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ABSTRACT: The concept of a connectivity matrix, essential for
the reaction fragility (RF) spectra technique for monitoring
electron density evolution in a chemical reaction, has been
supported with a novel formulation for the diagonal matrix
elements; their direct link to the electron density function p(r)
has been demonstrated. By combining the concept with the
atomization energy of a system, the separation of the potential
energy into atomic and/or bond contributions has been achieved.
The energy derivative diagrams for atoms and bonds that are
variable along a reaction path provide new insight into the reaction
mechanism. Diagonalization of the connectivity matrix resulted in
the eigenvectors that provide information on a role of individual
atoms in the development of structural changes along a reaction

path.

1. INTRODUCTION

Politzer and Murray focused their recent paper on the
distinction between the concept of a bond, the central issue
for chemical knowledge, and the much broader physical idea of
bonding interaction.' In a very concise yet very enlightening
manner the authors outline relevant key points in the
development of the growth of quantum theory, from the
fundamental mathematical idea of the wave function to the
reality of the electron density function: from Schrodinger
through Feynman, Hohenberg and Kohn to Bader’™’ They
noticed numerous critical views concerning the very idea of an
atom-in-molecule®™'? and their connections, that for more than
a century have been known in chemistry as “bonds”."' ~'*

This very general review provides an opportunity to recall an
even broader topic, essential from the chemical point of view:
the bond reorganization in a reaction. There has been growing
interest in monitoring the change of the electronic structure in
an array of atoms undergoing a change between two equilibrium
states, RS (reagent state) and PS (product state), respectively.
Wide access to computational methods has been opened by the
intrinsic reaction coordinate (IRC) formalism,"*~"” that allows
for observation not only the energy but also the structure of the
system undergoing a change. While discussion to what extent the
IRC formalism can reproduce reality remains open,'®'"” the
method has attracted attention at various levels of the approach
based on the potential energy surface (PES).”” The simple one
has been focused on analysis of the energy derivatives over
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reaction progress (£) as defined by the IRC formalism
(reaction force, F; = —dE/dé; reaction electronic flux,
J = —dE*/dNd¢). The more sophisticated attempt produced a
complete analysis of normal vibrational modes at the reaction
steps and focused on factors stimulating their evolution upon a
reaction.”””*” To gain attention from the chemical community,
both types of research had to cope with the challenge of
identifying atoms/bonds in their results. For the energy
derivatives, the QT'AIM approach has been arbitrarily advocated
as a working concept in identifying the atomic contribu-
tions;***° otherwise, interacting quantum atoms (IQA) have
been proposed.”” An early study on atomic contributions to the
reaction force has demonstrated a relation thereof to atomic
charges provided by standard population analyses.*

The separation of individual bonds within the normal-mode
analysis has been elaborated by the unified reaction valley
approach (URVA) by Kraka and collaborators.”> They
demonstrated how the evolution of scalar curvature of the
reaction path allows for identification of the individual bond
formation/cleavage as a reaction proceeds.33 This was built on
the concept of adiabatic internal vibrational modes (AIMO),**
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the stretching modes for selected bonds complying with the
symmetry of the molecule and extracted from the entire
structure of normal modes. Decomposition of normal modes
into adiabatic curvature coeflicients tentatively assigned to
bonds allowed for observation of the chemical changes in the
reaction complex with the reaction progress; bond forming and
breaking was also observed bg the electron density analysis
within the QTAIM framework.”’

The present authors have proposed another original solution
for identification of atoms/bonds in a molecular system; it has
been based on the Hellmann—Feynman definition of force
acting on each nucleus F{* (H—F force). While the identity ofa
bonded atom is vague, the location of its nucleus and the force
acting on it have firm physical reality, as Feynman had
demonstrated:**>~%*

_V,E = / o(x) ,(x) dr + B

H-F
FA

B (1)
F; " is the nuclear repulsion force on the nucleus “A” and V ,E
stands for the energy gradient vector. Most important is the role
of the electron density function for the whole system p(r), in the
attracting force on the nucleus (the integral in eq 1); it contains
the vector of electric field generated by the nucleus in question
only &,(r). By the Hohenberg—Kohn theorem, p(r) is uniquely
characteristic for the actual configuration of the nuclei. Fy "
force vector is identically zero on each atom in the equilibrium
configuration of the nuclei; in the stationary states of the
electron density at arbitrary position of nuclei (e.g., points on
IRC), the forces on the nuclei F{™F are not zero.

