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Bond formation and bond cleavage processes are central to a chemical reaction. They can be in-

vestigated by monitoring changes in the potential energy surface (PES) or changes in the electron
density (ED) distribution p(r) taking place during the reaction. However, it is not yet clear how the
corresponding changes in the PES and ED are related, although the connection between energy
and density has been postulated in the famous Hohenberg-Kohn theorem. Our Unified Reaction
Valley Approach (URVA) identifies the locations of bond formation/cleavage events along the reac-
tion path via the reaction path curvature peaks and their decomposition into the internal coordinate
components associated with the bond to be formed or cleaved. One can also investigate bond
formation/cleavage events using the Quantum Theory of Atoms-in-Molecule (QTAIM) analysis by
monitoring changes in the topological properties of p(r) and the associated Laplacian VZp(r).
By a systematic comparison of these two approaches for a series of ten representative chemical
reactions ranging from hydrogen migration, cycloaddition reactions to gold(l) catalysis, we could
for the first time unravel the PES-ED relationship. In the case of a bond formation, all changes
in the ED occur shortly before or at the corresponding curvature peak, and in a bond cleavage
the ED changes occur at or shortly after the curvature peak. In any case the ED changes always
occurred in the vicinity of the curvature peak in accordance with the Hohenberg-Kohn theorem.
Our findings provide a comprehensive view on bond formation/cleavage processes seen through
the eyes of both the PES and ED and offer valuable guidelines where to search for significant ED
changes associated with a bond formation or cleavage events.
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1 Introduction

Bond formation and bond cleavage are central to a chemical re-
action and this provokes one to pinpoint these chemically in-
valuable events along a reaction path connecting reactants and
products. The general approach would be to follow this reac-
tion path and quantitatively account for the bonding status of the
reaction complex (i.e. the union of reacting molecules) on the
grounds of monitoring some property that is sensitive to bond
formation/cleavage events. There have been a number of studies
along these lines using as reaction path the intrinsic reaction co-
ordinate (IRC) of Fukui.! Based on the choice of bond-sensitive

property, these approaches can be classified into two main cate-
gories: those which employ features of the potential energy sur-
face (PES), i.e. energy related properties and those which use
topological properties of the electron density (ED) as summarized
in Figure 1.

With regard to features of the PES, Komorowski and co-
workers? introduced a novel perspective to study bond forma-
tion/cleavage using so-called atomic fragility parameter aéA, that
is based on the trace of the Hessian matrix. Evaluation of aéA
along IRC generates a spectra-like profile termed reaction fragility
spectrum where regions of a;A with agA < 0 correspond to bond
dissociation and aé“‘ > 0 to bond formation. Toro-Labbé et al.

] ) ) ) characterized the reaction mechanism of 1,3-intramolecular hy-
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drogen transfer reactions by identifying different regions along
the IRC, utilizing energy and reaction force profiles as the operat-
ing tools; 3 a recurring approach in several mechanistic studies. +>

We use the Unified Reaction Valley Approach (URVA) developed
by Kraka and Cremer®® which is based on the reaction path
Hamiltonian of Miller, Handy and Adams.® URVA utilizes the
scalar curvature x(s) 19 of the reaction path to identify bond for-
mation/cleavage as a reaction proceeds. The curvature maxima
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Physical Chemistry Chemical Physics

Study of
bond formation/cleavage

Potential Energy Surface

based
Trace of the
Hessian Matrix

Electron Density
based

. uantum Chemical
Reaction Force =

Scalar Path
Curvature

’7 Topology Analysis —‘
Reaction Berlin Unified Electron Electron
Fragility Function Reaction Density Localization
Spectrum b(r) Valley and Function
a Approach Laplacian
|
* af <0-bond * b(r)<0- ¢ Maxima: p(r), V2p(r), H(r): ELF gradient
cleavage bond bond * VSCCoverlap-bond field
¢ a>0-bond cleavage formation/ formation topology:
formation * b(r)>0- cleavage « Disynaptic
bond basin-
formation bond
formation

Fig. 1 Classification and summary of the main features regarding bond
formation/cleavage for some reaction path based methods.

Kn indicate locations on the reaction path where the reaction co-
ordinate drastically steers from a subset of degrees of freedom to
another subset, suggesting a chemical event (conformational, re-
hybridization, bond formation, bond cleavage, etc.) (See Section
2 for a detailed description of URVA.) URVA has been successfully
applied in our research to organic reactions, 11> homogenous
catalysis 117 as well as chemical reactions taking place in an en-
zyme. 18

Complementary to the quantum chemical study of PES related
properties, a description of bond cleavage/formation processes
can also be based on the physical observable, ED, p(r). Hohen-
berg and Kohn!? showed that the energy of a non-degenerate
electronic ground state of a molecule is a unique functional of the
ED implying that other chemical and physical properties can also
be related to the ED. Thus the analysis of ED redistributions along
the reaction path provides a rational approach to study bond for-
mation and cleavage in concert with the changes of the PES re-
lated properties, which is the underlying motivation throughout
our work. The pioneering work of Bader’s Quantum Theory of
Atoms-in-Molecules (QTAIM) analysis exploits the assertions in
Hohenberg-Kohn theorem (HKT) by providing a rigorous proto-
col to define chemical bonding in terms of topological properties
of the ED.20-26 Another appealing method based on the ED is
the electron localization function approach of Becke and Edge-
combe. 2’ This was further developed by Silvi and Krokidis2® in
their bonding evolution theory methodology for the quantitative
study of chemical bonding along the reaction path. A substan-
tial amount of work has been done within these frameworks to
provide a wealth of information about reaction mechanisms, es-
sentially for identifying the bond formation/cleavage processes,
as highlighted in the recent works by Abjieufack et al.?? on 1,3-
dipolar cycloaddition reaction mechanism and also in Zahedi and
co-workers 30 coupled analysis using bonding evolution theory
and noncovalent interaction index. In the work of Zalazar and
co-workers 31 aimed at the study of bond formation/cleavage

2| Journal Name, [year], [vol.],1—12

events in zeolite-catalyzed reactions, various topological proper-
ties along the IRC were used as direct indicators to disclose the
bonding status of selected bonds.

