

















B.N,H, (y = x — 1) type helix, which are comprised of an odd number of fused
rings. The inclusion of one more ring results in an even number of fused rings, which
leads to helical isomerism in these extended boron-nitrogen helices. Their geometries
and energetics are also discussed.

Electron density contours were calculated in order to interpret the existing bonding
patterns. These structures may provide supramolecular building blocks and macro-

molecular “springs“ with po  tial use in nanotechnology.
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boron-ni de nanotubes'? (BNNTs) and of the first boron-nitrogen fullerene-like
structures.!®> 14 These boron-nitrogen nanostructures have also been shown to have
high che ical and thermal stability,'> making them good candidates as precursors

for the synthesis of boron-nitride ceramic materials.% 1% Recently, it was shown that

some boron-nitrogen compounds might also have hydrogen storage capabilities.!”2

9,21-36

Overall, the study of boron-nitrogen clusters and cages, boron-nitrogen nan-

45,46 atiracted considerable interest in the past

otubes,’” ¥ and horon-nitrogen chains
decade. The majority of th  boron-nitrogen nanocompounds can be reconstructed
by fusing smaller building blocks such as borazine rings, boron-nitrogen acenes, or
boron-nitrogen cyclacenes.
Borazine

The chemistry of horazine and its derivatives is well described,! and as benzene’s
isoelectronic pair, it received considerable attention among theoreticians.4” 5 Studies

tackled borazine’s aromaticity,’® the probability of the existence of borazine dimer,3”

and also borazine’s ability to form complexes with metals.® 59
Boron-nitrogen : nes

Boron-nitrogen acenes (Figure 1.1) are comprised of a number of linearly fused
borazine rings. Whitehead et al.%® performed Hiickel type calculations on molecules
containing three ft d bor: » rings predicting the possibility for the existence of

boron-nitrogen polymers containing a larger number of rings. Kar et al.5! investi-

gated the structure of boron-nitrogen naphthalene and some of its carbon containing



N
HT/ \T/ \?/ \B/ \|
| |

N
H \_/N\B/N\B/N\B/NH
H H H

Figure 1.1: Boron-nitrogen acene comprised of four fused rings

derivatives at HF and MP2  els of theory with the 6-31G(d) and 6-31G+(d) basis
sets. Their study revealed that in case of the fully substituted boron-nitrogen naph-
thalene, while the calculate bond lengths at the HF level were in good agreement
with the experimental values, the MP2 values overestimated the experimental bond
lengths.

A more recent investigation on these boron-nitrogen compounds involves a theoret-
ical study® on the structure and vibronic interactions in boron-nitrogen naphthalene
and boron-nitrogen anthracene using density functional theory with the B3LYP/6-
31G(d) basis set. Further research involved investigations on the structure and aro-
maticity of linearly more extended boron-nitrogen acenes (formed by up to five fused
borazines, i.e., the boron-nitr pentacene) at the density functional B3LYP/6-
31+G(d)®® and B3LYP/6-311+G(d)® levels of theory.

Boron-nitrogen cyclacenes
By connecting the ends of the boron-nitrogen acenes, cyclic structures can be

formed (Figure 1.2). These: the cyclic boron-nitrogen cyclacenes, the analogues of




the more familiar carbon based cyclacenes.

Figure 1.2: Boron-nitrogen cyclacene comprised of four fused rings

Erko¢® examined the structure and electronic properties of horazine-based cy-
clacenes, comprised of up to six fused borazine rings at semiempirical AM1 level of
theory. Boron-nitrogen cyclacenes containing a larger number of fused borazine rings
were also studied at MNDO and AMI1 semiempirical levels of theory.®® The geome-
tries and energies of these kind of boron-nitrogen cyclacenes were also investigated at
the density functional UB3LYP/6-31G(d) level of theory.®" %

Most recently,®® a comprehensive theoretical study was performed at RHF/6-
31G(d) and B3LYP/6-31G(d) levels of theory on boron-nitrogen cyclacenes contain-
ing three and four borazine rings, finding that different conformational isomers are

possible pending on the direction of the peripheral N-H groups.