The vector formulation of force in eq 1 exposed by the present
authors® is crucial for application of eq 1 to the systems
undergoing changes on a reaction path. When the divergence of
the H—F force vector (a number) is calculated, the contribution
from the internuclear forces (F43™ in eq 1) vanishes, since
Vg Fy " = 0 by the Laplace theorem. The result is

Ve EL T =V [0 &,(®) dr o
The electric field of the nucleus £,(r) (eq 2) does not vary upon
a change of the position of this nucleus V,-&,(r) = 0; the field
€,(r) provides a constant frame for the electron density function
variable upon the change. Hence, the divergence of force
calculated for each atom of a reacting system (V ,-Fy ¥ in eq 2)
carries information (hidden in the electron density function
p(r)), on the identity of each bonded atom that is modified
when the reaction proceeds. Equation 2 also provides a clear-cut
condition for the “limit of bonding”, by considering the
divergence Vj.,-Fy ". Two atoms must be considered
nonbonded when a virtual displacement of one atom would
not alter the integral calculated for the second atom (eq 2). By
definition Vjy.4€,4(r) = 0; hence, the result Vy.,-Fy " = 0
means that disturbance of the position of atom B does not affect
the density function in the integral (eq 2).

This disarming argument provided a hint to exploration of the
divergences of the H—F forces over the atomic positions in
tracing changes in atoms and bonds along a reaction path. The
computational method has been proposed for monitoring the
divergences (eq 2) along a reaction path by the diagrams
presenting the derivatives for atoms and bonds respectively:
at = d(V,F{™)/d¢ and af® = —d(VF{)/dE. Persuasive
pictures for bond formating/breaking along IRC have already
been demonstrated for several reactions as the reaction fragility
(RF) spectra for atoms and bonds.*”*****
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The aim of this work is to review briefly the properties of the
divergences (eq 2) collected in the connectivity matrix for a
system, in order to demonstrate their new explicit relation to the
electron density function (section 2). Application of the concept
to tentative separation of the potential energy of a system into
atomic contributions and their observation in a system
undergoing a reaction has been presented in sections 3 and 4.

2. THE CONNECTIVITY MATRIX

Calculation of the divergences of Fi™F forces (eq 2) for any
system of atoms is straightforward: they are produced directly as
sums of appropriate elements of the Cartesian Hessian; the
results must be invariant, being the scalar products.

aFA,x aFA,y aFA,z
ORg, ORg, ORy,

VB'FI/;I_F

BA BA BA
k. + kyy + k,,

= Cpy (3)

This calculation procedure (eq 3) has justified the name
cumulative force constants introduced for the divergences
(B # A).”” They form an n X n matrix for a system of n
atoms: C, the connectivity matrix. If there is no connection
between atoms, the corresponding matrix elements vanish: C,p
= Cgy = 0. An important property of the matrix has been
proven:

Caa = — 2 Cpa
B#A

(4)

This is a consequence of the vanishing total force in a system of
interacting atoms. It makes the determinant of the matrix equal
zero; hence, the C matrix is singular.

Equation 4 indicates that the connectivity matrix not only
provides a comprehensive, quantitative description for bonds
(eq 3, cumulative force constants) but also provides an
analogous parameter for the bonded atoms themselves (Cy,).
The trace of the connectivity matrix is identical to the trace of
the original Cartesian Hessian and also to the Wilson matrix
resulting from the normal mode transformation. However,
unlike the other two matrices, the diagonal elements of the C
matrix exposes directly the degree of being bonded for individual
atoms (C,y) in a similar manner as the cumulative force
constants do for contacts between atoms (Cps), eq 4. The
linear relation of Cp_, to the Wiberg bond indices and C 4y to
atomic valences as defined by Mayer,"' has been docu-
mented."”** Without defining atoms, the connectivity matrix
provides a well understood physical measure of their bonding
power (force constant analogue), thus resolving the ambiguity:
bonds appear to be a particular form of bonding; a bond is
characterized by a strong enough interaction measured by Cp_,.

Explicit relations between the divergences of H—F force (eqs
2 and 3) and the electron density function have been
demonstrated:*’

G = 4”ZAP(RA) + ng(f)'[VAp(l')]N dr (s)

Cpyza = /gA(r)'[VB#AP(r)]N dr (6)
The role of density at the nucleus in eq S has been unclear, since
p(R,) # 0, it may be eliminated, by exploring the general result
elaborated by Liu et al.**

https://dx.doi.org/10.1021/acs.jpca.9b10145
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_ _L (r — RA)'VP(I')
PR = / oRp )

By using this result, eq S is transformed to a novel form
containing the electron density function p(r) as the only variable
parameter on the reaction path for the diagonal elements of the
connectivity matrix (eq 8); an elegant pendant to the expression
for the nondiagonal elements of the connectivity matrix (eq 6).

