross-section of the deformation density along the A, eigenvector for indicated distances of d4. The origin
of the vector is either RCP or BCP between O1 and O3 atoms.

From the above considerations and data shown in Table 1 it is clear that the presence of an AIL
does not necessarily mean that:

a) Atoms are involved in an attractive (or stabilizing) interaction with E/x® < 0; only in the case

of O1 and H5 d1 we observe an AIL and E.®? <O0.

b) The interaction is strongest among all, as measured by E/®, e.g., in d4 with d(H5--H6) = 1.6
A, an AIL is observed between H-atoms involved in the weakest and repulsive interaction even
though there is highly attractive and stronger interaction present in this molecular system
(OleseH5 with EA® =-103 kcal/mol).

int

c) A positive density deformation (which shows an inflow of density into an interatomic region
on the formation of an interaction) should be expected, e.g., (i) in the case of d2, an outflow of
density, Ap(r) <0, is observed between O-atoms linked by an AIL at any d(01,04), or (ii) in
the case of d3 at d(01,04) = 2.0 A, one observes AIL between O1 and 04 while Ap(r) < 0.

Note that these two interactions exhibit highly repulsive character.

The analysis of deformation density, Ap(r), provides not only an important insight on the
mechanism of density distribution in the final structure of a molecular system but also might be

more intuitive for a classical chemist in interpreting interactions in terms of bond formation.

However:

a) The sign of Ap(r) cannot be used to predict the character of an interaction in the final structure

as there is no correlation between the signs of Ap(r), E.° and A,. For instance, an inflow of

density, Ap(r) > 0, and accumulated density in the interatomic region, A, < 0 (both indices are

synonymous with a formation of a chemical bond or bonding interaction) is observed in (i) d4
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for highly repulsive interactions H5++<H6 at any distance and Oless03 at d > 2.8 A, as well as
(i) d1 for highly attractive Oles+H5 interaction, a classical intermolecular H-bond.

b) An outflow of density, as predicted by Ap(r) < 0, is not synonymous with either the repulsive
interaction or a local resultant depletion in the density as indicated by A, > 0. For instance, for
Ap(r) < 0 we still observe A, < 0 for two interactions in d3, namely for highly repulsive O1--O4
with an AIL and highly attractive ( E;;® =-121 kcal/mol) Ol+ssH5 without an AlL.

3.2 Bipyridine

We change our focus from inter- to intramolecular interactions in s-cis and s-trans forms of bpy (L)

and its protonated forms, HL and H,L (signs are omitted for simplicity), because they provide many

contacts of different nature which will allow us to examine the electron density distributions in

different molecular as well as immediate environments. From the data shown in Table S2 and

(c) H13, H20

.............

H22¢ (%

H21

Figure 7. Molecular graphs of the s-cis a d s-trans forms of a) bipyridine, L, b) HL and c) H,L.
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Figure S11 of the Sl it follows that there are two genuine equilibrium structures among those
examined here, namely s-trans L and s-cis HL. This means that we will be able to compare
properties of intramolecular interactions formed by spontaneous change in the configuration of a
molecule against forced-to-be contacts in non-equilibrium conformers obtained by rotating the
rings along the N,C,C,N dihedral angle.

As shown in Figure 7, the molecular graphs do not exhibit AlILs for all close contacts even
though a distance criterion, d(A--B) < sum of the van der Waals radii, is met in all cases. From the
NCI perspective (as shown in Figure 8 and Figures S12 of the SI), all contacts show regions where

the reduced density gradient approaches zero, indicative of atoms being involved in an interaction.

o u'\'

Figure 8. NCI isosurfaces of the s-cis forms of bpy (L) and HL, with a RDG isovalue = 0.5 au and isosurfaces
coloured from blue to red using —0.03 < p(r) x sign(A,) <+0.03 au.

It was then of importance to examine the cross-sections of the electron density and results obtained
for selected interactions without an AIL are shown in Figure 9a, and those with AIL are shown in
Figure 9b (corresponding first- and second-order changes are shown in Figures S13 and S14 of the
SI). Focusing on contacts without AILs, the CHee*N interaction in s-trans L shows a clear
concentration in the bonding region, but it is not sufficient to increase the density relative to a
preceding point, hence no AIL is observed; this is a common feature for all interactions where
density is locally increased but an AIL is not present. A very useful picture is obtained for the
NeeeN interaction in s-Cis L; it can be seen that exactly in the bonding region the density is only
depletive and it increases somewhat outside the ring and this correlates well with the relevant NCI

isosurface shown in Figure 8.
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Figure 9. Cross-sections of the electron density along the X, eigenvector for indicated interactions (a) without a bond
path, and (b) with a bond path present, in indicated forms of bpy. Dashed red line indicates Geometric Interaction Point
(GIP) - point of lowest density directly between two atoms.

Regarding interactions with AILs, we always observe an increased density in the bonding region;
this is clearly visible for the NHe+sN (most pronounced change) and CHe+*HC interactions in s-Cis
L, but only a very slight increase is seen for the NHeesHN interaction in s-cis H,L. One can also
observe that the maximum density (which correlates with a BCP) is shifted inside the respective

ring from the GIP - point of lowest density directly between two nuclei.

