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The full topology ofL(r), which is defined as minus the Laplacian of the electron deng#y, has recently

been explored for the water molecut@gord. Chem. Re 200Q 197, 169). In this work, we have investigated

the changing topology during the “umbrella” inversion in ammonia. The maxindrinare points of local

charge concentration, which can be associated with the electron pairs of VSEPR theory. We examine changes
in three valence shell charge concentration (VSCC) and three depletion (VSCD) graphs as a function of the
angle between th€; axis and a hydrogen. Through the use of planar graphs, the transition mechanisms can
be easily rationalized. The previously noted double maxim4rijy corresponding to the lone-pair of nitrogen,

found at the transition state for inversion is shown to persist for geometries distorted considerably from planar.
The transitions between structures in the valence shell charge concentration and charge depletion graphs do

not occur simultaneously.

1. Introduction

In recent years, the so-called topological approach has becom
an increasingly popular tobin providing a mathematical bridge
between chemical intuition and quantum mechanics. The roots
of this approach lie in the pioneering work of the Bader group,
which culminated in a formulation of subspace quantum
mechanics known as the theory of “Atoms in Molecules”
(AIM). 22 One of the key features of the topological approach
is that the gradient vector field of a 3D function partitions real

space into quantum subsystems, bounded by surfaces known

as separatrices. This fact was first realized in the 19@0d
led to the development of AIM, which identified the subsystems
with chemical atoms. The topology of the electron dengity

better understood than that of other 3D functions, such as the

Laplacian of the electron density?p, or the Electron Localiza-
tion Function (ELF) Indeed, because was the first function
to be studied by the topological approach most algorithms have
focused on it as witnessed by current atomic integration
algorithms®—8 However, more 3D fields are being subject to a
topological analysis, such as the virial fiéldnagnetically
induced molecular current distributiods,or the intracule
density!! This expansion expresses the need for generalized
software, enabling a systematic topological analysis of future
fields and current topologically unanalyzed fields, such as the
Localized Orbital Locator (LOLY¥ or the Lennare-Jones
Function (LJF)L3

The idea of using the gradient vector field to retrieve chemical
information from wave functions has since been demonstrated
by a sizable and growing number of publicatidria.the 1980s,
V2p became the second 3D function to be analyzed in terms of
the topological approaci.However, this analysis was restricted
to the localization and characterization of critical points (CPs),
i.e., points where the gradient of the field vanishes. An analysis
of the Laplacian’s CPs proved useful in the prediction of sites
of electrophilic and nucleophilic attack, as well as their relative
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propensity toward reactiol},the structures and geometries of
hydrogen-bonded complexé&sthe directing abilities of sub-
stituents in aromatic electrophilic substituttéand the relative
susceptibility of activated double bonds to Michael addifi®n.
These studies ultimately resulted in the formulation of a
Laplacian complementarity principl€ Perhaps one of the most
important applications of the topology of the Laplacian is the
construction of a physical basis for the well-known VSEPR
model2°~23 The correspondence between the Laplacian and the
VSEPR model is subject to maintained scrutthgspecially in
connection with transition metad%.28 Recently, great progreSs

has been made in taking the aforementioned correspondence
beyond empirical observations by studying the mapping of the
conditional pair density onto the electron density. In summary,
the Laplacian is a conceptually simple function that clearly
contains a wealth of information and continues to contribute to
the elucidation of chemical shape and behavior.

Another more involved function that has been met with
considerable attention is ELF. Silvi and Savin were the first to
investigate its topolog$® Their seminal paper piloted a host of
applications including a delocalization criterion for unsaturated
carbon bond8! and aromatic, antiaromatic, hypervalent, and
hydrogen-bonded molecul&sa characterization of hydrogen
bonds of various strengtii&the determination of protonation
sites in base% an analysis of depleted homopolar boRels,
representation of the metallic boftcand a structural charac-
terization of lathanide trihalide¥.Changes in ELF’s topology
upon nuclear displacement were first considered by Silvi &t al.
This “dynamic” study introduced their Bonding Evolution
Theory following Bader’s applicatidfi of Thom’s catastrophe
theory*®® in the context of the electron density. Subsequently,
several dynamic ELF studies appeared, comprising the proton
transfer in HO,",*! an analysis of electrophilic aromatic
substitutior’? bonding in hypohalous acidd, structure and
bonding of chlorine oxides and peroxidéshe isomerization
mechanism in XNG@? and electron transfer in the L+ Cl,
systeni