Ciu = [&(x)[Vp(r) + Vup(r)ly dr

(8)
Since for a single atom Vp(r) = =V (), eq 8 properly explains
why C,, = 0 for a noninteracting atom. When other sources of
electric field are present, for example, other nuclei nearby,
Csa > 0 as has been demonstrated by the connectivity
matrices.”” However, the integral in eq 8 calculated for an
atom can be finite if, and only if

lim[Vp(r) + Vip(r)] =0

r—0 (9)
since £,(r) — oo for r — 0. The cusp condition requires
Vp(0) to be finite, hence an additional general condition
emerges for the electron density at a nucleus:

lim Vp(r) =

r—0

46,47

fim Vo (x) (10)
Exact results for the connectivity matrix elements (eq 8 and eq
6) provide valuable and much needed justification for the
practically observed variations of the elements of the
connectivity matrix (both C,, and Cj,,), on the reaction
progress (IRC), when a system undergoes a reaction: the
reaction fragility (RF) profiles. Without a need for identification
of individual atoms, the C,, elements in the matrix report the
density modifications around each atom as the reaction
proceeds, since the electric field around an atom does not
change upon the reorganization of the nuclei,”

de,(r)/dé =0 (11)

3. THE NEW METHOD: EXTRACTING ATOMIC AND
BOND CONTRIBUTIONS TO THE ENERGY OF A
MOLECULE

The connectivity matrix (C) for a collection of noninteracting
atoms is trivially zero. For a diatomic molecule it is a 2 X 2
matrix, with only one nontrivial value k:

1
Ca=Cgp=k= ETrg and Cp=Cp=—-k (12)
As Politzer and Murray have reminded, the energy (E) of a
system in a stationary state of electron density is exactly
measured by its potential energy E = '/,V (by the virial
theorem); hence, the derivatives of E and V over the reaction
progress are equivalent. The model potential energy curve V()
for a diatomic molecule A—B has been provided by the Morse’

function, properly accounting for the dissociation process (x =
|AR 451):

V(x) = D[1 — exp(—ax)]’ (13)

In molecules this function has been commonly used to describe
individual bonds by providing two parameters for a chosen
bond: dissociation energy D, and the Morse coeflicient a > 0.
They describe sufficiently well the potential energy derivative
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V" = d*V/dx? near the energy minimum. The force constant is
directly related to the parameters in eq 13:

V" =k =2Da’ (14)

The third derivative, V" = —3ka < 0 provides a practical measure
of the anharmonicity of a bond. An alternative measure of
anharmonicity, the spectroscopic anharmonicity constant (x,) is
also directly related to the Morse coeflicient (a):
x, = a*h/2mp@.** The simplicity of the model justified its wide
application, even though the concept of breaking one bond only
is hardly realistic.

The connectivity matrix allows for extending the Morse
concept to a molecule as a whole, considering its global
expansion; the process of complete dissociation to atoms is
somewhat more realistic than single-bond breaking. Specifica-
tion of a detailed shape of the potential energy function
V(ARy,AR,,...) is not required for application of the model; the
scalar argument x > 0 may conveniently be defined for a whole

system, such as, x = />, . (AR,)*. This is equivalent to

tracing a specific path for the expansion process, leading to its
final result—the disintegration of a molecule to atoms. The well-
defined atomization energy (D,,) may be used for the global

dissociation energy and the %Trg value may replace the force
constant (k) in eq 14. This is sufficient to calculate the global
Morse parameter for the entire system a, (eq 15). Since the
elements of the connectivity matrix are typically calculated from
the energy (E), rather than from the potential energy (V), factor
2 must be included in the final result:

atoms

1
(“M)2 = CGaa
8D, ;

(15)
This unique parameter is sufficient for identification of atomic
contributions to the atomization energy (D, ).

atoms

Dat = z Da\t,A where Dat,A =
A

G
8(ay)* (16)

Since the atomization energy is independently calculated, the
dimensionless terms C,,/ Y., C,, provide information on the
atomic share in the overall atomization energy of a system,
variable along a reaction path, thus also to a role of an atom in
the reaction. By the Morse’ eq (eq 13), this is equivalent to
separation of the potential energy to atoms V = ZV,.