Despite these numerous studies, there is still a missing link
bridging the features of the PES with those of the ED to provide
a deeper insight into bond formation/cleavage events. In this re-
spect, it is worth mentioning the work of Chakraborty et al.32
where they introduced a chemical binding indicator 5(r), com-
bining the Berlin function33 and the derivative of the ED. The re-
gions of space where b(r) < 0 indicate a bond cleavage event, and
b(r) > 0 indicate a bond formation event. Another study span-
ning both PES and ED scopes is that of Sun and co-workers 34
involving the conventional energy scheme of stationary points
and intermediates, and more interestingly the topological anal-
ysis of the ED along the reaction path emphasizing on bond for-
mation/cleavage structures. By monitoring gradient paths of the
ED, they located the points on the reaction path where gradient
paths appear/disappear, signifying formation/cleavage of respec-
tive bonds and as well as points corresponding to maximum of
the Laplacian V2p(r) which they termed as a structure transition
state.

The preceding studies describing bond formation/cleavage
along the reaction path based on the features of the PES, ED or a
composite of both, provoked us to systematically explore how the
changes in the PES and ED pertinent to bond formation/cleavage
processes are related along the reaction path. Simply put, are
the significant changes in the features of the PES and ED, that
govern the formation or a rupture of a bond, analogous? If we
monitor formation/cleavage of a chemical bond along the reac-
tion path, can we identify if the PES and ED changes occur simul-
taneously or concomitantly? If these changes occur at different
points along the reaction path, what is the order of appearance?
One final question to pose is, how to use this new-found relation
between features of the PES and ED to investigate bond forma-
tion/cleavage events along the reaction path in the most efficient
way?

To answer these questions, we performed a comprehensive
study linking features of the PES and ED for a series of chem-
ical reactions covering a wide range of different bond forma-
tion/cleavage mechanisms, including hydrogen migration reac-
tions, pericyclic reactions such as the Diels-Alder reaction, and
non-catalyzed/catalyzed sigmatropic rearrangement reactions.
While we employed the URVA toolbox for investigating PES fea-
tures, we used the QTAIM methodology for analyzing ED redistri-
butions along the reaction path. Whereas the curvature maxima
explicitly reveal the bond formation/cleavage processes along the
reaction path, it is a more challenging task identifying the spe-
cific changes in the ED that could be closely associated with for-
mation/cleavage of a bond. Bader’s analysis based on topological
properties of the ED at bond critical points (bcp) ¢, p(c), provides
a rational basis to identify formation or a cleavage of a bond. The
appearance of a bond path indicates the formation of a new bond
and conversely, the disappearance of a bond path is associated
with a cleavage of an existing bond. However, an ED measure
solely based on the bond path could be misleading and has to
be complemented with other topological properties. While the

This journal is © The Royal Society of Chemistry [year]
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gradient vector field Vp(r), can be used to further characterize
the bond paths to some extent, more information of chemical in-
terest can be extracted from the Laplacian V2p(r) as it displays
the regions of local concentration and depletion of charge. Ad-
ditionally, as pointed out by Bader and co-workers, the V2p(r),
yields a density shell structure corresponding to the quantum
shell structure. 336 Thus the outermost region of charge concen-
tration (-V2 p(r)) represents the valence shell, termed as valence
shell charge concentration (VSCC). The VSCC has been employed
in several works to study bond formation/cleavage events.37-38
For a bonded atom pair, the covalent character increases with
approaching VSCC and, vice versa. Therefore we also used the
VSCC overlap begin/end points as flag points to monitor bond
formation/cleavage processes. For the characterization of the co-
valent nature of a chemical bond, the Cremer and Kraka crite-
rion3? draws a sufficient condition based on the total electronic
energy density H(c) at bond critical point ¢, which states that
H(c) < 0 is indicative of a covalent interaction whereas H(c) >
0 is indicative of an electrostatic interaction. Thus we monitored
changes in the bond critical points, bond paths, H(c), V?p(c) and
VSCC in order to identify bond formation/cleavage events, which
we defined as E points. These E points include (a) catastrophe
points attributed to the ED topology: appearance/disappearance
of a bond path, coalescence of bond and ring critical points, and
(b) the initial point of partial overlap between the VSCCs of the
two atoms of interest and conversely, the terminating point of this
partial overlap separating the VSCCs to respective atomic basins.

The objectives of this study were the following: (i) To elucidate
and comment on bond formation/cleavage processes along the
reaction path with the combined use of URVA and QTAIM; (ii) To
probe the topology of the Laplacian at curvature peak positions;
(iii) To understand the relationship between maxima in the URVA
curvature and E points, moreover to compare their relative loca-
tions along the reaction path; (iv) To evaluate QTAIM properties
at the bond critical points, at the stationary points, e.g. reactants,
products, transition state, at the reaction path curvature maxima,
curvature minima and selected E points.