From an experimental point of view, the boron-nitrogen nanostructures are being

synthesized using a variety of procedures, like arc discharge methods,'? ™ different






Helicenic compounds where the carbon atoms in the helix were replaced by other

atoms such as nitrogen or sulphur were studied theoretically or experimentally as

wel].76-80
HC=—CH
d N\
HC ~—a— c
HC// c\\ \\c\ % \C”g
HC S=cH ““ /
c===fi
\
H —C
C\ C/
Hee i / cH
] 3 C //
Ho=g- - X\._—CH
\( Y ~C—c~ \C/
i cl\ " /
HC e %CH

Figure 1.4: Structure of [7]phenylene

However, to our knowledge, detailed theoretical studies of boron-nitrogen ana-

logues of these helical syste  have not been reported yet by other research groups.

The boron-nitrogen anal 1es of helicenes, phenylenes, ¢ 1 some more extended
boron-nitrogen analogues of polymethylenylnaphthalenes are the main focus of this
thesis, as such molecules possessing helical conformation may become building blocks

for more extended novel helical boron-nitride compounds with applica »ns in nan-



otechnole y. They could also serve as flexible interconnecting building units in the
synthesis of new boron-nitrogen based nanostructures. Since these molecules show
analogous shapes with macr opic springs, it is reasonable to expect that their vi-
brational properties also show analogics with vibrations, as well as compressibility
of macroscopic springs. The aim of this thesis is the theoretical description of the
structure, energy, and shape of these boron-nitrogen angular helices and a better un-
derstanding of the ergetical stability of some of the existing helical isomers. This
was achicved throt  elec! nic structure calculations using ab initio and density
function methods.

It has to be mentioned that this study was also made possible due to the exist-
ing computational power available which has experienced a considerable increase in

recent years.

The thesis is written in manuscript format and is divided into six chapters, each
chapter having its own bibliography except the last chapter which contains conclu-
sions. Chapter 1 begins with an introduction of the overall thesis; Chapter 2 describes
the theory behind the methods used throughout the research; Chapter 3, Chapter 4,
and Chapter 5 are arranged in manuscript format. Each is subdivided into the follow-
ing sections: introduction, computational methodology, results and discussion, and
summary.

Chapter 3 presents a theoretical study of hydrogenated boron-nitrogen analogues



of helicenes and phenylenes. The presence of an even number N of rings in the
boron-nitrogen [N]helicenes leads to the possibility of angular isomers. Their elec-
tronic structure and relative stability is discussed.

Havi:  the nonhydrogenated version of helicenes as a starting point, Chapter 4
describes a detailed study of nonhydrogenated fused boron-nitrogen hexagons and
decagons. The electronic structure and relative stability of three possible angular
isomers are presented.

Chapter 5 introduces some laterally extended boron-nitrogen helical sheets, based
on the boron-nitrogen anal 1e of [N]polymethylenylnaphthalene. By alternating
the positions of the boron and nitrogen atoms, two very similar structures containing
odd number of fused hexagonal units are possible, the N.B,H, type h  x, and the
B:N,H, type helix. An even number of fused rings leads to helical isomerism. The
geometries and ene: tics of these helices are investigated.

Some concluding remarks d future directions are presented in Chapter 6.
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where H is the Hamiltonian operator, E represents the numerical value of the system'’s
energy (the Hamiltonian operator returns the system enecrgy E as an eigenvalue, as
the equation is an eigenvalue equation), and V¥ is a stationary eigenfunction, which
depends on the spatial and spin coordinates of all particles m: ing up the system.
The time independent Hamiltonian for n electrons and M nuclei can be written

(in atomic units) : the sum of kinetic energy operators and otential cnergy parts,

n 1 ) M 1 n n—1 n M-1 M ZA7B
—ngi‘Zm ‘ZZ *+Z Z (2.2)
i A=1 A izt a=1 T i=1 i<y i A=1 A<p 'tADB

where 7 and j run over electrons, A and B run over nuclei, M4 is the mass of nucleus
A, Z is the atomic number, r;; is the distance between two electrons (r;; = [r; —r;|),
Tia is the distance between an electron and a nucleus (r;s = |r;a| = [r; — Ral), and
Rap ist  distance between two nuclei (R4p = |[R4 — Rp|). The first term in the
equatior :presents the ki ic energy operator of the electrons; the sccond term is the
operator for the kinetic ene  of the nuclei; the third term describes the attraction
force between the electrons and the nuclei; the fourth term represents the repulsion
between electrons, and thel  term the repulsion between the nuclei. The Laplacian

operator V? has the form

19







Hdz_zévz—i LYy (2.5)