Va

1%

G
24 Cia (17)

An analogous procedure can be extended to bonds, by
combining eq 4 and eq 17. Since the connectivity matrix is
symmetric, the contributions from bonds to TrC are doubled.

Vap _ __2Cs
24 Cia (18)

\%4
Equations 17 and 18 expose an additional feature of the
connectivity matrix calculated along a reaction path: it may allow
for observation of the relative energy of individual atoms or
bonds by tracing variations of the individual shares of atoms
(bonds) in the overall energy of the system, given by the
derivatives d(C,,/TrC)/dévsé and d(—2C,p/TrC)/dEvsE.
The relation between such diagrams of energy derivatives and
the fragility spectra established in earlier works

Dat,A _
D

at

https://dx.doi.org/10.1021/acs.jpca.9b10145
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Table 1. Calculated Transition State Energies (AEys) and Reaction Energies (AE). Atomization Energies (D,,) for the Reactant
State (RS) and Product State (PS) of the Reaction Have Also Been Included

D, [au]
molecule reaction no. AE+g [kcal/mol] AE [kcal/mol] ref RS PS
H,NCHO (ROT) R1 1875 0 50, 51 1.0746 1.0746
H,NCHO (PT) R2 45.93 1224 50, 51 1.0746 1.0551
(H,NCHO)-(H,0) (DPT) R3 22.14 10.63 50, 51 1.5590 1.5420
0.015 v
i
0010 | gz
0.005
J % N\ :
-3.5 1.5 3.5
RS Ps AN
-0.015
0.15 0.020
£ B ||| C if
d¢ 0.015 V C-N
0.10 / d¢
0.05
-3.5 -2.5 -1. -0
-0.05
-0.010
-0.10
0.015 c-0
-0.15 -0.020

Figure 1. Energy derivative diagrams (in au) for atoms (eq 17, A) and bonds (eq 18, C) in the formamide rotation (R1) as compared the RF atomic
spectra (B) for this reaction (the color codes of atoms in R1 have been repeated for lines in diagrams A and B).

(u? =dCy,/dE vs £) is not trivial, as the trace of the matrix (TrC)

is itself considerably variable in the reaction.*’

4. RESULTS AND DISCUSSION

The formamide molecule has been chosen for a working
example for three types of reactions: an internal rotation (ROT)
around the C—N bond (R1), an internal proton transfer (PT)
between NH, and CO groups (R2), and the double proton
transfer (DPT) mediated by a water molecule (R3). The set of
three types of well understood processes involving the same
molecule (NH,CHO) allows for testing the results of the
proposed method of energy separation between atoms; the
fragility spectra for these three processes have been reported
separately.”>" Evolution of eigenvalues and the corresponding
eigenvectors of the connectivity matrix at three key stages of the
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reaction (RS — TS — PS) has been presented for the internal
proton transfer reaction in formamide (R2).

The connectivity matrix has been obtained from the IRC
energy profile reproduced by the standard procedure (QST2) at
the MP2 level using the 6-311++G(3df,3pd) basis set and the

49,17 . .
917 The Cartesian Hessian elements have

Gaussian 09 code.
been calculated for single points using the geometry of the
structures resulting on the IRC. The TS2 transition state has
been considered for R1.*> Proton transfer in the formamide
molecule (R2) has been considered in the planar configuration,
as established in the literature. For the formamide/water
complex (R3), the planar configuration has been adopted.”””"
The results for the transition state energies (AErg) and the
reaction energies (AE) in Table 1 demonstrate the much
different nature of these reactions.

https://dx.doi.org/10.1021/acs.jpca.9b10145
J. Phys. Chem. A 2020, 124, 1076—1086
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Figure 2. Energy derivative diagrams (in au) for atoms (eq 17, A) and bonds (eq 18, C) in the internal proton transfer in formamide molecule (R2), as
compared to the RF atomic spectra (B) for this reaction (the color codes of atoms in R2 have been repeated for the lines in diagrams A and B).

Results reported in Table 1 have been supplemented by
calculation of the atomization energies (D,,) for the equilibrium
states (RS and PS) in the reactions under study. Atomization
energies have recently been recalled as an important source for
chemical information.”” The atomic energies were calculated at
the same level of the theory as molecular energies; results were in
excellent agreement with the average of the corrected data
reported by Csonka et al. obtained with several advanced
methods with the same basis set as is used in this work.>®
Deviations of our results from the average results by the above
authors were less than standard deviations in their data.

