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ABSTRACT

The Quantum Theory of Atoms in Molecules (QTAIM) is utilized in this
computational study to characterize the structure of some representative borane
molecules (closo-, nido-, and arachno- boranes). Being connectivity-rich but
electron-deficient, these molecules exhibit nontraditional bonding patterns

whose adequate classification require nontraditional bonding concepts.

Multi-center Molecular Orbitals (MO), equilibrium nuclear geometries and
normal modes of vibrations are derived at the B3LYP/cc-pVTZ level of theory
using the Gaussian-09 program package. Both the static (stationary) and
dynamic one-electron densities (EDs) are analysed to access QTAIM descriptors,
such as the value of the ED, and its principal curvatures at all critical points, the
bond-path length and the topological graph. In term of these figures, we
characterize and compare atomic interactions found in borane molecules and
establish their structural stability. We observe chemically equivalent bonds to
exhibit similar topology. All but the terminal B-H bonds are at the borderline of
shared and closed-shell interactions. Certain distance-based atom-atom contacts
suggested by experimental structures are however absent in the topological
structure, though good agreement is found between the experimental and
calculated geometry. Investigations of the Laplacian of the ED, (that identifies
regions of local charge concentrations / depletions), lead to a general conclusion
that the stability of the boron framework (including B-H-B bridges) is mainly a

consequence of electron delocalization over three- and four-membered rings

il



formed via week bonds. In a cage or ‘open-cage’ type structure the delocalization
appears to fuse rings together even though they do not share a common plane.
This finding seems to support the intuitive concept of 3D aromaticity invoked on
the basis of the localized-MO model used to describe the structure of polyhedral

boranes.

The QTAIM identifies a stable structure with a set of equivalent topological
graphs corresponding to different nuclear configurations in the neighborhood of
the stationary one. A strong support for the stability of these borane structures
is gained, for the first time, from showing that their static and dynamic (averaged
over nuclear displacements of harmonic vibrations) EDs are indeed topologically

equivalent.
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1 INTRODUCTION
1.1 BORANES

Boranes, also known as boron hydrides, consist of a big group of compounds with

the general molecular formula of ByHy . Because of their electron deficient nature,
bonding in boranes have been at the focus of theoretical-chemistry research

during the past few decades.

1.1.1 Nomenclature

The neutral boranes is named by the number of boron atoms which is provided
by a prefix and by the number of hydrogen atoms which is provided in

parentheses behind the name.

Example: BsHy - Pentaborne (9)!, B,H;, — tetraborane (10)

1.1.2 Early Structural Studies

The experimentally characterized boranes are: B,Hg?, B,H; %>, BgHyg, BsHo%7,

B9H152, B10H149, BSH112: and B18H222-


https://en.wikipedia.org/wiki/Boron

Table 1: Early structure of Boranes

Structure

Molecules

Figure 1: The structure of B2He

The B;-B, distance is 1.77 A, the B-H distance is
1.19 A, the B-Hy (bridge) distance is 1.33 A, and
the HyH angle is 121.5°2.

B2H6:

The bridge type structure,
generally recognized to
have

Price>*

infrared spectroscopy, is

been proven by
on the basis of
the correct one for
diborane.

It was first suggested by

Dilthey?

Figure 2: The structure of B4Hio.

The B;-B, distance is 1.71 A, and the other four
close B...B distances are 1.84 A. The B-H
distances average to 119 A, while the B-

Hy, (bridge) distances are 1.33 A towards B, and
B, and 1.43 A toward B, and B32.

B4_ H10 .

The crystallographic
atomic  positions  were
unambiguously

established by an X-ray
diffraction study*”.




Table 1 (cont.)

Structure

Molecules

Figure 3: The structure of BsHo.

The close B-B distances to B, are 1.69 A, and
those among atoms 1, 3, 4 and 5 are 1.80 A2

The certainty of this
structure is based on the
crystal —structure study®’.
The borane arrangement is
closely related to the
octahedron which is found
in the cubic borides?.

%)

= =t
®

Figure 4: The structure of B¢Hio.

The B-B distances are 1.74 A for 2-1, 1.79 A for 1-
4 and 1-5, 1.75 A for 2-4 and 2-5, 1.80 A for 2-9
and 2-10, 1.74 A for 9-4 and 5-10, and
interestingly 1.60 A for 9-10, the shortest
observed distances among the boron hydrides.?

B6H10:

The structure of BgH,,°" %%
6 has six B atoms from the
icosahedral  arrangement
where each is bonded to one
terminal H atom. There are
also 4 bridge hydrogen

atoms.




Table 1 (cont.)

Structure Molecules

BioH14:

The molecular structure of
decaborane has been

uniquely established by an
X-ray diffraction study?®.

Figure 5: The structure of BioHua.

The B-B bond distances are 1.71 A for 5-6; 1.80 A
for 6-4 and 5-7;1.78 A for 4-5 and 6-7;1.76 A for
4-2 and 7-8;1.80 A for 4-3 and 7-9; 1.77 A for 2-
1,1-3, 8-10, and 9-10; 1.72 A for 4-1 and 7-10; 1.78
A for 6-2 and 5-8;1.77 A for 5-3 and 6-9 ; and
interestingly 2.01 A for 2-9 and 3-8.2.

1.1.3 Three - Center Bonds

The three-center bond introduced to describe the bonding situation in borane
structures was a new concept of the traditional localized Molecular Orbital (MO)
model, within which ‘the normal covalent’ interaction is considered to be a two-
center bond?; the mixing of two atomic orbitals (one centered on each atom)
yields the formation of one bonding and one antibonding MO, the former being

double-occupied. Analogously, three atoms may give three orbitals whose
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combination produces one bonding and two antibonding MOs; two electrons

occupy the former to make a three-center bond.

In modeling electron deficient molecules like boranes, for which there are more
‘available’ atomic orbitals (close in energy) than valence electrons, the
application of the concept of three-center, two-electron bond (3c-2e) turned out

to be highly beneficial.

Table 2: Total number of atomic orbitals and valence electrons in selected

boranes
Hydrides Number of Numbers of ‘Excess’ Orbitals
Atomic Valence shell
Orbitals Electrons
B,H, 14 12 2
B,Ho 26 22 4
B:Hq 29 24 5
BioH14 54 44 10




1.1.4 Basic Assumptions??

1. Taking B2He as an example, only the 1s orbital of hydrogen and the four
sp> orbitals of boron are used (Figure 6). The hydrogen orbital, one
hybridized B orbital, and one electron from each atom are required to
form a terminal B-H: bond considered as a “normal”, localized , single
bond. These bonds are expected to be nonpolar due to very small

difference in electronegativity of hydrogen and boron.

Bridge bond
I |

O

Bridge bond

Normal
bonds

Normal<
bonds <

Figure 6: Bonding in Diborane
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2. The 1s orbital of the bridging H-atom (Hp) and one hybrid orbital from
each B atom are required for each B-Hp-B bridge bond (Figure 7a)

considered as a filled (3c-2e) localized bonding MO.

/H\ _,/2/33\

—e/2Bl “/QBQ B1 _8/2B2

(a) (b) (c)

Figure 7: Example of three center bonds

3. The orbitals and electrons of any particular B-atom are distributed so as
to meet the requirements of the external B-H; single bonds and the bridge
B-Hp-B bonds. The remaining orbitals and electrons are then used for the
framework MOs.

4. The framework MOs are formed from B-hybrid orbitals as dictated by the

local connectivity and/or symmetry of each atom.

1.1.5 The Equation of Balance and STYX Numbers

The numbers of orbitals, electrons, H and B atoms, and bonds of several types,

can easily be coded'’, as follows:

For a boron hydride, ByHp.q,



S = Number of B-Hp-B bridges

T = Number of B-By-B bridges

Y = Number of B-B single bonds

X = Number of extra B-H groups
The H-atom balance is: S+X = q.2

The total number of three-center bonds is the same as the number of B atoms
(S+T = p), because each B atom provides four orbitals but only three electrons.
Furthermore, if we consider ‘B-H’ as the bonding unit (each ‘consuming’ one
electron pair), the p electron pairs are used by the three-center B-By-B and two-

center B-B bonds, so that p = T+Y+q/2.

Table 3: STYX number for Boron Hydrides

BoHneq) S(B-H-B) | T (B-B-B) Y (B-B) X (BH2)
B2Hs 2 0 0 2
B4Hio 4 0 1 2
BsHo 4 1 2 0
BsHn 3 2 0 3
BsHio -+ 2 2 0
BioHi4 4 6 2 0




1.1.6 Cluster Structure and Wade's Rule
1.1.6.1 Hydro Borane Clusters

The structure of boranes are often characterised as a polyhedral or deltahedra;
the former has triangular faces, while in the latter, one or more vertices of the

triangle are missing. These molecules exhibit cage or cage-type structures .