2 Computational Methods

The theoretical basis underlying URVA has been thoroughly de-
scribed in several publications 14.15:40-43
articles. 6-8:44 Therefore, we will provide only a brief overview of
the major features of URVA, focusing on those used in this work.
URVA follows the movement of the reaction complex (RC, the
union of reacting molecules) along the reaction path on the PES
from reactants to products via the transition state spanning the
entire reaction path region from entrance to exit channel. As
a chemical reaction proceeds, the undergoing electronic struc-
ture changes of the RC are registered by its vibrational modes.
The change in the vibrations results in a change of their cou-
pling with the translational motion along the reaction path which
can be monitored by the so-called curvature coupling coefficients
B, ;8710 at each path point s. Large electronic structure changes,
i.e. the formation/cleavage of a chemical bond results in large
By, s values. The By ; coefficients define the scalar reaction path
curvature x(s)8 10 which measures the curving of the reaction

as well as in some review
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path. Thus, analysis of x(s) along the reaction path in the form
of a curvature profile provides a direct connection to identify the
electronic structure changes of the RC during the reaction. The
curvature profile is an ensemble of curvature maxima Kn and min-
ima Mn. The Kn points indicate important chemical events (e.g.
bond formation/cleavage, rehybridization, or charge transfer and
polarization, etc.) while at the Mn locations bordering a peak, the
RC falls to a neutral state or one with lower activity. The Mn can
be associated with hidden intermediates®” which means a con-
version to a real intermediate under specific reaction conditions
is possible, e.g. by adding a catalyst. 121417 We coined the region
stretching from one curvature minimum to the next enveloping a
curvature maximum a reaction phase.®7 In this way each curva-
ture profile is composed of a series of reaction phases, which can
be used as the fingerprint of the reaction. A key feature of URVA
related to our current work is the decomposition of the curvature
into curvature components '© unravelling which internal coordi-
nates (bond length, bond angle, dihedral angle, etc.) contribute
to a certain curvature peak. A curvature component can be sup-
portive (positive k(s) values) or resisting (negative x(s) values)
to the chemical event its describing. In this way the locations of
bond formation/cleavage events can be uniquely identified.

We included in our current study the ten reactions R1
- R10 shown in Figure 2 previously investigated with
URVA. 6-10-12,16,17.45 The reactions were chosen to cover a wide
range of different bond formation/cleavage scenarios. We fo-
cused in particular on the bond length curvature components
and their associated curvature peaks describing bond forma-
tion/cleavage events. For each of the reactions R1 - R10 the
same model chemistry was used as in the previous URVA study:
UMP246:47 /6-31G(d,p) *® for R1 and R2, MP2/6-31G(d,p) for
R3 and R4, B3LYP/Def2-SVP4°/ECP(Au)*° for R5, B3LYP>!/6-
31G(d,p) for R6 and R8, B3LYP/6-311+G(d,p)>? for R7,
B3LYP/6-31+G(d,p)>® for R9 and B3LYP/6-31+G(d,p)/SDD>*
for R10. A sufficiently large range of points around each curva-
ture peak was analyzed to identify all important E points includ-

R1 H—H:H ——>  H+ H—H R6
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Fig. 2 Reactions R1-R10 investigated in this work. Reactions R1, R2,
R4 and R9 indicated by green boxes are discussed in detail in the
manuscript. The remaining reactions are discussed in Electronic
Supplementary Information (ESI).
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ing the VSCC overlap begin/end points. The ED at these points
was analyzed to determine the corresponding p(c), V2p(c), € and
H(c) values. Apart from curvature peaks, we also investigated
the ED at other points of interest along the reaction pathway with
the QTAIM methodology, i.e. at the location of reactants (R),
products (P) and transition states (TS), as well as at the Mn. All
quantum chemical calculations were carried out with the GAUS-
SIAN16 program package, > the ED analysis was performed with
the program the AIMALL>® and URVA with the program package
COLOGNE2019.%7

3 Results and Discussion

The results of this work are presented for 4 selected reactions (see
Figure 2), each of the subsections dedicated to one of the reac-
tions R1, R2, R4 and R9. The rest of the reactions are discussed
in electronic supplementary information (ESI). The QTAIM pa-
rameters evaluated at curvature peak and E points of importance
for the bond formation/cleavage processes and at the stationary
points R, TS, P are tabulated in Tables 1-4. In Figures 3-6 the
scalar curvature x(s) and its decomposition into bond length con-
tributions relevant for the bond formation/cleavage processes are
shown as a function of the reaction parameter s as well as V2p(r)
contour plots with bond paths and bond critical points at Kn, Mn,
E points and stationary points listed in Tables 1-4. In addition,
Cartesian coordinates of all stationary points and reaction movies
of the reactions R1 - R10 are included in ESI.

3.1. R1: H + Hj, reaction This elementary reaction has been
often used as a prototype for studying bimolecular reactions in
many theoretical and experimental aspects.>8 We used this reac-
tion as a starting point for our combined URVA and QTAIM analy-
sis to deduce the link between the relative locations of the signif-
icant E and curvature points on the reaction path reflecting HH
breakage and HH bond formation. Because of symmetry, both for-
ward and reverse reactions are identical. As shown in Figure 3-A
the curvature profile features two peaks, one closely before the
TS at s = -0.20 units and one at s = +0.20 units being related
to the equivalent reverse reaction. The first peak is dominated by
the bond formation component H2H3 (numbering the RC as H1-
H2--- H3) which is supportive (positive sign) whereas the bond
cleavage component H1H2 is negative indicative of resistance to
bond breaking. At the TS, with equal H1-H2 and H3-H3 distances
and a 3 electron-3 center (3e-3c) bonding situation, a curvature

minimum is located, denoting the starting point of the reversion
of the role of the HIH2 and H2H3 components. Cleary, bond for-
mation proceeds bond breakage leading to a non-classical 3e-3c
bonding situation between s = -0.20 and +0.20 units.

The ED starts to accumulate in the region between H2 and H3
at E (-0.30 s units, see Table 1) initiating the VSCC overlap which

Scalar curvature components

Fig. 3 R1 A) Scalar curvature (shifted by 0.5 s units for comparison with
components) as a function of the reaction parameter s (solid black line).
The decomposition of scalar curvature into components is given in color.
The borders of the reaction phases are indicated by vertical dashed
lines at curvature points M1,M2,M3,etc. The TS at s = 0 amu'”2 Bohr is
also indicated by a vertical dashed line. R and P mark the first and last
curvature points, corresponding to reactant and product respectively. K
denotes a curvature peak. E denotes a special point in electron density
shown by a blue vertical dashed line. Values in grey 1,2,3,etc. indicate
reaction phases. B) Laplacian contour plots of selected curvature points
R,E,K,TS, plotted in the molecular plane. The dashed (pink) contours
denote regions of charge concentration where V?p(r) < 0, and the solid
(blue) contours denote regions of charge depletion where V2p(r) > 0.