The three terms correspond to the kinetic energy, the electron-nuclear attraction, and
the electron-electron repulsion. Here W,; is the electronic wavefunction, and F; is
the electronic energy. Both of them depend directly on the electronic coordinates
and parametrically on the nuclear coordinates. The nuclear-repulsion energy Vyy is
given by

M-1 M ZAZB

IEDIDS R

A=1 A<D

(2.6)

Solving Eq.(2.4) and computing Vv from Eq.(2.6) one can get £, for each particular

nuclear configuration. Then the energy F,,, can be calculated using

Etot = Eel + VNN (2'7)

In this way E,,, can be regarded as the net potential function of the nuclear coordi-
nates. Hence it can also be  resented as a potential energy ¢ e in case of diatomic

molecules and a potential energy surface (hypersurface) in case of polyatomic systems.
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of their description. In practical calculations, however, the basis functions, ¢’s, are

written ¢ linear combinations of so-called primitive Gaussians,
qb}l = Zd;ngr (214)
T

where 7 represents the type of atomic orbital s, p, d, f ..., d,., is a contraction coeffi-
cient, and g, is being termed as a primitive Gaussian, and can be generally expressed

in terms of a global coordinate system as
9- = N(z — 24)'(y — ya)" (2 — 2a)"ezp(—ary) (2.15)

where [, m, and n are int: rs which characterize the type or order of the Gaussian
function, (z, y, z) are the coordinates of electrons and (za, ya, 24) represent the
nuclear positions, (v is a nc alization factor, and « is the Gaussian exponent. The
ria it is an clectron position from center A.°

Some of the popular Gaussian basis sets are denoted by 3-21G, 6-31G(d), 6-
31+G(d),...etc. The 6-31G(d) and 6-31G(d,p) basis sets are used throughout the
present work.

The 3-21G is a split-valence type basis set. The core shells are formed by the linear
combination of three Gaussians, and two valence shells, represented by a combination

of two and one Gaussian primitives. The 3-21G* basis set was created especially for

25




the second row clements by the addition of a complete set of six Gaussian primitives.
The 6-31G(d) basis set is a split valence type polarization basis set. The core
shells are represented by the linear combination of six Gaussians, and the two valence
shells are represented by thr  and one Gaussian primitives. In ldition, six Gaussian
primitives are used to descri  the polarizability of the non-hydrogen atoms.
The 6-31G(d,p) asis set is constructed the same way as the 6-31G(d), except it
contains one set of Gaussian p-type functions to better describe hydrogen atoms and

the helium atom.?

2.1.5 Hartree-Fock Approximation

As seen carlier, the orbitals may be expanded in terms of a set of basis functions
using the expansion coefficients, and the wavefunction can be described as an anti-
symmetrized product of mc ilar orbitals. To find the best possible wavefunction
one needs to find the best p iible expansion coefficients.

The variational theorem states® that, for the lowest electronic state, the expecta-
tion value of the energy corres; = to any function ® can be obtained from the

integral

By / ‘Hodr (2.16)

26



and it will always be greater than or equal to the exact energy, £, described by the

exact wavefunction ¥,

E= /\Il‘ﬁ\lldr (2.17)

As a consequence, the best wavefunction will be the one which gives the lowest pos-
sible energy. When selecting a basis set and applying the variational theorem, the
coeflicients c,; from Eq.(2.13) may be adjusted to minimize the expectation value of
the energy Ey.