Itis the purpose of this paper to further study the full topology
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of the Laplacian, or more precisely(r) = —V2p(r), which is Charge Depletion (VSCD) zones. For second period elements
more intuitive. In an earlier papéf,hence referred to as paper (Li—Ne) elements, these are the only four shells that can occur.
I, it was shown thak(r) contains as many as 43 CPs in a single An investigation of the complete shell structure of heavier
water molecule. This large set of CPs can be divided into four elements (e.g., third period, transition metals) in chemical
subsets, by realizing that oxygen contains a core shell and acompounds may call for an extended nomenclature including
valence shell, each split into a charge concentration and a chargehe intermediate CC and CD shells. For many-electron atoms
depletion part (see section 2). The topological connectivity of in their ground state the radius of the nodal sphere separating
the CPs, as expressed by a graph, is the key to understand howhe CSCC and the CSCD is approximately 1/Z a.u. As a result,
they are interrelated. To the best of our knowledge, this is the the core shell radius for free oxygen is about 0.13 au, whereas
first time that graphs, drawn from the CPs bfr), are the corresponding radius for the valence shell (i.e., of the nodal
investigated with respect to varying nuclear positions for sphere between the VSCC and the VSCD) is 0.94"dthus,
polyatomic systems. A recent study has examined the changedhe core shell lies much deeper into the atomic shell structure
in the electron density and it Laplacian in the formation of than the valence shell.

diatomic molecule4? Inspired by an early study on distorted As free atoms come together to form a molecule the topology
amide$® we decided to examine the inversion of NHn of L(r) displays CPs of rank three, which are linked via gradient
particular, we were intrigued by the question how a single CP paths inL(r) to form graphs. It is convenient to associate one
in L(r), associated with a lone pair in an ammonia molecule graph with each type of shell, for example the VSCC has its
with a pyramidal nitrogen, can split into two CPs in the planar own graph, and so has the VSCD. Four such graphs (CSCC,

ammonia with a flat nitrogen environment. CSCD, VSCC, VSCD) have been described in detail for water
in paper I. The CS graphs have a much simpler structure than
2. Theoretical Background the VS graphs and are expected to be chemically less important

. o than the VS graphs. In this work, we will concentrate entirely
2.1 Spme Topolog|cal Defmltlons.Becausg the use of  onthe changes observed in the VSCC and VSCD graphs.
topological concepts is well documentédve briefly review An important new aspect of the current series of papers is

only a few key concepts here. Paths of steepest ascent throughe hresentation of full graphs for the charge concentration and
a scalar fieldS are calledgradient pathsThe gradient of the depletion in L(r). Previous studies of the Laplacian had

field S VS, is everywhere tangent to a poin'[.O.n a gradient pgth. concentrated on the location of the CP#lost arguments were
Gradient paths clearly have a sense: they originate and term'nat%eveloped through examination of the values pofand its

at points in space whergS vanishes, termedritical points Laplacian at the CP<:17:19This approach, though proving useful
(CP). The collection of gradient paths is callegradientvector — j; some circumstances, is susceptible to errors due to potentially

field, which naturally partitions a molecule into subspaces called missing some CPs. The tracing of gradient paths from the (3
basins A basin contains a CP, a maximum, at which the gradient —1) and (3,+1) CPs results in a complete picture of the '

paths that form the basin terminate. connectivity of the CPs. It is thus immediately apparent if any
In two dimensions, there can only be three types of CP: a important CPs have been omitted.

maximum a minimum or a saddle point. In three dimensions, 5 3 pjanar Graphs.The VSCC and VSCD graphs considered

however, there are two types of saddle point, which are typified j, this work can be represented and classified through the use

by the local curvature of the field at the CP. In a 3D function, of planar graphd? A planar graph is defined as a graph that

the different CPs are characterized by eigenvalues of the Hessiarygn pe drawn in a plane without any of its edges crossing each

of the field, evaluated at the CP, denotedA&yi = 1, 2, 3).  other. It was shown in Paper | that the sub-graphis(cf obey

Therank (r) of a CP refers to the number of nonzero eigenvalues these rules. According to Euféra planar graph obeys the
and thesignature(s) to the sum of the signs of the eigenvalues. fq|jowing formula