Diagrams of Relative Energy Derivatives for Atoms
and Bonds. Proportionality between atomization energy and
the trace of the connectivity matrix analogous to the one for the
original Morse’ equation (eq 14) is a precondition for
application of the Morse’ model to atomization energy. This
has been tested by examination of the linear relation between

atomization energy D, and %Trg replacing the dissociation

energy (D,) and the force constant (k), respectively (eq 14).
The collection of 25 molecules representing the reagent and
product states of the reactions previously explored for
investigation of the fragility spectra has been used for testing
the correlation.””** The formamide and the formic acid
molecules skeletons (N—C—X and X—C—Y where X,Y = O,S,
respectively) are common building motives in this collection.
Structural proximity of the chosen systems is intentional: the
Morse’ anharmonicity coefficient a (eq 14) is formally
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characteristic for a bond; hence, its analogue for a molecule
ay; may vary between molecules. The chosen molecules are
formamide and its substituted analogues*’ (5), formamide water
complex (2), formamide and thioformamide complexes (6),
thioformic acid** (2), and mixed dimers of formic and
thioformic acids** (10). Atomization energies in this collection
covered the range [0.770—2.20 au], while the TrC values were

[3.74—11.9 au]. Assuming the relation in the form %Trg = aD,

according to the requirement of eq 14, the result for the slope
was: @ = 2.34 (+0.07) (a,)™* at R* = 0.980 (a, stands for the
Bohr unit of distance). This correlation parameter implies an
average value for the Morse coeflicient in the collection of bonds
(eq 15): ay = 2.04 A~*. This result for an effective anharmonicity
parameter characterizing the entire system on its way to
complete dissociation into atoms appears to be quite realistic as
compared to results in diatomic molecules.>*

The relative shares in the global potential energy attributed to
atoms in a reacting system (V,/V) and bonds (V,5/V) have
been calculated according to eq 17 and eq 18, respectively. The
energy derivatives diagrams d(V,/V)/d¢é and d(V,y/V)/dé
along the reaction path have been shown together with the
corresponding reaction fragility (RF) atomic spectra,
a? = dC,,/d&. Results have been shown in Figures 1, 2, and 3.
The derivatives represent the pace of changes in V,/V rather
than the values themselves.

Atomic RF spectra for the internal rotation (Figure 1B)
demonstrate the electron density shift from C atom toward O

https://dx.doi.org/10.1021/acs.jpca.9b10145
J. Phys. Chem. A 2020, 124, 1076—1086
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-0.20

Figure 3. Energy derivative diagrams (in au) for atoms (eq 17A) and bonds (eq 18C) in the double proton transfer in formamide/water complex (R3),
as compared to the RF atomic spectra (B) for this reaction. (The color codes of atoms in R3 have been repeated for the lines in diagrams A and B; the
solid red and green lines in A and B are for 30 and SH atoms, while the dashed lines are for 40 and 8H atoms, respectively.).

and N atoms in O—C~—N skeleton upon rotation around the
C—N bond to the TS (90°). This is associated with the increase
of the energy of O atom (Figure 1A) as the C—O bond becomes
stronger (Figure 1C), while the energy of the N atom and C—N
bond decreases (Figure 1A,C). The net increase of the energy of
C atom (Figure 1A) is notable, as it appears to be a consequence
of the increase in O—C and H—C bonds energy (Figure 1C),
despite the energy decrease in the C—N bond that affects energy
of the N atom, exclusively.

For the internal proton transfer reaction (RZ) the energy
derivative diagrams disclose more details than the RF spectra
(Figure 1B). At the initial stage of this reaction, with the H4
hydrogen atom drifting away from the N atom, all atoms in the
system experience a loss of the electron density, as shown in their
RF spectra (Figure 2B). When the H4—N bond is being broken
(Figure 2C), the C—N bond energy increases, while the C—O
bond energy is initially lowered. This trend is inversed as early as
at ca. £ = —1.5, apparently under the influence of the H4 atom
aiming toward oxygen. The energy derivative spectra of the C,
0, and N atoms provide an interesting picture of the evolution of
bonding of these atoms (Figure 2A). The energy derivative for
the carbon atom tends to a maximum at ca. £ & —0.5, and the
effect is strong enough to warrant the steady C—N bond energy
derivative increase, but not for the C—O energy. A competition
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between bonding of N and O to carbon is evidenced by their
atomic energy derivatives: two consecutive maxima and minima
in the N atom are accompanied by corresponding minima and
maxima in the O atom at ca. £ & —1.4, —0.5, 0, and —0.5,
respectively. The extremes in the nitrogen atom energy
derivatives occur typically by 0.1 unit ¢ earlier than for the
oxygen atom; this interesting dynamics must be a consequence
of H4 atom displacement on its way from N to O atoms.