This can be achieved through solution of the Hartree-Fock and Roothaan equa-
tions. The method itself is d ribed thoroughly elsewhere,! ™ and the basic idea is
that by 1 nimizing Fy with respect to the choice of a finite set of spatial orbitals, one

can derive the Hartree-Fock equation for closed shell systems of the form
F(1)i(1) = (1) (2.18)

where F‘(l) is an effective one-electron operator, called the Fock operator, and has

the form

F(1)=—5Vi=3 ot TT24u(1) — Ka(1)) = A(1) + 0" (1) (2.19)
A w
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The qua: ties (ur|Ao) are the two-electron repulsion integrals and have the form
* 1 *
(wro) = [ [ 6008,0)—63(2)6 (2)drdr, (2.28)

In the end, the sum of the ¢  ronic energy and nuclear repulsion energy expression

will yield the total energy

N
A E Ppu(Fpu + H;:zre) + VNN (229)

Roothaan’s equation® can be formulated as a single matrix equation,

Fe = Sece (2.30)

where ¢ is the N x N square matrix of the expansion coeflicients c¢,;

30



i1 C2 ... CIN
C21 C22 ... Con

c=1 . . . (2.31)
CN1 Cn2 .-~ CNN

and ¢ is a diagonal matrix of the orbital energies ¢;,

€1

€2 0

¢ 0 ] (2.32)

N

Solving the matrix equa n (2.30) is done through an iterative process, called the
self-consistent-field (SCF) procedure.! The procedure starts with the specification of
the coordinates of the mo  ile and the basis set. After this, all required molecular

integrals, the overlap, one-¢  tron and two-electron integrals are calculated and an

31



initial guess for the density matrix is obtained.

This initial set is used to compute the Fock matrix, which further will give an
initial set of orbital energies ¢;'s. The orbitals are then used to solve Roothaan’s
equation for an improved set of coeflicients, giving an improved set of molecular or-
bitals, which are used to compute an improved Fock matrix.

The calculations are continued until no further improvement in molecular orbital
coefficients and energies occur from one iteration to the next. Usually the iteration
terminates on the convergence of the density matrix. Convergence means that the
last two calculated values should differ by no more than the quantity representing the

convergence criteria specified in the beginning of the iteration.

2.2 Post l_artree-1 ck Methods

In the Hartree-Fock approximation, there is an incomplete description of the total
energy of a system, because electrons with opposite spins are not correlated. If the

exact energy of a system can be defined® as the sum

Ee:z:u.ct = EHF + Ecarr (233)

the correlation energy is the difference between the Hartree-Fock energy and the ex-

act (nonrelativistic) -gy. Cor ation energy can be described using the so called
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1 3N 6
EZPVE = éh Z V; (259)

where v; is a normal mode vibrational frequency. The value of the zero-point vibra-
tional energy is usually I¢  to the total energy of the optimized molecule, for a

more accurate description of the total energy of a system.

2.5 Molecular S pe

The representa. n of shape of the molecules varies from simple ones, such as
ball and stick, ball and bond type, and tube or wireframe rep  :ntions to more com-
plex surface type representations based on a specific property, e.g. electron density
surfaces, electrostatic potential surfaces, solvent accessible surfaces, or van der Waals
surfaces.

This esis uses electron « 1sity as a theoretically calculated property to represent

the shape of the molecules of interest.

2.5.1 Molecular Isodensity Contours

The electron density p(r) can be calculated from the n-electron wavefunction solu-
tion of the electronic Schrodinger € 1ation from Eq.(2.37). For a single-determinantal
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Figure 3.2: T two possible structures d, € in the case of helicenes with even
N rings, where the B and N atoms, one of them present at each vertex of these

structural formulas, are shown only along one bond.

alternating a units fused to N-1 b units. Finally the helical boron-nitrogen analogue

of |6]polymethyleny wphthal  : is obtained with six fused c units.

3.2 Computatio: il methodology

The structures 1 - 8 (Figure 3.3 and Figure 3.4) were optimized at two differ-
ent levels of theory, Hartree-Fock and DET with the B3LYP functional, using the
6-31G(d) basis set.? 20 All these methods are implemented in the Gaussian 03 soft-
ware par ge.”” F optimized ometries, harmonic vibrational frequencies were
compute at the same level of theory. ..e lowest vibrational frequencies for all the
optimized structures, no ilr  nary frequencies among them, are  own in Table 3.1.
Single point energy calculations were performed at the MP2 level of theory using the

6-31G(d) basis set for isomeric helices with HF optimized ¢ metries.