Hence, CPs are compactly designated hg).(Usually, one

encounters only CPs of rank 3, i.e., those with strictly nonzero V—E+F=2 (1)
Hessian eigenvalues, leaving four types of CP.
2.2 Charge Concentration and DepletionIn the following, whereV, E, andF represent the number of vertexes, edges and

we set the scalar field tb(r), and for more details the reader faces in the planar graph, respectively. In the representation of
is referred to Paper I. It has been observed that the local maximathe chargeoncentratiorgraphs the vertexes are associated with
in L(r) show a remarkable correspondence with the idealized the (3,—3) CPs, the edges with the (3,1) CPs and the faces
electron-pair¥* of the Lewis model. Using a finite difference  with the (3,+1) CPs. However, in the representation of the
formula, it is easy to provethat whenL(r) > 0, the electron chargedepletiongraphs the vertexes are associated with the (3,
density is locally concentrated, and conversely whém < 0, +3) CPs, the edges with the (81) CPs and the faces with the
the electron density is locally depleted. In summary, the fact (3, —1) CPs. As an example, we reproduce the VSCC graph of
that L(r) gauges the concentration pfimplies that it can be the water molecule originally presented in Paper | in Figure 1.

used to detect electron pair localization. It is important to consider that the outside of the graph as a
For a free atoml.(r) is able to reveal the shell structure, but face, as well as the enclosed areas.
unlike ELF it is unable to reveal more than five atomic shells. 2.4 Structure vs Geometry.The theory of AIM makes a

However, it has been observed thé#t) is homeomorphic with clear distinction between geometry and structure based on the
the Laplacian of the conditional pair denst#yThe profile of topology ofp.352Thegeometryof a molecular system is defined
L(r), wherer is the radial distance from the nucleus of a free by the set of nuclear coordinates, denotedRyywhereas the
spherical atom, contains zones corresponding to Charge Con-structureis determined by the connectivity of the molecular
centration (CC) ((r) > 0) or Charge Depletion (CDL(r) < graph. The essential idea behind this distinction can be
0). The inner CC and CD zones are labeled the Core Shelltransferred td_(r). More precisely, an infinitesimal change in
Charge Concentration (CSCC) and Core Shell Charge Depletioncoordinate values leads to a different geometry with coordinates
(CSCD) zones. The outer CC and CD regions are called theR'. In this work, a multitude of different ammonia geometries
Valence Shell Charge Concentration (VSCC) and Valence Shell has been generated by changing a valence angle, defined below.
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Figure 1. Planar graph of the VSCC of the equilibrium geometry of
water. This graph has six vertexes(V), seven edges (E) and three facedigure 2. Valence Shell Charge Concentration graph for the transition
(F), representing the (33), (3—1), and (3;1) CPs respectively (two state in NH(a = 90°), associated with VSCC |. There are eight
faces appear as triangles in the center, the rest of the plane correspond&axima, (3;-3) (green); nine saddle points, {3l) (purple); and three
to the third face). The planar graph formula is obeyed since K + minima, (3;+1) (yellow). The gradient paths connecting the<3) and
F =6 — 7 + 3 = 2. The nonbonding(nb) and bonding(b) maxima (3,—1) CPs are shown as superpositions of white spheres. The crossed
(between O and H) form an approximately tetrahedral arrangement. CPs merge as. is increased beyond 106leading to the VSCC II
The “H maxima” are almost coincident with the corresponding nuclear graph, which does not contain the lower nonbonding maximum.
positions of the hydrogens.

. . ) . in Figure 2. As expected, this graph has 3-fold symmetry, which
The structure of a system, in the context of this work, is defined 5 5150 observed in all following VSCC and VSCD graphs. The
by anequialence clas®f the VSCC and VSCD graphs. An  gight maxima irL(r), (3, —3) CPs, fall into three groups: three

equivalence class in this case is a set of graphs that can b&yaxima almost coincident with the coordinates of the hydrogen
homeomorphlcaII?(l.e., plastlcally)_deformed into one another. nuclei, three maxima between the hydrogen nuclei and the
This means that the precise positions of the CPs in two graphsyjyagen nucleus (associated with bonding charge concentra-
do not have to be the same, but they must have identical tions), and two maxima on th@; axis, equidistant above and

numbers of each type of CP, and these CPs must be connecte@le|oy the molecular plane, which are associated with the

in an identical way. nonbonding charge concentrations. A total of nine-(®, CPs
3 C ional Detail can be found, each connecting two+3) CPs via a gradient
- Computational Details path inL(r). Finally three (3+1) CPs are found.