The most informative picture is again observed for the cross-sections of the deformation density,
although some care must be taken in the case of intramolecular interactions, since the fragments
used to generate the deformation density (in this case, radical pyridine fragments) are unphysical
reference states. However, even using fragments which are unlikely to exist in reality, the protocol
used here is similar to that employed in frequently utilized energy decomposition techniques, such
as ETS [65] and EDA [66]; hence, it should provide sufficient information to make qualitative

conclusions related to the nature of these interactions.

Figure 10(a) shows the deformation densities for the CHe**N and Nee*N interactions in s-trans
and s-cis bpy, respectively, which are not linked by an AIL; an outflow of density from the bays as
well as from the bonding interatomic regions is observed. The very repulsive NeeeN interaction
shows a maximum decrease in density within the NesN bonding region, clearly showing that it is
preferable to remove density from the electron-rich NeeeN interaction upon its formation. This
observation correlates well with the nature of this interaction as well as chemists’ intuition, hence
gives some credibility of this analysis, even though unphysical reference states were used. On the
other hand, for the CHe**N interaction, the density depletion is greatest between the N1 and C10

atoms of the bay, and is approaching zero outside the bonding region.
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Figure 10. Cross-sections of the deformation density along the A, eigenvector for selected interactions (a) without
bond path in deprotonated bpy and (b) with a bond path in indicated forms of bpy. Dashed red lines indicate the
geometric interaction point, GIP.

Considering the deformation density cross-sections in Figure 10b for the CHessHC, NHeesHN
and NHee*N interactions, all with an AIL present, an slight inflow of density is observed in the
bonding region. This shows that, upon their formation, it is favourable to increase the density
within these regions and in general, correlates well with the picture obtained from the analysis of
the electron density cross-sections and the presence of AlLs. However, using pyridine radical
reference states, it is impossible to state with certainty whether density truly increases between
these atoms in their interaction regions, but it is reasonable to infer that no significant density
changes occur upon the formation of these interactions. On the other hand, it is important to note
that a much larger and significant outflow of density takes place in the interatomic regions of
neighbouring C- and N-atoms of the bay, as shown in Figure 10(b); this observation suggests that
these atoms play larger roles than what is typically expected in the overall density distribution of
the bay. In addition, the outflow of density in these neighbouring regions will significantly change
the curvature of the electron density for the intramolecular interactions of interest, thereby possibly
facilitating the appearance of AlLs and regions of concentration. This concept is illustrated for the

CHe++HC interaction in s-cis bpy in Figure S15 of the SI.

Finally, it is informative to discuss collated results shown in Table 2. There is only one case, the
NeeeN interaction in s-cis bpy, for which a fully consistent description emerges; it is characterized
by a large repulsive interaction energy of +255.9 kcal/mol, absence of an AIL, a region of depleted
density directly in the bonding region between the N-atoms (A, > 0) and an inflow of density takes
place on its formation, Ap(r) < 0. When these indices are combined, this interaction might be seen

as a classic case of intramolecular repulsive steric contact. However, if this set of indices is used as

a reference then the very electron-poor NH--HN contact in s-cis H,L (also with EA® >> 0) does not

int
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conform to this criterion because density in the interatomic region is accumulated (A, < 0), an
inflow of density takes place on the formation of this contact (Ap(r) > 0) and an AIL is linking H-
atoms. It is obvious that using general chemical wisdom and intuition, these two contacts must be

seen as destabilizing a molecule.

Table 2. Analysis of interactions in bpy and its protonated forms in terms of interaction energies and electron density
in the interatomic region.

Molecule  Form Interaction Disfg\\nce EnBe VP VBt AL Sigglr())\:)b Ap(Neip’
bpy s-Cis CHee*HC 1.98 -2.9 0.0 -3.0 Yes -0.0123  +0.0004
NeeeN 2.72 255.9 264.4 -85 No +0.0177  -0.0054

s-trans CHee*N 247 -14.7 -10.4 -4.3 No -0.0139  -0.0010

Hbpy s-cis CHe+-HC 2.19 -1.5 0.4 -19 Yes —0.0083  +0.0004
NeeeHN 2.08 -128.3 -123.0 -54  Yes -0.0255  +0.0005

s-trans CHes-HN 1.96 -0.7 11 -1.7  Yes -0.0111  +0.0009

CHe+*N 243 -254 209 -4.4  No -0.0149  -0.0008

H,bpy s-cis CHe+-HC 1.98 -1.5 1.2 -2.6  Yes -0.0116  +0.0007
NHeeeHN 1.95 41.4 42.2 -0.9 Yes —0.0095  +0.0006

s-trans CHeesHN 1.94 3.7 54 -1.7  Yes -0.0118  +0.0009

2 Diatomic interaction energies and decomposed components, all in kcal/mol; ® Values in au at GIP; “The deformation
density in au at GIP.