Table 1 Local topological properties of the electron density p(c) calculated at the bond critical points ¢ along the IRC for the forming bond H3H2 and
cleaving bond H1H2, values in bold are for curvature peak data. s reaction parameter, p(c) electron density, V2p(c) Laplacian, H(c) total energy

density, ¢ ellipticity calculated at the UMP2/6-31G(d,p) level of theory

Numbering Bond Character s p(c) VZp(c) € H(c)
(amu!/?Bohr) (e/Bohr?) (e/Bohr’) (x10719) (Hartree/Bohr?)
H2H3 R -2.6799 0.0031 0.0086 0.0000 0.0004
H1—H2 + H3 E -0.2999 0.0820 -0.0110 0.4441 -0.0335
K -0.2000 0.1010 -0.0654 0.2220 -0.0490
TS 0.0000 0.1557 -0.3345 1.1102 -0.1128
H1H2 R -2.6799 0.2752 -1.4181 0.0000 -0.3610
E -0.2999 0.2400 -1.0262 0.2220 -0.2729
K -0.2000 0.2183 -0.8177 0.2220 -0.2244
TS 0.0000 0.1557 -0.3345 1.3323 -0.1128
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is also reflected by the Laplacian revealing that the ED of the in-
coming H atom is polarized towards the ED distribution of Hj.
This E point occurs fairly close to the curvature peak K, which
signifies the formation of the new bond. It is interesting to note
that after the E point, the supportive dominance of H2H3 declines
whereas the resistance of H1H2 bond breakage turns into support
and the 3e-3c bond starts to get established, showing that for this
simple reaction PES and ED features are synchronized.

3.2. R2: CH3+H; reaction In this hydrogenation reaction of
CHj radical, 1440 we can recognize two distinct curvature peaks,
K1 at -0.08 s units and K2 at +0.60 s units (see Figure 4-A).
The first curvature peak K1 is dominated by the H2H6 bond com-
ponent supporting bond breaking. In a previous URVA study“?,
using electron difference density distribution maps Ap(r), it has
been shown that when CH; and H; approach each other the HH
bond becomes polarized towards the negatively charged C atom
which in turn leads to a draining of the ED from the HH bond re-
gion. Examining the V2p(c) topology at the initial VSCC overlap
point E1 (-0.16 s units, see Figure 4-B) confirmed this observa-
tion, where it was seen that the ED distribution in the region be-
tween H2 and H6 is slightly perturbed and after this point starts
to accumulate between the C1 and H2 atomic basins. This is also
reflected by H(c) and V?p(c) of C1H2 (see Table 2) which have
become negative at this point. As seen from the curvature compo-

Physical Chemistry Chemical Physics

nent C1H2 (see Figure 4-A), the resisting contribution which is at
a maximum at E1, starts to recede gradually after E1 and converts
into a supporting one at the TS which is shortly after K1 peak. In
this way the ED flow from the H2H6 bond region to the C1H2
region causes the latter to become less resisting to bond forma-
tion. Meanwhile, the negative H(c) and V?p(c) values for H2H6
(see Table 2) are becoming more positive along the reaction path
through the K1 peak implying the loss of covalent character. The
other peak K2 at +0.60 s units is resulting from finalization of
the C1H2 bond formation as reflected in its supporting contribu-
tion to the peak. Here, there is no charge concentration between
H2H6 atomic basins as exhibited by the Laplacian topology (see
Figure 4-B) and positive Vzp(c) value (=0.03, see Table 2). In
contrast, CIH2 has negative VZp(c) and H(c) values, evidence of
well-established covalent nature of the C1H2 bond. The charge
concentration around H6 atom starts adapting its spherical char-
acter at E2 (4+0.42 s units, see Figure 4-B), when the ED starts
to recede between the H2H6 region indicating the detachment of
VSCC overlap. With regard to the H2H6 component, E2 resides
in a plateau of the H2H6 curvature component (in green, see Fig-
ure 4-A) after which supporting contribution of H2H6 rapidly de-
clines and turn into a resisting one along the path. This reveals
that when the ED starts to reorganize into the CH bond situation
of CH4 and the ED distribution around H6 becomes spherical,

3]
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e
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@

e N o W
—
I
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Scalar Curvature Components
N
)

Fig. 4 R2 A) Scalar curvature (shifted by 0.5 s units for comparison with components) as a function of the reaction parameter s (solid black line). The
decomposition of scalar curvature into components is given in color. The borders of the reaction phases are indicated by vertical dashed lines at
curvature points M1,M2,M3,etc. The TS at s = 0 amu'’? Bohr is also indicated by a vertical dashed line. R and P mark the first and last curvature
points, corresponding to reactant and product respectively. K1,K2,etc. denote curvature peaks. E1,E2,etc. denote special points in electron density
shown by blue vertical dashed lines. Values in grey 1,2,3,etc. indicate reaction phases and highlighted region in blue shows the chemical phases. B)
Laplacian contour plots of selected curvature points R,E1,K1,TS,E2,K2,P, plotted in the H2-C1-H3 plane. The dashed (pink) contours denote regions
of charge concentration where V2p(r) < 0, and the solid (blue) contours denote regions of charge depletion where V2p(r) > 0.
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Table 2 Local topological properties of the electron density p(c) along the IRC calculated at the bond critical points ¢ for the forming bonds C1H2 and
cleaving bond H2H8, values in bold are for curvature peak data. s reaction parameter, p(c) electron density, V2p(c) Laplacian, H(c) total energy

density, ¢ ellipticity calculated at the UMP2/6-31G(d,p) level of theory

Numbering Bond  Character s p(c) VZp(c) £ H(c)
(amu!/?Bohr)  (e/Bohr’) (e/Bohr’) (x1079) (Hartree/Bohr?®)