1.1.6.2 Classification of Polyhedral Boranes

a) Closo-borane: it is a complete, closed polyhedral cluster of n B-atoms.
Example: BgHg2™ is closo type with the 6 B-atoms situated at the corners
of an octahedron.

b) Nido-boranes: it is an open structure in which the n B-atoms occupy the
n corners of an (n+l)-cornered polyhedron. Example: BsHo where 5 B-
atoms lie at the corners of a square pyramid missing one corner. The other
examples are: BoHs, BsHio, BioHia.

c) Arachno-boranes: it is an more open cluster where the B-atoms occupy n
attached corners of an (n+2) - cornered polyhedron. Example: BsHjp in
which the 4 B-atoms lie at the corners of an octahedron missing two

corners.
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1.1.6.3 Wade’s Rule

Wade’s rules" make it easy to apprehend structural relationship of various
boranes. It is an electron counting scheme to derive the number of skeletal

electron pairs (SEP) offered for cluster bonding, as follows:
- Count the number of B-H units,

- Each B-H unit contains a total of 4 valence electrons. Since two of these
electrons are essential to form the bond between B and H, each B-H unit provides

one SEP,
- Every additional H-atom gives one skeletal electron,
- Any extra charge (overall charge of the molecule) also contributes to the SEPs,

- Obviuously, to obtain the total number of SEPs, the resulting number of

electrons has to be divided by two. The general structure is expressed by the

number of SEPs.

Table 4: Number of SEPs offered for cluster bonding for different Boranes

Formula SEPs Class Example
[BnHn]* n+l closo BesHe?
BnaHns4 n+2 nido B>He, BsHo, BsHio
BnHns6 n+3 arachno B4Hio
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1.2 STATIC AND DYNAMIC ELECTRON DENSITY
1.2.1 Computational Background!2

The static Electron Density (p, ED) of a chemical scheme is a probability density
function (PDF) which gives the probability of finding any electron in an
infinitesimal volume element of the 3D space for a static (fixed) nuclear
configuration. It can be derived from the wave function (WF) by summing the
square of the probability amplitude with respect to all spin coordinates and
integrating it with respect to all but one electronic spatial variables. It is a 3D

marginal distribution that integrates to the total number of electrons.

By exploring the topology of ED, it is possible to unambiguously define many
static and sensitive properties of a molecule. Through a topological analysis of
this scalar field (as detailed below), basic concepts of chemistry such as bonding,
stability and even the very definition of an ‘atom in a molecule’ can be
quantitatively described. Properties of distinct molecules are not directly
observable through experiments (such as an atom in a molecule, though both of
these concepts have enjoyed fundamental operative power for centuries). As we
know, an atom consists of negatively charged electrons and a positively charged
nucleus. According to the laws of quantum mechanics (QM), a molecule
composed of more than one atom bound together by balanced electrostatic
forces possesses internal degrees of freedom, both electronic and nuclear. The

latter modes are identified as molecular vibrations.
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1.2.2 Computational Method
1.2.2.1The Wave Function and its Electron Density

One can attempt to model either the electronic WF, or the ED to estimate
molecular properties. These two functions are linked in density functional theory
(DFT), on the basis of the Hohenberg-Kohn (HK) theorem establishing the
existence of a unique functional relationship between the two' (and between the

energy and the ED).
1.2.2.1.1 Density-Functional Theory

So far it has been impossible to obtain exact functionals for the electronic kinetic
(T[p]) and exchange-correlation energies (Exc[p]). In the expression below only
the Vie[p] (electronic-nuclear Coulomb potential) and the J[p] (electron-electron

Coulomb potential) terms are known:

E[p] =T [p] + Vielpl +J1p] + Exclp] Eq. 6

A technical bypass of these issues is provided by the Kohn-Sham scheme®” (KS)
that expresses the density in terms of a Slater determinant of one-electron
orbitals of the non-interacting system for which T[p] is known. This is equivalent
to assuming the ED of the interacting system to be replaceable by the ED of a
hypothetical non-interacting system and that the corresponding corrections can

be ‘built’ into the unknown Exc term. To make this formalism ‘work’,
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various approximations to Exc have been developed, and some of these
approximate functionals are capable of yielding better results than Hartree-Fock

(HF) theory® due to the (albeit approximate) inclusion of electronic correlation.

The Hybrid Functional, B3BLYP

Hybrid functionals, one of the type of approximations to the Exc, include a part
of the HF exchange supplemented by exchange and correlation terms from other
sources (ab initio or empirical). The B3LYP functional (Becke, 3-parameter, Lee-

Yang-Parr) 117 is one of the most commonly used:

BIZYP = AP0+ ag(BYF — EIP) + ay(BE9% — EEP4) + EEPA + o (5O — BL%)

Eq. 10

with the parameters (aq,a,,a.;) derived by fitting the results of post-HF
calculations. The ES%4 and ES%4 terms are based on the generalized gradient
approximations: the Becke-88 exchange functional® and the correlation

functional of Lee, Yang and Parr'®, while ELP4 is from the VWN local-density

calculation to the correlation functional?.

1.2.2.1.2 Basis Sets

All ab-initio QC calculations require the definition of the basis set (a set
of functions, called basis functions or ‘primitives’) which are linearly combined
to create MOs. Typically, only nucleus-centered and Gaussian-type basis

functions are used nowadays.


https://en.wikipedia.org/wiki/Ab_initio_quantum_chemistry_methods
https://en.wikipedia.org/w/index.php?title=Generalized_gradient_approximation&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Generalized_gradient_approximation&action=edit&redlink=1
https://en.wikipedia.org/wiki/Local-density_approximation#Correlation_functional
https://en.wikipedia.org/wiki/Local-density_approximation#Correlation_functional
https://en.wikipedia.org/wiki/Function_(mathematics)
https://en.wikipedia.org/wiki/Molecular_orbital
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Correlation-consistent basis sets:

The widely used correlation-consistent (cc) basis sets are planned so as to give
molecular electronic energies converging to that achievable at the complete-
basis-set (CBS), by means of empirical extrapolation methods. The basis sets
developed in such a way for the first- and second-row atoms are designated as
cc-pVNZ where N=D, T, Q, 5, ... (D = double, T = triple, etc.). The 'cc-p', means
'correlation-consistent polarized' and the 'V' stands for valence-only basis sets. In

this work we used the cc-pVTZ (triple-zeta, contracted) basis.

1.2.2.1.3 Dynamic molecular ED

In the LCAO-MO and harmonic-convolution approximations, analytic
evaluation of the dynamic (thermally smeared) ED involves allocating vibrational
PDFs to the two-center products of Gaussian basis functions from the knowledge
of PDFs for the nuclei??. Thus the dynamic ED, using this ‘riding’ model, can be
derived from the stationary ED (corresponding to the equilibrium nuclear
configuration), if the harmonic frequencies and normal modes are available. The
calculation leads to the canonical-ensemble average (the molecule being in
thermal equilibrium with the rest of the system) that agrees well with the
statistical average taken over a population of static EDs calculated for geometries

consistent with nuclear displacements due to vibrations.
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1.2.2.1.4 Geometry Optimization

Geometry optimization is an important computational method to estimate the
equilibrium molecular geometry®. It is to locate the minimum of the Born-
Oppenheimer (BO) electronic energy as an approximate parametric function of
the nuclear positions, starting form an initial geometry. The method involves
calculating the actual forces acting on each nucleus and adjusting the positions

accordingly, until all forces vanish. The procedure is iterative but self-consistent.

1.2.2,1.5 Vibrational Frequency Calculation

Assuming that the BO-energy at the minimum is a quadratic function of small
nuclear displacements relative to the stationary geometry, harmonic vibration
frequencies and normal modes can be obtained. Since the global minimum is not
ensured by the geometry optimization, all frequencies obtained must be checked
if they are positive (real-valued), otherwise the optimization is settled at a saddle
point (transition structure). An additional test explores the lowest-frequency
modes that should be as close to zero (in frequency) as possible, if the
optimization was done in redundant coordinates (most commonly in a Cartesian
frame). We used the ‘very tight’ condition for the Gaussin-09 calculations to
ensure that the external modes (3 translations and 3 rotations) are indeed
‘removed’ from the (3N-6) internal modes. In summary, we are confident that all
structures discussed in this thesis correspond to a minimum (though not

necessarily the global minimum) of the BO electronic energy hypersurface and
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thus they represent quantum chemically stable structures (though not

necessarily the most stable ones).

1.2.3 Computer Programs Used

Gaussian-09

From empirically parameterized molecular mechanics methods to the most
advanced configuration interaction and coupled-cluster methods, the Gaussian
package provides a full capability to perform different types of molecular or solid-
state electronic structure calculation?..