Table 3.1: The lowest wavenumbers (cm~!) of the studied boron-nitrogen helices.
(Calculated values at HF /6-31G(d) shown in the second column, followed by those

at B3LYP/6-31G(d) in the third column)

BN([5|helicene, 1 47.19 45.58
N[6]helicene, 3a 34.27 31.96
NB[6]helicene, 3b 31.94 32.44
BN[7]helicene, 5 32.01 26.76
BN[12]helicene, 7a 39.15 34.41
NB{12]helicene , 7b 37.51 36.58
BN([5|phenylene, 2 18.17 19.69
N[6]phenylene, 4 19.57 16.44
N[7]phenylene, 6 14.72 12.66
BN[13]phenylenc, 8 13.36 11.51
BN[6|methylenylnaphthalene, 9a 15.88 15.41
NBJ6]methylenylnaphthalenc, 9b  16.64 13.08

In o1 1 to investigate the bonding pattern in the systems, electron density anal-

ysis was erformed at the HF/6-31G(d) level.










BN

a= 1.418-1.419

b = 1.429-1.441

c = 1.445-1.452

d = 1.439-1.440

e = 1.444-1.448

f = 1.454-1.455

o f
Figure 3.7: Calculated bond

BN| nethylenylnaphthalene and NB[6]methylenylnaphthalene at HE /6-31G(d)
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NB

1.418-1419

1.428-1442

1.446-1450

1.439-1441

1.445-1451

1.456-1457

lengths

However, these distances still fall in the range of the experimentally determined bond
length values (1.400 to 1.453 A) of borazanaphtalene,'® which could be considered a
simple model somewhat similar to these fused helical systems. The bonding pattern
appears to be stable and nearly uniform, with stronger bonds on the peripheries of
the rings (bond type a in Figure 3.5), that is justified by general electron repulsion

effects: electrons seek the periphery of extended structures, allowing them to increase

Angstroms)
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Figure 4.2: The optimized geometries at B3LYP/6-31G(d) level of theory
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5(N=2) 6 (N=4) 7(N=6) 8 (N=8)

a= 1. 3 1.362 1.365 1.366
b= 1.297 1.297 1.294 1.2941
c= 1.338 1.337 1.338 1.338
d= 1.318 1.319 1.318 1.318
e= 1 ) 1.348 1.347 1.346
f= 19 1.320 1.321 1.323
g = 1.358 1.357 1.353 1.352
h= 1.289 1.290 1.293 1.294
i= 1.372 1.380 1.378 1.378
Jj= 1.465 1.451-1.457 1.445-1.459 1.446-1.461

k — 1.568-1.600 1.554-1.591 1.551-1.592 1.551-1.587
J= 1.3¢8 1.445 1.375-1.448 1.374-1.452 1.377-1.448

m— 1.278 1.277-1.282 1.279-1.284 1.278-1.285

Figi : 4.5: Bond lengths (in Angstroms) at B3LYP/6-31G(d) level of theory for

helices 5, 6, 7, and 8.
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9 (N=2) 10 (N=4) 11 (N=6) 12 (N=8)

a= 1.375 1.374 1.373 1.373
b= 1.298 1.300 1.300 1.300
c = 1. 1.338 1.337 1.337
d= 1.319 1.318 1.319 1.319
e = 1.349 1.349 1.349 1.349
f= 1.321 1.321 1.321 1.321
g = 1.358 1.358 1.359 1.359
h = 1.290 1.290 1.290 1.290
i= 1.375 1.375 1.376 1.376
i—= 1 18 1.448-1.452 1.449-1.455 1.448-1.455

k= 1.521-1.621 1.529-1.614 1.529-1.614 1.532-1.616
1= 1.386-1.439 1.382-1.441 1.380-1.439 1.380-1.439

m = 1.279 1.279-1.281 1.279-1.281 1.279-1.281

d
e X
b \f
8 g
a4
i i

N

Figure 4.6: Bond lengt (in Angstroms) at B3LYP/6-31G(d) level of theory for

helices 9, 10, 11, and 12.
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4.3.3 Energies

In all three types of helices, as the number of fused rings incrcases, a nearly
exactly linear decrease in the total energy is observed (Table 4.2). The helices 5-8
arc energetically more stable than the helices 1-4. The ring opening and formation
of decagons at the two terminal rings seem to enhance their relative stability. The
difference in the relative energy values between the two types of helices ranges between
88.4 and 91.7 kcal /mol at the HF /6-31G(d) level, and between 75.0 and 78.9 keal /mol
at B3LYP/6-31G(d) level. The relative energy differences calculated at the MP2/6-
31G(d)//HF /6-31G(d) are ]  r in value, but follow a similar trend.