All wave functions have been obtained using the Gaussian98 The planar graph of the structure shown in Figure 2, labeled
suite of code$3 We have employed the B3LYP hybrid density VSCC I, is shown in Figure 3a. The vertexes correspond to the
functional methoef* as implemented in Gaussian98, with the (3, —3) CPs, the edges to the {31) CPs and the faces to the
6-311+G(2d,p) basis séf The changing topology of the (3+1) CPs. Clearly, the formul¥ — E + F = 2 is obeyed
umbrella inversion was studied within tk&, point group. The because 8- 9 + 3 = 2. This information is repeated in Table
reaction coordinate was defined as the anglebetween the 1, which shows that each of the six valence shell graphs
Cs axis and the hydrogen atoms. At each point along the occurring in the ammonia inversion obey tie- E + F = 2
reaction-path, the remaining internal coordinates were optimized formula. The planar graph shown in Figure 3a is that of a
using analytic gradient techniques. As expected the transition- structure that persists over a fairly large rangexofalues. In
state for the inversion was th@s, geometry witha. = 90°, fact, the transition from the structure seen for VSCC | to that
whereas the minimum energy structure bas- 111.66 (rnw of VSCC Il only occurs once the deformation parametéras
= 1.0151 A). We have considered the changing topology over reached a value of 106The doublet of nonbonding maxima
a range of values of, up to 145, beyond this point the  was observed before for nitrogen, above and below the
optimum N-H bond-lengths become very long and the structure symmetry plane of a planar configuration of formamf@@hat
cannot truly be considered to be a bound ammonia molecule.work suggested that the appearance of the doublet of equivalent

The CPs and gradient paths connecting them have beenmaxima was a consequence of symmetry, but here we learn
located and traced using the MORPHYO01 cég@i&he CPs are that it is a feature even for heavily distorted ammonia, which
found using an eigenvector-following algoritfhthe gradient lacks a mirror plane.
paths are trac&8using the Burlisch-Stoer ordinary differential The VSCC graph for ammonia with = 120 is shown in
equation solve?? We have restricted the discussion in this paper Figure 4. There are now only seven maxima, three associated
to the VSCD and VSCD graphs. 3D pictures were generated jth the hydrogen nuclei, three associated with the-HN

using RASMOL® and the 2D schematics using Xfig. bonding charge concentrations ande associated with the
. . . nonbonding charge concentration of the nitrogen nucleus. As
4. Full Topology of L(r) and its Change in Ammonia with the VSCC | graph, all the maxima are connected via-(3,

The electron density of a single ammonia molecule possessesl) CPs. The second nonbonding maximum of VSCC | has now
seven CPs: four maxima each virtually coincident with a been replaced by a (81) CP. The mechanism for the transition
nucleus, and three bond CPs, each one somewhere between tHgom VSCC | to VSCC Il will be discussed in detail in the next
nitrogen and a hydrogen nucleus. The functigr) on the other section. The planar graph representation of this structure, labeled
hand shows far more complexity. In the geometries considered VSCC I, is shown in Figure 3b.The planar graph shown in
in this work, we discovered at least 54 CPs per geometry, Figure 3b represents a structure that persists over values of
whereas Paper | reported 43 CPsLir) of the equilibrium from 106 to 134.
geometry of water. The VSCC graph for ammonia with = 137, designated

4.1 The VSCC Graphs.The VSCC graph for the transition- as VSCC llI, is shown in Figure 5. The number of maxima is
state of the “umbrella” inversion of ammoni@= 90°, is shown the same as in VSCC Il. However, the three CPs associated
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Figure 3. Planar graph representations of the three VSCC graphs (a

c) and the three VSCD graphs—{f occurring in the inversion of
ammonia. The solid circles (vertexes) in the VSCC graphs represent
the (3:-3) CPs, and the edges the {3,) CPs. The open circles
(vertexes) in the VSCD graphs represent the-83,CPs, and the edges

the (3;+1) CPs. Table 1 shows the total number of vertexes, edges,
and faces of each graph. Note that the rest of the plane, outside enclosed
faces, also represents a face. The edges have been drawn such that
they do not cross, as required for planar graphs.