Let us analyse the CH--HC contacts which are often also seen as steric hindrance and became a
subject of heated scientific debate when their nature in, e.g., biphenyl goes [16,17,27-29,33,34].
We note with interest that in all three s-cis (de)protonated forms of bpy these contacts are

characterized by the presence of AlLs, favourable and XC-dominated interaction energy (EA® < 0),

int
an increased density in the interatomic region (A, < 0) and an inflow of density on these contacts
formation; remarkably, this is exactly the same set of indices as observed for a spontaneous

formation of a classical intermolecular H-bond in the water dimer d1.

Considering the CHe<<N interactions, we found that they are characterized by a different set of
descriptors when compared with those discussed for the CH--HC or NH--HN contacts. Also, the
set of descriptors has not changed for the CHe<<+N interaction when going from the equilibrium s-cis
L to non-equilibrium s-trans HL. Even though the CHee*N interactions contribute significantly

more, when measured by the E~° term, to the overall stability of a molecule than the CHeesHC

int

ones:
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a) Atoms involved in the interaction are not linked by an AIL even though density is
accumulated, Ao <0

b) An outflow of density takes place on the contact formation, Ap(r) <O0.

An analysis of data shown in Table 2 also shows an influence of a molecular environment on the
nature and strength of an interaction. For instance, we observe weakening of the CHeesHC

AB _—

interactions when going from unprotonated (E® = —2.9 kcal/mol) to diprotonated bpy (EA° = —
1.5 kcal/mol) and this is almost entirely due to an increase in a classical term from virtually zero in
L to +1.2 kcal/mol in H,L. More apparent change, also mainly caused by an increase in the value

of V8, involves the CHe+<HN interaction which changed its nature from attractive in HL (E.°® =

int

—0.7 kcal/mol) to repulsive in HoL (EA® = +3.7 kcal/mol) even though in both cases Ap(r) > 0 and

int

A2 < 0 are observed between H-atoms involved with the V:® term virtually unchanged.

In general, as observed for the water dimers, (i) there is no direct correlation between all indices

discussed here, e.g., E~® <0 or EA® > 0 is not synonymous with the presence or absence of AlL,

int int
respectively, (ii) locally increased density, as identified by NCI, does not imply that this is the
result of the density inflow into the interatomic region and also (iii) different mechanisms, through
which electron density is distributed between atoms, also take place in case of intramolecular
interaction.
3.3. NTPA

This common tetradentate ligand, has some conformational space in its free form but must
undergo preorganization to form complexes with transition metals. It is known that on the complex
formation the CH--HC steric contacts are present and this is commonly used to reason why NTPA
forms weaker complexes with most metal ions than the slightly smaller (and less congested) NTA
(nitrilotriacetic acid) [67-69]. We decided to examine here two, the lowest and highest energy,
conformers of the free and deprotonated NTPA (LEC and HEC, respectively) and found several

CH--HC contacts in both conformers but only one with an AIL - see Figure 11.
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Figure 12. N , igheste _, wvalue = 0.5 au

and isosurfaces coloured from blue to red using —0.03 < p(r) x sign(X,) <+0.03 au.

The number of the CHe+*HC interactions presenting concentrated density within its bonding region
was expanded upon NCI analysis (Figure 12) which also revealed two CHessHC interactions in
HEC which show only depletion. We therefore selected three examples of the CHeeeHC
interactions: (1) CH2¢e*H18C in LEC, which contains concentrated density but no AIL (note that
there are three almost identical interactions of this type in LEC), (i1)) CH16¢+sH19C in HEC, which
contains concentrated density as well as an AIL, and (iii)) CH2++*H9C in the HEC, which shows no
AIL and only presents an NCI region of density depletion.

AB _
int

Interestingly, the 1QA data (Table 3) reveals that all three interactions are attractive, with E
-3.3, -3.2 and —1.6 kcal/mol, respectively, and similarly to the CHe**HC interactions in all forms of

bpy, they are dominated by the V4® component.
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Table 3. Analysis of interactions in the LEC and HEC of NTPA in terms of interaction energies and electron density in
the interatomic region.

Form Interaction Dlsfée\\nce EABa ch*Ba VXAC’Ba AlL p(r)xb Ap(Ngip’

n sign(22)
LEC CH2+++H18C 211 -3.3 0.1 -3.4 No —0.0105 -0.0007
HEC  CH16e--H19C 2.13 -3.2 0.1 -3.2 Yes  -0.0103 -0.0012
CH2e+sHOC 2.27 -1.6 0.2 -1.8 No +0.0105 —-0.0035

“Diatomic interaction energies and decomposed components, all in kcal/mol; "Values in au at GIP; “The deformation
density in au at GIP.
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Figure 13. Cross-sections of the electron density along the A, eigenvector for indicated interactions in the lowest and
highest energy conformers of NTPA. The dashed red line indicates the GIP.

Cross-sections of the electron density, as shown in Figure 13, revealed a few very interesting
features. The electron density at GIP for each CHe+<HC interaction is almost identical, with p(r) ~
0.01 au. However, the topology of the interactions differ, predominantly in the region preceding
the GIP. In CH16++*H19C, where an AIL is present, the neighbouring region shows the largest
depletion, followed by CH2++*H18C, the interaction without an AIL but showing concentration in
the bonding region. Finally, CH2++sH9C in HEC shows a mostly uniformly declining electron
density, with no shoulder in the bonding region (and hence no concentration), but also no valley in
the neighbouring regions (hence no AIL). It is thus clear that the appearance of concentration
regions for these interactions is mostly dependant on the density distribution of the local

environment.