The clusion of ZPVE correction in estimating the relative energies does not
modify the ordering and the considerable differences between isomers (Table 4.2).

When comparing the 5-8 type helices to their 9-12 counterparts, it should be
noted tt  structure 9 has a planar conformation, and contrary to the overall trend,
it is lower in ene - than the partial helix 5 by approximately 1.3 kcal/mol at the
HF/6-31G(d) level and by approximately 1.5 kcal/mol at the B3LYP/6-31G(d) level
of theory (Table 4.2). However, the fully helicoidal structu 10, 11, and 12 are
higher in energy than the helices 6, 7, and 8, by approximately 1.7, 5.5, and 7.2
kcal/mol at the HF/6-31G(d) level of theory and by 0.8, 3.3, and 4.6 kcal/mol at
the B3LYP/6-31G(d) level of theory, respectively. The relative encrgy diflerences

calculated at the MP2/6-31G(d)//HF/6-31G(d) follow the same trend.
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4.4 Sumr ry

Thei tially assumed helical BN isomers of hexagonal units undergo a ring open-
ing in the terminal rings due to the boron atom’s preference for linearity. Comparing
the energy values of the fully optimized ground states, it can be concluded that the
ring opening stabilizes the helices containing terminal decagon rings. Again, by al-
ternating the boron and nitrogen atoms in these helices, new isomers are obtained.
In the present study, attention was given to the relative stability, geometry, bonding
patlern, and energies of these isomeric helices as such molecules could provide useful
information in the quest for novel materials based fully on boron and nitrogen. These
structures are rather flexible and behave like “nano-springs“, suggesting new possi-

bilities, and may become models towards the synthesis of new, helical boron-nitrides.

86



Bibliog. aphy

[1] H. W. Kroto, J. R. Heath, S.C. O’Brien, R. F. Curl, and R. E. Smalley. Nature,

318 32, 1985.
[2] S Iijima. Nature, 354:56, 1991.

[3] L. Silaghi-Dumitrescu, I. aiduc, and D. B Sowerby. Inorg. Chem., 32(17):3755,

1993.

[4] X. Xia, D. A. Jelski, J. R. Bowser, and T. F. George. J. Am. Chem. Soc., 114

(16):6493, 1992.
[5] A. Rubio, J. L. Corkill, and ] L. Cohen. Phys. Rev. B, 49:5081, 1994.

[6] N. G. Chopra, Luyken R. J., Cherrey K., V. H. Crespi, M. L.. Cohen, Louie S.

G., and A. Zettl. Science, 269:966, 1995,

[7] O. Stephan, Y. Bando, A. Loiseau, F. Willaime, N. Shramchenko, T. Tamiya,

and T. Sato. Appl. Phys. A, 67:107, 1998.



(8] D. Golberg, Y. Bando, O. Stephan, and K. Kurashima. Appl. Phys. Lett.,

73:% 11, 1998.

[9] W. Q. Han, W. Mickelson, J. Cumings, and A. Zettl. Appl. Phys. Lett., 81:1110,

2002.

[10] F. F. Xu, Y. .ndo, R. Ma, D. Golberg, Y. Li, and M. Mitome. J. Am. Chem.

Soc., 125:8032, 2003.

[11] G. Seifert, P.W. Fowler, D. Mitchell, D.and Porezag, and Th. Frauenheim. Chem.

Phys. Lett., 2 352, 1997.

[12] J. Kongsted, A. Osted, L. Jensen, P.-O. Astrand, and K. V. Mikkelsen. J. Phys.

Chem. B, 105:10243, 2001.
[13] D. L. Strout. Chem. Pi . Lett., 383:95, 2004.

[14] 1. Silaghi-Dumitrescu, . Lara-Ochoa, P. Bishof, and [. Haiduc. J. Mol.

Struct.(THEOCHEM), 7:47, 1996.