€SS

TABLE 1: Survey of the Validity of the Planar Graph
Formula (V — E + F = 2) for All VSCC and VSCD Graphs,
with a Reference to the Figures that lllustrate the Graphs

graph figures v E F Figure 5. Valence Shell Charge Concentration graph insNidrre-
VSCCI 2,3a 9 3 sponding too. = 135°, associated with VSCC lll. There are seven
VSCCII 4, 3b 7 9 4 maxima, (3:3) (green); six saddle points, (31) (purple); and one
VSCC Il 5, 3c 7 6 1 minimum, (3;+1) (yellow).
VSCD | 7,3d 6 12 8
VSCDII 8, 3e 7 12 7 (-4
VSCD Il 9, 3f 7 15 10
s . o
with the N—H bonding charge concentrations are no longer l 4 Aa D ()
connected to each other. The graph also has three les%)(3, ®(---) A'A A A
CPs. The mechanism for the transition from VSCC Il to VSCC / \‘ l )
Il will be discussed in detail in the next section. The planar
graph representation of this structure, labeled VSCC IlI, is = -
shown in Figure 3c. This planar graph represents a structure 105 o 107
that persists over values of from 135 to ~145°. Figure 6. Schematic representation of the mechanism of transition

4.2 Mechanisms of Transition between VSCC GraphsThe from VSCC | (Figure 2) to VSCC Il (Figure 4). Filled triangles represent

n mol in this di ion have all n orevi lv(3—1) CPs, filled circles (373) CPs and open triangles {31) CPs.
concepts employed in this discussion have all been previous yThe triplets in brackets indicate the signs of the eigenvalues. The filled

introduced in th,e consideration of analogous (possibly more triangles in the two diagrams on the left correspond to the crossed purple
complex) transitions of the molecular graphs of the electron gpheres in Figure 2, whereas the central filled circle corresponds to
density? All transitions in structure are abrupt and discontinuous. the crossed green sphere. Similarly, the filled triangles in the two
The change from VSCC | to VSCC Il involves the loss of a diagrams on the right correspond to the crossed purple spheres in Figure
(3,—3) CP and the gain of (3;1) CP, or in terms of the planar 4, whereas the central open triangle corresponds to the crossed yellow
graph representation the loss of a vertex and gain of a face. ASPhere.

schematic representation of the transition is given in Figure 6.

The arrows show the relative direction of movement of the CPs going from left to right. As the value af is increased the three

as the value ofx is increased, snapshots of which are shown (3,—1) CPs, which connect the-\H bonding maxima to the
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second nonbonding (nb) maximum (bottom “nb” in Figure 2),
converge upon this nonbonding maximum. This is an example
of a bifurcation mechanism (see ref. 3, Chapter 6.). Unlike what
is normally seen in the topology @f where it is very common

to observe the mutual annihilation of an RCP and a BCP, the
transition from VSCC | to VSCC Il involves the simultaneous
occurrence of three bifurcation mechanisms.

Now we discuss the transition depicted in Figure 6 in terms
of the Hessian oL(r), in particular in terms of its (ordered)
eigenvalues i < 12 < A3), and the associated eigenvectors
(us, U, ug). The three eigenvalues of the Hessian at the 83,

CP which appears in VSCC | (solid circle) are negative, or
(—,—,—). The three eigenvalues of the {3,) CP in VSCC Il
(open triangle) that replaces the{3) CP has the following
signs (,+,+). To change from one VSCC | to Il two of the
eigenvalues must change sign, which can only happen if they
become zero. The other eigenvalue, whose numerical value is
virtually unchanged during the transition, is associated with an

e_lgenvector perpen(_:llcular to the plane ‘?f the paper in Figure 6 Figure 7. Valence Shell Charge Depletion graph in Ntdrresponding
(i.e., along theCs axis). The other two eigenvectors make Up g o = 90, associated with as VSCD . For clarity, the ammonia
an axis system in the plane of the paper. Because of themolecule has been marked. There are six minima;ZB(brown), three
symmetry of the system, the (33) CP and the three (31) of which are in the outer region, near the hydrogen nuclei, whereas
CPs combine at the bifurcation point to leave a doubly the other three minima form a triangle around the nitrogen nucleus.
degenerate (1) CP. Upon any further infinitesimal increase The minima in the former subset are each connected twice, whereas