Due to the popularity and longevity of Gaussian-type functions used for QM
calculation, many post-processing analysis codes are able to handle Gaussian

outputs.

Denprop?

Denprop is such a post-processing code?®  developed locally by the
computational group of our Department. Its functionality includes the

topological analyses of theoretical static, dynamic and experimental EDs?.
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AIMAII

AIMAII** is a package specifically used for performing QTAIM analyses of EDs

based on Gaussian WFs. Its capability is limited to static properties.

1.3 THE QUANTUM THEORY OF ATOMS IN MOLECULES (QTAIM)

The QTAIM developed by Richard Bader® is an explanatory theory which
intends to recover chemical insight from modern high resolution electron
densities?®. These densities may be derived either experimentally or from or ab
initio calculations. The theory makes it possible to define important concepts of
chemistry: the atom, chemical bonding and thus the molecule. Currently,
QTAIM is used in many different areas of research including surface science?’,
solid state physics?®, biological chemistry?, organometallic chemistry®’, noble
gas chemistry®, physical organic chemistry®?, transition metal complex

chemistry®?, boron chemistry**, lithium chemistry®® and others.

1.3.1 Topological Atom and Atomic Properties

Topology is the study of geometrical properties and their spatial relationships
that are invariant upon changing the shape and size of objects involved. The
topological analysis of the ED (p(r)) is about exploring its gradient vector field

Vp(r), that is, tracing its gradient trajectories and finding its critical points (where
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Vp(r)=0) and their characteristics. All these topological properties play a special
role in characterizing a molecular structure.

The gradient of p(r) is a vector field,
Vp(r) =i dp(r)/dx +j dp(r)/dy+ k dp(r)/0z Eq. 11

where, i, j, k represent the element vectors of a cartesian coordinate system. A
gradient path (a trajectory) is all the time perpendicular to the contour lines of
p(r) (the constant-density lines) and terminates the highest increase in p(r)
(Figure 8). All gradient paths terminating at a maximum belong to the same
basin, which is considered to be an atom in molecule (a nuclear attractor). This
basin is defined by closed surfaces not crossed by trajectories originating at

infinity:
Vp(r).n(r) =0 Eq. 12

where n(r) is the normal vector to the surface. These zero flux surfaces define the

3D domain () of atoms.
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Trajectory \

saddle point =4 («))))«
(critical Point) \ e%%) 7

/I

Figure 8: Electron density p(r) of C3He in the plane containing C-C-C (top) and
equivalent gradient vector field (bottom) with the trajectories (bottom, red)
which is vertical to the contour lines of p(r).
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An integration of the ED over the volume of the atomic basin gives the
topological charge of the atom. Since this charge encompasses all influential
effects (polarization and charge transfer), it is usually quite different from those
obtained by different WF-based partitioning methods 3¢ 3. We note that all
properties of an atom in a molecule can be obtained by integrating the QM-based

expressions over the atomic basin.

1.3.2 Ciritical Points

An important element of QTAIM is the critical point (CP). The starting and
finishing points of a trajectory are extreme values in p(r). These extrema
(maxima, saddle or minima in the ED) are defined by the vanishing gradient of
p(r). The CPs can be classified with the help of the second derivatives of the ED
at the CP. Diagonalization of the Hessian matrix formed by the six second

derivatives of p(r) taken at the CP,

02x2 0x0y 0x0z
() = |62p<r) 3% p(r) 3%p(r)
(r) = dydx 922 dydz
%p(r) 9%p(r) 02 p(T)J

0z0x 0z9dy 02z2

[azp(r) a%p(r) 62p(r)]

Eq. 13

yields its three eigenvalues 1, A, A3(with 4; < A, < 13 ), the principal curvatures

of the ED associated with the corresponding eigenvectors.



21
A CPin p(r) is characterized through the rank m (the number of non-
zero eigenvalues 4;) and the signature n (the algebraic sum of the signs of the

eigenvalues).Only four types of CPs (m,n) are possible for a rank m =3 (Table

5).

Table 5: Different types of critical points in p(r)®

(m,n) Topology in A; Explanation Name
p(r)
(3,-3) Maximum in | All A; <O The position of | Nuclear
all direction atom attractor
critical
point(NAP)
(3,-1) Minimum in | One A; >0 | Chemical bond | Bond critical
one Two Ai< O point (BCP)
directions
,Maximumin

two direction

(3,+1) Minimum in | Two Ai>0 Middle of a|Ring critical
two direction, | One Ai<0 ring of bonded | point (RCP)
Maximum in atoms

one direction

(3,+3) Minimum in | All Ai >0 Middle of a|Cage critical
all direction cube of bonded | points (CCP)

atoms
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Starting from a (3,-3)CP (a local maximum), the density decreases in all
directions and thus the curvatures are negative. These local maxima in the ED

are assigned to the nuclear positions (the CP is said to be a nuclear attractor).

There are two types of saddle points. At the (3,-1)CP (bond CP; BCP) the ED
exhibits a minimum along the bond axis and it takes its maximum values along
the two perpendicular directions (normal to the bond axis). The trajectories that
originate at the BCP and terminate at one of the (3,-3) CPs define an interaction
line, the bond path (BP) for the stationary geometry, along which the ED is
maximum with respect to any other paths interconnecting the nuclei. The
presence of a BCP and its related BP is a required and adequate condition for a
chemical bond®” 40, The other saddle point is a (3,+1) CP (two positive and one
negative eigenvalues) where the density is minimum in two directions (in the
plane defined by the two eigenvectors) and falls perpendicular to this plane. This
CP is created in the middle of ring systems and so it is called the ring critical
point (RCP). In the middle of a cage structure, p(r) has a local minimum (where
all three eiganvalues are positive). Therefore, a (3,+3) CP is called the cage critical

points (CCP).

The number of different CPs found in a structure must sutisfy the Poincare-

Hopf equation®! 42

Nyap — Npcp — Nrep — Neep = 1 Eq. 1
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1.3.3 The Laplacian

Since in the vicinity of the nuclei the distribution of the core electrons dominates
the topology of the total ED, it is difficult to detect valence electron distributions
due bonding or lone-pairs. Small changes in the topology of the ED are however

illuminated in the Laplacian ( V?p), the trace of the HESSIAN matrix.

_ 9%p(r) | 3*p(r) , 9%p(r) _
Vip(r) = — -+ 5z T oz = Mt 2+ Eq. 16

The Laplacian thus shows whether electronic charge is locally concentrated
(V2p(r) < 0) or depleted (V?p(r) > 0). Maxima in the negative Laplacian, ((3,-
3) CPs in —V?p(r)), thus shows local charge concentration which is termed
VSCCs (valence shell charge concentrations). These concentrations pinpoint
either bonding or non-bonding electron pairs **. The spatial arrangement of the

4447 and is

VSCCs are thus informative of the local bonding situation of an atom
in agreement with the prediction of the VSRP theory*®>.. Covalent bonds can be
identified by the overlapping of the VSCCs of the atoms, yielding accumulation
of charge (V2p(rgcp) < 0) in the bonding region. For this reason, covalent bonds

are also known as shared interactions. When the bond is covalent but very polar,

the BCP is moved to the less electronegative atom.

An alliance of the VSCCs of the bonding partners are not found for ionic bonds.
In this case, there is a charge reduction at the electropositive atom and a charge

accumulation at the electronegative atom. Since for the former atom (V?p(r) >
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0), the BCP is shifted towards the charge depletion. Only one VSCC is noticeable
which is ascribed to the electronegative atom. Because of the absence of overlap

of the bonding VSCCs, the ionic bond is called a closed-shell interaction.

1.3.4 Characterization of Bond Paths

Since the BP does not necessarily coincide with the internuclear axis (unless
dictated by symmetry), its length (BPL; Ryp) is usually longer than the internuclear
distance (Re). In molecules which are electron deficient such as the boranes, the
BPs linking bridging hydrogens are strongly bent towards the interior of the ring

so as to maximize the binding from a minimum amount of ED>2. When the
magnitude of A, is the smallest, then the quantity ¢ = [/11/ A, 1], the

ellipticity>® of the bond, is indicative of the level to which the density is
accumulated in a certain plane. The proximity of the ring and bond CPs, due to
the relatively large bond ellipticity, plays an important role in the reactivity of

molecules containing a three-membered ring*?.
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2 OBJECTIVE

The goal of this thesis research is a detailed characterization of the molecular structure
of boranes on the basis of the QTAIM. In particular, we aim to see how traditional
bonding concepts based on the strictly localized-MO model manifest themselves in the
topology of the ED derived within the multicenter-MO model for the stationary nuclear
configuration. The QTAIM-based analysis is especially suited for this purpose, since it
is model independent (it operates on the ED rather than on the MOs) and conceptually
simple. Most importantly, we want to elaborate on the thermodynamic stability of these

molecules by the QTAIM analysis of their dynamic EDs smeared by nuclear vibrations.