(15] H. S. Wu, X. Y. Cui, d X. H. Xu. J. Mol. Struct.(THEOCHEM), 7T17:107,

2005.

[16] S. Xu, M. Zhang, Y. Zhao, B. Chen, J. Zhang, and C. Sun. Chem. Phys. Lett.,

418:297. 2006.

[17] R. J. C. Batista, M. S. C. Mazzoni, and Chacham H. Chem. Phys. Lett., 421:246,
2006.

88







































Although full optimizations were performed only for helices containing 18 fused
hexagonal units, it is clear that fusing one more hexagonal unit to the helices 3, 5 or

4, 6 leads to the same kind  isomerism.

5.4 Sumr ry

The - ctronic structure of novel laterally extended boron-nitrogen helices was
investigated. The  structt may serve as potential models for spring-like nanos-
tructures, where electronic  d sti ity properties can be influenced by outside in-
teractions with the electron-rich N atoms, and alternatively, by the electron-poor I3
atoms. By alternating the positions of the boron and nitrogen atoms, two very simi-
lar structures are possible, the N;B,  helix (1, 3, and 5) and BN, H, helix (2, 4,
and 6). The same alternation of the boron and the nitrogen atoms in the laterally
extended helices containing even number of fused hexagonal units leads to angular
isoruers. Such isomerism could have importance by providing alternatives of having
the “right atom in the right place“ in nanosprings, where strong or weak links to

various locations along the  ing are needed.
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Chapter 6

Conclusions

One of the main goals of this thesis was to investigate and describe the struc-
ture, energy, and shape of some boron-nitrogen helical structures as such molecules
could be useful candidates for the synthesis of new helical boron-nitrides. Quantum-
chemical computa msw  performed using methods based on ab initio and density
functional theories.

The studied boron-nitr  n helices range from simple single turn type helices,
e.g. the boron-nitrogen analogue of helicenes and phenylenes, to more complicated,
laterally extended helices,  as the boron-nitrogen analogues of polymethylenyl-
naphthalenes.

One particular findi1  of this research is the existence of a special type of isomerism
resulting from alternating the boron and nitrogen atoms in the helices containing an

even number of fused building units, e.g. the helicenes.
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By taking a closer look at the investigations of these boron-nitrogen helices that
were introduced in Chapter 3, 4, and 5, some conclusions can be drawn from each

individu. study.

Chapter 3 inve gated the structure and energetics of some hydrogenated boron-
nitrogen helices, the boron-nitrogen analogues of [V ]helicenes, where N =5, 6, 7, and
12, [N]phenylenes, where N = 5, 6, 7, and 13, and [6]polymethylenylnaphthalenes.

Ab initio and density functional theory calculations revealed:

e The NB isomers are energetically more stable than their BN counterparts in

case of the boron-nitrogen helicenes.

o The energy of helices linearly decreases with the increased number of fused

str  tural units.

e There is a trend of electron accumulation at the peripheries of the helices, re-

sulting in stronger bonds at the margins.

Chapter 4 presented some nonhydrogenated boron-nitrogen analogues of helicenes
and their isomers comprised of fused hexagons with terminal decagons. This investi-

gation resulted in the following conclusions:

e The initially assumed helical BN isomer of hexagonal units undergo a ring
opening in the termi ~ rings.
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6.1 Future Work

Some of the future directions which could be pursued in further investigation of

these boron-nitrogen helices are:

e The boron-nitrogen helices containing smaller number of units, especially the

ones with six fused rings could be investigated at higher levels of theory (e.g.

MP2)

e Inclusion of carbon atoms between the boron and nitrogen atoms in the helical
structures in order to compare them with fully carbon and fully boron-nitrogen

counterparts.

e Replacing the ydrogen atoms with other moieties (F, OH, CH3) at the phe-
ripheries could result in different electronic distribution. These effects could be

the focus of further theoretical studies.
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Apjend x C

Visualization of Normal Modes

Throughout the thesis the flexibility and spring-like behaviour of the studied he-
lical systems is emphasised. This is j  fied by the values of the vibrational frequen-
cies.

Visualization of the spring-like motion of the lowest normal modes at some of the
helices studied. Frequencies were calculated using the B3LY /6-31G(d) optimized

geometries.
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