At £ = —0.5 the energy derivatives of C—O and C—N bonds
reach their maxima, with an associated minimum for the H4—N
bond, meaning the turning point for abstraction of H4 hydrogen
on its way (Figure 2C). This is perfectly well confirmed by the
minimum on the H4 atom energy derivative at the same point
(€= —0.5, Figure 2A). The maxima on the C and O curves in the
same point complete the evidence. The final stage of the process
that begins at ca. £ & —0.5 is clearly envisaged by the atomic
energy derivative diagrams (Figure 1A): Oxygen and H4 atoms
strengthen their energy, while C and N atoms lose it,
proportionally.

A valuable observation for bond-energy derivatives is found in
Figure 2C. Unlike the atomic energy derivatives (Figure 2A), the
bond energy derivative diagrams do not tend to zero at £ = 0
energy. These nonzero derivatives of relative bond energies
disclose an important feature of this process: its structural

https://dx.doi.org/10.1021/acs.jpca.9b10145
J. Phys. Chem. A 2020, 124, 1076—1086


https://pubs.acs.org/doi/10.1021/acs.jpca.9b10145?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10145?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10145?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10145?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.9b10145?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

turning points do not coincide with the global energy-based TS
point for the entire process.

The general picture of the double proton transfer reaction
(R3) provided by the energy derivatives for atoms and bonds in
this reaction fully corroborates the observations for the simple
proton transfer (R2). Fragility spectra for all atoms illustrate the
density loss when approaching the transition state (Figure 3B);
the turning point of the process is again at ca. £ = —(0.5—0.6),
and & = 0.4 for the final stage of the process. The profiles for the
N—C-O atoms are not symmetric: nitrogen (N1) loses its
density to a much greater degree that oxygen (O3), and carbon
(C2) shows only a minute decrease in the density.

The energy derivatives of atoms (Figure 3A) indicate that,
despite the loss in density, the N1 atom energy is not affected in
the (RS, TS) region; it is compensated by the increase in N—C
and C—O bond-energy derivatives (Figure 3C); this is
confirmed by the energy derivative of the carbon atom (Figure
3A). Increasing the bond energy derivative with the parallel
density loss hints to the ionicity of the bond, and this indeed is
the case: the negative charge on the nitrogen atom (Hirshfeld)
increases by 50% between RS and TS.

The new element here is an opportunity to see two oxygen
atoms in various environments participating in the process. As
might be expected, their response to the hydrogen atom
transfers is concerted. By the RF spectra (Figure 3B), the density
around the O3 atom in the O—C—N backbone is considerable
less affected by the process than at the O4 oxygen atom in the
associated water molecule although the gradual changes in the
fragility are parallel for these atoms; the oxygen atom in the
O—C—N backbone apparently enjoys the screening effect by the
neighboring C atom, the energy derivative of which increases
substantially.

The notable differences between O3 and O4 atoms have been
exposed by their atomic energy derivatives (Figure 3A). The
oxygen atom in the water molecule (O4) loses energy in the
initial stage of the reaction and it gains energy when the reaction
approaches PS. The decrease comes predominantly from the
04—HS8 being broken; building up the connection O5—HS is
responsible for the nearly symmetric increase of O4 energy in
the final stage. Both the bond energy and atom energy
derivatives coherently describe these effects. For the O3 atom,
the diagram shows quite different and nonsymmetric evolution:
its energy derivative increases in the initial stage, as a
consequence of the bond reorganization in the backbone,
clearly reflected in Figure 3C. Detachment of HS leads to
strengthening the N—C and C—O bonds that will be washed out
in the final stage by the attachment of H8 to O3, and thus, the
oxygen atom will not lose energy upon final bond reorganization
in the backbone, while the energy derivative of both N1 and C2
atoms will decrease considerably (Figure 3A).

The important feature on the relative energy derivatives of
atoms and bonds alike for (R3) is strong confirmation of the
effect found on the corresponding diagram for R2: here not only
the bond energy diagrams (Figure 2C) but also diagrams for
backbone atoms (N—C—O, Figure 2A) and fragility spectra
(Figure 3B) clearly do not fall to zero at £ = 0; the TS state is not
a characteristic point for the structural changes in this reaction.
The maxima and minima on the diagrams correspond only
roughly to the reaction forces extremes (—0.41 and +0.36);
meaningful variations on the energy derivatives are found even
beyond the range of £ (-1, + 1).