3 METHODS

All QC calculations were performed by the Gaussian09°® program suite using the
B3LYP/cc-pVTZ level of theory. Topological analyses of the static EDs were done

using the DENPROP? and AIMAII computer programs.

The normal mode analysis of an N-atom molecule allows the derivation of the
3N-multivariate normal distribution of nuclear displacements relative to their

equilibrium positions (u = R — R°® )??:

2n 1
p(u) = (2m) "2 |U|% Exp |- SuU~"u | Eq.17
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where u represents the transpose of u and the covariance matrix is the Mean-
Square Displacement Amplitude (MSDA) matrix (U) given by the expectation

values of Cartesian nuclear displacement products (second moments):
U= (uu)r Eq. 18

The MSDAs are temperature dependent through the eigenvalues of U

(5 = (51‘:1,3 N)):22

U=LSL Eq. 19
=" coth(2Y Eq. 20
J 7 gm2y; co (ZkBT) q.

where v; denotes the frequency of the j* normal mode and L is the eigenvector

matrix>% >,

A tri-variate normal distribution of a given nuclear center (a marginal PDF; P, )
smears the density units centered on that nucleus (p, (1,),7, =7 — R,)?. This
means that the 3N-multivariable normal distribution is taken as a product of N

tri-variate normal distributions, giving rise to the one-center smeared ED.
(P 1 = Xa S, pa (o — WPy (Wetu Eq. 21

Since the two-center density units (Gaussian basis-products) ‘ride’ on two
nuclear centers, their smearing must be evaluated with the correlated nuclear
PDFs, that can also be done analitycally. This formalism is implemented in the

current version of the Denprop software package.
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4 RESULT AND DISCUSSION

The collection of BPs?’ defines the toplogical graph (TG) for a given nuclear

geometry and all geometries possessing equivalent molecular graphs possess the

same molecular structure.®2>

Structure of Nido-Boranes
Diborane, B>Hg

The QC calculation was started with the experimental nuclear positions. The
electronic energy and the optimized atomic coordinates of BoHs are given in the

appendix (Table Al).
Experimental and theoretical geometries of B:Hg

The fascinating bridge-type structure for diborane (Figure 9) was proved by
Price’® based on electron diffraction data. The molecule possesses D,;, symmetry

and contains four terminals and two bridging hydrogen atoms””.

The experimentally determined geometrical parameters (IR and microwave) are
compared with those calculated in this work in Table (6), showing that the
B3LYP/cc-pVTZ optimized geometry of B2He is in a good agreement with the

experimental results®® 6,



Figure 9: The IR structure of Diborane (B2He)

Table 6: Comparison of relevant experimental and calculated geometrical

parameters for B2He

Bond distances/angles Experimental B3LYP/cc-pVTZ
B,-B, 1.743 A84 1.758 A
B, —Hs(terminal) 1.184 A% 1185 A
B, -H, (bridge) 1.314 A84 1312 A
H¢-B,-Hs 121.5° 49 121.657°
H,-B,-Hs 96.9° 49 95.851°

Noticeable structural features are: elongated B-B distance; d(B-H;) < d(B-Hp) and

(He-B-Hy) > (Hy-B-Hp).
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Topological analysis of the electron density of B2Hs

The ED topology of the diborane molecule, as revealed by the HF method, is
exhaustingly discussed in the literature**. Since our results obtained at the
BLYP/cc-PVTZ level (that empirically includes electron correlation) reproduce

earlier observations, we only summarize the main conclusions.

According to the TG (Figure 10), each B-atom is bonded (interconnected via a
BP) to two terminals and two bridge H-atoms. The bond topological indices
reveal that the B-H interaction is more of a shared-type (covalent; V2, < 0) than
the B-Hp (closed-shell; Vzpb> 0). Furthermore, for the latter bonds inwardly
curved BPs are found (BPL(B-Hp) > d(B-Hp)). Most importantly, there is no BP
interconnecting the two boron atoms. These findings are in qualitative accord
with the classical localized-MO picture that suggests the presence of four
traditional (2c-2e) B-H¢ bonds and two weak (3c-2e) B-Hp-B bonds (STYX =
2002). A significant feature of the topology is the presence of an RCP (3+1)
(located at the molecular center) corresponding to the B-Hp-B-Hp, four
membered ring. At this CP the density exhibits a saddle point; minimum in the
plane of the H>B-BH> framework but maximum normal to it in the other
symmetry plane. This feature suggests two fused (3c-2e) bonds, or rather, a (4c-
2e) delocalized bonding. The Laplacian contour maps plotted for the two
symmetry planes (Figure 11 and Figure 12) show that the accumulation of

negative charge between the B-atoms, and more prominently between the bridge
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H-atoms, keeps the BH> units together. Since the charge accumulation /
depletion is localized within the basin of the H; / B atom, the B-H; bond is not a

typical shared interaction, yet it has more covalent character than the B-Hy, bond.

Since all H-atoms are negatively charged (gaining electrons), the B-H bonds are
polarized. Each B-atom losses 0.591 and 0.626 e in forming the B-H; and B-Hp

bonds, respectively, giving rise to a net charge of +1.808.

Table 7: Topological properties of B2He

v2 BPL (R Gt
Pb P b
Name | Bonds e e ’ A3( e/ A5) ) (distance)
( / 33) | ( / fc) A)
A AS ’ °
(R, A)

BCP1 | B; -H,(b) 0.858 1.123 8.198 1.358 1.312
BCP2 | B, -Hs(t) 1.274 -9.028 10.724 1.185 1.185

B, -H, -
RCP1 0.798 -1.682 2.189

B, - Ha-
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Figure 10: Molecular graphs for BoHg with bond and ring critical points
denoted by green and red dots respectively. Note the inwardly curved nature of
the bond path linking the bridging protons.
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Figure 11: Contour maps of the Laplacian of the electron density for BoHg in the
plane of B-H-B Bridge. The pink contour lines depict regions of local charge
concentration (negative values) and blue line depict region of local charge
depletion (positive value).

Figure 12: Contour maps of the Laplacian of the electron density (V2 pp) for
B2He in the plane of terminal hydrogen. The pink contour lines depict regions
of local charge concentration (negative values) and blue line depict region of
local charge depletion (positive value).
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Pentaborane, B;Hy

The result of geometry optimization and atomic coordinates of BsHg, adopting
the X-ray structure as the initial geometry, is given in Table (A2) (Appendix). The
experimental geometry has emerged as a result of combined analysis of X-ray
and electron diffraction data, in collaboration and open communication® of the
researchers involved. The C4y molecular symmetry is the consequence of the
crystallographic space-group symmetry (Figure 13) that could be unambiguously
determined from the X-ray diffraction pattern recorded by photographic
techniques. This information, when used to re-interpret the electron diffraction
experiment, turned out to be highly consistent with the data (since gas-phase
electron diffraction provides only 1-D structural information, it needs an initial
3D hypothesis). While the two diffraction experiments could be jointly
interpreted, the accuracy of the resulting structure does not meet today’s
standards. The position of the H-atoms, especially those involved in B-Hp-B
bridging, has large uncertainty, as manifested by unrealistic mean-square
displacement amplitudes. While the Hy, positions were accurately obtained with
rotational spectroscopy of deuterized species?, that study also imposed the Cay
molecular symmetry. It is quite surprising that a search in the Cambridge
Structural Databank gives only one entry for B;Hg, which is based on the above
discussed film-detected data, meaning that no X-ray diffraction study has been
performed on this molecule since 1952. It is even more surprising that this rather

inaccurate experimental structure is consistent with a minimum of the BO
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energy surface as traced by our calculations at the B3LYP/cc-PVTZ level of

theory.
Experimental and Theoretical geometries of BsHo

The experimentally** determined bond distances are compared with the values

obtained in this work in Table (8).

Table 8: Comparison of experimental and calculated geometries for BsHo

Bonds Experimental B3LYP/cc-pVTZ

Biap - Beq (apical-equatorial) 1.695 A 1.690 A
Bieq- Baeq (equatorial-equatorial) 1.800 A 1.793 A
B; - Hy( (terminal) 1186 A 1179 A
B, - Hy (bridging) 1352 A 1343 A

Figure 13: The X-ray structure of BsHo
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While all but the Bap-Beq experimental bonds are somewhat longer than the
optimized ones, the agreements can be considered satisfactory. It is fascinating
to note that the equatorial B-B distances are significantly longer than the apical
ones implying that the B-B-B rings are not equilateral. This asymmetry
immediately raises the question whether the rings are indeed closed, or if the
equatorial B-B interactions are to be considered bonds at all (for an internuclear
separations of about 1.80A). Yet, textbook structural diagrams of pentaborane (9)

consistently include the Beq-Beq bond lines (as in Figure 13).