- - the minima in the latter (crossed) subset are each connected six times.
in the parametew this degenerate CP generates the-(3,CP There are 12 (3:1) CPs (yellow, edge) and eight (31) CPs (purple,

and three (371) CPs of VSCC II. face). The (3-1) CPs appear as four doublets, in the vicinity of each
The transition from VSCC Il to VSCC Il is simpler to  nucleus, above and below the mirror plane. The crossedl{3CPs
comprehend than the one just discussed (compare Figures 4 andre involved in the transition to VSCD Il (see Figure 10).
5, or Figures 3b and 3c). In this case, there is a loss of three
(3,+1) CPs and three (3,1) CPs. As with the previous
transition, the mechanism is of the bifurcation type, but now it
is completely analogous to that commonly seemp,invhere a
RCP annihilates a BCP. Here, however, three separate bifurca-
tions occur simultaneously, as each of the three-{3,and
(3,%1) CP pairs approach and annihilate as the paraneigr
increased. The transition from VSCC Il to VSCC lll appears
to be an initial step in the dissociation of ammonia into N and

Hs along this reaction path.

4.3 The VSCD Graphs.The VSCD graph for the transition .
state of the inversion of ammonia,= 90°, is shown in Figure Y
7. This graph contains six minima that are connected to each
other via 12 (3+1) CPs. The eight (3;1) CPs cap the faces of '
the VSCD graph. From Table 1, we observe that\he E +
F = 2 formula is obeyed, provided the vertexes are associated
with minima, the edges with (3,1) CPs and the faces with .
(3,—1) CPs. When comparing the corresponding VSCC graph
in Figure 2 with the current VSCD graph in Figure 7, we observe
that each nonbonding maximum (in Figure 2) is capped by a Figure 8. Valence Shell Charge Depletion graph in Ntérresponding
face centered at a (31) CP lying on theC; axis. to a = 120°, associated with as VSCD II. For clarity, the ammonia

. . molecule has been marked. This graph has been oriented to optimize

The planar graph representation of this structure, labeled the comparison with VSCD | (Figure 7). There are seven minima,
VSCD |, is shown in Figure 3d. As observed for VSCC | the (3,+3) (brown); the extra minimum is marked by a cross (see also
structure represented by the planar graph of Figure 3e persistsFigure 3e, where it appears as the central solid square). There are still
for values ofa far beyond the planar geometry. The transition 12 (3;+1) CPs (yellow, edge) but now only seven<3) CPs (purple,
from VSCD | to VSCD Il occurs around 107.5a slightly face), compared to VSCD I. Note that six{3,) CPs appear as three
greater value oft than observed for the equivalent VSCC graphs doublets, in the vicinity of the hydrogen nucleus. One-@,CP appears

. . . (purple sphere at the top) above the nitrogen nucleus, of4fais,
(106?" This nons‘l(mglltaneous transition of the VSCC and VSCD  hich also passes through the crossed minimum at the bottom.
graphs is remarkable.

The VSCD graph for ammonia with = 120° is shown in is compatible with VSCC Il (Figure 4), which only has a single
Figure 8. This graph contains an additional minimum on the nonbonding maximum, over a largeinterval (see Figure 11).
C; axis almost in the plane of the hydrogen atoms, below the The increase in the number of minima (vertexes) is comple-
nitrogen (marked by a cross in Figure 8). The planar graph mented by a decrease in the number of-@B, CPs (faces), as
representation of this structure, labeled VSCD lI, is shown in required by thev — E + F = 2 rule. The number of (3;1)
Figure 3e. This graph is representative of the structure found CPs (edges) remains the same, connecting all the minima by
for ammonia witha ranging from 107.5to 128. This graph unique gradient paths.
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Figure 9. Valence Shell Charge Depletion graph in Ntérresponding
to a = 135, associated with as VSCD lll. For clarity, the ammonia

molecule has been marked. This graph has been oriented to optimize

the comparison with VSCD II (Figure 8). The minimum (brown sphere)
lying on theC; axis has been marked by a cross (this same minimum

J. Phys. Chem. A, Vol. 105, No. 32, 2002643

increased by three (see Table 1). The new-(3,CPs lie on
gradient paths connecting the minimum on @gaxis (brown
sphere marked by a cross in Figure 9), to the outlying minima,
beyond the hydrogen atoms. For clarity one such gradient path
is hatched in blue.