Figure 14 shows the deformation density for the three CHeeeHC interactions of NTPA.
Surprisingly, all three interactions show somewhat negative deformation densities with the largest
outflow from the bonding region of CH2++sH9C in HEC where identified by NCI depletion in
density is observed but, like the CHee*HC interactions in bpy, the largest changes occur in
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neighbouring regions. Regardless of the different mechanisms, however, in all cases these

interactions exhibit E~® < 0 and are almost entirely dominated by the V2. term.

int
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In general, there is no obvious correlation between the presence (or absence) of AIL and the

signs of Ap(r), A, and EA° (as also observed for all other molecular systems discussed above),

hence, the properties of topologies discussed here cannot be used to conclusively describe the
chemical character of the CH--HC contacts or their impact on the stability of a molecule.
Interestingly, however, these contacts exist already in the LEC of NTPA where, in principle, they
could be avoided by just a slight rotation of the —CH,— fragments but clearly that would result in
some energy penalty: (i) either even larger strain than that caused by these contacts or (ii) the loss

of three stabilizing CHe**HC interactions in LEC, amounting to —10 kcal/mol.

3.4. 2,2,2-tet

Triethylenetetramine (trien,) is a member of the homologous series of linear aliphatic
polyamines (LAP), most of which are found in living organisms and play important roles in
regulating cell proliferation and differentiation [70,71]. It is also a well-known copper chelator and
has been used extensively in the treatment of Wilson’s disease [72,73]. Due to the large
conformational space available to this molecule, as well as the possibility of various intramolecular
interactions (e.g., NHeesN, CHe<<HC, etc.) forming upon its protonation, we have found it suitable
to study the electron density distributions of intramolecular interactions.

Figure 15 shows the molecular graphs of the lower (L1) and higher (L2) energy conformers. Both
of them show a very strong (or leading) classical intramolecular NH+<*N hydrogen bonds, with an

AIL present, but these conformers differ in the overall congestion of the molecule. As a result, L1
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forms an additional NHee*N interaction (with an AIL) and both conformers have additional

CHeessHC and CHee*N interactions.

Figure 15. Molecular graphs of a) the lower energy L1 and b) higher energy L2 conformer of 2,2,2-tet.
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Figure 16. NCI isosurfaces of a) the lower L1 and b) higher energy L2 conformer of 2,2,2-tet with a RDG isovalue =

0.5 au and isosurfaces coloured from blue to red using —0.03 < p(r) x sign(},) < +0.03 au.

The NCl-plots for each conformer, shown in Figure 16, disclose an abundance of intramolecular

interactions involving N-and H-atoms. Focusing on the CHeesHC interactions, it can be seen that

besides those with the presence of AILs, there also exist interactions just showing regions of

concentration as well as regions of depletion.

Cross-sections of the electron density for the NHeeeN, CHeesN and CHe+*HC interactions are

shown in Figures 17(a-c). A clear concentration and local maximum in the density is seen in L1 for

the leading NH29+¢N28 interaction, whilst only a slight increase in the density is observed for the

weaker NH2¢¢*N27 interaction; both maxima correspond to the observed BCP.
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Figure 17. Cross-sections of the electron density along the A,-eigenvector for indicated a) Hes*N interactions with an
AIL, b) XHe<+N interactions without an AIL and ¢) CHe<<*HC interactions in the lower energy conformer, LEC, of
2,2,2-tet.

The difference between these two interactions, in terms of density cross-sections, might be
rationalized in terms of the local environment; NH29+¢¢eN28 is on the ‘outskirts’ of a molecule,
whereas NH2ee*N27 occurs within the congested ring in the presence of numerous other
interactions. For both interactions Ap(r) > 0, but influence of the environment on the shape of the
deformation densities can be easily deduced from Figure 18(a). Two other Hee*N interactions,
CH19++N26 and NH29+eN26 in L2, but without AILs present, are presented in Figure 17b.
Regions of concentration and depletion are observed, respectively, but the deformation density
cross-sections in Figure 18b show a very slight inflow of density for CH19++¢N26 but only an
outflow of density for NH29+¢eN26. A large spectrum of various Hee*N interactions with different

indices are therefore observed in these molecules.
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Figure 18. Cross-sections of the deformation density along the A,-eigenvector for indicated a) XHee*N with AlL
present, b) XHes«N without AIL present and ¢) CHes<HC interactions in the lowest energy conformer of 2,2,2-tet. Red
dashed lines indicate the GIP.

The density cross-sections of selected CHee*HC interactions (Figure 17c) show a variation similar
to what was seen in NTPA, with clear increases in the electron density showing an AIL and the
absence of any shoulders showing regions of depletion. The deformation densities (Figure 18c)
show a slight outflow of density in the interaction regions but, like the CHessHC interactions in
NTPA and bpy, much larger changes in the neighbouring regions between C atoms except for

CH14++H19C, where the cross-section passes close to the lone pair of a nitrogen atom).