Diagonalization of the Connectivity Matrix. The
connectivity matrix is singular (eq 4), but is nonetheless normal
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and its diagonalization can still be performed. The connectivity
matrices have been diagonalized by the NumPy (v1.17.2)
method®>*® available online.”” The matrix eigenvalues are
presented in Table 2; due to the singular nature of the matrix (eq
4), one eigenvalue is zero for each structure (4,).

Table 2. Nonzero eigenvalues of the Connectivity Matrix (in
au) for the Reactant State (RS), Transition State (TS) and
Product State (PS) of the Internal Proton Transfer Reaction
in Formamide (R2)

A RS TS PS

1 0.26 0.10 0.26
2 0.56 0.33 0.38
3 0.59 0.59 1.02
4 1.87 1.39 1.52
S 2.75 2.59 2.58

Results for the eigenvectors have been envisaged in three
diagrams in Figure 4, describing the RS, TS, and PS for the
internal proton transfer reaction in formamide molecule (R2)
only. Calculated eigenvectors for nonzero eigenvalues have been
standardized to one selected atom by the computational
procedure, thus reminding, that the transformation of the
coordinate system by the diagonalization procedure leads to
nonidentical results for various states considered. As a
consequence, the eigenvectors could not be compared as such
between the reaction states RS, TS, and PS. However, the
squares of the vectors (representing squares of their lengths),
could be compared despite them belonging to a nonidentical
coordinate system. All eigenvectors have been normalized to
unity. This has provided a ground for the graphical
representation of the eigenvectors in Figure 4. It contains
atomic symbols (circles) of the diameter proportional to the
modulus of the eigenvector component corresponding to this
atom, its surface is proportional to the square of that eigenvector
component. Because of eigenvectors normalization, the overall
surface of circles for all atoms in each molecular diagram is
identical in all diagrams and for all molecules. By this method,
the qualitative and comparable pictorial representation of the
involvement of atoms in eigenvectors on eigenvalues has been
achieved.

Inspection of three diagrams in Figure 4 tends to confirm the
leading role of the H4 atom movement in the reaction and also
leads to a few additional interesting conclusions. The lowest
energy eigenvectors in formamide RS (4;, 4,) are characterized
by not only the strongest involvement of H4 and O3 atoms, but
also even more significant participation of the HS(N) and
H6(C) atoms not active in the reaction. In the transition state
(TS), the lowest energy eigenvector (4, = 0.10) is dominated by
the O3 and H4 atoms; however, the second one (4, = 0.33)
contains unusually high participation of the H6(C) atom as well.
For the PS, which represents the acidic formamidine molecule,
the lowest energy eigenvector (4, = 0.26) contains considerable
components from O and H4 atoms, and again comparable
participation of H5(N) and H6(C) atoms. The eigenvectors
corresponding to the highest energy eigenvalues in RS and PS
molecules are dominated by the strongly bonded backbone
atoms N—C—O, with reasonable participation of H4. In the TS
structure, the oxygen atom, dominating at low energy level, plays
no role in the highest energy eigenvector.

https://dx.doi.org/10.1021/acs.jpca.9b10145
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Figure 4. Representation eigenvectors corresponding to eigenvalues (4, Table 2) of the connectivity matrix for the RS, TS, and PS states for the internal

proton transfer reaction in formamide (R2).

5. CONCLUSION

The connectivity matrix, introduced and examined in former
works,””**** appears to provide a wealth of chemical
information on practical importance. The new general relation
of the matrix diagonal elements to the electron density function
(eq 8) convincingly demonstrates that their variations upon
structural changes in a molecule studied along IRC (thus in a
series of electronically stationary states) reflect evolution of the
electron density function, responding to the variable geometry
of nuclei. By our former finding, the matrix elements represent
the sole electronic energy and they are free from components
from nuclear repulsion forces.’” This observation has opened a
way to the reaction fragility (RF) spectra technique for
monitoring the electron density changes in bonds and around
atoms, that has since been proving its potential in studies of
many reactions.”*** The method not only provides suggestive
pictures for creating and/or breaking of real bonds in reacting
systems, but also allows for monitoring any contact between
atoms that affects the electron density in the space between
them.