Cl1H2 R -3.4799 0.0056 0.0152 0.4728 0.0005

H H M1 -1.2999 0.0303 0.0635 0.3733 -0.0033

. | . El -0.1599 0.0971 -0.0067 0.6894 -0.0444

/01\ + H2—H6 —— /91\ + H6 K1 -0.0799 0.1090 -0.0461 0.7083 -0.0551

H H H™ 2 H2 TS 0.0000 0.1234 -0.1020 0.3122 -0.0690

H M2 0.2599 0.1824 -0.3726 1.6970 -0.1354

E2 0.4199 0.2229 -0.5904 1.0904 -0.1938

K2 0.5998 0.2651 -0.8636 0.4860 -0.2704

M3 0.8598 0.2821 -0.9934 0.0416 -0.3055

M4 1.7998 0.2834 -1.0123 1.4754 -0.3078

P 3.1998 0.2807 -0.9943 1.3972 -0.3022

H2H6 R -3.4799 0.2748 -1.4133 0.0001 -0.3599

M1 -1.2999 0.2714 -1.3639 0.0022 -0.3498

El -0.1599 0.2153 -0.7853 0.0345 -0.2180

K1 -0.0799 0.1988 -0.6424 0.0023 -0.1847

TS 0.0000 0.1783 -0.4839 0.0485 -0.1477

M2 0.2599 0.1120 -0.1068 0.0052 -0.0591

E2 0.4199 0.0826 -0.0100 0.1444 -0.0339

K2 0.5998 0.0592 0.0340 0.0615 -0.0189

M3 0.8598 0.0411 0.0468 0.1433 -0.0098

M4 1.7998 0.0140 0.0355 0.2960 0.0001

P 3.1998 0.0033 0.0090 0.0666 0.0005

the H2H6 bond cleavage process has reached completion and the
corresponding curvature component adjust accordingly. In other
words, when the ED stops flowing into the H2H6 interatomic re-
gion, the H2H6 curvature component does no longer affect the
curving of the reaction path. Compared with the H + Hj reaction,
the first half of the CH3z +Hj; reaction exhibits a similar curvature
pattern with the inclusion of an E point, but the role of the HH
component is reversed. The former has a resisting contribution
to the first curvature peak from the HH bond component to be
broken while latter shows a supporting contribution (diminishing
after E1) which can be explained by the enhanced polarization in
the presence of CHs radical. 14 The E1 point associated with the
CH bond formation precedes the K2 peak and is located in the
vicinity of the K1 peak. On the other hand, the E2 point associ-
ated with the HH bond cleavage follows after K1 peak and it is
located near K2 peak. The ED changes before a peak add up to
the bond formation and the reorganizations after a peak signaled
completion of bond cleavage, herein providing further insight into
the link between PES and ED features.

3.3. R4: Isomerization of HCN This simple gas phase reac-
tion of hydrogen cyanide rearranging to hydrogen isocyanide has
been extensively studied using several theoretical tools3->9-61 in-
cluding URVA method. 10 Here, we intended to revisit this reac-
tion with our combined analogy, thereby facilitating better under-
standing of its bond formation/cleavage processes along the IRC.
Also, this reaction can be seen in connection with HN2+ reaction
as characterized by similar curvature shape. In the curvature pro-
file, the only curvature peak K1 at +0.76 s units decomposes into
major supporting contributions from C1H3 and N2H3 bonds. At
this peak point, a bond path is found for N2H3 having a negative
H(c). It was formerly proposed that this reaction proceeds via a
cyclic, non-classical structure (partial 2e-3c bonding) located af-

6| Journal Name, [year], [vol.],1-12

ter the TS. 19 However, the ED analysis revealed the presence of a
bond switching structure where the C1H3 bond path disappears
and N2H3 bond path appears at +0.02 s units (at E1, see Fig-
ure 5-B). This is rather close to the TS in which the N2H3 bond
path is still absent. Since at E1 the bond path has been already
switched from C to N atom, E1 is in fact a stable structure accord-
ing to structural stability requirements. 223 An infinitesimal shift
in the direction of the TS will result in a bond catastrophe point
where the H atom will be directly linked to the CN bcp yielding
a catastrophe point of the conflict type.22:36 (For our discussion
investigating E1 is sufficient, which is close to the catastrophe
point.) At E1 for N2H3, H(c) is negative suggesting a covalent
interaction and ¢ is significantly high (=0.92, see Table 3 ) re-
sulting from the distorted T-shaped ED distribution at that point.
The negative H(c) progressively increases where at +0.76 s units
it marks the finalization of the N2H3 formation as evident by the
corresponding curvature peak K1 (see Figure 5-A). Also, an inter-
esting observation about the topology of Laplacian charge density
at K1 is that it starts depleting between the C1H3 atomic basins at
this point, eventually rearranging to more or less spherical form
around C1 and H3 atoms. By the comparison of contour plots of
V2p(c) for M1 and its counterpart M2 (see Figure 5-B), this topo-
logical change is more distinct. In comparison to the analogous
HNJ system, it can be inferred that changing from symmetric
HN; system to one that is asymmetric results in a shift of the
E point while preserving the overall curvature shape. The same
cannot be said about the overall topological changes in the ED
which have now become more complex since H has two different
bonding partners. The TS is no longer a z-complex but closely re-
sembles the E1 catastrophe structure and also as in the previous
case no 3-membered ring was found. Here, an overall important
observation is that the significant changes in the PES and ED, in