The full list of interacting atoms (as identified by NCI) is shown in Table 4, together with their
IQA interaction energies. It is important to stress that, while the interaction energies of all
intramolecular interactions vary greatly, there is not a single CHeesHC interaction which is

repulsive and all are showing dominating contribution of the V&® term as found in bpy and NTPA;

note that E~® < O is observed in all molecular systems studied here, regardless whether density

int
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concentration or depletion is observed in the bonding region, contradicting the MM-based notion of

highly repulsive nature of this kind of interaction.

Table 4. Analysis of interactions in the protonated lower (L1) and higher (L2) energy conformers of 2,2,2-tet and its
protonated forms in terms of interaction energies and electron density in the interatomic region.

Form Interaction /oM Dls'f;nce EnPe VP VAP AIL Ar) Ap(Ncip’

AB int sign(1,)°
L1 NHeesN H29,N28  1.741  -131.8 -1075 -243 Yes _0.0517 +0.0035
NHeesN H2,N27  2.379 -782  -735 47 Yes 00150 +0.0026
NHeesN H2,N26  2.136 -89.8  -816 82 Yes 00239 +0.0000
CHe+-HC H8H15  2.034 -36 +0.0 ~36 Yes 00134 -0.0006
CHeesHC  H15H22  2.133 -3.0 +0.1 31 Yes  _0.0098 +0.0000
CHeesHC  H14,H19  2.490 -0.9 +0.2 -11 No  +0.0082 -0.0018
L2 NHeeeN H1,N27 1654  -1458 -1165 -29.3 Yes  -0.0656 +0.0144
NHeeeN H29,N26  2.736 614 605 09 No  +0.0116 -0.0022
CHee*N H19,N26  2.711 -5.0 -1.9 31 No  -0.0086 +0.0004
CHe*HC H4,H15  2.156 2.7 +0.1 2.8 Yes 00087 +0.0001
CHee*HC H8H12  2.426 -1.1 +0.2 -13 No  +0.0082 -0.0017
CHeesHC  H14,H21  2.273 2.0 +0.1 21 No 00083 -0.0001
CHessHC  H11,H19 2.344 -1.4 +0.1 15 No 00083 -0.0004
CHeesHC  H11,H21  2.553 -0.9 +0.0 1.0 No  —0.0045 -0.0000

? Diatomic interaction energies and decomposed components, all in kcal/mol; ® Values in au at GIP; “The deformation
density in au at GIP.

All NHe<<N interactions are characterized by large and negative interaction energies but H29++sN26

(E~P = —61.4 kcal/mol in L2) does not have an AIL (most likely due to interatomic distance of

int

2.74 A) and has a unique and somewhat unexpected set of NCI and deformation density indices,
namely a local depletion in electron density (po(r) x sign(A,) = +0.0116 au) and an outflow of
density on this interaction formation is observed, Ap(r) < 0. Furthermore, there is no significant
inflow of density on the formation of the H2++<N26 interaction in L1 even though it is the second
strongest (in stabilizing manner), has large locally increased density (o(r) x sign(Az) = —0.0239 au)
and atoms involved are linked by the AIL. The data obtained for the NHe<+*N interactions show that
(i) positive values of (p(r) x sign(),) and (ii) outflow or no change in the deformation density, Ap(r)
< 0 are not synonymous with destabilizing interaction; hence, former describes the resultant local
density distribution and the latter explains the process of the resultant density formation, in- or
outflow of density on an interaction formation and both these indices illustrate how a molecular

system has minimized its energy in terms of density distribution.

Similar observations, related to significance of p(r) x sign(Az) and Ap(r), apply to CHeeHC
interactions, all characterized by EX® < 0 with dominant V&® term and various combinations of

int

resultant local density and its formation. For instance, let us focus on two, H8eeeH15 and
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H14eesH19 in L1, where an inflow of density is observed but only former has p(r) x sign(i;) <0
and AIL. In some other cases, Ap(r) ~0 but density is locally increased with either AIL present or
not. From the analysis of weaker intramolecular interactions, as identified by NCI, it would also
appear that density is preferentially removed from peripheral or long-distance contacts (H14--H19,
H29--N26, H8--H12) in favour of contacts with shorter distances which are localised within a ring

formed by the leading NHe<<N interaction.

From a chemist perspective it would be of importance to understand parameters controlling
relative stability of conformers. A first attempt might be made by comparing the strength of the
leading and ‘truly’ chemical in nature intramolecular H-bond. Unfortunately, inspection of data in
Table 4 reveals that this is not the case as all indices are in favour of the NHee<N interaction in the
higher energy conformer for which we observe stronger by —14 kcal/mol interaction, much more
significant covalent contribution, by about -5 kcal/mol, significantly larger density accumulation in
the interatomic region (about —0.015 au) which resulted from a large inflow of density. The only
reasonable explanation we were able to come up with is the presence of three highly stabilizing
NHe<<N interactions in L1 whereas only two are observed in L2. However, if these were the only
significant changes then L1 should be more stable, by ~-100 kcal/mol, than L2 but this is not the
case. Hence, L1 must have paid some energy penalties (not reflected in Table 4) which largely
reduced the decrease in the final energy of the L1 conformer. Clearly, any rigorous attempt to
explain and quantify conformational preference is not an easy, if at all possible, task when
polyatomic molecular structures are considered. In this regard, the NCI is very useful in identifying
regions with increased density in the interatomic region from which additional and possibly
significant interactions can be identified. However, the appearance of blue regions in the NCI plots
must be always accompanied by red ones (with depleted density) and interpretation of significance
of the latter might be more difficult for chemists’ purposes, in terms of stabilizing or unfavourable
character of an interaction, as exemplified by, e.g., the highly stabilizing H29+e¢N26 interaction in
L2.