Knowledge of the connectivity in the graphs allows a
definitive allocation of the (3;1) and (3++1) CPs to either the
charge concentration or depletion graphs. The- {3,CPs that
connect two (3;73) CPs belong to the charge concentration
graph (see for example Figure 2). The+{3) CPs that have a
path to infinity belong to the charge depletion graph. The-13,

CPs that connect two valence{3) CPs belong to the charge
depletion graph (see for example Figure 7). Thet-@, CPs

that connect to coreshell-(3+3)-CPs belong to the charge
concentration graph. Making these assignations is vital if we
want to disentangle the graphs and successfully applythe

E + F = 2 rule that governs planar graphs. Note that the-(3,

1) CPs are counted as edges or faces depending on whether
they belong to the VSCC or VSCD graphs, respectively. Equally
(3,+1) CPs are counted as faces or edges if they are part of the
VSCC or VSCD graphs, respectively. In this sense, one could
view the VSCC and VSCD as dual.

4.4 Mechanisms of Transition between VSCD Graphslhe
change from VSCD | to VSCD Il involves the gain of a{3X)

CP and the loss of a (3,1) CP, or in terms of the planar graph

is marked by a cross in Figure 8). This minimum appears as the centralrepresentation the gain of a vertex and loss of a face. A

solid square in Figure 3e. This minimum is now connected six times,

rather than three times as in VSCDII (Figure 8). One such extra gradient
path, connecting the crossed minimum to an outer minimum near (and
beyond) the hydrogen nucleus is hatched in blue.

(-+%)

A AN
i A A A
FAN OA O (+++)
/A \{ -+) A‘A FAN A (+4)
N A
107° o 100°

Figure 10. Schematic representation of the transition from VSCD |
(Figure 7) to VSCD Il (Figure 8). Open circles represent{®), CPs,
open triangles (31) CPs and filled triangles (3,1) CPs. The triplets

schematic representation of the transition is given in Figure 10.
As the value ofx is increased the three (81) CPs that connect
the three inner minima, converge upon the lower-@), CP.
This process is made clear in Figure 7, where the three crossed
yellow spheres mark the (81) CPs, and the crossed purple
sphere at the bottom marks the{3) CP. It is instructive to
compare Figures 6 and 10 because then the analogy between
the VSCC |— VSCC Il transition and the VSCD+ VSCD
Il transition becomes obvious. This comparison again stresses
the dual relationship between VSCC and VSCD.

Overall, the transition from VSCD Il to VSCD IIl involves
the creation of three edges, {3,) CPs, and three faces, {3,
1) CPs. In the electron density, this transition commonly occurs
when a ring is formed, only here, it happens in 3-fold because
of the symmetry (see ref. 3, p 88). A glance at Figure 3 suggests

in brackets indicate the signs of the eigenvalues. The arrows show thethat, overall, the same type of 3-fold “face creation” is occurring

relative direction of movement of the CPs as the value sfincreased,
snapshots of which are shown going from left to right. The open
triangles on the two diagrams on the left correspond to the three crosse

in the transition VSCC lI= VSCC Il. In other words, when

Qoing from regime Il to regime IlI, three faces are annihilated

yellow spheres in Figure 7, whereas the central filled triangle corre- 1N the Con_centrat_ion region, whereas three f_aces are created in
sponds to the crossed purple sphere. Similarly, the open triangles inthe depletion region. This change proceeds via the simultaneous

the two diagrams on the right correspond to the crossed yellow spheresconversion of three (3;1) CPs, each into a (3,1) CP and two
in Figure 8, whereas the central open circle corresponds to the crosseq3 —1) CPs.

brown sphere.

Figure 11. Survey of the appearance of the three Valence Shell Charge
Concentrations graphs (VSCC I, VSCC I, VSCC Ill) and the three
Valence Shell Charge Depletion graphs (VSCD I, VSCD II, VSCD
) in terms of the angle intervals of the control parameter

The VSCD graph for ammonia at = 137 is shown in
Figure 9. The planar graph representation of this structure,
labeled VSCD llI, is given in Figure 3f. This graph contains
the same number of minima as the VSCD II graph, and is
common to structures found for geometries from°1@8~145°.