This journal is © The Royal Society of Chemistry [year]
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Table 3 Local topological properties of the electron density p(c) calculated at the bond critical points ¢ along the IRC for the forming bond N2H3 and
cleaving bond C1H3, values in bold are for curvature peak data. s reaction parameter, p(c) electron density, V2p(c) Laplacian, H(c) total energy

density, ¢ ellipticity calculated at the MP2/6-31G(d,p) level of theory

Numbering Bond Character s p(c) VZp(c) € H(c)
(amu!/2Bohr) (e/Bohr?) (e/Bohr’) (Hartree/Bohr?)
C1H3 R -3.3935 0.2916 -1.2087 0.0000 -0.3404
H3—C1=N2 —— C1=N2—H3 TS 0.0000 0.2015 -0.3274 0.8648 -0.1741
El 0.0199 - - - -
M1 0.2999 - - - -
K1 0.7598 - - - -
M2 1.1398 - - - -
P 4.2527 - - - -
N2H3 R -3.3935 - - - -
TS 0.0000 - - - -
El 0.0199 0.2011 -0.3148 0.9183 -0.1724
M1 0.2999 0.2038 -0.2577 1.1146 -0.1721
K1 0.7598 0.2386 -0.6623 0.4024 -0.2716
M2 1.1398 0.2650 -1.0479 0.1686 -0.3543
P 4.2527 0.3384 -1.8678 0.0000 -0.5190
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Fig. 5 R4 A) Scalar curvature as a function of the reaction parameter s (solid black line). The decomposition of scalar curvature into components is
given in color. The borders of the reaction phases are indicated by vertical dashed lines at curvature points M1,M2,M3,etc. The TS at s = 0 amu'/2
Bohr is also indicated by a vertical dashed line. R and P mark the first and last curvature points, corresponding to reactant and product respectively.
K1,K2,etc. denote curvature peaks. E1,E2,etc. denote special points in electron density shown by blue vertical dashed lines. Values in grey 1,2,3,etc.
indicate reaction phases and highlighted region in blue shows the chemical phases. B) Laplacian contour plots of selected curvature points
R,TS,E1,M1,K1,M2,P, plotted in the molecular plane. The dashed (pink) contours denote regions of charge concentration where V2p(r) < 0, and the

solid (blue) contours denote regions of charge depletion where V2p(r) > 0.

the simultaneous process of C1H3 bond cleavage and N2H3 bond
formation, do not necessarily overlap on the reaction path but are
accompanied by one another. The bond catastrophe in the ED at
E1 occurs well in advance of curvature peak at K1, latter dictating
the final cleavage of the existing bond and the establishing of the
new bond.

3.4. R9: [3,3]-sigmatropic rearrangement of allyl acetate

This journal is © The Royal Society of Chemistry [year]

This reaction has been studied in previous studies®? including
URVA®, in connection with the gold-catalyzed counterpart (re-
action R10, see ESI) to understand the mechanistic differences,
particularly the influence of Au(I)-NHC catalysts 3.6 As revealed
by curvature peaks, the rupture of the C1004 bond takes place at
K3 (-4.00 s units) and the formation of the new C1605 bond at K5
(+3.79 s units) peaks (see Figure 6-A). From R through K3, the

Journal Name, [year], [vol.], 1-12 |7
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Table 4 Local topological properties of the electron density p(c) along the IRC calculated at the bond critical points ¢ for the selected bonds
C1605,C1C16,C1004, values in bold are for curvature peak data. s reaction parameter, p(c) electron density, V2p(c) Laplacian, H(c) total energy
density, ¢ ellipticity calculated at the B3LYP/6-31+G(d,p) level of theory

Numbering Bond Character s p(c) VZp(c) € H(c)
(amu!/2Bohr) (e/Bohr?) (e/Bohr”) (Hartree/Bohr?)
04C10 R 16.5259 0.2260 -0.3863 0.0147 ~0.2897
M1 -16.1438 0.2261 -0.3866 0.0145 -0.2897
/K M2 -13.5044 0.2261 -0.3907 0.0135 -0.2891
04 05 04 05 M3 -9.1552 0.2248 -0.3917  0.0167 -0.2845
‘ — [ M4 -5.5260 0.2151 -0.3698 0.0209 -0.2554
K3 -3.9963 0.1902 -0.2633  0.0274 -0.1798
19 A1° <! 0%01/ E1 -3.4264 0.1673 -0.1427  0.0328 -0.1243
c1 M5 -2.1366 0.1108 0.0627 0.0524 -0.0403
TS 0.0000 0.0554 0.1218 0.1231 -0.0051
K4 0.1571 0.0580 0.1214 0.1161 -0.0060
M6 2.1367 0.0338 0.1129 0.2371 0.0005
E2 3.3364 0.0281 0.1016 0.3064 0.0014
K5 3.7863 0.0263 0.0960 0.3363 0.0015
M7 5.0161 0.0220 0.0801 0.4463 0.0017
M8 9.8151 0.0135 0.0470 1.6929 0.0014
M9 17.9135 - - - -
P 19.3478 - - - -
C1605 R -16.5259 - - - -
M1 -16.1438 - - - -
M2 -13.5044 - - - -
M3 -9.1552 - - - -
M4 -5.5260 0.0179 0.0665 0.9268 0.0018
K3 -3.9963 0.0238 0.0891 0.5881 0.0019
El -3.4264 0.0262 0.0969 0.4913 0.0018
M5 -2.1366 0.0325 0.1109 0.3203 0.0009
TS 0.0000 0.0542 0.1232 0.1151 -0.0045
K4 0.1571 0.0517 0.1230 0.1261 -0.0037
M6 2.1367 0.1123 0.0630 0.0446 -0.0414
E2 3.3364 0.1693 -0.1506 0.0362 -0.1286
K5 3.7863 0.1889 -0.2545  0.0348 -0.1768
M7 5.0161 0.2108 -0.3528 0.0293 -0.2434
M8 9.8151 0.2243 -0.3872 0.0194 -0.2841
M9 17.9135 0.2283 -0.3891 0.0222 -0.2964
P 19.3478 0.2287 -0.3882 0.0238 -0.2978
C1C16 R -16.5259 0.3456 -1.0087 0.3638 -0.3874
M1 -16.1438 0.3456 -1.0089 0.3638 -0.3875
M2 -13.5044 0.3459 -1.0108 0.3637 -0.3881
M3 -9.1552 0.3467 -1.0160 0.3629 -0.3895
M4 -5.5260 0.3475 -1.0210 0.3616 -0.3912
K3 -3.9963 0.3471 -1.0196  0.3563 -0.3901
El -3.4264 0.3463 -1.0169 0.3495 -0.3883
M5 -2.1366 0.3417 -0.9991 0.3193 -0.3784
TS 0.0000 0.3203 -0.9059 0.2199 -0.3343
K4 0.1571 0.3225 -0.9159 0.2289 -0.3388
M6 2.1367 0.2855 -0.7466 0.1033 -0.2658
E2 3.3364 0.2690 -0.6703 0.0578 -0.2351
K5 3.7863 0.2655 -0.6548  0.0475 -0.2287
M7 5.0161 0.2639 -0.6495 0.0386 -0.2253
M8 9.8151 0.2637 -0.6525 0.0354 -0.2239
M9 17.9135 0.2638 -0.6554 0.0305 -0.2234
P 19.3478 0.2639 -0.6561 0.0340 -0.2236