4. Conclusions

Numerous inter- (in water dimers) and intramolecular (in (de)protonated forms of bpy, NTPA
and singly protonated 2,2,2-tet) interactions of different kind (O<eeH, NHeeeN, CHeesHC, CHe**HN,
NHeesHN, CHee*N, HeesH, O<+O and Ne++N) were investigated by exploring topology of electron

density in the interatomic regions using standard protocols as implemented in QTAIM, IQA and
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NCI as well as density cross section along the eigenvector corresponding to the A, eigenvalue of the
Hessian matrix, starting from the geometric interaction point (the lowest density directly between
two nuclei). All these techniques are concerned with the properties of the resultant density
distribution in a molecular system. To gain further insight, we have also implemented here an
analysis of deformation density from which the process, inflow or outflow of density from
fragments to the interatomic region of an interaction of interest in a molecule or molecular system
could be uncovered. Our main interest was to find out whether there are well-defined relationships
between (i) QTAIM-defined an atomic interaction line, AIL (presence or absence), (ii) IQA-defined

interaction energy, E.°, and its components, classical V;*® and exchange-correlation term V:°,

int ?

(iii) NClI-defined isosurfaces used to identify local regions of accumulated ( A, < 0) or depleted ( A,
> 0) density relative to immediate environment, and (iv) deformation density which for Ap(r) > 0

indicates an inflow and Ap(r) < 0 indicates an outflow of density on the interaction formation.

The analysis of data presented in Table 5, where a full set of combined indices obtained for all
interactions is shown, leads us to the following final conclusions:
- the presence of an AIL is observed for many interactions, regardless whether (i) they are highly

attractive or repulsive as measured by the value and sign of EA®, (ii) an inflow or outflow of

int !

density takes place into the interatomic region

- there is no correlation between the signs of A, and EA®; both, highly repulsive and attractive,

int ?
interactions might have locally depleted density and vice versa,
- locally accumulated density, with A, <0, does not imply that this is the result of an inflow (Ap(r)
> 0) or outflow of density, and this equally applies to attractive and repulsive interactions either

with or without an AIL

From a chemist’s perspective:

- the first three interactions in Table 5 can be interpreted as H-bonds (either inter- or

intramolecular) and they all are characterized by the presence of AIL, EA®? << 0 dominated by the

int
Ve term, A2 < 0 and Ap(r) > 0. There are also other two interactions, CHs*sHC and CHe*sHN
which have exactly the set of indices (but their interaction energy is dominated by the V®) and
classically the former is interested as steric hindrance and the latter as another kind of a H-bond.

- the last two interactions in Table 5 represent classical non-bonded and repulsive contacts which

are characterized by the absence of AIL, EA® >> 0 dominated by the V/*® term, locally depleted

int cl

density (A, < 0) and an outflow of density from the interatomic region (Ap(r) > 0). One must note
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that there are also attractive interactions (EA® < 0) without AlLs, for which also locally depleted

int
density and outflow of density from the interatomic region is observed, and one of them, NHe<*N in

2,2,2-tet, would easily be interpreted as an intramolecular H-bond.

- the Oe+0 interaction in d4 is highly repulsive and would be classified by any chemist as highly
destabilizing a molecular system but, at the same time, is characterized by three identical
topological features as found for classical H-bonds, namely (i) the presence of an AIL, locally
increased density in and an inflow into the interatomic region.

- the molecular environment can change the description, hence a character , of an interaction
radically as exemplified by CHee*HC for which the set of descriptors varies from that observed in
the case of classical H-bonds and changes to the set characterizing a destabilizing a molecule
interaction, except the interaction energy between H-atoms involved which is always negative.

- none of the indices (IQA, QTAIM etc...), either separately or combined, can be used to predict
the (de)stabilizing nature of an interaction except two limiting cases, the first and last interaction

shown in Table 5.

The interpretation that the signs of A, or Ap(r) can be used as indications of “stabilizing”,
“attractive” or even “bonding” rests on the concept that an increase in density in the bonding region
of an interaction is an indication of a bonding mechanism. In this work, we have presented two
different techniques to measure an increase in density in the bonding region: the sign of A, (as it is
used in NCI and the interpretation of an AIL) and the sign of Ap(r). The former indicates increased
density relative to the local environment of an interaction, whereas the latter indicates increased
density relative to non-interacting fragment states. We note that the combination of the two
methods gives a much greater insight into the electron distribution of inter- and intramolecular
interactions; this is particularly true for all of the CHe+*HC interactions investigated in this work.
Even though the electron density distributions of these interactions show a wide range of different
indices, we note that, in cases where a concentration of density or even an AIL is seen, a large

outflow of density is observed between the neighbouring C-atoms.
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Table 5. Comparative analysis of all interactions investigated in this work.?