This molecule was a challenge to the localized-MO model for boranes, since the
square-pyramidal boron framework with equal Bap-Beq bonds and equivalent B-
B-B bridges is inconsistent with the STYX scheme of (4120). To overcome this
issue, the concept of resonance was invoked leading to a combination of four
resonance structures (dictated by the symmetry), each containing one closed and
one open B-B-B (3c-2e) bonding. According to Wade’s (n+2) rule!! for nido-
boranes, BsHo has 14 skeletal bonding electrons (10 from the five vertices and 4

from the four bridge hydrogens).
Topological analysis of the electron density of BsHo

The topological structure (Figure 14) resembles closely the experimental and
optimized molecular geometry (nuclear configuration), the main difference
being the lack of direct BP between the equatorial B-atoms. The epical boron

atom (B2) is connected to all basal boron atoms (Bs, B3, B4, and Bi) via a straight



36
BP for each. The BCP indices (Table 9) indicate a weak shared interaction for
these bonds. The basal atoms are linked together only with H-bridges whose
local topology is similar to that found for diborane; inwardly curved BP and
weaker covalent character for B-Hp than for B-H; bonds. The dominant feature
of the topological graph is thus the four equivalent Bap-Beq-Hb-Beq rings, each
exhibiting an RCP close in location to the Beq-Beq internuclear axis where a BCPs
should be present if these atoms were bonded (as suggested by the resonance
model). This situation could formally be viewed as if the two types of CPs were
coalesced leading to an unstable structure, which is however not the case, since
the RCP has a rank of three. The ring topology is similar to that found for
diborane, if one of the bridging H-atom is replaced by a B-atom. The Laplacian
plot in the Bap-Beq-Hb-Beq ring’s plane in pentaborane (Figure 16) is remarkably
similar to the B-Hy-B-Hp ring’s plane of diborane (Figure 11). The contour
diagram of the Laplacian in the plane of the equatorial boron atoms is shown in
Figure 15. There is a continuous region of negative Laplacian along the Beq-Beq
interatomic axes indicating local charge concentrations due to the RCPs. Though
not associated with electron sharing typical for covalent bonds with BCP, this
charge buildup, just like those in the side rings, seems to have a significant
contribution to the stability of the molecule and can be taken as a support for

the resonance model.
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Table 9: Topological properties of BsHo

CP Bond Py v, A3 BPL Distance
BCPI |B,-B, [0937 |-4223 |1024 1.691 1.690
B, -
BCP2 | Hq(b) 0.825 | -0156 | 5.601 1397 1343
B, -
BCP3 | Hyo(t) 1275 |-8504 |10.837 |Ll167 1179
-B,;-B, -
RCPlI |B,-H,- |0.787 |-2.086 |1.093

H12

Figure 14: Molecular graphs for BsHo with bond and ring critical points denoted
by green and red dots respectively.



=

4

ji 1 O/

S —

S V< ah

) {/(((((l'-""
SH8< <

K

Figure 15: Contour maps of the Laplacian distributions(V? pp) in the equatorial
plane of BsHo. The pink contour lines depict regions of local charge
concentration (negative values) and blue line depict region of local charge
depletion (positive value).
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Figure 16: Contour maps of the Laplacian distributions(V? pp) for BgHg in the
plane containing B2-Bs-Hg-Bs. The pink contour lines depict regions of local
charge concentration (negative values) and blue line depict region of local
charge depletion (positive value).

Hexaborane, BgH;

The energy and optimized atomic coordinates of BgH;, obtained in these

calculations are summarized in the Table (A3) (Appendix).

Experimental and Theoretical geometries of BsHio

Comparison of experimentally** determined bond distances with those

calculated in this work in Table 8 shows a fair agreement.



40

Table 10: Comparison of experimental® 34 and calculated geometries for BsHio

Bonds Experimental (A) B3LYP/cc-pVTZ (A)

B, - B, 1.741 1.746
B,-B, 1.79 1.796
B,-B, 1.741 1.768
B,- B, 1.753 1.752
B, - B, 1.869 1.811
By - Big 1.638 1.634
B; - Hg(bridging) 1321 1.295
B,-Hg(bridging) 135 1372
B, - Hg(terminal) 1.169 1.181
B,- Hy3 (bridging) 1.395 1.323
By-H,; (bridging) 1.35 1.332
B, - Hy; (terminal) 1.168 1.179
B; - H; (terminal) 1.141 1.167
By - Hys(terminal) 1171 1182
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Figure 17: The X-ray and microwave structure of B¢Hio

In particular the shortest Bo-Bio, as well as the longest B>-Bo distance, is
accurately reproduced by the theory. However, the calculated Bs-Bs and B4-Hs

bonds are significantly longer than the corresponding experimental ones.

According to Wade’s rules®8, BH,, forms a nido structure with 16 skeletal
electrons. The STYX scheme of (4220) restricts the skeletal connectivity to four
Beg-Hb-Beq and two Bap-Beq-Beq bridges and one Bap-Beq single bond. The
experimental Cs symmetry can be fulfilled by a combination of two resonance

forms, each consisting of a closed and an open B-B-B ring, and a B-B bond.
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Topological analysis of the electron density of B¢Hio

The topological graph (Figure 19) indicates that the equatorial borons are not
linked to one another but only to the apical boron B>. The only exception is the
BP of Bo-Bio, each of these atoms being involved only in one H-bridge. Of the Bap-
Beq bonds, B>-Bo (and its symmetry equivalent B>-Bip) is the weakest link, as it
possesses the longest bond path, lowest electron density and negative Laplacian
at the BCP. It is also noticeable that these BPs are so bent towards the interior of
the ring that their BCPs and RCPs are nearly at the point of coalesce, resulting in
two 4-center rings, such as the other two Bap-Beq-Hb-Beq rings (the lower half of
the TG in Figure 19). The weakening of these apical interactions (and the opening
of the Bap-Beq-Beq rings) seems to correlate with the relative strengthening of the

Bo-Bio basal interaction which can be considered as a prototype B-B (2c-2e)

bond?.
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H15 H16

Figure 18: The topological graph for BsHio with bond and ring critical points
denoted by blue and red dots respectively. The trajectories interconnecting the
RCPs with the BCP’s are not drawn for the lower half of the graph. Note the
inwardly curved nature of the bond path linking the bridging protons.

The B-H interactions found in this molecule are topologically equivalent to the
corresponding bonds present in diborane and pentaborane (9), except for the

basal B4-Hi3-Bo bridge which is not symmetric.

The TG exhibits a total of 16 nuclear attractors, 5 RCPs, 20 BCPs and no cage CPs.

Thus the Poincare-Hopf relationship is satisfied.

The Laplacian plots for the 3-membered Beq-Bap-Beq side ring (Figure 19) and for
the plane of the equatorial borons (Figure 20) exhibit significant charge

delocalization due to the presence of RCPs.



Table 11: Topological properties B¢Hio (Cs)
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CP Bond Pb v, A3 BPL Ellipticity
BCPI B, -B, |0.867 |-4468 |0.948 |1.746 2.054
B, - 0.059
BCP2 Hs(t) 1.281 8568 |10.727 | 1167
BCP3 B,-B, |0.858 |-4349 [0.994 |1760 2.532
B, - 1.046
BCP4 Hg(b) 0.894 |0.586 |8.619 1314
B, - 0.013
BCP5 Hg(t) 1.249 -7.121 11.318 1.169
BCP6 B,-By |0.763 2355 | 1.404 1.869 14.473
B, - 1.845
BCP7 Hys(b) | 0.919 2913|4322 1395
BCP8 By- By, | 1127 -10.038 | 0.661 1.638 0.427
B, - 0.017
BCP9 Hy(t)  |1.292 9152  |10.715 | 11676
By - 0.123
BCPIO | Hyg(t)  [1.255 -7.749 | 11168 1171
B, - By -
RCPI Bio 0.748 |-1259 |1.886
-B,-B, -
RCP2 Hy; - Bo- | 0.761 1923 | 1.266
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Figure 19: Contour maps of the Laplacian distributions(V? py,) for BsHio in the
plain containing B2-Bio-Bo. It is seen that valence shell charge concentration
(VSCC) is higher for Bo-Bio. The pink contour lines depict regions of local
charge concentration (negative values) and green line depict region of local
charge depletion (positive value)
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Figure 20: Contour maps of the Laplacian distributions(V? py) for B¢Hio in
plane of equatorial B-B bonds. Notations are the same as in Figure 19

Decaborane, BijoHis

The energy and optimized nuclear coordinates of B;yH;4 (Cs) obtained in these

calculations are summarized in the Table A4 (Appendix).
Experimental and theoretical molecular geometries of BjgH,

The geometry of B,yH,, is known from a neutron diffraction study® (Figure 21)
and supported by subsequent NMR investigations®®¢!, The experimentally?

determined bond distances are compared with the values calculated in this work

in Table 12.