8| Journal Name, [year], [vol.],1-12
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Fig. 6 R9 A) Scalar curvature as a function of the reaction parameter s (solid black line). The decomposition of scalar curvature into components is
given in color. The borders of the reaction phases are indicated by vertical dashed lines at curvature points M1,M2,M3,etc. The TS at s = 0 amu'/2
Bohr is also indicated by a vertical dashed line. R and P mark the first and last curvature points, corresponding to reactant and product respectively.
K1,K2,etc. denote curvature peaks. E1,E2,etc. denote special points in electron density shown by blue vertical dashed lines. Values in grey 1,2,3,etc.
indicate reaction phases and highlighted region in blue shows the chemical phases. B) Laplacian contour plots of selected curvature points
R,E1,K3,TS,K5,E2,P plotted in the planes C1-04-C10 for R-E1 and O5-C1-C16 for TS-P. The dashed (pink) contours denote regions of charge
concentration where V2p(r) < 0, and the solid (blue) contours denote regions of charge depletion where VZp(r) > 0.

ED starts depleting between the C1004 atomic basins (see Fig-
ure 6-B), as represented by the decreasing negative V2p(c) and
H(c) values at C1004 (see Table 4). At E1 (-3.43 s units), located
in the close vicinity of K3 peak, the overlapping VSCC is sepa-
rated into their respective atomic basins, C10 and O4. As could
be anticipated, afterwards this point, V?p(c) is becoming posi-
tive, marking the transition of the C1004 shared-shell interaction
to that of a closed-shell interaction. Subsequently, the covalent
character of the C4H10 bond is deteriorating as viewed in the de-
crease of negative H(c) values. It is interesting to notice that at
E1 the supporting contribution of the O4C10 curvature compo-
nent has already begun to decrease as well as the small support-
ing contribution from O5C16. Shortly after the TS at K4 peak,
both 04C10 and C1605 components are resisting further change
and as discovered by URVA this indicates the possibility to break
up the reaction into two steps with the use of a catalyst1® which
is demonstrated in the reaction R10. At E2 (+3.55 s units, see
Figure 6-B), the formation of the C1605 bond is initiated when
VSCC overlap occurs leading to the ED accumulation between the
C1605 atomic basins and bond formation is represented by K5
peak. Both O5C16 and O4C10 components are supporting at this
point yet the supporting contribution from latter starts to decline
shortly after E1. When the ED starts to flow into the O5C16 re-
gion this component positively influences the curving of the re-

This journal is © The Royal Society of Chemistry [year]

action path. In contrast, the ED has substantially depleted from
the O4C10 region at this point and the O4C10 component is af-
fecting the curving of the reaction path to a lesser degree, or in
other words it is suppressing further curving. In agreement with
former results, the O4C10 bond cleavage is followed by E1, and
E2 precedes the O5C16 bond formation.

3.5. Decomposition of H(c) along the reaction path The en-
ergy density H(r) is defined as: 396

H(r) = G(r)+V(r) €Y

and its connection to the Laplacian V2p(r) is given by the Virial
Theorem: 29-22

%Vzp(r) =2G(r)+V(r) @

where G(r) is the kinetic energy density (always positive) and
V(r) (always negative) is the potential energy density. The neg-
ative potential energy V(r) corresponds to a stabilizing accumu-
lation of density whereas the positive kinetic energy density G(r)
corresponds to a depletion of electron density.3%. Therefore, the
inspection of how G(c¢) and V(c¢) change along the reaction path
and how these changes are connected with the changes observed
in V2p(c), in particular in bond formation/cleavage regions will
lead to a deeper understanding of the PES-ED relationship. This

Journal Name, [year], [vol.], 1-12 |9
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Fig. 7 Decomposition of H(c) for the C1H2 bond along the reaction
path along the reaction path for R2. The curvature peak positions, K1
and K2 are indicated by orange vertical dashed lines. The E point is
indicated either by a blue vertical dashed line or marked in blue. The
reaction path is calculated in s (amu'/2Bohr) units. H(c), G(c) and V(c)
are in Hartree/Bohr? units. The Laplacian is given in e/Bohr’ units. (a)
Curvature (in black) and the curvature contribution of the bond forming
component C1H2 (in red); (b) Total energy density H(c) along the
reaction path; (c) Kinetic energy density G(c) along the reaction path; (d)
Potential energy density V(c) along the reaction path; (e) Laplacian
V2p(c) along the reaction path.