Dominant

Structure Interaction term Ao Ap(Nip
Attractive (E " < 0) with AIL
d1l OeeeH Ve neg pos
L1 2,2,2-tet NHeeN Vg neg pos
s-cis Hbpy NHeesN Vg neg pos
s-cis bpy
s-cis Hbpy
s-cis H,bpy CHeeHC Ve neg pos
L1 2,2,2-tet
L2 2,2,2-tet
s-trans Hbpy CHeesHN Ve neg pos
HEC NTPA
L1 2,2,2-tet CHee-HC Ve neg neg
L2 2,2,2-tet
Repulsive (E>® > 0) with AIL
d4 HeeeH A neg pos
d4 O¢+0 Vg neg pos
s-trans H,bpy NHee*HN Vg neg pos
s-trans H,bpy CHeesHN V¢ neg pos
d2, d3 Qee0O Vg neg neg
d4 OO Vo pos” pos
Attractive (E.° < 0) without AIL
d4 QeesH A neg pos
L2 2,2,2-tet CHeeeN Ve neg pos
s-trans bpy .
s-trans Hbpy CHeeeN Ve neg neg
d3 d4 OeeeH Ve neg neg
LEC NTPA
L2 2.2, 2-tet CHee-HC Vxc neg neg
L12,2,2-tet _
L2 2.2.2-tet CHeeeHC Vxc neg 0
L2 2,2,2-tet CHeeHC Ve pos neg
HEC NTPA
L1 2,2,2-tet CHeeHC Ve pos neg
L2 2,2,2-tet
L2 2,2,2-tet NHeeeN Ve pos neg
Repulsive (E/~® > 0) without AlL
d4 HeeeH Vg neg pos
d4 (O11L10) Vi pos neg
s-cis bpy NeeeN Vg pos neg

% neg and pos stand for the negative and positive, respectively, signs of the A, and Ap(r)ge values; ° this is at the GIP =
RCP in this dimer where bifurcated AIL is observed
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It appears that formation of an AIL does not have to be an output of the inflow of density into the
interatomic region, as traced by the deformation density, but might be also an ‘artefact’ of density

depletion between neighbouring atoms.

Clearly, care must be taken when using any local theoretical index (i.e. the value of the electron
density or deformation density at a single coordinate), because the description of any interaction is
highly influenced by its local environment. This is particularly true for congested systems, with
many intramolecular interactions present in the same space. It is obvious that to fully uncover the
chemical character of an interaction it would be necessary and informative to include additional

physical properties and expand on methodologies used.

On a final note, we can also ask whether the presence of an AIL corresponds in any way with the
delocalization or exchange interaction energy between competing pairs of atoms. Such a
correspondence was suggested by Pendas et al, [38] and investigated in more detail by Tognetti and

Joubert. [58] From the data obtained in this work, it would appear that Pendas’ interpretation of an
AIL holds true — the interactions for which V" is the largest in magnitude does indeed show the
presence of an AIL. For example, in d1, Vo™= -9.8 kcal/mol, whereas V. o°* = -4.9 kcal/mol.
However, we have found one case in d4 with d(H--H) = 1.6 A, where the HessH interaction
presenting an AlL has a less-negative V& value than its competing O<+O interaction; V&= -2.6
kcal/mol, whereas Vo *= —8.6 kcal/mol. Whether this observation is a result of a structure which

is far from equilibrium or whether it is a special case where Pendas’ interpretation (as determined
by the methodology of Tognetti and Joubert) does not hold is a question we will investigate more

thoroughly in the future.
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Supplementary Information

Figure S1. Radical pyridine fragments used in the calculation of the deformation density in L, s-cis
bipyridine.

Figure S3. Radical fragments used in the calculation of the deformation density in the HEC of 2,2,2-tet.
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Table S1. Constrains applied during the optimization of water dimers

Constraints applied during

Dimer Varied d(A--B) o
optimization
d(H5--01)
poy At d(H5--01) = 2.8 A, d(0--0)
dl bt

¢
& H5
?M
v

( HS
d2 HE
I',Hw
dz
d3 K5 ‘-'.35
5 H.*
W
d4
« ®
& ¢

1.8 A<d(H5-01)<28 A

2.6 A<d(01--04)<4.0 A

2.0 A<d(01--04)<2.6 A

1.6 A<d(H2--H4)<3.6 A

was kept fixed at 3.747 A in
order to keep the same
alignment of water molecules
relative to each other.
d(0--0)

DA(H3,01,04,H5) = 90°
DA(H3,01,04,H6) = 90°
DA(H2,01,04,H6) = 90°
DA(H2,01,04,H5) = 90°

d(0--0)

d(H--H)

Only single point calculations
could be performed on d4, with
the water monomer used as
reference for d(O-H) bond
lengths
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Figure S4. NCl-plots at various d(O--H) for the d1 water dimer, at indicated reduced density gradient
isosurfaces. The isosurfaces are coloured from red to blue according to -1.0 < A, < 1.0 au.
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Figure S5. NClI-plots at various d(O--O) for the d2 water dimer, at indicated reduced density gradient
isosurfaces. The isosurfaces are coloured from red to blue according to -1.0 <2, < 1.0 au.
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Figure S6. NClI-plots at various d(O--O) for the d3 water dimer, at indicated reduced density gradient
isosurfaces. The isosurfaces are coloured from red to blue according to -1.0 < A, < 1.0 au.
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Figure S7. NCl-plots at various d(H--H) for the d4 water dimer, at indicated reduced density gradient
isosurfaces. The isosurfaces are coloured from red to blue according to -1.0 <2, < 1.0 au.