The energy analysis proposed in this present work provides
yet a new tool: variation of energy derivative diagrams for an
atom can be studied along a reaction, and variable energy of a
bond can be observed as well. Although the Morse model was
instrumental for the proof of the method, neither the Morse
anharmonicity parameters, nor the atomization energies are
needed for calculation of the ratio of the energy of an atom (V)
or a bond (V,3) to overall potential energy (V); the results rest
entirely on the elements of the connectivity matrix, calculated at
the desired level of quantum theory. Atomic/bond energy
derivative diagrams appear to be even more powerful analytically
than the fragility spectra: they manifest energy effects associated
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with the increase of density in the bond region and a change in
bond energy resulting from the variable bond ionicity.
The results lead to several practical conclusions:

(i) Energy derivatives calculated for the internal rotation in
formamide (R1) have shown how the density shift
between atoms demonstrated in the fragility spectrum
(C = O, C = N) results in selective bond strengthening
(C—0) and weakening (C—N).

(ii) A competition between N and O atoms for the formation
of a stronger bond with the central C atom upon the
internal proton transfer in formamide (R2) observed in
the energy derivative diagrams along the reaction path
provides a formidable example of the analytic potential of
the method.

(iii) The impact of variable ionicity of a bond has been
observed in energy derivative diagrams for the double
proton transfer reaction (e.g, in C—N, R3). Also, the
diagrams for two various oxygen atoms in this system
demonstrate high sensitivity of the method in exposing
weak energetic effects.

(iv) The atom and bond energy derivative diagrams confirm a

conclusion, earlier suggested by the RF spectra.*”*>**

The transition state (TS) representing a maximum of

global energy of a system is not the point of specific

reorganization of bonds. This process occurs generally in
the regions preceding and following the transition state;
the turning points in energy attributed to bonds and
atoms show no particular relation to the ones for global
parameters of the system (e.g, energy and the reaction
force). This observation supports the similar conclusion
recently expressed by Nanayakkara and Kraka in their
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work on joint application of the QTAIM and URVA
methods to observation of a reaction dynamics.”’

(v) Atomization energy, extensively explored in this present
work, has been calculated as a difference:
D,(&) = E(&) — X, Ey. Its derivative over the reaction
progress (&) is thus equivalent to the reaction force, as
introduced by Toro-Labbé et al.”*

F. = —dE(£)/d¢ = —dD,(&)/dé (19)
Separating the atomization energy into atomic contribu-

tions D,(&) = Y, D 4(&) (eq 16) opens a way to most
natural separation of the reaction force itself to newly

defined atomic contributions E = > o e goal that has

been attempted in the past”™*" with a little success. The

present result for an atomic share in the reaction force is

straightforward:
F5,A =~ at,A(‘f)/déf
where D, 4(§) = [Cyy/ TrCID,($) (20)
Considering the linear relation %Trg = aD,, the portion

of the reaction force assigned to an atom is linked directly
to the atomic RF, as defined in the original work™

at = dC,,/dé:

1 1,
F., =—-——dC,,/dé = ——
o4 2 M g 2a % (1)

The linear correlation parameter a warrants the

coherence of units in the left-hand side and right-hand
side of eq 21. This relation provides an interesting new
interpretation for the atomic RF and the profiles thereof,
by exposing their link to the novel concept of reaction
forces attributed to atoms (eq 21).

Diagonalization of the connectivity matrix leads to a
natural compartmentalization of the normal modes by
combining them into eigenvalues of the connectivity
matrix; the physical meaning of eigenvalues as the force
constants remains unchanged as compared to Wilson
transformation.”® In the new eigenvectors the role of
atoms has been exposed; the components of eigenvectors
provide a measure of individual atoms involvement in
deformation, associated with the given eigenvalue of the
connectivity matrix (cumulative force constant’”).

(vi)

By introducing the method for monitoring the actual bond
energies and their variations in reactions, this present work
represents a step along the lines outlined by Politzer and
Murray: “(...) a chemical bond has no direct physical reality, but
neither does energy. Yet the effects of both are physically evident and
can be measured.”." Calculation of the individual bond energy as a
well-defined part of overall binding energy of a molecule
provides additional support to the undoubtful reality of a
chemical bond.

Observation of the energy of atoms-in-molecule demon-
strated in this present work without atoms being defined a priori
hints to an interesting problem of discovering the nature of these
atoms; a question whether or not the electron density function
could be divided into atomic contribution corresponding to
atoms with energy fraction given by V,,/V remains a challenging
task for the forthcoming studies. Atoms-in-molecule have never
been “well cut”, as noted by Mayer in his comprehensive article
on bond orders and valence indices in quantum chemistry; this
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present work represents an effort toward “interpretation and
systematization of the results obtained in quantum chemical
calculations”, that this author had considered necessary in
order to “extract from the wave function different pieces of
information that may be assigned chemical significance”.
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