is discussed in the following for R2 as an example. Figure 7
shows how H(c), G(c), V(c) and V?p(c) change for the C1H2
bond (bond to be formed) along the reaction path and Figure 8
shows the corresponding changes for the H2H6 bond (bond to be
broken). For the CIH2 bond, we observed that H(c) becomes neg-
ative close to curvature minimum M1 before the K1 peak, which
implies that V(r) becomes dominating onwards this point. G(c)
increases up to the curvature point K2, however the increase is
not strong enough to outweigh H(c). V?p(c) starts out to be pos-
itive, slightly increasing until the E1 point is reached, where it
changes sign from positive to negative (see Figure 7-e) indicating
that electrons are confined to the bonding region. The link to the
reaction path curvature is given by the fact that at the E1 point the
C1H2 component of the reaction path curvature changes from the
negative (i.e. resisting) to positive (i.e. supporting) as a conse-
quence of electrons being more trapped in the C1H2 bond region,
eventually leading to bond formation. In the H2H6 bond cleavage
event (see Figure 8), after M1 V(c) is decreasing and in contrast
G(c) is increasing reaching a maximum value around M2. After
this point kinetic energy density becomes dominating as shown by
the sign transition of VZp(c) from negative to positive (E2 point,
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Fig. 8 Decomposition of H(c) for the H2H6 bond along the reaction
path along the reaction path for R2. The curvature peak positions, K1
and K2 are indicated by orange vertical dashed lines. The E point is
indicated either by a blue vertical dashed line or marked in blue. The
reaction path is calculated in s (amu'/2Bohr) units. H(c), G(c) and V(c)
are in Hartree/Bohr? units. The Laplacian is given in e/Bohr’ units. (a)
Curvature (in black) and the curvature contribution of the bond cleavage
component H2H6 (in green); (b) Total energy density H(c) along the
reaction path; (c) Kinetic energy density G(c) along the reaction path; (d)
Potential energy density V(c¢) along the reaction path; (e) Laplacian
V2p(c) along the reaction path.

see Figure 8-e). The link to the reaction path curvature is given by
the fact that after E2 the supporting contribution from the H2H6
component rapidly declines and as kinetic energy density has al-
ready reached a maximum in H2H6 region, it implies electrons
are less likely to stay in that region or in other words H2H6 bond
has been cleaved. In summary, this analysis shows that there is a
direct connection between the interplay of V(c¢) and G(c) and the
reaction path curvature.

4 Conclusions

In this work, we unravelled the relationship between the reaction
path curvature peaks associated with bond formation/cleavage
events and changes in the topology of the ED, vindicating the
Hohenberg-Kohn theorem. For all reactions R1 - R10 investi-
gated in this work the ED changes connected with a bond for-
mation/cleavage process occurred in the vicinity of the corre-
sponding curvature peak. As illustrated in this work, a combined
URVA-QTAIM study provides a comprehensive view on bond for-
mation/cleavage processes seen through the eyes of both the PES
and ED. It also offers valuable guidelines where to search for sig-
nificant ED changes associated with a bond formation/cleavage

This journal is © The Royal Society of Chemistry [year]
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event. We could arrive at the following conclusions.

(1) Scanning the neighborhood of a curvature peak associated
with a bond formation/cleavage event with QTAIM exposed the
manifold of changes in the ED. These changes are reflected in the
topology of Laplacian as beginning of VSCC overlap between re-
spective atomic basins inducing the bond formation or conversely,
the ceasing of the VSCC overlap, leading to a bond cleavage. Ad-
ditionally, catastrophe points of the conflict and bifurcation type
could be identified in the close vicinity of a curvature peak, where
bond paths appear/disappear or bond and ring critical points co-
alesce. These significant changes in the ED along the reaction
path connected with a bond formation/cleavage event always ap-
peared close to a curvature peak. Thus, the location of the curva-
ture peaks can serve as starting points for an ED analysis of bond
formation/cleavage processes within the QTAIM framework. This
replaces the cumbersome exercise of scanning the entire reaction
path to monitor topological changes in order to determine the
location bond formation/cleavage, as has been the approach of
some previous studies.

(2) The locations of the reaction path curvature peaks denot-
ing bond formation or bond cleavage events are concomitant to
notable changes in the topology of the ED. For bond formation
events significant ED changes occur before or at the curvature
peak, and as a corollary, for bond cleavage events, the topological
changes indicated by the disappearance of a bond path or ceas-
ing of VSCC overlap between two atomic basins occur either at
or shortly after the peak. We quantified the shift of the E points
relative to the corresponding bond formation/cleavage curvature
peak and results are included in ESI (see Table S7). The largest
deviation in the E point is observed for R7 bond formation which
is shifted about 26% relative to the respective curvature peak.
The other pericyclic reactions R6 and R8 show similar deviations
except in R9 which has a very slight deviation as low as 1-2%
for both bond formation and cleavage events. The delay in bond
formation in R6, R7 and R8 compared to R9 can be explained by
the electronegativity difference of the two bonding partners. In
the latter, the ED is exchanged between the C and O atoms which
is more efficient and leads to an early bond formation opposed to
C-C bond formation in R6, R7 and R8. For all the other reactions
E point deviations up to 11% are observed which suggest these
E points are in close proximity to the corresponding curvature
peaks. This information can be used as a useful guide in an ED
analysis, particularly to narrow down the region scanned around
the curvature peak.

(3) Decomposition of H(c) into kinetic and potential energy
density contributions along the reaction path revealed that the
relationship between PES and ED is mainly governed by the in-
terplay of V(c) and G(c) where the latter reaches a maximum near
Kn and Mn. As a consequence, significant changes in the ED occur
close to a curvature peak.

(4) This combined URVA-QTAIM study leads us to further so-
lidify the fact that the TS is mechanistically often not relevant in
accordance with previous URVA studies. 12 We observed for all re-
actions studied in this work, with the exception of R3 (see ESI)
where TS/E/K points coincide because of symmetry, that the cur-
vature peaks associated with bond formation/cleavage events are

This journal is © The Royal Society of Chemistry [year]
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located before or after the TS. We also could not find any specific
changes in the ED at the TS locations.

(5) A topological analysis going beyond the stationary points
on the PES (R,TS,P) probing the nature of bonding at the reaction
path curvature maxima and minima as well provides a compre-
hensive new understanding of bond formation/cleavage events.
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