45



0.002 - 0.001 +

0.001

1st order changein p(r) / au
1st order change in p(r) / au
o
o
o
o

0.000

-0.001 -

-0.002 - -0.001 -
0.0001 ~

0.0001 1~

0.0000

-0.0001

-0.0001 A w

-0.0002 - Distance along A, / A

-0.0002

2" order change in p(r) / au
2" order change in p(r) / au

-0.0003

Distance along A,/ A

Figure S8. Cross sections of the a) 1% order and b) 2™ order changes in the electron density along the A,
eigenvector for d1 at d(O--H) = 1.946 A and d2 at d(O--O) = 2.6 A. The origin of the cross-sections for d1
and d2 are the BCP(O1,H5) and BCP(01,04), respectively.

46



0.09 - 18A @
& e,
0.07 1 & a
> [s] [O}
S o’O bQ
£0.05 - & . Bany, %@
Q o ja 2.0A Phn, 8
0.03 - AgAAAAA fan
o A
ggA %
0.0l T T T 1
1 0.5 0 0.5 1

Distance along A,/ A

0.0005 -~

-0.5 0 0.5
Distance along A, / A

0.0000

-0.0005 +

-0.0010 -

-0.0015

2"d order change in p(r) / au

-1

-0.5 0 0.5
Distance along A,/ A

20A
M CECCECEECS M
_0.03 | s ia-t
©
= e "
= B AT
? m a 2.4 A 4, B
a , ]
f + By [}
P y
001 -4 o
-1 -0.5 0 0.5
Distance along A, / A
% 0.002 - (b)
S +Hy
= 0.001 - . 0 20A
£ +++
(0] *
2 0.000 — —
% +
= 2.4 A
. i [
5 0.001 SIS
S DDDC\::::P
&"0002 T T T 1
-1 -0.5 0 0.5 1
Distance along A, / A
2 0.0001 ~ (c)
% ‘fu 2.4A D‘f
< 0.0000 —= A ¥
) * * v
o S
= th /o o, h
T+ [} (] +
"5 -0.0001 - 0, o 20A R, B
o) o, /o N
'g i +F a o 4 E|
?l -0.0002 T T T )
-1 -0.5 0 0.5 1

@

Distance along A, / A

Figure S9. Cross-sections of the a) electron density, b) first order and c) second order changes in the
electron density of the d3 water dimer at indicated d(O--O).
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Figure S10. Cross-section of the deformation density of the d3 water dimer at d(O--O) = 2.0 A.
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Figure S11. Molecular electronic energy, at HF/6-311++G(d,p)/PCM-UFF level, for the rotation of
DA(N1,C12,C11,N2) in unprotonated bipyridine.

Table S2. Molecular electronic energies of unprotonated and protonated bipyridine for different
conformers, relative to DA(N,C,C,N) = 90°

Form Conformer DA(N,C,C,N) Relatlye
Energies
deg keal-mol™
L s-cis planar 0 14
s-cis twisted 37.3 -1.7
Perpendicular 90
s-trans planar 180 -2.6
HL s-cis planar 0 -5.3
Perpendicular 90
s-trans planar 180 -0.8
H2L s-cis planar 0 55
s-cis twisted 72.9 0.0
Perpendicular 90
s-trans planar 180 35
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Figure S12. NCI isosurfaces of the RDG for the s-cis and s-trans forms of a) unprotonated bpy, b)
protonated bpy and c) diprotonated bpy, with the RDG isovalue = 0.5 au and each isosurface is covered with
—0.03 < pxsign(A,) < +0.03 au.
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Figure S13. Cross-sections of the 1% and 2™ order changes in the electron density along the A, eigenvector
of interactions in L, HL and H,L bpy without an AIL present. Red dotted lines indicate the geometric
interaction point between the nuclei of atoms A and B of each interaction.
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Figure S14. Cross-sections of the 1% and 2™ order changes in the electron density along the A, eigenvector
of interactions in L, HL and H,L bpy with an AIL present. Red dotted lines indicate the geometric
interaction point between the nuclei of atoms A and B of each interaction.
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Figure S15. Cross-section of the molecular density, p(r), and the sum of fragment densities, £p°, along the
A, eigenvector for the CH13++¢H20C interaction in s-Cis bpy. The dashed blue line indicates the location of
the geometric interaction point, GIP, for the HeesH interaction, whereas the dotted green line shows the

location of GIP between C-atoms.
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