Figure 21: The neutron diffraction structure of BioHi4
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Table 12: Comparison of experimental and optimized geometries for BioHis

Bonds or angle Experimental (A) | B3LYP/cc-pVTZ (A)
Bs-B, 178 1.778
Be- B,= Bs-B; 1.8° 1.78
Bs-B,= B¢-B, 1.78 1.78
B, - B,=B, - B, 176 1.786
B,-B,=B,-B, 1.8 1.786
B,-B;=B;-B;=By-B,y=B,,-Bg 1773 1.785
B, - B,=B,-By, 1.7 1.721
B,-B,=B-Bj 1.78 1.747
B,-B.— B,-B, 177 1.747
B;-Bg=B,-Bg 2.0 2.345
B, - Hy, (bridging) 1.341% 1.331
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The optimized Bs-Bs distance (2.345A) far exceeds the corresponding
experimental value (2.01A) indicating that the structure of the isolated (gas-
phase) molecule is more open than that in the condensed phase. This is the most
significant discrepancy between the structures obtained by the experimental and
theoretical methods.
Wade’s electron counting rules suggest that 12 (n+2, n=10) pairs of skeletal
electrons are involved in forming 4 (3c-2e) B-Hp-B, 6 B-B-B and 2 single B-B

bonds (STYX:(4620)).

Topological analysis of the electron density of BjgHy4

The 4 B-Hp-B interactions (B3-H;g-By, B;-H;;-B, and their symmetry
equivalents), as well as the 10 B-H; bonds exhibit the characteristic topologies
(Table 13 and Figure 22) discussed above for the other borane molecules. It
appears that these structural units (topological sub-graphs) are fairly well
transferable from one molecule to the other. The 6 closed B-B-B bonds, each with
an RCP, can also be recovered from the topological structure. As expected, the
shortest B-B bond (Bi-B4 and its equivalent B7-Bio) is apparently more covalent
in terms of its bond-topological figures than the others involved in ring
formation. It manifest itself as a (2c-2e) localized bond, most likely because B;

(and B7) does not participate to a B-Hp-B bridge. The Laplacian plots for the two
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types of rings (Figure 23 and Figure 24 ) show the same extended delocalization

as found for hexaborane, but with more pronounced charge accumulations.

For this structure we find 24 nuclear attractors, 10 RCPs, 33 BCPs and no cage

CP, in accord with the Pointcare-Hopf relationship2.

Table 13: Topological properties BioHia (Cs)

Distan- | Ellipticity
CP Bond | p, v, s BPL | -ce
BCP1 B;-B, | 0.895| -4.921| 0.852 1.723 1.721 1.901
B, - 3.808
BCP2 | B, 0.812 | -3.449 | 1262 1.797 1.786
BCP3 |B,-Bg | 0.802| -3.423 1199 | 1786 1.780 3.489
3.087
BCP4 |B3;-Bs | 0.822| -3912| 1044 | 1756 1.747
4.094
BCP5 |Bs-Bg | 0.805| -3.588 1.277 | 1.780 1.778
B; - 1.538
BCP6 |Hyg(b) | 0.839| 1326| 7.581| 13621 1316
B; - 2.033
BCP7 | Hyi(b) | 0.861| -1.065 | 5.456 1.391 1.331
B; - 0.023
BCP8 | Hy,(t) 1.290 | -9.144 | 10.580 1.168 1.179
B, - 0.019
BCP9 | Hys(t) 1.258 | -7.336 | 11307 1.168 1180




Table 13 (cont.)
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Distan- | Ellipticity

CP Bond |p, V2, A3 BPL | -ce

B;s - 0.031
BCPIO | Hyg(t) 1.260 | -7.763 | 11.014 L171 1182

Bs- - 0.022
BCPIl | Hyo(t) 1.284 | 8.709 | 10.800 1.168 1.179

B, -

B, - B,
RCP1 | -Hy;- 0.772 | -1.650 | 1679

‘B, -
RCP2 | B,-Bs- | 0.763 | -1.419 1.147

-B4- Bs
RCP3 | - Bg- 0.758 | -1.479 1126

-Bs- B,
RCP4 |- Bg- 0.763 | -1.419 1.148
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Figure 22: Molecular graphs for BioHi4 with bond and ring critical points
denoted by blue and red dots respectively. Note the inwardly curved nature of
the bond path linking the bridging protons.
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Figure 23: Contour maps of the Laplacian distributions (V2 pp) for BioHu4 in the

plain defined by the B4-Bs-B; ring. Pink (blue) c

ontour lines represent negative

en that the VSCC is higher for Bi-B4 bond

s. It is se

(positive) value
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Figure 24: Contour maps of the Laplacian distributions(V? pp) for BioHus in the
plain containing Bs-Bs4-Bs. The pink contour lines depict regions of local charge
concentration (negative values) and blue line depict region of local charge
depletion (positive value)

Arachno-Borane, B4H;,

The energy and optimized nuclear coordinates of B,H;, are summarized in the

Table (A5) (Appendix).



Experimental and theoretical geometries of B,H,

54

Table 14: Comparison of experimental and calculated geometries for B4sHio

Bonds or angle Experimental B3LYP/cc-pVTZ

B; - B, (B-B bond) 1.718 A 66 1.716 A
B, - B; 1.854 A 66 1.855 A
B- B, 2.786 A 2.816 A
B, - Hg(Bridging) 1.21A €2 1.255 A
B,-Hg(Bridging) 143 A2 1.409 A
B, - Hg(Terminal) 119 A2 1.180 A
B, - H;3(Terminal) 1L19A2 1.190 A
B, - H;,(Terminal) 119 A2 1185 A
Hy3-By-Hyy 126°34 118.845°
B,-B,-Hg 118° 115.749°
B;-B,-Ho 109° 111.348°
Hy- B,-Hg 135.7° 137.9°
B,-Hqy-B, 911 88.7°




55

Figure 25: The electron diffraction structure of B4Hio.

It is known from gas-phase electron diffraction experiment®® that B,H,, adopts
a ‘butterfly’ structure of C,, symmetry (Figure 26). The calculated geometrical
parameters of the boron framework are in close agreement with those obtained
from the experiment. The B-Hp-B bridges are found to be slightly distorted by
both methods. According to the STYX number (4012), the molecule has 4 (3c-

2e) B-Hy-B links, one (2c-2e) B-B bond, and 2 BH, groups.

Topological analysis of the electron density of B4H;

The TG (Figure 27) corresponds to the bonding situation predicted by the

localized-MO model. The unique B-Hp-B bridge (the other 3 are symmetry
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equivalents) is not symmetric; one of the B-Hy, BP is longer that the other and
the BCPs are slightly shifted toward the B-atom, implying non-local polarization.
Two such bridges (on each side of the ‘butterfly’) form a 5-membered (non-
planar) B-Hp-B-Hp-B ring, two of which are fused together at the B-B central
bond situated in the mirror plane. The BPs are inwardly curved that is
characteristic of electron delocalization seen also on the Laplacian map depicted

in Figure 27.

Table 15: Topological properties BsHio (Cav)

CpP Bond Pb V2, A3 BPL Distance
BCP #

1| B;-By(B-B) |0.938 -6.650 | 0.877 1.719 1.716

2 | B, - Hg(b) 0.719 0.512 3.995 1500 |1.409

3 | By - Hs(t) 1.260 -7.514 11.035 1168 | 1180

4 | By - Hg(b) 0.951 -0.815 10973 | L1255 |1.255

5 | By - Hyz(t) 1.252 -8.493 10383 |[1179 |1190

6 | B, -Hy,(t) |1274 |-8.947 |10.648 |1174 |L1185
RCP #

-B,-B, -
1| Hyo-Bs-H,- | 0.644 |-0.9405 |1.485
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Figure 26: Molecular graphs for B4Hio with bond and ring critical points
denoted by blue and red dots respectively. Note the inwardly curved nature of
the bond path linking the bridging protons.
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Figure 27: Contour maps of the Laplacian distributions(V? py) for B4Hio in the
plain containing Bi-Hs-B4-Ho.Ba. The pink contour lines depict regions of local
charge concentration (negative values) and blue line depict region of local
charge depletion (positive value). It is seen that the VSCC is higher for Bi-Hs
bond than that for Bs-Hs.

Closo-Borane, BgHg>~

The energy and optimized nuclear positions of BgH¢*™ are listed in the Table

(A6) (Appendix).
Experimental and theoretical geometries of BgHg>~

The structure was determined by electron diffraction®* (Figure 28). We started
the geometry optimization with nuclear coordinates obtained at the HF level?*.