The number of (3t1) (edges) and (3;1) CPs (faces) are both

5. Discussion

One of the main conclusions of paper | is corroborated here,
namely that_(r) possesses an extensive set of connected CPs,
which can be subdivided into meaningful graphs. An intriguing
question that prompted this contribution is the representation
by L(r) of nitrogen’s lone-pair in twisted amides. This work
explains the mechanism of change in the CP pattern in going
from a planar to a pyramidal nitrogen environment, but we need
to understand better how a lone pair is associated with a
maximum inL(r).

In general, the electron density in a valence region is the result
of contributions from many electron pa#$The average pair
population of the nonbonding pair on N in N4 2.951 In view
of the strong pair condensation in the core region of non-
hydrogen atom8l it is justified to consider a set of only eight
(={7 — 2} + {3 x 1}) valence electrons in ammonia, which
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can form 8x (8 — 1)/2 = 28 distinct electron pairs. Hence, an yields thain(3,—-3) — n(3,—1) + n(3,—3) — n(3,-3) =9 — 19
average pair population of almost 3 is far below that obtained + 18 — 9 = —1.

from a distribution with a random pairing of electrons throughout ~ Finally, it should be noted that the VSCC—+ VSCC II
ammonia® Therefore, it would be wrong to view the nonbond- transition is analogous to the transition in ELF as reported by
ing density on N as originating from a single spatially localized Krokidis et al3® The transition in ELF occurs at 108.2nd in
electron pair. Rather this “lone-pair” is an example of a region L(r) at 106 (Figure 11), which is remarkably similar given the
where the pairing is greatly reduced from the random level. uncertainty in the level of calculation.

The functionL(r) detects this partial pair condensation and thus

exhibits at least one maximum in the VSCC near the nitrogen 6. Conclusion

nucleus. From this discussion, we learn that it would be naive
to associate one maximum ktrfr) with a single well-localized
electron pair. Instead, we observe that as the pyramidal nitroge

Is flattened a new maximum suddenly emerges from 418, of the test case ammonia is controlled by an anglevhich

CP (andl a concomitant rearrangement 0f-@, CPs). This reserves the 3-fold symmetry. This parameter describes the
process indicates that the flattening creates a second concentrq%e”_known NH, inversion, and distorts the geometry over a
tion of nonbpndmg dgnsﬁy, V\./h'Ch V.V'” eventually deve!op IO ¢ nsiderable range from the planar transition state to a geometry
the lone-par. S.O during Fhe INVErsion process, th‘?fe IS a stageg,, beyond the equilibrium geometry. More than 50 critical
where two maxima coexist, at both sides of the nitrogen. One points in L(r) are discerned but based on the network of

would expect a populat|_on build-up into th(_a ”O"bond'[‘g zones connecting gradient paths they can be subdivided into graphs.
to accomTodate the existence of wo maxima as the_ umbrella a6 sub-networks extend over the whole molecule and can
Is opened”. A previous _stud§10n NH; using ELF does _mdeed be represented by planar graphs. Three VSCC graphs and three
show th"’.‘t about 0.5e is transferred from the bonding to the VCSD graphs are discerned, each associated with a range of
nonbonding zone upon flattening of ammonia. stability of at least-15°in a.. The transitions between the VSCC
An early stud§? on molecular structure made clear that a graphs do not occur at the samevalues as the transition
structural change inducing a change in the number and typepetween the VSCD graphs. We have elucidated how lone pairs
CPs, the system must pass through a bifurcation gofritis are presented by(r) under inversion, thereby providing a

term is part of Catastrophe themhlch was introduced into valuable Comp|ement to studies based on ELF.
the topology of electron densities in the early 80s. A full

description of the structural changes observed in this work in References and Notes
terms of catastrophe theory would require a separate paper. It
suffices to mention here that three types of elementary catas-,,
trophes in Thom'’s classificatidi® feature in the inversion of
ammonia® They are the “elliptic umbillic” in the VSCC +
VSCC Il and the VSCD > VSCD Il transition, a triple “fold
catastrophe” in the VSCC H> VSCC Il transition and a triple
“dual cusp” in VSCD II— VSCD lII.

It is useful to remember that the (3,3) CPs are minima in
L(r), i.e., regions of minimum local charge concentration, but
maxima in the Laplacian, i.e., regions of maximum local charge
depletion. The open infinite space surrounding the free ammonia

For the first time, dynamic changes in the topologyL¢f)
are reported in detail, building on work that considered the static
Mull topology ofL(r) in water. In this work, the nuclear skeleton
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