The B3LYP gives significantly lower electronic energy and a slightly different
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geometry (Table A7). Comparison of optimized and experimental data (Table 16)

reveals the former bonds to be significantly longer than the latter ones.

Table 16: Comparison of experimental and calculated bond distances for BsHg*

Bonds or angle

Experimental (A)

B3LYP/cc-pVTZ (&)

B; - B, 1.69%° 1.732
B,-B, 2.45
B¢ - Hy 1.1#° 1.212

Figure 28: The electron diffraction structure of BsHg?".
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Closo-boranes form cage structures with B-B bonds defining an n-vertex
polyhedron (n B-atoms, each bonded to one H-atom) marked by the STYX
number (0,n-2,3,0). The Oy symmetry of BgHy* is the consequence of the extra

two electrons.

Topological analysis of the electron density of BgHg>~

The TG of the boron framework (Table 17 and Figure 29) is a perfect hexagon
described by 5-cordinated B-vertices and equilateral 3-membered B-rings fused
at the B-B edges. The symmetry independent unit can thus be considered as the
prototype of closed B-B-B interactions without H-bridging. The B-B BPs are
straight (BPL=distance) and exhibit a topology similar to that of the B-H; bonds
(at the borderline of shared and closed-shell interactions). Further details are
revealed by the Laplacian distribution for a 3-membered B-ring (Figure 30)
which shows a pronounced charge delocalization of three-fold symmetry in the

bonding region of B-B interactions.



Table 17: Topological properties of BsHe?  (Symmetry Op)

6l

CP Bond Pb V2., A3 BPL Distance
BCP1 | Bi-B> 0.857 | -3.618 1138 1.733 1.732
Be -
BCP2 | Hr(t) 1.075 -3.175 11.752 1.202 1.212
B4-Bs-
RCP1 | Be- 0.796 | -0.912 1.266
B;-B;-
Bs- Bs -
CCP1 | Bs- B¢- 0.434 | 6.509 2.169

H1i2

Figure 29: Molecular graphs for BsHe?> with bond, ring and cage critical points
denoted by green, red and orange dots respectively.
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Figure 30: Contour maps of the Laplacian distributions (V2 pp) for B¢He?" in the
plain containing B4-Bs-Bs. The pink contour lines depict regions of local charge
concentration (negative values) and blue line depict region of local charge
depletion (positive value).

The Dynamic Electron Density of Boranes

The QTAIM states that a molecular graph is the collection of bond paths. A BP
is formed by two special trajectories of Vp; both originate at the BCP (a (3,-1) CP)
and each terminates at different nuclei ((3,-3) CPs), defining in this way, an
interaction line between the interacting nuclei. Since the ED is maximum along
the BP relative to any other path interconnecting the nuclei, this trajectory is

considered to be a geometrical representation of electronic forces balancing
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nuclear repulsion and has been shown to be a necessary and sufficient condition
for a bond formation between two atoms in a stationary molecule (p(r, R%))%. If
the molecular graph, defined in such a way, is preserved for nuclear
arrangements in the close neighborhood of a minimum of the BO hypersurface
(the stationary geometry,R®), it represents a stable structure. More specifically,
every CP of a stable graph must have rank three (3 no-zero curvatures) and must
be linked to other CP(s). Furthermore, the number of CPs (N) of each type must

satisfy the Poincare-Hopf relationship.

The nuclear arrangements in question naturally include those which are
accessible via small displacements from the equilibrium geometry due to
harmonic vibrations. Thus the vibrating molecule on average should be
topologically equivalent to the stationary molecule, that is, the dynamic ED (a
Boltzmann average over all vibrational modes) must have the same number and
types of CPs as the stationary ED calculated at the equilibrium nuclear

configuration.

The ‘exact’ dynamic ED cannot be evaluated in a closed analytic form. The
convolution approximation?? introduced for modeling X-ray diffraction data
provides an analytically tractable route to thermal smearing, since it relates the
dynamic ED with the stationary one. In other words, the density units (products
of basis functions) comprising the total static ED, are assumed to rigidly follow

the motion of the nucleus (or nuclei) they are centered at (or between). To
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elucidate the effect of internal vibration modes on the bonding situation of
boranes, we evaluated the topology of the convolutional dynamic ED (T=300K)

for each of the molecule examined in this study.

For the calculations, that require the harmonic internal normal modes and the
corresponding frequencies obtained for the equilibrium structures, we utilized a
new version of the Denprop program. The convolution functionality was

implemented by R. Michael, a Ph.D. graduate from our group.

The comparison of static and dynamic EDs reveals their topologically
equivalence for all molecules. As for the bond topological figures and the
Laplacian, there are differences to comment on. We find that the CPs of the static
ED are only slightly affected by thermal smearing, but with a characteristic trend;
(pcp)T < prcp and (V2pgcpdr < V?pgcp for all bonds. This observation is
summarized in Table 18 for representative bonds in the boranes we studied. The
changes in the Laplacian (and the principal curvatures) due to nuclear vibrations
are however significant and have chemical relevance. These effects are portrayed
on Figure 31, Figure 32 and Figure 33 in terms of difference curvatures ({(1;)r —
A j = 1,2,3) obtained by tracing the relevant bonds and the Hy-Hp internuclear
line in diborane. The bond profile of the Laplacian appears to be dominated by
the bond-parallel curvature (43), since 4; and 4, contributes almost identically
(only one of them is drawn on Figure 31, Figure 32 and Figure 33) and to a lesser

extent. The maps of the difference Laplacian ((V?p); — V?p ) in the two mirror
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planes of diborane defined by the B-Hy-B bridge (Figure 31) show the changes in
2D corresponding to those discussed above in 1D for the B-Hp bond. The
prominent features displayed by this map is the effective charge migrations from

the atomic toward the VSCC regions.

Table 18: Topological Properties at of Static and Dynamic EDs. Comparison of
p (e /A3;), V2p (e /A5;)and A: (e /A5;) in Boranes

Bond (molecules) Static Dynamic
B-B (B4Hio) p 0.938 0.933
vZp 26.650 26.580
Az 0.877 0.783
B-B (B-B-B) (BsH¢*) p 0.857 0.853
V%p -3618 -3.614
s 1138 1.049
B-H; (B2Hs) p 1.274 1.249
V%p -9.028 -8.085
s 10.724 8.31
B-Hy (B2He) o 0.858 0.856
V2p 1123 0.782
A3 8.198 7.610
RCP (B2He) p 0.798 0.799
VZp -1.682 -1.589
A3 2.189 2.046
CCP p 0.434 0.432
(BsHg>) VZp 6.509 6.472
s 2.169 2157
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Figure 31: Change in the curvatures caused by thermal smearing calculated for
the Bi-Hz bond path in B2Hs. Each curve represents differences between
dynamic and static properties as a function of distance from the B-atom: (V2p)r
- V2p (Delta(L) ), (A))r- A1 (Delta(L1) ) and (A3)r- A3 (Delta(L3) ).
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Figure 32: Change in the curvatures caused by thermal smearing calculated
along the axis of the bridging H-atoms (Hz...Hs) in BoHs. ~ Notations are the
same asin  Figure 3L
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Figure 33: Change in the curvatures caused by thermal smearing calculated
along the terminal B;-H7 bond in B2He. Notations are the same as in Figure 31.

The overall effect of thermal smearing on the Laplacian distribution can be
visualized by plotting the dynamic function with reference to the static one:
(V2p)r — V?p . Such a difference contour map is displayed in Figure 35 for the
bridging plane of diborane, explicitly showing how the regions of charge

accumulation and depletion change upon nuclear vibrations.
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Figure 34: Contour map of change in the Laplacian distribution caused by
thermal smearing calculated for the B-Hp-B bond path in B2Hs.
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5 CONCLUSION

In this work we invoked the QTAIM to study the bonding situations in boranes
for which the classical Lewis model fails and the localized-MO (or valence-bond)
description needs to be extended. The ED of representative borane molecules are

calculated in terms of KS molecular orbitals at the B3LYP/cc-pVTZ level.

For the interaction between a given pair of atoms in a molecule, the value of pg¢p
usually directly related to the strength (bond-order) of the interaction. This
correlation, in conjunction with other bond-topological descriptors, can be used
to establish a pattern for the relative strength (covalent / ionic character) of
chemically equivalent or similar bonds. In accord with the results of earlier
computational studies [Bade & Leagare], we find three types of characteristic
interactions for the molecules considered; the (2c-2e) bonds (B-Ht and single B-
B bonds) and the weaker (3c-2e) bonds (using the traditional localized-MO

terminology).

The former interactions appear to be of localized, shared type (V2 < 0 and

PBCP
ppcp is relatively large in value, indicating contraction of the ED towards the BP).
The lack of continuous charge concentration interconnecting the atomic basins
is reflective of a strong polar character (ionic) of the B-Ht bonds (which is
reflected also in the integrated charges). These interactions seem to be unique

and highly transferable from one molecule to the other, that is, their topological

figures exhibit the least variation through the series of molecules studied in this
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work. The single B-B bond, found in boranes, is also an intermediate between
shared and closed-shell interactions; topologically similar to the B-Hp bond, but
exhibits joined valence shell charge concentrations. The Beq-Bap (basal-apical)

bonds in BsHy and BsHio are markedly weaker than the single B-B bond in B4Hjo.

Relative to these bonds, the B-Hp links in nido- and arachno-boranes can be

characterized as closed-shell interactions (V2 < 0 and pgcp is low in value).

PBCP

They also show lower degree of transferability than the B-H: interactions (for

example, in B4Hio they are not equivalent).

Most importantly, the (3c-2e) linkages are not localized but fused to form 3-, 4-
and 5- membered rings. Unlike in the carbon analogs, the ring bonds in boranes
have inwardly curved BPs (a characteristic feature of these bonds). At the RCP
(3,+1) the density is minimum in the plane defined by the two eigenvectors
corresponding to the positive principal curvatures (eigenvalues) and maximum
along the third eigenvector normal to the ring’s plane. The maximum of the
density in this direction however exceeds in value those found at the BCP of the
bonds forming the rings in boranes. The topology at the RCP is dominated by the
negative curvature; V2ppcp = A4 + A, + 13 < 0, to such an extent that VZpgep <
V2pgcp for all peripheral B-Hy, linkages. Since the RCP is located at, or close to,
the internuclear B-B axis (in nido- and arachno-boranes), the charge
accumulation due to the RCP virtually resembles that of a BCP. According to the

local virial relationship, if the density is relatively high and its Lapcian is negative,
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the potential energy density has a stabilizing role (it locally dominates over the
kinetic energy and thus lowers to total energy). Hence, the charge accumulations
over the rings’ surfaces, implying multicenter electron delocalization (often
termed as 3D aromaticity), can indeed have a significant contribution to the
stability of these systems. In other word, rings rather than localized (3c-2e)

bonds are the main topological building blocks of borane structures.

A novel component of this thesis is the extension of the topological analysis to
the dynamic ED. The most important finding is that the dynamic and stationary
EDs are topologically equivalent (including the terminal B-H bonds), within the
convolution approximation (assuming no electronic-state crossing each and / or
excitation occurs during nuclear vibrations). This means that the T-dependent
TGs remain invariant even at 300K for these light-atom molecules, suggesting
that they indeed correspond to stable structures. While the BCP indices remain
mostly unaltered, the VSCCs (local maxima of —V?p) undergo significant

changes upon vibrational smearing of the ED.

As an important conclusion we emphasize the potential interpretive power of
topological analysis of (p)r, since it is a ‘thermodynamic property’ (refers to a
molecule in thermal equilibrium with its surrounding and thus T-dependent)
and encompasses the molecular structure concept (the equivalent class of
topological graphs) as emerged from the QTAIM. Such analyses can open new

revenues for studying reactive properties of molecules, since nucleophilic or
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electrophilic sites identified by the topology of the Laplacian can be markedly

affected by vibrations.
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APPENDIX A: ADDITIONAL TABLES

Table A 1: BoHg, Dok, E. = -52.8414 au. (Atomic coordinates are in atomic

units).

Atoms X Y Z
Bl 0.000000 -0.000000 -1.661330
H2 +0.000001 -1.840279 0.000000
H3 +0.000000 +1.840279 0.000000
B4 0.000000 -0.000000 +1.661330
H5 +1.955470 +0.000000 +2.752934
H6 -1.955471 -0.000000 +2.752933
H7 +1.955470 +0.000000 -2.752934
HS8 -1.955471 -0.000000 -2.752933

Table A 2: BsHo, Cay, E.(A) = -128.632 au. (Atomic coordinates are in atomic

units)

Atoms X Y Z
Bl 0.000000 +2.396261 -0.271967
B2 0.000000 0.000000 +1.839846
B3 0.000000 -2.396261 -0.271967
B4 -2.396261 0.000000 -0.271967
B5 +2.396261 0.000000 -0.271967
H6 +1.808043 +1.808043 -1.952787
H7 -1.808043 +1.808043 -1.952787
H8 +1.808043 -1.808043 -1.952787
HO -1.808043 -1.808043 -1.952787
H10 0.000000 +4.608383 -0.003681
H11 +4.608383 0.000000 -0.003681
HI12 0.000000 0.000000 +4.065986
HI3 -4.608383 0.000000 -0.003681
H14 0.000000 -4.608383 -0.003681




Table A 3: BsHio, Cs, Ee(A) = -153.9 au. (Atomic coordinates are in atomic
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units).
Atoms X Y Z
Bl -0.000057 | -2.787757 +0.144619
B2 +0.000001 | +0.004442 | -1.608557
H3 -0.000104 | -4.881979 -0.615851
B4 +2.672363 -0.697086 | +0.216574
B5 -2.672388 -0.696985 | +0.216578
H6 +1.791058 -2.556068 +1.795879
H7 -1.791160 -2.555983 +1.795885
HS8 +0.000001 | -0.007755 -3.839738
B9 +1.544166 +2.384107 +0.307006
B10 -1.544072 +2.384167 +0.307003
HI1l +4.728756 | -1.378840 -0.306986
HI12 -4.728808 | -1.378651 -0.306989
HI3 +2.595077 | +0.955361 +2.092277
H14 -2.595042 +0.955467 | +2.092275
HI5 +3.016107 +3.946945 | -0.311428
Hl16 -3.015950 +3.947062 | -0.311436

Table A 4: BsHy4, Cs, E.(A) = -257.081 au. (Atomic coordinates are in atomic

units).

Atoms X Y Z
Bl +3.386861 +0.000010 +1.852120
B2 +1.880029 +2.681194 +0.466865
B3 +1.880037 -2.681187 +0.466873
B4 +2.828l15 +0.000013 -1.351273
B5 -0.000003 -1.680352 -2.054465
B6 -0.000015 +1.680356 -2.054464
B7 -2.828129 -0.000004 -1.351261
B8 -1.880024 -2.681190 +0.466886
B9 -1.880037 +2.681182 +0.466891
B10 -3.386857 -0.000007 +1.852124
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Table A4 (cont.)

Atoms X Y Z
HIl +1.944886 +1.827930 +2.801679
HI2 +5.299847 -0.000032 +2.996460
HI3 -1.944795 +1.827970 +2.801599
H14 -1.944805 -1.827986 +2.801598
HI5 +4.527781 +0.000011 -2.795144
HI16 -0.000005 -3.058973 -3.812664
H17 +2.890793 +4.666775 +0.553686
HI8 +1.944838 -1.827989 +2.801591
HI9 +2.890832 -4.666755 +0.553625
H20 -2.890805 -4.666766 +0.553659
H21 -4.527800 -0.000004 -2.795126
H22 -5.299799 -0.000007 +2.996535
H23 -2.890823 +4.666755 +0.553669
H24 -0.000026 +3.058993 -3.812652

Table A 5: B;Hjo, Ca\, E. = -104.525 au. (Atomic coordinates are in atomic

units).
Atoms X Y Z
Bl -1.621289 0.000000 -0.871756
B2 +1.621289 0.000000 -0.871756
B3 0.000000 +2.660712 +0.734493
B4 0.000000 -2.660712 +0.734493
H5 -2.590040 0.000000 -2.880294
Ho6 +2.590040 0.000000 -2.880294
H7 -2.484436 +1.733970 +0.495884
HS8 -2.484436 -1.733970 +0.495884
H9 +2.484436 -1.733970 +0.495884
H10 +2.484436 +1.733970 +0.495884
HI1l 0.000000 +2.732537 +2.983003
HI2 0.000000 +4.587092 -0.408163
HI3 0.000000 -2.732537 +2.983003
H14 0.000000 -4.587092 -0.408163




Table A 6: BsHs>, On, E.(A) = -152.736 au. (Atomic coordinates are in atomic
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units).
Name X Y Z
Bl 0.000000 0.000000 +2.314931
B2 0.000000 +2.314931 0.000000
B3 -2.314931 0.000000 0.000000
B4 0.000000 -2.314931 0.000000
B5 +2.314931 0.000000 0.000000
B6 0.000000 0.000000 -2.314931
H7 0.000000 0.000000 -4.605507
H8 0.000000 0.000000 +4.605507
H9 0.000000 +4.605507 0.000000
HI10 -4.605507 0.000000 0.000000
HI1l +4.605507 0.000000 0.000000
HI2 0.000000 -4.605507 0.000000




